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Abstract

Carbapenemase-producing Enterobacteriaceae (CPE) are a group of drug-resistant Gram-negative pathogens that are
classified as a critical threat by the World Health Organization (WHO). Conventional methods of detecting antibiotic-
resistant pathogens do not assess the resistance mechanism and are often time-consuming and laborious. We have
developed a magnetic digital microfluidic (MDM) platform, known as MDM Carba, for the identification of CPE by
measuring their ability to hydrolyze carbapenem antibiotics. MDM Carba offers the ability to rapidly test CPE and
reduce the amount of reagents used compared with conventional phenotypic testing. On the MDM Carba platform,
tests are performed in droplets that function as reaction chambers, and fluidic operations are accomplished by
manipulating these droplets with magnetic force. The simple droplet-based magnetic fluidic operation allows easy
system automation and simplified hands-on operation. Because of the unique “power-free” operation of MDM
technology, the MDM Carba platform can also be operated manually, showing great potential for point-of-care testing
in resource-limited settings. We tested 27 bacterial isolates on the MDM Carba platform, and the results showed
sensitivity and specificity that were comparable to those of the widely used Carba NP test. MDM Carba may shorten
the overall turnaround time for CPE identification, thereby enabling more timely clinical decisions for better clinical
outcomes. MDM Carba is a technological platform that can be further developed to improve diagnostics for other
types of antibiotic resistance with minor modifications.

Introduction

Infectious diseases are one of the leading causes of
death, claiming over 15 million lives globally each year".
Managing infectious diseases is a daunting task. Fifty years
after the US Surgeon General declared victory against
infectious diseases’, the world remains in constant
struggle with a series of outbreaks and pandemics. It is
now well understood that the pathogens that cause
infectious diseases are constantly evolving and acquiring
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resistance against antimicrobial agents. Antibiotics, which
were once taken for granted as effective cures for infec-
tious diseases, are losing their potency due to antibiotic
resistance. The emergence of antibiotic resistance is an
important crisis that could have catastrophic con-
sequences, posing serious public health and national
security threats.

Among all drug-resistant bacterial pathogens, Gram-
negative bacterial pathogens are of particular concern due
to increasing abundance® > and panresistance to nearly all
available antibiotics®. One group of drug-resistant Gram-
negative pathogens, known as carbapenemase-producing
Enterobacteriaceae (CPE), is classified as a critical threat
by the World Health Organization (WHO), an even
higher threat level than that associated with methicillin-
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resistant Staphylococcus aureus (MRSA)”. The number of
reported cases of CPE infections has been increasing®’,
and these infections are often associated with a high
morbidity and mortality rate’®. The main resistance
mechanism of CPE is the production of carbapenemase—
the enzyme that inactivates carbapenem—which is con-
sidered a last-line antibiotic for use against bacterial
infections. Given that novel antibiotic agents, such as
beta-lactam/beta-lactamase inhibitor combinations (e.g.,
avibactam, relebactam, and varbobactam combinations),
may not be accessible or suitable!!''?, rapid detection of
CPE may enable timely clinical decisions on whether to
administer last-resort but more toxic treatments, such as
polymyxins, and this decision has significant clinical
implications. Determining the resistance mechanisms and
not merely detecting the existence of resistance may
become increasingly important, as these mechanisms may
affect the choice of antimicrobial therapy, and rapid
results may allow more timely and appropriate therapy'?.
Conventional phenotype-based approaches for assessing
the resistance mechanism, such as CPE detection based
on the modified Hodge test'*'> or modified carbapenem
inactivation method (mCIM)'®, are time-consuming
(16—24'h), and the test accuracy and specificity are sub-
optimal in some cases®”*®. Nucleic acid-based molecular
testing (e.g., PCR) for antibiotic resistance remains costly
and resource-demanding and generally detects only a
limited number of targets incorporated in the assay'**’.
Many biosensing platforms have been developed for
phenotypic antimicrobial susceptibility testing. However,
while they can detect the presence of antibiotic resistance,
they are unable to determine the resistance mechanism
and hence are unsuitable for CPE detection®'~>* Cur-
rently, there remains an unmet need for a miniaturized
biosensing platform for rapid, accurate, and parallel CPE
detection.

