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Abstract

Automated genotyping of drug-resistant Mycobacterium tuberculosis (MTB) directly from sputum
is challenging for three primary reasons. First, the sample matrix — sputum — is highly viscous and
heterogeneous, posing a challenge for sample processing. Second, acid-fast MTB bacilli are
difficult to lyse. And third, there are hundreds of MTB mutations that confer drug resistance. An
additional constraint is that MTB is most prevalent where test affordability is paramount. We
address the challenge of sample homogenization and cell lysis using magnetic rotation of an
external magnet — at high (5000) rpm - to induce rotation of a disposable stir disc that causes
chaotic mixing of glass beads (“MagVor”). Nucleic acid is purified using a pipette tip with an
embedded matrix that isolates nucleic acid (“TruTip”). We address the challenge of cost and
genotyping multiple mutations using 203 porous three-dimensional gel elements printed on a film
substrate and enclosed in a microfluidic laminate assembly (“Lab-on-a-Film”). This Lab-on-a-
Film Assembly (LFA) serves as a platform for amplification, hybridization, washing and
fluorescent imaging, while maintaining a closed format to prevent amplicon contamination of the
workspace. We integrated and automated MagVor homogenization, TruTip purification, and LFA
amplification in a multi-sample, sputum-to-genotype system. Using this system, we report
detection down to 43 cfu/mL of MTB bacilli from raw sputum.
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Evidence of tuberculosis (TB) dates back 5000 years; mummies were discovered to have
lesions caused by Mycobacterium tuberculosis (MTB). At the beginning of the 19t century
in Europe, as many as 1 in 333 people died from TB.! Today, TB still ranks in the top ten
worldwide causes of death and now ranks ahead of HIV.2 Perhaps, most alarming is the
global prevalence of drug-resistant TB (DR-TB): each year there is more than half a million
new cases of multi drug-resistant TB (MDR-TB) — defined as MTB resistance to isoniazid
(INH) and rifampicin (RIF).2

The differences between treating drug-susceptible vs drug-resistant TB is dramatic. In the
United States, treatment costs $17k for patients with drug-susceptible TB, and for patients
with MDR-TB, treatment costs $134k — almost ten times more.3 The difference in treatment
duration is also dramatic: 6 months for patients infected with drug-susceptible TB and 18
months for patients infected with MDR-TB.# Furthermore, consider the following difference
in treatment duration for those infected with INH-resistant (RIF-susceptible) MTB as
compared with those infected with RIF-resistant (INH-susceptible) MTB. The World Health
Organization (WHO) guidelines for treating the former patients include a short-course (6
month) regimen of rifampin, ethambutol, pyrazinamide, and levofloxacin. The short-course
is not recommended for treating patients infected with RIF-resistant (INH-susceptible) MTB
or MDR-TB. Rather, the guidelines for these patients are to use a more complex, longer
course (18 month) regimen. This drastic difference in treatment courses emphasizes the
rationale for WHO’s encouragement “towards universal testing of both isoniazid and
rifampicin resistance.”*

Immediate INH and RIF resistance detection is also reported to be more cost effective than
either immediate MTB diagnosis followed by delayed INH and RIF resistance testing or
immediate RIF-resistance detection followed by delayed INH-resistance testing — even in
regions of low levels of drug resistance (MDR-TB > 1%).5

The prevalence of RIF susceptible, INH resistant MTB is notable. WHO reports this
prevalence as 7.1% in new TB cases and 7.9% in previously-treated cases.2 One study in
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Kuwait reports it at 163/264 MTB isolates (67%).6 Immediately detecting MTB resistance to
RIF —and INH - is therefore important. Identifying the mutations that cause resistance —
particularly for INH — has important clinical implications. For example, mutations in the
inhA gene are associated with low levels of INH resistance, and mutations in the katG gene
are associated with high levels of INH resistance.” Lempens et al. report that for strains with
the katG Ser315Thr mutation, the minimum inhibitory concentration increased three-fold
when /nhA c-15t is also present, further suggesting that the levels of INH resistance are
dependent on the genotype.8

Developing molecular tests for MDR-TB is inherently complex because: (1) the sample type
(typically sputum) is highly viscous and heterogenous, and thus extracting and purifying
microbial DNA presents significant challenges, (2) the thick, waxy, lipid-rich cell wall of the
MTB bacilli is difficult to lyse, (3) there are hundreds of genetic mutations that confer TB-
drug resistance, and (4) the market is cost sensitive because those infected are often
economically disadvantaged.

