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Effect of magnet surface field and magnet dimensions on bead capture. A. A smaller statistical percentage of
paramagnetic beads were captured using a 548 G magnet. B. The smallest cube magnet with a side length of 0.32
cm captured statistically less beads due to decreased effective trapping length. (mean + s.d.), n > 3. (*) Indicates
statistical SIgNIficance at P < 0.05. ....c.couiiriiiiiiiee ettt et 78
Effect of sample properties on bead capture. A. Increasing the flow rate did not statistically reduce bead capture
in a 35 mg steel wool matrix () until reaching 60 mL/min, but was significantly decreased at 10 mL/min without
any matrix present (O). B. Sample viscosity up to 55 cP did not reduce paramagnetic bead capture from either
glycerol solutions (*) or synthetic sputum (O). (mean + s.d.) n > 3. (*) And (#) indicate statistical significance at
D 0005 ettt b b s b h e 4ok h £t h s e d kst et b b st et b st b ek ea et b sttt ene e 79
Physical phenomena that contribute to Marangoni flow formation and direction. Surface tension (Y') and thermal
conductivity (k) of the surface (k) and droplet solvent (k;) can be manipulated to create inward or outward-
oriented Marangoni flow patterns in an evaporating droplet. In this case, nonuniform evaporation along the
liquid-air interface of the droplet (blue dashed triangle arrows) occurs. This creates a temperature gradient (T)
resulting in the nonuniform surface tension gradient. When kg < 1.45k;, where the temperature at the top of the
droplet is warmest, while the contact line is coldest (indicated by the color gradient, the microfluidic flows
within the droplet circulate radially inward along the solid substrate (black triangle arrows) independent of
SULFACE TENSION. 2 ... oo 91
Workflow for combined volumetric and spatial concentration of M.tb. A. Magnetic nanoparticles are added,
incubated with the sample to capture bacilli, and then magnetically separated from the sample. After washing,
the bound sample and nanoparticles are recovered in 50 uL. PBS-T. B. The recovered sample is deposited on the
Rain-X® + poly-L-lysine coated microscope slide and evaporated at room temperature. C. The dried sample is
stained using the Ziehl-Neelson method, and the central Marangoni deposition area is inspected using
microscopy at 1,000x magnification. Representative positive samples with increasing M.tb concentrations are
shown. (+) — 10* bacilli/mL; (++) 10° bacilli/mL; (+++) 10° bacilli/mL. Black scale bar — 1 mm; white scale bar
= 50 LTI Lo bbb b b h b a et b bbb b e h e b et n e a et sa e b bt ene s 92
Deposition of poly-L-lysine onto Rain-X® coated slide. A. A marked grid is affixed to the back of the
microscope slide using tape. B. 10 uL droplets containing 0.01% poly-L-lysine were spotted onto the microscope
slide where indicated. C. After removing excess poly-L-lysine, 50 uL droplets containing the volumetrically
concentrated samples were placed over the poly-L-lysine landing zone and allowed to dry. Location of landing
zone in center of droplets indicated by dashed circle. Dyes added to droplets for visualization. ...........ccoceeveccrveennnene. 96
Contact angle measurements, as shown in insert, of 2 pL MilliQ water droplets on each candidate substrate (mean
+ s.d.; n > 13). Coatings with a contact angle less than 85° did not centrally deposit particles during evaporation.
Red downward arrow indicates substrate selected for final design (H20 Repel). *Indicates Rain-X® product....... 101
Particle deposition patterns of 2 uL droplets containing green fluorescent polystyrene particles (left of each pair)
or 200 nm magnetic nanoparticles (right of each pair) in order of decreasing contact angle. Theory states that
Marangoni flows in all droplets are oriented radially inward along the substrate, with the exception of ITO,
which is oriented radially outward along the substrate. Because of the strong central deposition pattern, we
selected Water Repellent Rain-X® (H20 Repel) to covalently coat microscope slides, creating our solid
substrate. Scale bar = 500 pm, n = 3. *Indicates Rain-X® product. ...........cccccvcireviniiiiniinininenecneeeneeeeeenene 103
Time-lapse images demonstrate formation of Marangoni flow patterns oriented radially inward along the
substrate. A. Starting at 1 min, and every 2 min thereafter until the droplets dried, composite images containing
800 repeated frames in 36 s were taken at the diameter of the 1 pL droplet to image the flow fields produced in
the droplet using optical coherence tomography. Flow direction is indicated by red arrows. B. Top-view
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microscopy image showing movement of particles inward along the substrate surface of a drop in a 5 uL. droplet.
A single image was captured using fluorescent imaging with an exposure time of 4 s. White arrows indicate flow
direction. Sample contains 10° and 10* particles/pL respectively. Composite videos for OCT and microscopy
series can be found in Supplementary Information, and video captions can be found in Appendix B (Video Bl
and Video B2). Red scale bar = 125 pm. White scale bar = 100 [, .....c.occovveininiiiniiiniiiinccneecneeseee e 105

Figure 4.7. Effect of volumetric concentration and Marangoni spatial enrichment of 50 pL droplets on smear microscopy (n

= 3). BCG-stained pink/red with Ziehl-Neelsen stain. Nanoparticles are brown, or may appear as red-orange if
extremely concentrated, as seen in the lower right most image. Counterstained objects appear dark blue-purple.
The most central deposition area inspected for combined volumetric + Marangoni concentration is indicated by a
dashed red circle on the 0 bacilli/mL whole drop image at 40x magnification. In the high magnification columns
1, 2 (black), and 4 (white) arrows indicate a positive smear. Images selected were representative of the samples
inspected. White scale bar (columns 1, 2, 4) = 30 um. Red scale bar (column 3) = 300 pm. .....c..ccecevveerenreenennnee 108

Figure 5.1. The structural motifs of ManLAM, with LAM recognition element target structures indicated. Man1 = mannosyl

monomer cap. Man2 = mannosyl dimer cap. Man3 — mannosyl trimer cap. MTX-Man — Man2/3 cap with the
single terminal mannose residue substituted with an a-(1,4)-linked methylthio-D-xylofuranose (MTX)................. 117

Figure 5.2. Cross-sectional drawing of M. tuberculosis cell envelope. There are four main components of the mycobacterial

Figure 5.3.

Figure 5.4.

cell envelope. Working from the inside to outside of the cell, they are (I) the plasma membrane, (II)
peptidoglycan (PG) and arabinogalactan complex, (III) the mycobacterial outer membrane, and (IV) the outer
capsular layer. The plasma membrane is composed of standard phospholipids, membrane proteins, and
phosphatidylinositol mannosides, which include lipoarabinomannan (LAM), its precursors lipomannan (LM),
PIM,, and PIMg, and arabinomannan (AM), a lipid-free antigen similar in structure to LAM. The peptidoglycan
and arabinogalactan complexes help stabilize the outer mycobacterial membrane against osmotic pressures. The
outer membrane is covalently esterified to the arabinogalactan layer and is composed of mycolic acids. These
waxy molecules make M.#b challenging to penetrate, with the surface of this outer membrane having trehalose
mono- and di-mycolate modified mycolic acid. Most notably on the outer surface is LAM, which makes up 15%
of the total bacilli mass, in addition to LM, PIMs, and transporter proteins. The outer capsular layer contains
LAM and its precursors, which are shed from the surface of M.zb. It also contains polysaccharides, including a-
glucan, capsular proteins, and small amounts of glycopeptidolipids and triacylglycerols..........cccccecereirenecncnnnee 118
Cell recovery for each processing method. A. Single cell recovery of each mechanical processing method. B.
Measured OD600 for each enzymatic processing method. A greater OD600 corresponds to a greater number of
cells. n = 3. (mean + s.d.). *Indicates statistical significance at p < 0.05. ***Indicates statistical significance at p
CU0L0005. ettt bttt h Rk R £ bk et e bRt kbt et b btttk h et b sttt b sttt ene 127
Mechanical dissociation significantly impacts relative expression levels of LAM on the surface of M.th post-
processing. Values were normalized to the unprocessed control (white circle), and each sample contained
200,000 cells/sample. White circle = Unprocessed Control. Grey circle = Needle dispersion. Black circle = Glass
bead dissociation. n = 3. (mean + SEM). (*, #) Indicate statistical significance at p < 0.05. **)Indicates statistical
SIGNIFICANCE At P < 0.005. ....oiiiiiiiiieie ettt ettt ettt ettt a ekttt ettt ettt ebe 128

Figure 5.5. Centrifugation speed universally changes the accessibility of mannosyl-capping motifs on LAM, but the impact

Figure 5.6.

Figure 6.1.

Figure 6.2.

on the arabinose backbone depends on both speed and centrifugation repetition. Samples were centrifuged at the
indicated speeds once, thrice, or five times. The red dashed line indicates the normalized mean absorbance for
the unprocessed control; the pink shaded box the graphs are superimposed over indicates the + SEM. Black bar =
1,230 rcf. White bar = 4,800 rcf. Grey bar =10,000 rcf. Diagonally striped bar = 20,800 rcf. n = 3. (mean +
SEM). (*, #) Indicate statistical significance at p < 0.05. (**, ##) Indicate statistical significance at p < 0.005.
*** Indicates statistical significance at p < 0.0005. (*, **, ***) Indicate statistical difference between control and
treated sample(s). (#, ##) Indicate statistical difference between treated samples, though none were statistically
different from the COMTIOL.......cciiiiiiiiiiiii ettt b ettt ettt eees 130
Lipase-treated cells significantly impacted detection signal for all LAM recognition elements, and lysozyme
statistically increased signal for Ara4 backbone structures; however, enhanced binding of antibodies to cells,
caused by the presence of FeSO,4 from enzyme inactivation, is the likely cause of this statistical increase (Figure
C1, Figure C5). Amylase and trypsin did not statistically change LAM surface accessibility. The cutout shows
values with a normalized absorbance value less than 10. Black bar = No enzyme treatment. White bar = Trypsin.
Grey bar = Amylase. Diagonally striped bar = Lysozyme. Black and white polka dotted bar = Lipase. n = 3.
(mean = SEM). *Indicates statistical significance at p < 0.05. **Indicates statistical significance at p < 0.005.
***Indicates statistical significance at p < 0.0005. ........ccccoviiriiiiniiiinii et 132
Design of heterofunctionalized MVN-capture bead. The streptavidin surface coating was first labeled with a
carboxylic acid, succinimidyl ester of AlexaFluor™ 405. Covalent modification of the e-amino R-group of
streptavidin’s lysines created a stable fluorescent bead that could then be loaded with biotinylated MVN and
used to capture M. bovis BCG through the association of MVN and the mannosyl caps found on ManLAM.
Loading of MVN-Biotin on the bead surface was confirmed by detecting the endogenous N-terminal His tag
FOUNA 0N IMVINL L.ttt ettt b et b et b et b et bbbt bt e b e b bt ea et neseenen 148
Titration of MVN binding to the BCG surface. Eight separate GFP BCG cell populations were titrated with
increasing amounts of MVN (0.05 pg to 75 ng) using 1:1,000 anti-His6-DyLight® 650. Values for each
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Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure 6.6.

Figure 6.7.

Figure 6.8.

Figure Al.

Figure A2.

Figure A3.

experiment were normalized to the secondary-only control, stained only with anti-Hisg-650. Each dot plot
symbol (e.g., black circle, white triangle) represents a different population of cells. Normalized GMean values
are reported for each population at €ach CONAItION. .......ccoeeriiiriiriiiriiiiiece et 158
Confirmation of MVN-Biotin loading onto the surface of GFP BCG (A.) or AF405 capture beads (B.) Negative
control capture beads (gray bars) were blocked in D-Biotin and otherwise left naked with no surface protein
loaded. MVN-loaded beads (black bars) were loaded at 100% loading capacity. n = 1. (GMean + rSD)................. 159
Normalized capture of GFP BCG, mCherry M. smeg, and mCherry E. coli each bacteria on AF405 Dynabeads™
1 um (A.) and AF405 SuperMag 200 nm beads (B.) surface-loaded with D-Biotin (gray bars) or MVN-Biotin
(black bars). Values were normalized to the capture of each bacteria on D-Biotin beads. n=1......cccccccoevvrinenne. 159
Reduction and alkylation of MVN-Biotin. A. Estimated quantity of thiol groups at each step of the reduction and
alkylation process (gray bars) compared to the background-subtracted measured quantity (black bars) using
DTNP (mean =+ s.d. for triplicate sample measurements). B. Biolayer interferometry demonstrates binding
between MVN-Biotin and ManLAM despite reduction and alkylation. Each colored line indicates a single well
of the ManLAM dilution series, having been processed with background subtracted. n = 1......c..ccccceveininnincnne. 162
Binding of MVN-Hisg and Galectin-1-Hisg to the surface of GFP BCG through detection of the N-terminal Hisg
tag on each protein. Accounting for the molecular weight difference between MVN and Galectin-1, cells were
stained with a molar equivalent to that used in MVN staining. Gray bar — DyLight® 650 fluorescence intensity.
(- -O- -) — % Cells positive for anti-Hisg-DyLight® 650. n = 1. (GMean £ rSD). ......ccccvvueerrireenrieieiriseeecnenene 163
Confirmation of loading of MVN-Biotin (A.) and Galectin-1-Biotin (B.) on SuperMag 200 nm beads through
detection of the N-terminal Hisg tag on each protein. Accounting for the molecular weight difference between
MVN and Galectin-1, beads were loaded with a molar equivalent to that used for MVN loading. Gray bar —
DyLight® 650 fluorescence intensity. (- -O- -) — % Beads positive for anti-Hiss-DyLight® 650. n = 1. (GMean
B TSDD). ittt bkt b stk h b bR e Aok s e bkt ek bttt b et et b btttk a et bene e 164
Impact of bead surface loading density on the capture of GFP BCG onto SuperMag beads loaded with MVN-
Biotin (gray bars) or Galectin-1-Biotin (white bars). Difference (A) between MVN and Galetin-1 plotted in the
line graph (- -*- -) Bead surface loading given in % coverage for MVN-Biotin, and to take into account the
difference in molecular weight, Galectin-1-Biotin was loaded with the molar equivalent. See Figure D8 and
Figure D10 for the gating strategy. n = 1. (GIMEaN). .......cceoueiriiiririiiniiiiereteet ettt eeen 165
Overview of paramagnetic bead separation from a flowing fluid stream. Left panel: An external magnet is used to
capture and contain magnetic beads in the ferromagnetic matrix (see Video Al). When the magnetic force is
sufficiently great around a wire (red dashed line), the magnetic force draws beads to the surface, capturing them.
Right Panel: Applying the magnetic field without the presence of the steel wool matrix results in significant loss
of magnetic beads since the viscous drag forces applied by the liquid medium overcome the magnetic forces on
the bead when the bead is sufficiently far away from the magnet (red dashed line) (see Video A2). ..........ccccccvueuneen 1
Nanodrop™ Spectrophotometer ND-1000 standard curve correlating absorbance at 700nm with known solution
concentrations of MyOne ™ SIlane ™............coo.iiiiioeeeeeoeeeeeeeeeee e 1T
A260/A280 measurement for sample purity of DNA extracted sample. Samples with a value of 1.8 + 0.1 (red
dashed line) are considered to be pure and free from contaminating protein and salt that absorbs light at 280 nm.
Values greater than 3.0 may indicate RNA contamination.”>® Gray bars = Raw sample; Black bars = HGMS-
enabled extraction; White bars = Qiagen commercial extraction kits. (mean £ s.d.), 1> 3. ..o 1T

Figure A4. Extraction of IS6/70 DNA from urine is statistically improved using the HGMS-enabled extraction method, with
the addition of 5.6 ug of carrier RNA to the binding mixture.”** Black bars — with carrier RNA; Gray bars —
without carrier RNA. (mean =+ s.d., n > 3). *Indicates statistical significance at p < 0.05.........cccoccoevenicnirninencnnens 11
Figure B1. Flow cytometry curve correlating number of events counted against OD600 of M. bovis BCG bacteria. ................... v

Figure B2.

Figure B3.

Figure B4.

Removing glycerol from droplet solvent did not significantly change particle deposition location in droplets
containing 1 pm polystyrene beads (top), 200 nm iron oxide magnetic nanoparticles (middle), or mCherry
expressing M. smegmatis bacteria (bottom). Scale bars = 500 HM........cccoeeiririiiniriniinieineeeenee e \Y%
The size of the droplet did not impact the final deposition pattern of the droplet, up to a 100 pL volume. All
droplets contained nanoparticles at a concentration of 0.2 mg/mL. Ambient temperature was 23°C. Images were
taken on Nikon TE-200U with an iPhone XR and 10x smartphone camera adapter. The image temperature was
adjusted for publication to reduce the orange hue of the image. Scale bars = 1 MM. .....c.coccoevinecniniinccninccnees A%
Time-lapse imaging of a 50 uL evaporating droplet shows the formation of the central deposition area as the
droplet evaporated. Images were captured ever 30 min for the first three hours, and once an hour thereafter until
evaporation was complete after five hours. Droplet contained nanoparticles at 0.2 mg/mL. Ambient temperature
was 20°C. The shadows of the centrally concentrated nanoparticles and edges of the droplet observed are
reflections off the backside of the glass slide. Images taken with an iPhone XR. Scale bar =5 mm. ......c..cccccceeenene VI

Figure BS. Effect of poly-L-lysine landing zone size on area of central Marangoni deposition area (mean + s.d., n > 6).............. VI

Figure B6.

Drying of 50 pL droplet on plain glass did not result in characteristic Marangoni deposition pattern upon
complete drying. A. Before rinsing off salt crystals. B. After rinsing off salt crystals. Droplet was imaged using
Nikon TE 200-U using a Nikon DS-Ril camera at 10x total magnification since the entire droplet could not be
imaged in a single field of view using optical setup on the Olympus CX23. To reduce the effects of uneven
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illumination using ImagelJ,”®® nanoparticle droplets had a representative background image subtracted from the
original deposition image. Scale Dar = 1 MIML. .....cccoiiiiiriiiiriiccc ettt Vil

Figure C1. Inclusion of 0.02 mM FeSO,4 and 0.05 mM FeSO, in staining buffer statistically increases signal compared to an

Figure C2.

Figure C3.

Figure C4.

untreated control for all LAM recognition elements. Impact of FeSO4 concentration on each LAM recognition
element (left), with adjusted Y-axis in cutout (right). Gray circle = No treatment. Black square = 0.02 mM
FeSO,. White circle = 0.05 mM FeSO,4. n = 3. (mean + SEM). ***Indicates statistical significance at p < 0.0005. VIII
Antibody titration curves and selected working concentration. Name of plot indicates the antibody titrated. For
MVN-Biotin, dilutions of anti-Biotin used were: 1:1,000 (black circle) or 1:3,000 (white circle) with anti-Rabbit
HRP at 1:2,000. The selected antibody titrations used are indicated with a rightward-facing red arrow. The
desired detection absorbance for combined primary and secondary antibodies is indicated by a gray bar, and was
selected to be in the middle readable range of the plate reader. For MVN-Biotin, due to the low binding observed
for the given quantity of MVN, two dilutions of MVN were used to determine the concentration of MVN for
experimentation. Though it was higher than the originally selected 1:3,000 dilution, a 1:1,000 dilution of anti-
Biotin was selected because it reduced the amount of MVN required for the desired absorbance by over half. ........ IX
Normalized absorbance values for isotype controls with secondary-only background subtracted. A. LAM
recognition elements stained with goat anti-Mouse HRP at 1:2,000 in place of goat anti-Rabbit (Rb) HRP or goat
anti-Human HRP. B. Replacement of human or rabbit LAM recognition elements with Human IgG1 or rabbit
IgG polyclonal antibody at a 1:1,000 dilution. Values were normalized to the average background absorbance for
the secondary-only control for each condition, labeled as “None.” Values greater than the unstained sample (red
dashed line) indicate nonspecific background staining from the isotype antibodies. Isotype controls were used for
background staining subtraction, unless the secondary-only control had a higher background, as was seen with in
some samples treated with FeSO, for enzyme inactivVation. .........c..cceeveererieinieiniinieinieiieeenee et X
On single cells that were initially recovered from cultures without any mechanical dissociation (unprocessed
control), needle aspiration generally does not significantly impact the accessibility of LAM on the surface of
M.th. Statistical significance for FDX01 borders on statistical significance (p = 0.046). White circle = No
treatment. Black circle = Needle aspiration. n = 3. (mean = SEM). *Indicates statistical significance at p <0.05...... X

Figure C5. Iron(Il) sulfate hepatahydrate (FeSO,*7H,0) suspended in ABTS and H,0, at a concentration of 0.05mM did not

Figure DI1.

significantly oxidize ABTS after 30 min, as measured using abSOrbance. .............cccveeveerieirinieineinenieeneeeereeeee XI
Coomassie blue staining depicting final IMAC-purified fractions containing MVN-Hiss under reducing
conditions. A total of 10 pL from each 2 mL fraction was loaded into the gel. For the “Pre-purification” and
"Flow through,” 10 pL from the ~150 mL volume were loaded onto the gel. The pooled 2 mL fractions are
IIAICALEM. ...ttt ettt b ettt b et h et a e et b et h e h et b et s bttt et eb et enene XIII

Figure D2. Coomassie blue staining depicting final IMAC-purified and pooled fractions of MVN-Hisg The volume of Pool 1

and Pool 3 loaded onto the gel were 10-fold dilutions of the final purified products. Pool 2 was a 20-fold dilution
of the final PUIIfIed PrOAUCES. ....c.coviuiiiiieiiiiieti ettt ettt b ettt ebennenn XV

Figure D3. Titration of NHS-AF405 onto naked streptavidin beads compared to autofluorescence in cultured M. bovis BCG.

Figure D4.

Figure DS5.

Figure D6.

Figure D7.

A. Dynabeads™ 1 pm. B. SuperMag 200 nm Beads. Red arrows indicate the selected streptavidin molar excess
of AF405 used to label MVN beads during downstream development. The reduction in fluorescence intensity
above 6x excess for Dynabeads™ and 10x excess for SuperMag beads is likely due to self-quenching. Black bar
— AF405 fluorescence intensity. (- -O- -) — % beads positive for AF405. n= 1. (GMean £ rSD). ......c.cceeeerennenee XIvV
Titrations of anti-Hise-DyLight® 650 onto naked streptavidin beads through measurement of signal noise from
nonspecific binding. A. For, Dynabeads™ 1 pum, the low background signal across all conditions demonstrated
minimal nonspecific binding of the antibody to the beads. For simplicity, 0.5 pg (1:1,000, red arrow) was chosen
for downstream detection of MVN loading. B. SuperMag 200 nm Beads displayed a greater amount of
nonspecific binding to the antibody, and therefore 0.17 pg (1:3,000, red arrow) of antibody was selected for
downstream analysis. Bar graph = Normalized DyLight fluorescence intensity for Dilution Series 1 (black) and
Dilution Series 2 (gray). Line graph = % beads positive for DyLight® 650 for Dilution Series 1 (*O") and
Dilution Series 2 (- -A--). 1= 1. (GMeEan £ ISD). c..c.couiiiriiriiiriiieereteeee ettt XV
Titration of anti-His-DyLight® 650 onto BCG cells by measuring signal noise from nonspecific binding.
Samples containing 1 pg (1:500) and 2 pg (1:250) of antibody displayed a statistically increased fluorescence
intensity compared to the background, and the % of cells positive for DyLight® 650 statistically increased.
However, some false staining was observed on the flow cytometry plots containing 0.67 pg (1:750) of anti-Hisg-
DyLight® 650, so 0.5 pg (1:1000) was selected for downstream analyses (red arrow). Gray bar — DyLight® 650
fluorescence intensity. ® — Individual population GMean for DyLight® 650 fluorescence intensity. (- -O- -) — %
positive for DyLight® 650. n = 3. (mean + s.d.). (*, #) Indicate statistical significance at p <0.05..........c.cccccocec... XV
Visual depiction of gating strategy for analysis of fluorescence intensity levels for anti-Hiss-650 loading to
bacteria or beads. A. BCG population gate. Apply statistics (e.g., geometric mean, standard deviation, median) to
this gate. B. To determine the number of cells positive for the detection fluorophore, the cell population was
further gated based on fluOTOPhOTE INEENSILY. ......cevuiuiiiirieirtiieerie ettt XVI
SDS-PAGE analysis of reduced and alkylated MVN-Biotin fractions collected during each process step. A. A
total of 5 pg of MVN was reserved and loaded into each well after each chemical modification step. B. Protein
precipitation was observed following TCEP addition. C. In a previous initial test of TCEP reduction, the
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precipitated protein was separated from the soluble fraction using centrifugation, and 30 pg were analyzed,
indicating the presence of MVN in both the soluble and insoluble fraction. As a result, for the experiments
displayed in A., the soluble and insoluble fractions were not separated and dialyzed and treated with NEM. ........ XVI
Figure D8. Visual depiction of gating strategy for analysis of bacteria and bead interactions. A. When BCG binds to capture
beads with a higher granularity, they take on that quality and will appear along with the beads. Conservatively
gate the bead population to avoid accidental overlap of BCG cells. B. If Counting Beads were included in the
sample for quantification, they would overlap with the capture bead size and granularity gate. Their insanely
high fluorescence across multiple channels allows them to be easily excluded. C. When beads bind to bacteria,
they take on their GFP-fluorescence in addition to being AF405-positive. The black box defines this double
fluorophore positive gate 0N the PLOt. .......cc.eciriiiiriiiiiiie ettt ettt Xvil
Figure D9. Controls and intensity gating for each compensated fluorescent channel. A. anti-Hisg-DyLight® 650. B. mCherry
M. smegmatis and mCherry E. coli. C. GFP BCG. D. AF405 magnetic capture beads. The location where the
black vertical line intersects the x-axis is the defined cutoff for fluorophore positivity. Compensation was
performed at the time of data collection using the FACSDiva™ software. Black population — Unstained bacteria
and beads. Blue population — FMO control. Orange population — Positive control.............ccceecevervrenecenenecnnne XVIl
Figure D10. Controls and intensity gating for each compensated fluorescent channel for MVN-Galectin-1 capture
experiments. A. anti-Hisg-DyLight® 650; gate for cell populations. B. anti-Hisec-DyLight® 650; gate for bead
populations. C. GFP BCG. D. AF405 magnetic capture beads. The location where the black vertical line
intersects the X-axis is the defined cutoff for fluorophore positivity. Compensation was performed at the time of
data collection using the FACSDiva™ software. Black population — Unstained bacteria and beads. Blue
population — FMO control. Orange population — Positive CONtrol. ..........cccccviirineininnicnieineecnceeececeeeen XIX
Figure D11. The centrifugation conditions used during MVN and antibody staining changed the surface accessibility of
ManLAM available for MVN binding. Cells stained with 0 pg (black bars; DyLight® 650 Fluorescence
Intensity) or 15 pg of MVN-Biotin (gray bars; DyLight® 650 Fluorescence Intensity) and a 1:250 dilution (2 pg)
of anti-Hisg-650. (— —O— —) — % Positive DyLight® 650 for cells stained with 0 ug MVN. (**Oe**)— % Positive
for DyLight® 650 for cell stained with 15 pg MVN. n = 1. (GMean £ rSD). .....cccccoveviniriiiniiniiiinc e XX
Figure D12. Capture of GFP BCG, mCherry M. smeg, and mCherry E. coli each bacteria on AF405 Dynabeads™ 1 pm (A.)
and AF405 SuperMag 200 nm beads (B.) surface-loaded with D-Biotin (gray bars) or MVN-Biotin (black bars).
Because the number of bacterial cells between each species was different, the reported values cannot be cross-
examined between species. However, these values demonstrate nonspecific binding onto both the naked beads
for all species and nonspecific binding of M. smeg and E. coli onto the MVN-functionalized beads. n=1............. XX
Figure E1. Analysis of SEC fractions for 14 kDa and 24 kDa MVN monomer and dimer. A. Real-time monitoring of protein
content in SEC fractions using absorbance at 220 nm. B. Colloidal blue staining depicting SEC fractions with
increased A220 measurements. A volume of 11 pL of each 0.8 mL fraction were loaded and separated using
SDS-PAGE under reducing conditions. Fractions for the 14 kDa MVN monomer and 24 kDa dimer were pooled
AS TNAICALEA. ..ottt ettt ettt b et a et b et h st b et bbbt ettt ettt et XXV
Figure E2. Colloidal blue staining depicting final SEC-purified fractions containing 14 kDa MVN monomer and 24 kDa
MVN dimer. The 14 kDa monomer is the primarily expressed protein, with some 24 kDa dimer also recovered.
Pseudo-native samples (right two lanes) containing SDS but no disulfide bond reducing agent dithiothreitol
(DTT) were included for both fractions alongside SDS and DTT-reduced samples used for quantification. ....... XXVI
Figure E3. Binding of the 14 kDa monomer of MVN is significantly impacted by mechanical and enzymatic processing. A.
14kDa MVN binding to M.tb is statistically reduced with both mechanical processing methods. B. Regardless of
centrifugation speed or repetition, MVN binding is significantly reduced. The red dashed line indicates the
normalized mean absorbance for the unprocessed control; the pink shaded box the graphs are superimposed over
indicates the + SEM. Black bar = 1x centrifugation. White bar = 3x centrifugation. Gray bar = 5x centrifugation.
n = 3. (mean = SEM). C. 14 kDa MVN binding is significantly reduced for all enzymatic treatments methods,
except for amylase digestion. *Indicates statistical significance at p < 0.05. ***Indicates statistical significance
AL P < 0.0005. ..tttk h st b bt e etk st b b sttt b etttk b bt eaenen XXVIII
Figure E4. The binding of the minority 24 kDa dimer of MVN produced a higher signal than the 14 kDa fragment or a
mixture of the two, though the difference between the three groups was not statistically significant. n = 3. (mean
T SEM). ettt h et h b kb bk A bRt E kst b sttt b sttt h et b st ee XXIX
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Video Al.

Video A2.

Video B1.
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Paramagnetic bead separation from a flowing fluid stream using high-gradient magnetic separation. An external
magnet is applied next to the ferromagnetic matrix to magnetize it. When the magnetic force is sufficiently great,
the magnetic force draws beads to the surface of the wire, capturing them in the matrix. After all of the bead
suspension has passed, all of the particles are retained in the ferromagnetic matrix, and no beads remain in the
flow through.

Paramagnetic bead separation from a flowing fluid stream using a stationary magnet. An external magnet is
applied alongside the flowing fluid stream to separate particles from suspension. After all of the bead suspension
has passed, only some of the beads are retained in the flow channel, and many still remain in the flow through.
This is because the viscous drag forces applied by the liquid medium overcome the magnetic forces applied to
the beads.

Sequential OCT images of evaporating 1 uL droplet containing 10° polystyrene particles/uL, which are 1 pm in
diameter. A total of 800 repeated frames were taken at the same position for a total acquisition time of 36 s per
measurement in order to monitor the changes in particle flow and the droplet evaporation. For each droplet,
measurements were taken at two minute intervals beginning at one minute following droplet placement until
complete evaporation.

Video B2. Sequential fluorescence microscopy images at 100x total magnification of evaporating 5 pL droplet containing 10*

polystyrene particles/ul, which are 1 um in diameter. A total of 40 frames at 100 ms exposure were taken at the
same position near the solvent-substrate for a total acquisition time of 40 seconds per measurement in order to
monitor the changes in particle flow and the droplet evaporation. In focus particles move inward along the
substrate. Once particles reach the center of the droplet, they become out of focus, and begin moving in the
opposite direction. This is consistent with the particles moving upward towards the top of the droplet, then
moving outward along the outer surface of the droplet. Combined, the particle movement is consistent with the
Marangoni flow pattern shown in Figure 4.1.
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DISSERTATION ABSTRACT

Tuberculosis (TB) remains a major cause of infectious disease death worldwide, particularly in developing
countries. One major barrier to TB elimination is a lack of effective diagnostic tools available for use at the point-of-
care (POC). Despite its poor diagnostic sensitivity, century-old microscopic examination of sputum smears remains
the most common diagnostic method. Furthermore, increases in multi-drug resistant TB cases highlight the urgent
need for improved diagnostic tools available at the POC.

To begin addressing the lack of molecular diagnostics available at the POC, a magnetic bead-based nucleic
acid extraction (NAE) assay enabled by high-gradient magnetic separation was developed, performing comparably
to two commercial NAE kits for detection of cell-free TB DNA from urine and sputum. This method also worked
with large-volume samples, which is universally a limiting factor of commercial kits. Additionally, this technique
was featured in a total NAE challenge using pathogen-spiked blood, sputum, and stool with the Gates Foundation,
demonstrating applicability with other infectious diseases.

To address the poor diagnostic sensitivity of sputum smear microscopy, I designed an assay using
microfluidic flows in evaporating droplets to spatially concentrate M. bovis BCG following volumetric magnetic
enrichment, concentrating samples over 100-fold. Optical coherence tomography confirmed that inward-oriented
Marangoni flows were responsible for spatial enrichment. This combined enrichment method improved the limit-of-
detection for sputum smear microscopy by 10-fold compared to direct smear while using inexpensive reagents
already available at the POC.

Diagnostic development begins with creating artificial samples derived from pathogens grown in vitro.
Currently there is no information on the impact these required preparation methods have on surface marker
accessibility of M.th before use in assay development. To address this, novel molecular recognition elements that
bind different structural features of M.th. surface antigen lipoarabinomannan (LAM) were characterized and then
used to investigate the impact of mechanical or enzymatic processing on LAM accessibility. Mechanical
dissociation recovered more M.tb bacilli from clumps formed during bacterial culture, and yielded greater LAM
accessibility than unprocessed or enzymatically digested bacilli.

While there is still significant work to be done, the advancements made here for POC TB diagnosis in low-

resource settings are an important step towards global TB elimination.



CHAPTER 1 : BACKGROUND AND CLINICAL MOTIVATION

Public Health Burden of Tuberculosis

While the number of deaths globally due to infectious diseases has been declining, they remain a significant
challenge for low-income countries"* The causative agent of TB, Mycobacterium tuberculosis (M.th), has caused
more human deaths than any other infectious disease in human history. Of note, the global burden of TB disease
today stands at 10 million cases per annum worldwide (Figure 1.1). M.7b infection is also the most common
opportunistic infection in individuals with human immunodeficiency virus (HIV), with HIV/TB co-infection rates in
some countries as high as 60%. Across Africa, 86% of individuals with TB also have documented HIV. Thirty-two
percent (32%) of HIV deaths globally have TB co-infection. It is estimated that 30% of TB disease cases are never

diagnosed.”
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Figure 1.1. Estimated global TB incidence rates by country for 2019. Figure from cited reference.”

The emergence of antibiotic-resistant infections compounds these issues.’ In 2019, approximately half a
million cases of rifampin-resistant TB (RR-TB) and multi-drug resistant TB (MDR-TB) were reported,” and only
one-third of patients with RR-TB and MDR-TB globally had access to appropriate treatment. Furthermore, World
Health Organization (WHO) estimates that the treatment success rate for MDR-TB is only 56% for those with

access to proper treatment.” The fraction of diagnosed patients who do not return to commence treatment are
prop g p



considered “lost to follow-up,” and these patients can make up to 38% of diagnosed patients in low-resource
countries.”

The WHO estimates that approximately one-third of the world’s population has latent M.zb infection
(LTBI, or TB infection) and has a 10% per lifetime risk of developing active TB (ATB) disease from infection
reactivation. This risk rises to 10% per year in HIV-positive individuals, representing a massive reservoir of
potential new TB cases. Moreover, recent longitudinal tuberculin skin testing studies in high-burdened suburbs of
Cape Town, South Africa, have shown no evidence of any decline in annual risks of TB infection over the past few
decades.’ The Stop TB Partnership’s Global Plan to Stop TB thus states that “...the central target for TB control is
to cut disease transmission from person to person through early and efficient [diagnosis and] treatment of infectious
TB cases.” Essentially, these programs call for active TB case identification and drug resistance typing in both
urban and rural communities. Yet, we currently lack effective point-of-care (POC) diagnostic tools to do this in low-

resource settings.

TB Pathogenesis and Pathophysiology

TB bacteria spread through respiratory droplets expelled in the air by infected patients breathing or
coughing, though it can also be transmitted during aerosol-producing medical procedures. The aerosols (1-5 pm in
diameter) are inhaled by another individual and settle in the lungs’ alveoli. Transmission success is dependent on
proximity, duration of contact, the infectious potential of the primary host, and the immune status of the newly
infected individual. There are four possible outcomes following exposure to TB bacteria: (1) individuals may never
develop an infection, or (2) may become infected and clear the infection without additional intervention. Out of the
30-40% of individuals that become chronically infected, (3) approximately 90% of those individuals will develop
LTBI. The other 10% of chronically infected individuals will (4) develop ATB disease at some point in their lives,
with an increased risk of development associated with specific comorbidities.” In some individuals with TB disease,
the TB bacteria can cause infection in other parts of the body beyond the lungs, known as disseminated disease. The
outcome of exposure is multi-factorial and dependent on environmental, host, and pathogen factors.

Once in the alveoli, M.th multiply over two to eight weeks in phagocytic cells; macrophages are the first

immune cell to encounter M.tH and are the primary replicative host for M.7b, while dendritic cells are involved in



connecting adaptive and innate immune responses through antigen-presenting cells. There are multiple pathogenesis

modes following TB infection, each dependent on the innate and adaptive immune response (Figure 1.2).
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Figure 1.2. Transmission and disease progression of tuberculosis. TB bacteria are spread from person to
person through aerosolized respiratory droplets, such as those produced from coughing. Of individuals
infected with TB bacteria, ~10% of individuals will develop active disease throughout their lifetime.
Immunocompromised individuals, such as those co-infected with HIV, are more likely to develop ATB

disease, both upon initial infection and reactivation of latent TB infection. Figure from cited reference.®

When individuals are initially infected with M.th, the innate immune system responds with phagocytic
cells, which accumulate in the lungs.’ This stage of the innate immune response recognizes mycobacterial structures,
which lead to the release of pro-inflammatory cytokines. M.zb grows uninhibited during this initial innate immune
response; specifically, M.tb has evolved multiple environmental manipulation mechanisms (e.g., constitutive
expression of stress-adaptive genes, changing the environment for its benefit), which allow for this rapid growth.’
Avoiding these mechanisms of lysosomal damage and degradation (e.g., oxidation, acidification, hypoxia,

nitrosative stress, and poor nutrition) aid in the formation of phagosomes, an environmental niche M.tb has adapted



to survive in. Because the macrophage-mediated innate immune response can result in cell necrosis, apoptosis, and
survival of the infected macrophages, M.tb uses its virulence factors to optimize spread between host cells. By
hijacking mechanisms controlling necrotic cell death, which results in cell lysis, M.th can spread into other
macrophages or immune cells. The immune system uses cell apoptosis as a mechanism to contain M.tb bacteria,
since it does not lyse infected cells. Therefore, by preventing host cell apoptosis, M.tb can shift host cells towards
non-apoptotic death pathways that allow greater bacterial spread. When enough dendritic cells are infected

throughout this process, the adaptive immune response can be initiated.” '

TB infection (LTBI)

The 90% of individuals infected with M. tuberculosis that never develop an active infection have LTBI, or
TB infection, though these carriers of remain M.b reservoirs for reactivation of M.th and progression if not treated
(Figure 1.2). These individuals cannot spread TB bacteria and are not an active contributor to disease spread unless
their infection is reactivated''

Current information about TB infection was primarily obtained from animal studies, though some human
studies provide insight into the complex immune response to M.b infection.'® The onset and efficacy of the adaptive
immune system determine if an individual develops LTBI. Infected dendritic cells are responsible for presenting live
mycobacteria to naive T-cells after migration to the lymph nodes; this process is delayed compared to the immune
response in other infections.” '* Antigen-specific CD4+ T-cell responses take an average of 11-14 days longer than

13,14

expected in mice. It is hypothesized that TB infection inhibits the dendritic cell migration necessary for T-cell

activation.'>"

This delay is also measurable in humans, with a first measurable immune response through tuberculin
skin testing (TST) averaging 42 days post-infection.'’
Once this adaptive immune response begins, bacterial growth is inhibited. During this time, some patients

experience temporary symptoms of TB disease, including fever and erythema nodosum.” '

The adaptive immune
response arrests bacterial growth through the accumulation of effector CD4+ and CD8+ T-cells in the lungs. Release
of interferon-gamma (IFN-y) from activated T-cells plays a crucial role in protection against TB. Tumor necrosis
factor-alpha (TNF-a) produced during macrophage, dendritic cell, and T-cell activation is also essential in TB

protection.” ' '® Studies in mice show that although there is a plateau in M.zb cell growth during this time, the T-cell

responses are not enough to clear the infection completely.'” In addition, studies in nonhuman primates demonstrate



the accumulation of genetic mutations in M.th during latency.' Together, these data provide evidence that LTBI is

not a state of stasis but a dynamic equilibrium between the host immune system and M.zb.

Pulmonary TB

Around 5% of individuals infected with M.zb will have inadequate T-cell responses, failing to establish
latency as described. IFN-y and TNF-a are critical immune factors that play a role in ATB development, and having
an insufficient inflammatory response is known to increase the risk of ATB development. It is well established that
susceptibility to TB infection is inversely associated with CD4+ T-cell counts, with low cell counts often seen in
individuals with untreated HIV.’ Patients on TNF-q inhibitors are also at increased risk of infection due to
insufficient immune response. In addition, a significant amount of pathology, such as bulk tissue necrosis, seen in
ATB disease is a result of collateral damage from the host immune system’s attempt to control infection through the
release of TNF-qa, reactive oxygen species, nitrogen intermediates, granzymes, perforin, and other cytotoxic species.
7,10, 16, 19

Approximately 5% of individuals with LTBI will transition to ATB disease within their lifetime following
the period of latent infection, known as reactivation.'> While the exact process is unknown, two known immune
mechanisms can explain some, but not most, cases of M.tb reactivation, which parallel the same immunodeficiencies
that increase the risk of ATB development; these are changes in both quantity and quality of T-cell responses, most
often due to old age, cancer, or HIV infection, or changes in TNF-a responses, most often due to old age or
individuals using TNF-o. inhibitors for other medical conditions."’

With primary infection, where individuals develop ATB in the weeks following exposure, infections are
often located in the middle and lower portion of the lungs, exhibiting opacities and enlargement of the lymph nodes
in the chest upon imaging. Patients with reactivation after years of latency often have lesions in the upper lungs that
show cavities, fibrotic scar tissue, or opacities and are more likely to have localized disease.” *°

The formation of granulomas or tuberculomas in the lungs is characteristic of patients with active
pulmonary disease, though there is little information on the exact mechanisms through which they develop. Three
types of granulomas form in pulmonary TB patients: (1) non-necrotic, (2) caseous or necrotic, or (3) cavitary, which

7,16

is considered part of end-stage TB.” " These granulomas can be solid or liquid, and the degree of liquefaction may

impact disease progression. The caesium inside the granulomas consists of a mixture of immune cells and debris,



with macrophages phagocytizing M.tb and creating necrotic cores; M.th grows most densely at the periphery of the
necrotic core.'® Solid granulomas are thought to more efficiently contain the infection and yield decreased viability
for M.tb growth and survival. Liquid granulomas can potentially burst and aspirate into other parts of the lungs,
which transmits to new hosts once coughed up.*® Though M.b can influence the formation of granulomas, there are
clear benefits to granuloma formation for both the host and M.tb.” ' ' If enough tissue damage occurs from
granuloma formation, cavities can form, creating an environment where bacteria can multiply uncontrollably.?

Up to 70% of pulmonary TB patients will transition to cavitary disease due to the spread of liquid caesium
from granulomas. With the exponential growth of M.zb in the formed cavities, bacteria counts can be as high as 10"

10, 22

bacilli/g, making these patients highly infectious. Patients with cavitating disease are also at higher risk for

disease relapse following treatment because of difficulty delivering antibiotics to the center of the TB-filled cavity.”

Extrapulmonary TB

Some individuals (10-42%) will develop TB disease in other parts of their body, known as disseminated
disease or extrapulmonary TB. Extrapulmonary TB can form in any body organ but is most common in the lymph
nodes, followed by pleural infection.> The exact mechanism through which disseminated disease occurs is
unknown. However, it is known to spread hematogenously.** It is hypothesized that an inadequate effector T-cell
response fails to contain M.zh bacteria.”> Knowing that dendritic cells transport live M.tb to lymph nodes for T-cell
activation, it has been hypothesized that this translocation is additionally beneficial for M.zb and is at least partially
responsible for the development of some cases of extrapulmonary TB*® Disseminated disease can also present as
miliary disease, which consists of innumerable lesions 1-3 mm in diameter throughout the body. Without treatment,

50-80% of patients with extrapulmonary TB do not survive.>*’

Signs and Symptoms of TB Infection

Patients with LTBI display no symptoms of infection. Patients with active pulmonary TB display
symptoms consistent with other chronic respiratory diseases, including persistent cough (>3 weeks), fever, fatigue,
dyspnea, chills, or night sweats. Patients with active disease may also present with unintentional weight loss, loss of

appetite, and coughing up blood or bloody mucus.®



In individuals with disseminated disease, patients display clinical features specific to the infected organ
system. For example, patients can present with anemia, including leukopenia and pancytopenia, high erythrocyte
sedimentation rate, abnormal liver function tests, ascites, hepatomegaly, jaundice, splenomegaly, delirium or
psychosis, convulsions, meningism or encephalitis, skin infection or other signs of dermatologic disease, diarrhea,
vomiting, pleural effusion, lymphedema, or regional pain in addition to pulmonary TB symptoms.'®**’

Individuals with specific comorbidities are at increased risk for developing or reactivating TB disease
beyond living in countries with high TB caseloads. HIV infection is the single most significant risk factor for the
development of TB,” and relevant comorbidities are:

*  Primary (e.g., cystic fibrosis, autoimmune disease) or secondary (e.g., HIV/AIDS, immunosuppressive therapy)
immunodeficiency. **

*  Chronic lung disease, exposure to significant pollution, or use of tobacco products.”

»  Have chronic diseases such as diabetes mellitus,*’ kidney disease, or hepatitis. **

* Individuals living in close quarters or communal living situations — prison inmates, homeless or living in
homeless shelters, nursing home residents.*’

*  Alcohol (> 40 g/day)” and intravenous drug users.”

e Malnutrition.”’

*  Health care workers.

¢ (Close contact with an individual with ATB disease.

TB Treatment and Prevention

Antibiotic chemotherapy

Treatment for TB varies based on the kind of infection but is known for taking months or years to treat
completely. Life-altering side effects from treatment (e.g., orange discoloration of body fluids, gastrointestinal
symptoms, hepatotoxicity, liver failure, peripheral neuropathy, central nervous system effects, polyarthralgia, gout)*
and extensive treatment time (at least six months) result in patients stopping antibiotic treatment before completing
therapy; this is the primary cause of antibiotic-resistant TB.?” For this reason, it is recommended that these patients

use directly observed therapy (DOT) as part of treatment. DOT uses trained healthcare workers or other designated



individuals outside of the patient’s family to provide TB antibiotics and observe the patient taking the drug(s).
Compared to self-observed therapy, DOT can increase treatment completion from 61% to ~88%.%° With
smartphones and cellular phone and data services available globally, smartphone-enabled video-observed therapy is
more effective than DOT,** and is recommended by WHO as an alternative to DOT.*

For LTBI, there are four CDC-recommended treatment regimens for LTBI, which use isoniazid (INH),
rifapentine (RPT), and rifampin (RIF). Studies by CDC and the National Tuberculosis Controllers Association
recommend short-course (3-4 months) treatments using multiple antibiotics in place of INH monotherapy (6-9
months) when possible, though many parts of the world still use INH monotherapy for LTBI treatment. The four

treatment regimens recommended by CDC are listed in Table 1.1."

Table 1.1. CDC Recommended LTBI Treatment Regimens.'"”

Drug(s) Duration’ Dose Frequency Total Doses

INH: 15 mg/kg rounded up to the nearest 50 or 100 mg; 900
mg maximum
RPT: 10-14 kg: 300 mg
> 12 years: 14.1-25 kg: 450 mg
INH and RPT | 3 months 25.1-32 kg: 600 mg Once Weekly 12
32.1-49.9 mg: 750 mg
>49.9 kg: 900 mg maximum
INH: 25 mg/kg
RPT: as above

Aged 2-11 years:

Adults: 10 mg/kg
RIF 4 months Children: 15-20 mg/kg Daily 120
Maximum dose: 600 mg

INH: 5 mg/kg; 300 mg maximum

Adults: .

INH and RIF | 3 months RIF: 10 mg/kg; 600 mg maximum Daily 90

Children: INH: 10-20 mg/kg; 300 mg maximum

RIF: 15-20 mg/kg; 600 mg maximum
Adults: 5 mg/kg . 180
Children: 10-20 mg/kg* Daily 270
6 months Maximum dose: 300 mg -

INH 9 months Adults: 15 mg/kg

Children: 20-40 mg/kg* Twice weekly gé

Maximum dose: 900 mg

Individuals with drug-susceptible TB are treated with a combination therapy consisting of INH, RIF,
ethambutol (EMB), and pyrazinamide (PZA). Treatment of drug-susceptible TB has some of the same challenges as
LTBI treatment, namely that the treatment is lengthy (at least 6-9 months), and some patients experience significant

side effects that make treatment difficult. There have been clinical trials to try and reduce the treatment time®®>*’

" Table adapted from cited reference.
" Minimum interval/duration.

! American Academy of Pediatrics recommends INH at 10-15 mg/kg for the daily regimen and 20-30 mg/kg for the twice-weekly regimen.




though it extended regimens are more successful and have lower recurrence rates.>® Patients with HIV or cavitary
disease are not eligible for shorter dosing regimens due to high failure rates and increased acquired drug resistance
rates. The four treatment regimens recommended by CDC are listed in Table 1.2. Drug-susceptible regimens are

listed in order of most to least effectual, with Regimens 3 and 4 not advised for use in patients with HIV or cavitary

disease.™
Table 1.2. CDC Recommended Antibiotic Regimens for Drug-Susceptible TB Disease.””
Intensive Phase Continuous Phase
Regimen | Drugs Dose (mg/kg) Interval’ Drugs | Dose (mg/kg) Interval Total Doses
Adult: 5 Adult: 5
INH Child: 10-15 INH Child: 10-15 $
7 doses/week x 18 weeks’
RIF Adult: 10 RIF Adult: 10
Child: 10-20 $ Child: 10-20
1 7 doses/week x 8 weeks’ 182
PZA Adult: 25
Child: 35
Adult: 15-20
EMB Child: 15-25
Adult: 5 Adult: 15
INH Child: 10-15 INH Child: NE™
3 doses/week x 18 weeks
RIF Adult: 10 RIF Adult: 10
Child: 10-20 s Child: NE™
2 7 doses/week x 8 weeks® 110
PZA Adult: 20-30
Child: 30-40
Adult: 15-20
EMB Child: 15-25
Adult: 15 Adult: 15
INH Child: NE” INH Child: NE™
3 doses/week x 18 weeks
RIF Adult: 10 RIF Adult: 10
Child: NE” Child: NE™
3 3 doses/week x 8 weeks 78
PZA Adult: 30-40
Child: NE”
Adult: 25
EMB Child: 15-25
Adult: 5/15 Adult: 15
INH Child: 10-15/25 INH Child: 25
2 doses/week x 18 weeks
RIF Adult: 10 74 rweek x 2 . RIF Adult: 10
Child: 10-20 OSCS/WECK X = WECKS Child: 10-20
4 followed by 62
PZA Adult: 25/50 2 doses/week x 6 weeks
Child: 35/50
Adult: 15-20/25
EMB Child: 50

There are multiple forms of antibiotic-resistant TB, and classification is essential for determining the most
effective treatment. Antibiotic resistance is classified as:
.29,38

*  Monodrug-resistant TB - resistance to a single anti-TB drug, which includes:

* Rifampin-resistant TB (RR-TB).

% In cases where DOT is used, five dosages/week may be substituted.

™ NE = Not established. Some experts use the adult dosage for older children, and the same dose as twice-weekly therapy for younger children.
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* Isoniazid-resistant.

*  Polydrug-resistant - resistant to more than one anti-TB drug, but not both RIF and INH.*"**

e Multi-drug resistant TB (MDR-TB) - resistant to both RIF and INH.***

*  Pre-extensively drug-resistant (pre-XDR-TB) - MDR-TB plus resistance to one fluoroquinolone or a second-
line injectable.” >

*  Extensively-drug resistant TB (XDR-TB) MDR-TB plus resistance to at least one fluoroquinolone and a
second-line injectable agent.” **

 Incurable strains of TB.”

Culture on selective media and drug susceptibility assays are used to determine antibiotic resistance. There
are numerous possible combinations of drug resistance, making exact treatment regimens highly personal and
complicated. In cases of MDR-TB, it is not uncommon for treatment to last longer than 18 months.” **WHO
provides drug groups in order of priority for use in treating MDR-TB and XDR-TB and gives recommendations on
when shorter courses of treatment are appropriate, such as during pregnancy. Of the groups of drugs, WHO
recommends treatment starts with all three Group A drugs (levofloxacin or moxifloxacin, bedaquiline, linezolid) and
at least one Group B drug (clofazimine, cycloserine, or terizidone). If fewer Group A drugs are used, both Group B
drugs can be used. Suppose there are not enough medications between Group A and B for treatment. In that case,
doctors may move to Group C drugs (EMB, delamanid, PZA, imipenem-cilastatin or meropenem, amikacin or
streptomycin, ethionamide or prothionamide, p-aminosalicylic acid).*

WHO also provides a list of recommendations for treatment approaches to antibiotic-resistant strains of TB
in addition to the guidelines for selecting antibiotics to begin treatment. Though not exhaustive, key
recommendations include:*

*  Regimens should generally include at least four drugs likely to be effective in the first six months, followed by

three drugs after that, with oral medications preferable to injectable medications.*” *°

*  Fluoroquinolones are strongly recommended for treatment times longer than six months.**°

* MDR-TB and XDR-TB regimens should be monitored monthly using cultures, rather than just sputum smear

: 29, 40
microscopy.”
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Additional therapeutic considerations

Treatment of TB can be multifaceted, and there are considerations beyond the antibiotic regimen that
should be considered throughout treatment. For individuals with TB that are HIV-negative, it is routine to test for
HIV since it is the most significant contributing factor to ATB disease development.® For those with confirmed HIV,
patients must be on antiretroviral therapy for HIV to reduce the impact of immunosuppression due to infection. For
other comorbidities, patients must be adequately treated for these conditions to ensure the best chance at treating
M.1b infections.’” !

It is also well established that rifamycins can significantly impact the concentrations of other drugs, and
medications used for these conditions may need to be adjusted or completely changed for the duration of TB
treatment. A significant number of antiretroviral drugs used in the treatment of HIV are significantly reduced in
concentration when administered concurrently with rifamycins, and dosages may require increasing to account for
the impact the TB treatment has on HIV management. Other drugs negatively impacted by co-administration of
rifamycins include:*
¢ Anti-effectives, including azole antifungal agents, some macrolide antibiotics, and mefloquine.

*  Hormone therapy, such as birth control, tamoxifen, and levothyroxine.

¢ Methadone.

*  Warfarin.

* Immunosuppressive agents, including cyclosporine and corticosteroids.

*  Anticonvulsants phenytoin and lamotrigine.

* Cardiovascular agents, including anti-hypertensive drugs, Angiotensin-converting enzyme inhibitors,
antiarrhythmics.

¢ Sulfonylurea hypoglycemics.

*  Hypolipidemics.

*  Psychotropic drugs, including nortriptyline, haloperidol, and benzodiazepines.

For treatment of TB, additional medications may be beneficial or help patients continue treatment long-
term. For example, in patients that experience or are at risk for peripheral neuropathy, vitamin B6 is administered

with INH.*' Corticosteroids have shown mortality and morbidity benefits is recommended that they be administered
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concurrently in patients with high levels of inflammation in the pericardial fluid of patients with large effusions or

signs of pericardial restriction.*

TB vaccine

In countries with high TB caseloads, newborns are inoculated with the TB vaccine, known as the BCG
vaccine. This vaccine is an injection of M. bovis Bacillus Calmette—Guérin (BCG), an attenuated strain of M. bovis.
This vaccine is the only licensed TB vaccine.* The protective efficacy is variable, with studies showing anywhere
from no effectiveness to 80% efficacy against pulmonary TB.* The vaccine’s efficacy varies between studies based
on genetics, geographic location, exposure to other environmental bacteria,** and laboratory conditions used to grow
BCG for the vaccine.* BCG does significantly protect children from developing TB meningitis and miliary
disease*® and is therefore administered to approximately 100 million newborns per year across the world in countries
with high case rates of TB.*® It is also administered prophylactically in select individuals living where TB case rates

are low, such as healthcare workers.*’

Diagnostic Strategies Not Recommended for POC Use in Low-resource Settings

Chest X-ray

Mass screening for TB by chest X-ray has previously proved an effective tool in the developed world and
can still triage potential ATB patients by visualizing potential cavities, fibrosis, and calcifications in the lungs.
However, accuracy is highly variable because it requires experienced interpreters to read the images, individuals that
are difficult to come by across most of the globe.” As a result, some countries, such as the high-burden country
South Africa, have discontinued it due to costs and the low diagnostic yield. Because in a generalized TB epidemic
where repeat infection is common, the inability of chest X-rays to distinguish previous from current episodes of TB
is problematic and complicates radiographic interpretation. This, together with the vast reservoir of latent TB
infection and the recognized radiation dose problems associated with repeat testing by X-ray, has led WHO to

specifically call for the development of new mass screening tools for TB to replace radiography.**
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Measurement of host immune response

Two main biomarker-based tests are available in countries with advanced healthcare and low TB caseloads,
and these tests measure the immune response in patients to determine if a patient has TB. Tuberculin skin testing
(TST, or Mantoux test) is the most common TB screening tool used in the United States. The test consists of an
intradermal injection of tuberculin purified protein derivative in the forearm, and the immune system’s reaction to
the antigen mixture is monitored and recorded. Unfortunately, individuals that have previously received the TB
vaccine can have false-positive test results. Furthermore, in individuals that have received the TB vaccine, the size
of the TST reaction is not a factor in determining if an individual has LTBI or if the response is due to prior
vaccination. This complicates treatment decisions, especially when other tests are unavailable, so TB is often
diagnosed empirically and based primarily on symptomology alone. TSTs also require patients to return to the
physician’s office 48-72 hours after the initial injection for the test reading, making this test not implementable at
the POC, where patients are routinely lost to follow-up and never return.

