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A B S T R A C T

Antibiotic resistance has emerged as an imminent threat to public health. It is also increasingly recognized to be
a heterogeneous phenomenon: a population of bacteria, found in vivo or in vitro, often consists of a mixture of
cells that have different degrees of resistance to antibiotics. The conventional metric to measure antibiotic
resistance based on an ensemble-average minimum inhibitory concentration (MIC) fails to characterize the
heterogeneity present within a bacterial population. This work describes a droplet microfluidics method to
encapsulate single cells from a population consisting of a mixture of antibiotic-sensitive and antibiotic-resistant
bacteria. Co-encapsulating viability probe alamarBlue with the cells allows the use of fluorescent drops as a read-
out for drops that contain live cells after their exposure to antibiotics. Enumerating the fluorescent drops thus
gives the number of resistant cells in the population. Our method enables the quantitative phenotyping of
heterogeneous resistance, or heteroresistance, with single-cell resolution. We show that it is possible to detect a
resistant sub-population that comprises as low as 10−6 of the entire population of cells. Such high resolution
further allows us to measure the evolution of heteroresistance arising from the exposure of a homogeneous
isogenic culture of susceptible cells to sub-lethal dosages of antibiotics. We demonstrate an application of this
system to characterize genetic determinants of antimicrobial resistance emergence. The high resolution of
phenotypic detection and quantification of minority variants demonstrated in this work has the potential to
facilitate the elucidation of the mechanisms underlying heteroresistance. Such understanding will in turn inform
the best practices for antibiotic use and containment of antimicrobial resistance in a wide range of settings from
agriculture and aquaculture to disease management. Clinically, the ability to quantify and track the composition
of a bacterial population will benefit the decision-making process in both the diagnosis and the treatment of
bacterial infections, and will ultimately improve patient outcome and avert the spread of resistant populations.

1. Introduction

The evolution and spread of antibiotic resistance (ABR) in patho-
gens is emerging as a global threat to public health. In the U.S., more
than 2 million people are infected with antibiotic-resistant bacteria
each year [1]. At least 23,000 people in the U.S. die each year as a
result of these infections [1]. The Centers for Disease Control and
Prevention and the World Health Organization have called for urgent
global action to combat ABR. The early detection of ABR has been
identified as the key to effective treatment. Early detection of ABR has
been challenging, however. Among many factors, a small sub-popula-
tion (in some cases< 10−3) of bacterial cells can exhibit resistance to

antibiotics, which is below the limit of detection of standard drug
susceptibility assays [2]. Failure to detect this sub-population can
compromise treatment efficacy due to the persistence of the resistant
sub-population, which may be selected for and preferentially grow in
the setting of antimicrobial therapy, leading to the expansion and po-
tential spread of resistant bacteria.

This heterogeneous resistance within a population of bacteria is
referred to as heteroresistance, and has been reported in a wide range of
micro-organisms, including E. coli, S. aureus, and M. tuberculosis [3].
The frequency of heteroresistance varies across different species, but is
believed to be approximately equal to the normal rate of mutation,
which is about one sub-clone in every 104–106 colonies [4].
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Heteroresistance can arise from other factors. In particular, the ex-
posure of bacteria to sub-lethal dosage of antibiotics has been found to
play an important role [5,6]. Sub-lethal concentrations of antibiotics
can occur both in vivo and in external environment. For in vivo condi-
tions, factors such as inappropriate dosing regimen, poor patient ad-
herence, poor drug pharmacological kinetics, and the presence of bio-
films or other areas with limited antibiotic penetration can lead to a
local environment where the antibiotic concentration is lower than the
lethal level. In external environments, the use of antibiotics as feed
additives to promote animal growth and production in agriculture and
aquaculture, pollution from drug-production plants, excretion from
humans and animals administered with antibiotics ending up in rivers,
lakes, soils and even food products such as milk and meat can all lead to
sub-lethal concentrations of antibiotics [6,7].

Exposure to sub-lethal dosage of antibiotics is found to have two
basic effects. The first effect is the selection of pre-existing resistant sub-
population from a population having a mixture of susceptible and re-
sistant cells. Previous work has shown that antibiotics present at con-
centrations far below the minimum inhibitory concentration (MIC) re-
duced the exponential growth rate of the susceptible bacteria without
apparent effect on the resistant bacteria, thereby enriching the resistant
sub-population [8]. The second effect is the increase in mutation rate in
an initially susceptible strain. In some cases, the increased formation of
reactive oxygen species (ROS) due to sub-lethal antibiotic treatment has
been found to increase the formation of a range of mutations, and in
turn increases multidrug resistance and the emergence of hetero-
resistance [5,9,10]. In one study, it was found that the exposure to sub-
MIC dosage of ampicillin for 2 days led to>1.5 fold increase in the MIC
for multiple drugs including ampicillin, kanamycin, and tetracycline
[5].

