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Abstract Effective treatment of infectious diseases depends
on the ability to rapidly identify the infecting bacteria and the
use of sensitive antibiotics. The currently used identification
assays usually take more than 72 h to perform and have a low
sensitivity. Herein, we present a microbead-based microfluidic
platform that is highly sensitive and rapid for bacterial detec-
tion and antibiotic sensitivity testing. The platform includes
four units, one of which is used for bacterial identification and
the other three are used for susceptibility testing. Our results
showed that Escherichia coli O157 at a cell density range of
10'-10° CFU/uL could be detected within 30 min. Addition-
ally, the effects of three antibiotics on E. coli O157 were
evaluated within 4-8 h. Overall, this integrated microbead-
based microdevice provides a sensitive, rapid, reliable, and
highly effective platform for the identification of bacteria, as
well as antibiotic sensitivity testing.
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Introduction

Infectious diseases are a leading cause of death [1, 2].
Over 95 % of these deaths are caused by the lack of
proper diagnosis and treatment [3]. Conventional
methods of diagnosis are time-consuming and cumber-
some. In addition, these methods are not feasible for
synchronous or high-throughput screening. Therefore, it
is critical to develop a tool for shortening the time
necessary to identify infectious pathogens and an effec-
tive antibiotic regimen for treatment.

Microfluidics is an attractive platform for rapid and
multiple analysis [4—12]. Immunomicrobeads coated with
a specific antibody for the target pathogen provide a
simple and direct method to capture and enrich the target
pathogen. This capture/enrichment method (referred to as
immunocapture) increases the effective concentration of
the bacterium and allows target bacteria to accumulate on
the surface of microbeads. This technique has been com-
monly used for pathogenic separation and detection in
microfluidic devices [6, 7]. Similar techniques, such as
magnetic immunomicrobeads, have also been used for
rapid functional analysis and susceptibility screening [8,
9]. However, these methods lack the capacity for high-
throughput screening and the implementation of
multiplexed biological assays. Here, we introduce an
immunomicrobead-based microfluidic device that can be
used for both rapid bacterial identification and antibiotic
sensitivity testing. This technology offers at least two
advantages: (1) two assays (bacterial identification and
drug sensitivity testing) can be performed with a single
microfluidic platform and (2) each assay can be per-
formed using a low-density bacterial sample. This tech-
nology will reduce the time needed and increase the
efficiency to diagnose bacterial infections, eventually en-
abling patient-specific antibiotic regimens.
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Materials and methods
Microfluidic chip fabrication

The schematic representation of the microfluidic chip is
shown in Fig. 1 A. The microfluidic chip consists of four units
sharing a common outlet. One unit was utilized for the iden-
tification of bacteria in a sample (unit @) and the other three
units (units b, ¢, and d) were used to test the susceptibility of
bacteria to three different antibiotics in parallel. Figure 1B
shows the details of unit @, which includes a sample inlet (1.5-
mm diameter) and a capture chamber. The capture chamber
(2 mmx4 mmx100 pum) is enclosed by many cuboid
micropillars (black dotted line). The distance between neigh-
boring micropillars is 60 pum and it was designed to hold a
single layer of glass microbeads (average diameter=70 pm;
Mianyang Guangyao New Material Co., Mianyang, Sichuan,
China). Figure 1C shows the details of unit b, which consists
of a linear concentration gradient generator (CGG), five down-
stream parallel mixture chambers, and the corresponding mon-
itoring chamber. The unit has two inlets (1.5-mm diameter),
used for medium, drug, or bacterial solution perfusion, and the
corresponding cascade microchannels (10 mm=200 pmx
100 um). The CGG utilized diffusive mixing to generate a
mixture of the two inlets at the cascade microchannels and
could generate gradient concentrations of 0:1:2:3:4 theoretical-
ly based on the formula in a previous research [11]. Unit b also
has two clips (clip 1 and clip 2) that serve as valves to control
the liquid stream in the upper and lower microchannels. The
workflow of units a and b/c/d is illustrated in Figs. 1D, E. With
the entire device, bacteria could be identified, and then the
susceptibility of bacteria to three antibiotics could be tested.