Within the last decade, interferon-gamma (IFN-y) release assays (IGRA) have been available as a
diagnostic tool in high-resource countries, with examples including the QuantiFERON® TB-Gold In-Tube test and
T-SPOT®.TB.* These whole-blood assays measure the white blood cell response to TB-specific antigens. In
patients infected with M.7b, white blood cells will release IFN-y when mixed with the antigens derived from M.tb.
Unlike the TST, prior BCG vaccination will not cause a false-positive result.”® Often, blood for IGRA tests is
collected only in the morning since the assay itself has a 24 hour incubation time, followed by the final assay
protocol and readout. With a minimum time to completion of two days, this method is incompatible with POC
diagnosis.

Both TST and IGRA tests are beneficial in helping diagnose both LTBI and ATB disease. However, these
tests are unavailable in low-resource countries or are incompatible with some patient histories due to independent
infection treatment and prevention factors. Therefore, individuals living in parts of the world with limited healthcare

infrastructure have no method to diagnose LTBI.

Bacterial culture
In the absence of reliable biomarker-based POC diagnostic tests for TB, the gold standards for accurate TB

diagnosis and drug sensitivity testing continue to rely on microscopic pathogen detection in sputum smears with
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diagnostic confirmation and drug sensitivity testing using bacterial culture methods. However, the extensive time
and infrastructure barriers required to implement culture are too slow for use at point-of-care, as time-to-result is at
least three to four weeks, but up to eight weeks. In addition, it is well established that difficulties in replicating
growth conditions in vitro result in the estimate that 99% of all bacteria cannot be cultured using standard culture
protocols, M.th included. This likely leads to gross under-estimations of bacillary loads from culture analysis,

especially in drug-treated TB patients.

The Current State of Low-resource POC TB Diagnostics and Why They Fail Patients

Problem 1: Currently implemented nucleic acid-based tests are inefficient for rapid POC TB diagnosis.

WHO has endorsed the polymerase chain reaction (PCR)-based GeneXpert MTB/RIF assay as a frontline
diagnostic and drug resistance test for TB in endemic settings.”' The Xpert MTB/RIF assay consists of a self-
contained cartridge that performs automated sputum extraction and nucleic acid amplification following insertion
into the specialized Xpert Instrument System.’> Unfortunately, Xpert possesses significant limitations that hinder its
capacity to serve as a comprehensive screening tool. First, its claimed detection limit at ~130 M.zb bacilli/mL> is
closer to ~800 M.tb bacilli/mL in practice as determined through external validation.”* Additionally, Xpert cannot
quantify bacillary load or monitor early bactericidal activity, which is critical for monitoring patient treatment
response.” It is also ineffective for monitoring or diagnosis in drug-treated patients.”® These factors combined with
its relative expense (~$15/test, even with subsidies) have resulted in a low global implementation rate, even though
it was designed for low-resource POC use. Most importantly, case detection has not significantly improved with the
rollout of Xpert.”” The true benefit of the Xpert MTB/RIF assay, therefore, appears to lie in its more rapid, albeit
limited, rifampicin resistance testing capabilities than culture.

Despite these limitations, the South African Department of Health has implemented 325 Xpert devices
nationwide to diagnose TB using the MTB/RIF assay, making it the largest procurer of such devices worldwide.
Unfortunately, these devices are predominantly located in 203 centralized testing labs or tertiary health care
facilities in densely-populated urban areas (Figure 1.3)."” In contrast, most of the South African population still
lives in rural, sparsely-populated regions.” Inaccessibility of Xpert for rural TB suspects requires that patient

sputum specimens be shipped from remote clinics to testing centers, imposing a lengthy turnaround time (days to

15



weeks) for a diagnostic test that should only take two hours. This exacerbates pre-treatment loss to follow-up rates.

.. . . . . . . . 2.4
Therefore, empiric treatment without molecular diagnosis or bacteriologic confirmation remains commonplace.”

Figure 1.3. GeneXpert MTB/RIF testing center locations, indicated by large green dots, and Department of
Health Facilities, indicated by small black dots, in South Africa in 2019. Figure adapted from cited

59
reference.

The inability to rapidly and accurately diagnose TB disease and evaluate resistance with high sensitivity
and specificity at the POC continues to be a confounder in disease transmission, patient mortality and morbidity, and

time to treatment initiation in the developing world; this is a significant barrier to effective medicine for TB.

Problem 2: Microscopy limits TB diagnosis.

With the advent of nucleic acid amplification tests, the century-old microscopic examination of a sputum
smear is in danger of being forgotten. Still, it remains the most commonly used method for TB diagnosis outside of
a laboratory environment in the developing world. Sputum smear staining for microscopy has the advantage of
having high clinical specificity (>99%) while being inexpensive and easy to perform. Unfortunately, these
advantages do not overcome the poor clinical sensitivity (~50%), subjectivity, and laboriousness. Manual inspection
of stained sputum smear slides can take 15 minutes to three hours, depending on the degree of infection and the
microscopist experience.” Understaffed and busy clinics that still rely on smear inspection are particularly prone to

false negatives resulting from the improper examination of smears.’'
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There has been substantial effort to develop fluorescence microscopy and sample concentration-based

methods to overcome the limitations of bright-field microscopy.®*®

In both protocols, bacteria are isolated from
large-volume sputum samples using polymer-coated beads or centrifugation and paired with fluorescence
microscopy as the readout (Figure 1.4). While promising, and even though literature supports that increasing the
sputum sample volume can increase diagnostic sensitivity,”” both concentration methods have failed to yield the
hoped-for improvements in clinical performance because of their lack of molecular specificity. However, the
minimal adoption of these protocols extends beyond their lack of specificity, as they use more complex and time-
intensive procedures than conventional microscopy with ZN staining. Furthermore, these concentration protocols are
followed by staining with dyes known to bind to Actinomycetes, bacteria that inhabit the mouth and commonly
contaminate sputum samples through saliva, not just M.th. As a consequence, these methods show only mild
improvements in clinical sensitivity (e.g., ~65% for magnetic bead FM; ~59% for centrifugation with direct FM),*®

68, 69
> In

but reduced specificity (e.g., ~89% for magnetic bead FM; ~99.4% for centrifugation with direct FM)
addition, these methods’ reliance on fluorescence microscopy, a technology that is generally unavailable in primary

clinics in countries with limited healthcare infrastructure, creates another barrier to adoption and implementation.®'
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Figure 1.4. Image of a sputum smear for TB diagnosis. Black arrows indicate confirmed TB bacilli. Yellow
arrows indicate TB bacilli that cannot be accurately detected with bright-field smear inspection and instead

require fluorescent stain/imaging for accurate observation. Figure from cited reference.”
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Problem 3: There is no method to determine if an infection is caused by tuberculous or non-tuberculous
mycobacteria.

Acid-fast staining works by taking advantage of the almost impenetrable mycobacterial cell wall. As shown
in Figure 1.5, it continues to be performed just as it was at the turn of the 20™ century.”" Specifically, the thick and
waxy cell wall is primarily comprised of long-chain fatty acids known as mycolic acids. This mycolic acid makes

the walls challenging to open, so they are physically melted using heat.”"

Therefore, to stain mycobacteria, the
primary carbol fuschin dye is applied to the sample and heated over a flame until steaming. Once cool, acid-alcohol
removes primary pigment from inside cells that can be readily penetrated with chemicals. This rinse decolorizes

everything except for mycobacteria. These easily penetrated cells are then counterstained with methylene blue,

turning everything that is not mycobacteria (or acid-fast) blue.”"

1. Apply and affix 2. Apply carbol 3. Rinse stain, and 4. Rinse stain, and 5. Rinse stain, and

sputum sample to fuschin stain and apply acid alcohol to apply methylene allow to dry. Inspect

slideto 2cm X 1 cm heat to 60*C. Then, decolorize blue counterstain for 100 fields of view at

area. sit for 5 min. non-Mycobacterial 1 min. 1000x magnification.
cells.
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Decolorized slide.

Figure 1.5. Acid-fast staining protocol for clinical identification of M.7b in sputum using the Ziehl-Neelsen

method.

While acid-fast staining is generally quite specific for identifying if a patient has a mycobacterial infection,
it cannot tell the microscopist what species of mycobacteria is causing the infection.” This well-documented
observation has been known for over a century.”* Because the staining process relies only on if cells are decolorized
with acid-alcohol, which occurs for all mycobacterial species, it means that there is no way to discern which
mycobacterial species are causing an infection. Tuberculous mycobacteria (species that cause TB disease) and non-
tuberculous mycobacteria (NTM; species that do not cause TB disease or leprosy but may cause other clinically
significant infections) both cause pulmonary infections and both present independent clinical challenges for patients.

NTM infections present significant morbidity and mortality across the globe.” Infections caused by

76, 77

tuberculous mycobacteria and NTM present with similar symptomology, are both opportunistic infections
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common in TB-endemic countries and target similar populations: immunocompromised, elderly, impoverished, and
those with abnormal lung pathologies, among others.”” However, NTM pulmonary infections are seen in previously
healthy individuals and are on the rise in developed nations.” In the United States in 2010, the number of NTM
infections outnumbered the number of TB cases.” The two diseases have different antibiotic treatment regimens,
making it imperative that patients start on the correct treatment as soon as possible.”

Because NTM infections are not as well studied or characterized as infections caused by TB disease-
causing M.tb complex species (M. tuberculosis, M. bovis, M. bovis BCG, M. africanum, M. microti, M. canetti,
among others), determining the difference between TB disease and an NTM infection relies on culture protocols.
Widely used molecular TB diagnosis techniques, such as Xpert, cannot determine if a patient has an NTM
infection.® However, for the same reasons that culture does not work well for TB diagnosis, it also does not work
well for NTM diagnosis. Therefore, particularly in developing nations with high TB case rates, NTM infection is
more likely to remain unidentified due to (1) a higher probability of TB infection and (2) a lack of diagnostic
resources. As discussed, these patients are diagnosed and treated based on symptoms alone without bacteriologic
confirmation.”* This delay in NTM infection treatment averages two years,” and often results in permanent lung
damage, loss of lung function, and death.*” These issues result in care gaps, where patients often have poor treatment
success, especially compared to TB disease.* Immunocompromised individuals are more likely to be negatively
impacted by these care gaps. Creating a POC tool to discriminate between tuberculous and NTM infections

simultaneously is critical for improved patient care and outcomes for both types of infection.

Design Requirements for an Improved TB Diagnostic

In 2000, the WHO published a set of criteria for an ideal POC test designed for use in healthcare-limited
settings to help drive disease diagnosis and treatment. They are known as the ASSURED criteria, which is an
acronym for Affordable (for those who need it, generally no more than £1-5), Sensitive, Specific, User-friendly
(simple to perform, requiring minimal training), Rapid and/or Robust (delivers results in 15-60 minutes),
Equipment-free, and Deliverable to those who need them.

Based on the ASSURED criteria, in the context of this dissertation, the required design criteria for

developing sensitive and specific POC assay for M.th diagnosis are:
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* Requirement 1: Specificity for tuberculous mycobacteria and ability to discriminate between NTM
and TB infections without loss of Sensitivity.
* Requirement 2: User-friendly and Rapid and Robust M.th biomarker collection and concentration
protocol.
* Requirement 3: User-friendly M.7b assay readout with minimal background interference and easy
to interpret results.
* Requirement 4: Detection strategies that are Equipment-free or implement existing technology and
methods already Delivered and performed as part of the current diagnostic workflow.
This dissertation aimed to design and test new tools for a next-generation, point-of-care diagnostic test for
TB that technically performs as well as the Xpert MTB/RIF assay (~85% sensitivity, ~95% specificity). Unlike the
Xpert assay, the approaches discussed in this dissertation require minimal resources and utilize only widely
available or easily acquired equipment (e.g., magnets). Improving the current methodology will enable active case
finding where the population lives, decreasing the time to diagnosis and treatment relative to disease onset. Though
the assays developed here would ideally meet the criteria for Affordability, the total cost per test is often higher
during small-scale development, and cost reduction occurs with further technical refinement and mass production.
For this reason, the price per test was not explicitly included as a design requirement but is discussed in the broader

context of the assay design and future potential.

Proposed Solutions

Proposed Solution 1: Nucleic acid extraction towards a POC solution for molecular diagnosis.

Rapid isolation of genomic material from patient samples can provide sensitive and specific semi-
quantitative testing for M.tb and detection of drug-resistant strains. Using a chaotropic binding solution, nucleic
acids are preferentially adsorbed to the surface of silica magnetic beads while leaving behind non-genomic material
(Req. 1). These magnetic particles are then quickly concentrated volumetrically using magnetic separation (Req. 2)
and eluted into small volumes (Req. 3), which are ideal for quantitative analysis using established molecular

techniques (Req. 4).
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Magnetic separation for biomarker recovery is not a new concept, and kits are commercially available.
However, the most commonly used format for magnetic beads separation has drawbacks that limit its application.
This approach uses stationary magnets to create a low-gradient magnetic field across an entire sample volume to
separate beads. Since magnetic fields decay from the magnet surface at a rate of 1/L’, the magnet must be
sufficiently strong to quickly concentrate beads in the low-gradient field. Sub-micron scale particles used in these
applications increase the biomarker capture area. However, without further tuning of the magnetic field and
nanoparticle chemical properties, the stationary application of a magnet for separation is slow and not amenable for
use in time-sensitive assays.** Using this method in low-resource settings is also labor-intensive. It requires the
manual removal and application of reagents throughout the extraction process, only allowing for low-throughput
sample processing.*” These challenges preclude application issues for large and dilute volume samples (e.g., urine),
which require processing with parallel aliquots or in series.

To solve the issues associated with manual extraction protocols using traditional magnetic separation, in
Chapter 3, I developed and applied an alternative form of magnetic separation known as high-gradient magnetic
separation (HGMS). HGMS is rapid and not limited by sample volume, extracting and concentrating the naturally
dilute quantities of nucleic acids from large volumes into useable test samples. This nucleic acid extraction protocol
enabled by HGMS does not require user training and is not reliant on laboratory equipment with limited accessibility
(e.g., GeneXpert, refrigeration, centrifugation). Developing the HGMS extraction device is a step towards molecular
testing at the POC, which will reduce time barriers that currently exist. While the HGMS device is applied for
nucleic acid extraction, the system is versatile and can be modified for specific isolation and detection of other

biomarkers, including proteins or whole cells (Req. 1).

Proposed Solution 2: Combined volumetric and spatial concentration of M.tb bacilli using induced Marangoni
[flows for improved sputum smear detection of TB disease.

Isolation of M.tb from patient sputum would provide a method to create a more sensitive and specific
microscopic inspection strategy. Various methods nonspecifically concentrate TB bacteria, trying to improve the
sensitivity of sputum smear microscopy, but it has only led to mild improvements while also reducing the

62-66

specificity. To solve issues with microscopic inspection, in Chapter 4, I used nanoparticles to magnetically

separate M.tbh bacilli from large-volume samples and volumetrically concentrate them. The nanoparticle-bacilli
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complexes were then deposited in a 50 pL droplet onto a substrate-coated glass microscope slide and visualized
using bright-field microscopy (Req. 3). This substrate was explicitly designed to induce spatially concentrating
Marangoni flows during droplet evaporation through concentration in the center of the drop, dramatically reducing
the inspection area and, therefore, time for microscopic inspection. (Req. 4) Using nanoparticles smaller in diameter
than the diffraction limit of light yields a capture medium that does not significantly interfere with bright-field

microscopic visualization.

Proposed Solution 3: Screening of M.tb-specific surface antigen recognition elements.

Using biolayer interferometry, in Chapter 5, I screened newly available mycobacterial biomarker
lipoarabinomannan (LAM) recognition elements (Req. 1), including antibodies and novel lectin microvirin-N
(MVN). Specifically, M.tb complex and NTM species have different sugar caps on this cell surface marker, LAM,
with slow-growing M.tb complex (MTBC) species expressing LAM with a terminal mannose cap (ManLAM), and
fast-growing NTM species express LAM with a terminal phosphatidylinositol cap (PILAM). MVN is known to bind
specifically to the mannose linkages on ManLAM.* In addition, LAM makes up 15% of the total mycobacterial cell
surface mass,’” making it an abundant biomarker for use in TB detection assays.

Once characterized for ManLAM/PILAM specificity, I used these LAM recognition elements to measure
changes in the surface accessibility of LAM from different mechanical and enzymatic processing methods. Though
mundane, the well-known clumping of mycobacteria in suspension culture continues to create problems for TB

839 chemical,” or enzymatic® digestion methods to dissociate

researchers, requiring the use of mechanical force,
these clumps. The impact of processing on antibiotic susceptibility has been established, but detailed investigations
about changes in the accessibility of surface structures are not available in the literature. I expect that this key

information will interest many TB investigators seeking precise preparation methods that preserve as many surface-

accessible biomarkers as possible.

Proposed Solution 4: Development of an M.tb-specific nanoparticle for whole-cell capture and differentiation
between MTBC and NTM infections at the POC.
Chapter 6 detailed work towards designing and developing an M.th-specific magnetic capture particle

(Req. 4) surface-functionalized with novel lectin MVN (Req. 1). This chapter outlines the design optimization of
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individual fluorescent components for flow cytometry readout, used to visualize individual binding interactions
between different mycobacterial species, MVN, and nanoparticles using the size, granularity, and co-localization of
fluorophores. However, significant challenges encountered throughout this design process created barriers to
completion, all discussed. The research performed in Chapter 5 identified solutions to the primary problem
encountered, and the issues and solutions are examined in tandem. Future work required for completion of the

particle design is also outlined.
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CHAPTER 2 : INTRODUCTION TO SCIENTIFIC PRINCIPLES AND PRIOR ART

The scientific principles and techniques that make up this dissertation’s scientific focus are explained in

this chapter, and prior art is discussed.

High-gradient Magnetic Separation
In the past few decades, magnetic separation techniques have been commonly applied for liquid sample

processing in low-resource biomarker extraction assays.”**

Magnetic forces function independently of the sample’s
chemical and biological properties; this makes it an ideal phenomenon for analytical applications. Surface-
functionalized paramagnetic beads have the additional advantages of remote handling and manipulation within a
sample that, when combined with the high surface area, provide a method for chemical capture, purification, and
concentration of biomarkers of interest.

HGMS is a technique that utilizes a ferromagnetic matrix that is converted into an induced magnet when
exposed to an external magnetic field. This matrix creates strong field gradients near the matrix surface upon
magnetic field application. When fluid containing paramagnetic particles flows through the matrix, magnetophoresis
draws and magnetically captures beads on the matrix’s surface via the high-gradient field (Figure 2.1). The matrix is
demagnetized upon removing the external field, allowing for particle removal and recovery. Without the presence of
the ferromagnetic matrix, using magnetic application alone, particle recovery is very poor. HGMS has multiple

benefits over traditional magnetic separation using a stationary magnet; the most prominent is its capacity to

separate sub-micron-sized magnetic particles from large sample volumes rapidly.

Clay processing.

The earliest description of a high-gradient magnetic separator dates to the 1930s, separating materials based
on their magnetic susceptibilities. The patent highlights the potential importance of high gradient magnetic
separation — at the time, magnetic separators were most commonly limited to a pulley, belt, and rotor-driven
separators that failed to isolate magnetic material from fine dry powders, yielding inefficient separations. With the
advent of an HGMS system, fine particles could now be efficiently separated from both dry mixtures and liquid

: 95
suspensions.
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Figure 2.1. Example of high-gradient magnetic separation of one micron magnetic beads from a flow using a
small steel wool plug (black arrow) and an external magnet (left panel); change in the appearance of a

magnetic bead suspension after separation (right panel). Photo credit: Cassandra Wessely.

Use of the first commercial of HGMS began in 1969 with the beneficiation of kaolin clays used in paper
coatings.” At the time, there was a desire to extend high-quality kaolin reserves. The use of crude or low-quality
kaolin, followed by removal of impurities that cause darkening of the clay, would allow for this extension while also
reducing the utilization of leeching chemicals used to brighten clays at the time.”” It would also yield an increased
monetary value for the clay due to improved brightness.”®

The separators used for kaolin clay processing were capable of processing 4,000 liters (L) of kaolin slurry
per minute, or 60 dry tons per hour, achieving a high-speed processing operation. The separators used a stainless-
steel wool matrix magnetized by a 20-kiloGauss (kG) electromagnet. Processing the clay removed iron and
associated contaminants, such as potassium and aluminum; removing just 1-2% of contaminants could increase the
brightness by two to four brightness units, demonstrating how efficiently reducing clay contaminants can

°7-%8 This advance combined five variables that made the use of large-scale

significantly improve the clay’s quality.
high-gradient magnetic separation feasible: retention time, extreme gradients, high-intensity magnetic fields, electro-

kinetic dispersion, and efficient magnet design. The most critical discovery was that very slow flow rates are

necessary to increase the retention time and separation efficiency; this provided micro and nanoscale paramagnetic
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particles with a lower magnetic susceptibility maximal time to be captured within the ferromagnetic matrix.” This

led to the development of commercial HGMS systems by Sala Magnetics.'” "'

Coal liquefaction.

The progress made in HGMS development with kaolin clay beneficiation allowed other industries to
implement HGMS processing, mainly for removing contaminants. By 1981, at least five companies, including Sala
Magnetics, made commercially available HGMS systems for various applications.'’" Coal liquefaction is a process

that has the potential benefit of yielding low sulfur coal compared to unprocessed coal,'"

allowing for the use of
coal to meet energy demands while meeting air quality mandates for sulfur oxide in the 1970s. It also reduces the
number of ash particulates released during burning. However, liquefaction is problematic because particulates
remain even after organic components have dissolved into the solution. While traditional filtration can remove
micron-scale particulate matter and sulfur from the coal, it requires extreme temperature and pressure conditions; it
also needs a slow filtration rate to be performed efficiently, with the flow as low as 0.6 gallons/min/feet” of filter
area. Due to these requirements, filtration of liquefied coal had severe technical and economic limitations that were

103

not feasible. ~ In addition to filtration, magnetic separation was attempted on coal slurries as early as the 1950s,

using heating to convert the weakly magnetic material pyrite to the ferromagnetic pyrrhotite, which has a higher

magnetic susceptibility.'** '

This method, however, required temperatures up to 300°C and an inert gas atmosphere
to prevent the ignition of the coal, which created significant barriers to practical implementation. This conversion
did allow for improved separation of sulfur from the coal but was never efficient enough to warrant further
development.'?”

The first attempt to use HGMS for coal liquefaction was performed by Trindade, though others have used it

experimentally for the same application.'*> '

Trindade created and experimentally confirmed a model for
removing coal particulates, specifically those containing paramagnetic pyrite, from coal slurry; the undertaking did
not require any conversion of pyrite, as was previously mentioned deemed necessary for magnetic separation.'®
This model focused on using a force balance to predict the forces acting on single particles near a magnetized strand
in the ferromagnetic capture matrix. These forces helped predict the effects of coal particle size distribution, packing

density of the magnetic matrix, magnetic field strength, and slurry velocity through the separator, some of which

were already known factors important for efficient kaolin clay brightening. Using coal-water slurry with known

26



characteristics — amount of coal, particle size distribution, packing density of column, and quantity of dispersant
added to prevent agglomeration of the smallest hydrophobic particles — particles were separated using HGMS by
measuring the magnetization of remaining minerals after low-temperature ashing; a process which removes
hydrocarbons without damaging the minerals in the coal. This procedure measured the sulfur in the original input
slurry, the number of captured particulates, and the flow-through. Optimal capture was achieved with particle sizes
of approximately 50 pm, with capture efficiencies dropping significantly for smaller particles. Decreased viscosity
yielded high removal efficiencies than more viscous slurries, and increasing the magnetic field strength improved
product purity due to higher percent ash and sulfur removal.'® Ideally, this method would have also allowed for ash

1% The work performed here allowed for further

reduction, but this only yielded a slight improvement in ash content.
development and pilot testing of HGMS for coal desulfurization.
Further development allowed for multiple improvements or variations of Trindade’s original work. Rather
than use water to create slurries, small-scale experimentation showed methanol was a beneficial alternative and
provided better separation than water. Specifically, particles failed to aggregate due to increased particle
hydrophilicity in the presence of methanol, even in solutions as low as 10% methanol. However, 100% methanol
provided the best separation of sulfur and ash from the liquefied coal. In contrast, methanol-water mixtures
improved particle separation over water alone, with separation efficiency falling between pure methanol and pure
water.'” The use of methanol also had the benefit of already being a by-product of coal gasification, and some coal
processing methods had the final goal of methanol production. By allowing the coal to settle out of the methanol
following HGMS processing, the methanol can be recycled, and the coal would not need to be dried before burning
as is required when water is used.'” The recycling process through the HGMS system three times reduced inorganic
sulfur content by 76.1% and ash by 64% from coal-water slurry without dispersant in a 20 kilo@rested magnetic
field at a residence time of 18.3 s with a packing density of the matrix at 6%.'"’ Another variation of separation is
the use of dry coal feeds, though this process required more investigation and development before it could be used

on a larger scale.'”

Soil processing.
High-gradient magnetic separation was also applied to soil decontamination since soils containing

radioactive substances, such as uranium and plutonium, cost between approximately $2,200 and $6,700 per cubic
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meter to dispose of safely (in 2022s dollar value); removing contaminants in 90% of the processed soil could
decrease disposal costs 10-fold while allowing recycling and reuse of the soil upon decontamination. Methods at the
time, such as soil washing and gravimetric separation, could not remove particulates smaller than 50 pm, with a

majority of the contaminants being less than 50 um in size.'"”

Wastewater treatment.

Many industrial processes create wastewater that can potentially contaminate water sources. Using HGMS,
multiple individuals have demonstrated the feasibility of removing pollutants from water streams using flocculation
of magnetic particles to non-magnetic contaminants in the water. Using magnetite particles and flocculent, and fields
as low as 3,000 G, Petrakis and Ahner demonstrated a reduction in the concentrations of oil, solid particulates, and
phenol to concentrations as low as five ppm, one ppm, and 260 ppb respectively from refinery water effluent at the
American Petroleum Institute following the standard reduction of particulates through an air flotation unit.'"’ Sala
Magnetics would go on to use their separator to demonstrate the removal of iron oxide scale from steel mill
wastewater streams in Sweden, reducing the concentration of particulates from 133 mg/L to less than ten mg/L at a
flow rate of 200 m/h and under a magnetic flux of 1,900 G. Oil contained in the wastewater was reduce by 60-
80%.'"

Besides industrial water sources, raw sewage and farming practices can contaminate natural bodies of
water. Using HGMS, de Latour demonstrated that biological and chemical contaminants found in water sampled
from the Charles River Basin and contaminants found in raw sewage from Deer Island Wastewater Treatment
Facility in Boston, Massachusetts, could be significantly reduced or eliminated. This process also reduced water
turbidity and color; HGMS processing also increased the water-processing rate by magnitude. Aluminum ions,
which underwent metal ion hydrolysis once in solution, were used as a flocculent rather than polymer. Following,
the metal ion coordinated an olation reaction to produce an aluminum ion joined to hydroxide groups, yielding
strong adsorption to solid surfaces; this aided in the flocculation process. At concentrations of aluminum lower than
two ppm, the complete association between bacterial cells and magnetic seed did not occur, with cells remaining in
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the water as a result. = He demonstrated the same principle with other metal ions, stressing that the pH of the

solution was essential to the particle charge, so the pH of the solution is crucial for choosing a metal flocculent. If

28



the charge of the particle is positive or negative, it is possible for little to no flocculation to occur due to charge
repulsions, resulting in a failed separation.'

The principles for seeding and high-gradient magnetic separation developed by de Latour and others'"> '
for water decontamination allowed further development and use for removing biologics from water. It was shown
that while a pH change should result in reversal of maghemite seed binding to yeast, allowing for reuse of seeds as
shown previously with magnetite,'”® the yeast surface chemisorbed the seeds. Even after boiling in a 2 M caustic

solution, the authors could not remove the seed from the yeast.''®

In another example, the authors were able to
remove T; Escherichia coli (E. coli) bacteriophage from water using HGMS by first coagulating magnetite seeds to

E. coli using calcium chloride, though this procedure varied for flocculation of viruses due to biological variation

between different species.'"’

Biologic applications.

While there are many industrial applications for HGMS, its use goes beyond separating contaminants.
High-gradient magnetic separation has also been implemented for various biological uses outside of contaminant
removal and had demonstrated feasibility as early as the 1970s. Early use of HGMS for biological applications
focused on separating erythrocytes from whole blood. Melville et al. showed that reducing oxyhemoglobin to
deoxyhemoglobin using sodium dithionite converts the iron contained in hemoglobin from a diamagnetic (Fe**, with
paired electrons) to paramagnetic (Fe’*, with an unpaired electron) state, influencing it using a magnetic field. The
device used a 40 mL volume filter with a 2% packing density of stainless-steel wire with a 25 pm diameter was
subsequently exposed to a 1.75 Torr (17.5 kG) magnetic field. They estimated that the gradient field next to wires
was approximately 8x10° Torr/m. By analyzing the effluent's hemoglobin content, approximately 70% of
erythrocytes put into the column were captured. The authors stressed the importance of capture optimization and
filter performance by investigating the effects of input flow rate and applied magnetic field.'" High-gradient
separation was again used by Owen et al., instead of oxidizing hemoglobin to methemoglobin with 20 mM sodium
nitrite. He further varied the paramagnetic state of the methemoglobin by adding potassium cyanide to the buffer
used to pass the cells into the device. Omission of potassium cyanide yielded a higher spin state and higher magnetic
susceptibility, as evidenced by his data. He also investigated the effect of flow rate and field strength on capture,

demonstrating the hypothesized dependence that capture efficiencies are proportional to the magnetic moment of the
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cells divided by the flow rate through the magnetic column.'”

Use of the inherent magnetic properties of the cell
were revisited and used decades later for improved malaria diagnosis. Specifically, the authors used the
paramagnetic properties of hemozoin; a metabolic by-product found in red blood cells infected with the malaria
parasite species Plasmodium falciparum. With the hemozoin displaying paramagnetic properties, infected cells were
concentrated and separated from non-infected red cells containing only the diamagnetic iron in hemoglobin. These
cells could then be removed from the HGMS device with flushing and observed using thin smears.'*

Following magnetic isolation of red cells using their inherent magnetic properties, red cells were
magnetically separated via immunospecific labeling of red cells with 30-40 nm iron-dextran nanoparticles and a 500

G magnet."”!

The addition of the magnetic particle increased the magnetic susceptibility of the cell, separating with a
fixed magnet only. Taking this a step further, after stabilizing the iron in heme in a diamagnetic state using carbon
dioxide, Molday and Molday used these particles to retain ~96% of red cells in a high-gradient column containing
30 mg of stainless-steel wool and 0.75 Torr applied field; without these particles, the diamagnetic properties of the
cells only captured only 3% of the cells in the column. The addition of magnetic nanoparticles was a clear
improvement from previous red cell work.'”* This idea of using immunospecific beads for cell capture was not lost,
with multiple applications following.

With a minimum of 204,000 published papers referencing or using the system (as determined via Google
Scholar search) at the time of dissertation submission, the most prevalent HGMS system for biological use is a high-
gradient system first published in 1990; termed “magnetic-activated cell sorting” (MACS), the system labels and
isolates cells of interest using antibodies and magnetic nanoparticles.'” By tagging cells of interest, these cells can
either be removed from a population for enrichment or depletion.'** The original system developed by Miltenyi et
al. began staining cells of interest with an antibody and then loaded the tagged cells with a fluorescein-biotin
complex; this fluorescent tag ultimately allowed for further analysis or sorting using fluorescence-activated cell
sorting or flow cytometry techniques. Last, the cells were onto approximately 100 nm superparamagnetic particles
functionalized with biotin. The cells were then magnetically separated using a column packed at a 4% packing
density of Grade 0 stainless steel wool (100 mg), coated in a plastic polymer to prevent cell damage and degradation
of the ferromagnetic matrix. In depletion experiments, the authors of this study demonstrated that cells were
removed from a population of interest. Depending on the cell population, the MACS system could deplete T-

lymphocytes from a population of murine spleen cells by up to 3,500-fold. However, some nonspecific capture of
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unlabeled cells was observed in these experiments. The enrichment process required elution of the initially bound
beads from the column, followed by the reapplication of the eluted cells and a second elution. A B-lymphocyte
population from the murine spleen was enriched 124-fold. However, the enrichment process could not totally isolate
rare cell populations, though the use of fluorescence-activated cell sorting would allow for total enrichment
following MACS.'#12¢

Since the original development of MACS, there have been changes to the ferromagnetic matrix based on
the intended application. A shared design theme across HGMS separators before this point had been the use of steel
wool for ferromagnetic matrix since the sharp edges help create high field gradients.””” However, other
paramagnetic materials in different forms can also serve as the matrix, such as rods/pins, beads/balls, grooved plates,
screens, or metal filters with any variety of pore shapes and sizes, though it is important to note that size and
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geometry can significantly affect the capture of particles. *° In addition to still offering columns made with coated

ferromagnetic wire and proprietary matrices, Miltenyi Biotech offers columns made with coated ferromagnetic
spheres that can amplify the applied field by 10,000x."** The beads in the column are packed in a lattice structure,
creating channels of identical size and flow patterns for the sample to pass through during separation. The size of the
spheres may be varied to improve the isolation of cells of different sizes. An example given in Patent
US005705059A filed by Miltenyi describes the average diameter of spheres for large-diameter cell isolation as
being 0.2 mm to 1.5 mm in diameter, and 0.05 mm to 0.2 mm in diameter for isolation of lysed cell components.

The diameter of the flow channel between the spheres is equivalent to the largest diameter sphere that would fit
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between the gaps in the sphere matrix lattice. = The staining and isolation protocols are similar to those initially

developed by Miltenyi et al.'*"!

Microfluidic Flows in Evaporating Sessile Droplets
There are two types of radial flows that can form in an evaporating sessile droplet. Under specific
conditions, one radial flow can dominate and be the primary driver of fluid and particle movement during

evaporation. Significant research has determined the physical parameters that drive or suppress these microfluidic
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flows and the resulting particle deposition patterns, including edge pinning, solvent type, particle size and
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shape, surfactant effects, evaporation flux,"*' contact angle, material thermal conductivity,'* among
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others. The Haselton Research Group has previously developed diagnostic tools based on the physics of a sessile

evaporating droplet on a solid surface, 135 144-146

The benefits and limitations of these technologies are discussed.
Colffee ring phenomenon.

When coffee is spilled and allowed to dry, an increased density of coffee particles is observed at the edge
of the drop relative to its center, lending the microfluidic phenomenon to its name. More specifically, the
evaporative flux of the water in the coffee is higher at the edge of the spilled drop than at its middle. Because
water’s surface tension pins the coffee drop’s edge, the evaporated fluid must constantly be replenished to maintain
this edge pinning. This edge pinning is irregular and caused by surface irregularities and is stronger and more stable
with solutes (e.g., particles) than without; precisely, the solutes deposited at the edge further augments the surface
imperfections initially responsible for the edge pinning. As a result, radial capillary flows move from the drop's
center to the pinned edges (Figure 2.2). This flow pulls suspended particles with it, depositing them at the edge as
the water continues to evaporate. A well-defined ring structure forms throughout evaporation, which is easily visible
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to the naked eye. Droplets with a smaller contact angle are also more likely to result in coffee ring formation

than a large contact angle, as has the initial fraction volume of suspended colloids in the droplet.'*’

Figure 2.2. Capillary flows (internal black lines) consistent with fluid streams formed during evaporation for
the coffee ring phenomenon (left) and recirculating Marangoni flows (right). Depending on material

properties, Marangoni flows can circulate inward or outward along the substrate.

The starting point for coffee ring flows was performed by Deegan ef al, who first identified the
evaporation-driven capillary flow as the ring formation mechanism.'*” Successful efforts to exploit the visual appeal

of this effect for disease detection were first described when the Haselton Research Group successfully
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demonstrated that the presence of poly-L-histidine, a peptide mimic of the malaria biomarker p/HRP-II, induces a
visible color change in a drying drop containing functionalized probe and control fluorescent beads (Figure 2.3).'*
In these preliminary studies, Trantum et al., identified features that control droplet edge pinning, intradrop
microfluidics, and evaporation rate. The initial design capitalized on the naturally occurring outward radial flows in
an evaporating drop, combined with a solution-phase enzyme-linked immunosorbent assay (ELISA)-like reaction.
This design selectively modified one of the two-colored microbeads to produce a colorimetric signal, indicating the

presence of the malarial target biomarker. The biomarker concentration could also be measured using RGB values at

the droplet edge and center with this colorimetric change.'*°
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Figure 2.3. The original concept for coffee ring color modulated by infection (A.). Application of coffee ring
phenomenon for malaria diagnosis through detection of pfHRP-II mimic, poly-L-histidine (B.). The negative
control is shown on the left column for both figures, and the sample positive for poly-L-histidine is shown in
the right column. Positive signal, defined as a green center and red ring color, shifted to a single yellow-

orange outer ring with decreasing biomarker concentration. Images adapted from cited publication.'*

Although the assay generated an easily interpretable pattern that microscopy could visualize, there were
several fundamental limitations. Most importantly, because the microfluidics only works with pure water, significant
cleanup of samples was required; this can be difficult to achieve with low-resource sample prep methods, even with
multiple rigorous wash steps. This limitation makes the coffee ring effect challenging to implement with authentic

clinical specimens, making it unlikely to be successfully implemented in a low-resource clinical setting for
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diagnostic use. The assay also failed to achieve a LOD equivalent to malaria diagnostics available at the time of
publication (0.08-20 nM), as the calculated LOD was at least one order of magnitude higher (~250 nM) than these
other technologies.

Further work was performed in collaboration between the Haselton and Wright Research Groups to
improve the LOD and implementation of the coffee ring assay for the detection of malaria. In the new design,
recombinant pfHRP-II was captured from solution on nickel (II) nitrilotriacetic acid (Ni(I)NTA) gold polystyrene
microparticles via immobilized metal affinity chromatography (IMAC). IMAC is a technique that separates proteins

% In the context of

by their affinity for transition metal ions immobilized by chelation on an insoluble matrix.
malaria, 85% of pfHRP-II amino acids are in repeat sequences containing multiple histidines flanked by alanine
residues. Histidine repeats are known to preferentially form coordinate covalent bonds to the metals chelated on
IMAC resins,” making this technique an easy method for specific protein isolation without requiring antibody-
functionalized particles, as Trantum et al used. When combined with recombinant pfHRP-II, Ni(I)NTA gold
microparticles cross-linked as multiple particles interacted with single peptides. After incubating and facilitating this
cross-linking, a droplet of the bead-sample solution was placed onto a glass slide also coated with Ni(II)NTA and
left to evaporate. During evaporation, particles were transported to the edge of the droplet using the coffee ring
effect. Once dry, the slide was washed with water to remove unbound particles. Because the captured protein
interacts with both the particles and slide surface via IMAC chemistry, when the particles are deposited on the slide
surface, the cross-linked particles are also cross-linked with the microscope slide surface. By anchoring the particles
to the glass substrate, the deposited particles remained bound during washing instead of rinsing from the surface.
Therefore, the presence of a ring would indicate detection of recombinant pfHRP-II, and the absence indicated no
biomarker was present.'*® In addition, the signal intensity at the ring edge theoretically could be used to quantify the
biomarker concentration. Ultimately, not only did this method of detection successfully detect recombinant pfHRP-
I in the operational range of malaria diagnostics, but the LOD viewable by eye at 10 pM is one order of magnitude
lower than the WHO’s lower recommendation threshold for malarial diagnostics. However, the ring edge intensity
rapidly saturated at concentrations >100 pM, making this technique more amenable to qualitative diagnosis than
quantitative.'*® Even with the significant improvement in LOD and user-friendly reading, similar sample preparation

barriers continue to prevent clinical use of these evaporating droplet-based diagnostics.
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Marangoni flows.

The secondary radial flow that forms in evaporating droplets is known as Marangoni flows. These flows are
usually suppressed in pure water, so the coffee ring effect dominates in pure water; this effect is not seen in organic
solvents. The addition of salts and surfactants to aqueous solvents also suppresses the outward radial flow that forms
a coffee ring, so Marangoni flows dominate.'* Marangoni flows are driven by the surface tension gradient created
by the drop edge, just as seen with the coffee ring effect. They are also driven by a thermal gradient resulting from
the relationship between the substrate and solvent thermal conductivities and uneven cooling from the non-uniform

evaporation rate along the air-liquid interface.'*>'*

These Marangoni flows are circulatory (Figure 2.2), and they
can move inward along the substrate or outward along the substrate. Combined with the impact of particle size and
shape, a wide variety of deposition patterns can be observed, including but not limited to edge deposition, central
deposition, or uniform deposition upon droplet drying.

With the limitations of the coffee ring phenomenon noted, Trantum focused on harnessing the secondary
radial flows in evaporating sessile droplets as an alternative to the coffee ring phenomenon for visual detection of
disease. In his 2014 publication, Trantum et al. effectively created a reverse coffee ring by driving particle
deposition to the center of the droplet instead of the edges using re-circulatory Marangoni flows (Figure 2.4). Using
a similar ELISA-like reaction to his previous work, immunospecific beads cross-linked in the presence of the model
biomarker, M13K07 bacteriophage. These particle aggregations prevented particle transport to the droplet edge
during evaporation and were deposited in the center of the droplet instead—the concentration of M13K07 directly
correlated with the diameter of the centrally deposited particle aggregates. The authors also confirmed that re-
circulatory radial flows were responsible for the deposition pattern observed using optical coherence tomography
(OCT). They also observed by OCT that using a mixed-solvent system for the evaporating droplet, composed of
aqueous buffer containing salt, 8% glycerol, and trace detergent, enhanced these flows. Removal of glycerol resulted
in weaker Marangoni flows, though they were still present.

One benefit to using Marangoni flows instead of the radial flows responsible for coffee ring formation is
the impact salt, or other contaminants can have on the flows. Specifically, contaminating salts or trace detergents
(less than 0.01%) do not significantly impact the microfluidics of the droplet, reducing the barrier to implementation
by changing the sample purity requirement. However, it is known that higher concentrations of detergents (greater

than 0.01%) or salts can impact fluid flow patterns, so there is still a minimum sample cleanup barrier required for
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use as a diagnostic assay readout.” In addition, the Marangoni flow-based readout eliminated the need for

fluorescence detection instruments, which helps lower the barrier for POC implementation.
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Figure 2.4. Original concept for Marangoni flow-based detection of model organism M13K07 bacteriophage
(A. and B.) Marangoni flow accumulation in the center of an evaporating drop for biomarker detection (B.
and C.). Assay signal observed as a large collection of beads in the center of the drop, as shown in the left
column, with the diameter of the central spot corresponding to the amount of biomarker in the sample.

Negative control is seen in the right column. Image adapted from cited publication.'*’

Microscopy-based TB Diagnosis

Identification of TB using microscopy is primarily performed with conventional bright-field microscopy
because it implements more straightforward laboratory facilities and is inexpensive compared to culture or other
diagnostic methods. Fluorescence staining and microscopy can sometimes make imaging less laborious but requires
much more complex and expensive microscopy equipment. Regardless of the staining and visualization method
used, staff must follow standard operating procedures after training to ensure samples meet minimum quality
standards."”!

For traditional staining methods, such as Ziehl-Neelsen (ZN) or auramine O (AO) staining, sputum smears

are prepared on a clean, plain glass microscope slide. A small volume of the purulent portion of a sample, where
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bacilli are most likely to be found, is collected using a sterile flame loop or sampling stick. Saliva commonly
contaminates samples, and incorrect sampling can produce false-negative test results. The sample is smeared in a
thin layer across a 2 cm” area on the slide, allowed to air dry, and then heat-fixed by quickly passing the slide
through an open flame. Unless otherwise stated, when discussing available staining methods, it is assumed that
samples are prepared in this way before staining. Applying too much sputum or over-fixing the sample can make
quality staining difficult or destroy a sample. For these methods, applying a stain or decolorizer for too short or too
long or allowing stains to dry on the sample before staining is complete will make imaging problematic and can
yield an inaccurate diagnosis."”'

Mycobacteria are “acid-fast” because they resist de-colorization with acid solution after initial staining,
which forms the basis of most traditional M.zb staining methods. The M.tb cell wall consists primarily of mycolic
acids, which are notoriously difficult to penetrate. Mycolic acids melt when heated with a flame, and the initial dye
penetrates the cell wall, with the phenol acting as a mordant to carry the fuschin stain into the waxy cell wall. Once
cool, the mycolic acids return to a solid upon cooling, and the dye impregnates the cell wall; at this point, the de-
colorizing agent cannot penetrate M.tb to remove the dye. Most cells, such as contaminating epithelial cells, are not
acid-fast, making this an effective method for determination between Mycobacterium spp. and other species."'

In addition to the extensive work performed to try and improve conventional sputum smear microscopy,
there are three main areas where scientific efforts have focused on improving sputum smear microscopy. The first
aims to design new fluorescent dyes to improve diagnostic sensitivity. The second area of research has focused on
reducing barriers to equipment access, often through the design of inexpensive instrumentation. The third focuses on
reducing labor requirements and human subjectivity when inspecting and interpreting a smear by creating bacilli

counting algorithms. Discussed below are examples for each of these areas.

Conventional bright-field staining methods.

The ZN method is the most common method of staining M.¢b bacilli before microscopic inspection (Figure
1.5). Having been the most accessible diagnostic method for over 100 years, the simple colorimetric differentiation
of conventional staining and inspection makes this a more straightforward method for individuals to learn compared
to fluorescence inspection. M.tb cells are first stained red using a solution of 1% carbol fuschin and 5% phenol in

10% ethanol, which is introduced to the cell interior by heating the smear and stain solution over a flame for one to
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two minutes until steaming; the phenol carries the fuschin dye into the waxy cell wall and acts as a mordant to hold
the dye in the cell wall. After, the stain cools for at least three minutes, but ideally, ten minutes, provided the stain
does not dry on the slide. The smear is then rinsed with water and decolorized with acid (25% H,SO4 or 6% HCI) or
acid-alcohol (3% HCI, 95% ethanol) for three minutes. After rinsing with water, the sample is counterstained with
0.1% methylene blue or 3% malachite green no more than one minute, which re-colorizes the decolorized sample
areas and turns the background blue or green. Excess stain is rinsed from the slide, and the sample air-dried before
microscopic examination."’

Bright-field sample inspection uses a basic tabletop white light microscope. Samples are inspected at high-
power magnification under oil immersion because M.b bacilli are only a few microns in length and are difficult to
visualize otherwise accurately. At 200x total magnification, purulent or mucoid material is first identified to locate
where bacilli are most likely to be observed. Once the viewing area is selected, the magnification power is increased
to 1,000x total magnification, and at least 100 fields of view are inspected; this area is equivalent to one length
across the two-centimeter axis of the smear. The number of acid-fast bacilli (AFB) is counted using the semi-
quantitative method listed in Table 2.1."*' Examples of ZN smears can be found in Figure 1.4 and Figure 2.5. Two
samples per patient need to be stained and inspected, with the caveat that they must be collected on two different
days, with one collected in the morning. As previously discussed, the diagnostic specificity of conventional sputum
smear microscopy is >99%, but it suffers from poor sensitivity, averaging 50%. The sensitivity can vary widely (30-

90%) among locations and individuals performing the protocol.'*®

Table 2.1. Semi-quantitative Grading of Sputum Smears for ZN and AO Staining Methods'*""

What is observed
What to report
ZN at 1000x AO at 200x AO at 400x
No AFB in 100 fields No AFB in one length'" No AFB in one length No AFB observed
- 1-4 AFB in one length 1-2 AFB in one length Confirmation required**
1-9 AFB in 100 fields 5-49 AFB in one length | 3-24 AFB in one length | Scanty - record exact number of bacilli
10-99 AFB in 100 fields 3-24 AFB in one field 1-6 AFB in one field 1+
1-10 AFB per field, check 50 fields | 25-250 AFB in one field | 7-60 AFB in one field 2+
>10 AFB per field, check 20 fields >250 AFB in one field >60 AFB in one field 3+

" One length = across the entire length of the two centimeter axis of the smear, equivalent to 100 fields-of-view at 1,000x total magnification.
“ Confirmation can be achieved by viewing additional fields, having another technician check the AFB morphology, or by collecting and staining

another sputum sample.
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Variations to the ZN method exist, and while most are no longer used, other adaptations have their
advantages and disadvantages compared to ZN staining. Cold acid-fast staining, known as Kinyoun staining,
performs the same protocol as traditional ZN staining but increases the concentration of carbol fuschin and phenol in
the primary stain to 4% and 8%, respectively.'” These increased concentrations aid in the chemical penetration and
staining of the waxy cell wall without requiring heat, simplifying the staining protocol. For the initial staining step,
the Kinyoun stain is applied to the smear and left to stain for at least two minutes before rinsing and decolorizing.'”

Inspection occurs as outlined for ZN staining. Kinyoun staining slightly underperforms the ZN method for
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diagnostic sensitivity in comparison studies. It also has lower diagnostic sensitivity when applied in the

field."’

Figure 2.5. Photographic comparison of different sputum smear staining and imaging methods. All images
have sputum grading of 3+ (see Table 2.1). A. ZN staining at 1,000x magnification. B. AO staining at 200x
magnification using conventional FM. C. AO staining at 200x magnification with light-emitting diode (LED)

FM. Figure adapted from cited reference.'*®

Gabbet’s method is an alternative form of cold staining, which starts by air-drying without additional heat
fixation of the sample to the slide. Initial staining applies ZN carbol fuschin stain to the sample for ten minutes
without heat. After rinsing with water, the sample is decolorized and counterstained simultaneously for two minutes
using a solution of 2% methylene blue, 20% H,SO4, 30% methanol.'” Three studies agree that bacilli morphology

appeared subtler and were less intense in color when stained using Gabbet’s method than with ZN, and Gabbet’s has
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a lower sensitivity when compared to ZN. Labhiri ef al. does argue, however, that the simplicity of Gabbet’s

cold staining method still makes it valuable in situations where trained personnel are unavailable.'*

Tan Thiam Hok’s cold staining method combines Kinyoun and Gabbet’s modifications, stating that the
method was superior to traditional ZN. Hok performed a quadruple-paired comparison of ZN, Kinyoun, Gabbet, and
Hok on 1,210 smears. For 100% of samples positive for AFB after culturing, each method detected 60.1%, 60.0%,

61.5%, and 65.6%, respectively. The Hok method also detected an average of 961 bacilli/100 fields compared to 524

bacilli/100 fields for ZN.'6

Fluorescent stains.

Though not as common as conventional, auramine O (AO) staining is the most commonly available
fluorescent stain used for acid-fast bacteria. AO binds the mycolic acids of the cell wall and intercalates DNA and
RNA inside the cell during staining,'®* fluorescing green upon excitation (excitation maximum at 432 nm, emission
maximum at 499 nm). AO is prepared as a 1% concentrated solution in alcohol and then diluted to 0.1% in a final
concentration of 3% phenol upon use. The primary AO stain application is applied just as cold ZN for a minimum of
20 minutes. De-colorizing is performed for one to two minutes using 0.5% acid alcohol, followed by counterstaining
with 0.3% methylene blue for a maximum of one minute. A solution of 0.5% potassium permanganate can be used
as an alternative, acting as a quenching agent, though methylene blue is recommended."”!

A variation of AO is Truant staining, also known as auramine-rhodamine (AR) staining; this process uses a
mixture of 1.1% auramine O and 0.56% rhodamine B in 7.4% phenol and 56% glycerol to stain acid-fast bacteria for
15 min. AR also recommends potassium permanganate over methylene blue to quench background fluorescence.'®

While the staining protocol for AO is longer than ZN and requires that the smear be inspected soon after
staining due to fluorescence loss, the fluorescence is easier to visualize at lower magnification, performed using
200x or 400x total magnification. This phenomenon may result from AO binding nucleic acids and that this
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intracellular staining pattern is consistent with non-uniform nucleic acid distribution.” Because this staining patter

is distinctive at 400x total magnification, it is unnecessary to perform secondary ZN staining for confirmation.'* %%
17 Consequently, the semi-quantitative reporting of AFB for fluorescence microscopy differs from conventional.

However, both methods inspect one full length of the smear. Sputum smear grading for AO at both 200x and 400x

total magnification levels are listed in Table 2.1,"" with an example photograph available in Figure 2.5."" In a
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systematic review comparing auramine staining methods to ZN, AO generally had a diagnostic sensitivity 10%
greater than ZN, with a reported range of 52% to 97% across studies.'”> Additionally, auramine staining has a more
straightforward protocol. The diagnostic specificity was similar for both ZN and AO and, when averaged across all
studies, was 0% different.'>

Shapiro et al. interestingly first attempted to use ZN staining reagents with FM in 2008 and found that upon
excitation with 546 nm light and use of a 590 nm long-pass filter, orange-red emission from fuschin was observed.”
Before this point, scientists believed that FM was more sensitive than ZN because the AO-stained mycolic acid was
more resistant to de-colorization from acid alcohol than ZN-stained mycolic acid. This hypothesis was based on

findings by Richards er al.'®

Up until this point, a direct comparison between FM and bright-field imaging was not
possible because ZN staining could not be repeated on AO previously stained slides, and AO is not visible with
transmitted light. However, because Shapiro et al. knew (1) the primary source of AO signal was the result of

* and

binding to nucleic acids, (2) they observed a similar staining pattern between AO and fuschin in a prior study,'®
(3) they knew fuschin also binds nucleic acids,'® they hypothesized that they could perform paired fluorescence
imaging because fuschin could bind nucleic acids within the bacilli similar to AO. Though their study was limited in
scope, they imaged ZN-stained bacilli using fluorescence and identified bacterial that were not visible using bright-
field imaging.” This finding suggests that the findings by Richards et al., performed on pure mycolic acid and not
intact bacteria,'®® may be incorrect. More investigation is needed to determine why there is a difference in diagnostic
sensitivity between bright-field and fluorescence imaging. Shapiro et al. also suggest the possibility of re-imaging
ZN smear-negative slides using fluorescence, with the potential for identification of false-negative cases.”’

With the difficulty of using culture to monitor treatment success or failure, the cell viability assay using
fluorescein-diacetate with ethidium bromide'® was reapplied to microscopy-based treatment monitoring.'” This
assay first exposes cells to fluorescein-diacetate for 30 minutes at 37°C, followed by ethidium bromide for ten
minutes at room temperature. Fluorescein-diacetate is cleaved by esterases from viable cells, resulting in free
fluorescein and green fluorescence. This green fluorescence is bright enough to overwhelm the signal from ethidium
bromide binding to internal DNA. Dead cells do not cleave fluorescein-diacetate, and therefore only am orange

signal from the ethidium bromide is observed. In addition, ZN can be performed on the sample following staining

with fluorescein-diacetate and ethidium bromide, confirming if organisms are acid-fast. Though this method may
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make treatment monitoring easier, the reagent does require freezer storage, introducing an additional barrier for
. 171
implementation.

More recent advancements for staining TB have focused on staining DNA inside cells. Ryan et
al. developed an acid-fast stain employing SYBR™ Gold, a stain developed for sensitive and selective staining of

. L 172
nucleic acids.

This asymmetric cyanine dye exhibits over 1,000-fold fluorescence enhancement when bound to
nucleic acids, is 25-100 times more sensitive than ethidium bromide, and has a high quantum yield of ~0.7. It also
has very low background fluorescence compared to other nucleic acid stains. When bound to nucleic acids,
SYBRTM Gold excites maximally at both 300 nm and 495 nm and has an emission maximum at 538 nm, creating a

bright green fluorescent signal.'”

The dye itself consisted of a 1:1,000 dilution of the stock reagent in 8% phenol,
60% glycerol, and 14% isopropyl alcohol. The stain was applied by heating the sample to 65°C for five minutes,
similar to ZN staining, and was then rinsed and decolorized with acid-alcohol for three minutes. No counterstaining
was performed. SYBR™ Gold stained 99% of M.tb cells from log-phase culture, determined by comparing the
number of fluorescently stained cells to the total number of cells observed under phase-contrast imaging. It
outperformed ZN, AR, and AO staining methods, which stained 66%, 54%, and 67%, respectively. When M.tb was
grown under hypoxic conditions for seven days, SYBR™ Gold maintained 99% sensitivity, followed by ZN at
~85%, AO at ~80%, and AR at ~73%. In addition, when five other Gram-positive and Gram-negative bacteria
species were stained with SYBR™ Gold, no nonspecific staining from SYBR™ Gold was observed, demonstrating
acid-fast specificity. Given that SYBR™ Gold is also highly resistant to fading over 21 months, this technique
significantly improves on other acid-fast stains, though high the cost and stability of the dye potentially limit its
clinical applicability.'”