A variety of methods have been developed to detect antibiotic re-
sistance and have been reviewed elsewhere [11–18]. For determining
heteroresistance, the conventional method is the population analysis
profiling (PAP) method [3]. A bacteria population, typically spread on a
plate, is exposed to a gradient of antibiotic concentration. The growth
of bacteria is measured at different concentrations following a proce-
dure similar to that used to identify the MIC. Heteroresistance was
considered to occur when the antibiotic concentration having the
highest inhibitory effect was 8-fold or more higher than the highest
non-inhibitory concentration [19]. This method cannot easily quantify
the proportion of cells that are resistant among the population of cells,
however. Previously, phenotypic culture-based drug susceptibility
testing allowed the detection of resistant cells that comprise 10−2 of a
population containing a mixture of isoniazid-resistant and isoniazid-
susceptible M. tuberculosis strains [20]. This method is both slow and
insensitive for detecting resistant sub-populations that comprise less
than 10−2 of the population. Nucleic acid-based methods including
polymerase chain reaction (PCR) gene detection have also been used to
detect DNA sequences that are known to confer resistance. The re-
solution of these tests can be worse than that of phenotypic tests,
however. For example, recent studies reported that line probe assay,
real-time PCR, and sequencing failed to detect clinically relevant 10−2

portion of resistant M. tuberculosis [20]. Digital PCR has an improved
performance but it was still limited to 10−3, and it requires knowledge
of resistant genes [21].

A key challenge in the detection of heteroresistance is, therefore, the
lack of a method that offers sufficient resolution and sensitivity for the
early detection of heteroresistance, which is critical for preventing the
emergence of fully resistant strains [3,4,22,23]. Fundamentally, such
method is also essential to the elucidation of the mechanisms under-
lying the emergence and evolution of the phenomena. At present, many
mechanisms of antibiotic resistance remain unknown, with novel me-
chanisms being reported regularly in the literature. While many mu-
tations contributing to antibiotic resistance have been identified, the
relationship between the mutations and the phenotypic effects is
complex, and has yet to be fully elucidated [24,25]. Importantly, in

some cases of heteroresistance, the resistant and susceptible sub-po-
pulations are genetically identical, possibly arising from epigenetic
changes [2,26]. On the other hand, phenotypic resistance detection is
mechanistically agnostic, as it does not require prior knowledge of
genomic determinants. In addition, it has been pointed out that the
value of high-throughput genotyping is limited unless combined with
high-throughput phenotyping [25].

As such, this work focuses on phenotyping instead of genotyping
resistance. We describe a microfluidic method for the quantification of
phenotypic heteroresistance by encapsulating single bacterial cells from
a heterogeneous population into microfluidic droplets. We demonstrate
the detection of resistant cells down to 10−6 of the whole population.
We further show the use of our method for measuring the emergence of
heteroresistance and the distribution of bacteria with different MIC
when cells are subject to sub-lethal dosage of antibiotics. While some
prior work has described the use of droplet microfluidics for detecting
antibiotic resistance,[12–18] our results are new in the application of
the method for quantifying the emergence of heteroresistance arising
from the exposure of cells to a sub-lethal dosage of antibiotics.

2. Materials and methods

2.1. Synthesis of 60 nm F-SiO2 NPs

We added 7.14mL of tetraethyl orthosilicate (98%, Sigma-Aldrich)
into a solution mixture containing 100mL of ethanol (99%, Sigma-
Aldrich), 2 mL of deionized water, and 2.86mL of ammonium hydro-
xide solution (28 wt%, Sigma-Aldrich). The solution was stirred vigor-
ously (∼800 rpm) at room temperature overnight. 1 mL of
1H,1H,2H,2H-Perfluorooctyltriethoxysilane (98%, Sigma-Aldrich) was
then added directly to every 10mL of the synthesized SiO2 nano-
particles (NPs) dispersion obtained above, followed by vigorous stirring
(∼800 rpm) at room temperature for 6 h. Ethanol was added to dilute
the reacting solution and terminate the reaction with a dilution factor of
5. Nanoparticles were then collected by centrifugation (Sorvall LEGEND
X1R) at 5000 rpm for 60min and removal of the supernatant. The solid
particles were isolated by desiccation overnight. Further details were
published in our previous work [27].

2.2. Bacterial strain, antibiotics, and fluorogenic probe

We used two strains of E. coli as our model bacteria for Figs. 2–5:
one strain was resistant to ampicillin “AmpR” (ATCC 35218) and the
other one was susceptible to ampicillin “AmpS” (ATCC 25922). For
Fig. 6, we used wildtype E. coli strain “WT” (K-12 BW25113) and its
isogenic rpoS deletion mutant “ΔrpoS”.[28]

We used ampicillin (Alfa Aesar) as the model antibiotic for
Figs. 2–4, norfloxacin (Chem-Impex Int’l Inc.), kanamycin (bioWORLD),
and tetracycline (Sigma-Aldrich) as model antibiotics for Fig. 5, and
ampicillin, norfloxacin, and kanamycin as model antibiotics for Fig. 6.
For Figs. 2 and 3, the concentration of ampicillin was fixed at 50 μg/mL
in Luria-Bertani (LB) broth. For Fig. 4, we exposed AmpS to different
concentrations of ampicillin as listed in the text to test our method of
measuring heteroresistance arising from the exposure of cells to sub-
lethal dosage of antibiotics. For Fig. 4a, the concentration of ampicillin
inside droplets was fixed at 5 μg/mL. For Fig. 5, we exposed AmpS to
1 μg/mL ampicillin for 5 days before measuring heteroresistance to
norfloxacin, kanamycin, and tetracycline. For Figs. 4b and 5, the con-
centrations of antibiotics used in droplets for the identification of MIC
were listed in Table S1. For Fig. 6, we exposed WT and ΔrpoS to 1 μg/
mL ampicillin and measured their heteroresistance to ampicillin, nor-
floxacin, and kanamycin, respectively, with the antibiotic concentra-
tions listed in the figure.