In 2012, Nordmann et al. described a rapid chromo-
genic assay for the detection of CPE within 2 h'***, known
as the Carba NP test, for which several modifications have
been described since. This assay detects the resistance
mechanism by measuring the activity of carbapenemase.
Biomerieux offers a CPE detection kit based on the Carba
NP test, which makes the assay less complex, but it still
involves several manual liquid-handling procedures for
each test.

We explore modifications to the Carba NP test that
allow miniaturization and parallel testing of CPE by
introducing magnetic digital microfluidics (MDM) tech-
nology”*~*®. By digitalizing liquids into discrete droplets,
MDM accomplishes a full range of fluidic operations,
such as liquid merging, mixing, dispensing, and serial
dilution, upon the application of magnetic force through
added magnetic particles’ 3, Compared with conven-
tional continuous-flow microfluidics for Carba NP>,
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MDM obviates the need for valving and pumping systems,
thereby offering an easy way of handling small amounts of
fluids in bioanalytical assays and a potential solution for
simple automation. The use of MDM was previously
demonstrated for sample-to-answer molecular test-
ing®>?%35737, immunotesting®*°, and broth
microdilution-based antimicrobial susceptibility testing®".
Compared with digital microfluidics based on electro-
wetting on dielectrics (EWOD), the droplet manipulation
and system automation of MDM are less efficient, but
MDM is more suitable for conducting biochemical reac-
tions, particularly point-of-care (POC) diagnostics, due to
its simple fluidic manipulation and the dual functions of
magnetic particles. Recently, a 3D-printed modular MDM
platform was reported for on-demand POC diagnostics®.
These successful applications showed the suitability of
MDM for in vitro diagnostic platforms®®,

In this paper, we describe the development of an MDM-
based diagnostic platform—MDM Carba—for rapid,
accurate, and parallelized solutions for clinical CPE
detection (Fig. 1). MDM Carba implements Carba
NP'*?>3? to detect CPE with reduced reagent consump-
tion by up to 90%. At the core of MDM Carba is a
magnetic droplet manipulating system that utilizes a
novel 3D-printed droplet manipulator and a magnet array
to control 12 droplets in parallel for multiplexed detec-
tion. Droplet manipulation is automated and controlled
remotely via Bluetooth using a smartphone application or
a PC program. By tapping into the “power-free” operation
of MDM?°, a manual droplet manipulator was also
developed to cater to potential POC applications in
resource-limited settings. The MDM Carba device is
described in this paper, and CPE detection using MDM
Carba was demonstrated in this pilot study by testing 27
bacterial isolates and benchmarking against molecular
testing and conventional Carba NP.

Results and discussion
System overview

The biochemical assay used to detect CPE, known as
Carba NP'?, measures the change in pH caused by the
hydrolysis of imipenem by carbapenemase produced by
the bacteria. The lysis buffer is colorless, while the reac-
tion buffer is originally red. If the bacterial strain is
resistant, the carbapenemase produced by the bacteria
hydrolyzes imipenem and reduces the pH, causing the
color of the reaction droplet to change from red to yellow
or orange (Fig. 1). If the bacterial strain is susceptible,
imipenem cannot be hydrolyzed, and the reaction droplet
remains red. An additional control reaction is performed
for each bacterial sample. The control reaction does not
contain imipenem, and hence, the color of the control
reaction droplet should stay red for the assay to be valid.
In this study, both yellow and orange droplets were
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Fig. 1 The workflow of MDM Carba. MDM Carba is a magnetic digital microfluidics-based diagnostic platform for carbapenemase-producing

recorded as positive, and red droplets were recorded as
negative.

MDM Carba device operation

The MDM Carba device consists of three functional
parts: a base plate embedded with an array of NdFeB
magnets, a Teflon-modified glass substrate, and a top
droplet manipulator with assistive structures for droplet
manipulation (Fig. 2a). The overall dimension of the top
droplet manipulator dimension is 54 x 69 x 6.2 mm (Fig.
2b), which is designed to fit the Teflon-modified glass
substrate that is 48 x 65 x 0.15mm in size. The glass
substrate is coated with Teflon AF to facilitate droplet
movement. The droplet manipulator consists of 12 indi-
vidual functional units to perform 12 reactions in parallel,
with six on the left for sample testing and six on the right
for the reaction controls. The units on the left are labeled
with “A + 1”7, which stands for Solution A mixed with
imipenem, and the ones on the right are labeled with “A”
for Solution A. Each functional unit comprises one sam-
ple access port with a tip stopper, a micropillar-based
passive mixer, a reagent access port, and an observation
window with a droplet holder (Fig. 2b). The droplet
manipulator is translucent so that the location of the
droplets can be observed through the droplet manip-
ulator. The semicircular droplet holders on the droplet
manipulator are rendered hydrophilic by a polydopamine
coating®”*°,