The microfluidic device was fabricated with polydimeth-
ylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, MI,
USA), and the assembly was placed on a glass slide to create
an irreversible seal. The microfluidic device was sterilized
overnight with UV light. Nonspecific interactions between
the chip surface and cells or antibiotics were minimized by
coating the walls of the fluid layer and the glass coverslip with
1 % bovine serum albumin.

Validation of the microfluidic chip

To validate the feasibility of the microfluidic platform for
biological studies, Escherichia coli O157 at the same initial
concentration was cultured in 96-well plates and in the
microfluidic chip. The growth states of the bacterial cells were
monitored by recording the optical density at a wavelength of
600 nm every 2 h during a period of 16 h. In addition,
rhodamine 123 (Rh-123, Sigma Aldrich, St. Louis, MO,
USA) was used to validate the performance of the CGG.
Culture medium with or without 50 mM Rh-123 was intro-
duced into a chip unit (units b, ¢, or d) from the drug and

@ Springer

Fig. 1 Schematic of the integrated microfluidic device for bacterial P
identification and antibiotic sensitivity testing. A Diagram (leff) and a
picture (right) of the microfluidic device. B Enlarged diagram of unit a. C
Enlarged diagram of unit 5. D Workflow of unit a. (D Bacteria were
injected into the unit. @) The bacteria mixed with the antibody (AB)-
coated microbeads to form microbeads—bacteria complexes. (3) A
mixture of monoclonal rabbit anti-Escherichia coli antibody (1:100
dilution, Abcam) and FITC-conjugated goat anti-rabbit polyclonal
antibody (1:200 dilution, Santa Cruz Biotechnology) was injected into
the unit, and the fluorescence intensity was measured using a
fluorescence microscope. E) Workflow of units b, c, or d. (D Bacteria
were injected into the mixture chamber. (2) Antibiotics [norfloxacin
(12.8 pg/mL), ceftriaxone (8 png/mL), or ampicillin (80 pg/mL)] were
then injected into the microchannels to generate a series of gradient
concentrations of the antibiotic. 3) SYBR green I, a fluorescence dye
that only stains live cells, was added to the mixture chambers. @ The
mixture of the bacteria, antibiotic, and SYBR green dye was allowed to
mix with AB-coated microbeads to form microbeads—bacteria
complexes. (B The fluorescence of SYBR green was captured by a
fluorescence microscope and the fluorescence intensity was measured

medium inlets; a series of solutions containing different con-
centrations of Rh-123 were formed in the winding
microchannels before entering the corresponding downstream
mixture chambers. The junctions between the CGG and the
mixture chambers were imaged with an inverted fluorescence
microscope (Leica, DMI4000), and the fluorescence intensi-
ties of the Rh-123 were quantified and compared with the
theoretical data.

Bacterial cell culture

E. coli O157 (ATCC 35150, ATCC, Rockville, MD, USA) was
used as the target bacteria. E. coli (ATCC 25922) and Staphy-
lococcus aureus (ATCC6538) were used as control strains to
evaluate the specificity for pathogenic identification. Bacterial
strains were routinely cultivated in brain heart infusion (BHI)
broth (Remel, Lenexa, KS, USA), and bacterial concentrations
were determined by the standard plating count method (PCM).

Identification of E. coli 0157 on the microfluidic chip

Immobilization of antibodies on microbeads was conducted as
described previously [13]. To identify whether the microbeads
have the ability to capture E. coli 0157, 1 uL (10° CFU) of
bacterial solution was incubated with the coated microbeads in
the capture chamber for 5 min to form a bacteria—microbead
complex through immunoreactions. The microbeads were
observed by a scanning electron microscope (SEM) (Quan-
ta™ 650 FEG, USA).

The capture efficiency of chip unit « for different concen-
trations of E. coli O157 was tested using the PCM. Briefly, the
glass microbeads were divided into experimental groups (coat-
ed with antibody) and control groups (not coated). First, 5 mg
of the glass microbeads suspended in 100 pL of phosphate-
buffered saline were injected into the chamber via a syringe
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pump (Baoding Longer Precision Pump Co., Ltd., China) to
form a microbead monolayer in the capture chamber. Next,
1 uL of an E. coli O157 suspension with concentrations rang-
ing from 10" CFU/uL to 10° CFU/uL was injected into the unit
slowly. The capture efficiency of the microbeads was calculat-
ed according to the following formula:

Capture rate of chip unita(%) = (Initial cell concentration—Cell concentration at outlet)

/Initial cell concentration x 100%(cell concentrationwasmeasured by the PCM)

Image processing and analysis

Images were taken using an inverted fluorescence microscope
(Leica, DMI4000) with a 10x0.3 NA objective equipped with
a CCD camera (Retiga 2000R, QImaging). FITC or SYBR
green was imaged at an excitation wavelength of 490—
495 nm and an emission wavelength of 525-530 nm.
Fluorescence intensity was measured using Image-Pro®
Plus 6.0 software (Media Cybernetics, Silver Spring,
MD, USA). The fluorescence signal from the unoccu-
pied immunomicrobeads was considered as background
and subtracted from the signal.

