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ABSTRACT: Preconcentration of pathogens from patient samples represents a great
challenge in point-of-care (POC) diagnostics. Here, a low-cost, rapid, and portable
agarose-based microfluidic device was developed to concentrate biological fluid from
micro- to picoliter volume. The microfluidic concentrator consisted of a glass slide
simply covered by an agarose layer with a binary tree-shaped microchannel, in which
pathogens could be concentrated at the end of the microchannel due to the capillary
effect and the strong water permeability of the agarose gel. The fluorescent Escherichia
coli strain OP50 was used to demonstrate the capacity of the agarose-based device.
Results showed that 90% recovery efficiency could be achieved with a million-fold
volume reduction from 400 μL to 400 pL. For concentration of 1 × 103 cells mL−1

bacteria, approximately ten million-fold enrichment in cell density was realized with
volume reduction from 100 μL to 1.6 pL. Urine and blood plasma samples were
further tested to validate the developed method. In conjugation with fluorescence
immunoassay, we successfully applied the method to the concentration and detection
of infectious Staphylococcus aureus in clinics. The agarose-based microfluidic concentrator provided an efficient approach for POC
detection of pathogens.

Developments in microfluidics have significantly improved
the way we perform high-throughput and low-cost

diagnoses of infectious diseases.1 A diagnosis system should
not only detect pathogens sensitively and accurately but also
include a novel module for sample preparation, which
significantly reduces the time required and improves the
throughput.2 Traditional processes of sample pretreatment,
preconcentration, and prolonged culture of the potential
pathogen often require hours or even days to complete.3,4

Rapid sample preparation and preconcentration of potential
pathogens from patient samples such as spinal fluid, blood, and
saliva are urgently needed in point-of-care (POC) infectious
disease diagnostics, especially for some uncultured bacteria.5

Sample preparation involves the purification and preconcen-
tration of infectious bacteria. Traditionally, concentration is
performed in the laboratory using commercial equipment such
as a centrifuge. However, the use of traditional equipment has
three disadvantages for POC testing. First, the centrifuge used
is not portable. Second, as the volume of sample grows smaller,
prevention of contamination becomes difficult. Finally,
concentration of bacteria in a microliter or even nanoliter
sample is still a challenge. In comparison to traditional
laboratory methods, microfluidic methods for bacteria concen-
tration are much more rapid, portable, sample-saving, and

labor-saving.6,7 Highly integrated microfluidic devices also avoid
sample contamination.
Existing microfluidic approaches for bacteria concentration

include immunological, electrodynamic, microfilter, and various
other methods. Some researchers have combined immuno-
magnetic particle methods with microfluidics for pathogen
isolation and detection, which provides a simple strategy for
effective and inexpensive disease detection.8,9

Several studies have previously succeeded in cell concen-
tration using electrodynamic methods.10−21 Since the bacterial
surfaces are negatively charged, manipulating cells to move in
microchannels is easy when exposed to an electric field.
However, electrodynamic methods require specific equipment,
including additional electrodes and accurate power supplies.
Such systems are not only expensive but also nonportable,
which is not suitable for the POC detection of infectious
bacterial diseases. Since the electrodynamic approach is
dependent on the surface charge of the infectious bacteria, it
is not suitable for all kinds of pathogens. Additionally, the
heterogeneity of individual cells also makes this method
uncontrollable.
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Microfilters have been used to trap and collect microbes
fabricated inside microfluidic channels.22−27 This method
requires the pore size of the porous monolith to be smaller
than the size of the infectious bacteria. During the enrichment
procedure, the solution passed through, while the bacteria were
trapped and enriched in the microchannel. A filter-based
immunofluorescence labeling microfluidic system was devel-
oped by Liu’s group for the rapid detection of microbial cells.27

Lay et al. designed a microfilter featuring a raindrop bypass
architecture for effectively trapping microbial cells.25 However,
these microfilter devices have some limitations, such as clogging
of the pores and difficulty in retrieving or dispensing the
trapped sample.
Various other methods have also been proposed including