Other traditional nucleic acid stains have been assessed for DNA binding in M.tb, followed by imaging on a
microscope. Because 4', 6-diamidino-2-phenylindole, commonly known as DAPI, fluorescence relies on binding to
adenine-thymine pairs, and the M.th genome has a disproportionately high percentage of guanine-cytosine pairs, 4',
6-diamidino-2-phenylindole only produces a weak fluorescent signal. TO-PRO™-1 Todide and SYTO™
RNASelect™ both produced sufficient fluorescent signal but required a high working concentration of dye and
exhibited nonspecific background fluorescence.'”

Staining the nucleic acids present within bacterial cells with DNA-sequence-specific probes makes it

possible to determine if a specific species cause an infection. The well-known fluorescence in situ hybridization
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(FISH) was used by Baliga et al. to detect and differentiate MTBC from NTM in sputum in clinical samples.'”*

175-178

Though this is not the first application of FISH with mycobacteria, these methods applied the technology to

assays not using sputum samples,'” 7% '8

or they have poor diagnostic sensitivity or specificity when used with
sputum samples.'” " In the one assay with both sensitivity and specificity >80%, there was no species
differentiation between MTBC and NTM.'”

In Balgia et al., the authors applied the commercially available Mycobacterium/Nocardia Genus MTBC-
FISH assay by ID-FISH Technology, Inc., which used two different DNA probes. The first probe hybridizes to the
16s rRNA sequence conserved across Mycobacterium spp. and Nocardia spp., fluorescing green upon hybridization.
The second probe binds to the 23S rRNA sequence specific to MTBC, fluorescing orange upon hybridization.
Assessing the binding of one or both probes using dual-color fluorescence provides information on if NTM causes
the infection or MTBC."*! The assay characterized 202 sputum samples and compared them to DNA sequencing and
bacterial culture. The sensitivity and specificity for MTBC were 89.7% and 95.5%, respectively, and the limit-of-
detection (LOD) was ~22,000 colony-forming units per milliliter of sputum.'™ This value is relatively consistent
with a previous report, which used the same assay to determine the LOD from culture to be ~50,000 colony-forming

units per milliliter.'™

While the assay requires at least double the bacteria per milliliter than the LOD for ZN
staining, the added utility for species determination could make this useful alongside other confirmatory diagnostic
methods. In addition, because FISH does not use enzymatic nucleic acid amplification methods, such as PCR, and is
therefore not impacted by nucleic acid amplification inhibitors, the technique is more suitable for application in low-
resource settings provided a fluorescence imaging system is available.

Aiming to develop an effective diagnostic tool that can assess M.tb viability, Kamariza et al. developed an
extremely novel stain that is simple, rapid, and specific to mycobacteria.'®* Multiple sources of inspiration led to the
development of this dye. The first inspiration comes from their observation that mycobacteria can incorporate
trehalose analogs into their cell wall, enabled by a lack of substrate specificity in the antigen 85 complex responsible
for the mycolylation of trehalose. They theorized that this active metabolic process might provide a method to
distinguish between live and dead cells by incorporating a trehalose-conjugated dye into the cell wall. Interestingly,
the environmentally-sensitive fluorogenic dye, 4-N, N-dimethylamino-1, 8-naphthalimide (DMN), undergoes a 700-

fold fluorescence intensity enhancement when transitioned from an aqueous to a hydrophobic environment. With

this, the authors hypothesized that conjugating DMN and trehalose (DMN-tre) would create a wash-free fluorescent
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dye that only fluoresces when incorporated into M.tb’s hydrophobic cell wall. They showed that this was possible
using cultured cells, and application of DMN-tre to mycobacteria dyed the cells green.'®* Specificity and robustness
of DMN-tre against different bacterial species were tested. First, phylogenetic analysis confirmed the specificity of
the antigen 85 complex to a few specific subsets of the phylogenetic order Actinomycetales, which includes
mycobacteria. This complex was not identified in any common bacteria or humans. Applying DMN-tre to different
species of bacteria for one to six hours demonstrated specificity to Mycobacterium spp. and Corynebacterium spp.,
but not Gram-positive or Gram-negative cells. In addition, no background fluorescence was observed from
unincorporated DMN-tre, which remained on the sample during imaging. Kamariza et al. took their experiments one
step further, performing DMN-tre staining on heat-killed Mycobacterium smegmatis, and performed staining on
antibiotic-treated M. smegmatis (M. smeg) M.tb. They found that metabolically inactive cells did not fluoresce after
DMN-tre staining and antibiotic treatments inhibited staining. In cells treated with antigen 85 inhibitors, the
decrease of DMN-tre staining observed was dose-dependent, helping confirm that antigen 85 complex was
responsible for the staining observed. Finally, the authors also showed that DMN-tre stained M.th from patient

"2 With this dye's high specificity and user-friendly nature, DMN-tre has

sputum samples within one hour.
significant potential for application to M.tb diagnosis and treatment monitoring anywhere with access to a

fluorescent microscope.

Instrumentation.

Even with the development of new fluorescent dyes that have extreme promise in changing TB diagnosis
and treatment monitoring, the inaccessibility to fluorescent microscopes remains the most significant barrier to
adopting fluorescent staining methods in place of ZN staining. With the improvement of technology and design
often comes affordability and improved manufacturing, so researchers have worked to create solutions to
instrumentation access.

Traditional fluorescence microscopy (FM) uses mercury vapor bulbs for excitation, producing bright
spectral bands within the visible light spectrum. Unfortunately, mercury vapor bulbs only last around 200 hours, and
they can cost hundreds or thousands of dollars depending on the system. Assuming an eight-hour workday, each
clinic using fluorescence microscopy would be spending a minimum of thousands of $2,500 to $5,000 a year for the

183

maintenance cost of bulbs alone. ~ They also have high power consumption rates, which combined with the other
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drawbacks, makes FM not suitable for most POC clinics. For these reasons, light-emitting diode (LED) fluorescence
microscopy has become a significantly less expensive alternative for traditional FM.

LED fluorescence microscopy is a less expensive alternative to conventional FM. LEDs cost 10% of a
standard mercury vapor bulb and have a useable life of 20,000 to 50,000 hours. ' 183 Additionally, LEDs can run on
battery packs, solar panels, or other low-voltage power sources, making LED adaptations significantly more
accessible for resource-limited clinics. Various studies have compared conventional FM to LED FM and found that
it performs as well as or better than conventional FM (Figure 2.3). Because of the LED’s high power, they also
eliminate the need for a darkroom and instead can be used in rooms with low light,'*® 67 183183

There are a few commercial systems available for fluorescence microscopy specifically for use in low-
resource clinics. The Zeiss Primo Star iLED is an epi-fluorescent microscope, developed in collaboration with FIND
Diagnostics and the STOP TB Partnership, and provides an accessible alternative to conventional FM. It also has the
instrumentation required for traditional bright-field imaging. Through this partnership, the microscope is available to
countries most impacted by TB at a prorated cost of £1,250 at the time of dissertation publication.'™® '*” The
CyScope® is another FM microscope commercially available for microscopic pathogen diagnosis, with four

excitations LED wavelength options (365 nm, 470 nm, 528 nm, 624 nm)."** ¥

The CyScope® also includes a
camera interface, allowing for elementary computer imaging, and includes rechargeable batteries that last for six
hours of use. At the time of publication, the CyScope® had a listed market price starting at £990."" Both
microscopes are comparable in cost to bright-field microscopes already used in resource-limited settings, such as the

184

Olympus CX23 (W. Silva, personal communication, March 19, 2019).” However, the monocular version of the

system may make it tiring for long periods of use."”® Two studies have demonstrated that AO staining and imaging
with both the Zeiss iLED and CyScope® outperform traditional ZN staining with bright-field imaging.'*> "'
Academic groups have also focused on producing small-format FM for TB diagnosis in developing
countries. The CellScope is a 3 kg, 20 cm by 20 cm by 10 cm, portable battery-powered digital fluorescence
microscope. The system used a 20x 0.4-numerical aperture (NA) objective with a nominal resolution of 0.76 pm."?
Excitation was provided by a 460 nm 1W LED and a 0.65 NA condenser. The system incorporated a light sensor
similar to those used in commercial phone cameras, and it could be connected to a computer through USB 2.0 if
necessary. With high-frequency image sampling, the images were viewed at an apparent total magnification of

192

3,500x using interpolation. "~ When tested in a paired analysis with AO staining, 39% of patient sputum samples
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were culture positive, 32% of samples were positive using LED FM by experienced readers, and 34% of samples
were positive using CellScope with inexperienced readers, demonstrating that CellScope performed as well as LED
FM. LED FM and CellScope also had comparable sensitivity (70% vs. 63%, respectively) and specificity (92% vs.
85%, respectively) in a blinded analysis. The CellScope system also had significant inter-reader reliability. These
combined results demonstrate that CellScope may be suitable for resource-limited settings, though more work is
required to confirm this.'?

Though not demonstrated for use with sputum smear microscopy, Lu ef al.'” designed an open-access
combined bright-field and fluorescence microscope with a manufacturing cost of less than $500 at the time of
publication in 2018. The microscope used off-the-shelf parts that require no customization prior to use, essentially
creating a kit of parts for assembly. The system used a modern “4f” infinity-corrected microscope configuration and
used a reverse board lens instead of a standard objective. Board lenses are short-length focal lenses, such as those
found in smartphones. By placing the lens in reverse, instead of assuming objects are at an infinite length, the object
of interest is placed where the sensor would reside, behaving like an objective lens. An additional CCTV lens acted
as a tube lens and sent the image plane to a USB CMOS camera detector. The lens had a 4 mm focal length and an
equivalent NA of 0.35. A blue-light LED provided fluorescence excitation and was filtered using a band-pass filter

at 470 nm + 10 nm.'”?

In addition, an automated stage operating on open-loop stepper motors translated the entire
optical system on the X-Y plane and physically moved the sample in the Z-plane for focusing. Auto-focus used the
Brenner criterion. The entire system was controlled through a custom graphical interface in LabVIEW ™, with final
image mosaicking and stitching performed in Fiji. This automation enabled an application to whole-slide imaging,
which tiles together images from the entire specimen and saves them for later analysis by a trained reader.'”
However, one drawback to the automation is that the user must place the sample in the upper-left corner and assist in
sample location, and odd-shaped samples or samples with holes may not be adequately imaged. The travel only
allows for 13 mm of total movement in the X-Y plane. Because the field-of-view of the microscope is equivalent to
8.5x magnification (680 um x 510 pm), further development of the system is required for sputum smear TB
diagnosis, though it still demonstrates applicability in other diagnostic needs, including fecal smears.'”

In addition to the microscopes discussed, researchers have focused on adapting portable cell phones into

low-cost microscopes. The Foldscope is the most widely known smartphone adaptation, both inside and outside

clinical and academic communities. Designed to cost less than $1, the Foldscope is an origami paper microscope
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meant initially to improve the accessibility of science. Folded from a piece of paper, the only other components of
the Foldscope are a glass ball lens, a three-volt battery that powers the LED, and a switch and some copper tape to

connect and control power to the LED."*

Depending on the ball lens, the total magnification could be 1,450x or
2,180x, achieving submicron resolution. The pocket-sized microscope is also compatible with fluorescence
microscopy since the LED can be changed to a narrow spectra width LED for the desired excitation range, with

polymeric sheets inserted into the optical path for excitation and emission filtering.'”*

Though it has not been used
for sputum smear microscopy, the microscope has been used for diagnosis of urinary tract infections, Schistosoma
haematobium and S. mansoni, Loa loa filariasis nematode infection, and Pap smear assessment, among other
conditions."**""

While many early works focused on using the digital imaging capabilities and the computational power of
smartphones, creating a fully integrated microscope could provide the added benefit of a completely portable
imaging system. Work using cell phone cameras started in the 2000s, once cell phones with cameras became
common and sufficiently powerful. One early example of this used a Nokia N73 with a 3.2-megapixel CMOS
camera and poor quality camera by current standards. Nonetheless, by creating an external system on optical rails
using a 20x wide field eyepiece with a 60x objective (0.85 NA), the system's spatial resolution was estimated at 1.2
um.'”® Ambient light generally provided sufficient illumination for bright-field imaging, and an optional white light
LED could be used for darker conditions. A 455 nm LED provided excitation light for fluorescence, and excitation
and emission polymer sheet filters were inserted in the optical path or removed, based on the microscopy method
used. LEDs were oriented in trans-illumination geometry, reducing system cost and complexity compared to an epi-
illumination configuration. The designed system could visualize stained erythrocytes infected with malaria and TB
bacilli stained using AO. Because this system used only a 3.2-megapixel camera, the entire microscope slide field
could not be imaged at maximum resolution by the camera, and the area in the field-of-view was limited to a 180
um diameter.'” However, modern smartphone cameras do not suffer from this limitation, and this system would
likely perform significantly better with updated hardware. Modern smartphones also have significant data storage
and processing capabilities that could automatically count bacilli.

While the advancement of cell phone cameras provided great technological benefits for many,

manufacturer differences in camera hardware and automated and proprietary image processing software created a

new barrier, specifically for image quantification. Using existing knowledge and basic design components from
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prior work,'”® a new mobile phone microscope was designed and characterized on ten different smartphones from
four different manufacturers. The optical design used an achromatic objective with a 20x wide-field eyepiece, which
directed the optical signal into the CMOS smartphone cameras. By 3D printing acrylonitrile butadiene styrene
plastic, each smartphone model had an accompanying adapter that simplified interfacing with the microscope. The
optical housing, 2-axis sample stage, and plastic diffuser were also 3D printed. A threaded adapter focused on the
sample image and made the system versatile enough for multiple imaging applications. Incorporation of a LED
flashlight powered by a watch battery standardized illumination.'”” By testing smartphone models released over six
years, the authors demonstrated that a five-megapixel camera performed as well as a low-cost microscope and
scientific camera; cell phones with lower pixel density demonstrated relative performance limitations across both
Apple and Android phones. However, the authors did note that the numerical aperture of the condenser (~0.4)
ultimately limited the visual resolution of the device, even when higher numerical aperture objectives were used.'”
The authors also assessed the spatial dependence on magnification and found a spatial distortion of less than 8%,
comparable to the 3-12% pincushion distortion observed on traditional microscopes. The feature size and overall
magnification were controlled through the autofocus feature of each smartphone. Color balance issues between
images and phones were balanced by disabling the automatic color and white balance adjustment through additional
software. Unfortunately, the automatic sharpening that each manufacturer uses is different and non-uniform,

requiring phone-specific proprietary methods to remove lost information.'”’

While some imaging artifacts remain as
a result of user-limited software control, at least among the most common manufacturers, the increased prevalence

of smartphones and data plans worldwide demonstrates the strong potential for use with low-resource, point-of-care

diagnostic assays.

Molecular TB Diagnosis

Molecular diagnosis detects the genetic material (DNA) or non-genetic material (TB-specific proteins,
carbohydrates, and lipids) of TB. Alternatively, molecular detection can detect the host’s immune response to TB
antigens instead of TB itself. Most molecular detection assay development for TB has focused on the isolation and
amplification of nucleic acids. Because of the breadth of this topic, the discussion focuses on the most common

commercial methods for TB diagnosis and methods previously developed by the Haselton Research Group.
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Nucleic acid isolation and genetic detection.

Many nucleic acid extraction technologies, and those developed in this dissertation, rely on the binding of
nucleic acids to silica. How this occurs is not entirely understood, but it is generally accepted that an electrostatic
interaction is partially responsible (Figure 2.6). Under most experimental conditions, nucleic acids and silica are
both negatively charged and do not interact. Placing silica in acidic conditions decreases the density of negatively
charged silanol groups on the surface via protonation, which reduces the electrostatic repulsion between nucleic
acids and silica and improves binding. For this reason, the pH of the chaotropic binding buffer should be at the pKa
of the silica surface used for solid-phase purification.*” Layers of water molecules, which maintain solubility in
aqueous solutions, typically surround both nucleic acids and silica. Chaotropic salts, such as guanidine thiocyanate,
may help disrupt this hydrate layer by forming cationic salt bridges between nucleic acids and silica.**' This disrupts
the structure and charge of water, while organic solvents like isopropanol help dilute water molecules and dehydrate
DNA.*” Removal of the salt and addition of base reverses this electrostatic interaction and deprotonates the silanol

200 The total amount of nucleic

surface, which results in nucleic acid elution into the low-salt solution (Figure 2.6).
acids that can bind to a silica surface ultimately depend on the solution pH, ionic strength, type and valence of
electrolyte(s), and nucleic acid confirmation (e.g., plasmid, linear, supercoiled) and length (e.g., fragmented DNA,
intact genomic DNA).** 2%

The most widely implemented form of genetic detection for TB diagnosis is the GeneXpert MTB/RIF
assay, endorsed by WHO in 2010. Intended to be an “on-demand, near-patient PCR assay,” the Xpert system
automatically performs most of the sample preparation and PCR detection in a contained cartridge. Before placing a
sample in the cartridge, two parts of proprietary NaOH and isopropyl alcohol sample treatment are added to one part
sputum, shaken to mix, and incubated for 15 minutes at room temperature; this helps reduce sample viscosity and
decontaminates the sputum with a greater than eight log reduction in colony-forming units (CFU) of viable TB. Up
to three milliliters of this digested sample containing a maximum of one milliliter of patient sputum is placed into
the cartridge. TB DNA is extracted from the sample and then amplified using a hemi-nested PCR assay from
lyophilized reagents in the cartridge, with the entire processing taking approximately two hours.>

Hemi-nested PCR works by amplifying the 7poB gene using five different sets of primers and fluorescent

probes. This 81-base gene is specific to M.th complex species and mutated in 95% to 98% of cases of RR-TB. Since

RR-TB usually also displays isoniazid resistance, detection of mutations in the 7poB gene can find a large majority
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of MDR-TB cases. For a positive TB diagnosis, two of the five molecular probes must meet the PCR cycle threshold
(Cy) within two PCR cycles of one another. Failure of one or more rpoB fluorescent probes failing to hybridize to the
amplified DNA determines rifampin resistance; quantitatively defined by a >3.5 cycle gap between the earliest and
latest rpoB signals or complete failure of one or more probes to amplify. The assay also contains a known amount of

Bacillus globigii spores, which serve as a positive control for extraction and amplification.”

f— 0 x .
\ 3 : Chaotropic salts
/SI -—O'.\ -0 Y
- BE S o=~ o)
S \ . AN T
E Si=—o B Zo e i e
<|-o0 ‘ o guanidinium thiocyanate
i \ . | ion ion
kel /Si - OH - o
< |-o . T “{ DNA Water
= \ o_ O 5 =0 —_—
= Si —Og._ o % / a«H\
SLoll e i ' >
ke N\ by CE —— /0 .
g Si — OH < R o H
2 e, | < o. O
3O | ) P
gl Nsic—o A o—R Isopropanol
®) Y | o. O OH 0
-0 ‘ \ ) : )\
\Si —— oye—> O R /b \:&- Y OH
Y/ 1 0 < Deoxyribose-
Z \ - N T phosphate backbone
8 2 7 (o =0 —
§ S - S o o l\ Silica substrate
= % N/ X “
°|—-© | I . -0—R 2>—O % Si —— O~ (Deprotonated)
N . o —_ - < \ s M . |
I= G A— O,\ 0 0 &l i
ol A ° 2 \ N |
E, e : M.y Si.=—— OH (Protonated)
= \ aH é)
+3) /Si 0. o—0O / s I/ N
&|-o l\ AN o. O LR Intermolecular interactions
% \Si R —0O- O aH \p ) @ ——~@ cationic bridge
- Z \2\ — % * 0 %—/ \I <— unknown non-covalent interaction
= O\ \ O i B T hydrogen bond

Figure 2.6. Hypothesized interactions between silica (black), DNA (orange), water (blue), chaotropic salt
guanidine thiocyanate (green), and isopropanol (teal). It is thought that guanidine thiocyanate disrupts
hydrate layers surrounding DNA and silica by creating cationic bridges (red dashed circle arrows) and
generally disrupting hydrogen bonding. Using a binding buffer where the pH = pKa, the silanol groups can be
protonated, reducing the surface density of negative charges, which can help improve DNA adsorption to
silica (red dashed triangle arrows). Isopropanol aids in water dilution and interruption of the hydrate layers.
The electrostatic changes reverse when placed in a low-salt solution, and DNA desorbs from the capture
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The initial study performed by Helb ef al. demonstrated the specificity of the Xpert MTB/RIF for M.th
complex species, with 20 NTM species. M. intracellular 35790, M. abcessus, M. thermoresistable, and M. xenopi
showed low amplification levels of at least one rpoB probe, but no NTM species met the less than two cycles
threshold for diagnosis. The authors also demonstrated detection of low-levels of M.tb (200 CFU/mL) in high
concentrations (10° CFU/mL) of NTM. Only under one condition ( 10° CFU of M. malmoense) produced two weakly
positive rpoB molecular beacon signals with a cycle gap of 5.2, which, when added to mixed samples containing
200 CFU of drug-sensitive M.tb, produced false-positive results for rifampin resistance. Increasing the concentration
of M.tb to 300 CFU resulted in an accurate diagnosis of rifampin-sensitive TB; this indicates the possibility of co-
infection of the two species causing a false-positive result. The reported Xpert MTB/RIF assay sensitivity,
specificity, and limit-of-detection are 98.6%, 100%, and 131 CFU/mL, respectively.53 However, external validation
has found that in practice, these values are 83%, 95%, and 786 CFU/mL, respectively.™

In 2017, Chakravorty et al. released a publication describing the development and testing of a new version
of the Xpert TB assay, known as the Xpert MTB/RIF Ultra.”** The study's goal was to improve assay performance
and improve detection of 7poB point mutations falsely recognized by the original Xpert assay. In addition, Xpert was
shown to have poor performance in smear-negative samples and HIV+ patients.” First, to improve the detection of
rpoB mutations, a fourth 7poB molecular beacon was added to the assay. In addition, the Ultra assay substitutes two
molecular probes for M.tb multi-copy genes 1S6770 and IS/081 in place of the original rpoB probes originally used
for M.tb specificity. Because the Xpert device is limited to six fluorescent channels, the IS6//0 and IS1081 probes
share the same fluorescent channel.*** Comparisons of the original assay to the Ultra assay used a combination of
clinical and simulated spiked samples, assessing sensitivity, specificity, and LOD. For Xpert, these values were
81.0%, 98.7%, and 112.6 CFU/mL, respectively. Ultra outperformed on sensitivity and LOD, with reported values
of 87.5% and 15.6 CFU/mL, respectively. Though the original Xpert misidentified two clinical samples as false
positives, the Ultra assay had comparable specificity and accuracy for rifampin resistance detection. The Ultra assay

also detects rifampin hetero-resistance, which the original assay cannot detect.””*

External validation reported
similar diagnostic sensitivity and specificity, and the Ultra outperformed Xpert in smear-negative samples.

Unfortunately, the improved sensitivity achieved by Ultra was at the cost of diagnostic specificity, with the reported

Ultra specificity being 96% versus 98% for the original Xpert assay.’’
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Before the development of Xpert, the Roche AMPLICOR MTB test was one of the only commercially

25 When first developed, nucleic acid detection

available methods for TB diagnosis via genetic biomarker detection.
was in its infancy, and assays generally took a minimum of two weeks for laboratory confirmation of TB infection.
However, the AMPLICOR test produced results the same day as specimen collection, hoping to reduce the number
of patients lost to follow-up. To perform the assay, patient sputum samples were decontaminated, and cells in the
sample were washed via centrifugation before lysis. After neutralizing the lysed product, PCR was used to amplify a
584-base region of the 16s TRNA gene in mycobacteria. Uracil was included in the PCR mixture in place of thymine
to prevent inter-sample contamination. Following amplification, samples could be cleaved using uracil-N-
glycosylase, effectively degrading any contaminating amplicons from previous reactions; innovative for its time,
improvements in nucleic acid amplification technology and understanding have reduced contamination errors and
made the addition of uracil and uracil-N-glycosylase unnecessary for most assays. After 35 amplification cycles, the
PCR product was bound to DNA probes specific for MTBC species. Hybridization of probes was measured using an
avidin-Horseradish peroxidase conjugate-tetramethylbenzidine substrate system, which produces a colorimetric
product quantified by absorbance spectrophotography at 450 nm. The reported sensitivity and specificity of the
AMPLICOR MTB assay were 61.8% and 98.5%.””> Though the diagnostic sensitivity is significantly lower than
most current assays the ability to detect 6/10 TB cases on the same day patients sought care aimed to make a
positive and reliable impact on TB case detection, with results that could be confirmed using traditional culture
techniques. Because the sequence for 16s rRNA is genetically conserved across all mycobacterial species and
because the reporter probe sequences are not reported, how the assay achieves specificity for TB remains unknown.
It is likely that specific short-sequence or single point variations exist between MTBC and NTM species would
allow for the species-specific differentiation from the amplified 16s rRNA sequence, but this is entirely speculative.
With time and improved technology and understanding, the AMPLICOR MTB assay performance also
improved. In 2006, Ozkutuk et al. evaluated the efficacy of the improved Roche Cobas® Amplicor MTB test in both
pulmonary and extrapulmonary samples. Though the technical aspects of the assay remained similar (e.g.,
amplification of 16s rRNA gene with uracil, ELISA-like colorimetric detection), the inclusion of an internal
amplification control provided information on the presence of PCR inhibitors that may reduce the assay’s clinical
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sensitivity.”~ With this addition, the clinical sensitivity for pulmonary TB samples rose to 76%, with a specificity of

100%, though the diagnostic sensitivity was 92% in smear-positive samples. For extrapulmonary samples, the
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sensitivity and specificity were 42% and 100%, respectively.”” Though these results are similar to those reported by
other confirmatory studies, the sample type (e.g., bronchoalveolar lavage) and decontamination diluted the samples,
resulting in samples too dilute to detect, particularly in cases of smear-negative TB accurately. In addition, the
heterogeneity of samples and sample volume limitations are compounding factors to decontamination and
dilution. >

Several other assays use genetic analysis after traditional diagnosis methods, such as culture or sputum
smear microscopy, for antibiotic resistance determination. An example is the Hain Lifescience GenoType
MTBDRplus assay.”’’ This dissertation focuses on identifying TB cases through the development of new diagnostic
assays and does not address antibiotic resistance detection. Therefore, these technologies were not explicitly
included in the literature review since it is outside the scope of this work.

The Haselton Research Group has many publications extracting DNA and RNA from biological matrices

91,203, 208-211

using magnetic particles, with multiple projects focusing on isolating TB DNA.***'*2!" Hali Bordelon

203, 208, 209, 211
P2 and was used to

developed an automated magnetic bead extraction cassette for isolation of nucleic acids,
isolate of cell-free TB DNA from clinical urine samples. The extraction cassette consisted of a single length of
uniform diameter tubing containing volumes of extraction buffers separated by air gaps created due to surface
tension of the liquids, known as surface tension valves (Figure 2.7).*"***®® This tubing could be loaded onto an
automated system driven by a gear and motor (Figure 2.8), manipulating the tubing up and down (Figure 2.8B) or
around a circular cassette holder made to drive multiple extractions simultaneously and asynchronously (Figure
2.8A).2%?!! The stationary magnets placed outside the tubing mixed and recollected silica-coated magnetic beads,
which served as the nucleic acid capture matrix.”” Alternatively, a magnet could be manually passed along the
length of the tube, performing the same mixing and recollection actions without a need for external mechanical

203:2% Eollowing recollection, the beads were passed through the surface tension valves

equipment (Figure 2.7A).
from one extraction buffer to another, physically isolating each buffer in the same container. Once eluted, the
nucleic acids could be collected and used in a downstream genetic analysis; PCR assessed extraction efficiency and
performance. Bordelon et al. demonstrated reliable TB DNA extraction from urine, with an extraction efficiency of

~50% from a starting volume of one milliliter of urine. This efficiency was consistent across spiked DNA

concentrations from 5x10° to 5x10® copies/mL.
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Figure 2.7. Design and implementation of extraction cassettes using surface tension valves. A. Sample was
drawn into a transfer pipette containing lysis/binding reagents and silica magnetic beads. Once combined, this
mixture was loaded into the cassette, where a magnet manually mixed, recollected, and transferred the
magnetic beads between processing solutions. B. Design of extraction cassette for manual manipulation or

use with a circular cassette holder (top) or a linear actuator driving both extraction and downstream

amplification in the same cassette (bottom). Figure adapted from cited references.**2°

Bordelon further adapted and tested this system with clinical samples, using lyophilized binding reagents
(e.g., guanidine, silica-coated magnetic beads) in a transfer pipette, which rehydrated upon sample introduction. In
addition, a total of 5x10° copies of a 120-base pair (bp) DNA target for mouse glyceraldehyde 3-phosphate
dehydrogenase was included in the extraction reagents and used as a control to determine if the extraction and PCR
reaction were successful.*'' The extraction efficiency was calculated for both spiked IS67/710 DNA (140-bp) and the
mouse glyceraldehyde 3-phosphate dehydrogenase, with reported values of 46% and 36%, respectively;*"' the
difference attributed to the 20-bp length difference in the two DNA strands, given longer DNA is more efficiently
extracted than short DNA**® When detecting the extracted mouse control DNA from urine in patients, control
mouse DNA was detected in 97.5% of one-milliliter samples from Peru and 97.7% of five-milliliter samples from
South Africa. Across both patient cohorts, there was no statistical difference in C, for TB IS61/0 trans-renal DNA or
the mouse control DNA between the TB-infected and TB-uninfected patient populations. When assessing patient
samples by their HIV status, there was a statistical increase in the C, of detected trans-renal IS6//0 DNA between
TB/HIV+ co-infected individuals and TB-uninfected/HIV+ individuals, but this statistical increase was not seen for
the control mouse DNA, indicating an increase in the amount of trans-renal TB DNA in HIV+ patients.”'! It is
known that malnourished or immunocompromised individuals can have renal barrier dysfunction, which may
explain these results.”'>?"* Therefore, more research is needed to determine if the detection of trans-renal TB DNA is

practical for clinical use beyond HIV+ patient populations.
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Figure 2.8. Automated extraction systems using surface tension valve extraction cassettes. A. Extraction

Fluorescence
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cassette was wrapped around a circular holder, and a stepper motor drove the movement of the cassette past
stationary magnets, which mixed, collected, and transferred the beads between each extraction buffer. The
drive belt is not shown. B. Linear cassette orientation, using a gear and motor to manipulate the cassette
directly. Magnets were placed along the cassette path. In this case, two temperature blocks were placed below

the magnets, performing fixed-temperature PCR after extraction in the same cassette. Figure adapted from

. 91,209
cited references.”

The automation and use of surface tension valves in the extraction cassette were taken a step further by
both Russ ef al. and Creecy ef al. Russ et al. developed a fixed temperature PCR machine for downstream nucleic
acid detection.”’ Specifically, after extraction, magnetic beads were passed into a PCR reaction mix solution
(containing polymerase, primers, and SYTO 82 DNA intercalating dye), which was surrounded by mineral oil to
prevent evaporation (Figure 2.7B). The PCR reaction chamber was linearly cycled between two fixed-temperature
heaters to cycle the temperature of the reaction (Figure 2.8B), similar to the original PCR method developed by
Mullis in 1985.%'*2"> The low-temperature heat block had an open window where a fluorescence detector could
quantify DNA amplification during each cycle. For extraction of 5x10° copies of 1S6/10 from 100 pL of Tris-
EDTA buffer, the average reported C; value on the automated fixed-temperature PCR following automated in tube
extraction was 25.5 + 1.4 cycles, which was statistically higher than negative control samples, which had an average
C, value of 34.0 + 2.6 cycles. PCR efficiency for the fixed-temperature, variable-position PCR reaction was similar
to traditional PCR machine using a fixed-position with variable-temperature.”’ The two temperature set points
minimized nonspecific primer bind interactions at lower temperatures while also limiting polymerase degradation or

denaturation at higher temperatures. However, the inability to cycle temperature higher and lower than the desired
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reaction temperature results in slower thermal diffusion, resulting in a longer cycle time and longer total time to
complete amplification.”!

Creecy et al. used the extraction cassette method described by Bordelon ef al. to detect TB DNA using
integrated loop-mediated isothermal amplification (LAMP) in the final chamber. TB DNA was extracted from
simulated sputum samples containing chemically inactivated M.th.*'° The exact chemical composition of the
chaotropic and wash buffers differed slightly from prior publications to improve TB cell lysis, but the basic
principles and steps for nucleic acid extraction in the cassette were the same. Instead of performing fixed
temperature PCR in the final chamber as Russ ef al. performed, LAMP was implemented instead for readout, with
the amplification reaction chamber held at a constant 65°C, with SYTO 9 used for fluorescent amplification
quantification. By using a faster polymerase, the time to amplification was reduced up to 4-fold, which significantly
shortened the total assay performance time. The LAMP reaction itself performed as well as PCR, and the authors
demonstrated efficient extraction of DNA from simulated samples containing 10’ bacteria/mL, which is 10x lower
than the LOD for sputum smear microscopy.*'’

While novel, the extraction cassette technology developed by the Haselton Research Group has significant
limitations. A critical shortcoming of Bordelon et al.*'" was that the sample urine volume for extraction was limited
to 5 mL; however, the average volume of micturition is ~162 mL,”'® signifying that a potential 97% of voided urine
was not used in DNA extraction. These volume limits are typical in commercial extraction kits, accommodating less
than 1 mL per extraction.”” These results could improve by using larger sample volumes, as the added benefit of
essentially unlimited sample volume allows for maximal nucleic acid recovery, something that is particularly
important for detecting very dilute nucleic acids or other biomarkers.

In addition, prior automated extraction devices were difficult to load because they required precise length
dimensions for both the surface tension valves and the wash/elution chambers within the tubing; without this, the
extraction would fail. This necessitated pre-loading of the sample tubes for untrained users. Investigations also
demonstrated that assay tubes were difficult to pre-load and then ship to rural clinic sites without the tension valves
failing (unpublished data).

In addition to the extraction technologies developed, the Haselton Research Group has also worked to
address PCR failures caused by inadequate sample prep and PCR inhibitors by developing a PCR system that can

adapt to the presence of these contaminants in a reaction.”’’ Known as Adaptive PCR, this adaptation of the Nobel
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Prize-winning method relies on monitoring the molecular hybridization events occurring in a reaction instead of
indirect measurements through temperature. It is well known that the exact conditions required for a successful PCR
reaction are very narrow, and the introduction of contaminants remaining after sample preparation often results in
PCR failures. These failures can cause false-negative diagnoses without appropriate controls while also limiting who
can implement PCR for diagnostic purposes. To directly monitor hybridization events, synthetically made DNA that
is a “mirror-image” to naturally occurring right-helical D-DNA, known as L-DNA. L-DNA does not interact or
anneal with D-DNA is not enzymatically modified by naturally occurring enzymes, which interact with D-DNA.
However, the basic physical properties of D-DNA apply to L-DNA (e.g., strand melting temperature,
conformational changes in different salt conditions), making L-DNA a perfect reporter system for molecular
changes in DNA throughout a PCR reaction.”'’

To use L-DNA as a reaction mechanism reporter, template strand L-DNA was functionalized with a
fluorescent probe (HEX) on one strand and a quencher on the other strand. The primers were functionalized with a
quencher or colored fluorophore (TexasRed), depending on which template strand the primer was complementary
to. When the sample is heated and the template DNA melts, the fluorophore and quencher are physically separated
as the hydrogen bonds melt, generating a HEX fluorescent signal, which indicates that the DNA has sufficiently
melted. In addition, a TexasRed signal is observed because the primers cannot hybridize to DNA at high
temperatures. Once detected, the temperature is cooled, and the reaction is monitored for primer annealing, which is
seen through reduced TexasRed fluorescence resulting from co-localization of the fluorophore and quencher. Upon
annealing, the temperature was turned up again and cycled up and down, with the switch point for temperature
change controlled completely by fluorescence readings collected in real-time from the reaction tube and a control
algorithm. In this case, SYTO 9 reported amplification of D-DNA alongside the HEX/TexasRed L-DNA melting
and hybridization events, as is traditionally used in qPCR quantification.

Adams et al. demonstrated successful amplification of a 77-mer IS6710 D-DNA template using the L-DNA
adaptive PCR reporter system while also demonstrating through passive temperature measurements that the
algorithm-determined switch points for melting and annealing occurred at the optimal melt/primer annealing
temperatures determined using traditional melt analysis on a traditional PCR machine. In addition, this system was
comparably amplified DNA at ambient temperatures that would typically exceed (35°C) the recommended operating

temperatures for traditional PCR machines (18—30°C). The system compensated for the changed heating/cooling
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kinetics by increasing the cooling time during each cycle. Standard PCR, however, which uses fixed heating/cooling
periods, demonstrated delayed amplification, likely because inadequately cooling did not bring the reaction down to
the necessary primer annealing temperature.”’” Adaptive PCR with L-DNA reporting also comparably amplified
DNA in PCR reactions containing additional DNA stabilizer magnesium chloride, which should typically impact
PCR success. In addition, the common contaminating nucleic acid extraction reagent ethanol was included in PCR
reactions at up to 16%, and the adaptive monitoring method still successfully amplified DNA, albeit with some
fluorescence reduction. For comparison, as measured through the maximum fluorescent signal achieved from D-
DNA amplification, the fluorescent signal in traditional PCR decreased by ~90% at 5% ethanol. The reaction totally
failed with 8% ethanol, whereas signal in adaptive PCR was reduced only 16% for reactions containing 8% ethanol,
decreased ~65% containing 16% ethanol, and did not entirely fail until the PCR reaction contained 24% ethanol.>"”
Combined, these data demonstrate that adaptive PCR overcomes sample contamination effects that may have
otherwise resulted in failed DNA amplification by dynamically adapting to the chemical composition of the PCR
reaction both temporally and thermally. Since the initial publication, the Haselton Research Group has demonstrated
successful amplification of RNA targets using adaptive PCR and multiplexing RT-qPCR reactions for simultaneous

amplification of different viral targets in the same tube.*'®

Non-genetic molecular detection.

Non-genetic molecular diagnosis TB aims to identify M.tb-specific proteins, carbohydrates, or lipids in
patient samples. Because many of these markers are shared with Mycobacterium spp. or are not specific to just M.tb
infection, some non-genetic molecular strategies also involve detecting an immune response to M.th.
Lipoarabinomannan (LAM) is a mycobacterial-specific glycolipid highly expressed in Mycobacterium spp.*"’ The
high expression and shedding of LAM from M.tb’s surface make it an excellent potential biomarker and a focus for
molecular diagnostic assays. LAM is also known to pass into patient urine and is inefficiently filtered by the
kidney,”’ making LAM detection in urine an optimal sample for TB detection. Using urine instead of sputum is
beneficial in patients who cannot produce sputum or may have a low bacillary load. It is also useful for
extrapulmonary TB diagnosis, particularly when a biopsy cannot be performed; this results in no diagnostic
confirmation. Urine is produced in large volumes, and collection is very easy and inexpensive relative to most

biological samples, further adding to the potential benefits of a urine-based LAM assay. However, most of the
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structure is conserved across all Mycobacterium spp. the terminal carbohydrate cap of LAM is modified differently
in NTM (phospho-myo-inositol cap) than it is MTBC (mannose cap), providing a very specific antigen target for
immunoassay development.

In 2012, the first studies using the Alere™ Determine™ TB LAM Ag Test (AlereLAM)*' were published
before its release in 2013. The immunochromatographic strip test assay works similar to other lateral flow assays,
such as pregnancy tests, to detect LAM. An anti-LAM polyclonal antibody conjugated to gold nanoparticles binds
LAM in the sample. As the sample moves across the test strip, LAM binds a second polyclonal anti-LAM antibody
on the test line, effectively creating an ELISA-like sandwich creating a red line to confirm LAM positivity. The
AlereLAM lateral flow testing has undergone extensive external testing since its release, and it has suboptimal
sensitivity and specificity in most patient populations. Unfortunately, the sensitivity and specificity were both

221

reported at 66% in patients screened with only AlereLAM.™ When the AlereLAM test was used in parallel with

sputum smear microscopy for diagnosis, the reported sensitivity and specificity were 60% and 96%, respectively.**!
Smear microscopy performed similarly to the lateral flow test, but in cases of extrapulmonary TB, sensitivity for the
AlereLAM increased to 41%, compared to 0% for microscopy. When investigating specific patient populations, the
AlereLAM test most benefitted patients with a CD4 count < 200/uL, with the assay detecting 50% of TB cases in
sputum scarce or smear-negative TB-HIV co-infected individuals with a CD4 count < 200/pL. The external
validation also showed that a positive AlereLAM test was statistically associated with a CD4 count < 200/uL, even
after accounting for other potential clinical parameters (e.g., hydration status) that could have impacted these

1

results.”?' Despite its poor performance, the AlereLAM lateral flow assay reduces patient mortality in

222

immunocompromised inpatients with HIV.” Therefore, WHO endorsed the test for use in patients with CD4 counts

< 100/uL, or in patients that are defined as seriously ill based on symptomology (>39°C body temperature, heart rate
>120 beats per min, >30 breaths per min respiration, or unable to walk without walking aid or assistance).””
Because of the poor sensitivity of the AlereLAM lateral flow test, researchers have tried developing an
improved LAM-based assay for TB diagnosis. The Fujifilm SILVAMP TB LAM (FujiLAM)*'**** assay is also a
lateral flow assay, which uses monoclonal LAM antibodies specific for M.th-LAM, binding to the mannose-cap

found on MTBC LAM, in addition to a silver amplification step.***

The silver amplification step is similar to the
chemical processes performed in photographic development, where silver halide crystals catalyze silver ions in the

developer solution into metallic silver in the presence of light. For use in lateral flow assays, the antibody-bound
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gold nanoparticles act as a catalyst for reducing silver ions into metallic silver in the presence of a reducing agent.
The precipitation of metallic silver is rapid, occurring in as little as 30 seconds, forming silver clusters 5—10 pm in
diameter on the test and control lines. This method can amplify the gold nanoparticle signal by up to 100-fold.**
The hope with these design differences was that more specific antibodies could improve both the sensitivity and
specificity of the assay, as the polyclonal antibodies used in the Alere™ test are nonspecific for MTBC. Sometimes
the AlereLAM has detected NTM infections because the antibodies bind the conserved backbone structures of LAM

86, 224, 226

instead of the MTBC-specific mannose cap. This lack of specificity results in potential misdiagnoses,

treatment delays, and possible permanent health complications as a result. In addition, the authors note that the use
of silver amplification in the FujiLAM assay detects LAM concentrations 30x lower than the AlereLAM LOD,**
which theoretically should also help improve diagnostic sensitivity.

FujiLAM and AlereLAM tests were used in a paired urine analysis in patients with HIV and severe
immunosuppression (average CD4 count of 86 cells/uL), with microbiological confirmation of TB disease as the
diagnostic standard. Overall, across 968 patients, the FujiLAM detected 70.4% of cases compared to 42.3% for the
AlereLAM, achieving a significantly higher diagnostic sensitivity. Surprisingly, the FujiLAM had a slightly lower
diagnostic sensitivity (90.8%) than the AlereLAM (95.0%). Similar to the trend observed with the AlereLAM, the
FujiLAM test had a higher sensitivity (84.2%) in patients with CD4 counts <100 cells/uL, compared to 57.6% for
the AlereLAM. When patients had a CD4 count >200 cells/uL, the diagnostic sensitivity of each assay reduced to
44% and 12.2%, respectively.””* When a LAM lateral flow test and smear microscopy were used together for a
diagnosis, the diagnostic specificity of FujiLAM and AlereLAM improved to 95.7% and 98.2%, respectively.
However, both assays had lower diagnostic sensitivity in the composite analysis, with 64.9% for FujiLAM and
38.2% for AlereLAM.*** Nonetheless, the improved diagnostic sensitivity of the FujiLAM could potentially to
further reduce mortality in severely immunocompromised patients with HIV.

The FujiLAM and AlereLAM were also assessed in parallel for pulmonary TB diagnosis in children since
children often cannot produce sputum samples and are disproportionately impacted by the lack of non-sputum TB
diagnostics. A total of 204 children were assessed in a similar paired manner as described previously, using both
LAM assays and microbiological confirmation. The diagnostic sensitivity for FujiLAM and AlereLAM were
similar, reported at 42% and 50%, respectively. Both of these values were lower than Xpert sputum confirmation at

74%. As expected, the sensitivity was higher in children with HIV (60%) and malnourished children (62%).*"* The
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diagnostic specificity in the pediatric population for each assay was 92% for FujiLAM and 66% for AlereLAM, with
children two years or older exhibiting higher diagnostic specificities of 96% and 72%, respectively.”"> The low
specificity of AlereLAM is consistent with prior studies and hypothesized to be due to fecal contamination of the

2L 227 The urine collection method was not

urine samples, which is known to reduce AlereLAM’s specificity.
recorded, however, so this could not be confirmed.?" If this were the case, then the use of monoclonal antibodies in
the FujiLAM test would suggest the lateral flow has greater robustness to sample contamination from NTM or other
environmental/biological contaminants that cross-react with the AlereLAM. Though the small sample size makes
the conclusions of this study very limited, this study suggests that FujiLAM could be useful as a rapid “rule-in”
diagnosis for TB diagnosis in children with a high probability of infection, with secondary confirmation using

microbiological analysis.”"?

Further studies also need to be performed to determine how both assays perform in
children with extrapulmonary TB.

There are only two methods that can definitively diagnose latent TB in addition to active TB disease, and
those tests look at the immune response of the patient to TB antigens instead of looking for the presence of TB itself.
This technique is novel compared to the other assays described, given the amount of TB in a patient’s system when
they have latent TB is too low for even the most sensitive of assays to detect. The first method, developed over a
century ago, is the tuberculin skin test (TST) or Mantoux test is most commonly used to screen individuals for TB,
particularly in healthcare workers in low-caseload countries. The test has had a few iterations, and the version used
today contains a purified protein derivative from M.tb culture. To perform the test, a healthcare worker intradermally
injects 100 uL containing 5 tuberculin units in the forearm. After 48 h to 72 h, a healthcare worker reads the test. If
the patient has TB, a visible reaction to the injected material occurs, and the size of the raised welt is associated with
TB infection and the long-term risk of developing TB infection in patients without symptoms.”**** Generally, a
TST is considered positive if the size of the welt is 10-mm in diameter, though this recommendation can change
based on patient geography and immune status.””’ Because the TST contains a variety of M.th proteins, some of
which are conserved across Mycobacterium spp., having received the TB vaccine (BCG) or previously having TB
infection means the size of the reaction is not a factor in determining if a patient has LTBI. Patients with NTM
infections also cross-react with the purified proteins in the injection. On the other hand, some patients can have a
delayed hypersensitivity, where they do not react initially to the test but, upon repeat testing, overreact to the

tuberculin injection.”* For these patient populations, if they do not have access to other diagnostic methods, a false-
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positive diagnosis and unnecessary treatment are possible. Because patients have to return to have the test read by
their healthcare provider, a significant percentage (<39%) of patients never return to have their test interpreted.”'
The reported sensitivity of the TST is widely variable based on the population tested and cut-off point used, varying
from 59% to 100%. Specificity is generally higher and narrow, ranging from 95% to 100%.7" In areas with high
rates of NTM infections, the test's positive predictive value is significantly lower (100% vs. 32%).*

Because of the TST's limitations and our significantly advanced understanding of biology, science, and
medicine, alternative methods for measuring the patient immune response have finally become available in the last
two decades. Specifically, interferon-gamma (IFN-y) release assays (IGRA) are excellent alternatives to the TST,
with examples including the QuantiFERON® TB-Gold In-Tube test (and the newer QuantiFERON®-TB Gold Plus)
and T-SPOT®.TB.* These tests collect patient blood into tubes containing TB-specific antigens (ESAT-6, CFP-10,
and TB 7.7, or some combination thereof). These antigens are not conserved across Mycobacterium spp. and are
found only in M.th, providing assay specificity. When the patient’s blood and antigens are mixed in the test tube,
white blood cells recognize the antigens, and ultimately T-cells generate IFN-y as part of the immune cascade. The
amount of IFN-y produced after 24 hours of TB antigen exposure is measured and compared to positive and
negative controls, measured simultaneously using ELISA. IGRA tests significantly improved diagnostic specificity
since prior BCG vaccination or NTM infection does not produce a false-positive result.”® When initially released,
there was a high number of false-positive results with the QuantiFERON® TB-Gold, so it was recommended that
the cutoff value be increased to eliminate these results and improve assay specificity.”> External analysis of the
three IGRA assays mentioned here reported diagnostic sensitivities via external analysis of 98.9%, 97.9%, and
96.9% for the QuantiFERON® Gold Plus and Gold In-Tube, and T-SPOT® tests, respectively.233 The manufacturer-
reported sensitivity for each assay was <92%,* ~97%,% and >97%,% **7 respectively. Diagnostic specificity was

comparable across all three tests in external validation, at around 98%.%> %7

The specificity values reported by
the manufacturer’s were >98%,* ~98%,%*> and >98%,%* **" respectively.

A systematic review compared TST to IGRAs looked at TB risk and assay positivity in individuals
emigrating from high- and low-caseload countries to low caseload countries, encompassing results from 51

. 231
studies.

The 10 mm cut-off for TST was used as part of the study selection criteria. Using results from these
studies, the pooled sensitivity and specificity for the TST were reported as 88% and 42% for detection of active TB,

whereas the IGRA test had pooled values of 88.9% and 70.8%, respectively, for active TB case detection; active TB
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case detection was higher in IGRA tested individuals. When assessing LTBI cases, the prevalence of positive IGRA
tests was statistically lower than TST cases compared to immigrants from low-incidence and high-incidence
countries, which correlated with the number of patients recommended for LTBI treatment. Individuals with a
positive IGRA were more likely to develop active TB in long-term studies than those who tested positive with
TST.”' These results combined suggest that expanding IGRA testing could be beneficial for LTBI case detection,
particularly in individuals arriving from TB-endemic countries, due to its increased accuracy. However, this is
conditional given the similar case detection rates of active TB between the two tests. While this study provided
fundamental analyses and aimed to minimize heterogeneity, the wide variance in study variables limits the
applicability of these results, mainly since most of the studies did not report the confounding factor of BCG
vaccination status.”' More studies are needed to truly determine the accurate efficacy of TST vs. IGRA for TB case

detection, particularly in populations with endemic TB and high BCG vaccination rates.
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CHAPTER 3 : LOW-RESOURCE NUCLEIC ACID EXTRACTION METHOD ENABLED BY HIGH-

GRADIENT MAGNETIC SEPARATION

Adapted from: Pearlman, S. I.; Leelawong, M.; Richardson, K. A.; Adams, N. M.; Russ, P. K.; Pask, M. E.; Wolfe,
A. E.; Wessely, C.; Haselton, F. R., Low-resource Nucleic Acid Extraction Method Enabled by
High-Gradient Magnetic Separation. ACS Appl Mater Interfaces 2020, 12 (11), 12457-12467. with

permission from coauthors and the American Chemical Society ©.>**

Abstract

Nucleic acid-based diagnostic tests often require isolation and concentration of nucleic acids from
biological samples. Commercial purification kits are difficult to use in low-resource settings because of their cost
and insufficient laboratory infrastructure. Several recent approaches based on the use of magnetic beads offer a
potential solution but remain limited to small volume samples. We have developed a simple and low-cost nucleic
acid extraction method suitable for isolation and concentration of nucleic acids from small or large sample volumes.
The method uses magnetic beads, a transfer pipette, steel wool, and an external magnet to implement high-gradient
magnetic separation (HGMS) to retain nucleic acid-magnetic bead complexes within the device's steel wool matrix
for subsequent processing steps. We demonstrate the method's utility by extracting tuberculosis DNA from both
sputum and urine, two typical large volume sample matrices (5-200 mL), using guanidine-based extraction
chemistry. Our HGMS-enabled extraction method is statistically indistinguishable from commercial extraction kits
when detecting a spiked 123-base DNA sequence. For our HGMS-enabled extraction method, we obtained
extraction efficiencies for sputum and urine of approximately 10% and 90%, whereas commercial kits obtained 10-
17% and 70-96%, respectively. We also used this method previously in a blinded sample preparation comparison
study published by Beall ef al., 2019. Our manual extraction method is insensitive to high flow rates and sample
viscosity, with capture of ~100% for flow rates up to 45 mL/min and viscosities up to 55 cP, possibly making it
suitable for a wide variety of sample volumes and types and point-of-care users. This HGMS-enabled extraction
method provides a robust instrument-free method for magnetic bead-based nucleic acid extraction, potentially

suitable for field implementation of nucleic acid testing.
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Introduction

Tuberculosis (TB) remains a global challenge with an estimated 10 million infections and 1.3 million
deaths per annum worldwide.” Diagnosis of active, transmissible infections remains a significant public health
challenge particularly in low-resource settings.’"*** Sputum is the standard patient sample used in both traditional
microscopic inspection,”* and nucleic acid-based tests such as GeneXpert.”' However, some patient populations,
including children and HIV-positive individuals,**' have difficulty producing sputum. Therefore, there is interest in
assessing other potential sample types. Urine, in particular, is easily and noninvasively obtained. Unfortunately, the
highly dilute number of targeted biomarkers available for detection and the presence of inhibitors of downstream
detection methods limit its utility in nucleic acid-based testing. One fundamental limitation to improved diagnostic
sensitivity remains the development of sample extraction and concentration methods, which convert dilute
biomarkers into pure, inhibitor-free samples appropriate for downstream detection.

Magnetic beads have become a valuable tool in laboratory separations because of their low cost, tunable
surface chemistries, and the use of magnets for isolation using simple processing steps. Because of this, magnetic
bead biomarker isolation assays have been applied to liquid sample handling and processing in point-of-care

91,92, 208, 242 Byrthermore, magnetic beads are easily added to a variety of liquid samples,

biomarker detection assays.
providing a high surface area for specific chemical capture of biomarkers, which can then be recollected to purify
and concentrate biomarkers of interest.”*’

One of the critical features in magnetic bead-based extraction methods is efficient transfer of magnetic
beads from one processing solution to the next. The most common approach for magnetic bead processing is
difficult to implement in low-resource settings. This approach uses stationary magnets to apply a magnetic field
across a sample volume to physically separate magnetic beads and bound analyte(s) from solution. After separation,
the fluid phase is removed, subsequent processing solutions are added, and after removing the magnetic field and
mixing beads into the new solution, the separation process repeated. While this method can be automated using
robotics, without robotics, sample processing using this method is labor-intensive, requires careful removal of
solutions by pipetting, and is inefficient for processing large volume samples.

Alternatively, magnetic beads can be moved between different processing solutions while the liquid
solutions remain stationary. The advantage of this approach is that it decreases the number of manual steps,

eliminates the requirement of liquid handling, and allows for simple automation of bead manipulation.*'" %2424
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The challenge with this approach, however, is maximizing the applied magnetic force on the beads, which is needed
to efficiently transfer magnetic beads across fluid interfaces between processing solutions while minimizing bead
loss. Despite this shortcoming, at least one sample-to-answerstem based on this approach is commercially available,
the Cobas® Liat® Polymerase Chain Reaction System (Roche Molecular Diagnostics, Pleasanton, CA).

The third potential handling method for magnetic bead processing is based on a flow-through design. In
this approach, a moving suspension of magnetic beads flows through a magnetic field, and beads are collected on
the inside wall of the tube. Successive processing solutions are then applied by flowing through the tube. However,
unless the fluid is moved at a very low flow rate, the drag forces of the fluid flow dominate over the magnetic forces
on the beads, resulting in low bead capture and retention. While this has the potential for processing large sample
volumes, there is a trade-off between processing speed and bead retention. Implementing this approach requires the
incorporation of a highly robust magnetic bead capture and retention method beyond that achievable with just an
external magnet.

In a previous nucleic acid extraction study, we used a transfer pipette as a way to efficiently contain and
mix lyophilized DNA binding reagents and magnetic beads with patient urine samples before automated extraction
of TB DNA.*"" Wanting to further expand the use of the transfer pipette for simple and contained sample handling,
we sought to develop a flow-through magnetic bead separation platform by incorporating a highly efficient method
to retain the paramagnetic beads and their surface-bound nucleic acids within the transfer pipette. This report
describes the incorporation of a ferromagnetic matrix, such as steel wool, into the flow path of the magnetic bead
suspension, and the use of an external magnet to capture paramagnetic beads on the surface of the matrix (Figure
3.1). Once the magnetic bead-biomarker complex is magnetically separated from the fluid suspension, subsequent
processing steps are performed using the transfer pipette squeeze bulb to expose pre-aliquotted processing liquids to
the bead surface by flow-through fluid exchange, ultimately yielding a purified and concentrated biomarker.

Described as early as the 1930s,” the use of a ferromagnetic matrix for paramagnetic particle capture from

S.>*® This process

a flowing fluid stream is described in early literature as high-gradient magnetic separation or HGM
and theory were implemented in the 1970s for mining and sewage applications as a means to capture weakly
paramagnetic materials, such as CuO, from a flowing mine slurry, or to remove paramagnetic contaminants from

246-250

flowing sewage or water supplies. Previous reports using HGMS for biological applications focused on direct

separation of erythrocytes from whole blood by chemically converting the hemoglobin in the cell from a
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diamagnetic to paramagnetic state 1% 119

Using columns of loosely packed steel wool, the paramagnetic cells were
efficiently captured in the matrix in the presence of an externally applied magnetic field. Miltenyi ef al. then went on
to modify the steel wool/immunospecific magnetic particle separation system'** to develop magnetic activated cell
sorting (MACS®) in the 1990s.'* These reusable columns were first composed of steel wool,'* '? which was then

followed by stacked magnetic spheres, with samples passing between them."' Miltenyi’s MACS® is the most

prevalent use of HGMS in biological systems.