Statistical analyses

To evaluate the reliability of the experimental results, each
experiment was repeated at least three times. Data were pre-
sented as means+standard deviation. A paired Student’s ¢-test
was used to compare the study groups. Significance was
defined at p<0.05. All statistical analyses were performed
using SPSS 12.0 software (SPSS Inc.).

Results
Validation of the microfluidic chip

To validate the feasibility of the microfluidic platform
for biological studies, we monitored the growth of
E. coli O157 cultured in the microfluidic chip and
compared it with that grown in 96-well plates. As
shown in Fig. 2A, the growth curve for E. coli O157
cells in the chip was in close agreement with that in the
96-well plate for a period of 16 h. The statistical anal-
ysis showed that there were no significant differences
between the two curves (p>0.05).

Fig. 2 Validation of the (A) o 2.5
microfluidic chip. A The growth &)

curves of Escherichia coli O157 nf 20
cultured in the microfluidic chip = ’

and a 96-well plate over a period

of 16 h. B Performance validation 1.5
of the concentration gradient
generator (CGG) in the

microfluidic device. a
Fluorescence intensities of

1.0
rhodamine 123 (Rh-123) in the 0.5 f-

—— 96-well plate
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CGG and the mixture chambers
[/=5 represent mixing channel 1 0 o 2

(close to the medium inlet) to
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respectively]. b Quantified
comparison of the actual and
theoretical data for the
fluorescence intensity of different
concentrations of Rh-123 solution
generated by the CGG
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To validate the CGG in the microfluidic device, the exper-
imental gradient values were compared with the theoretical
values, using Rh-123 as an indicator. There was good agree-
ment between the experimental and theoretical data (correla-
tion coefficient=0.9953) (Fig. 2B), indicating the feasibility
of the CGG.

Identification of E. coli O157 on the microfluidic device

An SEM was used to examine whether the antibody-
coated microbeads have the capability of capturing bac-
teria. As shown in Fig. 3, a large amount of E. coli
0157 was present on the surface of a microbead select-
ed randomly, indicating that the microbeads had a high
capacity for specific capture.

The capture efficiencies of E. coli O157 cells in the exper-
imental groups and the control groups were examined. As
shown in Fig. 4, for the experimental groups, the cap-
ture rate was 85-92 %, with the bacterial concentrations
varying from 4x10' CFU/uL to 4x10° CFU/uL. The
capture rate was only 61.41 % when the bacterial con-
centration reached 4x10° CFU/uL. This finding was
probably because the amount of bacteria in the sample
was much larger than the number of antibody sites on
the glass microbeads. For the control groups, the cap-
ture rates were all below 20 %, which was ascribed to
nonspecific adsorptions. These results suggest that the
antibody-coated microbeads provide ideal capture effi-
ciency when the bacterial sample concentrations range
from 4x10' CFU/uL to 4x10° CFU/uL.

We further validated the capture efficiency and spec-
ificity by fluorescence imaging of the FITC-labeled
secondary antibody. Images were taken, and the fluores-
cence intensity of the bacteria at various concentrations
was measured. As shown in Fig. 5A, the bacterial
concentration was directly proportional to the fluores-
cence intensity. Furthermore, as shown in Fig. 5B, there

Fig. 3 Scanning electron
microscope (SEM) pictures of

E. coli O157 attached to a random
anti-E. coliO157 antibody-
modified microbead: A
magnification, x1,800; B
magnification, x5,000
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Fig. 4 The capture rates of the coated microbeads for various samples at
different concentrations. The results were expressed as mean+standard
deviation. The differences between the experimental groups and their
corresponding control groups were statistically significant (p<0.05)

was a correlation between the bacterial concentration
and the immunofluorescence measurement. These data
demonstrate that our platform can be used for the quan-
titative determination of bacterial concentrations ranging
from 10" to 10° CFU/uL, with high sensitivity.

