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This paper describes a method for the quantitative detection of cells expressing

BlaC, a b-lactamase naturally expressed by Mycobacterium tuberculosis, intended

for the diagnosis of tuberculosis. The method is based on the compartmentalization

of bacteria in picoliter droplets at limiting dilutions such that each drop contains one

or no cells. The co-encapsulation of a fluorogenic substrate probe for BlaC allows

the quantification of bacteria by enumerating the number of fluorescent drops.

Quantification of 10 colony forming units per milliliter is demonstrated.

Furthermore, the encapsulation of single cell in drops maintains the specificity of the

detection scheme even when the concentration of bacteria that do not express BlaC

exceeds that expressing BlaC by one million-fold. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4928879]

I. INTRODUCTION

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), remains one of the

world’s deadliest infectious diseases with over a million deaths a year.1 A key challenge lies in

the diagnosis of TB.1 In recent years, a significant proportion of TB patients are co-infected

with HIV.2 HIV-co-infected patients, as well as children infected with TB, tend to have reduced

pulmonary bacterial loads.2 The front-line diagnostic test for TB based on acid-fast smear mi-

croscopy using sputum is not sufficiently sensitive for such cases: positive smear test requires

the presence of at least 5000 colony forming units per milliliter (or cfu/ml),3 and its sensitivity

varies from 20% to 80%.2 Isolation and culture of Mtb has a higher sensitivity—possessing a

detection limit of 10–100 cells3,4—than acid-fast smear does and has thus remained the gold

standard to diagnose TB. Cultures take 4–8 weeks to determine whether the sample is Mtb-pos-

itive,5 however. Culturing facilities are also poorly available in developing countries.

Immunoassays based on antibody or antigen detection are available but have been shown to

have poor sensitivities and specificities due to the large variability in immune response from

different patients.6,7 Polymerase chain reaction (PCR)-based assays are rapid (�2 h) with

improved sensitivity of �100 cfu/ml. The technology remains expensive, however, and cannot

distinguish patients with active TB from patients recently exposed to Mtb.6 These tests also

cannot differentiate live from dead cells due to the persistence of DNA after cell death.8

In this work, we use BlaC as the specific enzyme marker for TB diagnostics. Mtb naturally

expresses BlaC, an enzyme that belongs to the class A b-lactamase family.9,10 Complete genome

sequencing of more than 54 Mtb strains from numerous geographical regions demonstrates that
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BlaC is highly conserved in all Mtb clinical isolates.11 BlaC should, therefore, be a useful diag-

nostic marker for TB. Based on the hydrolysis of b-lactam, a number of fluorogenic and biolu-

minogenic probes have been developed for the detection of b-lactamase activity in vitro, in

living cells, and even in whole animals.12–16 Previous probes generally lack specificity for BlaC

in Mtb. Other b-lactamases such as the common TEM-1 b-lactamase (TEM-1 Bla) in gram-

negative bacteria can also hydrolyze these probes. This non-specificity reduces the probes’ utility

for TB diagnosis. We have recently reported a BlaC-specific fluorogenic probe (CDG-OMe)

based on chemically modified cephalosporins by taking advantage of the unique flexibility of the

BlaC substrate-specificity loop.17 This probe demonstrated 200-fold increase in fluorescence

upon hydrolysis by BlaC. While it was simple to obtain a positive result in the presence of cells

expressing BlaC, the quantification of cell concentration was time-dependent and less reliable.

Here, we describe the use of droplet microfluidics for the quantification of cells expressing

BlaC ultimately intended for the detection of TB. The approach is based on the co-encapsulation of