To operate the MDM Carba device, the Teflon-
modified glass substrate is slid into the slot of the dro-
plet manipulator, and it is placed on top of the magnetic
base plate in the rightmost position so that the sample
and reagent access ports are aligned with the 12 neody-
mium magnets embedded in the base plate (Fig. 1). The
distance between the droplet manipulator and the glass
substrate was designed according to the height of the
droplets (Table S1). The reagent solution droplets and
magnetic particles are loaded onto the device using a
multichannel micropipette. Ten microliters of lysis buffer
(Bacterial Protein Extraction Reagent (B-PERII), Thermo
Scientific) is loaded through the sample access port, fol-
lowed by adding 3.5 pL of magnetic particles (MagAttract
Suspension G, Qiagen) into each droplet. Then, 10 pL of
Solution A (0.5% w/v phenol red solution (Sigma-Aldrich)
with 10 mM zinc sulfate (Sigma-Aldrich) buffered to pH
7.8 by adding 0.1 N NaOH) is loaded via the reagent
access ports into the reaction units on the right labeled
with “A”. Solution A with an additional 12 mg/mL imi-
penem/cilastatin (Fresenius Kabi), which contains 6 mg/
mL imipenem, is loaded via the reagent access ports into
the reaction units on the left labeled with “A +1”. Bac-
terial colonies are picked by using a 200-pL pipette tip.
The tip with the bacterial colony is inserted into the
sample droplet through the sample access port and
incubated for 5 min. After that, the device is operated by
sliding the top droplet manipulator together with the glass
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substrate on the base plate. Finally, the colorimetric
results are recorded and analyzed.

Automated MDM Carba device

A motorized version of MDM Carba was developed for
automated operation. The automated MDM Carba device
consists of a modified top plate with a gear bar, a
potentiometer, a step motor, and a socket gear (Fig. 3ai).
The potentiometer holder and socket gear (Fig. 3aii) are
designed according to the ANSI standard with a module
of 0.5 and a pressure angle of 20°. A spur gear attached to
a step motor is coupled to the linear gear rank of the
droplet manipulator and functions as an actuator. As the
spur gear rotates, the droplet manipulator moves along
the base plate, and its location is sensed by the potenti-
ometer (Fig. 3aiii).

The control mechanism consists of a potentiometer, an
Arduino UNO, an HC-05 Bluetooth module, a 28byj step
motor, a ULN2003 drive board, and a 9-V battery (Fig.
3b). The 28byj-48 step motor, operating in four phases
and unipolar mode, is used to drive the droplet manip-
ulator. The motor was set at 200, 400, and 600 rpm
according to the speed requirements, and the corre-
sponding moving speeds of the droplet manipulator were
measured to be 3.28, 6.57, and 9.85 mm/s, respectively. A
potentiometer with a resistance of 10 kQ and an output
voltage ranging from 0 to 5V provides position feedback.
It is attached to the shaft of the step motor via the socked
gear. The control system is connected to a cellphone-
based user interface (UI) (Fig. 3c) via Bluetooth or a PC-
based user interface (Fig. 3d) via either Bluetooth or USB
connection. The Arduino board communicates with the
PC via a serial port. HC-05 is connected to Arduino and
the computer via Bluetooth. The cellphone application
and PC program allow the user to set the speed, direction,
and distance of movement, the movement sequence, and

the waiting interval between steps in a movement
sequence.

Several commands are defined in Arduino by using the
C language to allow the user to adjust and define the
target locations of the droplet manipulator. The software
to control the droplet manipulator in PC and cellphones
was built with Visual Studio 2019 (Winform) and Android
studio (Java), respectively. Three basic operations, namely,
“Move”, “Mix”, and “Wait”, are defined. In “Move”, the
user defines the moving distance and direction; in “Mix”,
the user defines the number of passes for mixing; and in
“Wait”, the user defines the duration of waiting. A detailed
description of the control software is available in Fig. S2.