The bacterial specificity was also assayed. As controls,
E. coli (ATCC 25922) and S. aureus (ATCC 6538) diluted to
the same concentration as E. coli 0157 (10° CFU/uL) were
tested. As shown in Fig. 5C, bright fluorescence was observed
with E. coli O157, but almost no fluorescence was seen from
the two control strains, indicating that our platform could
specifically recognize E. coli O157.

Antibiotic susceptibility of E. coli O157

We employed chip units b, ¢, and d to test the susceptibility of
E. coli O157 to norfloxacin, ceftriaxone, and ampicillin. For
norfloxacin, the gradient concentrations were 0 (control
group), 1.6, 3.2, 4.8, and 6.4 ug/mL; for ceftriaxone, they
were 0 (control group), 1, 2, 3, and 4 pg/mL; and for

(B)

@ Springer



2228

Eur J Clin Microbiol Infect Dis (2014) 33:2223-2230

(A)

©)

Fig. 5 Capture efficiency and specificity of the microfluidic device. A
Fluorescence images of the capture chamber with different concentrations
of E. coli O157 suspensions. a—e The representative concentrations of
E. coli 0157 samples were 4x10° CFU/uL, 4x10* CFU/uL, 4x
10® CFU/uL, 4x10> CFU/uL, and 4x10" CFU/uL, respectively. f

ampicillin, they were 0 (control group), 10, 20, 30, and
40 pg/mL. With the increasing concentration of each
antibiotic, an apparent change in the fluorescence signal
was observed within 4-8 h (Fig. 6). These results indi-
cated that both norfloxacin and ceftriaxone inhibited
bacterial growth effectively, in a statistically significant
dose- and time-dependent manner, whereas E. coli 0157
was resistant to amipicillin when the concentration was
less than 30 pg/mL (Fig. 6).

The three antibiotic sensitivity tests were also determined
by an absorbance-based assay performed in 96-well plates.
The results were consistent with those obtained on the
microfluidic platform. However, the 96-well plate assay takes
a much longer time and consumes larger amounts of reagents
(data not shown).

Discussion
In this study, we present a rapid and effective

microbead-based microfluidic platform that could be
used for both bacterial identification and antibiotic
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sensitivity testing. Using this system, E. coli O157
could be distinguished from 1 pl of sample with a
concentration of 10'-10° CFU/uL within 30 min. The
antibiotic susceptibility to three antibiotics could be
tested within 4-8 h. Unlike many microfluidic devices
used currently [7, 14-16], another advantage of our
system is the integration of four chip units into a
multifunctional platform to enable multiple assays. As
a result, the whole process from bacterial identification
to relational antibiotic susceptibility testing could be
carried out on a single platform, which greatly im-
proves the application efficiency.

Sensitivity is a major concern in evaluating a
microfluidic platform. Compared with previous detection
platforms, we made some improvements to increase the
sensitivity. First, the use of microbeads increases the
surface area for antibody immobilization. Thus, the
immunocapture efficiency was higher (85-92 %) than
offline immunomagnetic separation, whose capture rates
are 44-86 %, or the planar methods, whose capture
rates are 21 % [17, 18]. Second, we modified the depth
of the capture chamber, making it larger (100 pum) than
the diameter of the beads (70 um), so the beads could
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be aligned as a monolayer in the capture chamber. This
design maximized the optical accessibility of bacteria to
the detection light, and high fluorescence signal strength
was achieved. Third, the use of CGG provided the
advantage of automatically generating gradient concen-
trations of antibiotics. It greatly enhanced the efficiency
of the antibiotic susceptibility tests and, therefore, en-
hanced the clinical applicability of this platform.

In summary, we demonstrated a microbead-based platform
for rapid bacterial identification and antibiotic susceptibility
testing. The presented immunocapture technology marks an
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essential step towards this versatile platform for the integra-
tion of microbead- and cell-based assays. With this platform,
the assay time was shortened from a typical 72 h to 8.5 h for
the whole process. This integrated and flexible microfluidic
platform has the potential to be incorporated as a routine
clinical test device used for the early diagnosis and treatment
of infectious diseases.
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