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Droplet microfluidics—based detection of rare
antibiotic-resistant subpopulations in Escherichia coli

from bloodstream infections

Sagar N. Agnihotri', Nikos Fatsis-Kavalopoulos', Jonas Windhager?,

Maria Tenje?*, Dan I. Andersson'*

Population heterogeneity in bacterial phenotypes, such as antibiotic resistance, is increasingly recognized as a
medical concern. Heteroresistance occurs when a predominantly susceptible bacterial population harbors a rare
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resistant subpopulation. During antibiotic exposure, these resistant bacteria can be selected and lead to treat-
ment failure. Standard antibiotic susceptibility testing methods often fail to reliably detect these subpopulations
due to their low frequency, highlighting the need for improved diagnostic approaches. Here, we present a droplet
microfluidics method where bacteria are encapsulated in droplets containing growth medium and antibiotics. The
growth of rare resistant cells is detected by observing droplet shrinkage under microscopy. We validated this
method for three clinically important antibiotics in Escherichia coli isolates obtained from bloodstream infections
and showed that it can detect resistant subpopulations as infrequent as 107° using only 200 to 300 droplets. In
addition, we designed a multiplex microfluidic chip to increase the throughput of the assay.

INTRODUCTION
Antibiotic resistance presents a serious challenge in modern medi-
cine (1) where escalating resistance has increased the demand for
more precise and faster antibiotic susceptibility testing (AST) (2, 3).
Although numerous technologies have emerged aiming to rapidly
diagnose antibiotic resistance (4-10), most of these rapid ASTs are
ineflicient in detecting resistant subpopulations present at very low
frequencies (107 or 1077) due to the sheer number of bacteria that
need to be analyzed. Heteroresistance (HR) is one such phenotype
characterized by a predominantly susceptible bacterial population
harboring rare resistant subpopulations (11-13). When antibiotics
are administered, creating selective pressure, these resistant subpop-
ulations can grow and potentially result in treatment failure (14-17).

HR poses a particular challenge for traditional AST diagnostics,
which typically assess the resistance characteristics of homoge-
neous cell populations. In contrast, HR involves quantifying resis-
tance in a rare subpopulation of cells, making it difficult to detect
using standard diagnostic methods. Current clinical diagnostics
such as disk diffusion, Etests, and broth microdilution often fail to
identify HR (18-21), underscoring a critical gap in our ability to
manage and treat bacterial infections effectively. Missed HR can
complicate treatment and have dire implications for patient health
(22-25). The only method currently used to detect HR is the popu-
lation analysis profile (PAP) test, which is time-consuming and
labor-intensive and therefore rarely used. As a result, clinicians and
researchers struggle to reliably and rapidly detect HR phenotypes
(12, 13, 26).

HR in Escherichia coli is of special interest as this species is both
a WHO priority pathogen and the leading cause of sepsis and bacte-
remia worldwide (27-31). E. coli bacteremia is a severe infection
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with high mortality rates (27), and any possible treatment failure due
to HR could have detrimental effects on patients” health. Addressing
the challenge of accurately detecting HR phenotypes in E. coli clini-
cal isolates was the primary goal of this study. The technology pre-
sented here uses droplet-based microfluidics to identify resistant
subpopulations associated with clinical HR strains. Droplet-based
microfluidics is frequently used to encapsulate mammalian cells or
bacteria for single-cell analysis (32, 33) and AST (34-39). This tech-
nique can encapsulate cells in picoliter- to femtoliter-sized droplets
by adjusting the cell concentration in the initial cell suspension (40).
In addition, these droplets can be manipulated (41, 42) and sorted
(43) in the microfluidic chip to achieve different permutations and
combinations, similar to biological assays in a standard laboratory.
There are very few studies using droplet-based microfluidics to detect
HR (44, 45). These studies use single-cell encapsulation per droplet
resulting in a lot of empty droplets, and to detect low subpopulation
frequency of 10~%, these methods require around 5 million to 6 million
droplets along with transfer between microfluidic chips. Hence, there
is a need for a microfluidic method that will reduce the number of
droplets required along with no in-between chip transfer steps. To
improve the detection limit with just 200 to 300 droplets and have
detection on the same chip, we encapsulate hundreds to thousands
of bacteria per droplet in the presence of antibiotics. By tracking size
changes in hundreds of such droplets, we can identify rare subpopula-
tions that continue to grow even at antibiotic concentrations inhibiting
most cells. This growth is quantified through osmotically induced
size changes in the droplets, driven by the metabolic activity of the
growing cells (46, 47).