The dissemination of over 20 million Cepheid Xpert MTB/RIF tests has certainly
contributed to the steady decline in deaths caused by TB.® This test, however, is limited to
detection of MTB and RIF resistance, and it uses a method of “sloppy molecular beacons”,
which does not report specific mutations.1%11 Another XDR-TB test is in development,
which includes markers for INH but does not include markers for RIF, thus it is intended as
a reflex test to their MTB/RIF test.12.13 Ao et al. also describes an MTB/RIF test, which
reports mutations, but it does not include INH resistance.1* There are a number of molecular
MDR-TB tests that are high complexity (do not include integrated sample preparation)
available from: Hain (LPALS and Fluorotypel6), Capital Biol’, InSilixal8, Veredus!®,
Abbott20, and Roche.2! The number of MDR-TB tests that include integrated sample
preparation are more limited. These include: Becton Dickinson MAX MDR-TB assay?2 and
published works such as that described in the review by Mani et al.23 A limitation with real-
time PCR systems such as the Xpert and the BD Max is that they detect but do not report
mutations because of the limited number of optical channels (i.e, a mismatch between the
target and the reporter probe results in a mutant call without identifying the specific
mutation).

Sequencing methods hold promise as being able to achieve this goal. Traditionally, whole
genome sequencing requires removal of contaminating or human DNA, which is often
accomplished by culturing the MTB bacilli.?* Nimmo et al use a SureSelect protocol, which
requires molecular biologists to perform numerous protocol steps, to isolate the MTB bacilli
prior to sequencing.2> Votintseva et al. developed a modified Mol Ysis Basic5 kit (Molzyme,
Germany) that digests human DNA and then lyses the bacilli and extracts the MTB DNA for
library preparation and sequencing using either lllumina’s MiSeg/MiniSeq or Oxford
Nanopore Technology’s Minion.28 The protocol requires a number of manual steps such as
centrifugation, pelleting, and removing the supernatant, which limit the applicability to high
complexity laboratories with skilled technicians. Targeted next generation sequencing can
possibly avoid the requirement for MTB DNA enrichment by using a multiplex PCR
reaction. However, after amplification the PCR tube is opened for the subsequent library
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preparation steps, introducing a contamination risk of the laboratory and other adjacent
samples.

Despite the tremendous progress in MTB detection and identification, an affordable
automated sputum-to-genotype system for detection and reporting MDR-TB mutations,
deletions, and insertion elements remains an unmet clinical need. 24

We previously reported an automated nucleic acid extraction method,2” MDR-TB detection
using a manually-operated microfluidic consumable,28 and the translation of this device to a
film substrate.2% Here we report the integration of these approaches to address this unmet
need.

MATERIALS AND METHODS

System Description

The analyzer, shown in Figure 1A, consists of sub-systems for: sample preparation, thermal
cycling, and imaging. The consumables are loaded together on a moveable stage (carriage)
to allow them to travel to the appropriate location and establish the interfaces shown in
Figure 1B. The automated protocol initiates with MagVor for improved lysis and
homogenization (beyond an initial liquefaction and heat kill step); the effect of this
improvement is reported in Thakore et al.2” The subsequent steps include: purification with
TruTip, which also serve as the liquid handling pipette tips; transfer sample to heater tubes
for the heated DNA binding step; wash, air dry, and elute from the DNA binding matrix in
the TruTips using reagents in a deep-well plate; mix elution with PCR master mix; transfer
mixture to the LFA; thermal cycle; wash the gel element array; image and analyze; and eject
the TruTips.