BlaC-specific fluorogenic probe CDG-OMe and bacteria sample in a large number (N¼ 108) of

picoliter droplets. To our knowledge, no prior work has applied droplet microfluidics for the detec-

tion of TB.18–22 The bacterial sample is prepared at a limiting dilution such that each drop contains

one or no cell. We use Escherichia coli (E. coli) expressing BlaC as a surrogate to characterize our

method and validate some of our results using Bacillus Calmette–Gu�erin (BCG), a strain of attenu-

ated Mycobacterium bovis. If cells expressing BlaC are present inside a drop, the probe is hydro-

lyzed to render the droplet fluorescent (Figure 1(a)). Enumerating drops that are fluorescent allows

us to quantify the initial concentration of cells. Combined with an automated droplet counting

scheme, we demonstrate the detection of cells at concentrations ranging from 10 to 107 cfu/ml. Our

lower detection limit is thus comparable to that of the gold standard based on cultures, which has a

detection limit of 10–100 cfu/ml but requires 4–8 weeks to turn positive.23 Furthermore, the encap-

sulation of single cell in drops maintains the specificity of the detection scheme even when the con-

centration of bacteria that do not express BlaC exceeds that expressing BlaC by one million-fold.

II. MATERIALS AND METHODS

A. Microfluidic systems

We used methods in soft lithography to fabricate microchannels in poly(dimethylsiloxane)

(PDMS).24,25 The microchannels were rendered hydrophobic by treatment with Aquapel

(Pittsburgh, PA) to avoid droplet wetting of the wall. We generated monodisperse droplets using

FIG. 1. (a) Chemical structure of the fluorogenic probe CDG-OMe. (b) Scheme of the microfluidic process flow consisting

of 3 parts: (i) Droplet generation and compartmentalization of the sample with probe CDG-OMe and lysis buffer B-PER.

(ii) Incubation of the drops for fluorescence to turn on. (iii) Detection of fluorescence from the drops.
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flow-focusing nozzles with a dispersity <1%.26 The continuous phase was a hydrofluoroether

HFE-7500 (3M, St. Paul, MN) containing a biocompatible EA-surfactant (RainDance

Technologies, Lexington, MA) (2% w/w), a PEG-PFPE amphiphilic block copolymer,27 to stabi-

lize the drops against coalescence. HFE-7500 was inert and permeable to gases and had been

shown to be compatible with cell cultures in drops. We used two separate inlets for the disperse

phase: one for the bacteria sample in 2-(N-morpholino)ethanesulfonic acid (MES) buffer (0.1M,

pH 6.6), and one for a mixture of the probe CDG-OMe (at 20 lM in MES buffer) and lysis buffer

“B-PER” (B-PERTM II Bacterial Protein Extraction Reagent (2X), Product No. 78260, Thermo

Scientific) at 96% of as-purchased bottle concentration. The flow rate ratio of the fluids pumped

into the two inlets was held at 1:1. The final concentration of the probe in a droplet was thus at

10 lM and that of B-PER was at 48% of the as-purchased concentration. The B-PER lysis buffer

was needed for improving the efficiency of fluorescence detection (more details in Sec. III. Results

and Discussion). The two inlets merged only at the flow-focusing nozzle (Figure 1(b)). All experi-

ments were performed at 20 �C. We generated drops using a standard flow-focusing nozzle (Figure

S1 in the supplementary material29). For experiments in Figures 3 and 4, droplet size of �30 pl

was used. The droplet generation rate was �1400 drops/s for a single device. The total sample

volume used was 0.2 ml to 1 ml. We collected the drops generated from the flow-focusing nozzles

into Eppendorf tubes and incubated them at 20 �C off-chip for 5–200 min.

B. Imaging of the drops

To image the drops (Figure 2), we injected the drops into a wide microfluidic channel and

imaged them using an inverted optical microscope and an Electron Multiplying Charge

Coupled Device (EMCCD) camera (Andor Technology, South Windsor, CT). For Figure 2(b),

we normalized all intensity measurements (I) using this equation: Inorm¼ (I� Imin)/(Imax� Imin).

The maximum intensity (Imax) was defined as the intensity when the enzymatic reaction was

complete (i.e., when the intensity was saturated) at t¼ 30 h (see Figure S6 in the supplementary

material29). Note this maximum intensity was the same for all drop sizes, as we used the same

channel for intensity measurements and the path length for fluorescence measurement was

fixed. The minimum intensity (Imin) was defined as the average intensity in negative drops at

t¼ 15 min. For Figure 2(c), we calculated the initial rate of fluorescence increase by finding the

slope of the initial linear portion of the curve.