We validated this approach on multiple clinical E. coli isolates,
demonstrating its effectiveness in detecting HR compared to the ref-
erence PAP test method. The result is a scalable and multiplexable
microfluidic chip that can reliably identify HR across three classes of
antibiotics commonly used in clinical settings at clinically relevant
frequencies and within relevant timeframes. This technology prom-
ises to improve our ability to identify infections caused by HR bacteria,
and it paves the way for implementation of advanced HR diagnostics
in the health care system.
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RESULTS

Overview of the technology and analysis

We used droplet-based microfluidics to detect the resistant subpop-
ulation in clinical HR strains against single and multiple antibiotics.
Previous works showed that droplets with encapsulated bacterial
cells that grow and are in contact with droplets that do not contain
growing cells (here referred to as “inert” droplets) shrink in size due
to osmosis (46, 47). We used this feature to detect the resistant sub-
population at breakpoint antibiotic concentration (i.e., the concen-
tration used to define whether an infection by a particular bacterial
strain/isolate is likely to be treatable in a patient) in clinical isolates
that showed an HR phenotype as determined by PAP tests. Between
100 and 3000 bacterial cells were encapsulated in each droplet de-
pending on the antibiotics used, droplet size, and the frequency of
the resistant subpopulation to detect (Fig. 1, A and B). The droplets
containing the resistant subpopulation that continued to grow in the
presence of antibiotics showed a 5 to 10% reduction in droplet size
compared to the droplets without any growth (Fig. 1C), allowmg
detection of the resistant subpopulation down to a frequency of 10~
by analyzing only 350 droplets over 24 hours. To detect HR against
a single antibiotic, we used a standard T-junction setup with a single
inlet and a single incubation chamber (Fig. 1A). This design was
then scaled to detect multiple antibiotics by using multiple droplet
generators and multiple incubation chambers, forming a multiplex
chip (Fig. 1B). Each incubation chamber had a capacity of 2000 to
3500 droplets in the range of 180 to 220 pm in diameter.

Size differences between empty and bacteria-filled droplets

To evaluate how the technology performs for the detection of bacte-
rial growth, we first optimized the ratio of filled to empty droplets by
varying the concentration of bacteria in the initial droplet-forming
suspension. We used three different colony-forming units (CFU)/
ml concentrations of the E. coli laboratory strain MG1655 encapsu-
lated in Mueller-Hinton (MH) broth without antibiotics, generating
different encapsulation ratios: 10 = ~1% bacteria encapsulated and

Droplet generation and incubation

A Single antibiotic

B Multiple antibiotics

99% empty droplets, 10° = ~26% bacteria encapsulated and 74%
empty droplets, and 5 X 10° = ~69% bacteria encapsulated and 31%
empty droplets. As shown in Fig. 2 (A to C), droplet shrinkage could
be detected with all tested ratios of filled-to-empty droplets and the
number of droplets displaying shrinkage compared well with the ex-
pected number of cell-containing droplets, as calculated at the encap-
sulation stage. Notably, even when only 1% of the droplets contained
E. coli, this growth could be detected. The microscopic images at 0 and
24 hours for each set of experiments are shown in Fig. 2 [A (ii and iii)
to C (ii and iii)], indicating empty droplets (yellow-bordered circle)
and bacteria-containing droplets (red-bordered circle).

Effect of antibiotics on growth and droplet size with
susceptible MG1655

To ensure that the droplet-microfluidic platform could correctly rep-
licate such results and did not report false positives, we performed a
control experiment where susceptible E. coli (MG1655) was exposed
to either cefotaxime (CTX) or gentamicin (GEN) at 2 and 0.5 mg/
liter, respectively. Each experiment was performed with three biologi-
cal replicates (N, N,, and N3). No growth was observed with either
CTX or GEN (Fig. 3, A and B, and Table 1), demonstrating that
there is no growth and associated shrinkage in any of the droplets
when susceptible bacteria are exposed to high antibiotic levels [above
the minimum inhibitory concentration (MIC)].