Figure 3.1. Simplified schematic showing capture of paramagnetic beads using high-gradient magnetic
separation by a single matrix wire. An external magnetic field is applied (red horizontal arrow) to magnetize
a ferromagnetic matrix. When a paramagnetic bead suspension flows through a magnetized matrix (blue
vertical arrow), the high-gradient magnetic field around the wire strands in the matrix (red dashed line)
creates a magnetic force on the beads that dominate over the viscous drag force in the region near the matrix,

favoring bead capture on the wire surface

The method described in this paper was used previously and applied in a blinded sample preparation study
sponsored by the Bill and Melinda Gates Foundation. In that study Beall ef al.”>' compared our HGMS-enabled
method to five other commercial extraction methods for total nucleic acid purification from sputum, whole blood,
and stool. However, because the methods were not reported due to conflicts with commercial proprietary interests of
the commercial participants, we describe here the details of the methods we used in this comparison study.

As described in this report, the HGMS phenomenon is robust, and for a variety of flows produced, the
capture of paramagnetic beads in the steel wool matrix is consistently near 100%. The approach also offers the

advantage of magnetic purification of biomarkers with minimal external contamination during processing. Device
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performance and low cost of materials suggest that the HGMS phenomenon may be a promising approach for

efficiently extracting nucleic acids from patient samples in low-resource settings.

Materials and Methods

Preparation of synthetic biological samples.

Synthetic sputum was prepared using a protocol generously provided by the nonprofit global health
organization PATH (Seattle, WA): 114 mM NaCl, 33 mg/mL bovine serum albumin (BSA), 3.6 mg/mL
phosphatidylcholine (MilliporeSigma, P3556), 4.7 mM CaCl,, 47 mg/mL mucin from porcine stomach
(MilliporeSigma, M2378), 6 mg/mL salmon sperm DNA (MilliporeSigma, D1626), and 2 mM sodium azide. These
concentrations are based on sputum component concentrations as determined by Sanders ef al.””* The ingredients
were mixed with a stir bar at 4°C overnight and then stored at 4°C. De-identified, disease-negative, residual urine
samples were obtained from the Vanderbilt University Molecular Infectious Disease Laboratory. An exemption
from IRB oversight was granted from the Vanderbilt University Institutional Review Board for use of these samples.
Fifteen milliliters (15 mL) of each sample were pooled, pipetted into 1 mL aliquots, and stored at —80°C. Urine
samples were pooled to minimize variability of PCR inhibitors expected among individual urine samples. These
samples were thawed and allowed to equilibrate to room temperature before spiking with DNA. Synthetic sputum
was stored at 4°C and warmed to room temperature with gentle mixing before spiking with DNA. One hundred
microliters (100 uL) of synthetic sputum or pooled urine was spiked with 5L containing a total of 5 x 10° copies of
a synthetic 123-base DNA oligomer of the IS6710 gene found in Mycobacterium tuberculosis (Integrated DNA
Technologies, Coralville, IA). IS6710 is a variably repeating DNA insertion element found in Mycobacterium
tuberculosis, and is used as a specific diagnostic marker for infection.”*' The 123-mer sequence of the 1S6710

insertion sequence was previously reported in Ogusku et al.*>

Extraction chemistry for biological samples.
The steps of the extraction procedure are illustrated schematically in Figure 3.2A. A DNA spiked sample
was combined with 300 pL of binding buffer (4 M guanidine thiocyanate, 10 mM Tris HCI (pH 8), 1 mM EDTA

(pH 8), 0.5% Triton X-100), 300 uL isopropanol, and 3 pL B-mercaptoethanol in a 1.5 mL or 2 mL microcentrifuge
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tube, and mixed through inversion. For urine samples only, 5.6 pg of poly-A carrier RNA (Qiagen, 1017647) was
also added into the extraction mixture. Then, 2 mg (50 puL) of MyOne™ Silane ™ (ThermoFisher, 37002D) were
added to the sputum or urine solution, mixed through inversion, and incubated at room temperature for three
minutes, with inversions every minute to maintain bead suspension. A 200 pL pipette tip (Fisher Scientific, 02-707-
505) containing 17 + 1 mg of alloy 434 stainless steel wool (Lustersheen-online.com, SKU16162) was affixed to the
end of a 3.2 mL transfer pipette (Fisher Scientific, 13-711-9D). The very bottom tip of the 200 pL tip was trimmed
to remove void space located below the steel wool capture matrix (Figure 3.2B and Figure 3.2C). The solution was
then drawn up and down using the squeeze bulb of the transfer pipette. Once well mixed and drawn into the pipette
bulb, a magnet (K&J Magnetics, B666-N52) was applied to the steel wool matrix through the wall of the sample
tube. As the bead solution was dispensed back into the original sample tube, the beads were captured in the
magnetized matrix. Flow through was discarded, and magnet removed. Next, the beads were washed in the transfer
pipette by passing 1.5 mL of a chaotropic wash (84% ethanol, 640 mM guanidine thiocyanate, 1.6 mM Tris HCI (pH
8), 160 uM EDTA (pH 8)) up and down through the pipette three times. The total volume was then drawn into the
transfer pipette, and beads magnetically captured through the wall of a 2 mL microcentrifuge tube as previously
described. Flow through was discarded, and the magnet removed. The previous step was repeated with 1.5 mL of a
70% ethanol wash, and flow through discarded. The pipettes were then allowed to sit in a clean microcentrifuge tube
for one to two minutes to allow any residual rinse liquid to pool into the pipette tip, which was then expelled while
maintaining bead capture in the steel wool matrix with the externally applied magnet. In addition, for sputum
samples only, an additional rinse step was incorporated before eluting the nucleic acids off the beads. To perform
this rinse, the magnet was applied to the matrix through the tube wall, and 100 pL of 10 Tris-HCI, 1 mM EDTA
(TE) buffer, pH 8 was gently drawn up and then immediately expelled to rinse the beads without disturbing them.
After rinsing, the magnet was removed, and 50 pL of TE, pH 8 was gently drawn up and down for approximately
one minute to elute the nucleic acids, (approximately 20 times). The solution was then drawn into the pipette, and
beads captured in the matrix using the magnet placed along the outside of a clean collection tube, into which the
eluate was saved; qPCR was performed on the final sample eluate. Any beads that may have passed into the eluate
were left in the sample and not removed. A single user processed triplicate samples in parallel in approximately 10-
15 min. Triplicate samples with no spiked IS677/0 DNA were also performed, and no DNA was detected in these

samples.

69



, . S. Elute nucleic
/ 2b. Expe 2¢. Remove acids off particle
1. Mix magnetic beads 2a. Draw | sample and magnet surface by
into sample, and sample and | capture Then, draw 3. Repeat drawing TE ui and
f ially © 2 beads into , particles in chaotropic 2aand 9 f
preferentially “c steps 2aa 4. Repeat down . ;
bind nuclel pipette. Then, steel wool wash up b. Th
ind nucleic matrix using 2b. Then, steps 2a and
acids to apply magnet and down in repeat step 2¢
‘ to steel wool applied pipette 3x ith 70% 2b. Then,
paramagnetic | © . matrix magnet wit remove
silica beads. | : m N ﬁ ethanol wash. 9 magnet. ﬁl‘hen lpply
\ ;J J—  — magnet to | | DNAls
A \°2f recapture | | located in
& beads. \./ theTE

il Il HHWH!!IH[HIl‘lll!g:llIr_HL

g3 45
O e

Figure 3.2. Design and detailed workflow of HGMS-enabled steel wool extraction device. A. The five
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processing steps of HGMS-enabled nucleic acid extraction. DNA is adsorbed to silca-coated paramagnetic
beads using guanidine-based chemistry. Once bound, the solution is drawn into the transfer pipette, and an
external magnet is applied to capture the magnetic beads in the steel wool matrix tip as the fluid flows
through. The magnet is then removed to allow for release of the beads, which washes the bead surface and
bound DNA. The magnet is then reapplied to recapture magnetic beads after each wash step. In the final step,
the nucleic acids are eluted off the beads while the magnetic beads are retained in the steel wool. B. HGMS-
enabled steel wool separator. C. Steel wool capture matrix. The matrix is placed between the two graduations

on the pipette tip (indicated by red arrows), and the excess removed from the bottom.

Commercial extractions were also performed for comparison using the DNeasy Blood and Tissue Kit
(Qiagen, 69504) for synthetic sputum, and the QIAamp Viral RNA Mini Kit for urine (Qiagen, 52904) according to
the manufacturer’s protocol. Both of these kits use guanidine-based chemistry to bind nucleic acids to the silica
centrifuge columns. Qiagen recommends that the QIAamp Viral RNA Mini Kit be used for DNA extraction from
urine because the included buffer, AVL, is optimized to inactivate the PCR inhibitors found in urine, unlike buffers
found in their other commercially available kits. Extraction of both sputum and urine were also performed as per the
manufacturer’s protocol, with the Chargeswitch™ gDNA Mini Tissue Kit (ThermoFisher, CS11204), which is a

magnetic bead-based extraction kit that uses guanidine-free extraction chemistry.

Determination of extraction efficiency using qPCR.
To determine the efficiency of the nucleic acid extractions, real-time PCR (qPCR) was performed using the
Quanta UltraPlex 1-Step Toughmix (4X) (VWR, 10804-944) according to the manufacturer’s protocol. We used this

kit to most closely match the published methods performed in Beall et al.”>' The 123-base IS6110 sequence from M.
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tuberculosis was amplified using the forward primer 5-CCTGCGAGCGTAGGCGT-3’, reverse primer
5’CTCGTCCAGCGCCGCTT-3, and probe 5’-/56-
FAM/CGACACATA/ZEN/GGTGAGGTCTGCTAC/31ABKFQ/-3’. All primers and probes were synthesized by
Integrated DNA Technologies (Coralville, IA). The 20-mer primers in Ogusku ef al.*>* were modified by trimming
the 3’-ends to make 17-mers, which prevented the potential formation of primer dimers or hairpins.

The concentration of the primers and probes in the final PCR reaction were 600 nM of forward and reverse
primers and 400 nM of probe. To the 1X master mix, 5 puL of the extracted sample was added for a total reaction
volume of 20 uL. The samples were run according to the manufacturer’s protocol; for the initial step, the samples
were held at 50°C for 10 min, followed by a hold at 95°C for 3 min. The samples were then cycled from 95°C for 30
s to 60°C for 60 s for a total of 45 cycles in a Rotor-Gene Q thermal cycler (Qiagen, Germantown, MD). In addition
to a no template negative control, an IS6/10 standard curve using 5 x 10° copies/reaction diluted 10-fold
sequentially to 5 x 10° copies/reaction was included for conversion of C, values to copies/reaction. Control samples
containing 5 x 10° copies of DNA in a total of 50 pL TE were used to quantify the DNA eluate in a “perfect
extraction” with 100% recovery and detection, which was used to calculate the percent extraction efficiency using
post-extraction qPCR. Exact volumes of the final eluates were measured for accurate calculation of DNA recovery
before performing PCR, because it was not uncommon for a few microliters of eluate to remain in the steel wool
matrix after expulsion due to liquid surface tension. The PCR efficiencies of the standards, controls, and extracted
samples were calculated using LinRegPCR software (available at http:/linregpcr.nl), setting the fluorescence

threshold above the fluorescence values of the negatives,”* **°

and a statistical comparison was performed.
Baseline bead capture protocol for aqueous solutions.

A total of 800 pg (20 pL) of MyOne™ Silane ™ (ThermoFisher, 37002D) were mixed into 3 mL of 1x
PBS (137 mM NacCl, 2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM KH,PO,, pH = 7.4) + 0.1% Tween-20 (final bead
concentration of 267 pg/mL) and gently vortexed to combine. The solution was drawn into a 3.2 mL transfer pipette
(Fisher Scientific, 13-711-9D), and 35 mg of Grade 000 steel wool (Global Material Technologies, Inc., Buffalo
Grove, IL) was placed in a 200 uL pipette tip (Fisher Scientific, 02-707-505) at an approximate packing density of
0.91 g/mm’. The very bottom tip of the 200 uL tip was trimmed to remove void space located below the steel wool

matrix, and then the tip was affixed to the end of the transfer pipette. With a magnet (K&J Magnetics, DCX0) beside
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the steel wool matrix, the bead solution was expelled (Figure 2.1, Figure A1, Video Al). Unless otherwise noted,
flow rates less than 20 mL/min were used to process the samples.

To estimate the quantity of beads captured in the steel wool matrix, the beads in the flow through were
concentrated using centrifugation at 3,086 x rcf for five minutes and re-suspended in an appropriate volume of PBS-
T. This volume was variable, and was selected based on the quantity of beads in the sample. This was done to make
certain the absorbance was within the linear range of the device and ensure accuracy of the measurement.
Absorbance at 700 nm was measured in at least triplicate on a Nanodrop™ Spectrophotometer ND-1000, and the
quantity of beads calculated using a standard curve (Figure A2). The quantity of beads captured was estimated by

subtracting the quantity of beads located in the flow through from the quantity of starting beads.

Effect of steel wool matrix on paramagnetic bead capture.

The effect of steel wool quantity on capture was measured by including increasing quantities from 0 to 35
mg of Grade 000 steel wool placed in the pipette tip and performing the protocol for bead capture. Packing density
was maintained as described across all steel wool masses. The effect of steel wool grade and alloy on capture was
measured by incorporating different grades of 35 mg of steel wool of Grade 0000 (Lustersheen-online.com,
SKU16246214), 000, 1, and 3 (Red Devil, Inc., 3332), steel wool alloys 434 (Lustersheen-online.com, SKU16162)
and 316L (Lustersheen-online.com, SKU162751), or aluminum (Global Material Technologies, Inc., 166510-P) or
copper (Rogue River Tools, 731847303978) wool in the pipette tip, or no matrix at all. Packing density was

maintained across the different grades and materials.

Effect of magnet properties on paramagnetic bead capture.

The effect of magnet surface field on capture was investigated by measuring capture with cylinder magnets
%” (1.91 cm) in diameter with surface fields increasing from 548 to 6180 Gauss (G) (K&J Magnetics, DCO1, DCH1,
DC2, DC3, DC4, DC8, DCXO0) and performing the capture protocol outlined. The effect of magnet size on capture
was also investigated by incorporating magnets increasing in size from 1/8” cube (0.32 cm) to 1” cube (2.54 cm),
with a constant surface field of 6451 G (K&J Magnetics, B222-N52, B333-N52, B444-N52, B666-N52, B888-N52,

BCCC-N52, BX0X0X0-N52) and performing the capture protocol outlined above.
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Effect of flow rate and sample viscosity on paramagnetic bead capture.

The effect of flow rate on paramagnetic bead capture was measured using a stock solution of ™ at a
concentration of 267 pg/mL in 1x PBS + 0.1% Tween-20. This solution was placed into a 60 mL syringe and loaded
onto a syringe pump (RK TCI-II Syringe Pump). A 35 mg Grade 000 steel wool pellet was placed in the end of the
pipette tip and trimmed as specified. This end was sealed onto a flexible tube affixed to the syringe. A total volume
of 3 mL of the bead solution was passed through the steel wool with a magnet present (K&J Magnetics, DCX0). The
uncaptured beads were centrifuged and measured as previously outlined. In between each trial, the solution in the
syringe was mixed through inversion to maintain a well-distributed solution. For flows greater than 20 mL/min, the
syringe was operated manually and the flow rate was estimated with a stopwatch.

Two types of viscous solutions were measured. First, glycerol solutions of 0 to 80% (v/v) in 1x PBS +
0.1% Tween-20 were prepared. Second, a diluent for sputum was also prepared as outlined in Creecy ef al:*'° 4 M
guanidine thiocyanate, 25 mM sodium citrate, 4.9% Triton X-100, 0.2% sodium dodecyl sulfate (SDS). Diluted
sputum was prepared by mixing synthetic sputum in equal parts with the guanidine diluent on a Fisher Vortex Genie
2 at speed 4 for 10 minutes. The viscosities of these solutions were measured using a total volume of 500 pL of
well-mixed, room temperature solution using a Brookfield DV-II+ Pro Viscometer (Middleboro, MD). Spindle 40Z
was used for the measurement. Measurements were taken at a strain rate of 37.5 s™ after increasing the strain rate
from a minimum speed. This was important due to non-Newtonian, shear thinning rheology of sputum. The
viscosity measurement was allowed to settle for a minimum of two to three full spindle rotations before a
measurement was recorded. Measurements were performed in triplicate.

The effect of viscosity on capture was measured using 800 pg of MyOne™ Silane ™ placed into 2.5 mL of
each of the viscous solutions and vortexed to thoroughly combine. The solution was drawn into the transfer pipette
and 35 mg of Grade 000 steel wool was placed directly into the end of the transfer pipette. With the magnet beside
the steel wool matrix, the bead containing solution was expelled through the pipette tip. To measure the
concentration of uncaptured beads, the ™ contained in the flow through were centrifuged at 3,082 x rcf for a
minimum of five minutes. More viscous solutions were diluted with PBS-T to reduce solution viscosity, and then
centrifuged until the beads pelleted. The pelleted beads were washed in 1x PBS + 0.1% Tween-20, and then re-
suspended in an appropriate volume of PBS-T as discussed to ensure accuracy of the spectrographic reading. Bead

concentration was measured in triplicate using absorbance at 700 nm as previously outlined here.
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Statistical analyses.

All statistical analyses were performed using MATLAB. One-way analysis of variance (ANOVA) was
used to determine statistical significance for data containing three or more groups. Unpaired t-tests were performed
for two group comparisons. Statistical significance was defined as p < 0.05. Tukey’s range test was used to
determine which data points were statistically significant relative to the rest of the data. Experimental variation was
compared to the baseline method described above.

All samples and standards were analyzed in triplicate PCR reactions, except analysis of one QIAamp Viral
RNA Mini Kit urine extraction; one of the PCR replicates was identified to be an outlier and removed. This value
was greater than two standard deviations outside of the mean, which averaged all PCR values for each experimental
condition (triplicate extractions with triplicate reactions for each sample, 9 reactions total). This criterion was
applied to all samples, and this was the only identified outlier across all conditions in this study, and is likely due to

a pipetting error.

Results

Mycobacterium tuberculosis /S6110 DNA extraction from sputum and urine.

For synthetic sputum samples, the HGMS-enabled extraction method recovered a total of 10.2% =+ 4.03%
of spiked DNA, the commercially available Qiagen DNeasy Blood and Tissue kit recovered 17.3% + 4.65%, and the
Chargeswitch™ gDNA Mini kit recovered 10.1% + 1.12% (Figure 3.3). Extractions were more efficient for urine
samples, with the HGMS-enabled extraction yielding 91.2% + 7.46% of spiked DNA, the commercial Qiagen
QIAamp Viral RNA Mini kit recovered 96.5% + 10.46% of spiked DNA, and the commercial Chargeswitch™
gDNA Mini kit recovered 69.5% + 15.4% (Figure 3.3). For all sample types and methods, there is some variation in
the extraction efficiency, but the three methods were not statistically different. Using LinRegPCR for comparison of
PCR efficiency, the HGMS-enabled extraction of sputum was approximately 10% lower than controls. A260/A280
readings for sample purity of the HGMS-enabled extraction measured at 1.86, suggesting that the PCR inhibitor(s)

256

reducing reaction efficiency were not likely a contaminating protein (Figure A3).”” Although not measured, likely

inhibitor candidates are low concentrations of salts, metals, or alcohols introduced during processing.
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Figure 3.3. HGMS-enabled extraction performed similarly to commercial kits. Extraction of 5 x 10° copies
of a 123-base IS6710 TB DNA sequence using HGMS-enabled extraction (*), commercially available Qiagen
kits (O), and Chargeswitch™ kit (X) are not statistically different from one another for both synthetic

sputum and pooled urine. (mean + s.d.), n > 3.

Effect of physical properties of the steel wool matrix on paramagnetic bead capture.

The mass and the magnetic susceptibility of the separation matrix used in the pipette tip affected the
capture of paramagnetic beads. As shown in Figure 3.4A, as the amount of steel wool was increased from 0 mg to
10 £ 1 mg, the capture efficiency of 1 pm ™ increased from 15.8% = 5.27% to 99.2% + 1.41%, with steel wool
masses greater than 10 mg also capturing ~99% of beads. Tukey’s range test identified 0 mg and 5 mg of steel wool
as significantly less than the higher densities tested, suggesting that for this design, as long as the matrix is
significantly magnetized and the packing density is maintained, the amount of matrix needed to capture a majority
of the beads is quite small (Video A2).

Within the range of available materials, the diameter of the steel wool matrix had essentially no effect on
bead capture. Steel wool Grades 0000, 000, 1, and 3, which correspond to strand diameters of approximately 25, 35,
60, and 90 pm, performed similarly and had capture efficiencies of at least 98% (Figure 3.4B).

Since the different alloy compositions of the matrix can have different magnetic properties, we also looked
at the effect of alloy on capture (Figure 3.5). The magnetic susceptibility (y) of the materials were varied, allowing
for evaluation of their effect on capture — diamagnetic (3<0), paramagnetic (y>0), and ferromagnetic (}>1) materials
were tested.”’ In the presence of an externally applied magnetic field, a weak magnetic dipole is induced in the

opposite direction of the field for diamagnetic materials, and weakly in the same direction for paramagnetic
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materials. For diamagnetic materials, copper and water (corresponding to no matrix), capture efficiencies are 41.8%
+ 8.19% and 22.7% + 8.44% respectively. For the paramagnetic materials aluminum and 316L stainless steel,
paramagnetic bead capture was 51.7% + 4.44% and 47.4% + 8.38% respectively. In contrast, for ferromagnetic
materials, which form a strong magnetic dipole parallel to the applied external field, the capture efficiencies for 434
stainless steel and low-carbon steel are 100.4% + 0.082% and 99.9% + 0. 071%. The capture in paramagnetic and
diamagnetic matrices is statistically different from the ferromagnetic matrices. When no magnet is applied, the
capture efficiencies of each matrix are ~10%, with the exception of no matrix and low carbon steel. The negative
values are most likely due to measurement error, since the solutions measured were at the edge of the linear
measurement range of the spectrophotometer. The capture values greater than 100% for 434 stainless steel are due to

the concentration of beads in the centrifuged flow through being lower than the detection limit of the

spectrophotometer.
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Figure 3.4. Effect of ferromagnetic matrix mass and strand diameter on capture of beads. A. Steel wool
matrix mass <5 mg captured statistically fewer beads. B. Steel wool matrix strand diameter does not have an
effect on paramagnetic bead capture efficiency. (mean + s.d.), n > 3. (*) Indicates statistical significance at p

<0.05.

Effect of magnet properties on paramagnetic bead capture.

As shown in Figure 3.6A, the capture efficiency increased with increasing surface field, with 548 G
(Gauss) and 1701 G having capture efficiencies of 76.5% + 13.1% and 88.6% + 6.61%. Capture for the remaining
magnets plateaued at ~99%. Only the smallest surface field examined, 548 G, exhibited statistically reduced capture
efficiency. This suggests that as long as the magnetic surface field is greater than ~1700 G, capture efficiency will

be nearly 100%. Close inspection reveals a minor decrease in bead capture efficiency from ~99% to ~94% when
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using the 3309 G magnet, as theorized by Himmelblau,'?’ the region of attractive magnetic force temporarily falls
when the applied magnetic field is greater than the field needed to reach saturation. We hypothesize that this value is
near the maximum saturation point of the ferromagnetic matrix. This effect is overcome when the applied field is

sufficiently large. Further studies are needed to validate this hypothesis.
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Figure 3.5. Effect of matrix magnetic susceptibility () on capture. Ferromagnetic materials ()>1) captured
more magnetic beads than paramagnetic (y>0) and diamagnetic (x<0) materials. Black bars — with applied
magnetic field. White bars — no magnetic field present. (mean + s.d.), n > 3. (¥*) Indicates statistical

significance at p < 0.05.

The different cube magnets used Figure 3.6B had their surface field held constant, while a side length of
the cube magnet varied. With increasing magnet size, capture efficiencies increased from 90.0% + 1.03% for the
smallest 0.32 cm magnet up to 99.9% =+ 0.58% for the largest 2.54 cm magnet, with the smallest magnet of 0.32 cm
capturing statistically fewer beads than the rest. This difference is likely due to the reduction in effective trapping
length of the steel wool, since in this case the magnet dimension is smaller than the size of the steel wool matrix.
However, it is important to note that capture efficiency only varies between highest and lowest capture efficiencies
by 10%. While statistically significant, the difference may not be enough to warrant use of a larger and more

expensive magnet, assuming a strong enough surface fields are applied.
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Effect of sample viscosity and flow rate on paramagnetic bead capture.

We also assessed how the flow rate and sample viscosity influenced paramagnetic bead capture (Figure
3.7). Capture measurements were performed for samples passed through the HGMS-enabled separator with and
without a steel wool matrix (Figure A1). Samples applied to the HGMS-enabled device with a steel wool capture
matrix, at flow rates from 1 + 0 mL/min to 46.5 £ 5.01 mL/min had capture efficiencies of at least 96%, and 60.1 +
3.01 mL/min captured 89.2% + 1.07%. Even though this is only a ~10% reduction, it is statistically significant.
(Figure 3.7A). For samples passed through without a matrix, capture efficiencies were measured for flows only up
to 20 mL/min, with capture efficiency rapidly declining with flow rate from ~100% bead capture at 1 mL/min to

only ~25% capture at 20 mL/min. Capture efficiency was statistically reduced for flow rates of at least 10 mL/min.
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Figure 3.6. Effect of magnet surface field and magnet dimensions on bead capture. A. A smaller statistical
percentage of paramagnetic beads were captured using a 548 G magnet. B. The smallest cube magnet with a
side length of 0.32 cm captured statistically less beads due to decreased effective trapping length. (mean +

s.d.), n>3. (*) Indicates statistical significance at p < 0.05.

Biological samples often differ in rheologic properties that may influence the capture performance of the
HGMS-enabled system, since viscous drag forces on beads are much higher than the magnetic force, even when
viscosity limits sample flow rates. As seen in Figure 3.7B, for the v/v% glycerol solutions prepared, the viscosities
increased with increasing percentage of glycerol, measuring from 0.98 + 0.06 cP to 54.7 + 0.76 cP. The capture
efficiency decreased by ~9% with increasing glycerol percentage from 100% + 0.12% to 91.7% + 6.78%, but this
was not statistically different even though there is statistically significant difference in the sample viscosities. We
also tested this using synthetic sputum with shear-thinning rheologic behavior. This was compared to bead capture

from liquefied sputum in Figure 3.7B, since it is common for sputum samples to undergo liquefaction and
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decontamination in protocols, such as those used for tuberculosis diagnosis. The measured viscosities of the
synthetic and liquefied sputum were 20.0 = 1.59 cP and 6.66 + 0.22 cP. There was no statistically significant
difference between the capture efficiencies, with both near 85% capture. Carrier RNA was not tested with the

Chargeswitch™ kit.
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Figure 3.7. Effect of sample properties on bead capture. A. Increasing the flow rate did not statistically
reduce bead capture in a 35 mg steel wool matrix (®) until reaching 60 mL/min, but was significantly
decreased at 10 mL/min without any matrix present (O). B. Sample viscosity up to 55 cP did not reduce
paramagnetic bead capture from either glycerol solutions (*) or synthetic sputum (O). (mean + s.d.) n > 3. (¥)

And (#) indicate statistical significance at p < 0.05.

Discussion

The method reported here was used in a blinded sample preparation study sponsored by the Bill and
Melinda Gates Foundation published in Beall ef al.”>' That publication compared the sensitivity, specificity, and
outcome features for stool, sputum, and whole blood for the HGMS-enabled method described in this report against
five other commerical extraction methods. In parallel to this effort The Gates Foundation also commissioned a study

28 In both of these studies, blinded

comparing eight nucleic acid technologies suitable for low-resource settings.
samples were supplied to each of the study participants. For the extraction comparison, each sample matrix was
spiked with a high, medium, or low amount of microbe appropriate to the matrix. In performing the experiments
reported in Figure 3.3, we aimed to replicate the protocols and use the same processing reagents when possible as
used in Beall ef al. In Beall ef al. we are coded as “Developer E” and ranked 3" overall. The reported sensitivity and

specificity for our extraction of chemically inactivated M. tuberculosis DNA from patient sputum were 76% and

100% respectively. Urine was not part of this comparison study. Other aspects of the six test systems, such as the
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number of steps, time for extraction, and ASSUR criteria used for performance rankings are reported in Beall et
al !

In this report we focus on presenting the details of our HGMS-enabled method and a comparison to several
commercially available manual kits. We found that in addition to performing well in comparison to automated
systems reported in Beall et al., our approach also performed well in comparison to other manual commercial kits.
Figure 3.3 shows the percent recovery of the HGMS-based method compared to both a silica column and another
magnetic bead-based method, the recovery from sputum and urine for the three systems is similar.

We have also previously reported sputum and urine extraction results using a magnetic bead-based system
both manually and semi-automatically. In these previous reports, the extraction processing was performed using a
system of pre-arrayed solutions held stationary in a small diameter tube by surface tension forces, and biomarkers
bound to magnetic beads were passed through consecutive solutions to perform the processing steps. With respect to
sputum, this automated method was used to extract TB DNA from chemically inactivated M. tuberculosis in
synthetic sputum in Creecy et al, and extracted TB DNA was amplified by both PCR and isothermal

amplification.** *°

In both studies, clinically relevant concentrations of TB mycobacteria were detectable by DNA
amplification but extraction efficiencies were not calculable.

In previous urine extraction studies described in Bordelon et al., using the tube extraction system manually,
we extracted approximately 46% of DNA from urine, which is less than the 91.2% found in this report.””> While
here we report results from smaller volumes, our prior work used shorter binding times, fewer beads, and did not
incorporate the addition of carrier RNA.”’ When carrier RNA was removed from the extraction protocols for both
the HGMS-enabled extraction and Qiagen kit in this report, extraction efficiencies were reduced to 59.5% + 7.59%
and 88.2% + 7.45% respectively. This was a statistically significant reduction for the HGMS-enabled extraction
method, while the difference of the Qiagen extracts was not statistically significant (Figure A4). This is consistent
with previous reports.*®

A key difference between the Beall ef al. study and the extraction studies reported here is the length of the
DNA extraction targets. The Beall et al. studies were performed with whole pathogens, and the manual studies
reported here used only a 123-base DNA fragment. We believe that the extraction efficiencies for a range of DNA
fragment sizes would be similar to those reported here, provided the DNA fragments were greater than 100 bp in

261, 262

length. This is based on our previous work™” and others showing it is difficult to efficiently extract and
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recover short DNA fragments using chaotrope/silica chemistries. For example, Oreskovic et al. compared two
published DNA extraction methods and three commercial kits to their hybridization-capture system for extraction of
single-stranded IS6//0 TB DNA (25-150 base). While they found their 1.5 hour protocol performed most
consistently of all methods across different fragment sizes, consistently isolating 73% to 84% of fragments.*** The
other method using Q Sepharose only performed well for larger fragments (63-75%), and was significantly reduced

for 25-base fragments (9%).”%

We also believe that the extraction efficiencies reported for the HGMS-enabled
extractions are not dependent on the spiked DNA concentration. Based on what we have observed previously, if
bead concentration is sufficient to bind available nucleic acids, the extraction efficiency is preserved.””

There are two elements of our HGMS-enabled protocol that are critical for optimum performance. Our
protocol used a one to two minute gravity-driven pooling step to remove residual liquid from the pipette tip before
eluting the nucleic acids, and this was found to be critical for DNA detection. Though the beads themselves have
low carry over, surface tension in the capture matrix has the potential to retain liquid. Specifically, this step removed
approximately 100 pL of the residual ethanol wash from the sample chamber. Ethanol contained in this wash is
known to inhibit PCR and other downstream detection methods. Therefore, ethanol removal is critical. Second, we
found that it was important to include a rapid 100 pL TE rinse for sputum samples, and have seen this to be
beneficial under specific conditions in prior work.*®® We found that while this rinse can lead to some nucleic acid
loss (data not shown), this rinse helps remove excess PCR contaminants (e.g. residual proteins, salts, alcohols) and
allows for improved detection. The total rinse time appears to be critical too. If the rinse time is too quick, the beads
may be disrupted, resulting in DNA elution and reduced recovery. In addition, contaminants may remain in the
system, inhibiting PCR. If the rinse is too slow, DNA can be partially eluted and recovery is reduced (data not
shown). Use of an alternative processing chemistries or DNA detection strategies may allow for the elimination of
these two steps.

Our HGMS-enabled magnetic separation system, combined with chaotrope/silica binding chemistry,
resulted in a flow through design for magnetic bead extraction of nucleic acids that performed as well as available
commercial kits. A set of optimal physical features related to maximizing HGMS capture capabilities were
identified as a high magnetic susceptibility steel wool matrix with a mass of at least 7.5 mg, packed at a density of
0.91 g/mm’ under a 6180 G field (Figure 3.4). These consistently captured ~100% of paramagnetic beads. Variation

around these values did not significantly reduce capture. For example, the same percent capture is achieved with a
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35 mg matrix in an externally applied field of at least ~1700 G (Figure 3.6). The HGMS-enabled system can also
capture essentially all beads from solution flows up to 45 mL/min and viscosities up to 55 cP (Figure 3.7). Our
methods characterized the effect of each variable individually, however, the interplay between multiple variables
will need to be further elucidated for final optimization for potential applications.

Although previous studies were limited in their scope of investigation there are some clear differences
between our system and previously described HGMS systems. For example, the packing density of 0.91 mg/mm”, or
~11.5% packing volume used in these experiments, is slightly higher density than previous work, where HGMS was
used to efficiently isolate cells with columns typically packed at 2-5% of the total volume.'"” '**'* Owen et al.
reported capture of up to 92% of paramagnetic erythrocytes using 1 g of magnetic stainless steel wool at flow rates
less than 2 mL/min in an applied magnetic field of 33,000 G.>** Molday and Molday reported 96% + 2% capture of
red blood cells using immunospecific magnetic nanoparticles at 2 mL/min in a 7,500 G field.'* Miltenyi ez al. only
looked at relative proportions of cell mixtures before and after MACS®, but demonstrated that two different cell
populations could be efficiently separated, with the retained cell type generally making up < 2% of the cells that
were not captured in MACS® matrix. Miltenyi et al. used flow rates between 0.16 mL/min and 8 mL/min, most

often less than 2 mL/min.'®

Despite these differences, these systems demonstrate similar capture efficiencies to the
ones reported here, albeit at lower flow rates, greater applied fields, and with more steel wool than used in our
system.

As far as we can tell, there have been no other studies specifically looking at the effect of sample viscosity
in biological applications, since prior studies used aqueous solutions, such as saline.'''** Our viscosity results are
consistent with the industrial application of mineral particle separation by Dobby ef al., which demonstrated that
viscosity plays a minor role in capture.***

Prior work performed limited studies looking at the effect of magnet surface field, typically only looking at

two different fields.!® '

For example, Owen et al. investigated the effect of field strength on capture,
demonstrating that capture efficiencies are proportional to the magnetic moment of the beads captured divided by
the flow rate through the magnetic column.'” Our data are consistent with Owen’s findings, in that capture
efficiency decreased with decreasing magnetic field. In addition, assuming the magnetic moment of the magnetic

beads is constant and uniform, the flow rate data collected is consistent with Owen’s findings, with capture

efficiency decreasing with increasing flow rate; this is obvious when there is no ferromagnetic matrix present in the
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path of fluid flow, and more subtly observed at high flow rates with the presence of ferromagnetic matrix (Figure

3.7A). These findings are consistent with available theory.”" ***

We also note that prior work fully immersed and
maximally saturated the entire steel wool matrix in the applied magnetic field, but did not assess the effect of
magnet size specifically on a single system. This is likely because it was much more common to use electromagnets
for HGMS systems when first implemented,''” '** with an exception to this being Miltenyi.'>

The differences in capture effect with changes in matrix magnetic susceptibility suggests that the feature
dominating paramagnetic bead capture is the matrix itself. However, the fact that there is a difference in capture
efficiency between the two diamagnetic materials, copper (x = -9.36x10®) and water/no matrix (x = -9.05x107%),%’
suggests that just the presence of a metal matrix, even when traditionally identified as “non-magnetic,” has an
impact on capture. We and others have observed that the micron-scale paramagnetic beads can form chains while in

a magnetic field*®> *%

and can form complex, magnetically anisotropic structures that could potentially further
contribute to increasing bead capture. The importance of the chaining phenomenon is unclear. Further, flow likely
remains laminar for all of the flows achievable in this system. Treating a single strand of the 35 pm steel wool
matrix wire as a cylinder sitting perpendicular to the path of the fluid flow at a flow rate of 15 mL/min (fluid
velocity of 7.29 cm/s) yields a cylinder Reynolds number (Re) of 2.58 in the laminar range.>”’

In general, manual extraction methods are not as desirable as automated systems, which require less
training and are more reproducible. However, when the processing instruments and/or training are unavailable
simple manual methods may fill a critical gap. In this report we describe the details of an HGMS-based manual
approach. This manual system performs similarly to other manual systems, has some attractive features for low-
resource use particularly in the areas of cost and robust operation, and has potential for further improvement to make
even more suitable for low-resource settings. One of the attractive features of HGMS-enabled extraction is its robust
performance is less dependent on user training. In our experience, the range of flow rates produced by different
users expelling the transfer pipette is no greater than 20 mL/min (data not shown), and the capture of magnetic beads
in the steel wool matrix is not affected by a range of flows up to 45 mL/min (Figure 3.7B). For highly viscous
samples, the maximum flow rate of a liquid sample through the device primarily depends on viscous shear forces
within the magnetic matrix material. Therefore, variations in flow rates produced by a user squeezing the pipette
bulb as quickly possible are limited. The two dominant forces acting in a magnetic bead in a high-gradient magnetic

separator are the hydrodyanamic drag force and the magnet force; all other forces are negligible.””” For samples with
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viscosities near that of water, the hydrodynamic drag force has the potential to overcome the magnetophoretic force
at sufficiently high flow rates, reducing the capture efficiency of beads from solution.”®® It is our conclusion that
HGMS-enabled capture demonstrated a robustness against potential operator variability, which could occur from
variations in squeezing pressure and the resulting flow produced from different users and samples with a range of
viscosities.

In addition, though the applied magnetic field needs to encompass the steel wool matrix for bead capture, a
user can see the matrix inside of the pipette tip, and the magnet is the same size or larger than the steel wool matrix.
Because a surface field of only ~1700 G is needed to efficiently capture particles (Figure 3.6A), the magnet does
not need to be held in a precise location and can be a distance away from the steel wool matrix, with the condition
that the magnet has a strong enough surface field. In the DNA extractions, the magnet was applied through an
microcentrifuge tube wall with the pipette tip resting inside, and the steel wool separator was able to efficiently
capture magnetic particles repeatedly during each wash step. While robust, it is still possible for a user to make an
error. If a mistake is made and magnetic beads are lost, which would be visible due to the brown color of the
magnetic beads, it is quick and easy to redraw the solution into the transfer pipette and repeat the magnetic bead
capture. Repeating this step to overcome a processing error without loss is another major advantage of HGMS-
enabled extraction.

The HGMS separator described here could potentially be used for sample preparation in a low-resource
setting, where the cost of a point-of-care assay is a significant contributor to use and adoption. With the steel wool
and transfer pipettes costing just pennies, the most expensive component of the assay described are the magnetic
beads at $3.30/assay at the time of publication. This large number of beads was kept constant because we sought to

describe the methods that closely match the method used in Beall et al.,”'

which were designed to maximize
performance, rather than minimize cost. Further assay optimization could reduce cost, and it is believed that the
resulting extraction kit will likely cost under $1.00 per test. Real-time PCR was used as the readout and was not
inhibited by the extraction methods. We expect methods such as loop-mediated isothermal amplification (LAMP),
or other nucleic acid amplification methods in development, with lateral flow assay readout would also perform well
and might serve as a more suitable detection method in resource-limited settings.

Another important consideration for low-resource use is the identification of less hazardous extraction

chemistry. There are alternative methods to guanidinium-based methods, such as the Chargeswitch™ system
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(ThermoFisher). Claremont BioSolutions has also developed an extraction method that does not use hazardous
extraction chemistry.”® A compelling future direction is testing of the Chargeswitch™ chemistry using the HGMS-
format. This potentially could eliminate the critical timing step currently required for maximum recovery from
sputum. Improved reagent storage could also be achieved. For example, the transfer pipette bulb allows for future
lyophilization of reagents within the extraction device,”'' further simplifying the assay protocol and reagent packing;
this would also allow for inclusion of poly-A carrier RNA, which helped significantly improve the extraction
efficiency of DNA from urine. Other liquid-phase processing solutions and containers could be packaged and arrive
in a disposable, single-use “kit” format, with all components pre-aliquotted or individually wrapped. The user would
simply remove the assay components from their packaging and quickly start performing extraction(s) without any
pre-processing steps. The use of a single inlet and outlet of the transfer pipette, rather than separate entry/exit ports
in flow through systems, yields additional mixing potential that could improve biomarker yield.

The use of a larger sample can increase the sensitivity of low-resource detection methods.”'"*”* This is
simple to do with HGMS-enabled extraction. Pipettes with different sized bulbs or syringes could be easily
interchanged for application-specific design, with larger, more dilute samples using larger volume actuators. While
we only processed 100 pL for these proof-of-principle studies, we demonstrate that larger sample volumes, up to 3
mL can be processed using the HGMS-enabled transfer pipette system. Further, it is the maximum number of beads
that can be captured in a matrix that limits a HGMS’s performance, not the volume in which these beads are
suspended; this was demonstrated by Miltenyi'” and in industrial applications as discussed. The large number of
beads captured in our baseline design suggests that the small amount of steel wool used in these studies is still well
below the load limiting capacity. This implicates potential for very large volumes or dilution, though overzealous
dilution can reduce bead-biomarker interactions necessary for DNA isolation.

With modifications, this approach can be adapted for other sample types. In Beall ez al., the methods
described here were successfully modified with a proteinase K treatment for successful extraction from whole blood
and stool. This shows that the HGMS-enabled extraction can be adapted for other sample types at clinically relevant
concentrations. Further optimization may be required, however. For example, we tried to adapt our previous sputum
protocol,™® *' but the high detergent concentration in the lysis/binding buffer resulted in significant bubble
formation using the HGMS-enabled device. In addition, we hypothesize that our sensitivity for M. tuberculosis

detection was only 76% because our guanidine buffer did not lyse all spiked M. tuberculosis cells, which are known
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to be difficult to chemically lyse without use of organic solvents.”” These examples demonstrate the need for buffers
tailored to the extraction system design as well as the application.

Additional processing strategies are possible with this approach and have not been explored. The initial
capture of biomarkers onto the magnetic beads is an arca where we speculate this HGMS-based approach may
significantly improve performance. In this alternate approach, magnetic beads could be transiently captured within
the steel wool and the entire sample passed through it multiple times to accelerate the binding of the nucleic acid
biomarkers to the surface of the magnetic beads. This is likely to have advantages over other bead-sample mixing
strategies in that extraction efficiency can be maintained while bead number and initial binding times are reduced.
This could also be implemented during the processing steps. Instead of releasing and re-capturing beads in the steel
wool matrix during each step of the extraction processes the magnet could be applied throughout. However, if beads
are non-uniformly distributed through the steel wool matrix, there is the possibility that not all beads will receive
sufficient contact with the processing solutions. Another future direction may to incorporate this processing method
into a simple instrument to reduce the number of manual steps and operational errors.

This study did not look at the effect of bead magnetic susceptibility or size, which would also influence the

118,119, 263

capture efficiency of beads in the steel wool matrix The size of the beads used, if at all, across previous

studies were also smaller than 200 nm,"** '**

giving the beads a smaller magnetic susceptibility than the 1 um beads
used in our study due to their reduced iron content. Nevertheless, the use of smaller beads would increase the surface

area available for capture potentially reducing the cost of the system while maintaining capture efficiency.

Conclusions

In summary, the proposed HGMS-enabled nucleic acid extraction method is an effective alternative for
magnetic bead-based sample processing that is as efficient as gold standard commercially available systems, but also
inexpensive, rapid, and simple. We have shown that the device offers advantages over existing magnetic extraction
methods, including magnetic separation of beads from viscous and large-volume samples without the use of
specialized laboratory equipment, making the approach potentially useful in resource-limited applications. With
changes in the surface chemistry of the beads, we expect that this robust HGMS-enabled system can be applied to

extraction and purification of other biomarkers of interest.
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CHAPTER 4 : CONTROLLING DROPLET MARANGONI FLOWS TO IMPROVE MICROSCOPY-

BASED TB DIAGNOSIS

Adapted from: Pearlman, S. I.; Tang, E. M.; Tao, Y. K.; Haselton, F. R., Controlling Droplet Marangoni Flows to
Improve Microscopy-Based TB Diagnosis. Diagnostics (Basel). 2021, 11 (11), 2155., with
permission from Diagnostics (Basel) and coauthors. Article published under Creative Commons CC

BY 4.0 license.

Abstract

In developing countries, the most common diagnostic method for tuberculosis (TB) is microscopic
examination sputum smears. Current assessment requires time-intensive inspection across the microscope slide area,
and this contributes to its poor diagnostic sensitivity of ~50%. Spatially concentrating TB bacteria in a smaller area
is one potential approach to improve visual detection and potentially increase sensitivity. We hypothesized that a
combination of magnetic concentration and induced droplet Marangoni flow would spatially concentrate
Mpycobacterium tuberculosis on the slide surface by preferential deposition of beads and TB-bead complexes in the
center of an evaporating droplet. To this end, slide substrate and droplet solvent thermal conductivities and solvent
surface tension, variables known to impact microfluidic flow patterns in evaporating droplets, were varied to select
the most appropriate slide surface coating. Optimization in a model system used goniometry, optical coherence
tomography, and microscope images of the final deposition pattern to observe the droplet flows and maximize
central deposition of 1 um fluorescent polystyrene particles and 200 nm nanoparticles (NPs) in 2 pL droplets. Rain-
X® polysiloxane glass coating was identified as the best substrate material, with a PBS-Tween droplet solvent. The
use of smaller, 200 nm magnetic NPs instead of larger 1 um beads allowed for bright field imaging of bacteria.
Using these optimized components, we compared standard smear methods to the Marangoni-based spatial
concentration system, which was paired with magnetic enrichment using iron oxide NPs, isolating M. bovis BCG
(BCG) from samples containing 0 and 10’ to 10° bacilli/mL. Compared to standard smear preparation, paired
analysis demonstrated a combined volumetric and spatial sample enrichment of 100-fold. With further refinement,
this magnetic/Marangoni flow concentration approach is expected to improve whole-pathogen microscopy-based

diagnosis of TB and other infectious diseases.
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Introduction

The leading cause of infectious disease death worldwide, the global burden of tuberculosis (TB) disease
today stands at 10 million cases per annum, with 12% of those individuals dying from the disease. The causative
bacterial agent of TB, Mycobacterium tuberculosis (M.tb), is also the most common opportunistic infection and
leading cause of death in HIV-infected persons in developing nations.” The inability to rapidly and accurately
diagnose TB disease and evaluate resistance with high sensitivity and specificity at the point-of-care (POC)
continues to be a confounder in disease transmission, patient mortality and morbidity, and time to treatment
initiation in the developing world; this is a major barrier to effective control of TB.

In 2012, the World Health Organization endorsed the nucleic acid amplification-based GeneXpert
MTB/RIF assay as a frontline diagnostic and drug resistance test for TB in endemic settings.”’ Unfortunately,
reliance on a special instrument possesses significant limitations that hinder its capacity to serve as a comprehensive
screening tool. Most crucially, for example, in South Africa where Xpert is widely used, Xpert devices are
commonly located in centralized tertiary health care facilities in densely populated areas.” This leaves individuals in
rural, sparsely populated areas without immediate access to Xpert testing, requiring patient specimens be shipped
from remote clinics to testing centers, imposing a lengthy turnaround time (days to weeks) for what should be a two
hour diagnostic test. This exacerbates pre-treatment loss to follow-up rates, which can be up to 38% for patients
diagnosed with TB in both rural and urban pats of the developing world.* In addition, Xpert cartridge stock-outs and
supply chain mismanagement, interruptions in electricity, unpredictable transport of patient specimens from off-site
locations, and high start-up costs have impeded implementation of Xpert.””' Knowing these barriers, it has been
shown that case detection has not significantly improved with the rollout of Xpert, and that the number of patients

lost to follow-up did not decrease following TB diagnosis with Xpert.*’'?"

Thus, empiric treatment without
molecular diagnosis remains commonplace.*

In the absence of any reliable biomarker-based POC diagnostic test for TB, the gold standards for accurate
TB diagnosis continue to rely on microscopic pathogen detection paired with diagnostic confirmation using bacterial
culture methods.” Sputum smear staining and microscopy has the advantages of having high specificity (~100%)
while being inexpensive and easy to perform. Unfortunately, these advantages do not overcome poor diagnostic

sensitivity (~50%), subjectivity, and laboriousness. Manual inspection of stained sputum smear slides requires visual

inspection of a minimum 100 fields-of-view using high-power magnification, which can take up to three hours,
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depending on the degree of infection and the microscopist experience.**’ Understaffed and busy clinics that continue
to rely on smear inspection are especially prone to false negatives resulting from improper examination.'

Spatial concentration of TB bacteria has the potential to reduce inspection time of patient samples, which
could be further improved when paired with TB-specific volumetric concentration strategies. Using what is known
about the hydrodynamics of an evaporating drop, spatial concentration is theoretically achievable without the need
for specialized equipment. Our group and others have extensively studied the flow and deposition patterns of
particles in drying drops, and have shown that these microfluidic properties can achieve spatial concentration at the
edge or center of the drop,'?> 42143146
Our group has previously published two biosensor designs that make use of the radial flows found in

. . 145, 146
evaporating sessile droplets.”

The first design used the primary radial flow to deposit polystyrene particles at
the edge of an evaporating drop, creating what is colloquially known as a “coffee ring.” '** Our second published
design used secondary radial flows, known as a Marangoni flows, to concentrate particles in the center of a drying
drop. This design used an antibody recognition system to induce particle aggregation in the presence of biomarker,
followed by deposition in the center of the evaporating drop.'** A larger deposition pattern in the center of the drop
corresponded to a greater biomarker quantity, and this could be quantitatively measured. The assay also achieved a
limit-of-detection (LOD) of picomolar biomarker concentrations. The system included glycerol to remove
interference of salt crystallization and enhance the Marangoni flows. It also used a polydimethylsiloxane (PDMS)
substrate instead of glass, which has the required material properties for production of Marangoni flows radially
inward along the substrate. Unfortunately, both the substrate and solvent material properties that made this assay
work are not compatible with acid-fast staining protocols used at the POC. In addition, both assays use 1 pL drops, a
volume too small for suspension of a large-volume sample after volumetric concentration.

Here we describe a different design for spatial concentration of M.tb bacilli for use in microscopic sputum
smear inspection using Marangoni flow (Figure 4.1). In this report, we detail the design and testing of potential
materials before comparing our method to direct sputum smear. Figure 4.2 demonstrates combined magnetic
enrichment and spatial concentration using nanoparticles (NPs) and Marangoni flows, achieving a simple workflow

for use in low-resource settings.
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Figure 4.1. Physical phenomena that contribute to Marangoni flow formation and direction. Surface tension
(Y') and thermal conductivity (k) of the surface (k) and droplet solvent (k;) can be manipulated to create
inward or outward-oriented Marangoni flow patterns in an evaporating droplet. In this case, nonuniform
evaporation along the liquid-air interface of the droplet (blue dashed triangle arrows) occurs. This creates a
temperature gradient (T) resulting in the nonuniform surface tension gradient. When k < 1.45k;, where the
temperature at the top of the droplet is warmest, while the contact line is coldest (indicated by the color
gradient, the microfluidic flows within the droplet circulate radially inward along the solid substrate (black

triangle arrows) independent of surface tension.'*?

Materials and Methods

Mycobacterial strains, culture conditions, and electroporation.

Mycobacterium bovis Karlson and Lessell TMC 1011 [BCG Pasteur] (ATCC® 35734TM) is referenced
here as M. bovis BCG (BCG), and Mycobacterium smegmatis (Trevisan) Lehmann and Neumann mc(2)155
(ATCC® 700084TM), referenced here as M. smegmatis (M. smeg) were cultured in BD DifcoTM Middlebrook 7H9
Broth (FisherSci, Cat# DF0713-17-9) supplemented with 10% BD BBLTM Middlebrook OADC Enrichment
(FisherSci, Cat# B12351) and 0.05% glycerol, or on BD DifcoTM Middlebrook 7H10 agar (FisherSci, Cat#
DF0627-17-4) supplemented with OADC and glycerol. All BCG cultures were grown at 37°C with constant shaking
at ~200 rpm, and M. smeg cultures grown at 20°C with constant shaking at ~200 rpm. M. smeg was cultured at room
temperature as a preventative measure to reduce contamination potential of the incubator and BCG cultures with the
faster growing mycobacterial strain. Following electroporation, outlined below, transformed M. smeg were grown
using the indicated media with 100 pg/mL Hygromycin B (RPI Corp., H75020) supplement to maintain selection of

bacteria expressing the plasmid.
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Figure 4.2. Workflow for combined volumetric and spatial concentration of M.tb. A. Magnetic nanoparticles
are added, incubated with the sample to capture bacilli, and then magnetically separated from the sample.
After washing, the bound sample and nanoparticles are recovered in 50 nL. PBS-T. B. The recovered sample
is deposited on the Rain-X® + poly-L-lysine coated microscope slide and evaporated at room temperature. C.
The dried sample is stained using the Ziehl-Neelson method, and the central Marangoni deposition area is
inspected using microscopy at 1,000x magnification. Representative positive samples with increasing M.tb
concentrations are shown. (+) — 10* bacilli/mL; (++) 10° bacilli/mL; (+++) 10° bacilli/mL. Black scale bar — 1

mm; white scale bar — 50 pm.

Plasmid pMyCA-mCherry was a gift from Young-Hwa Song (Addgene plasmid #84272;
http:/n2t.net/addgene:84272; RRID: Addgene 84272).*"* This plasmid was used to create fluorescent M. smeg
bacilli for imaging. The plasmid arrived as a bacterial stab of transformed Escherichia coli DHS5a, which were
expanded into 100 mL cultures in LB (Lysogeny Broth) liquid culture medium (RPI Corp., L24040) containing 100
pug/mL Hygromycin B at 37°C with shaking at 200 rpm. The plasmid was isolated from the cultures using the
QIAprep® Spin Miniprep Kit (Qiagen, Cat# 27104).

M. smeg was electroporated as indicated by Goude and Parish,”” substituting the culture media above into
the M. smeg electroporation protocol. Following electroporation and plating on selection agar, M. smeg was cultured
at 37°C for three to five days, before transformed colonies were transferred into liquid culture. M. smeg
electroporated with water instead of plasmid DNA did not grow on the Hygromycin B selection plates. Pink

colonies only grew on the selection plates that were electroporated with plasmid DNA.
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Microscope slide coating with candidate substrate materials.

Fisherbrand™ Premium Plain Glass Microscope Slides (Fisher Scientific, 12-544-1) or Fisherbrand™
ProbeOn™ Slides (Fisher Scientific, 15-188-51) were cleaned using 70% ethanol/30% 1 N HCI, rinsed generously
with MilliQ water, and dried at room temperature before use. Indium tin oxide (ITO) glass (MilliporeSigma,
703192-10PAK) was untreated and used directly from packaging. Krayden Dow Corning Sylgard 184 Silicone
Elastomer Kit (Fisher Scientific, NC9285739), referred to here as PDMS, was prepared using a 10:1 Base Polymer
(Part A) to Curing Agent (Part B) ratio, poured into a flat aluminum foil-lined tray, degassed under vacuum, and
placed at 65°C overnight to cure. PDMS was wiped cleaned with 70% ethanol before use to ensure any residual
contaminates from handling were removed. The thermal conductivity of each material can be found in Table 4.1.

All coatings were applied to plain glass microscope slides after washing. Rain-X® Original Glass Water
Repellent (US# 800002242) and Rain-X® Interior Glass Anti-Fog™ (US# 21106DW) are polysiloxane coatings
that covalently modify glass surfaces to which they are applied.”’**”” Rain-X® coatings were poured onto a clean
microfiber cloth, and applied to the surface of the microscope slide in a circular motion three times, allowing the
coating to dry between coats. Residual Rain-X® was removed using a clean, dry microfiber cloth. WD-40®
Specialist® Dirt & Dust Resistant Dry Lube PTFE Spray (WD-40, 300059) was applied by spraying onto the
surface of an upright microscope slide for 1 to 2 s, and allowing excess liquid to drip down the slide onto a
Kimwipe®. With the excess removed, the slides were placed horizontally to finish drying. DuPont® Non-Stick Dry
Film Lubricant with Teflon® fluoropolymer (DNS040101), and Sigmacote® (SigmaAldrich, SL2-100ML), a glass
siliconizing agent, were poured into a 50 mL conical, and microscope slides were submerged upright for 1-2 s, and
then removed. Excess liquid was allowed to drip off the end of the upright microscope slide onto a Kimwipe®. With

the excess removed, the slides were placed horizontally to finish drying.

Contact angle measurements of candidate substrate materials.

Contact angle of MilliQ water was measured on each substrate material using a ramé-hart Model 200-
F4Goniometer (Succasunna, NJ) and DROPimage Advanced Software v2.6.1. The instrument was used as per the
manufacturer’s instructions for measurement of contact angles on a level surface (CA Tools>Contact Angle) and

calibrated using the 4 mm ball before use. The Baseline setup for the Tilt of the substrate had no more than #0.02%
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difference between the left and right intercepts for all droplets measured. A minimum of thirteen (n 2 13) 2 pL

MilliQ water droplets were measured for each substrate.