As illustrated, the sample preparation sub-system includes sub-assemblies for rotating the
MagVor magnet, aspirating and dispensing from and into the TruTips, heating to improve
binding to the porous matrix embedded in the TruTip, and air drying the TruTips in order to
remove residual organics. We previously reported this sample preparation sub-system in the
form factor of a bench-top workstation intended for nucleic acid isolation for multiple down-
stream analysis methods such as sequencing, real-time PCR and microarrays.3° The details
of the sub-system can be found in that publication. Briefly, it consists of a method of
Magnetically-induced Vortexing (“MagVor”) by rotating a diametrically polarized
cylindrical neodymium magnet. The rotation of this magnet induces a changing magnetic
field inside of a tube (lysis tube) that includes a magnetic disc. The changing magnetic field
causes the disc to rotate and stirs the glass beads, which serve to homogenize the sample and
lyse the MTB bacilli.2” We custom designed the lysis tube for this application to allow for: a
fill volume up to 600 L, a pierceable cap that is hinged (connected) to the tube, and
conformance to 9 mm spacing to correspond with the deep-well reagent plate. An injection-
molded (Icomold, Holland, OH) interconnected strip of heater tubes with a square top slides
into an aluminum block that has a “U-shaped” profile, allowing intimate contact with two
side walls and the bottom of the tubes. The aluminum block includes an integrated 50W 24
V DC cartridge heater (NextThermal, Battle Creek, MI) that has a 6.35 mm diameter and a
108 mm length and an NTC 10kQ thermistor (#235-1399-ND, Digi-key, Thief River Falls,
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Minnesota) for feedback control and another one that serves as a high limit cutoff. The
thermistors are connected to an embedded controller (#sbR10-9627, National Instruments,
Austin, TX), which provides Proportional, Integral, Differential (PID) control through a
LabVIEW (National Instruments) software interface. The setup is then calibrated to the
liquid temperature in the heater tubes. Following the heated DNA binding step, the matrix in
the TruTip is washed and air dried with an air pump that connects to a custom designed
linear selection valve to allow air flow through one TruTip at a time to ensure the same flow
across each matrix. As described previously,27-30 the system also includes a pipetting system
for aspirating and dispensing liquids into and out of the TruTip. The TruTip matrix is
recessed 26.5 mm from the distal end of the pipette tip allowing liquid transfer up to 180 pL
without contacting the matrix. Thus, the TruTip also serves as a standard liquid transferring
pipette tip. A stage translates a carriage in the X direction while the TruTips move ina Z
direction and the imaging system translates in a Y direction across each of the chambers.

The analyzer also includes a thermal cycler which consists of a heat spreader with embedded
Peltier thermal electric coolers (#1MC06-126-05AN, TEC Microsystems, Berlin, DE), and
three integrated thermistors at the edges and the center of the spreader. The spreader
dimensions (29 mm x 86 mm x 2.8 mm) span the entire volume for all reaction chambers. A
linear actuator (#L12-50-210-12-P, Actuonix, British Columbia, CA) translates the thermal
cycler assembly down onto the LFA. A custom circuit board serves as the connector
interface to the thermal cycler assembly, which also includes a 5 cfm 40 mm height x 40 mm
width x 9.9 mm depth fan (#1939K43, McMaster-Carr, EImhurst, IL) and a custom heat
sink. Control of the thermal cycler is accomplished with a Thermal Cycler Module (#TCM-
M207, Easy Shining, Chengdu, China).

The imager sub-system, previously a stand-alone unit described in Linger et al., consists of
an excitation and an emission optical train.28 The emission optical train illuminates the array
from an “oblique” angle using a mirror to direct the collimated 530 nm LED light at
approximately a 60° incident angle. The emission optical train is perpendicular to the gel
element array with a 29 mm focal length (distance from the objective lens to the object
plane) to allow clearance of the carriage and consumables without interference. The
emission optical train includes a macro-fluorescence lens, collimating lenses, and a CMOS
camera.