μHall Chip,28 nanomaterial-based methods,29−31 the herring-
bone method,32 and the evaporation method.33 For instance,
Klapperich’s group has demonstrated a low-cost, disposable
polymer microfluidic sample preconcentration device that

utilizes evaporation.33 Their sandwiched architecture device is
composed of a top layer of PDMS sample solution, a porous
PTFE (TeflonTM) membrane layer in the middle, and a
pressure driven airflow in the bottom layer. Airflow is used to
enhance the evaporation of the sample solution and results in
the reduction of the overall fluid volume. Combined with
surface-enhanced Raman spectroscopy (SERS), this device
successfully detected the targeted bacteria. The SERS signal
intensity was a 100-fold enhancement of the signal from the
unconcentrated sample.
Here, an agarose-based microfluidic concentrator was built

for the rapid determination of the POC concentration of
bacteria. The agarose-based microfluidic concentrator was
fabricated using agarose with a microchannel of a binary tree
design.34 The agarose layer was then assembled with a square
filter paper and a glass slide to form the final device. One end of
the channel was blocked for cell collection. Due to the capillary
effect and the strong permeability of water in agarose gel, cells

Figure 1. (A) Schematic of agarose microchip fabrication. (B) Assembly of final agarose-based microfluidic device. (C) Schematic of the passive
bacteria concentration process.
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loaded in the reservoir port would flow into the microchannels.
In consequence, target cells were collected and concentrated at
the end of the microchannels. The system did not require an
external complex electric system or a precise pressure driven
system for liquid flow or gas flow. The capacity of the agarose-
based device was demonstrated. Recovery efficiency above 90%
was achieved with a million-fold volume reduction from 400 μL
to 400 pL. For concentration of 1 × 103 cells mL−1 bacteria, an
enrichment of 7 orders of magnitude in cell density was realized
with volume reduction from 100 μL to 1.6 pL. The device was
also validated with urine and plasma samples. Finally, plasma
samples collected from clinical patients were tested, and the
detection of infectious S. aureus was achieved using the agarose-
based concentrator coupled to an immunofluorescence assay.
The agarose-based microfluidic concentrator was rapid,
inexpensive, and simple to use and, more importantly, had a
high efficiency, thus providing a new method for the POC
diagnosis of pathogens.

■ MATERIALS AND METHODS
Materials and Reagents. Chemicals such as agarose,

K2HPO4, KH2PO4, Tryptone, Yeast extract, NaCl, BSA, and
sodium azide were purchased from Sinopharm Chemical
Reagent (Shanghai, China). Rabbit Anti-E. coli DH-5 Alpha/
FITC (bs-2033R-FITC) and Rabbit Anti-Staphylococcus Enter-
otoxin B/FITC (bs-10722R-FITC) were purchased from
Beijing Biosynthesis Biotechnology Co., LTD (Beijing, China).
LB media (1% Tryptone, 0.1% Yeast extract, and 1% NaCl)

was prepared for cell culture. Rabbit Anti-E. coli DH-5 Alpha/
FITC (bs-2033R-FITC) and Rabbit Anti-Staphylococcus Enter-
otoxin B/FITC (bs-10722R-FITC) were diluted 100-fold in
stock solution (0.01 M phosphate-buffered saline (PBS), 1%
BSA, 0.1% sodium azide, pH = 7.4) before use. Water used for
all the solutions preparation was purified by the Direct-Q
system (Millipore, Bedford, MA, USA) and filtered with 0.45
μm sterilized syringe filters prior to use.
Agarose Chip Design and Fabrication. The design of