Size differences between droplets containing susceptible
and resistant E. coli

In the previous experiments, we confirmed that a difference in size
could be observed between droplets that contain growing bacteria
and those that do not. Next, we aimed to explore whether a resistant
subpopulation could be detected when co-encapsulated with a main
population of susceptible cells. To this end, we spiked suspensions of
susceptible MG1655 with resistant E. coli at different frequencies
(107, 107, and 107°) and encapsulated the cells in droplets com-
prising MH broth with antibiotics. Three different antibiotic classes
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Fig. 1. Schematic showing an overview of the technology. For detection against a single antibiotic, a standard T-junction droplet generator is used with one droplet
incubation chamber (A) whereas, against multiple antibiotics, several droplet generators and incubation chambers are used (B). Each droplet contains antibiotics and
around 400 to 3000 encapsulated bacteria. Droplets with a resistant subpopulation of bacteria that can grow in the presence of antibiotics show an ~10% reduction in size
which is detectable by microscopy (C). This figure was created in BioRender. S.N.A. (2025), https://BioRender.com/1g3fis.
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Fig. 2. MG1655 in MH broth with different CFU per milliliters have varying numbers of droplets with bacterial encapsulation and growth. (A) (i) 10* CFU/m, (ii)
image at 0 hours, and (iii) image at 24 hours along with the dimensions. (B) (i) 10° CFU/ml, (i) image at 0 hours, and (iii) image at 24 hours (C) (i) 5 x 10° CFU/ml, (i) image
at 0 hours, and (iii) image at 24 hours. Droplets with yellow-colored boundaries represent the droplets without growth, whereas droplets with red-colored boundaries

represent droplets showing bacterial growth.
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Fig. 3. Effect of two different antibiotics on susceptible MG1655 with 10° CFU/ml.
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(A) CTX (2 mg/liter). (B) GEN (0.5 mg/liter). MG1655 was tested in three independent

experiments [biological replicates (N3, N, and Ns)] for each antibiotic, with data plotted side by side.

were used, namely, f-lactams (CTX at 2 mg/liter), aminoglycosides
(GEN at 4 mg/liter), and tetracyclines [tetracycline (TET) at 5 mg/
liter]. Concentrations of all antibiotics tested were evaluated against
the true negative strain MG1655, and the lowest concentration of
each antibiotic that prevented growth in the droplets was chosen.
As shown in Fig. 4 (A to G) and Table 2, the number of droplets
imaged and analyzed (Ng) and the number of droplets with bacte-
rial growth and associated shrinkage (Ngs) varied between 1519 to
2611 and 3 to 204, respectively. On the basis of determinations of
CFU/ml for the susceptible and resistant populations before mixing,

Agnihotri et al., Sci. Adv. 11, eadv4558 (2025) 4 July 2025

we knew the expected frequencies of resistant bacteria encapsulated.
To calculate the frequency of resistant bacteria detected in the ex-
periment, we used the following formula: number of droplets with
shrinkage/(total number of droplets X average number of bacteria
per droplet). This allowed us to assess how well the experiments de-
termined the frequency of the resistant subpopulation by compar-
ing the spiked-up frequency to that experimentally observed. Table 2
summarizes these numbers, and as can be seen, the frequencies are
in good agreement with each other. We note that the experimentally
calculated frequency slightly overestimates the spiked frequency,
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Table 1. Data showing the number of droplets analyzed (Ng4) and droplets with shrinkage (Ngs) in the case of susceptible MG1655 subjected to CTX

(2 mg/liter) and GEN (0.5 mg/liter).

% of droplets with
Droplet content Ny Ngs shrinkage
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MG1655 (10° CFU/ml) + GEN (0.5 mg/liter) Ny 0

A
MG1655 + DA62594 (10~ frequency)
+ 2 mg/liter CTX

MG1655 + DA62594 (105 frequency)
+ 2 mg/liter CTX

B Cc

MG 1655 + DA62594 (10~° frequency)
+ 2 mg/liter CTX

1.1 1.1

& 8

« “

%_ 1.0 C %

9 H 3

3 3

s M °

5 0.9| . i 0.9

T . . ]

g CoE g

S o8 S o8-
L A L L . L "
0 6 12 18 24 0 6

et

10044

Normalized droplet size
o
©

Time (hours)

D MG1655 + DA63654 (1075 frequency)
+ 4 mg/liter GEN

b

8 .