MDM Carba validation

To determine whether a bacterial strain is a CPE species
using MDM Carba, two reactions are required. One of the
reactions contains imipenem/cilastatin in the reaction
buffer, and the other reaction, lacking imipenem, serves as
the control. On the MDM Carba platform, a total of 12
reactions were performed in parallel to test six bacterial
strains, and each bacterial strain was tested in the two
reaction units in the same row. The operation procedure
to detect CPE on MDM Carba is illustrated in Fig. 4.
Water droplets stained with food color were used to
demonstrate droplet manipulation. Before introducing
bacterial samples into the MDM Carba platform, all
reagents were loaded onto the glass substrate via the
access ports on the droplet manipulator. The sample
droplets are represented as green droplets (Fig. 4a), and
the reagent droplets, either solution A or solution A with
imipenem/cilastatin, are represented as yellow droplets
(Fig. 4a). The volume ratio of the two droplets was
maintained at 1:1. In the current design, the volume of the
droplet should be greater than 8 pL; otherwise, the droplet
will not be tall enough to reach the mixing pillar (Table
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S2). The maximal volume of each droplet is 11 pL;
otherwise, the merged droplet becomes larger than 22 pL
and becomes stuck easily between two mixing pillars.
Droplets of 10 pL in volume were used for CPE detection
in this study.

To initiate the reaction, a bacterial colony is added to
the sample droplet by using a bacterial colony picker (in
this case, standard 200-pL pipette tips were used). The
stopper at the sample access port prevents the user from
overinserting the picker and damaging the surface coating
of the glass substrate (Fig. 4a). The stopper is designed in
such a way that the tip of the bacteria colony picker is
accurately inserted into the center of the sample droplet
when the picker rests on the stopper. The position of the
tip can be observed via the 6-square windows on the left
side of the droplet manipulator (Fig. 2b). After resting on
the stopper for 5min, the bacterial colony picker is
removed. Fig. 4b and 4c demonstrate droplet manipula-
tion on both the manual (Video Sla side view and Video
S1b top view) and automated (Video S2 top view) MDM
Carba platforms.

As the droplet manipulator and glass substrate slide
against the base plate either manually (Fig. 4b) or with the
automated control system (Fig. 4c), the sample droplet
with magnetic particles inside is anchored to the magnet
array. A schematic illustration of droplet motion is shown
in Fig. 4a. The red arrows indicate the movement direc-
tion of the droplets relative to the droplet manipulator. To
facilitate bacterial lysis and sample mixing, the sample
droplets with bacteria inside are moved back and forth
under the mixer for a few passes (Figs. 4aii, bii and cii). As
the droplets pass the mixing pillars, they are stretched and

released repetitively by the mixing pillars, which induces
efficient mixing inside the droplet. The micropillar-based
passive mixer was extensively characterized in our pre-
vious study®. Droplets are able to achieve 90% homo-
geneity after moving through the mixer with only two
passes. In contrast, at least 6 passes are required without
the mixer (Fig. S1). Next, the sample droplets are moved
to the right to merge with the reaction buffer droplets
(Fig. 4aiii, biii, and ciii). The merged droplets are then
moved back and forth under the mixer again to promote
the mixing of the sample and reaction buffer (Figs. 4aiv,
biv, and civ). Then, the merged droplets are moved
toward the observation windows, where they are immo-
bilized by the droplet holders (Figs. 4av, bv, and cv). To
facilitate the colorimetric readout, the magnetic particles
are removed from the droplets (Figs. 4avi, bvi, and cvi).
The droplet holders at the observation windows are
coated with polydopamine®”*°, which makes them
hydrophilic and capable of holding the droplets in posi-
tion while the magnetic particles are extracted from the
droplets. Finally, the droplets are incubated at room
temperature in a humid chamber. The colorimetric
readouts are recorded at 30, 45, 60, and 120 min. The
overall sample-to-answer time is ~125 min, regardless of
whether the operation is manual or automated (Table S4).
The time could be shortened to 65 min by reducing the
incubation time to 60 min without compromising the
sensitivity (Table S4).