A segregated electrical control box supplies power and controls to the analyzer. A laptop
computer serves as the Graphical User Interface for the user. The Labview program provides
control and measurement of all sub-systems, allows user-defined scripts, and automates
imaging and analysis so that once the user “executes all,” the system operates automously
without interuption.

Consumables

Figure 2 shows the consumables, which includes lysis tubes (#402-00100, Akonni
Biosystems, Frederick, MD), a heater strip (#402-002, Akonni Biosystems, Frederick, MD),
1.2 mL SPT TruTips (#302-80021, Akonni Biosystems, Frederick, MD), a deep well plate
(#1896-2110, USA Scientific, Orlando, FL) filled with reagents, and an LFA. All of these
components were described in Thakore et al. except for the LFA.27 The LFA, shown in the
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Figure 3 inset, consists of a Lab-on-a-Film consumable for six tests, described in Kukhtin et
al., and a housing of inlet ports.2° Briefly, the LFA consists of an array of 203 gel elements3!
printed on polyester substrates, a spacer that circumscribes the array and forms the
amplification and hybridization chamber, and a hydrophilic cover film, described in Cooney
et al.32 Additionally, a waste chamber is attached to the LFA. The inlet port housing consists
of pierceable septa (#AC052, MiniValve, Netherlands). The LFA design has a capacity for
up to 8 chambers, but only 6 chambers were used for this study because our current printing
infrastructure (platens, UV curing system, and wash bath) are configured for 25 mm x 75
mm film substrates. Thus, two arrays were printed on each of three film substrates. We used
the PCR master mix and the array map, which includes probes for 37 mutations, deletions,
or insertion elements, reported in Linger et al.28 A polyvinylchloride insulation foam
(#9318K64, McMaster-Carr) with (black) tape (#1743, Thorlabs, Newton, NJ) (for reducing
the background during image capture) was inserted between the LFA and its receptacle on
the carriage.

Sample Collection and Preparation

Two sample types were used in these studies: purified MTB DNA and F137Ra bacilli with
the latter spiked in MTB-negative sputa. The DNA was either purchased from ATCC
(#25177D-5, Manassas, VA), or it was extracted from heat-killed MTB bacilli, provided by
the Special Programme for Research and Training in Tropical Diseases (TDR) Tuberculosis
Strain Bank (now integrated under BCCM/TIM).33 The extraction procedure consisted of
lysis using a BD Geneohm Lysis Kit (#441243 Becton Dickinson Sparks, MD) followed by
purification with a DNA Mini Kit (#51304 Qiagen, Hilden, DE).

De-identified sputum samples were purchased from BiolVVT (Westbury, NY) and pooled and
tested to ensure it was MTB-negative using our real time 1S6110 MTB PCR assay described
in Thakore et al.2’

H37Ra bacilli (#25177, ATCC) were grown in culture and enumerated with plate counting
as described previously.2” As described in Thakore et al., liquefaction buffer was manually
pipetted at a ratio of 8 parts liquefaction buffer to 100 parts sputum.2’ The spiked samples
were prepared by manually pipetting 972 L (9 parts) of the pre-liquefied sputa with 108 L
(1 part) of heat-killed (5 min at 90°C) H37Ra cells. The final titer concentrations were: 4000
cfu/mL, 1200 cfu/mL, 400 cfu/mL, 130 cfu/mL, and 43 cfu/mL in 1.08 mL aliquots of sputa.

The subsequent automated “on system” protocols are shown in Table 1. The sputum-to-
genotype protocol requires about 8 hours for the full protocol shown in Table 1 and
additional initialization, stage movement and wait steps (not shown). The automated analysis
algorithm was the same as that described previously.?8

RESULTS AND DISCUSSION

Approach to Integration

Integrating numerous microfluidic processes on a single cartridge or chip can be expensive.
Yet, complex protocols are often required for sensitive molecular diagnostic tests in order to
satisfy stringent clinical requirements.34 Our strategy for addressing this challenge was to
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simplify the microfluidics by using a sequence of short and simple steps that can easily be
automated. For sample preparation, we simplified the fluidics by integrating a nucleic acid
binding matrix inside of a pipette tip,3>36 and we simplified amplification and hybridization
using an integrated Lab-on-a-Film assembly.