®

e X

9

3

3 0.9+ '

s .

5

S o8t
L " s L L
[ 6 12 18 24

Time (hours)

F MG1655 + DA34827 (10~° frequency)
+5 mg/liter TET

11

o

N F

5 10f *

3

3

° .

'g 0.9 . N i

s . i .

5

S o8
L L L s s
0 6 12 18 24

Time (hours)

" s L L L L
12 18 24 [ 6 12 18 24
Time (hours) Time (hours)

E MG1655 + DA63654 (10~¢ frequency)
+ 4 mg/liter GEN

4444

=

Normalized droplet size
S =
© S

o
(Y

Time (hours)

G MG1655 + DA34827 (10~ frequency)
+ 5 mg/liter TET

1.1 -
s .
“
$Mr + + +
o
3 . i
Foq P
] . : :
S osf

[ 6 12 18 24

Time (hours)

G20z ‘Pz AInc uo A1siealun eesddn e 610:90us10s MmMy/:sdny Wol) papeoumod

Fig. 4. Spiking susceptible E. coli with resistant E. coli in the presence of antibiotics to detect the subpopulation of resistant E. coli. For the different cases, normal-
ized droplet sizes are plotted against time. (A) MG1655+CTX and resistant strain DA62594 with a 10~ frequency in the presence of CTX (2 mg/liter). CFU/ml = 2.5 x 107,
(B) MG1655+CTX resistant strain DA62594 with a 107° frequency in the presence of CTX (2 mg/liter). CFU/ml =5 x 108, (€) MG1655+CTX resistant strain DA62594 with a
107% frequency in the presence of CTX (2 mg/liter). CFU/ml = 5 x 10%. (D) MG1655+GEN resistant strain DA63654 with a 10> frequency in the presence of GEN (4 mg/liter).
CFU/ml =5 x 10, (E) MG1655+GEN resistant strain DA63654 with a 107° frequency in the presence of GEN (4 mg/liter). CFU/ml = 5 x 10, (F) MG1655+TET resistant strain
DA34827 with a 107° frequency in the presence of TET (5 mg/liter). CFU/ml = 5 x 10%. (G) MG1655+TET resistant strain DA62594 with a 10~ frequency in the presence of
TET (5 mg/liter). CFU/ml = 5 x 105,
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Table 2. Data showing the number of droplets analyzed (Ny), droplets with shrinkage (Ngs), average, and total volume of droplets analyzed in the case
of susceptible MG1655 with different frequencies of resistant E. coli subjected to CTX, GEN, and TET, respectively. Spiked-up frequencies and

experimentally calculated frequencies are compared.

Droplet content Ny

Bacteria encapsu-
lated per droplet

Experimentally calcu-

Spiked frequency lated frequency

MG1655 + DA62594 + CTX

2 mg/liter)

MG1655 + DA62594 + CTX
MG1655 + DA62594 + CTX
MG1655 + DA63654 + GEN

2 mg/liter)

2 mg/liter)

4 mg/liter)

MG1655 + DA34827 + TET (5 mg/liter)

primarily due to one reason. Thus, despite statistically calculating
the average number of bacteria per droplet, variation can arise due
to bacterial sedimentation within the tubing connecting the syringe
pump to the microfluidic chip. Together, these experiments show
that we can correctly detect the resistant subpopulations even when
their frequency is as low as 107 (Fig. 4).