Two representative sets of MDM Carba tests are shown
in Fig. 5. For demonstration, 5 CPE strains and 1 non-CPE
strain were tested on each MDM Carba platform, and the
results obtained by manual operation (Figs. 5ai and 5bi)
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and automated operation (Figs. 5aii and 5bii) were com-
pared. Both manual and automated MDM Carba showed
the same results. All droplets for control reactions in
column “A” showed a red color, indicating that the test
reactions were valid. All CPE strains caused the color of
the droplets in the “A 4 I” column to change from red to
yellow/orange (rows 1-5 in each panel) due to the
hydrolysis of imipenem by carbapenemase. In contrast,
the non-CPE strains did not lead to any color change, and
the color of the droplets containing non-CPE strains in
the “A +I” column remained red. The results obtained by
MDM Carba were consistent with the results of the
conventional Carba NP test and molecular testing for
these two subsets of samples (Figs. 5aiii and 5biii). In
conventional Carba NP, the color of the reaction is
determined subjectively by the operator. We attempted to
objectively determine the color of the reaction droplets by

mapping their RGB values into the CIE 1931 color space
(Fig. 5¢). A positive region (yellow/orange) and a negative
region (red) were defined in the color space. The CPE
strains fell into the positive region, and the non-CPE
strains fell into the negative region. The color of the
control reactions was red, and hence, a test was valid only
if the control reaction fell into the negative region.

We validated MDM Carba with a total of 27 clinical
isolates, of which 15 were CPE strains and 12 were non-
CPE strains (Table 1). Each strain was tested in triplicate,
and a result was considered positive if at least 2 out of 3
replicates were positive. Both MDM Carba and conven-
tional Carba NP exhibited 100% specificity. This is con-
sistent with findings reported earlier with conventional
Carba NP?. Cohen’s kappa (k) was determined to sta-
tistically evaluate the degree of agreement between MDM
Carba and Carba NP. The results showed x = 0.851 (95%



Kanitthamniyom et al. Microsystems & Nanoengineering (2021)7:47 Page 7 of 12
'd \
ai A+l A aii A+l A aiii Molecular
— testing
1 1.9 [ B [ 8 ID Description MDM Carba| Carba NP | (benchmark)
e e'. = LU 2 ie o
3 - i 1 P, aeruginosa (VIM-1) Positive Positive Positive
L i » (] 6 ° e L8
6 & ) o 7.4 ORI ] 2 | E coli (MP) Positive | Positive | Positive
> )
8 @e § - e . g | Enterobacter cloacae (IMI) Positive Positive Positive
8 19 & % e
g s L 7| E. coli (blakPC+) Posive | Positive | Posiive |
19 8 ¢~ (1} X o eeevsvnid i
3 8 | K pneumoniae (blaKPC+) Positive Positive Positive
_§ J 19 | E coli(C2) Negative Negative Negative
: A+l r A+l A bili Molecular
bi A bIL testing
10 10 AP » ID | Description MDM Carba | Carba NP__| (benchmark)
¥ B [ <
11 08 N o L a ot 10 | Enterobacter cloacae (IMP) Positive Positive Positive
. 13 @ - ,
13 4R (4 14 ul 11 K. pneumoniae (blaNDM+) Positive Positive Positive
F) - B i
14 8 " ¢ 17 “' " o 13 | K-peumoniae (KPC+) Positive Positive Positive
& > Q ~ o 2
17 [ e | 20 .
0 | 14 | E coli (NDM+) Positive Positive Positive
20 - o) y .
n « ! 17 E. coli (KPC) Positive Positive Positive
. l 20 | E-coli(C3) Negative Negative | Negative
c 520 « CPE
0.8 » Non-CPE
. » Negative control
g,
0.6 SI&LG
500
>

0.4

0.2

\

Fig. 5 Representative testing results. Testing results on the ai, bi manual MDM Carba platform and aii, bii automated MDM Carba platform. aiii
and biii Summary of the testing results in i and ii. ¢ Mapping of the RGB color of droplets to the CIE 1931 color space. All scale bars are 1cm

CI, 0.655-1.047), indicating good agreement between the
two tests based on the Landis and Koch classification. The
sensitivity was 86.7% for the conventional Carba NP test
and 73.3% for MDM Carba. The 13.3% (95% CI, —9.46 to
36.2) difference in sensitivities between MDM Carba and
conventional Carba NP was not statistically significant at
a 5% level of significance (p = 0.480) based on McNemar’s
test. Most isolates, except for a few strains in the VIM and
OXA-48-like groups, were identified as positive at 30 min
(Table S4). The bacterial isolates that yielded false nega-
tives at 120 min also belonged to the VIM and OXA-48-
like groups. This is consistent with findings from earlier
studies that reported difficulty in detecting OXA-48-like
carbapenemases by Carba NP***!, indicating that the
Carba NP test had a lower sensitivity against OXA-48-like