Fluidic Mechanisms

The fluidic handling steps on the system can be categorized into three different mechanisms:
pipetting, air flow from the air pump, and capillary action. The first of these steps (pipetting)
was implemented in order to simplify the microfluidics. To achieve liquid transport between
consumables (lysis tube, heater strip, deep-well plate, and LFA), we used the TruTip. The
second of these mechanisms, the air pump, served as a “blow out” of residual liquid droplets
in the pipette tip and as a mechanism for drying the matrix. And, the third of these
mechanisms, capillary action, occurred within the LFA as a means of uniformly filling the
LFA due to the hydrophilic properties of the cover film and the absorbent in the waste
chamber.

The LFA has four distinct microfluidic features that control fluidic behavior. The first of
these features is the hydrophilic film that serves as the LFA cover, which is particularly
important for filling along the walls of the spacer. The radius of curvature at the intersection
of the cover with the spacer approaches zero, thus the capillary pressure theoretically
approaches infinity. Practically, the radius of curvature, and thus capillary pressure, is
limited by the roughness of the laser-cut wall of the spacer tape. The high capillary pressure
at the walls of the microfluidic chamber result in liquid preferentially filling these regions,
minimizing the air gaps along the walls.

A second feature is a “staircase” that separated the microarray amplification chamber from
the waste chamber. The staircase consists of a series of abrupt 90 degree turns that serves to
pin the contact line resulting in a positive (convex) curvature. When the advancing contact
line (meniscus) changes from negative (concave) to positive curvature (convex), the liquid
does not advance. This feature prevents liquid from entering the waste chamber during
thermal cycling.

The third LFA feature is the absorbent in the waste chamber. After the wash buffer is
introduced into the LFA, the pressure in the liquid rises higher than the positive curvature of
the convex mensicus. When the wash buffer advances into the small pores of the absorbent,
the capillary pressure is very high (225 mm/30 min flow rate), higher than the capillary
pressure in the chamber. The liquid then imbibes into the absorbent and evacuates the
amplification/hybridization chamber.

The fourth feature is the housing of inlet ports, which is the interface between the TruTip
and the LFA. The core component of this housing is a pierceable check valve. This valve
opens and makes a tight seal with the TruTip such that liquids dispensed through the TruTip
flow into the LFA. When the TruTip is retracted from the septum, the lips of the valve re-
seal and prevent liquid from escaping, creating a sealed system. The characteristic of the
valve — as a check valve — allows for imbibition into the waste chamber absorbent, which
includes but prevents liquid flow in the reverse direction (back out of the valve). The valve
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reseals once the TruTip retracts. To evaluate the efficacy of the sealing, we attempted to flow
air in the reverse direction by submerging the assembled housing under water and depressing
a P1000 pipettor to the second (blow out) stop. No air bubbles were observed in the bath of
water indicating an effective seal (n=62 different valves). We additionally confirmed that the
liquid remains in the chamber after performing the thermal cycling protocol in Table 1
(n=36). And, we confirmed that the liquid does not drain from the reaction chamber to the
waste chamber as a result of hydrostatic pressure (by holding the LFA upright), indicating
that the valve is properly sealed after being pierced (n=52).

Interface Between Thermal Cycler and LFA

There are five aspects of the thermal cycler — LFA interface that facilitate efficient heating
and cooling of the chamber: (1) heating is through a thin cover film, (2) the back side of the
LFA is insulated to minimize thermal losses, (3) force from the thermal cycler is applied at
the interface to enforce uniform contact between the LFA and the thermal cycler, (4)
multiple thermistors are integrated throughout the thermal cycler heat spreader to allow for
discrete heating zones for more uniform control across the interface, and (5) the thermal
electric cooler consists of high-density Peltier junctions for rapid heating and cooling and
thus finer feedback control.