Detection of resistant subpopulations in HR clinical isolates
of E. coli

Last, we wanted to assess whether the method could reproduce the
previous sensitivities to detect HR for clinical isolates. For the pur-
poses of this verification, HR was defined as breakpoint crossing
heteroresistance (BCHR), a subphenotype that has been document-
ed to have clinical implications (48). BCHR is defined as a suscep-
tible main population with a resistant subpopulation growing at or
above the clinical breakpoint at frequency > 107", All strains in the
following experiments were classified with the above definition us-
ing the PAP test (48). The antibiotic concentrations used in this
method were selected to avoid false-positive results in the reference
strain. However, expanding this approach to incorporate epidemio-
logical cut-off value (ECOFF) and breakpoint values for each strain-
antibiotic combination is both necessary and warranted. Given that
these values vary by region and regulatory authority, we deliberately
avoided tailoring the method to any specific breakpoints to main-
tain its generalizability. Nevertheless, we anticipate that region-
specific implementation of this technology for the detection of HR
would benefit from being aligned with up-to-date, locally relevant
breakpoint and ECOFF values.

In this set of experiments, we used the two antibiotics CTX and GEN
at 2 and 0.5 mg/liter, respectively (schematically shown in Fig. 5A) Two
strains of E. coli (DA63082 and DA63744) displaying HR to CTX, and
two E. coli strains (DA63082 and DA63340) showing HR to GEN, as
determined by PAP tests, were used, and each experiment was per-
formed with three biological replicates (N}, N,, and N3), with the data
plotted side by side in Fig. 5 (B to E). As summarized in Fig. 5 (A to E)
and Table 3, the number of droplets imaged and analyzed (Ng) and the
number of droplets with bacterial growth and associated shrinkage
(Ngs) varied between 1105 to 3176 and 22 to 140, respectively. We
compared the frequencies of HR determined by the PAP tests to the
values from the experiments, and as can be seen in Table 3, there was
some minor variation, but overall, there was good agreement.

Agnihotri et al., Sci. Adv. 11, eadv4558 (2025) 4 July 2025

Multiplex chip to detect clinical HR against

multiple antibiotics

To analyze the same clinical strains simultaneously against mul-
tiple antibiotics, we developed a multiplex chip composed of a
joint oil inlet and three independent aqueous phase inlets to gen-
erate and store three different kinds of droplets. For this set of
experiments, we encapsulated (i) the clinical E. coli strain to be
analyzed at 10® CFU/ml in CTX (2 mg/liter), (ii) 5 X 10® CFU/ml
of the clinical E. coli strain in GEN (0.5 mg/liter), and (iii)
10° CFU/ml in MH broth (control) to test whether the strains
were HR against CTX or GEN or non-HR as shown schematically
in Fig. 5FE All these experiments were performed with three bio-
logical replicates (Nj, N,, and N3) and plotted side by side in Fig. 5
(G to I). The experiments are described in more detail in the fol-
lowing subsections.

Detecting non-HR strain DA63333

In the first set of experiments, we used a clinically isolated non-HR
strain DA63333 in the multiplex chip. The number of droplets in all
the experiments varied from 515 to 1679 as shown in Fig. 5G
and Table 3. Only the control experiments showed shrinkage of ~40
to 50 of the analyzed droplets. There was no growth and shrinkage
observed in the case of CTX and GEN droplets, similarly to what
was observed in the PAP test, demonstrating that the DA63333 strain
does not display HR against CTX and GEN.

Detecting CTX HR strain DA63660

In the second set of experiments, we used the clinical CTX HR strain
DA63660 in the multiplex chip following the same procedure. Here,
the number of droplets in all the experiments varied from 535 to
9788, as shown in Table 3, and the control experiments showed
shrinkage of 217,170, and 162 droplets, respectively, in Ny, N», and Ns.
The three experiments involving DA63660 encapsulated with CTX
(2 mg/liter) resulted in shrinkage of 59, 53, and 19 droplets, as
shown in Fig. 5H. Using the number of droplets showing shrink-
age, we calculated the experimentally observed frequency of resis-
tant bacteria and compared it with the PAP test results. Both assays
were in good agreement in demonstrating CTX HR in this strain.
There was no growth and shrinkage observed in the case of DA63660
encapsulated in GEN (0.5 mg/liter) as plotted in Fig. 5H, which is
similar to the result from the PAP test.
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Detecting resistant subpopulation in clinical