CPE due to its weaker carbapenemase activity and occa-
sionally due to the presence of mucoid strains. Among the
isolates that gave positive results in both tests, the average
time to color change was 49.8 min for MDM Carba and
41.4 min for Carba NP. The slower reaction rate and the
slightly higher false-negative rate of MDM Carba were
likely caused by the low concentration of the B-PERII
reagent in the sample droplet. Only 10% instead of 1x B-
PERII was used per reaction due to the low surface ten-
sion of the B-PERII reagent. When used at higher con-
centrations, B-PERII in the droplet led to a low contact
angle (Table S2) and strong adhesion to the glass sub-
strate, despite the Teflon AF coating. There are two
potential solutions to this problem for future develop-
ment. One solution is to change the assay to one that does



Page 8 of 12

Kanitthamniyom et al. Microsystems & Nanoengineering (2021)7:47

SAlRD3N aAebaN (900£¥1-€219) £D dpiuownaud SUON €
aAebaN aAebaN (¥/9595-€219) ¥D dpiuownaud SUON 1z
aAnebaN annebaN (8¥8¥19-€10/) 81D /j02 3 9UON a4
aAnebaN aAnebaN (9g€ErL—€T19) 8D /03 F SUON ¢
aAebaN annebaN (£10TyL-€219) 9D fj0> g SUON 44
aARebaN aAnebaN (L6€045—€T19) €D /02 F SUON 0¢
aAnebaN aAnebaN (EVELYL—€TL9) TD /03 T 9UON 6l
EALEEIN oAnebaN CC6SC DDLV 1102 SUON Sl
annebaN anneban €05 199 10> g SL-wx1D 9l
aniebaN annebaN SpLL WV DDLY ap200p 1210Dq0Ia1u3 SHdwy 4
3dD-UOoN

SISO SAISOd 900v6¥€ 109 2DID0)D 12100q0I21UT IAI 9

SANISOd SAISOd §S/0SSGELO9 SuadsedibW °§ dNI 6

SAISOd OAIISOd SS1/C9EBQOS 2boDOPD 1210Dq0IoUS dWI oL

SANISOd 9A1ISOd 9/¥EL DION 1102 3 dWI [4

SAISOd SANISOd 81E THGW bsousbriap WIA L

EWMEGEN] EWIEGEN] 6EYEL DIDN apuownaud vy WIA ¥
aAnebaN dAlROAN S67S9E90S dviuownaud 1y [4X4 (0] S
9ANISOd AN LNP8E0gY apjuownaud 87-VXO 3l

SISO aAnebaN rrEL DIDN apiuownaud vy 3P-VXO €

2AISOd 3AISOd ¥1081E€€/0T apiuownaud WAN Ll

SISO SAISOd GET 149N 103 7 NAN 4!

SANISOd SANISOd SO/ L ¥vg DDLY 2pjuownaud 3 JdM €l

SAIISOd SAIISOd 8/00t¥E€09 avjuownaud DM 8

SAISOd OAIISOd LOS¥19€10Z 102 9 Jd L1

SAISOd SAISOd 686667¢€109 /02 F Jd L

3dD

saads sse|d> aseweye-g ai jdwes

s3nsai 1591 dN eqJed)

synsai 353} eqied WAW

9}e|0S] 2duai9)oYy

synsaJ bunsay jo Arewwns | 3jqel



Kanitthamniyom et al. Microsystems & Nanoengineering (2021)7:47

2 2
> ‘@
@ EN
g S
i 2
9 <
£
o
= v v g
= = [
P & ® £
2 [ o) £
< [0} [} .
v =z = s
€
[
c
v
E=3
E
a
=
U
S
£
w
2
3 g
a 2]
g Z3
o=
i 28
[ < o
- U g
o] ©
2 3
] o ol €3
v 2 2| E¢
s T | >0
o o] £ ¢
[=] o @ S5
= z =zl 8
5 o
g £
8%
€2
£
c 2
'4;'0)
>
3 s
[N
S
o
EQ
[SB
Y o
a3
—~ ~| ¢
n o [T
— N~ 2=
m o S
o~ L c
N~ < s X
T N
| ™ 9',3.‘,
RS AN
o ol s
Sl
o ™ c O
A A o
Dl PEE-
g z| £}
< < ©
g 8 ‘E".g
3 S S [alxv)
212 g|=s¢
] < < 5
[ qQ qaf| <
o L S
[%2) XX B
-
£3
I
[
= o
v
a2
28 un
£5~—
E=£
%29
=4
" & ES
w k-l)_El
< 5% 3
9 co g
b1 N3 g
< 35
£ Tz g
o] S<<
- s o
S| o of 288
s c c| £E=wn
7 o of| ®z<<
Q =z =z B US
m%ﬁ'
o £
uq,k{
nguU
-y
29%
- ;8'5.
S| g g5
c © f_UEU
2| o ERR
c 2
S R] ~EE
°l g a Se
- c o 538
K] g S B E
2 — £ Sy &
] 7] < n o g9
- o v NN <X &