We used alamarBlue as our fluorogenic probe. AlamarBlue is a cell
viability indicator that is converted into a bright fluorescent product by
metabolically active cells. The fluorescence evolution of alamarBlue
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indicates cellular metabolic activity, and has been used previously for
the detection of live cells [12,13,29].

2.3. Cell culture

For Figs. 2 and 3, we cultured cells in LB broth until OD600 reached a
value of 0.5. The cells were then diluted to different concentrations for
subsequent experiments. For Fig. 2, the concentrations of both AmpS
and AmpR were 106 cfu/mL. For Fig. 3, different volumes of AmpR and
AmpS were mixed to generate populations of cells to give a final ratio of
[AmpS]/[AmpR]=106, 105, 104, 103, 102, 10, and 1. The total bac-
teria concentration was fixed at 107 cfu/mL for [AmpS]/[AmpR]=106

to 10, and at 106 cfu/mL for [AmpS]/[AmpR]=1.

2.4. Device fabrication

We fabricated microchannels in poly(dimethylsiloxane) (PDMS)
using soft lithography [30]. Inlets and outlets of the microchannels
were punched using a biopsy puncher (Harris Uni-Core, outer diameter
1.20mm). To fabricate on-chip electrodes, we heated the device at
200 °C and injected indium (99.99%) into the channels. Details of this
method can be found elsewhere [31]. After cooling to room tempera-
ture, we rendered the channels hydrophobic by treatment with Aquapel
(Pittsburgh, PA).

2.5. Droplet generation and single cell encapsulation with antibiotics

We generated monodisperse droplets using a flow-focusing nozzle
(Fig. 1).[32] The continuous phase was HFE-7500 (3M, St. Paul, MN)
containing 60 nm F-SiO2 NPs at a concentration of 6% (wt/wt)
[27,33,34]. We mixed the disperse phases on-chip by introducing two
separate aqueous streams: one contained bacteria mixture in LB, and
the other one contained antibiotic in LB at various concentrations. The
two streams came into contact ∼1mm upstream of the flow-focusing
nozzle. The flow rates of the continuous phase and the two streams of

dispersed phase were fixed at 0.5, 0.1 and 0.1mL/h, respectively. All
droplets were generated at room temperature at a rate of ∼740 drops/
second for a single nozzle. The average droplet volume was approxi-
mately 75 pL. The standard deviation of droplet volume is< 3% of the
average droplet volume. Based on Poisson distribution [35–41], ap-
proximately 96.3% of the drops that contained cells contained a single
cell (see details in Fig. S1). After generation, the droplets were collected
into a 1.5mL Eppendorf tube and incubated at 37 °C with shaking at
225 rpm off-chip for 1 h to allow the antibiotic to take effect on the cells
(Fig. S2).

2.6. Pico-injection of alamarBlue

After incubation with antibiotic, the droplets were reinjected into a
microfluidic channel where alamarBlue was pico-injected into each
drop at room temperature [42,43]. The pico-injected solution contained
the as-purchased alamarBlue solution (Thermo Fisher, DAL1025). The
final concentration of alamarBlue in the pico-injected droplet was ap-
proximately 1/8 of that of the as-purchased alamarBlue solution. For
the results in Fig. 2 only, the pico-injected solution also contained
200 μM fluorescein as an internal reference to account for the non-
uniform spatial distribution of light intensity under the microscope we
used. The final concentration of fluorescein in the pico-injected droplet
was approximately 25 μM. Extra continuous phase was injected up-
stream of the pico-injector through a pressure stabilizer to space the
droplets and to improve the stability of the pico-injection process
[43,44]. We applied constant pressure using a compressed air source to
drive the flow of the continuous phase through the pressure stabilizer
(345mbar) and alamarBlue through the pico-injector (200mbar). To
trigger pico-injection, we applied a pulsating DC voltage that varied
between 0 and 100 V at 5 kHz. The reinjection rate of the drops was
0.35mL/h. The pico-injection rate was about 800 drops/second, and
the pico-injected volume was about 10 pL (Fig. S3). The pico-injected
droplets were then collected into 1mL-syringe (Monoject) and in-
cubated at 37 °C off-chip for ∼2 h. We have verified that alamarBlue
turned on at a similar rate with or without shaking in this step.

2.7. Imaging of drops and enumeration of fluorescent drops

For Fig. 2, the drops were reinjected into a PDMS well with a height
of 30 μm. Fluorescence images were subsequently obtained by a 10 x
microscope objective in an inverted optical microscope coupled with an
Electron Multiplying Charge Coupled Device (EMCCD) camera (Andor
Technology, South Windsor, CT). For Fig. 2 only, we normalized all
intensity from alamarBlue (Imeasured) by the intensity of fluorescein
(Ireference) in the same droplet: Inormalized= Imeasured/Ireference. Normal-
ization was needed here as the excitation light from the microscope was
not uniform throughout the field of view.