isolates of E. coli against single antibiotic
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Fig. 5. Detection of resistant subpopulations using clinical isolates of E. coli with HR. Detection against a single antibiotic (A to E). (A) Schematic of the single chip
with inlets and outlets. (B) DA63082 HR against CTX. (C) DA63744 HR against CTX. (D) DA63082 HR against GEN. (E) DA63340 HR against GEN. Detection against multiple
antibiotics using the multiplex chip (F to I). (F) Schematic of the multiplex chip with an inlet of control, CTX, and GEN. (G) DA63333 is non-HR against both CTX and
GEN. DA63333 is tested using a multiplex chip, the normalized droplet size is plotted against time, and only the control experiment showed shrinkage. At the same time,
there was no shrinkage and bacterial growth observed in the CTX and GEN droplets. (H) DA63660 shows HR against CTX and non-HR against GEN. DA63660 is tested using
a multiplex chip. The normalized droplet size is plotted against time, and both the control and CTX experiments showed shrinkage, whereas there was no shrinkage and
bacterial growth observed in the GEN droplets. (I) DA62906 shows HR against GEN and non-HR against CTX. DA62906 is tested using a multiplex chip. The normalized
droplet size is plotted against time, and both the control and GEN experiments showed shrinkage, whereas there was no shrinkage and bacterial growth observed in the
CTX droplets. Each strain was tested in three biological replicates (N;, N, and N3) with data plotted side by side, demonstrating droplet size reduction caused by the

bacterial growth. Panels (A) and (F) were created in BioRender. S.N.A. (2025), https://BioRender.com/1g3fis.

Detecting GEN HR strain DA62906

In the third set of experiments, we used the clinical GEN HR strain
DA62906 in the multiplex chip. The number of droplets in all the
experiments varied from 1028 to 2788 as shown in Table 3. The con-
trol experiments showed shrinkage of 98, 57, and 147 droplets, re-
spectively, in Nj, N,, and N3. There was no growth and shrinkage
observed in the case of DA62906 encapsulated in CTX (2 mg/liter)
as plotted in Fig. 51, which is similar to the PAP test. The three ex-
periments involving DA62906 encapsulated in GEN (0.5 mg/liter)
resulted in shrinkage of 83, 58, and 27 droplets as plotted in
Fig. 51. From the number of droplets showing shrinkage, we calcu-
lated the experimentally observed frequency of resistant cells and

Agnihotri et al., Sci. Adv. 11, eadv4558 (2025) 4 July 2025

compared it with PAP test results. Also, in this case, there was good
agreement between the assays in demonstrating GEN HR in this
E. coli strain.

Together, our multiplex chip can distinguish between non-HR,
CTX HR, and GEN HR strains, and the multiplex chip can easily be
further developed to increase analysis throughput by including more
inlets for additional antibiotics and bacterial strains.

DISCUSSION
The global emergence of antibiotic resistance has reduced our op-
tions and ability to efficiently treat bacterial infections. HR poses an
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Table 3. Data showing the number of droplets analyzed (Ny), droplets with shrinkage (Ngs), and bacteria encapsulated per droplet in the case of
clinical isolates of E. coli showing HR against CTX and GEN in the case of single and multiplex chip. Each strain was tested in three biological replicates (N;,

N,, and Ns). PAP test frequencies are compared to the experimentally calculated values. NA, not applicable.

Droplet content Ny

Nas

Bacteria encapsu-
lated per droplet

Experimentally
calculated

PAP test frequency

DA63082 + CTX @ mg/liter) Ny 2614
e
DA63744 + CTX (2 mg/liter) 3058

DA63082 + GEN (0.5 m/liter)

966
DA63340 + GEN (05 mg/liter) N, 2377
o

DA63333 (control) Ny 523

0

DA63333 + CTX (2 mg/liter) Ny 607

DA63333 + GEN (05 mg/liter) N, 515
N> 1679
N 1458

DA63660 (contro) N, 2549

DA63660 + CTX (2 mg/liter)

DA63660 + GEN (05 mg/liter) N,

~ GEN HRstr
DA62906 (control) N, 1712

N3 1219

DA62906 + CTX (2 mg/liter) Ny 77

DA62906 + GEN (0.5 mg/liter)
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especially significant challenge because of the difficulties associated
with detecting the presence of a resistant subpopulation within a
predominantly susceptible bacterial population using current AST
methods (11, 12). Furthermore, the gold standard PAP method for
detection of HR is rarely used in clinical microbiology laboratories
due to high costs, difficulty in automation, and a slow turnaround
time of around 2 days, which is too slow for bloodstream infec-
tions (30).