Table 4.1. Thermal Conductivities of Candidate Substrate Materials.

Material Thermal Conductivity (W m™ K™)
Polysiloxanes™ 0.077 — 0.150 2527
Sylgard 184 polydimethylsiloxane (PDMS) 0.27 %
Polytetrafluoroethylene (PTFE) 0.245 %!
Borosilicate Glass 1.21 %%
Indium Tin Oxide (ITO) 10.2 %%

Droplet deposition pattern screening of candidate substrates.

To assess the final deposition of particles in a drying droplet on each substrate, solutions were prepared
containing either 1 um yellow-green fluorescent polystyrene particles (PS) (ThermoFisher, Cat# F8768, Lot#
1878394) at a concentration of 10° particles/uL, or 200 nm streptavidin-coated magnetic NPs (OceanNanotech,
SV0200) at 0.5 pg/uL, in 0.5x PBS + 0.01% Tween-20 + 8% glycerol."” Two-microliter (2 pL) droplets were
deposited in triplicate on each substrate and allowed to dry while covered with a box to prevent environmental
airflow variations during evaporation. Droplets were imaged on a Nikon TE-200U microscope using a 2x objective
and DS-U3 Color Camera in Nikon NIS Elements AR 4.13. NP droplets were measured using white light. The

fluorescent polystyrene particles were imaged using a fluorescent bulb and filter cube with FITC Ex/Em filters.

Droplet deposition pattern screening with decreasing concentrations of glycerol.

Using the same particle concentrations listed, 0.5x PBS + 0.01% Tween-20 (PBS-T) '¥

with either 0%,
2%, 4%, and 8% glycerol were made, 2 puL droplets deposited on Rain-X® Original Glass Water Repellent coated
microscope slides in triplicate, and allowed to dry, covered, and imaged as previously indicated. In addition, the
same protocol was repeated with mCherry M. smeg at a concentration of 10° bacteria/uL (estimated using

absorbance at 600 nm), which were washed once in 1x PBS (137 mM NaCl, 2.7 mM KCIl, 10 mM Na,HPO,, 1.8

mM KH,POy,, pH = 7.4) before suspension in the droplet solutions. The M. smeg evaporated droplets were imaged

%¥ Exact composition of Sigmacote® and Rain-X® polysiloxane coatings are trade secrets and unavailable from the manufacturers.
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using a Texas Red® Ex/Em filter, and were imaged using a 4x objective instead of 2x to improve visualization of

the bacteria deposition in the droplet given their small size and lower fluorescence, relative to the PS particles.

Imaging and analysis of evaporating droplet Marangoni flow fields using optical coherence tomography.
Droplet flow imaging was performed using a custom spectral-domain optical coherence tomography (OCT)
system. OCT is an interferometric imaging technique that allows for the acquisition of a single line in depth for each

laser beam position on the sample.***

By raster scanning the laser beam using mirrors, 2D cross-sectional and 3D
volumetric images can be rapidly constructed. A super-luminescent diode (Superlum) centered at a wavelength of
889 nm with a 93 nm bandwidth was used for illumination. The resolution of the system was measured to be 4 um
in the lateral dimension and 2 pm in the axial dimension. The imaging system was tilted slightly to reduce the
effects of specular reflection during manual alignment to the diameter of a 1 puL droplet. Backscattered light was
detected using a CMOS camera (Basler Sprint, spL4096) running at a line rate of 45 kHz. Cross-sectional images
were acquired with 2048 pixels in depth and 2000 lines per frame over a 5 mm field-of-view. Due to improvements
in hardware and software, the temporal sampling rate was increased from the method reported in Trantum ef al.'>> A
total of 800 repeated frames were taken at the same position for a total acquisition time of 36 s per measurement in
order to monitor the changes in particle flow and droplet evaporation. For each droplet, measurements were taken at
two minute intervals beginning at one minute following droplet placement until complete evaporation.

Raw OCT spectral data was converted to tagged image file format (TIFF) using conventional post-
processing techniques that include linearizing the spectrum with respect to wavenumber, performing dispersion
compensation to reduce axial distortions, and finally converting wavenumber to depth using the Fourier transform.
TIFF images were then imported into Image] for analysis. Time-lapse composites were created for each
measurement by averaging the corresponding 800 frames acquired at the same position and adjusting contrast to

better visualize particle flow.

Preparation and spot size assessment of Rain-X® coated slides with poly-L-lysine layer for improved heat fixation
of magnetic nanoparticles.
Water Repellent Rain-X® was applied to microscope slides as indicated. A grid was drawn onto paper and

attached to the back of the microscope slide using transparent tape. Where indicated by the grid, droplets of 1-10 puL.

95



containing 0.01% poly-L-lysine (PLL) (MilliporeSigma, P§8920-100ML) were applied, and allowed to rest for 5-10
min (Figure 4.3). For a negative control, 10 pL of MilliQ water was placed on the grid in place of PLL. Excess PLL
solution was carefully removed through capillary action using a dry Kimwipe®, and the slides baked at 65°C for one
hour and stored in a closed container at room temperature until use. The positive charge of the PLL polymer helps
enhance electrostatic interactions between the positively charged surface and negative charges of in the sample,
usually located on cell or tissue membranes.

After, a solution of 0.2 pg/puL of 200 nm streptavidin-coated magnetic NPs was prepared, and 50 pL
droplets were deposited over the grid (Figure 4.3). The droplet was positioned such that the center of it was centered
over the applied PLL spot coating. Drops were allowed to evaporate uncovered at room temperature until dry.
Bright-field microscope images of the dried spots were taken at 1x magnification. Particle deposition area in the
center of each droplet was measured by drawing a “polygon” around the outer edge in the raw image in NIS

Elements.

—
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Figure 4.3. Deposition of poly-L-lysine onto Rain-X® coated slide. A. A marked grid is affixed to the back
of the microscope slide using tape. B. 10 puL droplets containing 0.01% poly-L-lysine were spotted onto the
microscope slide where indicated. C. After removing excess poly-L-lysine, 50 puL droplets containing the
volumetrically concentrated samples were placed over the poly-L-lysine landing zone and allowed to dry.
Location of landing zone in center of droplets indicated by dashed circle. Dyes added to droplets for

visualization.
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Preparation of pure mycobacterial samples.

Mycobacteria have a propensity to clump in culture, and it is necessary to dissociate these clumps to obtain
a primarily unicellular suspension. Suspension mycobacterial cultures were collected and centrifuged in 50 mL
volumes at 1200 rcf for 5 min. The supernatant was removed, and ten 3 mm glass beads were added to the cells, and
shaken vigorously for 1 min. After allowing the aerosols to settle, 6 mL of 1x PBS were added to the cells. The
sample was rocked back and forth to wash the walls of the tube, and then allowed to sit for 5 min. After, the upper 5
mL of cell suspension was removed and filtered through a 70 pm cell strainer (FisherSci, 22363548). New glass
beads were added to the cell solution and shaken a second time for 1 min. After shaking, the cell solution was
allowed to stand for 10 min, and the upper 4 mL suspension was recovered and used for experiments.

Optical density measurements at 600 nm (OD600) were taken using a Go Direct® SpectroVis® Plus
Spectrophotometer (Vernier, GDX-SVISPL), and were used to estimate the number of cells/mL. Because of the
difficulty accurately counting bacterial cells, cell solutions at various optical density measurements were counted on
a BD FACSAria™ III flow cytometer alongside a known quantity of Countbright™ Absolute Counting Beads
(ThermoFisher, C36950). It was assumed that one event corresponded to one bacterial cell, and a standard curve
correlating Flow Cytometry Events vs. OD600 was created. This was used to estimate the number of cells in a
suspension before each experiment (Figure B1). A 10-fold dilution series of bacteria containing 10° bacilli/mL
down to 10° bacilli/mL was created, and direct smears of the dilution series were created to determine that the

estimated amount of bacteria corresponded to what was present on the slide before use.

Processing of pure mycobacterial samples.

All stains and buffers used were 0.22 um sterile filtered before use. Each 2.020 mL sample was split into
three parts for a paired comparison. First, 20 pL was removed and applied to a 2 cm® area of a plain glass
microscope slide treated with 0.01% poly-L-lysine, creating a direct smear, or unprocessed control. This is the same
volume of sputum that is sampled, smeared, and stained for diagnosis.™® The remainder of the sample was split into
two individual 1 mL fractions. Both fractions underwent the same volumetric concentration protocol. The
volumetric only control sample was recovered into a final volume of 20 uL and applied to a 2 cm” area of a plain
microscope slide. A 20 pL volume was chosen as the volumetric-only control resuspension volume because it is the

same volume of liquid used in a direct smear.
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The second sample, which used combined volumetric concentration + Marangoni enrichment was
recovered into a final volume of 50 pL, and had the entire 50 uL of the recovered sample placed onto a Water
Repellent Rain-X® treated slide with 10 uL spots of PLL; droplets were placed on the grid indicating where the
PLL spots were located, as described previously, and allowed to dry completely at room temperature in a closed
biosafety hood, with airflow turned off. All samples were placed on their own microscope slide to ensure that no
contamination occurred between samples. With all samples dry, slides were heated on a heat block at 65°C for 2 h to
completely inactivate and heat fix the BCG onto the slide, followed by Ziehl-Neelsen staining using a BD
BBL/Difco TB ZN Stain Kit, according to the manufacturer’s directions (fishersci.com, B12520). A piece of
blotting paper (GE Lifesciences, 3030-861) was used to prevent the sample from drying out while heating the
sample with the first carbol fuschin stain. All samples were glycerol mounted in 90% glycerol, 10% 10x PBS under
a #0 cover glass (Thor Labs, CG00K), and sealed with nail polish in preparation for imaging.

For the samples that underwent volumetric processing, 10 pL of 200 pum streptavidin NPs (OceanNanotech,
SV0200) were added to the BCG containing samples, briefly vortexed, and then placed on a lab rotisserie for 1 h.
These sized nanoparticles were selected because individually they are smaller than the diffraction limit of light and
would not obscure bright-field visualization of bacteria. Samples contained 10-fold dilutions of BCG bacteria as
specified. After binding, samples were magnetically separated on a magnetic tube rack for a minimum of 30 min.
The unbound supernatant was removed, and the samples were washed twice with 1 mL of 1x PBS + 0.01% Tween-
20. Finally, volumetrically concentrated samples were suspended in 0.5x PBS + 0.01% Tween-20 (PBS-T), as
previously indicated, placed onto the Rain-X® + PLL prepared slide, and allowed to dry overnight in a closed

biosafety cabinet with the airflow turned off (Figure 4.2).

Microscope image post-processing.
Images were altered post-collection to improve visual appearance for publication as follows. To reduce the

effects of uneven illumination using ImageJ,**

NP droplets had a representative background image subtracted from
the original deposition image. All images had brightness and contrast adjusted as needed to improve image
visualization/printing for publication. Differences in the “Auto White” setting of NIS Elements during image

collection resulted in varied color of the PS particle images; for this reason, all PS fluorescent images were recolored

green in Microsoft PowerPoint for consistency in the final manuscript image. No specific quantitative data was
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taken from any of the images pre- or post-processing, except for the particle deposition area, which was measured in

NIS Elements from the raw image in pixels®.

Imaging of paired processing methods.

BCG processed samples were imaged on an Olympus CX23. This is a model of microscope that is
commonly available in primary rural clinics in low-resource areas of the world (W. Silva, personal communication,
March 19, 2019),'™ and this is why it was chosen for final sample imaging in place of the Nikon TE-200U. Samples
were manually inspected at 1,000x total magnification under oil immersion, and assessed by inspecting up to 100-
fields of view and recording the number of acid-fast bacilli visualized using the semi-quantitative method outlined in
the Global Edition of the Laboratory Diagnosis of Tuberculosis by Sputum Microscopy Handbook."! Cells had to
be stained a dark pink or red to be considered “positive” for a BCG cell. Poorly stained cells or contaminants were
not counted towards the cell count, ensuring conservative estimates. Images were taken using a Gotsky Microscope
Lens Adapter with WF 10X Eyepiece with 30 mm Tube Smartphone Camera Adapter (Amazon.com,
https://www.amazon.com/gp/product/BO85C6ZKSL/ref=ppx_yo_dt b asin_title 000 s00?ie=UTF8&psc=1) and an
iPhone XR, Model MT3L2LL/A. All samples were imaged at 1,000x under oil immersion, and images were selected
to be representative of the all samples inspected. Top view images of the Marangoni droplets were also taken at 40x
total magnification for a global view of the evaporated droplets. A microscope micrometer was used to determine

scale.

Results

There are two types of radial flows observed in an evaporating sessile droplet,'?*'3% 140- 287 288 The fipgt,
which are found in droplets containing pure water, are capillary flows responsible for the “coffee ring effect,”
carrying suspended colloids to the edge of the droplet radially outward along the substrate, resulting in a nonuniform
deposition pattern across the droplet area upon complete drying, with particles at the edge of the droplet upon
drying.""*"** A secondary radial flow forms when the nonuniform evaporation rate (indicated by blue arrows in
Figure 4.1) of the sessile drop, thermal conductivities of the substrate and droplet solvent, and surface tension of the
drop all interact synergistically, resulting in a temperature gradient across the droplet volume. This creates

142,279

predictable, specific flow patterns, known as Marangoni flows (Figure 4.1). Marangoni flows can move in the
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same direction or opposite direction of the fluid stream in the coffee ring effect, and can result in particles depositing
at the edge or center of the drop, or across the entire liquid-solid interface. Based on our prior work, we know that
when Marangoni flows move inward along a hydrophobic substrate, a clearly defined central deposition of 1 um
particles occurs, forming what is essentially a reverse coffee ring. In addition, Marangoni flows can also be
influenced by a nonuniform surface tension gradient.'”

While there are a variety of biological applications using Marangoni flows in evaporating sessile

145, 289-292
droplets, ™

unfortunately, previous work does not use materials compatible with many microbiological
staining protocols. Knowing this, we sought to use established knowledge to intelligently design a new system
compatible with cellular biomarkers. This system can then be paired with a volumetric concentration strategy to
further improve the results of the method.

We first focused on identifying a new substrate material. Identifying the substrate required that multiple
design requirements be taken into consideration. For acid-fast staining, materials should be optically clear, flame
resistant (will not burn with prolonged flame exposure), nonporous, inexpensive and readily available. It was also

important that we preferentially concentrate the NPs and bacteria into the center of the drying droplet, since this

would create a small, well-defined area for inspection under a microscope.

Effect of candidate substrate physical characteristics on particle deposition patterns.

It is known that both the droplet contact angle and the ratio of the substrate, k,, and droplet solvent, ki,
thermal conductivities are important in determining the circulation direction of Marangoni flows (Figure 4.1)'* in
evaporating droplets. Established theory by Ristenpart et al. states that for the Marangoni flows to move inward
along the liquid-solid substrate interface and outward along a drop’s liquid-air interface (referenced from here on as
the direction of fluid flow along the substrate) can be achieved by keeping the ratio of the thermal conductivities
k/k, less than 1.45. When the ratio is greater than two, the flow field reverses and instead flows outward along the
substrate surface. When a ratio between 1.45 and two is achieved, the Marangoni flow direction is dependent on the

142287 The direction of the fluid flow'* and forces applied to the colloids ultimately impact

droplet contact angle.
where colloids deposit, and for this reason it was critically important to maintain fluid flow inward along the

substrate. Though the contact angle is irrelevant for Marangoni flow direction when k,/k; is less than 1.45 or

greater than 2, it can also impact the final particle deposition pattern,'** so we preserved both the contact angle and
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Marangoni flow direction in our new design. Logically, glass slides used for sputum smear microscopy, and PDMS,
the substrate known to yield the desired Marangoni flow patterns'*’ were chosen as candidate substrates. Beyond
those, surface coating materials containing PTFE or polysiloxanes were selected for initial testing because of their
low thermal conductivity (Table 4.1) and high heat resistance. ITO coated glass, which meets all the design criteria,
with the exception that its high thermal conductivity would produce outward-oriented flow patterns in aqueous
droplets, was selected for comparison to the candidate substrates with lower conductivity.

We started substrate characterization by measuring the contact angle of water on the substrates. This gave
information about how a substrates’ hydrophobicity/hydrophilicity will impact surface tension of the droplet. Figure
4.4A plots the measured contact angle of 2 puL. water droplets on the candidate substrates. The contact angles
measured for PDMS (109.6° = 1.9°), DuPont® PTFE (104.6° + 6.1°), Water Repellent Rain-X® (101° + 1.8°),
Sigmacote® (86.3° + 1.2°), plain glass (23.5° + 4.7°), and Probe On™ glass (53.1° + 5.6°) are consistent with

#9329 The positive charge of the Probe On™ slides creates a more hydrophobic surface, with polar

literature values.
water molecules being partially repelled by the surface, creating a larger contact angle when compared to a standard

glass microscope slide.
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Substrate Material

Figure 4.4. Contact angle measurements, as shown in insert, of 2 L. MilliQ water droplets on each candidate
substrate (mean + s.d.; n > 13). Coatings with a contact angle less than 85° did not centrally deposit particles
during evaporation. Red downward arrow indicates substrate selected for final design (H20 Repel).

*Indicates Rain-X® product.

When measuring the contact angle for the WD-40® PTFE coating, the dried film was readily rehydrated

upon drop deposition, and vortices of PTFE coating mixing into the droplets were observed through the side of the
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droplet on the goniometer during measurement (data not shown). This would explain the smaller contact angle
(40.8° + 2.6°) compared to the DuPont® PTFE coating and reported literature values.*”

The Anti-Fog Rain-X® performed as intended in everyday usage, such as on windshields or glasses,
though this was the opposite of the other polysiloxane coatings; by creating a superhydrophilic surface, any water
droplets that form on the glass surface are flattened to reduce visual interference. Anti-Fog Rain-X® had the
smallest reported contact angle (6.9° &+ 3.5°), though within 10 s of droplet deposition the contact angle was reduced
to 0°.

Our goal was to create a highly repeatable, well-defined, small central deposition area that was also easy to
find under a microscope, so it was important that we observed central deposition for both nano- and micron- scale
particles, colloid sizes expected to be in our final droplet, before moving forward to biological experiments using
rod-shaped bacilli. After measuring the contact angle of the selected substrates, particle-containing drops were
allowed to evaporate, and the deposition pattern of PS particles and magnetic NPs were assessed. As shown in
Figure 4.5, the materials with contact angles less than 85° failed to concentrate particles in the center of the
evaporating droplet. The contact angle is dependent on cohesive and adhesive intermolecular forces within the liquid
and between the liquid-solid interfaces. These forces are also at play between the liquid and suspended colloids.
These can influence particle deposition directly based on the particles’ chemical composition, not just indirectly by
changes in the contact angle and surface tension. Furthermore, surface forces and inertial body forces acting on the
particles control the particle trajectory within the flow velocity field and their deposition location. The balance of
these forces change with the size, density, shape, and surface composition of the particles, as well as the velocity of
the fluid flow, which result in different particle deposition patterns upon drying.

Three substrate surfaces in Figure 4.5 showed deposition in the center of the droplet for both 1 um and 200
nm colloidal solutions: Water Repellent Rain-X®, PDMS, and Sigmacote®. Water Repellent Rain-X® was
ultimately selected as the final substrate coating for the design for a few reasons. First, Water Repellent Rain-X®
covalently modifies the surface of glass without leaving a residue behind, which is a beneficial design for
downstream assay packaging; the slides could be prepared by the manufacturer, and would be stable for long term
storage. Second, unlike the Rain-X®, Sigmacote® left a residue on the slide that could be disturbed during handling.

This would make pre-coated slides more difficult to package in a deliverable assay. It also increases the chance that
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a sample is lost during the staining process after deposition and drying, and makes it more difficult for the sample to

physically heat fix to the glass. And simply, Water Repellent Rain-X® is less expensive and very easy to acquire.

Dupont PTFE 8 B8 “H20 Repel

Probe on Glass

WD-40 PTFE Plain glass

9 ¢° IS

Figure 4.5. Particle deposition patterns of 2 pL droplets containing green fluorescent polystyrene particles

(left of each pair) or 200 nm magnetic nanoparticles (right of each pair) in order of decreasing contact angle.
Theory states that Marangoni flows in all droplets are oriented radially inward along the substrate, with the
exception of ITO, which is oriented radially outward along the substrate. Because of the strong central
deposition pattern, we selected Water Repellent Rain-X® (H20 Repel) to covalently coat microscope slides,

creating our solid substrate. Scale bar = 500 pm, n = 3. *Indicates Rain-X® product.

ITO coated glass demonstrates how the reverse flow pattern changes the applied forces and impact on
colloidal deposition. With a high thermal conductivity, theory states that the Marangoni flows are oriented outward
along the substrate,'** not inward as desired. This is regardless of its measured contact angle (98.5° + 1.9°), which is
similar to that of PDMS and other candidate surfaces that had highly efficient central deposition. As shown in
Figure 4.5, PS particles (a similar size to individual bacteria) settle at the edges of the drop and NPs are deposited

across the total drop interface, though with some concentration in the middle of the drop.

Effect of droplet solvent glycerol concentration on particle deposition patterns.
With a microscopy-compatible substrate determined, testing was then performed to establish a compatible

solvent system. Trantum ef al. had demonstrated that glycerol was important, though not necessary, for formation of
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Marangoni flows. In addition, glycerol was added to prevent salt crystallization that interfered with imaging.'"
Unfortunately, glycerol is difficult to remove or evaporate due to its viscosity and high boiling point, making it
incompatible with microscopy staining. Because of the acid-fast staining process, salt crystals are rinsed away,
eliminating this problem. As shown in Figure B2 and as observed by Trantum ef al., removal of glycerol from the
droplet still formed centrally located Marangoni deposition in 2 uL droplets of 1 um PS particles, 200 nm NPs, and
M. smeg, a nonpathogenic mycobacterial cousin of M.th. Again, theory states that these flows should be directed

radially inward along the substrate.

Visualizations of inward-oriented Marangoni flows using OCT and microscopy.

After identifying a new substrate material and new solvent system that were both compatible with
microscopic staining techniques and met the criteria established by Ristenpart et al., we further confirmed that the
final deposition pattern was due to Marangoni flows oriented inward along the substrate using OCT, as we have

: 135, 145
demonstrated previously. ™

Figure 4.6A shows composite, time-lapse images through the diameter of a 1 pL
evaporating droplet containing 10° polystyrene particles/uL. Video B1 uses the same image series to dynamically
show that the flow fields are oriented as expected in the inward direction along the substrate, the same direction
shown by the black arrows in Figure 4.6. Reflection off the particles is indicated by the white dots moving within
the droplet. During the first minute of evaporation, the microfluidic flows produced by the thermal gradient are
initially unstable, possibly due to Bénard-Marangoni instability, though this is just speculative.””® As time
progresses, the chaotic flows stabilize into radially symmetric flows, as seen at 3 min. Due to the small size of the
droplet, the accumulation of particles in the center of the droplet is not visible via OCT, but it is clearly observed
upon total drop evaporation.

Microscopy was also used to visualize the microfluidic flows. While microscopy cannot image the entirety
of droplet flows vertically, the images and videos gathered help support the data shown in Figure 4.6A. In Figure
4.6B a singular image with a 4 s exposure time was taken near the solvent-substrate interface of a 5 puL droplet

containing 10* particles/uL, demonstrating movement radially inward. Video S2 captured a series of images of the

same droplet, which dynamically shows the flow field orientation. Images for Video B2 were taken at 1 fps for 40 s.

104



£
£
~

11min  9min

Figure 4.6. Time-lapse images demonstrate formation of Marangoni flow patterns oriented radially inward
along the substrate. A. Starting at 1 min, and every 2 min thereafter until the droplets dried, composite images
containing 800 repeated frames in 36 s were taken at the diameter of the 1 uL droplet to image the flow fields
produced in the droplet using optical coherence tomography. Flow direction is indicated by red arrows. B.
Top-view microscopy image showing movement of particles inward along the substrate surface of a drop in a
5 pL droplet. A single image was captured using fluorescent imaging with an exposure time of 4 s. White
arrows indicate flow direction. Sample contains 10° and 10* particles/uL respectively. Composite videos for
OCT and microscopy series can be found in Supplementary Information, and video captions can be found in

Appendix B (Video B1 and Video B2). Red scale bar = 125 pm. White scale bar = 100 pum.

Impact of droplet volume on particle deposition patterns.

With promising results in scale experiments and flow confirmation using OCT and microscope, we
performed trials with larger volume droplets containing NPs to confirm that the Marangoni flows occurred
independently of droplet size, using the final deposition pattern to assess performance (Figure B3). For droplets 1-
100 pL in diameter, all drops exhibited central deposition of the suspended NPs. A 50 puL drop was chosen because
it created a small enough central inspection area for efficient inspection without completely obstructing view,
whereas smaller droplets resulted in central areas that were too dense to observe bacterial clusters among the NPs.

Droplets larger than 50 pL had an extremely long drying time, making it not feasible to perform, given the drying
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time for a 50 uL droplet already takes a minimum of 5 h. A time series showing the evaporation of a 50 pL drop,

demonstrating the formation of the concentrated area during evaporation can be found in Figure B4.

Effect of poly-L-lysine substrate landing zone on particle deposition and sample adherence.

While it seemed the system was ready for use, a critical flaw in the substrate design, which was previously
alluded to, became clear and required further design refinement. Because the surface of the microscope slide was
covalently modified to become hydrophobic, even with heat fixation, the samples of NPs with and without bacteria
were almost completely lost during the staining process; this required testing of a variety of fixation techniques to
solve the problem. Specialty microscope slides provided inspiration. Specifically, companies commercially make
positively charged slides that aid in sample adherence (such as the Probe-On™ slides used earlier in this study), and
at-home recipes for coating slides in poly-L-lysine (PLL) are readily available online. The PLL polymer helps
enhance electrostatic interactions between the microscope slide surface and applied sample. We found that coating
the entire Rain-X® coated slide in PLL impacted the deposition pattern leading to uniform deposition across the
liquid-solid interface of the drop, likely caused by the positive charge of PLL ionically attracting the bacteria and
NPs to the surface with enough force to overcome forces exerted by the radial Marangoni flows.

We then investigated if functionalizing the Rain-X® coated slides in the center of the droplet deposition
area with PLL, not the entire slide, could create a “landing zone” for the sample, helping secure it for staining while
not significantly changing the deposition pattern. With this, arrays of increasing size PLL spots were placed onto
Rain-X® coated slides, followed by NP deposition on top of the array, ensuring the center of the drop was placed
over the PLL spot, as indicated by graph paper taped the back of the microscope slide (Figure 4.3). The grid was
removed for staining and imaging, and after analysis of the droplets, we determined that depositing a 10 uL PLL
spot in the center of the 50 pL drop deposition area was the best option, because it resulted in improved uniformity
of the central deposition area (Figure BS). The drawback to using such a large PLL spot is that a small amount of
sample does deposit outside the most centrally concentrated area, across other regions of the liquid-solid interface of
the drop. However, it was decided that this trade-off is worthwhile, since a larger PLL spot size allows for error as
the operator manually deposits the final sample on the microscope slide. The implication is that the most
concentrated center created by the Marangoni flows will still land on the PLL area, ensuring the majority of the

sample is not lost. Though there are alternative methods to functionally achieve the same thing, such as derivatizing
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the surface of the microscope slides with antibodies that target both the bacteria or NPs, the protocols to perform this
are much more complex, require specialized reagents, and could require specialized storage conditions that in our

opinion negate any potential selectivity it would provide.

Qualitative effect of volumetric concentration and Marangoni spatial enrichment of M. bovis BCG using
microscopic visualization.

With the Marangoni flow system finally designed, combined volumetric concentration and spatial
enrichment of M. bovis BCG was performed. The bacteria were nonspecifically captured on streptavidin-coated
NPs, and isolated on a stationary magnet. After washing the particles, they were either applied over the standard 2
cm’ area, creating a volumetric concentration-only control, or were suspended in 50 pL and applied as a drop to the
PLL-Rain-X® functionalized slide. These were both visually and semi-quantitatively compared to a direct,
unconcentrated smear (Figure 4.7). All samples regardless of processing method were stained using the gold
standard Ziehl-Neelsen staining protocol. Initially, we had designed the method using anti-M.7h immunospecific
NPs, but found that for both naked NPs and isotype control NPs, just as many bacteria were nonspecifically captured
by the NPs during volumetric concentration. Those with experience working with mycobacteria know that they are
extremely “sticky,” and it can be difficult to prevent nonspecific binding of bacteria to surfaces. It is likely that
creating an immunospecific particle will further improve the results shown here.

With the current limit-of-detection for sputum smear microscopy being 10* bacilli/mL,>’

as expected it is
generally difficult to find any bacteria on the direct smears for all samples except 10° bacilli/mL. When samples
were volumetrically concentrated, higher concentration samples benefitted significantly more than lower
concentration samples. Even with volumetric concentration, only 2% of the smear area is inspected, and there were
few or no bacteria seen by microscopy in the 10° bacilli/mL and 10* bacilli/mL samples. When volumetric
concentration and spatial enrichment were combined, the 10° bacilli/mL and 10* bacilli/mL samples had visible,
stained mycobacterial clusters in the central deposition area of the droplet. No bacteria were seen in any of the

samples containing 0 bacteria. On a plain glass slide, central deposition of a sample NPs not occur (Figure 4.5,

Figure B1).
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104 bacilli/mL 10°% bacilli/mL 108 bacilli/mL

103 bacilli/mL
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40x 1000x

Figure 4.7. Effect of volumetric concentration and Marangoni spatial enrichment of 50 uL droplets on smear

microscopy (n = 3). BCG-stained pink/red with Ziehl-Neelsen stain. Nanoparticles are brown, or may appear
as red-orange if extremely concentrated, as seen in the lower right most image. Counterstained objects appear
dark blue-purple. The most central deposition area inspected for combined volumetric + Marangoni

concentration is indicated by a dashed red circle on the 0 bacilli/mL whole drop image at 40x magnification.
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In the high magnification columns 1, 2 (black), and 4 (white) arrows indicate a positive smear. Images
selected were representative of the samples inspected. White scale bar (columns 1, 2, 4) = 30 um. Red scale

bar (column 3) = 300 um.

Semi-quantitative sputum grading of paired processing methods.
The benefit of combining spatial and volumetric concentration is further seen when samples were semi-
quantitatively analyzed using the same examination methods used for diagnostic sputum grading during sputum

smear microscopy (Table 4.2).""

Grading of the smears was performed conservatively, given the difficulties of
achieving a uniformly single-bacillus suspension with accurate quantification of bacteria in the sample. For the
samples with higher concentrations of bacteria, volumetric concentration improved the grading by one grading, but
this was not seen in lower concentration samples, particularly the 103 bacilli/mL. Specifically, volumetric
concentration on its own failed to improve detection of these samples. With the addition of spatial concentration,
these samples all had detectable amounts of bacteria even with some visible sample loss during staining. Even in

areas where bulk sample was lost, stained bacteria were observed, showing that the addition of the PLL spot helped

prevent sample loss not just macroscopically, but microscopically (data not shown).

Table 4.2. Semi-quantitative Grading for Each Sample Processing Method."”'!

Sample Type
Direct Smear Volumetric Concentration Volumetric and Marangoni Concentration
10° 2+, 2+, 2+ 3+, 3+, 3+ 3+, 3+, 3+
10° Sc(4),™ 1+, 1+ 2+, 2+, 2+ 3+, 3+, 3+
Bacteria/mL 10* Neg, ™ Se(7),”" 1+ 1+, 1+, 1+ 1+, 1+, 2+
10° Neg, Neg, Neg''" Neg, Neg, Neg''" Sc(8),”" 1+, 1+
0 Neg, Neg, Neg''" Neg, Neg, Neg''" Neg, Neg, Neg''"

Discussion
Our Marangoni flow-enabled spatial concentration system, combined with volumetric magnetic NP
concentration, resulted in a design that outperformed the current technique and was able to visualize bacteria in

samples that contained 10x fewer bacteria than the current limit-of-detection for direct sputum smear microscopy

™" Se(#) = Scanty (# cells counted).

""" Neg = Negative. See cited reference for sputum grading criteria.
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(Table 4.2). This study is the first of its kind to use the microfluidic principles of Marangoni flows to improve
microscopic visualization of whole pathogens using standard microscopic staining techniques.

We designed the method with the goal of introducing an improvement to the current workflow, rather than
establishing an entirely new diagnostic method. Unlike our previous design, particles that do not aggregate are
designed to still deposit in the center of the droplet. We chose this design because it creates a clearly defined, small
area for inspection for the presence or absence of M.tb bacilli under the microscope. A significant majority of the
time and labor that goes into sputum smear microscopic diagnosis of TB is inspection of the smear itself, which is
applied over a large 2 cm” area. Concentrating the sample into a smaller known area increases the chances of
observing TB bacilli, especially when paired with volumetric concentration. Current smear inspection looks at 100-
fields of view, which is equivalent to 2% of the standard smear area. Use of Marangoni concentration deposits the
majority of the sample into the most central deposition area (as indicated in Figure 4.7), increasing the inspected
sample area to ~90%. For a 1 mL sample, volumetric concentration alone into a 20 uL smear concentrates the
sample 50x. Spatially, while the sample is primarily concentrated into the center of the droplet, the total area
occupied by the sample is 5.3x smaller than the standard smear area, while the most central deposition area is 45x
smaller. Combined volumetric and spatial concentration into a 50 pL droplet yields a sample that is enriched 105-
fold. If the method were improved to concentrate 100% of the sample in the most central deposition area of the
droplet, perhaps through improvements in the fixation protocol, total enrichment could be up to ~900x.

To overcome the limitations of bright-field microscopy-based inspection of sputum smears, there has been
substantial effort to develop fluorescence microscopy (FM) for use with volumetric sample concentration-based

methods for TB detection.®> 5% 2%8-300

These approaches, centrifugation and magnetic bead separation, unfortunately
use time-intensive and nonspecific isolation procedures, increasing labor requirements to the already lengthy
inspection protocols. As a consequence, these concentration-based FM smear methods show only modest

improvements in clinical sensitivity,””' but reduced specificity.**"**

In addition, FM inadvertently creates a second
barrier for implementation because of its reliance on FM technology that is frequently unavailable in low-resource
settings.'™ Other magnetic bead separation strategies use larger particles that obscure visualization of the bacteria,
requiring that FM be used for visualization. While these methods have failures that prevent implementation, our

design works to overcome the barriers presented. Our method demonstrates the potential for what is achievable with

further design of an antigen-specific NP. For the purposes of this study, the “stickiness” of mycobacteria allowed for
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use of nonspecific isolation on a simple streptavidin particle, but in practice, other contaminants, such as non-
tuberculous bacteria and human cells found in the airways, would also stick to the particles, creating a sample that is
impossible to accurately and effectively visualize without providing any specificity. The use of NPs smaller than the
diffraction limit of light enabled improved visualization of the sample using bright-field microscopy and gold
standard acid-fast staining techniques. Though not demonstrated, fluorescent-staining techniques such as auramine
0'* could theoretically be used with our concentration method, but it is not a requirement for implementation like
prior methods. The newly developed DMN-tre stain would provide the added benefit of not subjecting the sample to
repeated harsh chemicals as occurs with acid-fast staining techniques; this would help resolve the issue of sample
loss, but fluorescence microscopy would be required for visualization.”®

There are two core phenomena that are important elements of our method. First, during volumetric
concentration, the capture of bacteria on NPs form aggregates which are clearly visualized upon staining. Second,
thermocapillary Marangoni flows oriented inward along the substrate are important for ensuring central deposition
of captured bacteria and NPs. The formation of bacterial aggregates aid in the final visualization of the bacteria in
the center of the drop, which are seen as large, three-dimensional pink or red networks of bacteria amongst the NPs
(Figure 4.7). Regardless of the presence or absence of bacteria, the NPs settle in the center of the droplet during
evaporation, creating a clearly defined area for inspection.

This study was designed to use known principles of Marangoni flow formation to engineer a new design for
microscopic application. Changes from our prior work in both the substrate and solvent were determined. The

solutions tested were based on the work of Ristenpart ef al.'* and our prior work'*>'*> 14

. Having clearly defined
goals and design constraints allowed us to focus materials testing while also easily identifying inexpensive solutions
for these improvements. The knowledge that Marangoni flows are not formed in pure water”” '* helped us in
modifying the droplet solvent, allowing us to remove what was incompatible with microscopy while maintaining a
system that created the desired flow pattern. The addition of the PLL droplet array was a critical design requirement
for making our chosen substrate and solvent system useable.

The use of inexpensive, commonly available PLL and Rain-X® for the microscope slide substrate means
the cost of the microscope slide is nominally more expensive. Also, the cost of the magnetic NPs was only $0.56/test

at time of publication. Even with the addition of an antigen recognition system to the NPs, this assay could easily be

produced at <§1.00/test, in addition to the cost of staining reagents already used at the POC. In addition, because
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Rain-X® covalently modifies the surface of the microscope slide, and PLL-coated slides have a year-long shelf life
if stored in a closed container, the slides could ship to decentralized testing sites prepared and ready for use with no
required preparation. While PLL spots were applied by hand in this study, automated processing could create highly
repeatable and reproducible microscope slides.

This report was designed to be a “proof-of-principle” study, and some limitations remain. As mentioned, it
is important that the NPs be immunospecific in the final application, because as prior work demonstrates,
nonspecific volumetric concentration of samples does not significantly improve sensitivity and also reduces

: <. 301, 302
specificity.”

The use of nonspecific isolation techniques in prior studies and the continued issues seen here
demonstrate the difficulty in creating an immunospecific particle for specific capture of mycobacteria. The gap that
remains by not solving this problem is not lost, since failing to specifically isolate mycobacteria from a sputum
sample will make it impossible to visualize bacteria. Specifically it is extremely common for other biological
contaminants to significantly outnumber TB bacteria in sputum samples; isolation of all biological contaminants will
result in a dark blue stain that cannot be accurately read by the microscopist. For methods such as this to work, it is
imperative that more development focus on methods to rapidly and specifically isolate mycobacteria. Even better,
design and use of an antigen recognition element that can discern between tuberculous and nontuberculous
infections would create a diagnostic that satisfies another diagnostic need that is currently insufficiently met using
culture.**

Second, magnetic NPs were chosen specifically because they are smaller than the theoretical diffraction
limit of light and are unable to individually obscure bacilli visualization like larger magnetic particles. However,
together, if spatially concentrated enough, they can obscure imaging. The particle volume used in this study was
chosen to yield efficient volumetric concentration while not completely obscuring visualization following spatial
enrichment, but in other applications, these parameters would need to be optimized to prevent bulk NP imaging
interference.

Third, given this is study intended to demonstrate the improvement of a rapid, POC diagnostic method, it is
important that it can be performed in a period no greater than a few hours. In the current iteration, both the time it
takes for magnetic separation, and the amount of time it takes for the droplet to dry are too long to meet this

requirement, and changes to the method design are required. The lower magnetic susceptibility of the NPs,

compared to more common 21 pm magnetic microparticles used in magnetic bioseparations significantly extends
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the time it takes to magnetically separate the sample. When adding the increased viscosity of sputum in a patient
sample, the separation using a stationary magnet is not feasible for use at the POC. The use of high-gradient
magnetic separation, a technique that has been shown to rapidly and efficiently separate both micro- and NPs from
large volume, high viscosity samples,'”” *** has the potential to solve this problem and should be explored as an
alternate to stationary magnetic pooling. This technique may also allow for use of even smaller NPs, providing
another solution to bulk NP imaging issues. The use of entire sputum samples, which averages 3 mL in volume,*”
can further improve method sensitivity.

To solve the issue of the droplet drying time, the use of multiple smaller droplets instead of a single large
droplet can significantly reduce the time to dry, though this could increase the inspection time and/or area. In
addition, as demonstrated in microarray development, the use of a greater number of smaller drops rather than fewer

d *%. Further studies should be performed to determine if this

larger drops can improve the sensitivity of the metho
theory applies to our application and what the trade off between inspection area and sensitivity is. It also may

provide a solution to potential NP visualization issues previously mentioned.

Conclusions

The proposed volumetric magnetic enrichment with Marangoni flow concentration is an effective
alternative to the current method of sputum smear microscope-based inspection for TB diagnosis. We have shown
that our method outperforms the current gold standard sputum smear method, and has advantages over other
magnetic bead-based volumetric concentration strategies, namely the use of smaller particles that do not inhibit
bright-field imaging. In addition, other methods fail to provide any type of significant spatial concentration after
volumetric enrichment. The method is inexpensive, simple, fits within current smear and staining protocols, and
does not require any additional specialized equipment that is not already available or easily obtainable and used at
the point-of-care where sputum smear inspection is already performed. With further refinement, we expect that this

technique can be applied to isolation and microscope-based inspection for other whole pathogens.
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CHAPTER 5 : IMPACT OF MECHANICAL AND ENZYMATIC CELLULAR DISSOCIATION
METHODS ON CELLULAR DE-CLUMPING AND SURFACE ACCESSIBILITY OF

LIPORARBINOMANNAN ON M. TUBERCULOSIS

Adapted from: Pearlman, S. I.; Pasic, L.; Blackburn, J.; Haselton, F. R., Impact of mechanical and enzymatic
dissociation methods on cellular de-clumping and surface accessibility of lipoarabinomannan on M.

tuberculosis; with permission from coauthors. In preparation.

Abstract

Tuberculosis (TB) remains a major global health problem, partially because of a lack of access to sensitive
and specific diagnostic tests by those who need them most. Lipoarabinomannan (LAM) is a TB surface glycolipid
virulence factor that has become a significant biomarker of interest in molecular TB diagnostics throughout the last
few decades. However, most of what we know and understand about LAM and the mycobacterial cell surface comes
from in vitro culture studies, not in vivo data. These results are confounded because mycobacterial cultures clump
and therefore must be mechanically dissociated or grown in the presence of detergents to achieve unicellular
suspensions. While the effect of culture additives on LAM surface expression is understood, nothing in the literature
has characterized how mechanical or enzymatic dissociation methods alter the cell surface. We hypothesized that
mechanical and enzymatic treatment of M. tuberculosis (M.tb) would change the cell surface features and impact the
number of recoverable cells. Needle dispersion and glass bead beating created unicellular suspensions while
enzymatic treatment with trypsin, lysozyme, lipase, or amylase did not de-clump M.th on their own. To quantify
LAM surface expression, we used newly identified LAM recognition elements that bind to its different structural
regions; either the conserved arabinose backbone or TB-specific terminal mannose carbohydrate-capping motif.
Both needle dispersion and glass beads improved LAM surface accessibility compared to cells recovered from
simple surface washing; this was attributed to unprocessed cells exhibiting low expression levels of surface LAM,
while cells found in clumps had a statistically higher LAM-surface expression. We also found that shear force from
centrifugation removes the M.tb capsular layer, reducing the surface-accessible LAM. As more of the capsule is
removed, LAM anchored to the outer cell envelope is exposed, recovering the LAM expression level seen before

centrifugal processing. Even after a 60 minute digestion, none of the enzymatic processing methods impacted LAM
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surface accessibility. To our knowledge, this is also the first study to show the binding of a-(1, 2)-mannobiose-
binding cyanobacterial lectin microvirin-N to the surface of M.tb. We believe these detailed preparations methods
will interest those studying or looking to preserve surface accessible structures of M.tb or those looking to use

cultured cells for simulated samples in whole-cell diagnostic assay development.

Introduction

With 10 million cases annually worldwide, tuberculosis (TB) remains a significant public health issue, with
individuals in developing nations disproportionally affected by TB disease.> While there are multiple methods to
diagnose TB, these methods suffer from poor diagnostic sensitivity or are not available at the point-of-care (POC),
exacerbating pre-treatment loss to follow-up rates, which are as high as 38% in low-income countries.* As a result,
empiric treatment without molecular diagnosis or bacteriologic confirmation remains commonplace.”* The inability
to rapidly and accurately diagnose TB disease with high sensitivity and specificity at the point-of-care (POC)
continues to be a confounder in disease transmission, patient mortality, and morbidity, and time to treatment
initiation in the developing world. Therefore, there is a significant need for rapid and straightforward POC
diagnostics development to improve TB care for those who need it most.

Lipoarabinomannan (LAM) is a glycolipid virulence factor (Figure 5.1) highly expressed on the surface of

1 LAM is a biomarker of interest for rapid molecular tuberculosis diagnostics for

Mycobacterium spp. (Figure 5.2).
a few different reasons. First, M. tuberculosis (M.tb) and other Mycobacterium spp. actively shed LAM from their
surface during active metabolic processes, and it is detectable in patient samples, eliminating the need to detect
whole cells or DNA.**® Most notably, LAM has been used to diagnose TB from urine in a lateral flow platform, with
examples including the Alere™ Determine™ TB LAM Ag Test””' and Fujifilm SILVAMP TB LAM.*"
Unfortunately, these tests reduce mortality and improve patient outcomes only in severely immunocompromised
patients with HIV (CD4 count <100 cells/uL).*”” Therefore, the World Health Organization endorses using the
Alere™ test only in this patient population.”” More recent studies suggest LAM urine lateral flow tests may aid TB
diagnosis in severely malnourished children, but broader studies are needed.*'>*"* Given the limited size of these

two patient populations, LAM urine lateral flow tests these tools have not been helpful screening tools for most

populations.
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The second reason LAM is a biomarker of interest is because of the structural variability of the
carbohydrate-capping motif on LAM (Figure 5.1). Specifically, LAM has three structural regions. The two
structures that make up the anchor and backbone of the molecule, the mannosyl-phosphatidyl-myo-inositol surface
anchor and a polysaccharide backbone composed of D-mannan and D-arabinan branches, are conserved structures

1% The third domain, the capping motif of LAM, varies based on the species. Slow-

across all Mycobacterial spp.
growing pathogenic species, including M. tuberculosis complex species (MTBC; e.g., M. tuberculosis, M. bovis, M.
bovis BCG, M. canetti, M. africanum), are capped with one to three a-D-Manp residues linked through a-(1—2)-
glycosidic linkages,”” referred to herein a ManLAM. Fast-growing and NTM-associated species have LAM capped
with a phosphatidyl-myo-inositol cap called PILAM. The third capping motif lacks any cap terminal cap, known as
AraLAM.*" Even though the number of mannose and phosphoinositol carbohydrate caps on each LAM molecule is

highly variable across each species, the structural differences in this terminal cap make it an attractive biomarker for

differentiation between TB disease and NTM infection.
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Figure 5.1. The structural motifs of ManLAM, with LAM recognition element target structures indicated.
Manl = mannosyl monomer cap. Man2 = mannosyl dimer cap. Man3 — mannosyl trimer cap. MTX-Man —
Man2/3 cap with the single terminal mannose residue substituted with an a-(1,4)-linked methylthio-D-
xylofuranose (MTX).
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Figure 5.2. Cross-sectional drawing of M. tuberculosis cell envelope. There are four main components of the
mycobacterial cell envelope. Working from the inside to outside of the cell, they are (I) the plasma
membrane, (II) peptidoglycan (PG) and arabinogalactan complex, (III) the mycobacterial outer membrane,
and (IV) the outer capsular layer. The plasma membrane is composed of standard phospholipids, membrane
proteins, and phosphatidylinositol mannosides, which include lipoarabinomannan (LAM), its precursors
lipomannan (LM), PIM,, and PIMg, and arabinomannan (AM), a lipid-free antigen similar in structure to
LAM. The peptidoglycan and arabinogalactan complexes help stabilize the outer mycobacterial membrane
against osmotic pressures. The outer membrane is covalently esterified to the arabinogalactan layer and is
composed of mycolic acids. These waxy molecules make M.tb challenging to penetrate, with the surface of
this outer membrane having trehalose mono- and di-mycolate modified mycolic acid. Most notably on the
outer surface is LAM, which makes up 15% of the total bacilli mass, in addition to LM, PIMs, and
transporter proteins. The outer capsular layer contains LAM and its precursors, which are shed from the
surface of M.tb. It also contains polysaccharides, including a-glucan, capsular proteins, and small amounts of

glycopeptidolipids and triacylglycerols.
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There also exists a chemically distinct version of the ManLAM cap in M.tb. This S-methylthio-D-
xylofuranose (MTX) mannose cap has the single terminal mannose residue substituted with an o-(1,4)-linked
methylthio-D-xylofuranose (MTX) residue.’®” Generally, there is only a single MTX-Man Cap on each ManLAM
molecule, making it an unlikely diagnostic target due to its low abundance.’'” Nonetheless, multiple antibodies have
been developed to target the MTX-Man cap decidedly because of the extremely high specificity it would provide
new tests.”* %%

Even though LAM is an excellent candidate biomarker, developing LAM-based diagnostics continues to be
complicated. For decades, knowledge about LAM structure and function came exclusively from lab cultures, raising
the question of how relevant this knowledge was to M.tbh in vivo. The high heterogeneity of LAM has made it
difficult to understand these characteristics fully. In addition, the propensity for M.tb in culture to stick together in
millimeter-sized means cells directly from culture are unusable, and de-clumping is required to obtain individual
cells or small aggregates usable for study.

Attempts to solve the cell clumping problem by including chemical and biological (e.g., enzymes, blocking
proteins) flocculants or additives in culture media have been explored. The most common culture additive used is
Tween-80. While addition makes working with cultures reduces clumping,’'’ inclusion of Tween-80 also reduces
the abundance of detectable arabinomannans (AMs) on M.th’s surface, including LAM. In addition, Tween-80

destabilizes the capsular layer (Figure 5.2) of M.th.* * ¥

However, for those studying the M.tb capsule or surface-
bound structures, including Tween-80 in culture can be more detrimental than beneficial.

Without culture additives, cell clusters must be isolated from culture and pre-processed to reduce the
difficulty of working with the slow-growing cultures. Mechanically dissociating mycobacterial clumps using glass
beads or needles is not new and is commonly used to avoid the stability issues observed with Tween-80.%* *
Enzymatic digestion could also be performed, but this is uncommon given the risk of cell lysis and general difficulty
of physically penetrating the M.tb surface. Regardless of the cell dissociation method, beyond the influence of
detergents or other additives used during growth in suspension culture, little is known about how post-culture
mechanical and enzymatic dissociation techniques influence M.tb surface structure accessibility before downstream
use of recovered bacteria.

This study uses several newly available LAM recognition elements to characterize LAM surface

accessibility on M.#b following mechanical and enzymatic dissociation. With limited knowledge on how these often
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necessary post-culture processing methods influence M.tb surface marker expression levels, we hypothesized that
different mechanical and enzymatic treatments would (1) impact the recovery of usable, quantifiable cells from
clumps formed in culture and (2) change the density of surface biomarker found on the cell surface. With significant
interest in using LAM for TB diagnosis, this study aims to provide important information to researchers interested in

M.tb surface-accessible structures.

Materials and Methods

Microvirin-N biotinylation.

Dr. Megan van der Horst (Department of Chemistry, Vanderbilt University) generously gifted us
microvirin-N (MVN)*'? previously purified using His-tag purification. Production is described in van der Horst ef al.
2021.*¢ MVN was reacted with 20x molar equivalents of EZ-Link™ NHS-PEG,-Biotin (ThermoFisher, A35389)
for one hour at room temperature on a lab rotisserie according to the manufacturer’s protocol. Zeba™ Spin
Desalting Columns, 7K MWCO (ThermoFisher, 89882) removed unreacted NHS-PEG,-Biotin following reaction
incubation. The final concentration of biotin-conjugated MVN was determined using absorbance at 280 nm on a

Nanodrop™ Spectrophotometer ND-1000.

Preparation of gamma-irradiated Mycobacterium tuberculosis (M.tb).

Mycobacterium tuberculosis, Gamma-Irradiated Whole Cells of Strains H37Rv, (NR-49098, Lot#
70042402), East African Indian 91 0079 (NR-49102, Lot#63648741), HN878 (NR49001, Lot# 70005745,
70045520), Indo-Ocean (NR36491, Lot# 62554359), and Indo-Ocean T17X (NR-49101, Lot# 63648740) were
obtained from the Biodefense and Emerging Infections Research Resources Repository (BEI Resources, Manassas,
VA), NIAID, NIH. M.tb H37Rv cells were used for mechanical dissociation and centrifugation experiments. For
enzymatic dissociation experiments, HN878, East African Indian, and both Indo-Ocean strains were pooled into a
single population containing ~20% HN878, ~20% East African Indian, ~50% Indo-Ocean, and ~10% Indo-Ocean
T17X to reduce sample variability. The cells were thawed at room temperature, pooled into a single 50 mL conical,
and suspended in 10 mL of 1x PBS (137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,). Large

aggregates of cells were allowed to settle for 5 min, and the upper 5 mL of supernatant was removed. These cells
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were saved and used as an “unprocessed control” for comparison. The remaining cell aggregates were divided into
populations containing approximately 0.2 g of cells (estimated by cell volume) each in 50 mL conical tubes and
centrifuged at 1,100 x rcf for 5 min in Beckman Coulter™ Allegra™ X-22R Centrifuge. The supernatant was
removed, and the cells were processed according to the described chemical or mechanical dissociation protocols
(below). At no point during ANY preparation/dissociation/antibody staining was a Vortex-style mixer used to mix
cell solutions to prevent the additional and uncontrolled application of shear forces to the cells. All mixing was done

through gentle inversion or pipetting.

Mechanical dissociation of M.tb.

For glass bead processing, ten acid-alcohol (fuming HCI, followed by 70% ethanol, then MilliQ water)-
washed and autoclaved three mm glass beads (MilliporeSigma, 1040150500) were added to the 50 mL conical tube
of cells vigorously shaken for 1 min. After allowing aerosols to settle for at least 1 min, 6 mL of 1x PBS were
added, and the tube gently rocked to wash cells off the tube walls. The large aggregates were allowed to settle for 5
min, and the upper 5 mL was transferred into a clean 50 mL conical tube and processed as described.

For needle dispersion, 1 mL of 1x PBS was added to cells. An autoclaved 1” blunt-tipped 21-gauge needle
(FisherSci, NC1507901) was placed onto a 1 mL tuberculin syringe (BD, 309659). The syringe was used to draw the
cell solution up and down through the needle 20-25x, approximately 2 min. An additional 5 mL of 1x PBS were
added to the cells, and they were then allowed to settle for 5 min. The upper 5 mL of cells were then transferred into
a clean 50 mL conical tube.

Following each mechanical processing method, the retained 5 mL fractions of cells were centrifuged at 378
x rcf for 10 min, and the upper 4 mL of supernatant were removed, which contained the cells used in the experiment.
Triplicate optical density measurements at 600 nm (OD600) were collected for each population using a Vernier Go
Direct® SpectroVis® Plus Spectrophotometer (Vernier, GDX-SVISPL). These readings' were averaged and then
used to estimate the number of recovered cells. Because of the difficulty of accurately counting the total number of
cells, cell solutions at various optical density measurements were counted on a BD FACSAria™ III flow cytometer
alongside a known quantity of Countbright™ Absolute Counting Beads (ThermoFisher, C36950). Because of their
small size and rod shape, there were no distinct populations discriminating events containing single cells vs. double

cells. For this reason, it was assumed that one event corresponded to one bacterial cell, and a standard curve
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correlating Flow Cytometry Events vs. OD600 was created (Figure B1). Cell-staining with the LAM recognition

elements was then performed as described below.

Enzymatic dissociation of M.tb.

Trypsin-EDTA, 0.25% Trypsin/2.21 mM ethylenediaminetetracetic acid (EDTA) in Hank’s Balanced Salt
Solution (MediaTech/Cellgro-Corning, MT25053CI) was placed into 5 mL sterile aliquots upon receipt and frozen
at —80°C until use. a-Amylase from porcine pancreas (MilliporeSigma, A3176-500KU), Lipase from Aspergillus
niger (MilliporeSigma, 62301-100MG-F), and Lysozyme were reconstituted at 5 mg/mL, 10 mg/mL and 10 mg/mL
respectively in 10 mM Tris-HCI, pH = 8, based on the recommendation by SigmaAldrich.*"* The lysozyme was
frozen in aliquots at —80°C until use. Lipase and amylase were prepared fresh and used within 3 h of preparation.

All enzymes and cells were pre-warmed to 37°C before digestion. The amylase, lipase, and lysozyme
samples were suspended in a total volume of 2 mL of 1x Tris-buffered saline (TBS; 50 mM Tris HCI, 150mM NaCl;
Corning, Cat# 46-012-CM) containing 200 pg of lysozyme (pH = 8),***'* 2 ng amylase (pH = 7.4),>'>*'° or 5 pg of
lipase (pH = 7.4).>'"® A final concentration of 1 mM CaCl, was included in the amylase-digested samples, since
Ca®" is required for enzymatic activity. Cells treated with trypsin were directly suspended in 2 mL (5 mg) of stock
trypsin/EDTA. Cells were placed in a 15 mL conical tube, and the tube was positioned on its side on a shaker set at
~200 rpm for 60 min at 37°C to provide some mechanical agitation to aid in enzymatic digestion.