For the enumeration of fluorescent drops (Figs. 3–6), we reinjected
the drops into a tapered channel consisting of a narrow constriction
with a cross section of 30 μm x 30 μm at a flow rate of 0.6mL/h. The
volume fraction of the reinjected drops was about 80%. The throughput
for droplet detection was ∼1600 droplets/sec. The width of the con-
striction (30 μm) was less than one droplet diameter (∼52 μm) to en-
sure the droplets pass through the constriction one at a time. Excitation
light from a UV lamp was focused onto the constriction using a 40 x
microscope objective in an inverted microscope (Nikon Eclipse
TE2000). The fluorescence from the drops was collected from the same
objective through an emission filter into a photomultiplier tube “PMT”
(Hamamatsu product number: 56420001). A gain of 13 V was applied
to the PMT. We automated the recoding of PMT output voltages with a
custom LabView script. A voltage peak above the threshold value was
identified as a fluorescent drop. We quantified the number of fluor-
escent drops by counting the number of voltage peaks above the
threshold value. To set the threshold voltage (Vth) to differentiate a
fluorescent drop from a non-fluorescent drop, we first measured the

Fig. 1. Scheme and optical images of the microfluidic process flow. The process
consists of three main parts: (a) droplet generation and encapsulation of bac-
teria with antibiotic, (b) pico-injection of alamarBlue into droplets, and (c) the
detection of fluorescence from the drops.
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mean (V negative) and the standard deviation (σ) in voltage from drops
without bacteria (“negative drops”). A threshold value was then set at
Vth=V negative+ nσ⋅ A value of n=6 was used such that less than

− = × −( )1 erf 1.97 10n
2

9 of the negative drops had a value exceeding
Vth. Voltage peaks with values V>Vth were counted as a fluorescent
drop.

2.8. Measurement of heteroresistance after treating of cells to sub-lethal
dosage of antibiotics

For Figs. 4 and 5, one untreated AmpS colony was inoculated in
2mL of LB broth and cultured overnight. We determined the MIC of the
culture and diluted the culture 1:1000 into another 2mL of LB broth
containing different concentrations of ampicillin as listed in the text.
This culture was then grown at 37 °C by applying continuous shaking at
225 rpm for 1 day. On each day for the following days, we repeated the
dilution and incubation process above. We measured the MIC of the
culture at the end of each day during the multi-day ampicillin treat-
ment.

For the measurement of MIC in droplets, aliquots of either the un-
treated culture or the culture after different days of ampicillin treat-
ment were diluted to 2× 106 cfu/mL with LB. The diluted culture
(containing a diluted concentration of ampicillin∼ 10−3 μg/mL) was
used as one of the disperse phases to generate droplets with different
concentrations of antibiotics. For Fig. 4a, the concentration of ampi-
cillin used in droplets was 5 μg/mL. For Figs. 4b and 5, the con-
centrations of antibiotics inside the droplets for the identification of
MIC were listed in Table S1. After generation, the droplets were col-
lected into 1.5 mL Eppendorf tube for 1-h incubation at 37 °C
(225 rpm), followed by pico-injection of alamarBlue and enumerating
fluorescent drops as described above. The MIC for each single cell was
determined as the lowest antibiotic concentration that inhibited an
increase in fluorescence of alamarBlue and resulted in a detected vol-
tage lower than the threshold voltage (Vth) as acquired by the PMT.

For the measurement of the ensemble-average MIC, we followed a
standard protocol published previously [45]. Aliquots of either the
untreated or treated culture were diluted 1:1000 into 2mL LB con-
taining different concentrations of antibiotics (listed in Table S1). The
resulting samples were then grown at 37 °C with continuous shaking at
225 rpm for 20 h. The OD600 of each culture was measured by Thermo
Scientific NanoDrop 1000 Spectrophotometer. The ensemble-average
MIC was then determined by the lowest concentration that in-
hibited> 90% of bacteria growth based on OD600 [5].

For Fig. 6(i) and (ii), we cultured one untreated WT colony and one
untreated ΔrpoS colony in LB with 1 μg/mL ampicillin respectively, and
measured their ensemble-average MIC and MIC in droplets, using the
methods described above.

3. Results and discussion

3.1. Design and process flow of the droplet microfluidics method for
measuring heteroresistance

Fig. 1 shows the general process flow of our microfluidic method to
detect heteroresistance. Antibiotic (ampicillin) was mixed with the
bacteria sample immediately before droplet generation. By using a
sufficiently low bacterial concentration, we were able to encapsulate
single cells into droplets as governed by Poisson distribution [35]. The
drops were then incubated for antibiotics to take effect. Cell viability
indicator, alamarBlue, was subsequently pico-injected into each drop.
After incubation, the presence of live cells in the drops increased the
fluorescence of alamarBlue and rendered the droplet fluorescent.

Counting the number of fluorescent drops gave the number of viable
cells that were resistant to antibiotics. Here, the encapsulation of cells
into drops before the incubation with antibiotics was critical to preserve
the ratio of resistant cells to susceptible cells in the original sample. If
we had incubated the cells with antibiotics in bulk solution prior to the
encapsulation into drops, resistant cells could grow preferentially over
susceptible cells, thereby increasing the ratio of resistant cells to sus-
ceptible cells from that in the original sample.