A recent study showed that HR in E. coli isolates from bloodstream
infections ranged in frequencies from 0.4 to 42.7%, depending on the
antibiotic, and that HR bacteria were generally misdiagnosed as sus-
ceptible by disk diffusion. For piperacillin-tazobactam (TZP) and
GEN, the risk of worsened outcome (i.e., increased mortality and
transfer to ICU) was strongly increased for infections caused by HR
E. coli (48). These findings stress the importance of developing auto-
mated methods with improved ability to rapidly detect rare resistant
subpopulations.

To address this need, we developed an assay using droplet-based
microfluidics. This method involves encapsulating ~100 to 3000
bacteria per droplet, depending on the type of antibiotic used, drop-
let size, and the frequency of the resistant subpopulation. When the
bacterial population inside the droplet is exposed to antibiotics, the
resistant subpopulation grows, resulting in an ~10% shrinkage of
the droplet compared to droplets with only susceptible bacteria,
where growth is inhibited. The shrinkage of droplet size is a reliable
indicator of the growth of resistant bacteria and can be precisely
quantified by microscopy.

Our experiments demonstrate that droplet shrinkage (bacterial
growth) and swelling (no growth) depend on the number of inert
droplets in the incubation chamber (Fig. 2). When only a few drop-
lets contain growing bacteria, they are mainly in contact with drop-
lets without bacterial growth resulting in maximum shrinkage due
to surrounding droplets supporting mass transfer. In contrast, when
most droplets contain growing bacteria, the size difference is less no-
ticeable as there are fewer surrounding droplets for the mass transfer
process. This increased sensitivity at lower frequencies of resistant
cells is a particular strength for HR detection.

Our method outpaces the current PAP test in terms of detection
time and automation capabilities. Results can be obtained within 12
to 24 hours (depending on the antibiotic), which, compared to the
PAP test, takes at least one additional day. This approach holds prom-
ise for identifying HR bacteria and subsequently adjusting treatment
to reduce complications, failure, and death (49). This method also
significantly improves the detection limit for HR as compared to
single encapsulation droplet-based standard AST methods because,
to detect lower frequencies, such as 107° or 107, they would require
~5.5 x 10° and 5.5 x 107 droplets, respectively. In contrast, our
method detects subpopulations at a frequency of 10~° using only
200 to 300 droplets, representing a 20,000-fold reduction in the
number of droplets needed. In addition, we have incorporated mul-
tiplexing into this microfluidic chip, allowing the detection of resistant
subpopulations across multiple antibiotics simultaneously, making it a
more efficient approach. Beyond its time-saving benefits, our meth-
od offers complete automation potential via integration with a flow
control system and microscope. It can also facilitate the isolation of
rare antibiotic-resistant phenotypes for further genotypic and phe-
notypic analysis when combined with active sorting methods like
acoustic and electrical sorting based on droplet size disparity (50).
In addition, unlike the standard PAP test, which requires ~25 ml of
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MH broth media and antibiotics per agar plate, our approach re-
quires just 5 pl, resulting in a 1/5000 reduction in the consumption
of antibiotics. This work examined three clinically important antibi-
otics used for E. coli bloodstream infections, and future work will be
aimed at applying this method to other bacterial species and clini-
cally used antibiotics for which HR has been observed (11-13).

HR remains an emerging clinical phenotype, and its true impli-
cations for patient health are not yet fully understood. To accurately
determine the clinical significance of HR, large-scale and multi-
center clinical studies are essential. We believe that the technology
presented in this paper can significantly facilitate such efforts as the
labor-intensive nature of the PAP test has previously posed a major
limitation to the sample size and scope of studies investigating HR.