Lowering the thermal cycler down onto the LFA and heating “from above” has the following
advantages. First, the cover (top) of the LFA is a 0.1 mm thick film compared to the
substrate (bottom), which is 0.175 mm. Our gel element printing process required a thicker
substrate in order to secure the film to the platen during printing so that it doesn’t bow;
however, the cover film was available in a thinner size. Thus, the thermal transfer is more
efficient through the cover. Second, we insulated the opposite side of the LFA to improve
thermal efficiency and temperature uniformity across and within chambers, which was
facilitated by the use of a rigid disposable foam. And third, we used a black background
(optical grade masking tape) to control the background of the chamber during the imaging
step. This black tape reduced the background fluorescent intensity and non-uniformity, due
to artifacts such as dust particles and scratches to the background surface. By heating from
“above” (the same side as imaging), we transferred the background uniformity requirement
from the instrument (e.g., thermal cycler surface) to the consumable, which can be more
easily controlled through the use of removable protective masks to prevent particulates and
scratches to the substrates. Whereas another approach is to print the gel elements on an
obaque (black) film, we prefer to use a transpartent substrate film to allow better
visualization for quality checking the morphology and placement of the gel elements on
transparent substrates.2?

DNA-to-Genotype Testing

To characterize the behavior of the integrated system we performed separate DNA-to-
genotype and liquefied sputum-to-genotype studies. The DNA-to-genotype studies were
performed with MTB DNA from strains that are wild-type, INH mono-resistant, and RIF
mono-resistant. For these studies, we used 1 pg of MTB DNA, which is equivalent to ~200
genomic copies (gc) determined by the calculation of length of base pairs of the MTB
genome (4 million) and average molecular weight per base pair (660 g/mol). The integrated
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system reported correct detection for all three strains in duplicate. We selected 1pg because,
based on the TruTip extraction efficiency and using a standard curve to correlate DNA
concentration to Cp value, 1pg of MTB DNA corresponds to approximately 400 cfu/mL,
which is equivalent to the reported detection limit of the GeneXpert in Cepheid’s 510(k)
application.10 Table 3 shows ratios for the three relevant markers for three strains. The full
list of ratios for each marker can be found in Table S1. The integrated system and
companion Lab-on-a-Film MDR-TB test reported “wild-type” for all unique markers for the
wild-type sample (i.e., the signal intensities from the 16 wild-type markers were higher than
their corresponding 36 mutant markers and 1 deletion marker [507-del for rpoB]). The
system also correctly detected and reported the S315T (ACC) mutation in the katG gene and
—15T in the inhA gene for the INH mono-resistant sample (TDR-0015); all other markers
were correctly reported as wild-type. And, the system correctly reported only the S531W
mutation for the mono-resistant RIF sample (TDR-0018). This data illustrates the feasibility
of the system to discriminate ratios of mutant to wild-type probes as a means of conferring
drug resistance to INH and RIF.

Sputum-to-Genotype Testing

We also performed 8 sputum-to-genotype runs on the integrated system with titers ranging
from 4000 cfu/mL to 43 cfu/mL of MTB spiked in raw sputum. Table 2 shows an example
of the results for one run. The first four runs consisted of challenging the integrated system
with four replicates of titers of 4000, 400, 130, and 43 cfu/mL using a single titer for each
run. These runs included two external 1pg H37Ra DNA positive controls in the outermost
lanes. The remaining 4 runs were performed with 4 different titers (1200, 400, 130, and 43
cfu/mL) within each run. For these runs, we included the same DNA positive control as used
in the first three runs as well as a negative sputum sample. Figure 4 shows the intensities
from the universal markers for the set of 8 runs. These “universal markers” target highly
conserved regions in each of the respective genes to serve as indicators of PCR amplification
efficiency, where low signal intensities typically correspond to poor amplification yield. The
signals are a summation of background-subtracted pixel intensities within the image spot of
the corresponding universal marker averaged across three replicate spots. The brightness of
the spot correlates to the fluorescence of the gel element, or more specifically to the quantity
of Cy3-labeled amplicons hybridized to the complementary probes immobilized in the gel
element. The ratios of all wild-type markers with respect to their corresponding mutant
probes were positive and therefore were correctly reported as wild type except for a 531
rpoB mutation for 1 sample at 43 cfu/mL. Table 4 summarizes the results of these 8 runs,
which consists of 36 samples and 12 external DNA controls.