Page 9 of 12

not require the B-PERII reagent (e.g., Carba blue*?), and
the other solution is to coat the glass substrate with a
superhydrophobic layer to reduce the adhesion of the
droplet. In addition, spectrometric readouts could also be
incorporated to further improve the detection
sensitivity*’.

Conventional Carba NP is tedious to perform and
analyzes only one clinical isolate at a time, which is time-
consuming and labor-demanding in diagnostic settings
wherein a large number of clinical isolates need to be
tested. With MDM Carba, we can manipulate an array of
droplets to test multiple bacterial samples in parallel with
automated operation. In addition, MDM Carba reduces
reagent consumption and hence the cost by up to 90%.
Furthermore, the same magnetic digital microfluidic
platform could be applied to phenotypical testing of other
antibiotic resistance mechanisms (e.g., extended-
spectrum beta-lactamases, aminoglycoside, and poly-
myxin resistance) with minor modifications. In clinical
laboratories, MDM Carba could be operated in an auto-
mated mode. All the users need to do is load the sample,
and the testing results will be made available with the
click of a button, significantly reducing hands-on opera-
tions. Several conventional microfluidic platforms show
great potential for rapid antimicrobial testing (AST) by
analyzing pathogens at the single-cell level**~*°. These
platforms indicate a possible direction for the future
development of AST, but they are relatively more
resource-demanding and better suited for research in
centralized facilities. Another major advantage of mag-
netic digital microfluidics is the “power-free” manual
operation26. Unlike conventional microfluidic systems,
magnetic digital microfluidics does not require any
pumping or valving equipment for operation, and hence,
it is well suited for point-of-care testing in resource-
limited settings. Indeed, the manual MDM Carba plat-
form, with its simple method of liquid manipulation,
shows great promise for potential POC testing of anti-
biotic resistance.

In conclusion, antibiotic resistance is on the rise and has
become a global concern. Rapid identification of antibiotic
resistance and the underlying mechanism could guide
timely clinical decisions and lead to better clinical out-
comes. We have developed a magnetic digital microfluidic
platform called MDM Carba for detection of CPE—a type
of Gram-negative bacteria that are resistant to carbape-
nems. MDM Carba has shown comparable sensitivity and
specificity to conventional Carba NP. In addition, MDM
Carba offers many advantages. It allows parallel sample
processing with reduced reagent consumption, easy flui-
dic manipulation, and simple hands-on operation. Not
only can MDM Carba be easily automated, but the same
design can also be operated manually for applications in
low-resource settings due to the unique advantage of
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MDM. Because of its “power-free” operation and compact
size, MDM Carba is easily portable, which makes the
device user-friendly and well-suited for potential point-of-
care testing. The current study is not without limitations.
The purpose of this work was to demonstrate a proof of
concept for MDM-based CPE detection. The sample size
was hence relatively small, with only a total of 27 bacterial
strains, and the tests were not blinded. In future work, we
will further optimize MDM Carba and test a large number
of samples in a double-blinded manner. The platform can
be scaled up by increasing the number of functional units
per device and running multiple devices in parallel to
enhance the testing throughput in future development.

Materials and methods
Bacterial samples

Bacterial isolates that were confirmed to be CPE by
molecular testing were provided by the Infectious Disease
Research Laboratory (IDRL) at the National Centre for
Infectious Diseases (NCID), Singapore, and the Mayo
Clinic (Rochester, MN). Non-CPE control strains from
ATCC and NCTC were also used. There were 16 CPE
bacterial isolates (positive samples), including isolates
from the KPC (4), NDM (2), OXA-48 (2), OXA-232 (1),
VIM (2), IMP (3), and IMI (1) classes, and 11 non-CPE
bacterial isolates (Table S3). All the isolates were trans-
ported and stored in Microbank vials (Pro-Lab Diag-
nostics, ON, Canada) at —80 °C.