Trypsin was inactivated by adding 5 mL of 1x PBS + 10% Fetal Bovine Serum (Summit Biotechnology,
FP-100-03) to each sample. Amylase was inactivated by adding 6 mL of 1x TBS, 15 mM CaCl, (pH = 7.4) to each
sample since a high calcium concentration is known to inhibit amylase.””’ Lysozyme and lipase were inactivated by
adding 1x TBS containing a final sample concentration of 0.25 mM or 0.5 mM, respectively, of FeSO4 7H,0 (Alpha
Chemicals, BO070DUI76), pH = 7.4 in a total volume of 8 mL.’'* *** Following inactivation, the cells were
centrifuged at 1,100 rcf x 10 min and washed two times in 6 mL of 1x PBS. The cells were suspended in 6 mL 1x
PBS again after removing the supernatant. Enzymes alone universally failed to de-clump cell aggregates. In an
attempt to improve cell cluster dissociation, enzymatically-digested cells were dispersed using a 21-gauge needle as
described for mechanical processing. The remaining clumps were used for analysis since enzymatic dissociation did

not produce any significant quantity of single cells.
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Because FeSO, precipitates in an aqueous solution, both cells and the brown precipitate pelleted in the tube
during centrifugation, making complete FeSO, removal near impossible. Instead, cell clumps were settled using
gravity for 1 h. The supernatant containing FeSO, was then carefully removed without disturbing the loosely-packed
cell clumps. After adding a new volume of wash buffer, the process was repeated a second time to reduce FeSO4
contamination before surface staining.

Antibody staining controls containing 0.02 mM and 0.05 mM FeSO4 were run in parallel on unprocessed
cells to elucidate better the impact of FeSO4 on antibody binding and detection (Figure C1). Because of the
difficulty separating cells and FeSO, precipitate, the exact concentration of FeSO, in each cell population was
unknown. We considered using absorbance to measure the FeSO, concentration, but cell clumps in the samples
made accurate measurement difficult. Based on the visual appearance of the brown-tinged buffers relative to known
concentrations of FeSO,, we do not believe the concentration of FeSO4 was higher than 0.02 mM for all samples.

Triplicate OD600 measurements for each population were measured using a Vernier Go Direct®
SpectroVis® Plus Spectrophotometer, and the number of cells recovered was estimated using the standard curve
(Figure B1). Because the standard curve was established using a known single-cell suspension, and the
enzymatically-treated cells still contained clumps of cells, the exact number of cells in each sample was not known.

Cells were then stained with LAM recognition elements as outlined below.

Impact of centrifugation speed in LAM surface expression.

Leftover unprocessed cells were for these experiments. The cells were divided into tubes containing 1.3
million cells per 650 pL sample, and centrifuged 1x, 3x, or 5x at 1,230 x rcf, 4,800 x rcf, for 10 min or 10,000 x rcf,
or 20,800 x rcf for 2 min in an Eppendorf® Centrifuge 5417R (Hamburg, Germany) in 2 mL microcentrifuge tubes.
Three tubes were processed in parallel for each condition. All samples independent of centrifugation conditions
were inverted to resuspend cells between each step to ensure equal mechanical agitation outside of centrifugation
across all conditions. Following centrifugation, cells were stained with LAM recognition elements as outlined

below.

123



Acquisition and titration of antibodies for cell surface staining of LAM.

Anti-LAM antibodies A194 and FDXO01 (raised in human), and BJ-03 and BJ-76 (raised in rabbit), were
generously gifted by Foundation for Innovative and New Diagnostics (FIND). A194,7%°*! BJ-03 and BJ-76°* are
previously been described in the literature. Measured primary antibody concentrations and antibody and MVN
titrations are found in Table C1 and Figure C2. All antibodies and MVN titrations were performed with
Mycobacterium tuberculosis, CDC1551, Gamma-Irradiated Whole Cells (BEI Resources, NR-49009, Lot#
70037237) following dissociation using glass beads, as described. This optimization helped identify appropriate
working concentrations. For final experiments, primary antibodies BJ-03, BJ-76, FDX01, and A194 were used at
1:2,000, 1:4,000, 1:2,500, 1:1,000 dilutions, respectively. Secondary antibodies goat anti-Rabbit 1gG H+L
conjugated to Horseradish peroxidase (HRP; abcam, ab205718), goat-anti-Human H+L HRP (abcam, ab6858), and
anti-Biotin (abcam, ab53494) were used at 1:2,000, 1:3,500, and 1:1,000 dilutions, respectively. For MVN, 2 pg of
MVN-Biotin was applied to each sample. Goat anti-Mouse 1gG Fc-specific HRP (SigmaAldrich, A2554) was
substituted as an isotype control for the HRP-conjugated detection antibodies. Human IgGl Lambda Myeloma
Purified Protein (SigmaAldrich, 14014) was the isotype control antibody for FDX01 and A194. Dr. Raymond L.
Mernaugh (Department of Biochemistry, Vanderbilt University) generously gifted a purified rabbit polyclonal IgG
antibody used as the isotype control antibody for BJ-03, BJ-76, and anti-Biotin.

The measured Normalized Absorbance for each isotype control condition is shown in Figure C3. When the
secondary anti-Mouse-HRP isotype control was applied for detection for all LAM recognition elements, under no
conditions was nonspecific binding observed. All samples had lower absorbance than samples treated with anti-
Mouse-HRP only (Figure C3A). When isotype antibody controls replaced the primary LAM antibodies (or anti-
Biotin for MVN), all conditions showed some nonspecific binding compared to secondary-only control samples
(Figure C3B). For this reason, in analysis, the isotype control was generally used for background subtraction unless

the secondary-only control value had a higher measured absorbance, such as in samples treated with FeSO,.

Antibody surface staining of M.tb.
Binding assays were performed in a Corning® 96-well Clear Flat Bottom Polystyrene Not Treated
Microplates (Corning, 3370) pre-blocked overnight at 4°C in 1x PBS + 0.1% Tween-20 + 1% BSA; this blocking

step prevented nonspecific binding of the antibodies to the plate during staining and allowed for efficient processing
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of samples. A total of 200,000 cells/sample were dispensed in each well, stained, and washed in 200 uL volumes of
I1x PBS + 0.02% Tween-20 + 0.1% BSA (PBS-T-BSA) with antibody or MVN at given dilutions. Cells were
incubated with antibodies at room temperature for one hour on a shaker set to 150 rpm. Cells were then washed
three times in PBS-T-BSA after each staining step, using centrifugation in a Beckman Coulter™ Allegra™ X-22R
Centrifuge at 1,100 x rcf for 5 min to pellet the cells between each wash. For enzymatically dissociated cells, the
optical density of the cell clumps was used to estimate the volume that contained 200,000 cells. While internally
consistent, the actual number of cells each analyzed sample contained could not be accurately quantified for
previously specified reasons. The enzymatically-treated samples were also left to sit in the wash buffer for 5-10 min
before each centrifugation to provide extra time for unbound antibodies to diffuse from cell clumps. The clumped
samples likely contain metabolic waste products inadequately washed from the clumps, which increased the

probability for nonspecific staining.

Development and quantification of LAM recognition element binding to the M.tb cell surface.

A total of 9.605 g of anhydrous citric acid (MilliporeSigma, 251275) was first dissolved in 1 L MilliQ
water in an acid-washed glass bottle. Then, 6 mL of 10 N NaOH was added and adjusted to pH = 4.4. A total of 0.5
g of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS; MilliporeSigma, A1888) was
added to the buffer, and the solution was stored at 4°C protected from light until use.

Immediately before application to stained cells, 30% hydrogen peroxide (H,0O,) was added to the ABTS
stock at a ratio of 1.8 uL H,O, to 1 mL of ABTS. A 200 puL volume of this working solution was applied directly to
cells. The HRP conjugated to the detection antibodies readily reduced H,O, into water and oxidized the ABTS,
producing a soluble green end product that can be read spectrophotometrically at 405 nm. After allowing the
reaction to proceed for 30 min, the reaction was stopped by adding 100 uL of 10% sodium dodecyl sulfate (SDS).
The absorbance was measured on a BioTek® Synergy™ HT Microplate Reader with BioTek® Gen5™ ver.1.11
software. When the absorbance readings were out of range for the plate reader, 100 pL of the ABTS/SDS reaction
mixture was diluted into 100 puL stock ABTS without peroxide on a clean microplate, and the diluted samples were
measured. In the event that this dilution was necessary, all samples within the experiment were diluted, not just the

high-absorbance samples, maintaining internal relative expression levels across all conditions for each experiment.
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Data and statistical analyses.

The absorbance values had background-subtracted as described from their raw measured absorbance.
Values were normalized to the unprocessed control sample for mechanical dissociation. Values derived from
enzymatically-dissociated cells were normalized to cells that underwent mechanical dissociation only using needle
aspiration (as described). Antibody titration plots (Figure C2) were normalized to the maximum measurable value.
All samples used in mechanical dissociation experiments were processed in parallel on the same day to reduce
experimental variability. Samples undergoing enzymatic dissociation were also processed in parallel on the same
day.

All statistical analyses were performed using MATLAB on background-subtracted data (not normalized).
One-way analysis of variance (ANOVA) determined statistical significance for data containing three or more
groups. Unpaired t-tests were performed for data sets including only two groups. Statistical significance was defined
as p < 0.05. Tukey’s range test identified which specific conditions were statistically different following ANOVA.
Experimental variation was compared to the unprocessed control unless otherwise stated. Standard error of the mean
(SEM) is reported for relative expression levels of LAM for each cell population, plotted as the Normalized

Absorbance.

Results

Effect of dissociation method on cell recovery.

The mechanical dissociation protocol performed statistically impacted the number of recovered single cells.
As shown in Figure 5.3A, the total cell counts recovered by shaking M.tb with glass beads (3,049,750 cells +
499,735 cells) were statistically higher than those recovered from needle aspiration (667,256 cells + 198,241 cells)
or the number of single cells gently washed from the sample prior to dissociation (1,151,649 cells + 187,973 cells),
as identified by Tukey’s range test.

For the enzymatically-digested cells, OD600 was used to determine the relative sample recovery for each
processing method (Figure 5.3B). Because of the lack of single-cell recovery, relative absorbance replaced cell
counts for recovery determination. Specifically, while enzymatic dissociation did help break apart the clusters of

M.tbh in the sample, the final samples still contained sizeable clumps of cells visible to the naked eye, with negligible
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quantities of single cells. Tukey’s range test showed that lysozyme statistically freed more cell clumps than trypsin
or amylase. There was no significant difference between lipase recovery and recovery from other enzymatic
digestion methods. It is important to note that cell lysis may have influenced the cell recovery in varying degrees for

each enzymatic treatment, not just the efficiency of de-clustering.
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Figure 5.3. Cell recovery for each processing method. A. Single cell recovery of each mechanical processing
method. B. Measured OD600 for each enzymatic processing method. A greater OD600 corresponds to a
greater number of cells. n = 3. (mean + s.d.). *Indicates statistical significance at p < 0.05. ***Indicates

statistical significance at p < 0.0005.

Impact of mechanical dissociation method on surface expression of LAM.

As shown in Figure 5.4, the method used to process cells statistically increases the relative level of LAM
features on the M.tb cell surface. The surface accessibility of LAM was measured using antibodies FDX01, A194,
BJ-03, BJ-76, and MVN. Dissociation using a 21-gauge needle resulted in higher relative levels of LAM than the
unprocessed control for BJ-03 (which binds unmodified mannosyl caps) and both antibodies that bind the arabinose
backbone (FDXO01, A194) of LAM. Dissociation using glass beads also resulted in a statistical increase in LAM
accessibility on the surface of M.tb for A194 (Arad). For BJ-76 (MTX-Man), while there was no statistical
difference between unprocessed cells and those dissociated using glass beads, there was a statistical difference
between LAM surface accessibility for cells processed using glass beads and needle aspiration. MVN binding to the
M.tb cell surface was not statistically impacted by either mechanical processing method. It is interesting to note that
while needle aspiration resulted in a lower yield of cells compared to glass bead dissociation, it does have higher
expression levels of LAM for all characteristic features. We theorize that the glass beads impart a greater

mechanical force on the cells than needle aspiration, and while this helps improve the recovery of usable cells, it

127



also likely shears LAM off the surface. Experiments assessing how applied shear forces change LAM surface

expression are needed to confirm this hypothesis, such as with a constant shear force viscometer.
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Figure 5.4. Mechanical dissociation significantly impacts relative expression levels of LAM on the surface of
M.tb post-processing. Values were normalized to the unprocessed control (white circle), and each sample
contained 200,000 cells/sample. White circle = Unprocessed Control. Grey circle = Needle dispersion. Black
circle = Glass bead dissociation. n = 3. (mean = SEM). (*, #) Indicate statistical significance at p < 0.05.

**)Indicates statistical significance at p < 0.005.

Assessing the structure of M.tb’s cell surface, there are a few potentials as to why LAM accessibility would
increase after dissociation. One possibility is that the unprocessed cells recovered directly from the sample have less
surface LAM than cells recovered from the cell clumps using mechanical dissociation. If correct, it could also
suggest why they were not attached to the larger cell clumps.” The other hypothesis predicts that mechanical
dissociation changes the capsular layer of the cell, improving accessibility of LAM anchored to the outer

33 To determine the correct hypothesis, we subjected unprocessed (already dispersed) single cells to the

membrane.
needle aspiration protocol and directly compared the LAM expression of the two populations. As shown in Figure
C4, detection of LAM is not statistically different on initially recovered initial single cells compared to needle-
aspirated initial single cells. All but one LAM recognition element showed a lack of statistical difference between
pre and post-processing. The exception is FDX01, which borders statistical significance (p = 0.046). However, if
this difference is significant, needle aspiration appears to reduce the level of surface LAM detected by FDXO01.
These data oppose the hypothesis that mechanical dissociation improves accessibility to LAM by simply changing

the capsular layer of a single cell. Rather, the results support the idea that cells need to become dissociated from

previously existing clumps to display originally buried LAM epitopes.
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Impact of centrifugation speed and frequency on LAM surface expression.

When working with bacterial cells, it is not uncommon to use centrifugation to wash and process cells.
Commonly, cells are centrifuges for short periods at high speeds to concentrate bacteria rapidly. Alternatively, cells
can be treated more gently by centrifuging at lower speeds for prolonged periods, reducing the applied centrifugal
force. Because both LAM and the capsular layer can be stripped from the surface of mycobacteria,’> it is essential
to understand how centrifugal processing may change surface LAM accessibility.

Figure 5.5 shows the impacts of centrifugation speed and successive centrifugation prior to antibody
staining. Focusing on the centrifugation speed, accessibility of Ara6 (FDXO01) structures did not statistically vary
with increasing centrifugation speed or repetition. In contrast, MVN binding was almost universally statistically
reduced following centrifugation at all speeds and frequencies, even when the accessibility of mannosyl-cap
targeting antibodies (BJ-03, BJ-76) was not statistically impacted. This observation is interesting, and a few
different explanations exist. Centrifugation could have damaged the mannosyl caps and the a-(1,2)-glycosidic
linkages MVN binds. If this were true, these linkages either (1) no longer exist because mannosyl residue(s) were
removed entirely, leaving Manl motif-exclusive ManLAM, or (2) are physically distorted in a way that inhibits
MVN binding but does not remove mannosyl residues, leaving Man2/3 structures intact. If hypothesis (1) were
correct, BJ-03 would have to bind both Manl and Man2 motifs, and BJ-76 would have to bind Manl and MTX-
Man2/3 motifs on the arabinose terminal LAM structure. According to FIND, BJ-03 and BJ-76 are targeted only to
di-mannosyl caps and MTX-di/tri-mannosyl caps, respectively, and they do not bind mannose monomer caps. If this
data is reliable, hypothesis (1) is much more unlikely, and hypothesis (2) is likely to be more accurate. Though the
generation of BJ-03 and BJ-76 have been published, there is no publically available or information that could help
confirm or refute these hypotheses.’””” A LAM glycan-binding array confirming the FIND’s data would help
elucidate what is most likely happening. Alternatively, an undetermined co-factor on the cell's surface and capsule
may exist and enhance MVN binding, but centrifugation removed this co-factor from the cell surface. However, we
believe this to be unlikely because MVN efficiently binds purified M.tb ManLAM in ideal buffer systems (data not
shown).*® van der Horst er al. reported the affinity of MVN for ManLAM, as determined by the equilibrium
dissociation constant (Kp), as less than 10> M, which is three to six orders of magnitude better than typical

antibody Kp values.®
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Figure 5.5. Centrifugation speed universally changes the accessibility of mannosyl-capping motifs on LAM,
but the impact on the arabinose backbone depends on both speed and centrifugation repetition. Samples were
centrifuged at the indicated speeds once, thrice, or five times. The red dashed line indicates the normalized
mean absorbance for the unprocessed control; the pink shaded box the graphs are superimposed over
indicates the + SEM. Black bar = 1,230 rcf. White bar = 4,800 rcf. Grey bar =10,000 rcf. Diagonally striped
bar = 20,800 rcf. n = 3. (mean + SEM). (¥, #) Indicate statistical significance at p < 0.05. (**, ##) Indicate
statistical significance at p < 0.005. *** Indicates statistical significance at p < 0.0005. (¥, **, ***) Indicate
statistical difference between control and treated sample(s). (#, ##) Indicate statistical difference between

treated samples, though none were statistically different from the control.
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Looking at the impact of repeated centrifugation at each speed, for cells centrifuged once (Figure 5.5),
there was a statistical increase in the accessibility of Ara4 (A194) structures on the arabinose backbone at both 1,230
rcf and 20,800 rcf. While there was also a statistical difference on di-mannosyl cap accessibility (BJ-03), none of the
centrifuged groups were different from unprocessed cells; instead, 1,230 rcf and 20,800 rcf were statistically
different from 4,800 rcf and 10,000 rcf. A statistically reduced number of MTX-Man caps (BJ-76) were measured
following single centrifugation at 10,000 rcf. For cells centrifuged three times, antibody binding to mannose caps
was statistically reduced, except for repeated centrifugation at 20,800 rcf, which was either statistically the same or
higher than the control population. Ara4 backbone accessibility (A194) was statistically increased at 20,800 rcf. For
cells centrifuged five times, there was a statistical difference between the 4,800 rcf and 10,000 rcf relative
expression values for detecting di-mannosyl caps (BJ-03), but there was no difference for the MTX-Man caps or

Ara4/Arab6 structures.

Impact of enzymatic dissociation on LAM surface accessibility.

Knowing that the capsular structure consists primarily of glucans, followed by proteins and lipids, we
hypothesized that enzymatic digestion of M.tb may help aid in clump dissociation and may also effect the surface
accessibility of LAM. For this reason, we tried digesting cells in the presence of amylase, trypsin, and lipase. Also,
given the importance of peptidoglycan (PG), the balance of cell wall breakdown and regrowth throughout cell
metabolism, and evidence showing some mycobacterial species can be susceptible to lysozyme-based damage, we
investigated how lysozyme digestion on cell recovery and LAM accessibility.

While proteins and glucans make up the two major constituents of the capsular layer, neither trypsin nor
amylase statistically impacted the surface accessibility of any LAM structures following digestion (Figure 5.6).
Lysozyme treatment statistically increased Ara4 accessible structures bound by A194 but otherwise did not modify
LAM accessibility. Lipase was the only enzyme to show any statistical increase on LAM structure accessibility for
both the backbone and mannosyl caps, with increased signal from increased binding of all LAM recognition
elements' to the cell surface. The relative increase in arabinan backbone accessibility is at least 60-fold.
Unfortunately, it is unlikely that this signal increase is because lipase improved surface LAM accessibility. As
shown in Figure C1, the use of FeSO, for inactivation of both lysozyme and lipase has statistically increased the

ABTS signal observed for stained cells treated with only FeSO4 compared to untreated cells; the lipase-associated
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statistical increase occurred for all LAM recognition elements, including MVN. The FeSO, precipitates in solution
and is readily pelleted alongside the recovered cells using centrifugation, making it difficult to remove all FeSO4
from the cells. Iron anions in a solution can readily oxidize ABTS,’** which could cause increased signal for both
lipase and lysozyme. However, applying ABTS and peroxide to wells containing a final concentration of 0.05 mM
FeSO, without cells did not significantly oxide the ABTS (Figure C5), nullifying this hypothesis. Instead, it is
likely the FeSO, enhanced binding between LAM recognition elements and cells instead of causing nonspecific
signal on its own, with more significant binding enhancement correlating with increasing FeSO, concentration. The
high background measured in both sample sets inactivated with FeSO,4 suggests some signal augmentation results

from nonspecific antibody binding.
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Figure 5.6. Lipase-treated cells significantly impacted detection signal for all LAM recognition elements,
and lysozyme statistically increased signal for Ara4 backbone structures; however, enhanced binding of
antibodies to cells, caused by the presence of FeSO, from enzyme inactivation, is the likely cause of this
statistical increase (Figure C1, Figure C5). Amylase and trypsin did not statistically change LAM surface
accessibility. The cutout shows values with a normalized absorbance value less than 10. Black bar = No
enzyme treatment. White bar = Trypsin. Grey bar = Amylase. Diagonally striped bar = Lysozyme. Black and
white polka dotted bar = Lipase. n = 3. (mean + SEM). *Indicates statistical significance at p < 0.05.

**Indicates statistical significance at p < 0.005. ***Indicates statistical significance at p < 0.0005.
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Since the total amount of remaining FeSO, in each sample could not be easily measured (see Materials and
Methods), for the conditions given in Figure C1, control samples containing 0.02 mM and 0.05 mM FeSO,4 were
stained with each LAM recognition element and secondary antibody to estimate the impact FeSO, inactivation on
the measured signal. Based on the visual appearance of cell solutions, which had a brown/rust color that positively
correlated with increasing concentration, we believe the concentration of FeSO, in all lysozyme and lipase treated
samples was less than 0.02 mM. Lipase was also the only condition that exhibited a surprisingly high background
signal in secondary-only antibody-treated controls, supporting that the increased signal is due to FeSO,. Lysozyme-
treated cells also had a higher secondary-only control background signal than trypsin or lipase, but not to the same

level as the lipase-treated cells.

Discussion

This manuscript demonstrates how in vitro processing methods impact M.tb surface marker accessibility by
measuring the relative abundance of LAM structural features before and after processing. Newly developed
structure-specific LAM recognition elements were used to quantify differences in surface LAM expression after
processing. Because of their propensity to clump in culture, cells must be pre-processed and liberated from clumps
for downstream use. The current hypothesis for why mycobacterial aggregation occurs suggests that they have

. . 88, 89
adapted to grow as aggregates in aqueous culture environments.

M.th clumps grown in vivo are known to
enhance pathogenesis, increase fitness, and quicken infection and inflammation compared to not clumped cells,
supporting this hypothesis.** The processing methods investigated here can be avoided by including Tween-80 in
the culture media at a concentration of 0.05%, but Tween-80 destabilizes the capsular layer of M.th, which can
impact antibiotic susceptibility testing results.*” Furthermore, Tween-80 also reduces the abundance of LAM and its
associated metabolites on the surface of M.th.° The arabinomannan surface reduction and destabilization are not
because detergent molecules block cell surface accessibility,” but the exact mechanism of how Tween-80 reduces
clumping remains unknown. M.th’s use of Tween-80 as a carbon source was recently linked to changes in the
metabolome and carbon flux routing in M.rb,**® but more data is needed to explain why these occur and how they
reduce cell clumping. Another theory suggests that because Tween-80 can be toxic to M.th, inducing stress

326, 327

responses and possible cell death may contribute. Regardless of the exact mechanism, M.7H exhibits reduced

virulence in vivo after growth in Tween-80,%*” and these same culture conditions also reduce surface expression of
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the crucial TB virulence factor ManLAM.” The possible association of decreased LAM with decreased in vivo
virulence solidifies the argument that Tween-80 significantly impacts experimental results and our understanding of
LAM, M.th, and its surface, and science needs a better understanding of how the mechanical and enzymatic

dissociation alternatives modify the M.b cell surface.

Mechanical dissociation.

To assess how well these methods de-clump cells and change the relative abundance of surface LAM, we
first looked at the impact of two standard mechanical dissociation methods.** As demonstrated, for both needle
aspiration and glass bead mixing, mechanical dissociation yields intact single cells following processing for both
needle aspiration and glass bead mixing, and they have higher quantities of surface LAM following dissociation
when compared to unprocessed single cells recovered initially by simple rinsing of the clumps. The additional data
presented in Figure C4 confirmed that the increase in LAM following dissociation is due to the unprocessed control
cells initially containing low levels of LAM, not because LAM was liberated during processing. This is consistent
with observations made in cultures containing Tween-80, where cell de-clumping correlates with decreased AMs,
but the mechanism explaining this correlation is unknown and multifactorial. Additionally, arabinose-containing
polysaccharides, such as AMs and LAM, significantly support M.tb aggregation.””® Therefore, it is logical that the
unprocessed cells not bound to the large, intact clumps would have significantly less surface LA. Combined,
Efficient cell release and good LAM surface accessibility show mechanical dissociation using needle aspiration and
glass beads compatible with downstream surface analysis. The required application should be considered when
choosing the best processing protocol because each method has small trade-offs between the number of cells

recovered and relative surface abundance of LAM.

Centrifugation and shear force.

Furthering our investigations into the mechanical processing of M.th, we investigated the impact of
centrifugation speed and frequency. Centrifugation did not statistically increase or decrease the accessibility of the
conserved arabinan backbone of LAM (Figure 5.5), but there are more minor changes in the relative backbone
abundance as centrifugation speed increases. Compared to unprocessed cells, centrifugation at 1,230 rcf increases

expression of Ara4/6 structures, but they are then mildly reduced after centrifugation at 4,800 rcf and 10,000 rcf.
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The relative abundance of these structures then increases in cells spun at 20,800 rcf. This pattern is independent of
the number of centrifugation cycles performed up to five times before surface staining. LAM's vastly heterogeneous
branching structure and high surface expression level and shedding means there is likely such a high density of
Ara4/6 structures that even if centrifugation removed some from LAM from the cell surface, it might not be enough
to impact measured expression levels statistically. Instead, more minor changes in surface LAM concentration may
be seen. We made this hypothesis because the arabinose backbone makes up most of LAM’s structure, and other

¥ In addition,

mycobacterial AMs, including LAM precursors, have similar arabinose branching structures.
mechanical dissociation has been shown to remove shed ManLAM found at the very outer capsule surface.
However, as the capsule is removed, arabinan-containing polysaccharides found in the inner compartment of the

capsule are exposed, as is surface-anchored LAM.**

A binding kinetics assessment of FDX01 or A194 for non-
LAM mycobacterial AMs would show if these antibodies cross-react with other similarly structured mycobacterial
AMs found in the capsule and on the cell surface, supporting our proposed theory.

In contrast, mannosyl cap accessibility statistically varied with both centrifugation speed and repetition.
Depending on the conditions and structure, the relative abundance of mannose caps more often decreased than
increased compared to unprocessed cells. For BJ-03 (Man2), there was no statistical difference when cells were
centrifuged at different speeds one time or five times compared to unprocessed cells, but there was a statistical
difference across the experimental conditions. A similar trend in the relative changes in Ara4/6 structures across
centrifugation speeds is also seen in the amount of relative mannosyl-cap abundance with increasing centrifugation
speed. For the mannosyl caps, the accessibility decreases as centrifugation speed increases to 10,000 rcf, but at
maximum speed, the mannose cap abundance recovers to similar levels seen in unprocessed. MVN exhibited this
same trend, and all but one condition had a statistical reduction in the accessibility of the glycosidic linkages.

The observed decrease followed by an increase in surface concentration for all carbohydrate structures
suggests that the shear forces applied to the cells during centrifugation impact the surface-accessible structures. A
likely explanation for this is that shear forces first strip the weakly bound capsular layer from the M.tb surface,

where LAM is present at the outer surface of the capsule.’”**

The mannosyl cap structure may be more sensitive to
the applied forces than the LAM backbone, physically disrupting the cap structure; the reduction in MVN binding

supports this theory. Alternatively, because there is a lower starting quantity of mannosyl caps, the progressive
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stripping of that capsular layer may cause more significant signal loss for each lost LAM molecule than the arabinan
backbone. Realistically, a combination of these two mechanisms is likely responsible for the observed behavior.

If we look at the effect of total applied force during centrifugation, as more force is applied, the capsular
layer containing LAM and other associated biomolecules should be stripped more rapidly, as seen through a LAM
signal decrease. Nevertheless, removing more of the outer capsule also exposes constituents of the inner capsule and
biomolecules bound to the outer mycobacterial membrane, more quickly “recovering” relative LAM abundance.’”
Even after removing the M.th capsule, established literature states that the cell surface retains similar
physiochemical properties because many of the capsule's carbohydrates, proteins, and lipids are also found anchored

329

to the outer mycobacterial membrane.”™ Together, the combined impact of applied mechanical force, heterogeneous

2% 39 ynder which surface-anchored LAM is located

biomarker distribution throughout the M.tb capsule layers,
explains why LAM accessibility recovers after mechanical disruption of the capsule and why it occurs faster at
higher centrifugal speeds.””” This explanation is consistent with the current understanding of the mycobacterial

ses 323,329,330
capsule structure and composition™ """

Enzymatic digestion.

Because the M.th cell envelope is a complex structure containing lipids, carbohydrates, and proteins, we
chose investigated how different enzymatic treatments may help release cells from clumps in place of mechanical
dissociation through cleavage and breakdown of the capsule and surface-bound biomolecules. Unfortunately, we
found that enzymatic treatment with amylase, lipase, lysozyme, and trypsin did not release single cells from the
culture clusters, and aggregates were still present. As discussed, the clumps of bacteria isolated from culture are
much larger in diameter than the clumping observed in clinically relevant sputum samples, making them totally
useless for clinical sample simulation. Cell aggregation also makes it impossible to accurately determine the number
of cells in the sample and characterize cell surface biomarker levels. Therefore, the results obtained from these
enzymatic dissociation experiments provide very-limited insight into the true impact these enzymes have on LAM
surface accessibility. Dissociation with glass beads before enzymatic digestion, while a confounding factor, would
have provided more apparent answers demonstrating how enzymes change surface LAM accessibility. Because we
know mechanical dissociation alone efficiently breaks apart cell clumps, using enzymatic digestion afterward is

redundant and therefore was not investigated.
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Relatively, lysozyme recovered more cells than the other enzymatic treatments, which is interesting
because lysozyme cannot easily access the internal PG layer of the cell wall. Further, there is no significant evidence

330-332

in the literature suggesting any amount of PG in the M.7b capsule. If lysozyme could access the PG layer, given

its importance in stabilizing the cell wall, cell lysis and decreased cell recovery would be expected. Adequate data

88333 50 it may be possible for lysozyme to pass

demonstrates the use of lysozyme for mycobacterial cell lysis,
through the outer cell wall using an unknown active transport mechanism.

The M.tb capsular layer is primarily made of a-D-glucans, which are homopolysaccharides composed of a-
D-glucose residues connected by primarily a-(1,4) linkages. Since a-amylase from porcine pancreas hydrolyzes the
a-(1,4)-glycosidic linkages, we predicted cells could be de-clumped using enzymatic treatment without significantly
impacting LAM surface accessibility. Literature suggests, however, that this glucose-like glucan found in the
capsule does not contribute to cell clumping in vitro; rather, it is arabinose-containing polysaccharides, such as AMs
and LAM, that are the significant cause of clumping.’*® Trypsin, lipase, and lysozyme also did not improve LAM
accessibility, but the FeSO4 used to inactivate lipase and lysozyme did facilitate increased binding between the LAM
recognition elements and the M.7b surface, some of which was nonspecific. Using a different enzyme that cleaves
arabinose-containing polysaccharides would likely help break apart cell clumps, but the amount of LAM would
likely be significantly reduced given the structural similarity.

Another possible explanation for the insignificant impact of enzymes on LAM accessibility is that the
enzymes completely removed the capsular layer from the M.th surface during the 60 minute digestions. As
suggested by literature and demonstrated in our centrifugation studies, the similar physiochemical composition of
the outer mycobacterial envelope should have comparable surface LAM density compared to unprocessed cells after
capsule loss. Shorter digestions or different enzyme concentrations could potentially produce wider variations in
surface LAM abundance. However, if all capsular components, including the arabinose-containing polysaccharides
thought to be responsible for aggregation, were removed, we should expect to see better de-clumping of the cells.
While the diameter of cell clusters decreased following enzymatic treatment, they were still large enough to be
observed in solution with the naked eye; there were also no single cells recovered for any enzymatic processing
method. Though entirely speculative, arabinose-polysaccharides on the M.tb surface may still facilitate clumping,

but this would be inconsistent with cell behavior following mechanical dissociation. Exhaustive investigations are
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needed to assess enzymatic alterations of the LAM surface accessibility accurately, with more questions generated
than answers.

Alternative strategies likely exist to digest cell clumps from a culture with improved enzymatic efficacy.
For example, adding amylase and lysozyme to the culture medium increases the effectiveness of antibiotic treatment
and improves growth inhibition of M.tb. Individually, each enzyme marginally reduces cell growth, but both still
help weaken the outer capsule and envelope.” However, as stressed in this report, there is no information
demonstrating the impact on LAM accessibility. Testing established treatments known to influence M.#b virulence,
antibiotic susceptibility, and growth, such as those cited in this report are excellent candidates for surface-accessible
structure assessment. Hopefully, these analyses would broaden our scientific understanding of M.th capsule

destabilization and changes to the arabinose-polysaccharide surface density.

MYVN as a LAM recognition element.

This report clearly shows that mechanical processing significantly reduces MVN binding to glycosidic
linkages in the terminal ManLAM cap expressed on the surface of M.th. This trend did not correlate with the two
anti-ManLAM mannosyl-cap antibodies, and even when BJ-03 and BJ-76 binding was statistically changed, the
relative difference was less than the disparity seen for MVN. In addition, the amount of MVN needed to label cells
was excessive (2 pg/sample) compared to the antibody staining protocols (0.11 pg/sample to 1.19 pg/sample), and
that was with an additional signal amplification step afforded by an anti-Biotin secondary antibody with the anti-
Rabbit-HRP tertiary antibody. We also used MVN to fluorescently label single cells, using flow cytometry for
fluorescence detection. Even after staining cells with ridiculous quantities of MVN and fluorescently-labeled
secondary antibody for quantification of ManLAM surface density, more often than not, cell labeling with MVN
was indistinct from cells labeled with only the fluorescent secondary antibody (data not shown).

Practically, this extensive testing has found that MVN does not reliably bind ManLAM on M.th, and
without further investigation as to why, it is unlikely MVN will become a novel LAM recognition element for
detection of whole-cell M.th. Structural damage to the glycosidic linkages may contribute, but this is pure
speculation, and further studies were not performed to validate or nullify the hypothesis. Because MVN has such a

high binding affinity for free ManLAM using biolayer interferometry, we hypothesize that MVN cannot stay bound

138



to the surface of M.tb because it only has one binding site. If this were proved true, MVN dimerization could

drastically influence results.

Limitations and future directions.
While we aimed to provide a broad overview of the impact of different processing methods, there are many
limitations to this study that must be addressed. First, as we established, culture conditions affect capsule structural

%331 and AM expression levels can vary considerably based on the growth phase of the culture.”* These

integrity,
differences can completely disrupt multi-factorial processes, influencing drug susceptibility testing results® and
BCG vaccine efficacy.’ Therefore, we chose to use a readily available cell reagent to reduce culture variability.
Gamma-irradiated strains of M.th acquired through BEI Resources were grown in glycerol-alanine-salts without
detergent until end-log phase growth. Knowing the disparities between cell culture conditions, the results presented
here may not be directly applicable to M.tb grown in other recipes culture media. Feeding cells with minimal media
instead of complete media can influence cell phenotypes, which again could significantly change experimental
results. The use of gamma-irradiated cells is a confounding factor of the results presented here, since ionizing
radiation can impact the stability of complex bioorganic structures,’*® which will influence molecular behavior under
different physical and chemical conditions.

There are also significant differences in the surface-accessible structures found in different Mycobacterium
spp., limiting study implications exclusively to M.th, and possibly only to those strains used in the study. These
variances go well beyond those discussed with the carbohydrate capping of ManLAM, PILAM, and AraLAM.
Within NTM or MTBC species that express LAM with the same capping motif, the degree to which LAM is
terminally-capped with mannose or phosphatidylinositol residues is species-dependent. For example, M.th and M.
bovis average seven to nine di-mannosyl caps per LAM molecule, but M. leprae averages only one.””*** Different
strains of M.tb also express different amounts of arabinomannans on their surface.”’ Variation in starting biomarker
surface density can influence the net change that occurs with each protocol, with low-concentration biomarkers
showing a more significant relative increase or decrease after processing; this phenomenon was previously alluded
to in discussions of centrifugation impacts.

In addition, while the literature suggests that a-amylase did not successfully de-clumped M.th because

arabinose-polysaccharides are responsible for cell aggregation in M.th, the o-D-glucans may be responsible for
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clumping in M. smegmatis. These distinctions make it easy to speculate how enzyme digestion could produce total
opposite results for M. smegmatis dissociation than M.tb; optimization may make it possible to completely digest the
capsular layer with amylase, creating a single cell suspension while improving LAM surface accessibility.”* The
distribution of lipids and carbohydrates through the cell capsule is different for each mycobacterial species,’>>*> 3
further adding to the heterogeneity within the different layers of the capsule itself. Altogether, outside of known
differences in relative surface abundance, significant cell biology variations between different mycobacterial species
will produce different results from the same processing protocols.

While statistically significant findings are presented and discussed throughout this report, the question
arises; when these cases only exhibit a relative change of no more than two-fold or three-fold, is it important in
practice? Typically, it is unlikely that mild increases or decreases in LAM surface expression are critical in practice,
even when statistically different, because of the high abundance of surface LAM. However, if these small variations
made a practical difference, they would most significantly impact the mannosyl caps because they are a minor part
of ManLAM’s structure. However, the mannosyl caps are entirely responsible for differentiation between MTBC
and NTM differentiation, which makes them critically important for M.sb detection and diagnosis especially the rare
and chemically distinct MTX-Man cap.

This report clearly shows that almost any processing significantly impacts MVN binding to the surface of
M.th via glycosidic linkages in the terminal ManLAM cap. In addition, the amount of MVN needed to label cells
was excessive (2 pg/sample) compared to the antibody staining protocols (0.11 pg/sample to 1.19 pg/sample). We
also used MVN to fluorescently label single cells, using flow cytometry for fluorescence detection. Even after
staining cells with ridiculous quantities of MVN and fluorescently-labeled secondary antibody for quantification of
ManLAM surface density, in most cases, there was no significant labeling of individual cells with MVN (data not
shown). Practically, extensive testing has found that MVN does not reliably bind ManLAM on M.tb, and without
further investigation as to why MVN is unlikely to become a novel LAM detection element for whole bacilli assays.
Because MVN has such a high binding affinity for free ManLAM using biolayer interferometry, we hypothesize that
MVN cannot stay bound to the surface of M.tbh because it only has one binding site. If this were proved true, MVN

dimerization could drastically change results.
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Conclusions

Using newly available LAM recognition elements, we showed that M.tbh dissociation methods impact
surface accessible features and single-cell recovery, with data supported by established theory. Mechanical
dissociation recovered more intact and usable single cells than enzymatic dissociation. Mechanical dissociation also
improved surface LAM abundance, while treatment with four enzymes did not change accessibility. Relative
differences in surface LAM showed that centrifugation speed and repetition likely stripped the cell capsule off
M.th’s surface, exposing the biomolecules anchored to the outer membrane. This is the first study to our knowledge
that shows MVN binding to M.tb, but further investigation is needed to determine why MVN does not reliably bind
M.th even though it has such a high binding affinity for individual molecules of ManLAM. We expect this
information will interest many TB investigators seeking detailed preparation methods that preserve as many surface-

accessible biomarkers as possible.
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CHAPTER 6 : DESIGN OF A CYANOBACTERIAL LECTIN SURFACE-FUNCTIONALIZED

MAGNETIC BEAD FOR SPECIFIC ISOLATION OF TUBERCULOUS MYCOBACTERIA

Adapted from: (1) Pearlman, S. I.; Warren, C.; Pasic, L.; Blackburn, J.; Haselton, F. R., Cyanobacterial lectin
microvirin-N specifically isolates tuberculous mycobacteria from a mixture; with permission from
coauthors. In preparation.

(2) Pearlman, S. L.; Pasic, L.; Blackburn, J.; Haselton, F. R., Impact of mechanical and enzymatic
dissociation methods on cellular de-clumping and surface accessibility of lipoarabinomannan on M.

tuberculosis; with permission from coauthors. In preparation.

Abstract

While tuberculosis (TB) has killed more people than any other infectious disease in human history,
nontuberculous mycobacterial (NTM) infections have recently become a significant public health concern, with the
number of NTM cases now exceeding TB cases in the United States. These infections target similar patient
populations and have similar symptoms but require different antibiotic regimens. Beyond bacterial culture, there is
no diagnostic test available to differentiate between TB and NTM infections, and an estimated 10% of TB patients
are misdiagnosed and instead have an NTM infection. To address this gap in care, we designed a magnetic capture
bead for the isolation of only TB-causing mycobacteria. These beads were functionalized with cyanobacterial lectin
microvirin-N (MVN), which binds the terminal mannose caps of lipoarabinomannan (LAM), expressed on the
surface TB-causing mycobacterial species. NTM species instead express terminal phospho-myo-inositol caps on
LAM. Using flow cytometry analysis of the interactions between fluorescent bacteria and beads, we demonstrated
capture of M. bovis BCG (BCG) on MVN-functionalized beads. In creating a negative control. The capture
efficiency of MVN-beads was dependent on the bead surface loading concentration. In creating an MVN negative
binding control, we found that reduction and alkylation of MVN reduced its binding affinity for mannose-capped
LAM by 100-fold, though improving the MVN purity could improve these results further. Though Galectin-1
exhibited some binding to the BCG surface, its structural similarity to MVN demonstrated that, with refinement, a
non-mannose binding lectin could serve as an effective isotype-analog to MVN. Individual MVN molecules did not

reliably bind to the surface of BCG, which we attribute to its monomeric binding site; surface loading of BCG
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would likely improve with MVN re-engineering into a dimer. Though more work is necessary to overcome the
identified development and implementation barriers, the use of MVN as a mycobacterial diagnostic tool remains

promising.

Introduction

Tuberculosis (TB) is a major cause of death, particularly in low-income countries, with 10 million annual
cases worldwide.” TB disease is well-known and studied worldwide, but few are aware of the sudden rise of
nontuberculous mycobacterial infections (NTM, e.g., M. abscessus, M. smegmatis, M. fortuitum) in both
immunocompetent and immunocompromised patient populations.*’ The difference in treatment regimens between
TB disease and NTM infection create care gaps, with patients often being misdiagnosed with TB.” In 2009, the
median time to diagnose NTM infection following symptom onset was two years.® This inappropriate care often
leaves patients with permanent loss of lung function and, in some cases, results in patient death.

In resource-limited parts of the world, there is no readily available technique to determine the species-
specific causative agent of mycobacterial infections. Culturing patient sputum can theoretically discern between TB
and NTM.* However, for the same reasons it does not adequately work for the diagnosis of TB, namely the
extensive time and infrastructure barriers required to implement culture are too slow and unavailable for use at the
point-of-care (POC),” it also fails to diagnose NTM infections. Therefore, diagnosis is reliant on sputum smear
microscopy. However, acid-fast staining and microscopic sputum observation cannot tell the difference between M.
tuberculosis complex (MTBC, e.g., M. tuberculosis, M. bovis, M. bovis BCG, M. canetti, M. africanum) species, the
causative agents of TB, and NTM infections.

Furthermore, the parts of the world using sputum inspection for diagnosis are also areas with high rates of
TB disease, increasing the chances of misdiagnosis.”” Multiple reports worldwide further demonstrate the need for
mycobacterial species-specific diagnostics, with more than 10% of diagnosed TB infections truly caused by NTM in
some parts of the world.”® 3=+

Lipoarabinomannan (LAM) is a glycolipid virulence factor found in Mycobacterium spp.**® Up to 15% of
the total cell mass of M. tuberculosis (M.tb) and other Mycobacterium spp. is composed of LAM, making it an
extremely abundant surface biomarker.®” What makes LAM an even more exciting biomarker choice is the structural

variability across Mycobacterium spp. Specifically, LAM has three structural regions. The mannosyl-phosphatidyl-
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myo-inositol surface anchor attaches the rest of the LAM structure to the outer cell envelope. Attached to this is a
polysaccharide backbone composed of D-mannan and D-arabinan branches. The anchor and backbone are both
conserved structures across all Mycobacterial spp.”"’ The end of these branches are sometimes further modified with
a carbohydrate cap structure, which makes up the third domain.

Interestingly, this capping motif varies depending on the species expressing it. Slow-growing MTBC
species that cause TB disease have one-to-three terminal a-D-Manp residues linked through a-(1—2)-glycosidic
linkages (ManLAM; Figure 5.1). Fast-growing NTM species have LAM capped with a phosphatidyl-myo-inositol
cap (PILAM). AraLAM is devoid of any additional terminal carbohydrates and exists in only a few species of

mycobacteria.”"’

Even though the number of carbohydrate caps on each LAM molecule is highly variable across
Mycobacterium spp., the structural differences in this terminal cap make it an attractive biomarker for differentiation
between TB disease and NTM infection.

This report aims to create a simple method for differentiation between MTBC and NTM infections at the
POC. Instead of using traditional immunoprecipitation, we describe a design for specific capture magnetic bead
surface-functionalized with novel cyanobacterial mannose-binding lectin microvirin-N (MVN). Recently, van der
Horst et al.*® demonstrated that MVN specifically binds the mannose linkages found in ManLAM while not binding
PILAM.*'> 3% I this report, we detail the work completed towards achieving specific bead capture of MTBC
species M. bovis BCG but not NTM species M. smegmatis. Barriers to completion and potential solutions for
completion of the project are outlined. When implemented with POC sputum smear microscopy for bacteriological

confirmation, we believe this MVN-magnetic bead could make a simple workflow for differentiation of MTBC and

NTM infections in low-resource settings attainable.

Materials and Methods

Mycobacterial strains, culture conditions, and electroporation.

Mycobacterium bovis Karlson and Lessell TMC 1011 [BCG Pasteur] (ATCC® 35734TM) is referenced
here as M. bovis BCG (BCG), and Mycobacterium smegmatis (Trevisan) Lehmann and Neumann mc(2)155
(ATCC® 700084TM), referenced here as M. smegmatis (M. smeg) were cultured in BD DifcoTM Middlebrook 7H9

Broth (FisherSci, DF0713-17-9) supplemented with 10% BD BBL™ Middlebrook OADC Enrichment (FisherSci,
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Cat# B12351) and 0.05% glycerol, or on BD Difco™ Middlebrook 7H10 agar (FisherSci, DF0627-17-4)
supplemented with OADC and glycerol. All suspension BCG cultures were grown at 37°C with constant shaking at
~200 rpm, and M. smeg suspension cultures at 20°C with constant shaking at ~200 rpm. M. smeg was cultured at
room temperature as a preventative measure to reduce the chances of contaminating the incubator and BCG cultures
with the faster-growing mycobacterial strain. Following electroporation, transformed BCG and M. smeg were grown
using the indicated media supplemented with 50 pg/mL or 100 pg/mL Hygromycin B respectively (RPI Corp.,
H75020) to maintain the selection of bacteria expressing the plasmid.

Plasmid pMN437 was a gift from Michael Niederweis (Addgene plasmid # 32362;
http:/n2t.net/addgene:32362; RRID:Addgene 32362).** Plasmid pMyCA-mCherry was a gift from Young-Hwa
Song (Addgene plasmid #84272; http://n2t.net/addgene:84272; RRID: Addgene 84272).*™ These plasmids were
used to create fluorescent BCG and M. smeg bacilli respectively for imaging. The plasmids arrived as a bacterial
stab of transformed Escherichia coli DH5a, which were expanded into 100 mL cultures in LB (Lysogeny Broth)
liquid culture medium (RPI Corp., L24040) containing 200 pg/mL or 100 pg/mL Hygromycin B respectively at
37°C or 20°C, respectively, with shaking at ~200 rpm. The plasmids were isolated from the cultures using the
QIAprep® Spin Miniprep Kit (Qiagen, 27104). The same stock of E. coli used to copy and isolate pMyCA-mCherry
in preparation for electroporation was expanded and used in experiments using mCherry E. coli.

BCG and M. smeg were electroporated as indicated by Goude and Parish,*” substituting the culture media
above into the electroporation protocols. Following electroporation and plating on selection agar, BCG was cultured
at 37°C for up to four weeks, and M. smeg was cultured at 37°C for three to five days before inoculating liquid
culture media with transformed colonies. BCG and M. smeg electroporated with water instead of plasmid DNA did
not grow on the Hygromycin B selection plates. Green or pink colonies only grew on the selection plates

electroporated with the corresponding plasmid DNA.

Preparation of single-cell suspensions.

Because of mycobacterial cultures' sticky/clumping nature, it is necessary to use mechanical dissociation to
liberate usable cells before use in experiments. A minimum of 50 mL of suspension culture for each strain was used
in preparations to ensure enough cells were available for use. Suspension cultures were placed in 50 mL conicals

and centrifuged at 1,100 x rcf for 5 min in Beckman Coulter™ Allegra™ X-22R Centrifuge. The supernatant was
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removed, and the process was repeated for populations with culture volumes greater than 50 mL. Once complete and
all supernatant was removed, ten acid-alcohol-washed and autoclaved 3 mm glass beads (MilliporeSigma,
1040150500) were added to the 50 mL conical and cells and vigorously shaken for 1 min. After allowing aerosols to
settle for at least 1 min, 6 mL of 1x Phosphate-buffered saline (PBS; 137 mM NacCl, 2.7 mM KCI, 10 mM Na,HPO,,
1.8 mM KH,PO,, pH = 7.4) was added, and the tube was gently rocked to wash the cells off the tube walls. The
large aggregates were allowed to settle for 5 min, and the upper 5 mL were filtered through a 70 um cell strainer and
into a clean 50 mL conical. The cells were centrifuged at 378 x rcf for 10 min, and the upper 4 mL of supernatant
was removed, which contained single cells for the experiment. In some cases, the cell yield was low and more cells
were needed to complete each experiment. Cells from the entire 5 mL volume following filtration were used in those
cases. Only the single cells acquired after the second centrifugation step should be used in future experiments.
Triplicate optical density measurements at 600 nm for each population were measured using a Vernier Go
Direct® SpectroVis® Plus Spectrophotometer (Vernier, GDX-SVISPL), and the number of cells recovered was
estimated. Because of the difficulty of accurately counting the total number of cells, cell solutions at various optical
density measurements were counted on a BD FACSAria™ III flow cytometer alongside a known quantity of
Countbright™ Absolute Counting Beads (ThermoFisher, C36950). One event was assumed to correspond to one

bacterial cell, and a standard curve correlating Flow Cytometry Events vs. OD600 was created (Figure B1).

MYVN-Hisg production and purification.

Plasmid information.

The microvirin-N (MVN) DNA sequence was previously cloned into the pET15b vector as described by
Kehr et al,’" resulting in the expression of an N-terminally His-tagged MVN protein. Dr. Carole Bewley
generously gifted the cloned pET-15b-MVN plasmid (Laboratory of Bioorganic Chemistry, NIDDK, National

343

Institutes of Health).”* Cloning methods inserting the MVN into the pET-15b vector are described by Kehr ef al.*'?

Expression of MVN-Hisg.

The pET15b-MVN plasmid was transformed into One-Shot"" BL21 (DE3) pLysS Escherichia coli (E. coli
Invitrogen, C606010) with 190 ng plasmid per 100 uL of competent bacteria, according to manufacturer’s
instructions. Transformed bacteria were inoculated into a 50 mL culture of Lysogeny Broth with 100 ug/mL

ampicillin, and cultures were then shaken at ~220 rpm overnight at 37°C. The following day, a 2 L baffled flasks
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containing 1 L of Terrific Broth (1.2% w/v tryptone, 2.4% w/v yeast extract, 0.4% v/v glycerol, 17 mM KH,POy, 72
mM K,HPO,) with 100 ug/mL ampicillin were each inoculated with the overnight starter culture at an initial optical
density at 600 nm (OD600) of ~0.1. The culture was incubated at 37°C with shaking at ~220 rpm until the OD600
measured 0.6 — 0.8. The incubator and cultures were then cooled to 18°C. Isopropyl B-D-1-thiogalactopyranoside
(IPTG) was added at a final concentration of 1 mM to induce MVN expression, and the cultures were incubated
overnight at —18°C with shaking at ~220 rpm to complete the protein expression. Cultures were harvested the
following day using centrifugation, at which point the supernatant was discarded, and the pellet was used fresh or
frozen at 80°C until use.

Bacterial lysis.

The induced cells were resuspended in 150 mL of Resuspension Buffer (25 mM NaH,PO4, 500 mM NaCl,
10% glycerol, pH = 8) containing 2 pg/mL Lysozyme (SigmaAldrich, L6876), 1 mL Protease Cocktail
(SigmaAldrich, P8849), and a skosh of powdered DNase I (SigmaAldrich, DN25) in a beaker using a stir bar for 15
minutes. The mixture was chilled on ice, and then passed through an Emulsiflex-C3 High-Pressure Homogenizer
(Avestin, Mannheim, Germany) three times while maintaining lysis pressure at 15,000 psi. The lysate was clarified
by centrifuging it at 35,300 x rcf, 4°C, for 45-60 min. The clarified supernatant was filtered through a 0.22 um filter.

IMAC purification of MVN-Hisg.

Protein purification was performed using Fast Protein Liquid Chromatography. A 5 mL HisTrap'" HP
(Nickel Sepharose™ High-Performance Medium) column (Cytiva Life Sciences, 17524802) was equilibrated at 4
mL/min with 5 column volumes (CV) of Resuspension Buffer. The clarified bacterial lysate was loaded onto the
column at a 4 mL/min rate. The column was washed with 20 CV of Resuspension Buffer at 4 mL/min, and the
protein was eluted using a linear imidazole gradient from 0—500 mM, collecting 2 mL fractions using Resuspension
Buffer + 500mM imidazole, pH = 8. Elution fractions were analyzed by SDS-PAGE using an Invitrogen™
NuPAGE™ 4-12% Bis-Tris gradient gel run in 1x Invitrogen™ NuPAGE™ MES SDS Running Buffer (NP0002,
50 mM 2-(N-morpholino)ethanesulfonic acid (MES), 50 mM Tris Base, 0.1% SDS, 1 mM EDTA, pH = 7.3) for the
presence of the 14 kDa MVN monomer and dimer respectively under reducing conditions. The fractions with similar
MVN profiles were pooled (Figure D1) and dialyzed against 1x PBS overnight. Protein concentration quantified

following SDS-PAGE using Image Studio™ Lite Version 5.2 (LI-COR, Lincoln, NE through densitometry (Figure
g g g
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D2). Purified MVN was aliquotted and stored at —80°C until use. Pool 2 was used to maintain MVN consistency

between experiments.

Optimization and functionalization of streptavidin magnetic beads with AlexaFluor™ 405.

To visualize individual binding interactions between bacteria and beads, they must be labeled with a
distinct fluorophore, providing an additional distinct physical variable for gating alongside their inherent size and
granularity. Therefore, we created fluorescent magnetic beads by covalently modifying the e-amino R-group of
lysine on the streptavidin bead surface with AlexaFluor™ 405 (AF405). After, biotinylated proteins were loaded

onto the surface of the fluorescent magnetic beads using the noncovalent interaction between streptavidin and biotin

(Figure 6.1).
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Figure 6.1. Design of heterofunctionalized MVN-capture bead. The streptavidin surface coating was first
labeled with a carboxylic acid, succinimidyl ester of AlexaFluor™ 405. Covalent modification of the -amino
R-group of streptavidin’s lysines created a stable fluorescent bead that could then be loaded with biotinylated
MVN and used to capture M. bovis BCG through the association of MVN and the mannosyl caps found on
ManLAM. Loading of MVN-Biotin on the bead surface was confirmed by detecting the endogenous N-
terminal His tag found on MVN.
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MyOne™ Streptavidin T1 ™

(ThermoFisher, 65601; 1 um diameter) and SuperMag Streptavidin Beads
(OceanNanotech, SV0200; 200 nm diameter) were fluorescently labeled with AlexaFluor™ 405 (AF405) carboxylic
acid, succinimidyl ester (ThermoFisher, A30000) before protein loading. AF405 was suspended at a 10 mg/mL
concentration in dimethyl sulfoxide, aliquotted, and stored at —80°C until use to prevent ester hydrolysis.

Beads were washed three times with 1 mL of Conjugation Buffer (100 mM NaHCOs;, pH = 8.3) using a
Vortex mixer to ensure adequate washing. ™ were magnetically separated on a fixed magnetic tube rack for at least
3 min between washes. Due to their small diameter low magnetic susceptibility, SuperMag Beads were concentrated
via centrifugation at 17,500 x rcf for one to two minutes in an Eppendorf® Centrifuge 5430 (Hamburg, Germany),
which significantly expedited the separation process during bead functionalization. In addition, the Conjugation
Buffer and wash buffer listed included 0.01% Tween-20 for the SuperMag beads to help prevent intrabead
aggregation and aggregation to the walls of the microcentrifuge tubes. When initially performed without Tween-20,
the beads showed minimal conjugation at less than 10-fold molar excess, so Tween-20 was added, and the molar
excess range increased. After washing, "™ and SuperMag beads were resuspended in Conjugation Buffer at
concentrations of 5 mg/mL and 2 mg/mL, respectively, and briefly sonicated using a Vevor® 40 kHz Ultrasonic
Jewelry Cleaner (Shanghai, China). AF405 was added to the beads and mixed using a Vortex mixer. Beads were
incubated on a shaker at room temperature for 1 h at ~150 rpm protected from light in 2 mL microcentrifuge tubes.
After, the beads were washed 1x in 1 mL of Conjugation Buffer, followed by two washes in 1x PBS. The beads
were resuspended at their stock concentrations in 1x PBS + 0.02% Tween-20 and stored at 4°C protected from light
until use. Conjugation of the streptavidin surface with AF405 was confirmed by measuring fluorescence using a
Nanodrop™ 3300 Fluorospectrometer (ThermoFisher, Waltham, MA) before flow cytometric assessment.