C. Enumeration of fluorescent drops

For Figure 4, we prepared bacteria samples at concentrations of 10–107 cfu/ml by serial dilu-

tion from a concentrated bacteria culture (at 108 cfu/ml, verified by measuring the optical density

at 600 nm (OD600) using Nanodrop). We then generated 30 pl drops from these samples (0.2–1 ml)

following the methods described above. To count the number of fluorescent drops, we injected the

drops into a funnel-shaped channel consisting of a narrow constriction with a cross section of

30 lm � 30 lm, less than one droplet diameter (Figure S2 in the supplementary material29). The

reinjection rate was 1 ml/h, and the volume fraction of the drops upon reinjection was about 80%.

We focused UV light from a mercury lamp past an excitation filter onto the constriction

using a 20� microscope objective on an inverted microscope (Nikon Eclipse TE2000). We col-

lected the fluorescence from the drops from the same objective through an emission filter into a

photomultiplier tube (PMT) (Hamamatsu Product No. 56420001) (Figure 1(b)). A gain of 13.0 V

was applied to the PMT, and the output of the PMT was measured in voltages: a high voltage

corresponds to a high intensity value collected by the PMT. LabView and MATLAB scripts

were used to automate the acquisition and recording of voltage values from the PMT as a func-

tion of time for a duration of 5 to 60 min. A peak in voltage value corresponded to the presence

of a drop. Counting the number of voltage peaks allowed us to count the number of fluorescent

drops. A voltage peak was identified according to the following criteria: we generated drops

from a sample without bacteria (negative drops) and measured the output voltages using the

PMT (Figure S3, right, supplementary material29). We calculated the mean ( �Vnegative) and the

standard deviation (r) from these data. A threshold value Vth was set at Vth¼ �Vnegativeþ nr.
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n¼ 6 was used such that less than 1� erf nffiffi
2
p
� �

¼ 1:97� 10�9 of the negative drops had value

exceeding Vth. A large number of n was used here, so we had less than one false positive drop

when counting �3 � 107 drops for the sample at 10 cfu/ml. This threshold was then applied to

the sample with bacteria. Voltage peaks with values V>Vth were counted as a drop containing

E. coli expressing BlaC.

D. Expression of BlaC

In brief, pET28b-BlaC transformed BL21 strain was cultured in Luria-Bertani medium con-

taining 50 lg/ml of kanamycin at 30 �C until the OD600 reached 0.6–0.8. Expression of the

BlaC gene was induced for 20 h at 16 �C by the addition of 1 mM isopropyl b-D-thiogalactopyr-

anoside (IPTG). Cells were harvested and proteins were then purified using BugBuster protein

extraction reagent (Novagen) and Ni-NTA agarose bead (Qiagen) following the manufacturer’s

protocol (Wash buffer 1: 0.01M Phosphate-buffered saline (PBS buffer), 150 mM NaCl at pH

7.4. Wash buffer 2: 20 mM imidazole in 0.01M PBS buffer at pH 7.4; this washing step was

repeated 3 times. Elution buffer: 250 mM imidazole in 0.01M PBS at pH 7.4). After

FIG. 2. (a) Images of selected droplets containing E. coli expressing BlaC with CDG-OMe and B-PER, after an incubation

period of 15 min, 40 min, and 80 min, respectively. (b) Fluorescence signal from drops of various volumes containing a sin-

gle cell of E. coli expressing BlaC and drops of 28 pl containing BCG. Each data point represents the mean intensity value

collected from at least 10 drops. The height of the error bars represents one standard deviation from the mean. The inten-

sities were normalized to the saturating intensity when the enzymatic reactions were complete (see supplementary material

and Figure S6).29 (c) Initial rate of fluorescence turn-on as a function of droplet volume for the data presented in (b). The

line is a fitted curve to the data.
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purification, the eluted protein was further purified using PD-10 column (GE healthcare). Purity

was determined by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) (Figure S8 in the supplementary material29), and the concentration was determined by

Bradford assay kit (BioRad).