Future Work

Although the processing time is within the 3.5 to 10.5 hour range of four MDR-TB systems
evaluated by the WHO?1, we have not evaluated the effects of reducing the total analysis
time. Our future work, therefore, includes: (1) studies that will investigate the total analysis
time versus sensitivity, (2) an increase in the number of tests per run from six to eight , and
additional studies to include an increased number of strains, clinical samples, and markers
for detection of resistance to additional drugs.
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CONCLUSIONS

This work shows the integration of TruTip and a Lab-on-a-Film consumable applied to the
detection of drug-resistant MTB from raw sputum. We developed an instrument that
automates the TruTip protocol and transfers liquid to a “closed” LFA to prevent amplicon
contamination for potential use in clinics and hospital laboratories. We were able to
demonstrate that the system effectively processed liquefied sputum, lysed MTB bacilli,
isolated MTB DNA, amplified MTB DNA and detected drug-resistant mutations at very
sensitive detection levels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A. Photograph of the interior of the analyzer depicting the MagVor for lysis and
homogenization, the TruTip for purification, the deep-well plate so that all liquids are part of
the consumable, pipetting station, the Lab-on-a-Film Assembly (LFA), the thermal cycler,
and the imager. B. Illustration of the interfaces of the analyzer sub-systems with the
consumables; the order of the analyzer operations is numbered. (Note, Step 6 - Air Drying
occurs at Column 7 of the deep-well plate). The carriage moves the consumable to each
interface on the analyzer.
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Figure 2.
Layout of the consumable for 6 samples in which the following steps occur. (1) Lysis and

homogenization occur in lysis tubes, which include a magnetized stir disc and glass beads.
(2) The TruTip aspirates the sample mixed with a binding buffer so that it flows through the
pores of the matrix in the tip resulting in DNA bound to the matrix. (3) The porous matrix is
washed to remove the impurities. (4) The matrix is dried with air. (5) The bound DNA is
eluted into an elution buffer. (6) The purified DNA is amplified with an asymmetric PCR
reaction. (7) The product (with fluorescent labels) hybridize to the gel elements. (8) The gel
elements are washed to remove unbound product. And, (9) an image of the array is captured
and analyzed.
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Figure 3.
Ilustration of the LFA on the system with the thermal cycler in the (1) “up” (disengaged)

position, (2) in the “down” (engaged) position, and (3) with the imager capable of
individually imaging and analyzing each array of gel elements.

Anal Chem. Author manuscript; available in PMC 2021 April 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kukhtin et al.

Signal Intensity, Arbitrary Units

1.E+07 -

8.E+06 -

6.E+06 -

4.E+06 -

2.E+06 -

0.E+00

Page 15

0O M13 (internal control)
O 1S6110 (MTB marker)
O rpoB UN#1 (RIF marker)
@ rpoB UN#2 (RIF marker)
@ katG UN#3 (INH marker)
@ inhA UN#1 (INH marker)

1 pg DNA 4000 1200 400 130
CFU/ml CFU/ml CFU/ml CFU/ml CFU/ml
n=12 n=4 n=4 n==8 n=38
Titer
Figure 4.

43

n=38

Negative

Sputum
n=4

Sputum-to-genotype amplification signals across 8 runs with correct detection (genotyping)
down to 43 cfu/mL. Also shown are the signals for the external control (1pg H37Ra DNA).
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Table 1.

Automated extraction protocol on the system for sputum-to-genotype testing.