MATERIALS AND METHODS

Microfluidic device design, fabrication, and setup

The microfluidic device consists of two parts: The droplet genera-
tion part is a standard T-junction with an inlet of oil [light mineral
oil, Sigma-Aldrich with 3% PGPR (polyglycerol polyricinoleate) as
a surfactant, Danisco] having a channel width of 160 pm and an
inlet of aqueous phase (E. coli in MH broth + antibiotics) with a 100 pm
wide channel. The height of all channels is 160 pm. The droplet gen-
eration section generates droplets in the range of 180 to 220 pm
in diameter. The droplet storage and incubation section can hold
around 2000 to 3500 droplets at the present capacity of the device. In
the case of the multiplex chip, similar dimensions are used along
with multiple droplet generators and incubation chambers. The mi-
crofluidic device mold was 3D printed using an ASIGA printer. The
master mold was then used for PDMS (polydimethylsiloxane) cast-
ing with a 10:1 ratio of base to curing agent from Sylgard 184. Then,
the PDMS replica was punched at inlets and outlets with a 1-mm
punch (Welltec) and bonded to a glass slide (epredia) with a plasma
oven (Diener Electronic, Germany). Syringe pumps (Cetoni, Neme-
sys pumps, Germany) were used to drive all fluids, and the whole
microfluidic setup was kept inside the stage-top incubator (OKO-
lab) maintained at 37°C and 80% humidity for the experiments.

Bacterial strains and culturing conditions
MH (Difco) medium was used for growth in broth and agar plates.
Antibiotics (GEN, CTX, and TET) were purchased from Sigma-
Aldrich. For every experiment, bacteria frozen in 10% dimethyl
sulfoxide (DMSO) stocks were streaked on MH agar plates and in-
cubated at 37°C overnight. Single colonies from the plates were in-
oculated in 1 ml of MH broth, incubated at 37°C, 199 rpm agitation,
overnight, and subsequently used for each experiment. Antibiotic
stocks were prepared fresh from powder stock (Sigma-Aldrich) in
sterile PBS (Sigma-Aldrich) and used within 16 hours of preparation.
When the clinical isolates were incubated in the droplet system in
the presence of GEN (4 mg/liter), they exhibited filamentous growth.
This growth pattern interfered with the system’s capacity to identify
empty droplets. Therefore, we adjusted the protocol to use a lower
concentration of 0.5 mg/liter for this specific combination, which al-
lowed for effective segmentation of droplets containing growth.

Microscopy

We used an Olympus inverted microscope (IX73, Olympus) with
a 10x objective, a motorized stage for the x-y-z direction, and a
camera (C11440, HAMAMTSU) for imaging of the droplets over
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24 hours. The microfluidic device was placed in a stage-top incuba-
tor (OKOlab) with controlled temperature and humidity. Once drop-
lets in the incubation chamber reached a stable state, each location
was marked with a motorized stage in the x-y direction. Each loca-
tion was then imaged every hour or every 2 hours (in case of multi-
plex chip) for the next 24 or 30 hours (in the case of GEN HR strains).

Image processing pipeline

The images that were obtained every hour were processed using a
custom computational pipeline implemented in Python (see Code
Availability) to determine the shrinkage in droplet diameter due to
bacterial growth. Briefly, raw grayscale images were smoothened
(Gaussian 31x31 kernel, SD: 5), opened (21x21 kernel), min-max-
normalized, and converted to unsigned 8-bit integer format. Drop-
let boundaries were identified by thresholding preprocessed images
using Otsu’s method (three classes: “droplet boundary,” “other drop-
let content,” and “background”). The binary “droplet boundaries”
masks were subjected to a circle Hough transform, droplet centroids
were located by identifying peaks in accumulator-normalized Hough
space, and maximum droplet radii were computed using a Euclidean
distance transform of the “droplet boundaries” masks. Preliminary
binary droplet masks were generated by labeling both “droplet bound-
aries” and “droplet disks” (given by droplet centroids and maximum
radii) as regions corresponding to droplets. Droplets were then seg-
mented based on a Euclidean distance transform of the preliminary
droplet masks using a droplet centroid-seeded Watershed algorithm.
Droplets touching the border of an image were excluded. Droplet
label masks were exported as TIFF files, and tabular droplet infor-
mation (accumulator values, centroids, radii) was saved in CSV for-
mat. For downstream analysis, droplet sizes were normalized by the
average droplet diameter at 0 hours and plotted against time every
6 hours for 24 to 30 hours.
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The PDF file includes:
Supplementary Text

Figs.S1to S3

Tables S1.and S2

Legend for data S1
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