To optimize the degree of surface modification of the ™ and SuperMag beads, the number of moles of
streptavidin on each bead surface was first estimated. At the reported manufacturer’s stock concentrations, we
estimated Dynbeads has 2.56x107"> mol streptavidin/uL beads (10 mg/mL stock), and SuperMag Beads have
1.71x10"" mol streptavidin/uL beads (stock 1 mg/mL). Increasing molar equivalents of NHS-AF405 were added to
beads for conjugation. The fluorescence intensity of the AF405-functionalized beads was measured and recorded on
a BD FACSAria™ III. When the samples were analyzed on the cytometer, they were explicitly run in a specific
order, starting with the unstained control, followed by the experimental conditions from the least to the greatest

concentration of AF405 to ensure no contamination low-concentration sample measurements from high-
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concentration sample measurements. A minimum of 5,000 beads were sampled for each condition. Conjugated
beads were compared to unstained controls to determine which molar excess of AF405 produced a definitively
positive AF405 signal without being hyper-intense (Figure D3). Based on these titrations, 6x and 100x molar
equivalents of AF405 were selected for standardized fluorescent-tagging of "™ and SuperMag beads, respectively.
For the SuperMag beads, 10x molar excess increased the AF405 signal, but only 65% of beads were
definitively positive. Therefore, a higher concentration of NHS-AF405 was needed to ensure complete bead
labeling. However, even though the number of AF405-positive beads increased to >99%, the mean intensity
decreased, likely because of self-quenching.**® Because the total fluorescence intensity decreased at 40-fold molar
excess, the AF405 titration should be repeated using smaller concentration difference intervals, explicitly looking at

loading below 40x molar excess.

Acquisition of and titration of secondary His tag antibody.

Mouse monoclonal DyLight® 650 Anti-6x His tag® antibody [AD1.1.10] abbreviated anti-Hise-650 herein
(abcam, ab117504) was purchased to detect MVN, specifically binding to the Hisg tag found on MVN. This
antibody confirmed MVN loading on the magnetic bead and BCG surfaces. Mouse monoclonal DyLight® 650 Anti-
DDDDK (Binds to FLAG® tag sequence) [M2] (abcam, ab117492) was purchased as an isotype control for the anti-
Hisg-650.

To titrate anti-Hise-650 for loading confirmation of MVN-Biotin on the bead surfaces, 5 pg of unaltered
beads were mixed into 500 uL of 1x PBS + 0.02% Tween-20 (PBS-T) containing increasing quantities of anti-Hise-
650. The samples were incubated for 30 minutes at room temperature on a lab rotisserie. The beads were washed
three times in 1 mL of PBS-T, and the fluorescence intensity of at least 5,000 events was measured on the
Allophycocyanin (APC) channel using the BD FACSAria™ III. Looking at the populations’ intensity and spread
changes aided in assessing nonspecific binding between the beads and anti-His6-650. The geometric mean (GMean),
robust standard deviation (rSD), and % events DyLight® 650 positive were plotted here for analysis. The highest
quantity of anti-Hisg-650 that did not significantly increase the background signal was chosen for each titration
(Figure D4). For Dynabeads™, this was a 1:1,000 dilution (0.5 pg/sample). For SuperMag beads, a 1:3,000 dilution

(0.17 pg/sample) of anti-Hiss-650 was chosen for loading quantification.
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To titrate anti-Hisg-650 for detection of MVN-Hisq or MVN-Biotin binding to the surface of BCG,
approximately 2 million cells were resuspended in 500 uL of PBS-T with increasing amounts of anti-Hiss-650 and
incubated protected from light on a lab rotisserie at room temperature for 30 minutes. The cells were washed 3x
using 1 mL of PBS-T in a 15 mL conical tube by centrifugation at 3,000 x rcf for 5 min in Beckman Coulter™
Allegra™ X-22R Centrifuge. Cells were resuspended in 200 pL of PBS-T, and the fluorescence intensity of a
minimum of 5,000 events was measured using the BD FACSAria™ III (Figure D5). A dilution of 1:1,000 (0.5
pg/sample) was chosen. Some initial and troubleshooting experiments used other secondary antibody dilutions, and
these instances are explicitly noted.

When analyzed on the cytometer for both titrations, samples were applied in a specific order. The unstained
control was analyzed first, followed by the secondary-only control. Then, the experimental conditions were analyzed
from the least to the greatest concentration of anti-Hise-650 to effectively prevent any contamination of low-
concentration sample measurements from high-concentration sample measurements. The gating strategy for

fluorescence analysis is shown in Figure D6.

MVN titration and binding to BCG surface.

BCG was prepared from culture as specified. An average of 2 million BCG or GFP BCG cells were
suspended in 500 pL. PBS-T with increasing amounts of MVN-Hiss or MVN-Biotin in a 1.5 mL or 2 mL
microcentrifuge tube. The samples were mixed and incubated at room temperature for 30 min on a lab rotisserie.
After, samples were transferred into a 15 mL conical tube and centrifuged at 3000 x rcf for 5 min. The samples were
washed three times with 1 mL of 1x PBS + 0.02% Tween-20. The samples were then transferred into new
microcentrifuge tubes containing 500 pL of 1:1,000 anti-Hiss-650 and incubated again on a lab rotisserie for 30 min
at room temperature protected from light. Samples were washed with 1 mL of PBS-T three times via centrifugation

and suspended in 200 pL before analysis. The gating strategy for fluorescence analysis is shown in Figure D6.

Creation of an isotype-analogous control for MVN through irreversible intraprotein disulfide reduction of MVN.
Experiments with antibodies traditionally use an isotype control to determine how much nonspecific
binding occurs through interactions with the conserved regions of an antibody. When isotype controls are loaded

onto beads, it can serve as a control for nonspecific binding due to the antibody's conserved region and binding to
p g y g g
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the bead's surface. MVN is a lectin, and therefore, an isotype control does not exist. As a result, nonspecific vs.
specific binding cannot be accurately assessed during optimization experiments, such as when optimizing MVN
surface loading for these beads.

MVN was biotinylated as described below with EZ-Link™ NHS-PEG,-Biotin (ThermoFisher, A39259)
and dialyzed into 150 mM NaCl in preparation for reduction using a Slide-a-Lyzer'” Dialysis Cassettes, 2K
MWCO, 3 mL (ThermoFisher, 66203) according to the manufacturer’s instructions. Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP HCI; ThermoFisher, 20490) was prepared in water according to the manufacturer’s
instructions at 100 mg/mL and stored at —20°C until use.

MVN has three disulfide bonds made from six cysteines to reduce. A 100-fold molar excess of the number
of thiol groups of TCEP HCI is recommended for complete reduction. So, a total of 600-fold molar excess of TCEP
HCl was added to MVN-Biotin, assuming that the total protein concentration measured using A280 was pure MVN
and incubated on a lab rotisserie at room temperature for two hours. Leftover TCEP HCl was removed, and the
buffer was exchanged into 1x PBS using Zeba™ Columns. The thiol groups on the free cysteines were alkylated
with N-ethylmaleimide (NEM, ThermoFisher, 23030) to prevent any spontaneous oxidation. An equal mass of NEM
was added to the reduced MVN-Biotin and reacted at room temperature on a lab rotisserie for 2.5 h. Unreacted NEM
was also removed using Zeba™ Columns.

Three different methods assessed the outcome of the reduction and alkylation. First, an SDS-PAGE was
performed to assess the protein content from MVN-Biotin fractions taken during each treatment step. A total of 5 pg
of protein from each sample was separated on a 4-20% Mini-PROTEAN® TGX™ Precast Protein Gel (BioRad,
4561095) under reducing conditions at 100 volts for 80 min. According to the manufacturer’s instructions, the
protein gel was stained with GelCode™ Blue Stain Reagent (ThermoFisher, 24590) and imaged using a Gel Doc EZ
Gel Documentation System (Figure D7).

Second, to determine if reduction and alkylation were successful, fractions from each process step were
assessed for thiol concentration using molar absorptivity using Ellman’s Reagent, 5,5'-dithiobis-(2-nitrobenzoic
acid) (DTNB, ThermoFisher, D8451). DTNB reacts with free thiols in solution, producing a mixed disulfide product
and 2-nitro-5-thiobenzoic acid (TNB), which is yellow-colored and can be quantified using spectrophotometry.**’
DTNB was prepared and mixed with known amounts (100 pL; variable concentration) of MVN-Biotin according to

the manufacturer’s instructions, and the absorbance of the TNB produced was measured in triplicate using a Go
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Direct® SpectroVis® Plus Spectrophotometer at 412 nm. Using the extinction coefficient of TNB (14,150 M
cm '), the concentration of thiol groups within each sample was calculated and compared to the estimated number of
thiols. A blank sample was also measured, and the average background signal was subtracted from the sample data.
Third, to assess if the reduced and alkylated MVN could bind ManLAM, as described in van der Horst et
al,* biolayer interferometry measured the binding kinetics of pre- and post- reduced + alkylated MVN-Biotin.
Biolayer interferometry was performed using a ForteBio Octet RED96. Dip and Read Streptavidin Biosensors
(ForteBio, 18-5019) were used in the binding experiments. Mycobacterium tuberculosis, H37Rv, Purified
Lipoarabinomannan (NR-14848) was obtained from the Biodefense and Emerging Infections Research Resources
Repository (BEI Resources, Manassas, VA), NIAID, NIH. All experiments were performed in 1x PBS + 0.02%
Tween-20 + 0.1% Bovine Serum Albumin (BSA; MilliporeSigma, A7030). After a 10 min delay for sensor tip
rehydration, as recommended by the manufacturer, the biosensor tips were moved into a well of PBS-T-BSA for a
300 s equilibration step. After, the biosensor tips were introduced into wells containing 0.1 pg/mL pf MVN-Biotin
for 400 s, loading the streptavidin tips with the biotinylated lectin. The biosensors were then transferred into wells
containing PBS-T-BSA for a 60 s baseline step, then transferred into wells containing 2-fold serially diluted
ManLAM, starting at 20 nM, for 400 s. After this association, the biosensors were transferred back into the buffer-
only sample well for 900 s to measure the dissociation between ManLAM and MVN-Biotin. A global 1:1 fit model

calculated the binding kinetic and equilibrium constants (Ko, Ko, and Kp).

Bioconjugation of lectins.

Recombinant Human Galectin-1 (carrier-free) was purchased from Biolegend® (553506), aliquotted on
arrival, and stored at —80°C until use. Both MVN-Hiss and Galectin-1-Hisq were reacted with 20x molar equivalents
of EZ-Link™ NHS-PEG,-Biotin (ThermoFisher, A35389) for one hour at room temperature on a lab rotisserie
according to the manufacturer’s protocol. Zeba™ Spin Desalting Columns, 7K MWCO (ThermoFisher, 89882)
removed unreacted NHS-PEG,-Biotin from MVN following reaction incubation. Galectin-1 was cleaned using 2K
MWCO dialysis cassettes to reduce protein loss of the small quantity of Galectin-1. We have seen protein losses up
to 50% with Zeba™ Columns. The final concentration of biotin-conjugated MVN (MVN-Biotin) and Galectin-1

Galectin-1-Biotin) were determined using absorbance at 280 nm on a Nanodrop™ Spectrophotometer ND-1000.
g p p p
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MVN-Biotin was stored at 4°C until use. Galectin-1-Biotin was stored at —80°C until use. In some early

experiments, EZ-Link™ NHS-PEG4-Biotin was used to conjugate MVN instead of PEG ;.

Biotinylated lectin loading onto AF405-conjugated streptavidin beads.

This protocol applies to both MVN and Galectin-1. Dynabeads™ or SuperMag streptavidin beads
conjugated with AF405 were washed three times in 1 mL of PBS-T. Dynabeads™ were resuspended at 10 mg/mL,
and SuperMag beads at 1 mg/mL in PBS-T with a defined quantity of Lectin-Biotin (Figure 6.1). Samples were
incubated at room temperature on a lab rotisserie for one hour. AF405-Lectin beads were washed three times in 1
mL of PBS-T. After, to block any free streptavidin binding sites, the beads were placed in 16 uM D-Biotin*® in PBS-
T and incubated on a rotisserie for one hour. The beads were washed three times with PBS-T to remove excess
remaining biotin, and beads were used within 24 h of manufacture. In some initial experiments, naked beads were

used as negative control beads. These beads were made similarly but did not include the Lectin-Biotin loading.

Capture of BCG, M. smeg, or E. coli on fluorescent-MVN magnetic beads.

The GFP BCG, mCherry M. smeg, or mCherry E. coli were used to assess the specificity of MVN-
functionalized beads. MVN-Biotin was loaded onto AF405- Dynabeads™ or AF405-SuperMag beads as described
at a 100% surface loading density. Naked streptavidin beads blocked in D-Biotin were used as a negative binding
control. As specified, GFP BCG was stained with 5 pg of MVN-His6. The cells and beads were then stained with
anti-Hise-650 to confirm MVN-Biotin loading.

Unfortunately, no notes indicated the quantity cells of M. smeg or E. coli were captured in this experiment;
it was likely not recorded because the mCherry protein would interfere with an OD600 reading and was therefore
not quantified. A standard curve for measuring the optical density of mCherry M. smeg at 700 nm should be made
using the Counting Beads, similarly to that created in Figure B1. For this reason, each condition was normalized to
capture the naked beads for each bacterial species and bead size. A total of 5 pg of naked beads or MVN beads were
added to a 1 mL volume of 1x PBS + 0.02% Tween-20 containing GFP BCG, mCherry M. smeg, or mCherry E. coli
and mixed on a lab rotisserie protected from light for 30 min. The samples were then staged on a fixed magnet tube

rack and immediately taken to the cytometer for analysis. A minimum of 100,000 events were measured from each
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sample. The collection parameters and fluorescence compensation matrix are listed in Table D1 and Table D2,

respectively. The gating strategy and FMO controls are shown in Figure D8 and Figure D9.

Optimization of MVN loading concentration on AF405-conjugated SuperMag beads using isotype-analog control
Galectin-1.

AF405-SuperMag beads were loaded with increasing amounts of MVN-Biotin or Galectin-1-Biotin as
described. The reported bead surface loading density (% surface coverage) values were based on the size of MVN-
Biotin. Galectin-1-Biotin was loaded at the molar equivalent of MVN-Biotin to take into account the difference in
molecular weights. GFP BCG was prepared as described. One million GFP BCG bacilli were combined with 5 pug of
MVN-AF405-beads or Galectin-1-AF405-beads in 500 uL of PBS-T in microcentrifuge tubes, and they were placed
on a lab rotisserie to facilitate binding for one hour. The samples were then placed on a fixed magnet tube rack and
immediately taken to the cytometer for analysis. A minimum of 100,000 events were analyzed for each sample.
Collection parameters and fluorescence compensation matrix are listed in Table D3 and Table D4, respectively. The

gating strategy and FMO controls are described in Figure D8 and Figure D10.

Flow cytometry data collection and analysis.

All experiments were performed in the Vanderbilt Flow Cytometry Shared Resource Core, and analyses
were performed on a BD FACSAria™ III instrument using a 70 um nozzle. Sample data was collected using BD
FACSDiva™ Software Version 8.0.1. The fluorophores selected for this report used a different excitation/emission
laser line on the instrument. Specifics regarding the optical components are in Table 6.1. Unstained samples of
bacteria and beads were collected as unstained controls at each experiment. When multiple fluorophores were used
together in an experiment, single fluorophore controls were used to perform fluorescence compensation within the
FACSDiva™ software according to the manufacturer’s instructions. For compensation, 5,000 events were collected
for each control. Fluorescence Minus One (FMO) controls were created and collected after compensation. FMO
controls were used to determine gating for post-collection analysis (Figure D9 and Figure D10). A DyLight® 650
positive control bead was created by maximally loading anti-DDDDDK-650 onto Protein A " (ThermoFisher,

10001D). Forward scatter (FSC) and side scatter (SSC) thresholds were set to 500. Collection parameters for
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channel voltage, gain, etc., for the MVN-Galectin-1 and BCG/M. smeg/E. coli capture experiments are in Table D1

and Table D3. Compensation matrices are listed in Table D2 and Table D4.

Table 6.1. Optical Hardware Specifications for Flow Cytometry.

Instrument: BD FACSAria™ III

Laser Lines: 407 nm 488 nm 633 nm 561 nm
Long Pass Filter: - 502 nm - 600 nm
Emission Bandpass Filter: 450 nm £ 40 nm 530 nm + 30 nm 660 nm + 20 nm 610 nm + 20 nm
Fluorochrome: Pacific Blue (AF405) FITC (GFP) APC (DyLight® 650) PE-TexasRed (mCherry)
Associated Reagent: Streptavidin beads BCG Hise antibody M. smeg, E. coli

Post-collection analyses and gating were performed using FlowJo™ VX (v10.0.7) (FlowJo, LLC., Portland,
OR). The size, granularity, and fluorescence distinguished between each population of beads or bacteria. The beads
and bacteria showed similar sizing on forward scatter, but the magnetic beads had a higher granularity than the
bacterial cells, creating distinct populations visualized on SSC-A vs. FSC-A plot. When bacteria and beads combine,
they take on the other's size, granularity, and fluorescence characteristics. Therefore, when bound together, bacteria
take on the granularity and AF405 fluorescence from beads, and the beads become GFP-positive or mCherry-
positive. To detect bead-bacteria interactions, the bead population within each sample was gated, and the co-
localization of the fluorophores (AF405 and GFP, or AF405 and mCherry) were assessed using the gates defined by
FMO controls (Figure D8). The events definitively positive for both fluorophores were interpreted as a positive
binding between a bead and bacteria. To quantify the degree of MVN-surface loading onto beads or bacteria, the
population was gated on size and granularity, and the change in DyLight® 650 intensity and number of positive

events for the gated population was calculated in FlowJo™ (Figure D6).

Statistical analyses.

Cell populations and expression levels follow a multiplicative relationship instead of a linear relationship,
so geometric mean (GMean) and robust standard deviation (rSD) are reported. These statistics also resist outliers.

In sample sets where n > 3, statistical analyses were performed using MATLAB on background-subtracted
data. One-way analysis of variance (ANOVA) determined statistical significance for data containing three or more
groups. Statistical significance was defined as p < 0.05. Tukey’s range test identified which specific conditions were

statistically different post-hoc.
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Results

Titration of MVN onto BCG surface.

Having a ManLAM surface expression level measured through MVN binding is essential for normalizing
conditions across individual experiments before comparison and determining if binding events are because of MVN
capture and not nonspecific interactions. Therefore, we titrated MVN onto the surface of BCG to identify an optimal
staining concentration. As shown in Figure 6.2, the results varied significantly across each experiment. In some
cases, the measured fluorescence intensity was relatively high, while other experiments showed essentially no
binding under the same conditions. This variation was a substantial barrier to forwarding progress, and significant
time was spent determining why so much variation occurred. We initially started by dissociating BCG using a 21
gauge needle and syringe instead of glass beads but found similar variations. There was no pattern observed between
the age of the culture or time since the last split/feeding and the level of MVN binding. We did identify that the
centrifuge conditions used for MVN and anti-Hise-650 impacted the ManLAM surface availability to MVN (Figure
D11). The centrifugation conditions were adjusted to reflect this finding, but the reproducibility issue persisted. The
findings outlined in Chapter 5, which demonstrate a significant impact on the surface binding of MVN with most
treatments, highlight that the issue is not just a culture variation problem but an MVN problem. As shown in Figure
E3, the monomer or dimer fraction of MVN used for surface staining M.tb impacts the degree of surface staining,

which we hypothesize is due to the monovalent vs. divalent nature of the MVN monomer and dimer.

Capture of BCG, M. smeg, or E. coli on fluorescent-MVN magnetic beads.

Figure 6.3 and Figure 6.4 outline experiments assessing the performance and specificity of MVN capture
beads to GFP BCG, mCherry M. smeg, and mCherry E. coli on AF405 beads. These experiments were an initial
survey of the fluorescent components once prepared for flow cytometry analysis, so surface loading of MVN-Biotin
onto beads, binding time, and quantity of beads were not optimized. We first assessed the GFP BCG cultures for the
presence of ManLAM through MVN binding and confirmed loading of MVN onto the bead surfaces before
performing capture. As shown in Figure 6.3A, there was a negligible increase in the fluorescence intensity from
1.56 + 74.6 to 18.4 + 147 to 25.6 = 179 between the unstained BCG, the secondary only control, and the cells tagged

with 5 pg MVN-Biotin, respectively. Because ManLAM is highly expressed in BCG, this trivial difference in the
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mean population intensity demonstrates minimal MVN surface binding and is consistent with the issues seen during

MVN titration onto the BCG surface. More often than not, a minimal amount of binding of MVN to BCG occurred.
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Figure 6.2. Titration of MVN binding to the BCG surface. Eight separate GFP BCG cell populations were
titrated with increasing amounts of MVN (0.05 pg to 75 pg) using 1:1,000 anti-His6-DyLight® 650. Values
for each experiment were normalized to the secondary-only control, stained only with anti-Hisg-650. Each dot
plot symbol (e.g., black circle, white triangle) represents a different population of cells. Normalized GMean

values are reported for each population at each condition.

Figure 6.3B confirmed loading of MVN-Biotin onto the surface of both beads. Non-fluorescent beads had
a mean DyLight® 650 fluorescence intensity of 10.5 + 99.1 and 4.59 + 89.5 for Dynabeads™™ and SuperMag beads,
respectively, and this changed to 6.1 + 85.9 and 47.8 + 95.2, respectively, for naked AF405 beads stained with anti-
Hisg-650 only. This shows some nonspecific binding of the secondary antibody for the naked SuperMag Beads.
After maximally loading MVN-Biotin onto the surface of the beads, the DyLight® 650 fluorescence increased to

840 + 625 and 451 + 402, respectively, indicating the presence of MVN on the bead surface.
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Figure 6.3. Confirmation of MVN-Biotin loading onto the surface of GFP BCG (A.) or AF405 capture beads
(B.) Negative control capture beads (gray bars) were blocked in D-Biotin and otherwise left naked with no
surface protein loaded. MVN-loaded beads (black bars) were loaded at 100% loading capacity. n = 1.
(GMean + rSD).
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Figure 6.4. Normalized capture of GFP BCG, mCherry M. smeg, and mCherry E. coli each bacteria on
AF405 Dynabeads™ 1 um (A.) and AF405 SuperMag 200 nm beads (B.) surface-loaded with D-Biotin (gray
bars) or MVN-Biotin (black bars). Values were normalized to the capture of each bacteria on D-Biotin beads.

n=1.

Despite the results showing no binding of MVN to the surface of GFP BCG, the prepared beads and
bacteria were used in an initial capture experiment assessment for ManLAM-expressing BCG, PILAM-expressing
M. smeg, and non-mycobacterial rod-shaped bacilli E. coli. The values reported in Figure 6.4 were normalized
within each experimental condition, and therefore extrapolation across different bacteria is not possible.
Specifically, mCherry’s fluorescence emission spectra significantly overlap with the measurements for OD600, and

the number of bacteria used for these conditions was not specified.
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It is interesting to note that almost universally, the amount of binding observed between beads and bacteria
decreased when the beads were loaded with MVN, compared to the naked beads. The exception was Dynabeads™
capture of GFP BCG, which showed an almost 2-fold improvement in the capture of bacteria. This decrease in
binding highlights the well-known issue of nonspecific binding between mycobacteria and capture beads and
solidifies the need and importance of a negative control bead surface-functionalized with an MVN isotype-analog.
Furthermore, Figure D12 shows the non-normalized % Double Fluorophore Positive values for the same
experiment. Even though the difference between the naked and MVN beads is insignificant, there is an extremely
high amount of binding between the beads and the E. coli surface, particularly the Dynabeads™. Some nonspecific
binding was also noted for mCherry M. smeg. The nonspecific binding issues across all conditions also establish the
need for a bead design that reduces as many nonspecific interactions with the bead surface as possible and the need

for an accurate isotype-analog control bead.

Reduction and alkylation of MVN-Biotin.

Because mycobacteria nonspecifically stick to beads, the surface of the negative control capture bead
needed to be similarly loaded with protein to determine how much binding between beads and bacteria is specific vs.
nonspecific. If the negative-control beads were left naked, as we saw previously, we could not assume that
nonspecific capture on the naked bead was equivalent to that seen on a bead covered in the maximum theoretical

38 which could

amount of MVN-Biotin. MVN has a low isoelectric point (pl ~ 3.84, calculated using EXPASY)
further influence nonspecific interactions. Therefore, it was vital to identify a control that most closely recapitulated
the structure of MVN without the function. We investigated two methods for the creation of an isotype-like control
for MVN.

MVN has two different binding pockets that share a 35% sequence similarity,* and one of these pockets
binds to the mannose-capping motif on ManLAM. Disrupting the structure of MVN would disrupt the carbohydrate-
binding pockets and should prevent MVN from binding a-(1, 2)-mannobiose sugars and, therefore, ManLAM. The
simplest way to achieve this is to permanently break the three disulfide bonds that maintain MVN’s tertiary
structure. If successful, this would create a protein similar in size and composition to MVN that does not bind

ManLAM. Therefore, we tried reducing these disulfide bonds using Tris(2-carboxyethyl)phosphine hydrochloride

(TCEP HCI). TCEP was chosen because reduction is considered irreversible because it does not regenerate any

160



competing disulfide bonds, such as those formed during dithiothreitol (DTT) and B-mercaptoethanol treatment.’
For every disulfide bond, TCEP reduction creates two free hydrophilic cysteines that are more resistant to
spontaneous oxidation than those created using DTT. It is also odor-free and effective under acidic and alkaline
conditions. After reduction, the free cysteines were alkylated with N-ethylmaleimide (NEM) to ensure spontaneous
oxidation did not reform the disulfide bonds.

To assess the impact of this reduction and alkylation on MVN-ManLAM binding, we first confirmed that
the chemical reactions performed as expected. Using 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB), we confirmed the
presence or absence of free cystines during each step of the reduction and alkylation process.*”’ As seen in Figure
6.5, DTNB confirmed the reduction of MVN with TCEP, as seen by an increase in free thiols. However, there were
almost 3x more thiol groups in the sample (388.84 nmol + 2.52 nmol) than estimated (133.72 nmol), assuming the
total protein consisted only of MVN-Biotin. Detecting 3-fold more thiol groups than estimated indicated the
presence of contaminants in the IMAC-purified MVN sample; the contaminants were already known prior to
reduction. Sample alkylation was also successful, as seen through a significant decrease in the number of thiol
groups after adding NEM. A total of ~96% of free thiol groups were alkylated, but knowing other contaminating
proteins are present in the MVN sample, it is not surprising that this small amount of thiols remained. A longer
reaction time or NEM concentration adjustment would likely eliminate this.

SDS-PAGE analysis did not show any significant change in the molecular weight of the samples during
each step (Figure D7A), though a few faint bands <14 kDa were noted following TCEP reduction and NEM
alkylation. A precipitate formed during TCEP reduction (Figure D7B). Using an initial test sample of MVN, SDS-
PAGE showed that MVN was present in both the soluble and insoluble fractions (Figure D7C). The insoluble
fraction also contained contaminating proteins, consistent with the known protein concentration and results seen
with DTNB thiol measurement. Because MVN was present in both, the soluble and insoluble fractions were not
separated in the experiment reported in Figure 6.5 and Figure D7A.

With the ultimate goal of creating an MV N-variant that does not bind ManLAM, we performed binding
kinetic analysis on pre- and post- treatment MV N-Biotin using biolayer interferometry. The ability for MVN to bind
ManLAM was measured using the equilibrium dissociation constant (Kp), which measures the propensity for the
bound ManLAM to dissociate from the MVN. Ideally, if the reduction and alkylation worked, we would see no

binding between MVN-Biotin and ManLAM. For untreated MVN-Biotin, the Kp was calculated at <1x10">M =
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9.7x10""> M. For the reduced and alkylated MVN-Biotin, the Kp, was calculated at 1.15x10'°M + 2.17x10™"* M.
The plotted and processed data shows the binding association between MVN-Biotin and ManLAM (Figure 6.5B).
While this result shows that MVN-Biotin can still bind ManLAM, the 100-fold reduction on the measured Kp
nonetheless demonstrates some impact of reduction and alkylation. The contaminating proteins present in the IMAC
purified MVN (see Figure D1 and Figure D2) likely interfered with the reduction process and led to incomplete
reduction of MVN-Biotin, since the number of additional disulfide bonds in those proteins was unknown,
unaccounted for, and would have also reduced. Further purification of MVN following IMAC will be necessary to
ensure that 100% of the sample is reduced and alkylated. The continued ManLAM-MVN association seen on

biolayer interferometry is because the reduction and alkylation do not sufficiently disrupt the mannose-binding

domain.
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Figure 6.5. Reduction and alkylation of MVN-Biotin. A. Estimated quantity of thiol groups at each step of
the reduction and alkylation process (gray bars) compared to the background-subtracted measured quantity
(black bars) using DTNP (mean + s.d. for triplicate sample measurements). B. Biolayer interferometry
demonstrates binding between MVN-Biotin and ManLAM despite reduction and alkylation. Each colored
line indicates a single well of the ManLAM dilution series, having been processed with background

subtracted. n= 1.

Optimization of MVN-Biotin bead surface loading using Galectin-1 as an isotype control analog.

Because the MVN reduction and alkylation were unsuccessful, we explored using another lectin as an
alternative to modifying MVN directly. It was imperative to use a lectin similar in size and structure to MVN that
does not bind the mannose caps on ManLAM. Galectin-1 is a ~ 15 kDa lectin that binds p—galactosides with two

binding domains. It also has a relatively low isoelectric point (pI ~ 5.3, calculated using ExPASY).**® Similar to
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MVN, the Galectin-1 was recombinantly expressed with an N-terminal His tag and linker sequence. It was selected
for testing as a possible MV N-isotype control lectin for these reasons.

To the best of our knowledge, there is no data in the literature demonstrating binding of Galectin-1 to the
mycobacterial cell surface, but we needed to confirm if Galectin-1 could bind to the surface of BCG given its
complex capsular layer. Some binding of Galectin-1 was observed on the surface of BCG as determined by flow
cytometry fluorescence analysis (Figure 6.6). The secondary-only control sample had a measured mean DyLight®
650 fluorescence intensity of 13.2 + 76.0, and cells stained with Galectin-1 and MVN measured 92.9 + 93.3 and 495
+ 771, respectively. MVN bound the surface of GFP BCG (thankfully!) and produced a more significant signal than
Galectin-1 staining. This difference could be partially attributed to differences in the anti-Hiss-650 accessibility of

the N-terminal His tag on each protein, potentially confounding the results if this were true.
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Figure 6.6. Binding of MVN-Hiss and Galectin-1-Hisg to the surface of GFP BCG through detection of the
N-terminal Hisg tag on each protein. Accounting for the molecular weight difference between MVN and
Galectin-1, cells were stained with a molar equivalent to that used in MVN staining. Gray bar — DyLight®
650 fluorescence intensity. (- -O- -) — % Cells positive for anti-Hise-DyLight® 650. n = 1. (GMean =+ rSD).

Additionally, the observed Galectin-1 binding indicates the presence of a f—galactoside on the surface of
BCG, which confounds capture experiment results and makes Galectin-1 a suboptimal isotype-analog for MVN.
Rv1717 is a mycobacterial cell-wall associated P-galactosidase that breaks down an unknown substrate in the

extracellular matrix.>*!

The same substrate may be responsible for the signal observed, but this is purely speculative.
Despite the confounding factor introduced by Galectin-1 binding, we proceeded forward with an initial

experiment aiming to optimize the surface loading density of MV N-biotin on SuperMag beads, using Galectin-1 as

an isotype-analog control to assess specific vs. nonspecific binding of MVN-functionalized beads to BCG. We first
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confirmed the loading of MVN-Biotin and Galectin-1-Biotin onto the surface of the AF405 SuperMag beads, as
seen in Figure 6.7. Because the amount of MVN-Biotin or Galectin-1-Biotin varied, the difference in fluorescence
intensity across surface loading density was expected. However, the difference in intensity seen between MVN and
Galectin-1 beads is interesting, with lower fluorescence intensity seen for Galectin-1 beads. Because of the slight
difference in molecular weight, the same number of Galectin-1 molecules were loaded onto the SuperMag beads
rather than the same total mass. The minor differences between MVN and Galectin-1 explain variations in the
fluorescence intensities but do not account for the up to 7-fold difference seen. This disparity suggests that the anti-
Hisg-650 does not have the same accessibility to the N-terminal His tag on both molecules once loaded onto the
beads, but further experimentation would be required to validate this theory. It is also possible that Galectin-1 has a
greater degree of biotinylation than MVN, and the practical surface loading density displays some variation.

Optimizing the molar excess of NHS-Biotin used for labeling would reduce this impact.
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Figure 6.7. Confirmation of loading of MVN-Biotin (A.) and Galectin-1-Biotin (B.) on SuperMag 200 nm
beads through detection of the N-terminal Hisg tag on each protein. Accounting for the molecular weight
difference between MVN and Galectin-1, beads were loaded with a molar equivalent to that used for MVN
loading. Gray bar — DyLight® 650 fluorescence intensity. (- -O- -) — % Beads positive for anti-Hiss-
DyLight® 650. n = 1. (GMean + rSD).

With the confirmation of MVN and Galectin-1 loading on the surface of the AF405-SuperMag beads, both
beads were used in a paired comparison assessing the impact of MVN surface loading density on BCG capture. As
shown in Figure 6.8, varying the bead surface loading density impacted the % double-positive events by <6.3%

within MVN and <4.72% within Galectin-1. Excluding the naked beads at 0% loading, the most significant
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difference in the percentage of double-positive events between the lectins was at a surface loading density of 75%,
with 11% MVN bead events AF405/GFP double-positive and 3.28% of Galectin-1 bead events. The least variability
between the sample sets was observed at a 45% loading density, with double-positive events for MVN and Galectin-
1 measuring 8.36% and 6.12%, respectively. Because of the confounding factors discussed to this point, the data
presented does not provide sufficient insight into the optimal SuperMag bead surface loading density, and we cannot
make any definite conclusions. After addressing the Galectin-1 confounding factors, or refining MVN reduction and
alkylation, the experimental design will provide adequate information on specific vs. nonspecific binding observed

as the experimental conditions vary.
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Figure 6.8. Impact of bead surface loading density on the capture of GFP BCG onto SuperMag beads loaded
with MVN-Biotin (gray bars) or Galectin-1-Biotin (white bars). Difference (A) between MVN and Galetin-1
plotted in the line graph (- -*- -) Bead surface loading given in % coverage for MVN-Biotin, and to take into
account the difference in molecular weight, Galectin-1-Biotin was loaded with the molar equivalent. See

Figure D8 and Figure D10 for the gating strategy. n = 1. (GMean).

Discussion

This report aimed to design an M.tb-specific capture bead to isolate tuberculous mycobacteria, ultimately
hoping it would provide a simple method for rapid differentiation between MTBC and NTM infections. By targeting
LAM on the surface of mycobacteria, this highly abundant virulence factor is an excellent candidate for surface
detection and immunoprecipitation, mainly when specificity is provided by different carbohydrate capping motifs on
the terminal ends of LAM. Because so many anti-LAM antibodies bind the conserved structures of LAM, they do
not provide specificity beyond confirmation of mycobacterial infection. Therefore, we hypothesized that we could

instead use an a-(1—2)-mannobiose binding cyanobacterial lectin to specifically bind and capture mycobacteria

165



expressing the mannose-capped LAM associated with TB disease while leaving NTM species with phosphoinositol-
capped LAM behind. However, using this lectin presented significant challenges to implementation, which made
significant progress difficult with further difficulty establishing why the inconsistencies were observed. Here, we

discuss the challenges encountered and possible solutions to overcome and complete the work outlined.

MYVN reproducibility.

Throughout these studies, the binding of MVN to the BCG surface was highly variable and complex to
consistently reproduce, and determining if the variability is an MVN problem, culture problem or both has been
even more challenging. For consistency, the data presented in Figure 6.2 only looked at titrations performed at the
1:1,000 anti-Hisg-650 dilution identified during titration. However, titrations performed across secondary antibody
dilutions from 1:2,000 to 1:250 showed the same inconsistencies, with MVN exhibiting high surface binding one
day to showing no binding at all the next.

With our additional findings that the 24 kDa dimer binds the surface of whole cells better than the 14 kDa
fragment (Figure E4), it may be necessary to stain cells specifically with dimerized MVN to achieve this
normalization. Reserving SEC-purified 24 kDa MVN for cell staining could achieve this. Alternatively, an alkaline
phosphatase sequence could be cloned into the pET-15b-MVN vector. When expressed, the single alkaline
phosphatase protein attached to MVN will spontaneously dimerize with another MV N-alkaline phosphatase. One
additional benefit is that the alkaline phosphatase can be used to directly quantify MVN loading into whole cells,
eliminating the need for secondary antibodies. A third option would explore using the re-engineered MVN-variant
LUMSI. MVN is unique from similar antiviral lectins because it exists as a monomer. Shahid et al. used cloning to
modify the low-affinity binding domain B, replacing it with the sequence found in the high-affinity domain A. The
modification of domain B increased the sequence identity between the domains from 35% to 100%, changing the
binding stoichiometry for a-(1—2)-mannobiose glycan from 1:1 to 2:1.>*

In addition to the issues with MVN surface binding, we could not determine if there was a pattern between
culture conditions and MVN surface binding. For example, one experiment showed that stationary cultures did not
bind MVN, but cultures grown on a shaker did (data not shown). However, many times the shaken cultures showed
no surface binding of MVN. Sometimes, cultures that were 10-14 days out from their last split and feeding showed

MVN surface loading, while others were only three days out; but most of the time, there was minimal surface
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loading of MVN onto the BCG surface. Arabinomannan expression in M.tb and BCG is a highly dynamic process,”
and a study likely needs to be designed and performed specifically to assess how culture conditions impact MVN
surface binding. Using a pH indicator to monitor cultures for waste accumulation via acidification is an easy method
to collect more information that aids in determining if culture conditions are partially responsible for influencing
MVN surface binding. For example, M.fb has a narrow range for growth between pH = 6.2 and pH = 7.3 with
significant impacts on growth and viability observed at pH = 5.0 and pH = 8.4, > and BCG exhibits similar
growth attenuation at similar pH ranges.”* Two solutions of pH indicators, bromothymol blue (dynamic range pH =
6.0—7.6) and cresol red (dynamic range pH = 7.2—8.8), could be mixed with an equal volume of culture media for a
colorimetric pH estimate.

In addition to the issues observed with inconsistent surface loading, we also observed long-term stability
issues with MVN that impacted study progress. The study by van der Horst ef al. demonstrated no change in the
equilibrium dissociation binding constant after 100 days of storage in the fridge. However, we observed that MVN
Pool 3 had no activity directly out of the freezer, and Pools 1 and 2 lost their activity after 10-14 days at 4°C, which
was confirmed using biolayer interferometry (data not shown). The same technician performed these independent
preparations using the same protocol at the Vanderbilt Antibody and Protein Resource Core. Looking across
multiple preparations of MVN, we hypothesize that the purity of the MVN directly impacts its stability. Specifically,
the MVN used in this report had a calculated purity of ~5%, calculated using the SDS-PAGE densitometry
quantification for the MVN monomer concentration and the A280 total protein content measured on a Nanodrop™
(Figure D1 and Figure D2). Even when we expressed and performed a version of the IMAC-only purification
(protocol available in Appendix E) and achieved ~10% purity, MVN still lost its ManLAM-binding activity after a
few weeks. Upon addition of SEC purification following IMAC, the MVN purity was >90%, and we no longer
observed these stability issues, as confirmed on biolayer interferometry.

Dr. Megan van der Horst kindly gifted some of the purified MVN assessed in the van der Horst ef al. study,
and consistent with their results, we did not have any stability issues with it, and the MVN maintained activity past
14 days in a parallel analysis. Assessing the reported concentration of MVN relative to the total measured protein,
we found that the van der Horst ef al. MVN was ~25% pure. We also know through personal discussion with Dr.
van der Horst that the study initially used an entirely different preparation of MVN, also expressed by the Vanderbilt

Antibody and Protein Resource Core by the same technician using the same protocol also did not experience any
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stability issues. While we do not have the total protein concentration on the other van der Horst et al. prep, we know
from SDS-PAGE that the concentration of MVN monomer isolated was 3-fold higher than that isolated for our
studies.

Assuming MVN purity is to blame, it raises the question: why is there variation between these preparations
of MVN if they were prepared in the same way by the same person? We hypothesize that it relates explicitly to
when and how the MVN was prepared. Through these discussions, we know that the initial preparation of MVN (not
published in the van der Horst ef al. study) was produced in July 2018, making it the first preparation of MVN by
the Vanderbilt Antibody and Protein Resource Core. Because the same column should not be used to purify different
proteins, the Core would have purchased a brand new IMAC column. The MVN used in this report was purified
later in November 2018. Because IMAC columns are usually reused for the same protein, we believe the column
was not adequately cleaned before reuse, and contaminants remaining from the prior purification could have made it
into our preparation. Specifically, those skilled in the art know that insufficient chelation, washing, and recharging
of the IMAC column can leave contaminants behind. Properly cleaning the resin involves using high-concentration
imidazole, EDTA, and denaturing agents, and not every manufacturer suggests cleaning them between every single
preparation. Some individuals will go so far as to remove the upper 1-2 mm of column material on the inlet side if
the sludge cannot be removed. When van der Horst ef al. went back in 2021 to acquire a new MVN preparation,
even if the old column remained, after two and a half years, it would be ill-advised to try and chelate, recharge, and
reuse, so a new, clean, and unused column would have been necessary for completing the new preparation. Our
hypothesis that the IMAC column contained contaminants from the previous preparation is purely speculative. It
cannot be confirmed, but we believe it is a reasonable explanation given the infrequency with which the Vanderbilt
Antibody and Protein Resource Core recombinantly expresses and purifies proteins in £ coli. Using a secondary
chromatographic method for further purification would also remove most contaminants, as we saw with IMAC and

SEC in combination.

MYVN reduction and alkylation.
Though the reduction and alkylation of MVN were not entirely successful in disrupting the mannose-
binding domain, the 100-fold decrease in binding affinity for ManLAM demonstrates promise that should be further

explored for completion of an MVN isotype-analogous control. Specifically, the sample MVN used in this report
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was only 5% pure, determined by comparing the SDS-PAGE quantification of MVN-Hisg band to the total protein
measured via A280 on a Nanodrop™ Spectrophotometer ND-1000. These contaminating proteins likely interfered
with complete MVN reduction and were reduced instead. Even though reduced MVN-Biotin still exhibited binding
to ManLAM, the measured equilibrium dissociation constant was two orders of magnitude lower than untreated
MVN-Biotin. Using SEC following IMAC purification will significantly improve the sample purity, as we saw an
improvement in purity of the 14 kDa fraction to >90% following SEC (Figure E2) in our studies related to the
impact of pre-processing on LAM surface accessibility (see Chapter 5). This high-purity MVN would provide more
evident results on the impact of TCEP reduction and NEM alkylation of MVN-Biotin binding to ManLAM. 1t is
possible that separating the insoluble fraction from the soluble fraction (Figure D7C) and performing independent
alkylation and analyses could have changed the results on biolayer interferometry since the precipitated fraction
contains the majority of the reduced proteins. However, the contaminating proteins were more concentrated and

would continue to interfere with analysis and downstream use.

Galectin-1.

In addition to the reduction and alkylation of MVN, we investigated using a non-mannose binding lectin
with a similar molecular weight, isoelectric point, and N-terminal His tag as an alternative isotype analog. While the
initial results suggest this is a promising route, some Galectin-1 did bind the BCG surface. The fluorescent signal
intensity observed was less than that seen for MVN staining; this confounding factor makes Galectin-1 a non-ideal
candidate without further experimentation.

Galectin-1 binding can theoretically be blocked with lactose, the minimal carbohydrate ligand necessary for
binding. A competitive binding assay containing 50 mM lactose (after pre-blocking lectin-functionalized beads in
150 mM lactose)’> and BCG may prevent Galectin-1 binding to BCG and not inhibit MVN binding. If this were
performed, it would be necessary to account for the potential hypertonicity from adding a high lactose concentration
to 1x PBS. Therefore, it would be necessary to reduce the sodium chloride concentration to match the osmolarity of

355

saline.”™ It is also known that galectins generally bind with a higher affinity to complex carbohydrates and lower

affinity for disaccharides such as lactose, so there are likely better alternatives.*>> **®

There is also the option to
explore other lectins in place of Galectin-1. However, the high carbohydrate content on the cell surface means it is

likely that binding will also happen for the newly selected lectin, and the problem will not be solved.
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If lactose blocking of Galectin-1 did sufficiently reduce binding to the BCG surface, there is still the issue
that differences in accessibility of the anti-Hisg-650 antibody on each lectin could be confounding the expression
level results. Differences in the fluorescence intensity for SuperMag loading of molar-equivalent matched MVN and
Galectin-1 suggest this is a definite possibility. Direct functionalization of MVN-Hiss and Galectin-1-Hisg with a
fluorophore or other reporter molecule would eliminate the potential bias introduced from a difference in His tag
accessibility, with the caveat that the functionalization protocol would need to be optimized to ensure both proteins
have the same number of fluorophores on them. The degree of functionalization could otherwise vary and impact the
total measured fluorescence because Galectin-1 would have more fluorophores per molecule.

There also remains the potential difference in the degree of biotinylation pf MVN and Galectin-1, which
impact the surface loading of the two molecules. Specifically, MVN contains two available amine groups for NHS
modification (N-terminal amine and single e-amine lysine R-group), but Galectin-1 contains eight g-amine lysine R-
groups in addition to the N-terminal amine. While conjugation buffer pH can be adjusted to modify the N-terminus
preferentially, it is not a perfect system, and e-amine lysine R-groups can still be modified. Using a kit, such as the
Pierce™ Biotin Quantitation Kit (ThermoFisher, 28005), to measure the degree of biotinylation at different
treatment concentrations would provide quantitative information for optimizing lectin functionalization. This same
optimization protocol would also apply to fluorescent modification, but the biotin should be attached using the same
covalent modification chemistry and linker found on the desired reporter molecule label (e.g., NHS-PEGy-

Fluorophore labeling, with parallel labeling using NHS-PEG,-Biotin).

Nonspecific binding to the bead surface.

One significant barrier that remains and has persisted across bead-based separations of bacteria is the issues
with nonspecific binding. Even if specific immunoprecipitation using MVN-functionalized beads is successful, these
advances would be entirely negated by nonspecific interactions with the bead surface. We found in independent
experiments that passive blocking of the bead surface before and during cell capture with detergents, protein
blocking agents such as bovine serum albumin or nonfat dry milk, changing the pH and salinity of buffers, and other
blocking compounds such as polyvinyl alcohol (molecular weights ranging from ~9,000 to >200,000) and
polyethylene glycol (chain lengths ranging from 200 to >20,000 repeats) does not solve the nonspecific binding

problem (data not shown). Therefore, the successful implementation of this bead design hinges on developing a
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“non-stick” bead, particularly given the heterogeneity and the high number of contaminants found in patient sputum.
The design would critically depend on complete and uniform coverage with a molecule known to serve well as a

357,358 with the final

blocking agent, such as polyethylene glycol or dextran-based organic polymer coatings,
conjugation molecule located at the outer end of the polymer coating. Because it is well-known that streptavidin can
contribute to nonspecific binding, neutravidin or avidin may reduce nonspecific interactions because of their

different isoelectric points. Using a covalent attachment instead of streptavidin-biotin affinity to load MVN onto the

outer polymer would eliminate potential streptavidin-contributing nonspecific interactions.

Future Work
To summarize, the following experiments are needed to complete the studies described here:

¢ Use pH indicators to more closely monitor culture conditions and reduce potentially detrimental variations
caused by waste accumulations.

*  Create flow cytometry standard curve for quantification of mCherry M. smeg for accurate quantification using
0OD700 instead of OD600.

* Re-titrate NHS-AF405 on SuperMag beads to reduce self-quenching, increase fluorescence intensity, and
improve the difference in population fluorescence intensity more defined.

* Create the MVN isotype control. Designing a competitive binding assay with lactose to prevent Galectin-1
binding to BCG may be one method to achieve this. It could also potentially be achieved by further purifying
MVN using SEC following IMAC and performing a titration to optimize the concentrations for TCEP reduction
and NEM alkylation.

¢ If Galectin-1 became the final isotype control, control the degree of biotinylation to match that of MVN-Biotin.
Directly conjugate MVN and Galectin-1 with a reporter molecule to eliminate possible variation in the N-
terminal His tag accessibility between the proteins.

¢ Titrate MVN binding to BCG surface. Explore creation and use of artificial MVN-dimers or re-engineered
MVN-variant LUMSI.

* Repeat optimized anti-Hisg-DyLight® 650 staining protocols on beads and bacteria with anti-DDDDK-

DyLight® 650 isotype control antibody for scientific accuracy and integrity.
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The optimization of MVN-Biotin surface loading density must be completed upon validating an MVN isotype
control.

Optimize the number of capture beads and binding time for maximal BCG capture and compare this to the
negative control MVN isotype bead.

Upon completion of optimization, perform MVN surface staining and capture experiments using mCherry M.
smegmatis.

Perform MVN-bead capture from a mixture of BCG and M. smegmatis. Specific capture of BCG from a
mixture of BCG and M. smeg would further solidify the specificity of the MVN-bead.

Perform secondary analysis of flow cytometry samples to support further the specificity of MVN capture beads
and the interactions seen between BCG and MVN-beads. Capture beads could be sorted and saved during

cytometric analysis, and PCR and fluorescence microscopy could be used as secondary confirmation methods to
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verify capture specificity. PCR primer sets from Talbot et a and Plikaytis et a and gel electrophoresis

could confirm BCG or M. smeg genomic DNA from the sorted samples, respectively.
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CHAPTER 7 : CONCLUSIONS AND FUTURE DIRECTIONS

Summary and Integration

The work presented in this dissertation designed and tested new solutions to obstacles that currently prevent
effective TB diagnosis at the point-of-care in parts of the world with limited healthcare infrastructure. The goal was
to design an assay with a diagnostic sensitivity of >85% and diagnostic specificity of >95%, equivalent to the
reported values for the WHO-endorsed MTB/RIF assay, while also designing the tests to meet WHO’s ASSURED
criteria: Affordable, Sensitive, Specific, User-friendly, Rapid and/or Robust, Equipment-free, Deliverable.

The first barrier identified a lack of molecular techniques for TB diagnosis at the POC, specifically nucleic
acid-based testing. While independent of the first obstacle, the other identified problems support the need for
improved non-genetic molecular detection techniques at the POC. The poor diagnostic sensitivity of sputum smear
microscopy is the second identified obstacle because it is the most widely accessible method for diagnosis but
misdiagnoses approximately half of TB cases as false negatives. Because there are no molecular tests available at
the POC, and conventional microscopy has multiple diagnostic limitations, the complete absence of methods
available for POC differentiation between TB disease and NTM infections is the third problem identified. MTBC
and NTM infections require different antibiotic treatments, and both have serious health consequences if not treated.
Identifying possible solutions to these three issues continues to be critical for reducing TB reservoirs and ultimately
complete elimination of TB.

In Chapter 3, I tackled the first challenge by developing a nucleic acid extraction method based on high-
gradient magnetic separation. This method is Affordable, using readily available bulk transfer pipettes and steel
wool; Equipment-free, relying on only a stationary magnet for performing extraction while not needing specialized
reagent storage; and is User-friendly and can be Rapidly performed by someone with little training in 15 minutes. In
addition, the method recovered comparable quantities of cell-free DNA as two commercially available nucleic acid
kits for both sputum and urine. Additionally, this method was adapted for total nucleic acid extraction from blood,
sputum, and stool, which was implemented in a nucleic acid extraction challenge with the CDC and the Bill and
Melinda Gates Foundation; our method outperformed three other commercially available methods in this challenge
because of its superior Sensitivity, Specificity, and ASSURED-based design. It also recovered more nucleic acid per

sample volume used than any other group. In addition, I characterized the impact of various physical system
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characteristics that may be of interest to those looking to adapt the method to other applications. With these
characterizations, I demonstrated that HGMS-enabled extraction improved sample handling for the user for both
large-volume and viscous samples. The system was Robust to user variability, with no observed difference in
performance between users regardless of training. Publication of this work in ACS Applied Materials and Interfaces
makes this the first publication to our knowledge to use HGMS to perform total nucleic acid recovery for infectious
disease diagnostic purposes.

In Chapter 4, I focused on addressing issues with microscopic sputum inspection and used the principles of
microfluidic flow in evaporating droplets to autonomously spatially concentrate TB bacteria into a significantly
smaller inspection area prior to staining and microscopy. The system needed to be designed around the physical
characteristics necessary for the spatial concentration, but the assay also needed to integrate with Ziehl-Neelsen
staining and microscopic inspection, Affordable reagents, equipment, and protocols already Delivered and
performed at the POC. I confirmed that inward-oriented Marangoni flows were responsible for the spatial
enrichment achieved using OCT and microscopy. Spatial concentration was Robust, with particles and bacteria
reliably depositing in the center of the evaporating droplet independent of droplet size and particle size and shape in
scale trials. With most of the sample concentrating in the innermost portion of the droplet, spatial concentration was
up to 45x, making the protocol more User-friendly by pre-defining and reducing the total inspection area. When this
Equipment-free method was combined with simple magnetic volumetric concentration, samples were enriched at
least 100-fold, detected TB in samples containing 10x fewer bacteria than the current LOD for direct smear
microscopy; a significant step for improving the Sensitivity of the technique. The use of magnetic nanoparticles
smaller than the diffraction limit of light for volumetric concentration reduced visual interference of the bacteria by
the nanoparticles, something that other magnetic bead-based methods have failed to overcome while making
microscopic inspection more User-friendly. Publication of this work in Diagnostics is the first of its kind to use
known models of microfluidic flows in an evaporating droplet to spatially concentrate whole-cell pathogens for
disease diagnosis.

In Chapter 5, I characterized several LAM recognition elements for their specificity to LAM found on fast-
growing and slow-growing species of mycobacteria. LAM is of interest to TB diagnostic researchers because it is
highly abundant on and shed from the surface of mycobacteria, and the carbohydrate-capping motif of LAM is

species-specific. Existing LAM-based assays have low specificity because they cannot differentiate between TB and

174



NTM infections. Furthermore, without an adequate test, ~10% of patients with TB were misdiagnosed and instead
had an NTM infection, delaying appropriate treatment. If these recognition elements were shown to bind the
carbohydrate cap, they could improve the Specificity of new and existing assays. For these reasons, this information
would interest TB researchers developing molecular diagnostics using LAM as the chosen biomarker, especially
because specific and quantitative kinetic binding information to ManLAM and PILAM was collected using biolayer
interferometry.

I then used these LAM recognition elements to investigate the impact of different mechanical and
enzymatic dissociation methods on total cell recovery and LAM surface accessibility using gamma-irradiated M.
cultures. Those skilled in the art of mycobacterial culture understand how much the bacteria clump in suspension,
forming 2-3 mm diameter clumps that must be dispersed to simulate anything clinically relevant, or if single bacilli
are needed. Before this study, while it was known that chemicals, mechanical force, and enzymes could impact the
surface of M.th, no specific information was published in the literature. Because cell dissociation is required for in
vitro use, I believed information on the impact of these processing methods on cell surface markers would interest
TB researchers. I found that mechanical dissociation was more efficient at liberating cells from large clumps formed
in culture and improving LAM accessibility on the cell surface. Enzymatic digestion with trypsin, amylase,
lysozyme, and lipase did not liberate cells from clumps and did not significantly improve LAM accessibility on the
M.tb surface. Centrifugation speed and repetition had varied impacts on surface feature detection, though mannosyl
caps on ManLAM were impacted more frequently than the conserved arabinan backbone. Upon publication, this
work will be the first standardized report quantifying the impacts of these processing methods on TB surface marker
ManLAM.

As part of the investigations into new LAM recognition elements, I investigated the binding of novel
cyanobacterial lectin, microvirin-N, to the surface of M.th. With only a single publication describing potential
applicability for improving urinary LAM detection specificity, no published investigations demonstrate MVN
binding to ManLAM whole cells. Interestingly, while MVN is highly Specific, has a high binding affinity for
ManLAM, and does not bind PILAM in a system using purified biomolecules, any amount of enzymatic or
mechanical processing significantly reduced MVN binding to ManLAM on the surface of M.th. To clarify why
MVN fails to bind M.b reliably, major 14 kDa MVN monomer species of MVN was isolated from the minor 24

kDa dimer using size exclusion chromatography. In a parallel analysis, it was evident that MVN dimerization
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significantly improved binding of MVN to ManLAM on the cell surface compared to the monomer. This is likely
the case because monovalent MVN only has a single ManLAM binding site, but studies are needed to confirm this
hypothesis. Finally, understanding why MVN did not consistently bind to the M.zb cell surface, further development
can be made towards a TB diagnostic using MVN for bacilli capture from sputum. In Chapter 6, I detailed work
performed toward developing an M.tb-specific MVN-functionalized capture nanoparticle. I also detail the barriers
and work that remain to bring this project to completion.