Operation

Programmed Parameter(s)

Sample homogenization

Rotate MagVor at 4950 rpm. 10 min *

Add sample to lysis buffer

Add 250 pL of sample (in two steps; 125 uL per transfer) to the 380 pL of lysis buffer in the heater strip. ~2.5 min

Heat incubation

10 min at 56°C

Add 95% ethanol

500 pL. ~1 min

Binding Step

20 pipetting cyclest 7‘; 20 min

TruTip Wash 1

10 pipetting cycles; 7 min

TruTip Wash 2

5 pipetting cycles; ~2.5 min

TruTip Wash 3

5 pipetting cycles; ~2.5 min

Air dry TruTip matrix

90 sec forced air per TruTip; 10 min

Elute purified DNA

100 pL, 10 pipetting cycles; ~2 min

Add DNA to Master mix

Transfer 40 pL of DNA solution from one column on deep-well reagent plate to the next column with 92 uL of
PCR mixf; ~1 min

DNA-to-Genotype protocol starts here.

Add DNA to Master mix

Transfer 40 pL of DNA solution from one column on the deep-well reagent plate to the next column with 92 uL
of PCR mix. ~1 mm

Mix

100 pL pipetting volume; 20 pipetting cycles; ~1.5 min

Transfer mix to LFA

Transfer 60 pL from deep-well reagent plate and introduce 52 pL of liquid through inlet ports of housing in order
to fill LFA; ~1 mm

PCR

Lower thermal cycler onto LFA. PCR Protocol: initial denaturation for 5 min at 89°C; 30 cycles of 87°C for 50 s,
60 to 55°C (touchdown) for 65 s, and 65°C for 35 s; 20 cycles of 87°C for 50 s, 55°C for 65 s, and 65°C for 35 s;
final extension at 65 °C for 3 min. Total time 3h 10 min.

Hybridization

540C;3h

Wash

125 L 3 times; ~4.5 min

Image and Analyze

Acquire image and analyze for each array. Move camera to each chamber, acquire image, analyze; ~5 min

*
TruTip was left off of lane with DNA sample (external positive control).

fAII pipetting operations were programmed at 135 pL sec™ L flow rate.

1rTip was added to nozzel of lane with DNA sample (external positive control) to serve as a means of evaluating the DNA-to-genotype testing.
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Table 3.

Hybridization ratios for select set of probes after processing from purified DNA to genotype. The algorithm
reports the correct genotype; positive values are wild-type and negative values are mutants.

H37RVC  H37RVC  TDR-0015% TDR-0015% TDR-0018° TDR-0018°
rpoB? S531W 0.74 0.85 0.65 0.77 -0.96 -0.92
kath8315T(ACC) 0.94 0.91 -0.79 -0.48 0.93 0.90
inha? _15T 0.94 0.92 -0.58 -0.49 0.97 0.95

aGene target for RIF resistance.
b .

Gene targets for INH resistance.
G\

Wild-type sample.
a .

INH mono-resistant sample.

e .
RIF mono-resistant sample.
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Summary of results reported by sputum-to genotype tests from 8 runs of sputum with MTB.

Table 4.

Titer

4000 cfu/mL
1200 cfu/mL
400 cfu/mL
130 cfu/mL
43 cfu/mL

Negative

MTB (IS6110) RIF (rpoB)  INH (katG) INH (inhA)
414 444 414 414
414 4/4 414 414
8/8 8/8 8/8 8/8
8/8 8/8 8/8 8/8
8/8 718 8/8 8/8
414 4/4 414 414

Anal Chem. Author manuscript; available in PMC 2021 April 07.

Page 19



	Abstract
	Graphical Abstract
	MATERIALS AND METHODS
	System Description
	Consumables
	Sample Collection and Preparation

	RESULTS AND DISCUSSION
	Approach to Integration
	Fluidic Mechanisms
	Interface Between Thermal Cycler and LFA
	DNA-to-Genotype Testing
	Sputum-to-Genotype Testing
	Future Work

	CONCLUSIONS
	References
	Figure 1
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