We introduced alamarBlue after the cells were incubated with an-
tibiotics to increase the contrast in fluorescence signal between droplets
containing resistant cells and susceptible cells. Since it took a finite
amount of time for ampicillin to take effect, susceptible cells would be
able to increase the fluorescence of alamarBlue if it is introduced at the
same time as ampicillin to the cells. In our system, we found that it was
sufficient to incubate cells with ampicillin for 1 h before introducing
alamarBlue to the cells in order to distinguish the resistant cells (AmpR)
from the sensitive cells (AmpS) (Fig. S2). Depending on the specific
strain of the bacteria and antibiotics used, the incubation time with
antibiotics would vary. Separating the incubation step with antibiotics
from the incubation step with alamarBlue allows the incubation times
to be customized for different combinations of cells and antibiotics
used. In addition, we have chosen to use amphiphilic nanoparticles
instead of conventional surfactants to stabilize the drops here, as
alamarBlue was known to leak from surfactant-stabilized drops into
other drops [46]. Such leakage would cause undesirable crosstalk of
droplet content and would destroy the accuracy of the assay. We have
shown previously that replacing surfactants with nanoparticles miti-
gated such leakage [27,33,34]. Furthermore, the nanoparticles were
shown previously to be biocompatible and did not change the growth of
E. coli and other bacteria in drops stabilized by the particles [47].

3.2. Identification of alamarBlue incubation time

To identify the appropriate incubation time of cells with
alamarBlue, we sampled the drops at various time points. Fig. 2 shows
the distribution of alamarBlue fluorescence from the drops generated
from a mixture of AmpS and AmpR cells at a ratio of [AmpS]:
[AmpR]=1:1 as a function of incubation time with alamarBlue. At
time t= 0, all drops were dark. As the time of incubation increased,
two populations of drops – one with increased intensity and one at the
same intensity as those at t= 0 – started to emerge. The population
with increased intensity corresponded to drops containing AmpR. The
population with a low intensity (approximately the same intensity as
that at t= 0) corresponded to drops that contained either no cells or
AmpS. At t= 2 h, the fluorescence intensity of drops containing AmpR
can be distinguished from that of drops without AmpR. We thus chose
to use 2 h as the minimum incubation time with alamarBlue for all
subsequent experiments.

Although the main purpose of this figure was to identify the time for
incubation with alamarBlue, we note that the proportion of fluorescent
drops measured matched our expectations based on the Poisson en-
capsulation process.[35] The percentages of drops with normalized
fluorescence intensity> 1.5 were 3.64%, 3.59%, 3.83%, 3.49%, 3.56%
at t= 2, 3, 4, 5 and 15 h, respectively. Given the volume of the drop
(75 pL), and the bacteria concentration (106 cfu/mL) used, we expect
an average of 0.075 cells per drop. As the encapsulation process follows
Poisson statistics, the proportion of drops with cells was approximately
7.2%. Since [AmpS]:[AmpR]=1:1 here, the expected percentage of
fluorescent drops was 3.6% of the population of drops examined. This
value was close to those measured. The small variations were likely due
to the relatively small number of drops sampled here (∼600 drops per
time point).
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3.3. Characterization of the resolution of the method

In order to detect a small proportion of AmpR within the bacterial
sample, it is necessary to count a large number of drops. To that end, we
reinjected the drops into a tapered channel containing a constriction
which could fit only one drop at a time. The fluorescence from the drops
was collected using a photomultiplier (PMT). Fig. 3a shows a re-
presentative voltage output from the PMT. The voltage peaks corre-
sponded to a fluorescent drop. The signal-to-noise ratio (the ratio of the
voltage corresponding to a fluorescent drop to the voltage corre-
sponding to a non-fluorescent drop) was higher than the signal-to-noise
ratio obtained from Fig. 2 (the ratio of the intensity corresponding to a
fluorescent drop to the intensity corresponding to a non-fluorescent
drop) due to the different optical setup used, including the use of a
microscope objective with a higher magnification and numerical
aperture (see Experimental Design for details). Based on the voltage
output, the number of AmpR cells can then be estimated from Poisson
statistics:

⎜ ⎟= ⎛
⎝ −

⎞
⎠+

N Nln N
N NAmpR

(1)

where N+ is the number of fluorescent drops and N is the total number
of drops used. Although we could not differentiate drops containing no
cells from drops containing AmpS, the knowledge of the total cell
concentration in the initial bacteria sample (C0), droplet volume (V)
and the total number of drops used allows us to calculate the ratio of
AmpS to AmpR:

=
−AmpS

AmpR
C NV N

N
[ ]
[ ]

AmpR

AmpR

0

(2)

Fig. 3b shows the measured [AmpS]/[AmpR] using our microfluidic
method as a function of the input [AmpS]/[AmpR] as prepared in the
bacteria sample. As can be seen, our method was accurate over 6 orders
of magnitude for [AmpS]/[AmpR]=106 to 1. This result verified that
our method for quantifying heteroresistance is capable of identifying a
resistant sub-population constituting as low as 10−6 of the entire cell
population. This resolution is currently limited by the number of drops
or cells we chose to interrogate, and practically limited by the time
needed to interrogate the drops in a serial manner. This resolution can
be further improved by counting an increased number of cells, and by
leveraging parallel interrogation of drops to decrease the time needed
to process a large number of drops [48].