With these four chapters focusing on different but potentially related aspects of improving TB diagnosis at
the point-of-care, future work could encompass the complete integration of all methods discussed. Completing the
TB-specific nanoparticle functionalized with MVN or another ManLAM-specific recognition element would
improve the Specificity of magnetic volumetric and spatial concentration of bacilli using Marangoni flows, methods
reduce the labor required for microscopic inspection to make it more User-friendly. Based on the preliminary
results, these concentration techniques are also likely to show a Sensitivity improvement of sputum smear
microscopy with further testing and refinement. Further, using HGMS to rapidly perform volumetric concentration
from patient sputum would significantly reduce the processing time of samples and provide a method to easily
contains aerosols during parallel processing of different patient samples, ultimately making the method a more User-
friendly process. Because HGMS is not volume-limited, the entire patient sputum sample, which averages 3 mL in
volume but can be up to 8 mL could be used, a strategy that could further improve the sensitivity of sputum smear
microscopy; with literature supporting that increasing the sputum volume to five milliliters increases the sensitivity
of sputum smears.” This combined approach will likely improve the limit-of-detection of sputum smear
microscopic inspection with refinement. Furthermore, the fact that HGMS volumetric concentration and Marangoni
flow spatial enrichment are Equipment-free and make use of reagents and materials already Delivered to the POC
means the combined assay is more likely to be adopted and make a significant impact for patients seeking TB
diagnosis.

In addition, HGMS-enabled nucleic acid extraction from large volume urine extractions (> 200 mL) could
potentially improve 1S61710-fragment isolation and detection in urine beyond HIV+ patients, a limitation that the
Haselton Group previously reported in initial clinical studies of a different volume-limited nucleic acid extraction

211

technology.” "~ Other urine-based TB assays have also shown limited efficacy, only providing significant benefit for
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TB/HIV co-infected individuals with advanced immunosuppression (CD4 counts <100/uL) or in individuals that are

severely ill or malnourished.*'* !

Limitations and Recommendations

Some shortcomings of the work presented in this dissertation are important to highlight, as they are
essential for addressing significant gaps in care. Broadly, this work used idealized or simulated samples for proof-
of-principle studies, which do not contain the same biological variability or contaminants seen in clinical samples.
The ideal samples were not blinded, making any diagnostic sensitivity or specificity determinations significantly
biased. Actual patient samples may not perform as well as the simulated samples presented here, and testing is
needed to determine method implementation in clinical point-of-care settings. Nucleic acid extraction and the
blinded sample preparation challenge using human sputum, blood, urine, and stool demonstrate that the HGMS-

enabled extraction is compatible with patient samples.

Identification of latent tuberculosis.

Initially, I identified the complete lack of TB diagnostics available for LTBI diagnosis, and the methods I
describe here rely on patient samples from individuals with ATB disease. Currently, the only methods available for
LTBI diagnosis measure patient immune responses. However, as discussed, the TST can result in false-positive
diagnoses when used alone in patients that have received the TB vaccine, and IGRA assays require a 24 hour
incubation period in addition to the hand-on time and equipment needed to perform the assay. Since latent TB means
patients have what is described as undetectable bacterial loads, until understanding latent TB and its pathogenesis is
expanded, looking at the immune response is the only viable method for effective diagnosis.

Lateral flow assays are usually ASSURED criteria compliant and can be read and quantified using a
smartphone or lateral flow reader. Because IGRA assays use antibody-based detection methods quantify the
increased expression of IFN-y from T-cells after exposing patient blood to TB antigens, future work could focus on
adapting current methods using lateral flow assays as the readout method in place of, for example, the enzyme-
linked immunosorbent assay used for QuantiFERON®-TB Gold. To achieve this assay adaptation, an antibody that
binds IFN-y (anti-IFN-A, raised in rabbit, mouse, goat, etc., but not human) could be functionalized with a

hexahistidine tag and loaded onto IMAC magnetic beads through the formation of coordination bonds between the
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His-tag and the column’s metal ion. Following incubation of the patient’s blood with the TB-specific antigens, these
anti-IFN-A beads would capture, concentrate, and wash IFN-y from the patient sample. Imidazole disrupts the
coordination bonds formed between the His-tag and chelated metal ion, which releases the antibodies and bound
IFN-y from the bead surface. The concentrated sample could be mixed with gold nanoparticles functionalized to an
orthogonal binding pair of anti-IFN-A (anti-IFN-B, raised in a different species from anti-IFN-A, but not human),
creating an antibody sandwich. This sample mixture would then be applied to the lateral flow. A secondary antibody
that binds to anti-IFN-A would be used for the test line and would be positive if a sandwich forms between anti-
IFN-A + IFN-y + anti-IFN-B. The control line would be a secondary antibody against anti-IFN-B. The smartphone
or lateral flow reader would image the lateral flow for colorimetric quantification of the amount of IFN-y in each
control, negative, and test samples to determine if a patient has an adequate immune response for TB diagnosis.
Unfortunately, this proposed method would not solve the 24 h incubation step required for IGRA testing.
However, simply by reducing the current barriers for assay implementation, a clear path is created for researchers to
assess if the incubation step may be shortened or modified to make it accessible at the POC. In addition, if
volumetric concentration could enhance the IFN-y signal seen in treated samples, it may be possible to adapt the
assay for incubation at ambient temperature instead of 37°C or reduce the incubation time by increasing the LOD of
IFN-y across the entire assay. Even if these modifications resulted in some reduction in diagnostic sensitivity
compared to the manufacturer protocol (QuantiFERON®-TB Gold <92%;* T-SPOT®.TB ~97%),>* %’ the fact
that any method is available at POC for diagnosis of both LTBI and ATB disease, and would only require a simple

blood draw, would still significantly improve what is currently available.

Problems with HGMS-enabled nucleic acid extraction.

In the blinded Bill and Melinda Gates Extraction Challenge, diagnostic sensitivity and specificity were
assessed for both DNA- and RNA-based pathogens; samples were spiked with known concentrations of these
inactivated pathogens in blood, sputum, or stool. For influenza extracted from sputum and MS2 bacteriophage and
S. pneumonia extracted from whole blood, the sensitivity was at least 85%. For M.tb extracted from sputum and
MS?2 bacteriophage and S. typhimurium extracted from stool, the diagnostic sensitivity was below the target 85%

sensitivity criteria outlined in this dissertation.
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All extractions had a diagnostic specificity of 100% except for influenza extracted from sputum, which had
a reported specificity of 93%. This decreased specificity and single false positive seen is consistent with a noted
internal spike our group placed in two individual samples for our independent testing. One of those samples was
coincidentally this false-positive sample, which we determined during post-analysis discussions with the Gates
Foundation. This error is unfortunate for determining the final test specificity, and an unbiased analysis must assume
this was accidental sample contamination. Nonetheless, some extractions did not meet the defined success criteria,
demonstrating room for improvement. In addition, sufficient DNA is needed not just for accurate diagnosis but for
accurate determination of antibiotic resistance. Additionally, low-concentration positive samples were misidentified
as false negatives, further validating the need for improved extraction methodology, particularly in samples with low
bacterial loads. Immunocompromised patients and children are most likely to have low bacterial loads, and they are
also the patient populations disproportionately impacted by the lack of available and effective TB diagnostics at the
POC.

Since the test sample extractions used small volumes of <100 uL, the most efficient method for improving
diagnostic sensitivity for each extraction method would be to increase the sample volume used. HGMS is known to
work well with large sample volumes, making the use of larger patient samples a non-issue for future developers.
The number of beads and extraction buffer volumes may require re-optimization or changes to the formulation,
though guanidine-based extraction chemistry is well studied and easily adapted to larger volumes; it does have the
drawback of being hazardous and difficult to dispose of, however. In addition, lyophilizing water-soluble reagents in
the transfer pipette bulb would reduce the dilution factor of large sample volumes during extraction. For example,
lyophilized reagents would be beneficial when extracting from urine because it is already a large, dilute aqueous
sample that would become even more difficult to handle if the volume increased. Initial studies presented here used
stock concentrated 4 M guanidine thiocyanate solutions and pure alcohols to dilute the sample by at least 7.5-fold
before concentrating, and removal of the liquid volume containing guanidine salts and silica beads reduces the
volume increase to 4-fold from the original sample volume while maintaining the high salt concentrations necessary
for extraction. Removing this water volume from the extraction buffers would also reduce reagents' shipping and
packaging costs and the space occupied for storage at clinical sites.

Implementation of nucleic acid-based diagnosis, which generally requires the amplification of nucleic

acids, will require the development of amplification strategies that completely mitigate these infrastructure
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problems. While the HGMS-enabled nucleic acid extraction method provides an inexpensive method for nucleic
acid isolation, it does not overcome the issues of intermittent electricity or lack of access to PCR equipment needed
to perform the final step of nucleic acid amplification. Solutions to this amplification problem are beyond the scope
of this dissertation, but solutions are currently in development. Lateral flow assays provide an alternative method for
detection because they do not require expensive optical and thermal hardware but fail to perform well as a
diagnostic tool without nucleic acid amplification. FISH also provides an amplification-free method of nucleic acid
detection but requires access to fluorescence-reading equipment that is not widely available. The use of loop-
mediated isothermal amplification (LAMP) may provide a reduction in the instrumentation requirements but still
does not provide a permanent solution to issues stemming from an overall lack of basic infrastructure. Developing a
handheld PCR or LAMP machine with independent backup batteries and an onboard computer is one potential
method to improve accessibility. The included battery could be recharged using an external gas generator, solar
panel, or the electrical grid during the limited periods it does provide power. Recombinase polymerase amplification
can be performed at ambient temperature, albeit at a slower reaction rate, and may provide a more accessible

amplification method that does not require fancy equipment or electricity.

Problems with Marangoni flow-based diagnostics.

There are two significant concerns with the current iteration of the Marangoni flow-based spatial
concentration system that must be adequately addressed before clinical use, with the first issue being the length of
the assay. Using nanoparticles smaller in size than the diffraction limit of light for volumetric concentration was
critically important for microscopic sample visualization. However, nanoparticles are challenging to work with,
mainly when performing magnetic separations. Their low magnetic susceptibility means a strong magnetic field is
needed for efficient and rapid separation, and stationary magnets fail to provide the necessary field strength. As a
result, a minimum 30 minute separation period was necessary between each step of volumetric processing,
significantly increasing the length of the protocol.

When a sample, such as sputum, has a high viscosity, the separation time is even longer because the
magnetic force applied to the particle needs to be strong enough to overcome viscous body forces from the sample.
In some cases, separation may be downright impossible. Therefore, future iterations of this assay should use a high-

gradient magnetic separator optimized for bacilli capture and concentration from sputum. The sharp edges of steel
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wool and tight packing density could damage cells or make it difficult to efficiently recover the nanoparticles in
small wash volumes, so steel wool coatings or alternative fluid manipulation strategies should be considered if the
transfer pipette separator does not work this application.

In addition to the lengthy separation times, the 50 pL droplet volume used during spatial concentration
takes hours to dry before performing staining and microscopic inspection. While heating the slide or incubating the
sample at a higher temperature could expedite drying, it will also impact particle deposition and flow patterns,
making this an unlikely solution. Instead of inspecting the deposition area of one large droplet, dividing the purified
sample into smaller droplets could significantly decrease drying time. In this alternative design, multiple deposition
regions would need to be inspected instead of one particular area. Unfortunately, this protocol change could increase
the tedium of inspection, effectively creating the same problem this solution was trying to solve. However, the
amount of time searching for each small deposition area is easily remedied by printing a grid on the back of the
microscope slide and explicitly defining where to look for the sample. Microscope slides with predefined wells,
created by coating specific slide regions. Commercially available slides coated in PTFE polymer exemplify what
this design change proposes. It is easy to know where a sample is or is not located when PTFE blocks the
microscope's light path. In addition, multiple smaller droplets instead of a single large droplet may improve assay
sensitivity and the LOD, a phenomenon seen in microarray assays.

Second, the orientation of the Marangoni flows relies on the thermal conductivity of the droplet solvent and
substrate, and the final deposition pattern relies on that specific flow direction the resulting surface tension gradient
of the droplet. In the proof-of-principle studies, cells were prepared in buffer, and while Marangoni flows can be
robust to some contaminants, such as salts, compared to the coffee ring effect, the presence of detergents or proteins
can significantly change microfluidic flow fields and particle deposition patterns.”” ** ** Given that this
dissertation focused on developing and improving sample preparation methods, the significance of biomarker
cleanup before detection does not need to be stated. When used in complex clinical samples, efficient cleanup of
nanoparticles prior to recovery will be critical for the reliable formation of Marangoni flows. It will be necessary to
explore new diluent or wash buffer chemistry, processing volumes, repetition, etc., to ensure the nanoparticles do
not carry contaminants into the purified sample while also ensuring M.tb remains bound and intact.

As stated, high-gradient magnetic separation could make sample processing using nanoparticles more

straightforward. However, difficulties observed with thoroughly removing captured nanoparticles in a small buffer
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volume require the addition of detergents well above the 0.01% Tween-20 listed in the current solvent recipe.
However, solving the sample recovery dilemma this way also creates a conflicting problem because, as we know,
the added detergents will change Marangoni flows and deposition patterns in the evaporating droplets. There is no
perfect solution to this predicament, and I cannot explicitly identify which design trade-offs are better than the
others since some plausible solutions still need to be exhaustively explored and tested. Based on my understanding,
a complete redesign of the HGMS matrix and fluid handing, such as those made for MACS columns, is more likely
to solve this conflict than negating detergents' impact on flow fields by diluting or removing them. Increasing the
recovery volume used for particle removal from the matrix is another alternative, but the volumetric concentration
achieved using magnetic separation is negated. Careful and well-planned design changes and experimentation would
provide the information necessary to find a compromising solution.

The 200 nm nanoparticle diameter makes it physically impossible to visualize each particle under the
microscope using the white-light wide-view microscopes available at the POC for microscopy, side stepping the
need to remove bacteria from the particle before microscopic inspection and the associated polyvalence issues that
make M.tb release from the particle extremely difficult. However, the bulk population can obscure bacteria because
the iron-containing particles are brown and not optically clear. The number of particles used for BCG capture was
explicitly chosen to prevent this from happening. For maximal assay performance, the quantity of particles used in
an immunoprecipitation assay should ideally optimize biomarker recovery, not microscopic visualization. Therefore,
bulk particle density could obscure M.th visualization, and designs to the Marangoni spatial concentration would be
necessary before implementation. The use of multiple smaller droplets instead of one large droplet, as suggested,
could solve this problem. An alternative solution could use smaller diameter nanoparticles, but reducing the particle
size too much more and reducing the iron content may decrease the particle’s magnetic susceptibility so much that

they cannot be separated even with HGMS.

Problems with MVN as a diagnostic tool.

Identifying possible species-specific molecular recognition elements provides the first step towards a
molecular test to determine if a patient is sick because of an NTM infection or TB disease, but it does not deliver a
product that addresses this need. Progress completed towards the delivery of a TB-specific nanoparticle

functionalized with MVN were detailed, and the work needed for completion is outlined in this dissertation, with the
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goal that another researcher can complete this work. Given that the MVN 24 kDa dimer showed a higher relative
amount of binding compared to the 14 kDa MVN, it is possible that creating artificial MVN dimers could improve
surface binding. One option to achieve this is to add a single alkaline phosphatase subunit to MVN through cloning.
Alkaline phosphatase spontaneously dimerizes in vitro, and therefore would create MVN dimers upon expression.*®'
In addition, with fluorescent, colorimetric, or luminescent alkaline phosphatase detection reagents, there would be
no reliance on secondary detection antibodies. Shahid et al. also recently engineered a variant of MVN containing

two identical structural binding domains,**

and while more preliminary work is needed to determine if the
additional binding pocket improves binding to whole M.zb cells, potential for use of MVN use in whole-cell
diagnostics remains.

Because MVN binds a-D-Manp-(1—2)-a-D-Manp carbohydrate linkages found on biomolecules other than
ManLAM, MVN alone as a TB detection agent would not provide adequate assay specificity for TB diagnosis. On
its own, visualizing a cell that is similar in size and shape to M.tb and binds MVN does not mean M.zb is causing the
infection, and further confirmation is needed to ensure accurate diagnosis and treatment. Therefore, an MVN-based
diagnostic needs to be paired with a secondary confirmation assay, such as highly specific ZN staining. Using a two-
test combination to ensure adequate sensitivity and specificity for a diagnosis instead of one is recommended if the
tests meet the WHO ASSURED criteria. Often a three-test combination is needed for case detection of HIV at the

POC, so a third method for definite TB confirmation would not be unwarranted under specific conditions, especially

if that third test could also provide information on drug susceptibility/resistance.

Problems with nonspecific binding between mycobacterial cells and capture particles.

One problem repeatedly observed throughout this work and has been by other researchers was the
nonspecific binding of mycobacteria to capture particles. The nonspecific binding is likely a result of charged
interactions between mycobacteria and polymers in the particles. As stated, it is a well-known problem, and it
continues to be a barrier for developing an M.tb-specific whole-cell capture particle. However, the use of different
detergents, buffers, and other blocking compounds such as polyvinyl alcohol (molecular weights ranging from
~9,000 to >200,000) and polyethylene glycol (chain lengths ranging from 200 to >20,000 repeats) alone did not
solve this problem during troubleshooting (data not shown). Therefore, the design of a “non-stick” particle is (more

likely than not) required to complete an M.tb-specific particle for sputum isolation.
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Collaborators at the University of Cape Town have reported that polyethylene glycol prevents nonspecific
binding of M.tb to their microarrays (J. M. Blackburn, personal communication, June 16, 2021). They and others
have successfully demonstrated that polyethylene glycol or dextran-based organic polymer coatings are superior to
protein blocking agents (e.g., nonfat dry milk or bovine serum albumin). The caveat is that the polyethylene glycol
short-length chains must be in a perfectly uniform monolayer, or longer chains must be sufficient in length.*”%**
Although initial experiments showed passive blocking with polyethylene glycol was ineffective at preventing
nonspecific binding, physically blocking the particle surface could significantly increase the possibility of
eliminating nonspecific binding due to interactions with polymers used for particle manufacturing. Using
streptavidin for surface functionalization can also cause nonspecific interactions in biological samples. Hence, the

bio-conjugation method must be assessed explicitly for nonspecific binding in addition to the capture molecule

loading concentration to determine maximum performance with minimal nonspecific binding.

Contributions to the Field

Three innovations serve as the foundation for this dissertation. The first major innovation in this
dissertation focused on designing and testing a high-gradient magnetic separation-based biomarker and nucleic acid
extraction device, which can capture and concentrate biomarkers from diverse biological matrices. The Haselton
Research Group has published several papers using magnetic beads in stationary fluids to concentrate biomarkers

and remove sample contaminants.’"* 2% 2%

Examining the inverse problem, how to re-collect the magnetic beads
from a flow, this dissertation developed and refined the application of HGMS for biological sample processing with
a focus on complete capture of magnetic particles and efficient biomarker recovery. This work demonstrates that
multiple users with varying levels of training can capture ~100% of magnetic beads in the device under aqueous
conditions, demonstrating that the design reduces potential error by an untrained user. Notably, the second
characteristic of this design is the use of transient magnetism, as the steel wool remains magnetized only when an
external magnetic field is present. This dissertation shows that a majority of the paramagnetic beads are flushed out
of the steel wool upon magnet removal. This is beneficial for the concentrated recovery of biomarker-loaded beads,
and its performance was validated when used to extract nucleic acids from urine, sputum, blood, and stool. While

this design used nucleic acids for biomarker concentration, surface modification of the magnetic particle would

allow for immunospecific concentration of protein, carbohydrate, lipid, or whole pathogen biomarkers.
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Publication of this work in ACS Applied Materials and Interfaces made this the first published study (to my
knowledge) featuring an HGMS system that purified nucleic acids for infectious disease diagnosis. A
comprehensive literature search identified only a few papers that utilize high-gradient magnetic separation for

. . . 364
nucleic acid isolation,'** ¥

and most of these accomplish their studies using commercially manufactured HGMS
systems. The most similar commercial application is Miltenyi Biotech’s mRNA isolation kit, cited in publications
not explicitly identified here.

The second major innovation of this dissertation used secondary radial microfluidic flows, known as
Marangoni flows, found in an evaporating sessile droplet for enhancement of conventional microscopic sputum
smear inspection for TB diagnosis. Specifically, many researchers have tried to improve sputum smear microscopy
by using nonspecific volumetric concentration, and unfortunately, these methods have only led to modest
improvements in diagnostic sensitivity while also reducing specificity. The work presented here used a combined
concentration strategy, pairing volumetric concentration with spatial enrichment, improving the LOD of sputum
smear microscopy, and demonstrating the potential for improved specificity.

Though this is not the first work to use radial flows in an evaporating sessile droplet for diagnostic

purposes, as demonstrated by the publication history of the Haselton Research Group,'*> '*+!4

publication of this
work in MDPI’s Diagnostics makes this the first published study (to my knowledge) to harness the described
microfluidic flows for whole pathogen diagnosis using traditional microscopic staining techniques. Trantum et al.
detected the whole M13K07 phage using microscopy using Marangoni flows in a model system, but he did not
directly visualize the phage and instead correlated the deposition spot size with phage concentration.'*’

The third major innovation of this dissertation investigated the binding of cyanobacterial lectin, microvirin-
N, to M.th cells and its potential for use in LAM-based whole pathogen diagnostics. MVN was characterized
alongside other newly developed LAM antibodies and assessed for specificity to MTBC species or NTM species
using biolayer interferometry and direct cell staining. As established in literature®® and observed through personal
experience, many antibodies developed for use with mycobacteria are nonspecific, and cross-reaction between
antibodies for pathogenic and nonpathogenic species is common. The knowledge that antibodies are not completely
specific necessitates using a variety of controls to demonstrate its specificity and usually requires lengthy culture

protocols to confirm test results.”” Use of MVN alongside a second confirmatory assay could solve the MTBC/NTM

infection specificity gap, particularly if paired with an already accessible confirmatory assay. Publication of this
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work will make it the first report, to my knowledge, demonstrating the specificity of MVN for MTBC/NTM species.
In addition, we demonstrated that monomeric MVN does not either adequately bind or remain bound to the M.tb cell
surface, and divalent MVN with two mannosyl binding sites increases the relative amount of MVN bound to the
surface of the cell. As stated, no information about MVN binding to M.th cells is publically available in the
literature, so this additional information will be particularly interesting to individuals studying MVN in the context
of TB or to those that study lectins and their binding behaviors.

After investigating LAM specificity, I focused on studying the impact of in vitro processing methods that
are mandatory for isolating single mycobacterial cells following culture. Without these processing methods, it is
often impossible to get a large population of usable cells, and there is no information available for researchers
interested in how these methods change surface biomarker expression or experimental results. Using LAM
accessibility as the “readout” for investigating these effects is clinically significant due to its high abundance and
implications in pathogenesis. Upon publication of this work, with the intent to submit for peer review to the Journal
of Microbiological Methods, this report will be first assessing, to my knowledge, assessing the impact of mechanical
or enzymatic dissociation methods on changes to the relative surface density of the most abundant TB cell surface
marker, LAM.

In addition, this dissertation made significant progress in developing an MVN-conjugated magnetic
nanoparticle for ultimate use in a diagnostic capture assay. Upon completion of this project, this will be the first TB
diagnostic tool to capture whole-cell pathogens for differentiation between MTBC and NTM infections using MVN.
Unlike work published by van der Horst ef al., which used large, 1 um magnetic particles for the on-bead ELISA,

this work used nanoparticles compatible with microscopic visualization of whole cells.

Societal Impact

A new POC diagnostic TB test will positively impact individual patients since TB disease diagnosed earlier
is simpler to treat. It will also impact patient communities since individuals with TB disease (or misdiagnosed NTM
infection) will be identified and put on appropriate chemotherapeutic treatment sooner, curbing the transmission of
TB disease and deaths caused by mistreated or untreated TB disease or NTM infection. These approaches could
notably assist TB control programs by providing a major interrupter of M.¢b transmission, especially in combination.

Moreover, this diagnostics-based approach will be quicker and more effective than the finding, developing, and
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testing new antibiotic classes that only temporarily overcome drug resistance. The fact that the most significant
declines in TB mortality and incidence in industrialized countries occurred before the advent of effective anti-TB
chemotherapy shows that social and environmental factors — especially active case finding — can dramatically
influence TB transmission.” %

Because healthcare quality and accessibility are multi-factorial problems, one needs to consider the
question, “Why is improving TB diagnosis in low-resource settings specifically a biomedical engineering problem?”
With demonstrated supply chain mismanagement, high operating costs, known transportation issues getting both
patients and samples to testing sites, and accessibility impacted by politics, there are other potential avenues to solve
this problem beyond biomedical engineering. Unfortunately, it is well known that changes to socio-political
situations similar to those mentioned happen at a glacial speed or are often globally insignificant and require
operational changes to thousands or tens of thousands of employees outside of the POC diagnostic setting. The
endorsement and implementation of Xpert have shown how quickly new diagnostics can be acquired, but how the
continued socio-political and supply issues continue to impact its effectiveness at case detection, even with financial
subsides from the Gates Foundation reducing the cost of testing. By creating a diagnostic that uses techniques based
around methods and equipment already implemented at the POC, there are fewer operational and financial
challenges to overcome for implementation. The research methods presented here focus on developing techniques
that, with further refinement, are composed of inexpensive and easily acquired reagent additions that could be
delivered bundled to the already used ZN staining reagents, using the current supply and delivery chain. Working
within the current system makes it more likely that significant impacts will be seen. For this reason, improving TB
diagnosis is solvable using biomedical engineering and is more likely to result in significant improvement to TB
case detection than other systemic operational changes.

In conclusion, my work presents new, novel methods that could help improve TB diagnosis in rural, low-
resource areas of the world. The foundations established here offer unique opportunities for refined development
and testing of methods with a significant potential for integration into the current POC workflow and significant

impact on TB case detection.
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APPENDIX A : CHAPTER 3 SUPPORTING INFORMATION

Supplementary Video Captions

Video Al. Paramagnetic bead separation from a flowing fluid stream using high-gradient magnetic
separation. An external magnet is applied next to the ferromagnetic matrix to magnetize it. When the
magnetic force is sufficiently great, the magnetic force draws beads to the surface of the wire, capturing them
in the matrix. After all of the bead suspension has passed, all of the particles are retained in the ferromagnetic

matrix, and no beads remain in the flow through.

Video A2. Paramagnetic bead separation from a flowing fluid stream using a stationary magnet. An external
magnet is applied alongside the flowing fluid stream to separate particles from suspension. After all of the
bead suspension has passed, only some of the beads are retained in the flow channel, and many still remain in
the flow through. This is because the viscous drag forces applied by the liquid medium overcome the

magnetic forces applied to the beads.

Supplementary Figures
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Figure Al. Overview of paramagnetic bead separation from a flowing fluid stream. Left panel: An external
magnet is used to capture and contain magnetic beads in the ferromagnetic matrix (see Video Al). When the
magnetic force is sufficiently great around a wire (red dashed line), the magnetic force draws beads to the
surface, capturing them. Right Panel: Applying the magnetic field without the presence of the steel wool
matrix results in significant loss of magnetic beads since the viscous drag forces applied by the liquid
medium overcome the magnetic forces on the bead when the bead is sufficiently far away from the magnet

(red dashed line) (see Video A2).
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Figure A2. Nanodrop™ Spectrophotometer ND-1000 standard curve correlating absorbance at 700nm with

known solution concentrations of MyOne™ Silane ™.
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Figure A3. A260/A280 measurement for sample purity of DNA extracted sample. Samples with a value of

1.8 £ 0.1 (red dashed line) are considered to be pure and free from contaminating protein and salt that absorbs

light at 280 nm. Values greater than 3.0 may indicate RNA contamination.”*® Gray bars = Raw sample; Black

bars = HGMS-enabled extraction; White bars = Qiagen commercial extraction kits. (mean + s.d.), n > 3.
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Figure A4. Extraction of IS6//0 DNA from urine is statistically improved using the HGMS-enabled
extraction method, with the addition of 5.6 ug of carrier RNA to the binding mixture.”® Black bars — with
carrier RNA; Gray bars — without carrier RNA. (mean + s.d., n > 3). *Indicates statistical significance at p <

0.05.
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APPENDIX B : CHAPTER 4 SUPPORTING INFORMATION

Supplementary Video Captions

Video B1. Sequential OCT images of evaporating 1 pL droplet containing 10° polystyrene particles/uL,
which are 1 pm in diameter. A total of 800 repeated frames were taken at the same position for a total
acquisition time of 36 s per measurement in order to monitor the changes in particle flow and the droplet
evaporation. For each droplet, measurements were taken at two minute intervals beginning at one minute

following droplet placement until complete evaporation.

Video B2. Sequential fluorescence microscopy images at 100x total magnification of evaporating 5 pL
droplet containing 10* polystyrene particles/ul, which are 1 pm in diameter. A total of 40 frames at 100 ms
exposure were taken at the same position near the solvent-substrate for a total acquisition time of 40 seconds
per measurement in order to monitor the changes in particle flow and the droplet evaporation. In focus
particles move inward along the substrate. Once particles reach the center of the droplet, they become out of
focus, and begin moving in the opposite direction. This is consistent with the particles moving upward
towards the top of the droplet, then moving outward along the outer surface of the droplet. Combined, the

particle movement is consistent with the Marangoni flow pattern shown in Figure 4.1.

Supplementary Figures
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Figure B1. Flow cytometry curve correlating number of events counted against OD600 of M. bovis BCG

bacteria.
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Figure B2. Removing glycerol from droplet solvent did not significantly change particle deposition location

in droplets containing 1 pm polystyrene beads (top), 200 nm iron oxide magnetic nanoparticles (middle), or

mCherry expressing M. smegmatis bacteria (bottom). Scale bars = 500 um.
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Figure B3. The size of the droplet did not impact the final deposition pattern of the droplet, up to a 100 pL
volume. All droplets contained nanoparticles at a concentration of 0.2 mg/mL. Ambient temperature was
23°C. Images were taken on Nikon TE-200U with an iPhone XR and 10x smartphone camera adapter. The

image temperature was adjusted for publication to reduce the orange hue of the image. Scale bars = 1 mm.



Figure B4. Time-lapse imaging of a 50 pL evaporating droplet shows the formation of the central deposition

area as the droplet evaporated. Images were captured ever 30 min for the first three hours, and once an hour

thereafter until evaporation was complete after five hours. Droplet contained nanoparticles at 0.2 mg/mL.

Ambient temperature was 20°C. The shadows of the centrally concentrated nanoparticles and edges of the

droplet observed are reflections off the backside of the glass slide. Images taken with an iPhone XR. Scale

bar = 5 mm.
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Figure BS. Effect of poly-L-lysine landing zone size on area of central Marangoni deposition area (mean +

s.d., n > 6).
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Figure B6. Drying of 50 pL droplet on plain glass did not result in characteristic Marangoni deposition
pattern upon complete drying. A. Before rinsing off salt crystals. B. After rinsing off salt crystals. Droplet
was imaged using Nikon TE 200-U using a Nikon DS-Ril camera at 10x total magnification since the entire
droplet could not be imaged in a single field of view using optical setup on the Olympus CX23. To reduce the
effects of uneven illumination using ImageJ,”*® nanoparticle droplets had a representative background image

subtracted from the original deposition image. Scale bar = 1 mm.
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APPENDIX C : CHAPTER 5 SUPPORTING INFORMATION

Supplementary Tables

Table C1. Measured Concentration of anti-LAM Antibodies from FIND.

Antibody clone Measured total protein concentration (mg/mL) Manufacturer Reported Concentration (mg/mL)
FDXO01 8.94 No data*#
A194 5.95 4
BJ-03 6.94 4.7-5.6°
BJ-76 6.31 5.1-5.8°

Supplementary Figures
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Figure C1. Inclusion of 0.02 mM FeSO, and 0.05 mM FeSOy in staining buffer statistically increases signal
compared to an untreated control for all LAM recognition elements. Impact of FeSO4 concentration on each
LAM recognition element (left), with adjusted Y-axis in cutout (right). Gray circle = No treatment. Black
square = 0.02 mM FeSO,. White circle = 0.05 mM FeSO,. n = 3. (mean = SEM). ***Indicates statistical
significance at p < 0.0005.

1 Because of instances where exact concentrations of antibody were not provided from the manufacturer, for all antibodies, the total protein

concentration was assumed to be the antibody concentration measured on a Nanodrop™ Spectrophotometer ND-1000 for all experiments.

VIII




Normalized Absorbance

Normalized Absorbance

0.8 1

0.6 1

0.4 1

0.2 1

0.0

1.0 1

0.8 1

0.6 1

0.4 1

0.2 1

0.0

Antibody Dilution Factor (1/X)

Antibody Dilution Factor (1/X)

. . - XXX ) |
eee ... anti-Rabbit- ° 1.0 anti-Human- 3 10 ° .““.
— HRP 2 o8] "o HRP 2 os >
o £ °
. s % 5
ey g o6 S 2 06 %
oo < < °
g 041 % 041
N % ’ anti-Biotin +
g 021 € 0o [ anti-Rabbit-HRP
] ® oo 20 ® e S at 1:2,000
1E-02 1E-03 1.E-04 1E-05 1.E-06 ’ 1E-02 1.E-03 1E-04 1E-05 1.E-06 0.0 § 4 T J
" . . o 1.E-02 1.E-03 1.E-04 1.E-05
Antibody Dilution Factor (1/X) Antibody Dilution Factor (1/X) Antibody Dilution Factor (1/X)
1.0 1 c® 10
g FDX01 9 A194
S 08 4 2
s 0.8 1
2 —> e 8
2 5
2 06 7 2 06 1
< 2 —»
5 0.4 1 o Py g 0.4 4
© -
E 02 ° g ]
'g - ‘: § 0.2 °
00 ° e 00 0 o z °
1.E-03 1.E-04 1.E-05 1.E-06 1.E-03 1.E-04 1.E-05 1.E-06
Antibody Dilution Factor (1/X) Antibody Dilution Factor (1/X)
(] o 10 (] 1 4 MVN-Biotin +
. BJ-03 ¢ BJ-76 8 anti-Rabbit HRP
8087 ® §0871 at1:2,000
° 5 = .
7]
2 0.6 1 2 0.6 1
< O < —> 0 O
3 ° o (o]
° N 04 1 [ 0.4 1
o0 g ‘s
& £ 021 ®e E 02 c o o o
. 2 5
| & o N » 00 i i * _ P I z o & 08' . . ' .
1.E-03 1.E-04 1.E-05 1.E-06 1.E-03 1.E-04 1.E-05 1.E-06 1 2 3 4 5

MVN-Biotin (ug)

Figure C2. Antibody titration curves and selected working concentration. Name of plot indicates the

antibody titrated. For MVN-Biotin, dilutions of anti-Biotin used were: 1:1,000 (black circle) or 1:3,000

(white circle) with anti-Rabbit HRP at 1:2,000. The selected antibody titrations used are indicated with a

rightward-facing red arrow. The desired detection absorbance for combined primary and secondary

antibodies is indicated by a gray bar, and was selected to be in the middle readable range of the plate reader.

For MVN-Biotin, due to the low binding observed for the given quantity of MVN, two dilutions of MVN

were used to determine the concentration of MVN for experimentation. Though it was higher than the

originally selected 1:3,000 dilution, a 1:1,000 dilution of anti-Biotin was selected because it reduced the

amount of MVN required for the desired absorbance by over half.
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Figure C3. Normalized absorbance values for isotype controls with secondary-only background subtracted.
A. LAM recognition elements stained with goat anti-Mouse HRP at 1:2,000 in place of goat anti-Rabbit (Rb)
HRP or goat anti-Human HRP. B. Replacement of human or rabbit LAM recognition elements with Human
IgG1 or rabbit IgG polyclonal antibody at a 1:1,000 dilution. Values were normalized to the average
background absorbance for the secondary-only control for each condition, labeled as “None.” Values greater
than the unstained sample (red dashed line) indicate nonspecific background staining from the isotype
antibodies. Isotype controls were used for background staining subtraction, unless the secondary-only control

had a higher background, as was seen with in some samples treated with FeSO, for enzyme inactivation.
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Supplementary Tables

APPENDIX D : CHAPTER 6 SUPPORTING INFORMATION

Table D1. Collection Parameters for Capture of BCG, M. smeg, and E. coli on MVN-beads.

Parameter ($PnN) Stain ($PnS) | Range ($PnR) | Bits ($PnB) Decades ($PnE) | Gain ($PnG) | Voltage (§PnV)
Time 64 32 0,0 1.0

FSC-A 262144 32 0,0 1.0 243
FSC-H 262144 32 0,0 1.0 243
FSC-W 262144 32 0,0 1.0 243
SSC-A 262144 32 0,0 1.0 401
SSC-H 262144 32 0,0 1.0 401
SSC-W 262144 32 0,0 1.0 401
APC-A AF405 262144 32 0,0 1.0 665
Pacific Blue-A mCherry 262144 32 0,0 1.0 606
PE-TexasRed-A GFP 262144 32 0,0 1.0 644
FITC-A 6DSYOL‘gh‘® 262144 32 0,0 1.0 684
Comp-APC-A 262144 32 0,0 1.0

Comp-Pacific Blue-A 262144 32 0,0 1.0
Comp-PE-TexasRed-A 262144 32 0,0 1.0

Comp-FITC-A 262144 32 0,0 1.0

Table D2. Compensation Matrix for Capture of BCG, M. smeg, and E. coli on MVN-beads.

APC-A Pacific Blue-A PE-TexasRed-A FITC-A
APC-A 100 3.1899 9.62 23.7305
Pacific Blue-A 4.0412 100 4.2532 0.6009
PE-TexasRed-A 1.4284 0 100 0
FITC-A 0 0 0 100

Table D3. Collection Parameters for Capture of BCG on MVN and Galectin-1 Surface-Functionalized Beads.

Parameter ($PnN) Stain ($PnS) | Range ($PnR) | Bits ($PnB) Decades ($PnE) | Gain ($PnG) | Voltage (§PnV)
Time 128 32 0,0 1.0

FSC-A 262144 32 0,0 1.0 223
FSC-H 262144 32 0,0 1.0 223
FSC-W 262144 32 0,0 1.0 223
SSC-A 262144 32 0,0 1.0 361
SSC-H 262144 32 0,0 1.0 361
SSC-W 262144 32 0,0 1.0 361
FITC-A GFP 262144 32 0,0 1.0 493
APC-A 6DSYOL‘gh‘® 262144 32 0,0 1.0 655
Pacific Blue-A AF405 262144 32 0,0 1.0 429
Comp-FITC-A 262144 32 0,0 1.0

Comp-APC-A 262144 32 0,0 1.0

Comp-Pacific Blue-A 262144 32 0,0 1.0
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Table D4. Compensation Matrix for Capture of BCG on MVN and Galectin-1 Functionalized Beads.

FITC-A APC-A Pacific Blue-A
FITC-A 100 0.1572 0.3498
APC-A 9.3913 100 1.3552
Pacific Blue-A 0 8.294 100

Supplementary Figures
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Figure D4. Titrations of anti-Hisg-DyLight® 650 onto naked streptavidin beads through measurement of
signal noise from nonspecific binding. A. For, DynabeadsTM 1 um, the low background signal across all
conditions demonstrated minimal nonspecific binding of the antibody to the beads. For simplicity, 0.5 pg
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Figure D7. SDS-PAGE analysis of reduced and alkylated MVN-Biotin fractions collected during each
process step. A. A total of 5 pg of MVN was reserved and loaded into each well after each chemical
modification step. B. Protein precipitation was observed following TCEP addition. C. In a previous initial
test of TCEP reduction, the precipitated protein was separated from the soluble fraction using centrifugation,
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Figure D12. Capture of GFP BCG, mCherry M. smeg, and mCherry E. coli each bacteria on AF405
Dynabeads™ 1 um (A.) and AF405 SuperMag 200 nm beads (B.) surface-loaded with D-Biotin (gray bars)
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binding onto both the naked beads for all species and nonspecific binding of M. smeg and E. coli onto the
MVN-functionalized beads. n = 1.
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APPENDIX E : CHAPTER 5§ COMPANION EXPERIMENTS

The experiments outlined here were performed as part of the studies discussed in Chapter 5, but did not fit
into the story told. However, these results will also interest researchers looking to develop LAM-based diagnostics

or trying to understand or characterize the M.tb cell surface.

Materials and Methods

Bioconjugation of candidate antibodies and MVN for binding kinetic experiments.

Anti-LAM antibodies A194, FDXO01, BJ-03, BJ-76, BTM-1, and BTM-8 were generously gifted by
Foundation for Innovative and New Diagnostics (FIND). A194,% %! BJ-03 and BJ-76,** have previously been
described in the literature. Measured primary antibody concentrations, LAM recognition element titrations, and the
target structural motifs of each LAM recognition element can be found in Table E1, Figure C2, and Figure 5.1,
respectively. All antibodies were diluted to a concentration of 2 mg/mL in 1x PBS (137 mM NaCl, 2.7 mM KClI, 10
mM Na,HPO,, 1.8 mM KH,PO,, pH = 7.4), and reacted with 20x molar equivalents of EZ-Link™ NHS-PEG -
Biotin (ThermoFisher, A35389) for one hour at room temperature on a lab rotisserie. Unreacted NHS-PEG,-Biotin
was removed using Zeba'™ Spin Desalting Columns, 7K MWCO (ThermoFisher, 89882). The concentration of the
conjugated antibodies was determined using absorbance at 280 nm on a Nanodrop™ Spectrophotometer ND-1000.
The same protocol was used to conjugate the 14 kDa and 24 kDa fragments of MVN at their measured stock
concentration, except that unreacted NHS-PEG,-Biotin was removed using dialysis with Slide-A-Lyzer™ Dialysis
Cassettes, 2K MWCO, 3 mL (ThermoFisher, 66203). This reduced protein loss of the dilute SEC-purified MVN

fractions. We have seen protein losses up to 50% with Zeba"™ Columns.

Screening of candidate antibodies and MVN for LAM specificity using biolayer interferometry.

Mycobacterium tuberculosis, H37Rv, Purified Lipoarabinomannan (NR-14848) and Mycobacterium
smegmatis, Purified Lipoarabinomannan (NR-14849) were obtained from the Biodefense and Emerging Infections
Research Resources Repository (BEI Resources, Manassas, VA), NIAID, NIH. The binding affinity of LAM

recognition elements was screened against LAM from M.tb H37Rv (ManLAM) and M. smegmatis (PILAM) using a
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ForteBio Octet RED96 based on the methods by van der Horst e al.*® Dip and Read Streptavidin Biosensors
(ForteBio, 18-5019) were used in the binding experiments for all samples. All experiments were performed in 1x
PBS + 0.02% Tween-20 + 0.1% Bovine Serum Albumin (BSA; MilliporeSigma, A7030). After a 10 min delay for
sensor tip rehydration, as recommended by the manufacturer, the biosensor tips were moved into a well of PBS-T-
BSA for a 300 s equilibration step. After, the biotinylated antibodies or MVN were loaded onto the biosensor tip by
introducing them to a well containing 0.5 ug/mL of the LAM recognition element for 400 s. The loaded biosensors
were transferred into wells containing PBS-T-BSA for a 60 s baseline step, then transferred into wells containing 2-
fold serially diluted ManLAM or PILAM for 400 s. After this association, the biosensors were transferred back into
the buffer-only sample well for 900 s to measure dissociation between LAM and the loaded antibody/MVN. A
global 1:1 fit model calculated the binding kinetic and equilibrium constants (ko,, ko, and Kp). Ideally, the
manufacturer recommends that the serial dilutions start at a concentration 10x higher than the calculated Ky, and the
lowest concentration was at least 2x lower than the calculated K4. However, these concentration ranges were not
achieved for all LAM recognition elements. Serial dilutions of ManLAM and PILAM started at 1,000 nM for the
anti-LAM antibodies and 20 nM for MVN. The values reported here should be used to refine the range of serial

dilutions and improve the reported value’s accuracy.

Table E1. Measured Concentration of anti-LAM Antibodies from FIND.

Antibody clone Measured total protein concentration (mg/mL) Manufacturer Reported Concentration (mg/mL)
FDX01 8.94 No data*
A194 5.95 4
BJ-03 6.94 4.7-5.6°
BJ-76 6.31 5.1-5.8°
FIND28 2.23 2
BTM-1 6.37 4.8-8.1°
BTM-8 6.23 5.2-9.8°

% Because of instances where exact concentrations of antibody were not provided from the manufacturer, for all antibodies, the total protein

concentration was assumed to be the antibody concentration measured on a Nanodrop™ Spectrophotometer ND-1000 for all experiments.
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Expression and purification of 14 kDa and 24 kDa microvirin-N (MVN) monomer and dimer.

MVN was expressed and purified using immobilized metal affinity chromatography (IMAC) and further
refined using size exclusion chromatography (SEC). This was performed to help elucidate the binding behavior of
MVN to M.tb. The MVN that was isolated using combined His-tag purification and SEC is referenced using the
molecular weight of the recovered lectin in each fraction. The “14 kDa MVN?” is the primary species expressed and
isolated, and it is approximately the same size as endogenous MVN. The “24 kDa MVN” is a dimer of MVN,*'% 3
and is expressed in minor amounts compared to 14 kDa MVN.

Plasmid information.

The microvirin-N (MVN) DNA sequence was previously cloned into the pET15b vector, resulting in the
expression of an N-terminally His-tagged MVN protein. Dr. Carole Bewley generously gifted the cloned pET15b-
MVN plasmid (Laboratory of Bioorganic Chemistry, NIDDK, National Institutes of Health).** Cloning methods
1312

inserting the MVN into the pET-15b vector are described by Kehr et a

Expression of MVN.

According to manufacturer's instructions, a total of 20 ng pET15b-MVN plasmid was transformed into
One-ShotTM BL21 (DE3) pLysS E. coli (Invitrogen, C606010). Transformed bacteria were plated at colony-
forming density on 1.5% agar plates containing Lysogeny Broth with 100 pg/mL ampicillin and 34 pg/mL
chloramphenicol (LB + AmpCam), then incubated overnight at 37°C. No colonies grew for cells transfected with
water in place of the MVN plasmid.

A 20 mL LB + AmpCam overnight starter culture was inoculated with one colony and cultured at 37°C
with shaking at 200 rpm for 18 h. The following day, four 1 L baffled flasks, each containing 300 mL Terrific Broth
(1.2% w/v tryptone, 2.4% w/v yeast extract, 0.4% v/v glycerol, 17 mM KH,PO,, 72 mM K,HPO,), were each
inoculated with 3 mL of the overnight starter culture. The 300 mL cultures were incubated at 37°C with shaking at
160 rpm for 3 h, until the OD600 reached 0.5 — 0.8. Isopropyl p-D-1-thiogalactopyranoside (IPTG; RPI Corp.,
156000) was added at a final concentration of 1 mM to each culture to induce MVN expression and the cultures were
incubated for an additional 3 hours at 37°C with shaking at 160 rpm to complete the protein expression. Cultures
were collected into 4 pre-weighed centrifuge tubes and pelleted at 4,200 x rcf, 4°C, for 15 min. The supernatant was

discarded, the pellet weights were recorded, and the pellets were frozen at —20°C until further processing.

Bacterial lysis.
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For each gram of pellet to be lysed, 4 mL of Bacterial Protein Extraction Reagent (ThermoFisher 78243)
was added. The pellet was vortexed, then sonicated in 5 x 20 s pulses on ice, with rest times of 1 min each. For each
original gram of pellet, 0.75 pL of Benzonase® Nuclease (SigmaAldrich, E1014-5KU) was then added. The tube
was swirled and inverted to mix and incubated at room temperature for 15 min. Lysates were clarified by
centrifuging them at 4,300 x rcf at 4°C for 25 min. The supernatant was removed and placed into a clean tube and
diluted to a final volume of 50 mL in water supplemented with a final concentration of 25 mM Tris (pH = 7.6), 500
mM NaCl, and 10 mM imidazole. The final lysate was filtered through a 0.45 pum filter for additional clarification.

IMAC and SEC purification.

All protein purification was carried out using BioRad’s Biologic Duoflow Fast Protein Liquid
Chromatography system. A 5 mL HiTrap™" TALON (Cobalt Manganese Acetate) crude column (Cytiva Life
Sciences, 28953767) was equilibrated at 5 mL/min with 10 column volumes (CV) equilibration buffer (25 mM Tris
(pH 7.6), 500 mM NaCl, 10 mM imidazole). The 50 mL bacterial lysate, containing an equivalent of 2.5 g pelleted
bacteria and prepared in the method described above, was loaded onto the column at 3 mL/min. The column was
washed with 8 CV of equilibration buffer at 5 mL/min, and the protein was eluted in a single-step elution, at 4
mL/min, with 40 mL elution buffer (25 mM Tris (pH = 7.6), 500 mM NaCl, and 500 mM imidazole). Elution
fractions of 3.5 mL were collected and analyzed by SDS-PAGE (12% gel) for the presence of the 14 and 24 kDa
MVN monomer and dimer, respectively. The fractions with the highest protein content were pooled and
concentrated to a volume of 1.5 mL, using Amicon Ultra-15 Centrifugal Filter Units with a 3000 MWCO (EMD
Millipore, UFC900324).

Purified, concentrated MVN was separated into 14 kDa and 24 kDa-enriched fractions using a size-
exclusion chromatography via a 16/60 Sephacryl™ S-200 High-Resolution Column (Cytiva Life Sciences,
17116601). The column was equilibrated at 0.5 mL/min with 1.5 CV Equilibration Buffer of “high salt” PBS (10
mM Na,HPO,, 1.8 mM KH,PO,, 2.7 mM KCIl, and 150 mM NacCl). A volume of 1.5 mL of the concentrated MVN
sample was injected via static loop, and the sample was separated on the column with continual application of 2 CV
equilibration buffer at 0.5 mL/min. Elution fractions of 0.8 mL were collected, and real-time UV monitoring
measuring absorbance at 220 nm revealed a broad peak in the 10-30 kDa region (Figure E1A). SDS-PAGE
analyzed fractions from this region to determine which fractions contained the 14 kDa fragment and the 24 kDa

fragment. The two fragments could not be completely separated from each other, but pools could be generated for
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enriching each fragment (Figure E1B). Once the pools were created, they were again concentrated with Amicon

Ultra-15 3000 MWCO units and then filtered through a 0.22 um filter (Figure E2). Aliquots of purified MVN were

stored at —80°C until use.
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Figure E1. Analysis of SEC fractions for 14 kDa and 24 kDa MVN monomer and dimer. A. Real-time
monitoring of protein content in SEC fractions using absorbance at 220 nm. B. Colloidal blue staining
depicting SEC fractions with increased A220 measurements. A volume of 11 puL of each 0.8 mL fraction
were loaded and separated using SDS-PAGE under reducing conditions. Fractions for the 14 kDa MVN

monomer and 24 kDa dimer were pooled as indicated.

XXV



SN
TP T
BSA standard (pg/lane)
250 -0.1 02505, 1 2
kDa:

150

100

75 - —— -.

50 . . H

37

uL loaded: 1 1 2N 290 k4
His-MVN (14 kDa) His-MVN (24 kDa)

- >

+DTT, No DTT,
boiled Not boiled

Figure E2. Colloidal blue staining depicting final SEC-purified fractions containing 14 kDa MVN monomer
and 24 kDa MVN dimer. The 14 kDa monomer is the primarily expressed protein, with some 24 kDa dimer
also recovered. Pseudo-native samples (right two lanes) containing SDS but no disulfide bond reducing agent
dithiothreitol (DTT) were included for both fractions alongside SDS and DTT-reduced samples used for

quantification.

Results

Biolayer interferometry.

We have identified several candidate antibodies and novel cyanobacterial lectin microvirin-N*® as possible
LAM detection molecules, which could be used for TB diagnosis and discernment between MTBC and NTM
infections. Therefore, using biolayer interferometry, we characterized the binding of these LAM recognition
elements to both ManLAM, the mannose-capped LAM found in MTBC species, and PILAM, the phosphoinositol
capped LAM found in fast-growing mycobacterial species commonly associated with difficult to diagnose NTM
infections. The binding affinity of the LAM recognition elements was measured by the dissociation constant (Kp)
using biolayer interferometry. The results are summarized in Table E2.

The results in Table E2 are expected given the known binding targets of each detection molecule (shown in
Figure 5.1). Because the structure of LAM is conserved across all mycobacterial species, antibodies designed to

bind the conserved terminal end of the arabinose-backbone of LAM just before the carbohydrate capping motif,
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FIND28, FDXO01, and A194, all exhibit binding to both ManLAM and PILAM. FIND28 and FDXO1 bind different

structural variations of the arabinose backbone than A194, as shown in Figure 5.1.

Table E2. K4 of LAM Regognition Elements for ManLAM and PILAM.

LAM-recognition element K4 ManLAM (M) K4 PILAM (M)
BJ-03 1.2x10"° + 1.7x10™" N.B."™
BJ-76 4x10% + 4.2x10™° N.B.”™
BTM-1 6.8x10° £ 8.0x10™" N.B.”™
BTM-8 <1.0x10"* + 8.2x10™" N.B.”™
FIND28 1.3%10°% + 1.4x10™"° 1.4x10°% £ 1.4x10™°
FDXO01 <1.0x10™"* + 1.5x10™" <1.0x10" + 7.6x10™"?
A194 1.8x10° £3.0x10"° 1.4x107° £2.4x10™"
MVN-Biotin <1.0x10"? + 3.9x10™"° N.B.”™

Since the difference in LAM structure between species is exclusively in the terminal carbohydrate-capping
motif, it is logical that the antigen recognition elements known to bind mannose structures bind ManLAM but not
PILAM. However, these elements bind different types of mannose caps, and this difference is essential for
understanding changes in surface expression levels. Both types of mannose caps found on LAM can be mono-, di-,

% These mannosyl residues connect through o-(1,2)-

or tri-mannosyl caps, with di-mannosyl caps most common.
glycosidic linkages. MVN is known to bind this glycosidic linkage specifically and was previously shown to bind
ManLAM but not PILAM,* for which our reported K4 values are consistent. BJ-03 binds standard mannose caps
containing two sugars. The reported Kp for BJ-03 and BJ-76 are consistent with values previously reported in the
literature.** It is important to note that the K4 for BJ-76 in the literature was reported as “undetectable” under the
reported test conditions, which, based on the value reported here, did not use a high enough concentration of
ManLAM to accurately detect and quantify binding between BJ-76 and ManLAM, based on the manufacturer’s
recommended concentration range for the given Kg.

Based on the results given in Table E2, a single antibody was selected for each target structure where
applicable. FDX01, A194, BJ-03, and BJ-76 were selected and used to assess dissociation methods on LAM surface
accessibility. BJ-76 was chosen over BTM-1 and BTM-8 because it produced a higher signal during antibody

titrations than the quantity applied during titrations. FDX01 was chosen over FIND28 because as of the time this

manuscript was written, there was only literature publically available characterizing FIND28.5* %% We did not find
p y p y g

ko

N.B. — No binding observed.
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any reports discussing the use of FDXO01, and we thought the added information this report could provide about

FDXO01 would be beneficial to other researchers.

Investigation of MVN signal and impact on LAM detection.

Throughout the studies performed in Chapter 5, we used MVN, a novel lectin known to bind the Manp-
(1—2)-0-D-Manp linkages found in the mannosyl caps on ManLAM.*® However, the high quantity of MVN needed
for detection (2 pg), and the difference in signal trends from BJ-03 and BJ-76 led us to investigate further MVN and
its potential use as a LAM recognition element in whole-cell binding assays. As shown in (Figure E3), the purified
primary 14 kDa MVN fragment throughout the previously discussed experiments resulted in statistically less
detection signal than background for almost all processing methods. Given that MVN has such a high affinity for
ManLAM (Table E2), we hypothesized MVN does not bind well in practical experimental conditions. As
previously theorized, the mannosyl caps on MVN may be broken or damaged by applying shear forces, eliminating

the a-(1,2)-glycosidic linkages MVN binds.
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Figure E3. Binding of the 14 kDa monomer of MVN is significantly impacted by mechanical and enzymatic
processing. A. 14kDa MVN binding to M.th is statistically reduced with both mechanical processing
methods. B. Regardless of centrifugation speed or repetition, MVN binding is significantly reduced. The red
dashed line indicates the normalized mean absorbance for the unprocessed control; the pink shaded box the
graphs are superimposed over indicates the + SEM. Black bar = 1x centrifugation. White bar = 3x
centrifugation. Gray bar = 5x centrifugation. n = 3. (mean = SEM). C. 14 kDa MVN binding is significantly
reduced for all enzymatic treatments methods, except for amylase digestion. *Indicates statistical significance

at p < 0.05. ***Indicates statistical significance at p < 0.0005.
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However, native MVN is monovalent and only has a single mannose-binding pocket for ManLAM. This
makes it structurally unique from similar lectins, usually with two binding domains.** Therefore, it is possible that a
single 14 kDa fragment cannot remain bound to the surface, resulting in a drastically reduced signal when there are
modest fluctuations in LAM accessibility. If this were the case, binding could be improved through dimerization.
MVN spontaneously dimerizes in small amounts relative to the amount monomer MVN, so we hypothesized that the
signal from MVN binding would increase if cells were probed with the 24 kDa fragment, relative to the 14 kDa
fragment or sample containing standard proportions of 14 kDa and 24 kDa. As shown in Figure E4, while there is
no statistical difference between the three groups, there is an increase in signal when treated with 2 pg of 24 kDa
MVN by an average of 40-fold compared to the mixture. When a t-test was performed between the 14 kDa and 24
kDa fragments, there was still no statistical difference between the two groups because of the wide variability in the
24 kDa treated samples; a higher n-value is needed for all conditions to determine if these relative differences are

practically significant.
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Figure E4. The binding of the minority 24 kDa dimer of MVN produced a higher signal than the 14 kDa
fragment or a mixture of the two, though the difference between the three groups was not statistically

significant. n = 3. (mean + SEM).
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