E. Cell culture

E. coli was cultured in Luria–Bertani medium until OD600 reached a value of 0.5–1. For

testing the specificity of probe CDG-OMe, we also used E. coli that does not express BlaC

(IDEXX-QC E. coli intended for water safety quality control, purchased from IDEXX

Laboratories). We refer to this E. coli as “wild-type E. coli” in Sec. III. Results and Discussion.

Mycobacterium Smegmatis was cultured in 7H9 medium with a 10% oleic acid albumin dex-

trose complex (OADC) and 0.25% Tween-80 until the culture reached the log phase

(OD600¼ 0.5–1). BCG was cultured in Middlebrook 7H9 Broth (Sigma, St. Louis, MO) supple-

mented with 10% albumin dextrose catalase (ADC) supplement (Sigma, St. Louis, MO) and

0.1% Tween-80 until the culture reached the log phase (OD600¼ 0.8–1).

F. Probe synthesis

Fluorogenic probes CDG-1 and CDG-OMe were synthesized according to procedures

described previously.28 Both probes contain Tokyo Green as the fluorophore. These probes

have been confirmed for their activity towards recombinant TEM-1 Bla and BlaC, respectively,

as reported previously.28

III. RESULTS AND DISCUSSION

A. Fluorescence detection in micro-droplets

To characterize the effect of droplet size on the rate of fluorescence increase, we used an

initial bacteria concentration such that each drop contained one or zero cell. Drops were gener-

ated by a microfluidic flow-focusing device26,29 (Figure 1(b); see supplementary material for

experimental design). The probe CDG-OMe and lysis buffer B-PER were co-encapsulated into

each drop. The lysis buffer did not impair the hydrolysis of the probe by BlaC. On the contrary,

the absolute intensity of fluorescence measured at a fixed time point in drops with B-PER was

higher than that without B-PER for E. coli expressing BlaC (Figure S4 in the supplementary

material29). B-PER enabled the mild extraction of proteins from bacteria and was effective in

facilitating the transport of the probe to the enzyme here, although the probe was already

designed to be cell-permeable. Furthermore, the enzyme extracted from bacteria allowed the

fluorophore Tokyo Green to be formed outside the cell and render the entire droplet fluorescent.

This ability was important in facilitating the counting of fluorescent drops using a simple

optical setup. We have thus used B-PER in all our subsequent experiments. We verified that

B-PER also lysed BCG (Figure S5 in the supplementary material29). Since BCG and Mtb are

both mycobacteria, we expect that B-PER would also be effective in lysing Mtb.

Figure 2 shows the effect of droplet size on the rate of fluorescence increase. For drops

that contained a cell, the rate of increase in fluorescence intensity increased with decreasing

droplet size as expected. We measured the initial rate of fluorescence increase v by finding the

slope of the initial linear portion of the curves. Figure 2(c) shows that v scaled nicely with the

inverse of droplet volume V, i.e., v�V�1. This scaling confirms that the primary effect of drop

size was indeed that of increasing the concentration of the cell (and the enzymes) inside the

drop. For drops that were 16 pl in volume, the fluorescence intensity reached 80% of its maxi-

mum value in about 150 min for E. coli expressing BlaC (Figure 2(b)). With our current imag-

ing system, the detection of a positive fluorescence signal (defined to be at an intensity level

that is 6 times the standard deviation of the noise level) can be achieved in less than 60 min.

We further validated our method using BCG in 28-pl drops and found that the fluorescence

turn-on rate was comparable with that of E. coli expressing BlaC (Figure 2(b)). The expression

level of BlaC in BCG may be different from the endogenous BlaC level in Mtb. The actual
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detection time for Mtb may be different from that shown here under similar conditions but is

still expected to be significantly shorter than the 4–8 weeks lag time required for the culture-

based method.