3.4. Detection of the emergence of heteroresistance arising from the
exposure to sub-lethal dosage of antibiotics

The high resolution of our method allows us to track the emergence
of heteroresistance not possible using conventional methods.
Previously, it was found that the exposure to sub-lethal antibiotic do-
sage increased mutation rate and antibiotic resistance in an initially
susceptible strain of E. coli [5]. Specifically, the exposure of a homo-
geneous population of cells to sub-MIC dosage of ampicillin for 5 days
led to a heterogeneous increase in the MIC towards ampicillin by
counting 44 ampicillin-treated colonies. The resolution was intrinsically
limited by the number of isolates that can be counted manually. The

Fig. 3. Measurement of the ratio of AmpS to AmpR using microfluidic droplets.
(a) Representative readout from the photomultiplier tube (PMT) using drops
generated from a sample containing a mixture of AmpS and AmpR cells at a
ratio of [AmpS]/[AmpR]=1000 at a total bacteria concentration of 107 cfu/
mL after 1 h of incubation in ampicillin followed by 2 h of incubation in
alamarBlue. (b) The measured [AmpS]/[AmpR] versus the input [AmpS]/
[AmpR]. Table S2 lists the values plotted.

Fig. 2. The distribution of alamarBlue fluorescence intensity from drops gen-
erated from a sample containing a mixture of AmpS and AmpR cells at a ratio of
[AmpS]:[AmpR]= 1:1 after incubating with 50 μg/mL of ampicillin and then
with alamarBlue for different incubation times. The left axis is for the data
represented in blue bars, and the right axis is for the data represented in orange
bars. The inset shows a fluorescence image of droplets after 2 h of incubation
with alamarBlue. The center droplet contained AmpR, and had a higher level of
fluorescence than other drops. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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resolution was only 1/44, or 0.023. In other words, if less than 0.023 of
the population exhibited resistance, it would be difficult to detect such
heteroresistance using this method. In addition, this method was time-
consuming. To identify the MIC, it required 24 h to allow sufficient cell
growth for the optical density at 600 nm (OD600) of the culture to be
measurable. With such limited resolution and long time requirement for
each measurement, it would be very challenging to pinpoint when
heteroresistance started to emerge, or to identify the lowest dosage that
can select for resistance [6].

Here, we show that we can address both challenges by using our
microfluidic method. We tested our method on the effect of exposure of
a single colony of AmpS to different sub-lethal dosages of ampicillin.
The ensemble-average MIC of the initial AmpS culture was measured
separately to be 5 μg/mL. For each droplet experiment here, we
counted>5×106 cells (or> 1.3×107 drops). It was thus possible to
detect 1 resistant cell in 5×106 cells, corresponding to a resolution of
2× 10−7. Fig. 4a shows that an increase in MIC (exceeding 5 μg/mL)
was measurable when the culture was exposed to a sub-lethal ampicillin
concentration of 1 μg/mL (only 20% of the initial MIC) for 3 days. We
also observed that the proportion of cells that had elevated MIC (i.e.,
elevated resistance) increased from 7.2×10−5 of the population to
0.22 of the population when the sub-lethal dosage increased from 1 μg/
mL to 2.5 μg/mL. We note that the MIC represented here is a single-cell
MIC: if the cell was alive after mixing with ampicillin at 5 μg/mL, we
report that the cell had a MIC bigger than 5 μg/mL.

The high resolution of our measurement also enabled us to quantify
the evolution of the composition of the population after exposure to
sub-lethal dosage for different number of days. In Fig. 4b, we selected

the lowest dosage of ampicillin (1 μg/mL) where heteroresistance was
observed after 3 days, and measured the evolution of heteroresistance
after cells were exposed to this dosage for 1–5 days. Here, the drops
contained single cells extracted from the culture that has been exposed
to different days of ampicillin at 1 μg/mL. Each drop also contained
ampicillin at concentrations of 5, 7.5, or 10 μg/mL. To calculate the
fraction of cells that was inhibited by the concentration of m μg/mL
ampicillin, xm, we used Eq. (3);

= −x N
N

1m
m

c (3)

where Nm is the number of detected living cells after the incubation
with m μg/mL ampicillin, and Nc is the number of total input cells. The
number of live cells Nm is calculated from detected fluorescent drops
using Eq. (1), while the number of input cells Nc is estimated by mul-
tiplying input bacterial concentration with total volume of the disperse
phase. As seen in Fig. 4b, we started observing the emergence of a re-
sistant sub-population with a 1.5-fold increase in MIC (between
5–7.5 μg/mL) after 3 days, consistent with the results in Fig. 4a. As the
exposure increased to 5 days, the fraction of the resistant sub-popula-
tion (cells with MIC>5 μg/mL) reached almost half of the entire po-
pulation.