Before inoculation, all the bacterial isolates were sub-
cultured twice from the Microbank vials stored at —80 °C
with a 1-pL inoculating loop and plated on 5% TSA sheep
blood agar plates (Thermo Fisher Scientific, MA, USA).
The plates were incubated at 37 °C in ambient air over-
night and were ready for inoculation after at least two
subcultures. Each isolate was tested in triplicate by both
MDM Carba and conventional Carba NP.

Device fabrication

The droplet manipulator was designed using Solidworks
(Dassault Systéemes) and printed by using a stereo-
lithography (SLA) 3D printer (Form 2, Formlabs, MA,
USA) with rigid clear resin. After postprinting processing,
the bottom surface of the droplet manipulator was dip-
coated with 1% Teflon AF solution (Dupont™™,Wilmin-
ton, DE) and dried at room temperature overnight. The
droplet holder was coated with polydopamine. Poly-
dopamine coating was performed by dipping the droplet
holder in 5mg/mL dopamine-HCL solution (Sigma-
Aldrich, MU, Germany) dissolved in 10 mM Tris at pH
8.8 (1*" base, Axil Scientific, Singapore) for 3h in a
humidity-controlled chamber. The base plate was sur-
rounded by three walls and had an overall dimension of
85 x 75,5 x 14mm. It was printed by using a fused
deposition modeling (FDM) 3D printer (Dreamer,
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Flashforge 3D Technology, Zhejiang, China) with white
acrylonitrile butadiene styrene (ABS). Twelve 4 x 1-mm
(diameter x height) cylindrical NdFeB magnets with an
average magnetic strength of 210 mT were embedded in
the base plate. Before starting the experiment, the glass
substrate (Thermo Fisher, MA, USA) was spin-coated
with 1% Teflon AF solution (Dupont™, DE, USA) for 40 s
at 500 rpm and incubated at 120°C on a hot plate for
3min. The potentiometer holder and the gears of the
automated MDM Carba device were fabricated by using a
Nobel 1.0 A stereolithography (SLA) printer with rigid
clear resin. After each use, the droplet manipulator was
cleaned by soaking in ethanol, rinsing with water, drying,
and sterilizing by ultraviolet light for 10 min before reuse.
The glass substrate was discarded, and the base plate
could be directly reused because it was not in contact with
the bacterial samples.

Carba NP test

Conventional Carba NP was performed by using a mod-
ified protocol described by Vasoo et al.*>, who performed
the testing in a pair of microcentrifuge tubes. Each tube
contained 100 uL. of 20 mM bacterial protein extraction
reagent (B-PERII, Thermo Scientific, MA, USA). Next, a 1-
uL loopful of the bacterial sample was inoculated into the
reagent and vortexed for 5 s. This method used the cultures
directly instead of using the supernatant of lysed cells,
thereby obviating the need for a centrifuge. One hundred
microliters of solution A (0.5% w/v phenol red solution
(Sigma-Aldrich, MU, Germany) with 10 mM zinc sulfate
(Sigma-Aldrich, MU, Germany) buffered to pH 7.8 by
adding 0.1 N NaOH) was added to the first tube, and 100 puL
of solution A containing 12 mg/mL imipenem/cilastatin
(Fresenius Kabi, Bad Homburg, Germany), which contained
6 mg/mL imipenem, was added to the second tube. The
protocol used in this study was modified by downscaling the
volume of each reagent to 10 uL (90% reduction in volume)
and performing the reaction in droplets on the MDM Carba
platform. The incubation was performed at room tem-
perature instead of 37 °C.

Data analysis

The phenotypic results were determined visually or by
analyzing the RGB values of the droplets with Image]
(NIH). The RGB values were mapped into XYZ color
space and normalized into xy-coordinates in a two-
dimensional chromaticity diagram (CIE 1931 color space
diagram).

The statistical analysis was performed by using SPSS
statistical software. To compare the efficacy of MDM
Carba with that of Carba NP, Cohen’s kappa (x) and
McNemar’s tests were run to statistically evaluate the
degree of agreement between the results obtained by
MDM Carba and conventional Carba NP.
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