B. Specificity of the detection scheme

Contamination of patient samples with non-Mtb or environmental organisms can cause

false positives in the diagnosis. It was recently shown that a healthy lung contains diverse mi-

crobial communities.28 In patients with pneumonia caused by the infection of Streptococcus
pneumoniae, the concentration of S. pneumoniae can exceed 107 cfu/ml.28 In order to differenti-

ate Mtb from other micro-organisms and to avoid false positives, it is critical that our method

is specific to Mtb, or BlaC, only. Previously, we have shown the specificity and sensitivity of

our probe CDG-OMe for BlaC over its close class A homologue TEM-1 Bla, as well as over

b-lactamases produced by Pseudomonas, Staphylococcus, and the environmental mycobacterium

M. smegmatis.17 The probe CDG-OMe has more than 1000-fold selectivity of BlaC over its

close A homologue TEM-1 Bla, when the concentrations of BlaC and TEM-1 Bla are the same.

In actual patient samples, the concentration of Mtb (and thus BlaC) can be many times smaller

than that of other bacteria. The probe fluorescence intensity for 10 cfu of BCG was only 1.2

times higher than that of 105 cfu of other bacteria that expressed b-lactamase, including

methicillin-resistant Staphylococcus aureus (MRSA).17 Based on the enzyme kinetic parameters

for the hydrolysis of CDG-OMe by BlaC and TEM-1 Bla,17 we used a simple Michaelis-

Menten model to estimate the concentration of TEM-1 Bla above which the fluorescence turn-

on rate of CDG-OMe by TEM-1 Bla exceeds that by BlaC for a fixed probe concentration.

Figure 3(a) shows that when BlaC is equally concentrated as TEM-1 Bla, the probe fluores-

cence turn-on rate is 3800-fold higher for BlaC than for TEM-1 Bla (i.e., vBlaC

vTEM�1 Bla
� 3800,

where vBlaC and vTEM�1 Bla are the initial rates of product formation, or the rate of probe fluores-

cence turn-on, in the presence of BlaC and TEM-1 Bla, respectively). Such ratio diminishes to

1 when TEM-1 Bla is about 3800-fold more concentrated than BlaC, however.

This challenge can be overcome in droplet microfluidics when individual cells are compart-

mentalized into droplets. The effective concentration of a single cell in a drop is fixed and is

determined by the volume of the drop only, although the bulk concentration of non-BlaC

expressing cells is many times higher than that of BlaC-expressing cells. The use of droplets

for single-cell compartmentalization thus allows the original selectivity of the probe to be pre-

served at vBlaC

vTEM�1 Bla
� 3800. Figure 3(b) shows that when used with droplet microfluidics, the

specificity was indeed maintained in each drop. We were able to measure the concentration of

E. coli expressing BlaC accurately at 10 cfu/ml, when it was mixed with E. coli expressing

TEM-1 Bla or wild-type E. coli present at 106 times higher concentration than E. coli express-

ing BlaC.

C. Dynamic range of our method

We counted the number of fluorescent drops (Figure 4(a)) and compared with the number

of cells as detected by standard methods based on optical density (NanoDrop) and serial dilu-

tions of the bacteria sample (see supplementary material for details).29 Figure 4(b) shows a lin-

ear relationship between the measured concentration of cells and the input concentration of

cells over the range of 10 to 107 cfu/ml. In deriving the concentration of cells from the counted

number of fluorescent drops, we have accounted for Poisson statistics in the encapsulation of

cells in drops (see Note S1). The upper detection limit of our method is bounded by bacteria

concentration at which all drops become occupied by cells. For droplet volume of 10 pl, the

highest concentration of cells we can detect is approximately 108 cfu/ml, which should be

much higher than that needed in practical applications.

The lower detection limit of our method is, in theory, one fluorescent drop or one cell. At

very low concentrations of cells, the practicality of our method is limited by the speed of the drop-

let generation and interrogation process.30 For the sample at 10 cfu/ml, we used a sample volume

of 1 ml. At the flow rates used for a single droplet generator, it took about 6 h to generate the
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drops, much longer than the incubation time needed for the fluorescence signal to turn on. To

reduce the droplet generation time, current work is in progress to incorporate parallel droplet gen-

erators, which have been described by multiple groups where up to 512 parallel generators have

been reported.28,31–35 The use of a single droplet generator here did not change the principle of

our method, however. For the serial interrogation of the sample at 10 cfu/ml, we counted a total

of 1 ml of drops, which took about 1 h. We have recently shown that it is possible to count drops

in massively parallel format at a rate of �0.25 million drops/second.36 Given this rate, it would

require only 2 min to interrogate 1 ml of sample. The assay would then be rate-limited by the

kinetics of the probe and the enzyme. Current work is in progress to improve the light sensitivity

of this parallel interrogation scheme for use with the BlaC assay described in this paper.