Our method also enables us to compare the MIC distribution of
norfloxacin, kanamycin, and tetracycline after AmpS was exposed to
1 μg/mL ampicillin for 5 days. The ensemble-average MICs of nor-
floxacin, kanamycin, and tetracycline for the initial AmpS colony were
0.1 μg/mL, 5 μg/mL, and 1 μg/mL, respectively. As shown in Fig. 5,
after 5 days of sub-lethal ampicillin treatment, > 0.9 of the population
had an increase in the MIC of norfloxacin, while only< 0.2 of the
population had the elevated MIC of kanamycin.

Although we did not probe the detailed mechanism of hetero-
resistance here, our results are consistent the mechanism described
previously that the exposure to sub-lethal dosage of antibiotics in-
creases ROS formation and the rate of mutagenesis leading to increased
resistance [5]. The increase in the proportion of resistant sub-

Fig. 4. (a) Fraction of cells with MIC higher than 5 μg/mL after exposing AmpS
to different sub-lethal concentrations of ampicillin (0.1 μg/mL, 0.2 μg/mL,
0.5 μg/mL, 1.0 μg/mL, 1.5 μg/mL, 2.0 μg/mL, 2.5 μg/mL) for 3 days. The initial
MIC was 5 μg/mL. (b) MIC distribution of ampicillin measured by the micro-
fluidic method after exposing AmpS to 1 μg/mL ampicillin for different number
of days. The height of the error bar represents one standard deviation from the
mean from three separate measurements. The number of cells counted in each
experiment was> 5×106. We note that the MIC represented here is that of
single cells. See text for details.

Fig. 5. MIC distribution of (a) norfloxacin, (b) kanamycin, (c) tetracycline,
measured by the microfluidic method after exposing AmpS to 1 μg/mL ampi-
cillin for 0–5 days. The initial MICs (ensemble-averaged) for norfloxacin, ka-
namycin, and tetracycline are 0.1 μg/mL, 5 μg/mL, 1 μg/mL respectively.
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population as a function of sub-lethal dosage of ampicillin also agrees
with previous work [8,49,50]. Our results clearly indicate that the
cross-protective mechanism evoked by sub-lethal ampicillin treatment
has different protective effects against other antibiotics. These results
are expected since the mechanisms by which these antibiotics inactivate
bacteria are different: norfloxacin inactivates bacteria by interfering
with DNA replication, whereas kanamycin and tetracycline inhibit
protein synthesis. In addition, despite kanamycin and tetracycline are
both protein synthesis inhibitors, kanamycin and tetracycline have
different modes of action and can lead to different responses from cells
exposed to sub-lethal ampicillin treatment. More specifically, kana-
mycin interacts with the 30S ribosomal subunit resulting in mis-
translation and prevents translocation during protein synthesis. On the
other hand, tetracycline binds to the 16S portion of the 30S ribosomal
subunit, and prevents amino-acyl tRNA to attach at A-site of mRNA-
ribosome complex, thereby inhibiting protein synthesis and cell growth
[51]. Further work will be needed to elucidate the precise mechanisms
of the phenomena observed here; this would entail, for example, de-
termining changes in global protein synthesis as a result of sub-lethal
ampicillin treatment. A detailed investigation of this or other possible
mechanisms is beyond the scope of this paper.

The key advantage of our method is the ability to resolve the het-
erogeneous response of the population that cannot be extracted from
previous methods. In addition, our method only requires ∼4 h (in-
cluding droplet generation, incubation with ampicillin, pico-injection,
incubation with alamarBlue and interrogation) to reveal the distribu-
tion of heteroresistance. This time can be further shortened if we had
employed parallel droplet generation and interrogation methods.
Nevertheless, the 4 h was already 5 times shorter than that needed for
the conventional method for measuring ensemble-average MIC which
requires∼ 20 h (Fig. S4) [45]. As a comparison, we verified that no
increase in MIC could be measured using the conventional method for
measuring ensemble-average MIC within 4 h, as OD600 for the culture
was too low (Fig. S5). Even an increase in MIC was measurable after
20 h, the ensemble-average method cannot quantify the composition of
the population. The increase in MIC could have originated from a

uniform increase in MIC for all cells, or only a heterogeneous increase
in MIC for only some cells as a sub-population acquires resistance. Fi-
nally, compared with genotypic approaches, our phenotypic approach
is unbiased since it does not require the knowledge of all genotypic or
epigenetic determinants of resistance, the identification of which is still
an active area of research. While genotypic approaches can only pro-
vide binary information (either the presence or absence of resistant
variant), our phenotypic approach can provide additional information
on the distribution of inhibitory concentrations for the population.

3.5. Effect of gene rpoS on the emergence of heteroresistance during sub-
lethal antibiotic treatment

With the ability to quantify MIC distribution in a large population of
cells and detect minority variants sensitively, our method can be used
to compare the emergence of heteroresistance in different cell types at
the single cell level and study how genetics are linked to phenotypical
differences in MIC. Specifically, for two cell types whose genetic dif-
ference is known, the difference in MIC distribution between the cell
types can reveal the role of their genetic difference in the development
of antibiotic resistance. To demonstrate the use of our method towards
mechanistic studies, here we used wildtype E. coli strain “WT” and its
isogenic rpoS deletion mutant “ΔrpoS” as model bacteria. The rpoS gene
encodes sigma factor-38 (σ38), which is the master regulator of the
general stress response in E. coli [52].