IV. CONCLUSIONS

We have demonstrated a droplet microfluidics-based method for the quantitative detection

of cells expressing BlaC with intended application in the diagnosis of tuberculosis. The key

FIG. 3. (a) The calculated ratio of fluorescence turn-on rate of probe CDG-OMe by BlaC (vBlaC) and by TEM-1 Bla

(vTEM-1 Bla), when BlaC and TEM-1 Bla are mixed at different ratios ([TEM-1 Bla]/[BlaC]). When [TEM-1 Bla]/

[BlaC]� 103, the turn-on rate of CDG-OMe by BlaC equals that by TEM-1 Bla. The graph is calculated based on kinetic

parameters of CDG-OMe by BlaC and TEM-1 Bla, respectively. See text for details. (b) Measured concentration of E. coli
expressing BlaC using droplet microfluidics in three separate experiments: (i) 10 cfu/ml E. coli expressing BlaC

(E. coliBlaC) in MES buffer, (ii) 10 cfu/ml E. coli expressing BlaC mixed with 107 cfu/ml E. coli expressing TEM-1 Bla

(E. coliTEM-1 Bla), and (iii) 10 cfu/ml E. coli expressing BlaC mixed with 107 cfu/ml wild-type E. coli (E. coliWT). The

height of each bar represents the mean concentration collected from at least 3 experiments. The height of the error bars

represents one standard deviation from the mean.
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advantages of our method are (1) the ability to enumerate the number of cells with a lower

detection limit of 10 cfu/ml. This ability is useful not only for diagnosing TB but also for quan-

tifying the efficacy of therapeutic methods and measuring drug resistance. (2) It does not rely

on bacteria growth and is less susceptible to the risk of contamination by non-M. tuberculosis
cells than culture-based methods are.37 (3) It maintains the specificity of the probe regardless of

the concentration of non-Mtb cells present in the sample. The detection time can be further

reduced if photodetectors with increased sensitivity are used and when combined with parallel

droplet generation and interrogation schemes. While this work is not yet ready for point-of-care

applications, we have demonstrated the feasibility of the concept and have established a process

flow necessary for the subsequent design and development of an integrated system that com-

bines sample handling, microfluidics, and optical detection. To apply our method to actual spu-

tum samples, we intend to follow standard protocols suggested for the liquefaction of sputum,

for example, by adding N-acetyl-L-cysteine (NALC) as a mucolytic agent.3 As our method is

highly specific to bacteria generating BlaC only, we do not expect the addition of decontami-

nant agents—typically consisting of 1%–2% sodium hydroxide solution—to be necessary for

rendering non-Mtb bacterial contaminants non-viable, as the use of decontaminants is known to

kill a certain amount of Mtb.3 However, the detailed characterization of the effect of the pre-

processing steps of sputum on our assay results is out of the scope of the current work. Finally,

we expect our method to be applicable to other pathogen-induced diseases so long as a specific

fluorogenic probe is available.38 Current work is in progress to test our method on clinical

samples.

FIG. 4. (a) Fluorescence signal collected from drops generated from a sample containing E. coli expressing BlaC at a con-

centration of 106 cfu/ml after 3 h of incubation. The 9 arrows indicate the fluorescent peaks that correspond to 9 fluorescent

drops detected. The signal was obtained from a photomultiplier tube using the setup outlined in Figure 1(b). (b) Linear rela-

tionship between the experimentally measured bacteria concentration and the input bacteria concentration. Each data point

represents the mean value collected from at least 3 experiments. The height of the error bars is less than that of the data

point markers (see Table S1 in the supplementary material for details29).
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