In this work, we treated WT and ΔrpoS with sub-lethal dose of
ampicillin (1 μg/mL) for 5 days, and determined the MIC change among
the populations every day during the antibiotic treatment. For both
untreated WT and ΔrpoS cells, the ensemble-average MICs of ampicillin,
norfloxacin, and kanamycin were 5 μg/mL, 0.1 μg/mL, and 10 μg/mL,
respectively. Fig. 6 shows that WT had an elevated MIC of ampicillin
and norfloxacin after a single day of sub-lethal antibiotic treatment,
while ΔrpoS had an elevated MIC of ampicillin and norfloxacin only
after 3 days of treatment. The higher rate of antibiotic resistance de-
velopment in WT than in ΔrpoS is consistent with previous study which
showed that sub-inhibitory ampicillin treatment increased the

Fig. 6. MIC distribution of (a) ampicillin, (b)
norfloxacin, and (c) kanamycin measured by
the microfluidic method after exposing (i) WT
and (ii) ΔrpoS to 1 μg/mL ampicillin for dif-
ferent number of days. For both untreated WT
and ΔrpoS cells, the ensemble-average MICs of
ampicillin, norfloxacin, and kanamycin were
5 μg/mL, 0.1 μg/mL, and 10 μg/mL, respec-
tively.
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expression of σ38 in WT, inducing higher mutation frequency in WT
than in ΔrpoS [53]. The higher mutation frequency would increase the
probability of adaptive mutations and cause a faster resistance devel-
opment in WT than in ΔrpoS. On the other hand, Fig. 6c shows that the
rate of kanamycin resistance development was slower in WT than in
ΔrpoS. After 5 days of sub-lethal antibiotic treatment, we observed that
the proportions of WT and ΔrpoS cells that had elevated MIC of kana-
mycin were 7.8× 10−3 and 0.66 of the population, respectively.

In general, these results for ampicillin were as expected, as stress
response-induced mutagenesis is thought to be important in the de-
velopment of antibiotic resistance, and ΔrpoS strains have less stress
response and therefore slower mutation rates [28]. However, the con-
verse result with kanamycin was unexpected. The stress response
regulated by rpoS is complex, and it is possible that mutations in cell
wall synthesis (ampicillin target) and protein synthesis (kanamycin
target) emerge differentially in the setting of stress-mediated muta-
genesis. Additional work is needed to better understand the molecular
basis of this interesting, differential result.

Nevertheless, this example illustrates that emergence of hetero-
resistance is a complex phenomenon with many unanswered mechan-
istic questions, for which this highly sensitive tool can be used for better
characterization. The high resolution of our method enables the early
distinction between WT and ΔrpoS when the fraction of resistant cells
was as low as 10−4 (e.g., on day 3 in Fig. 6b(ii)). This onset time would
have been missed using conventional methods with lower resolution
(e.g., digital PCR has a resolution of 10−3 only). Both the accurate
detection of the onset time of heteroresistance, as well as the precise
composition of the population will be critical for follow-on investiga-
tions to elucidate the fundamental mechanisms and quantitative mod-
eling of the evolution of heteroresistance. Such understanding could
yield new insights into the relationship between genotype and pheno-
type as well as the mechanisms and pace of heteroresistance emergence,
which could in turn inform antibiotic treatment strategies for mini-
mizing the risk of resistance emergence during therapy.

4. Conclusions

In this work, we have demonstrated: 1) the rapid phenotyping of
ABR at single cell level using droplet microfluidics, and 2) the ability to
quantify heteroresistance with a resolution as low as 10−6 of the entire
population. This high resolution enables the early detection of emer-
gence of heteroresistance arising from the exposure of cells to a sub-
lethal dosage of antibiotics. While this work has focused on the phe-
notyping of single cells, it is possible to integrate our method with the
sorting and subsequent sequencing of phenotypically resistant cells to
map the phenotypic behavior to the underlying genotypic patterns.

While prior work has described use of droplet microfluidics for
detecting antibiotic resistance, none of it reported the measurement of
heteroresistance and its evolution. In terms of the process flow of the
assay, we separated the process of antibiotics incubation from the
process of alamarBlue incubation to allow independent control of the
two steps. The separation of these two steps was not reported in prior
work, and was enabled by pico-injection of alamarBlue into drops that
already contained cells and antibiotics. Finally, the use of amphiphilic
nanoparticles instead of conventional surfactants as droplet stabilizer
was also a new feature in our work. The use of nanoparticles mitigated
the leakage of alamarBlue from drops, and allowed accurate measure-
ment of live cells using alamarBlue.

Fundamentally, the high resolution of our method, combined with
the speed we can perform the measurement, will ultimately enable the
elucidation of the details of when and how heteroresistance evolves
under different conditions. It will also lay the foundation for mathe-
matical models to predict the mechanism of heteroresistance. Such
understanding will in turn inform the best practices for the use of an-
tibiotics in a variety of settings from agriculture and aquaculture to
disease management. Clinically, the ability to quantify the composition

of a heterogeneous population of resistant and susceptible cells is
powerful, as it can inform therapeutic decisions that may be more ap-
propriate than that based on an ensemble-average MIC alone. Our
method thus holds the potential to improve patient outcomes and avert
selective pressure for the emergence of resistant bacterial populations.
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