the passive agarose-based microfluidic concentrator is shown in
Figure 1A. An array of microchannels and binary tree structure
was designed and fabricated using agarose gel. A rapid
prototyping method was performed to fabricate the agarose
chips as precisely reported.34 Briefly, a standard soft-lithography
technique was used to fabricate the SU-8 1070 molds on a
silicon wafer n type <100>. The agarose layer was made of 2%
agarose. After being cured at room temperature, the agarose
sheet was peeled from the silicon wafer. To assemble a final
concentrator, a PDMS sheet was bonded to the glass slide
irreversibly, while a folded filter paper and the agarose sheet
was adherent to the glass slide reversibly (Figure 1B). One of
the channel ends was used as cell inlet, while the other was
closed for the collection of target bacteria. The space between
PDMS structure and agarose structure was the reservoir port
working as the inlet. Folded filter paper was used as the
collection ports for liquid absorption.
Sample Preparation. Three different microbial cells, E. coli

DH-5 Alpha, E. coli OP50, and S. aureus were selected as the
model microbes. To prepare the bacteria samples, 100 μL of
frozen cultured bacteria suspension was incubated in 15−20
mL of media in a 25 mL flask, shaken at 200 rpm at 36 °C
overnight. Before concentration, 1 mL of liquid culture was
centrifuged at 10 000 rpm for 1 min. The pellet was
resuspended in 100 μL of LB media. This exchange of media
ensured removal of impurities and cell debris.

The concentration of original sample of microbial cells was
measured using a bacteria hemocytometer. Then, E. coli OP50
was adjusted to the desired organism density prior to use.

Optical Imaging and Image Analysis. An inverted
fluorescence microscope (IX71, Olympus, Japan) attached
with a CCD camera (Evolve 512, photometrics, USA) was
employed for imaging. A filter cube of U-MWIB2 (460−490
nm band-pass filter, 505 nm diachronic mirror, 510 nm high-
pass filter, Olympus, Japan) was used for monitoring the
change in fluorescence intensity.
Acquired images were analyzed using Image Pro Plus 6.0

(MediaCybernetics, Silver Spring, MA, USA). The background
image was obtained from a blank microfluidic chip. After the
background image was subtracted from the sample image, the
fluorescence intensity of the target area was measured
automatically using Image Pro Plus 6.0.

Rapid Passive Bacteria Concentration. A novel passive
microfluidic method was used for the concentration and
collection of bacteria. First, the bacteria suspension was
logarithmically diluted. Diluted sample solution was then
pipetted into the inlet of the microchannels. Due to the
capillary effect, the sample added in the reservoir port flowed
passively into the microchannel (shown in Figure 1C and Video
S1 (ac5026623_si_002.avi), Supporting Information). The
target infectious bacteria were automatically collected and
concentrated in the ends of the microchannels (Video S2
(ac5026623_si_003.avi), Supporting Information).
The agarose-based microfluidic concentrator could then be

reused. After each run, the device was disassembled and rinsed.
Before the next use, the absence of residual cells was confirmed
using a microscope.

On-Chip Immunofluorescence Labeling. Sample bac-
teria were added to the inlets of the microchannels, followed by
100 μL of rabbit Anti-E. coli DH-5 alpha/FITC. After a 30 min
incubation, filtered PBS was added to the reservoir port for
rinsing and washing. The final rinsing step was performed three
times to ensure the removal of residual rabbit Anti-E. coli DH-5
alpha/FITC. Control groups, using S. aureus as a negative
control without antibody, and a negative control without
bacterial cells were also tested.

Device Storage. The fabricated device was put in a Petri
dish together with a wet filter paper. A cling film was used to
wrap the Petri dish before the packaged device was stored in a
refrigerator at 4 °C. Typically, the agarose-based device can be
kept for two months in the refrigerator. All of the materials
were sterilized prior to use.

■ RESUTS AND DISCUSSION
Method Validation. Before the experiments, a theoretical

investigation was carried out for understanding the concen-
tration process using the agarose-based microfluidic chip
(Supporting Information). The recovery efficiency was
examined to validate the capability of the passive agarose-
based microfluidic concentrator. Recovery efficiency was
defined as the ratio of the fluorescence intensity of bacteria
concentrated into a final volume, divided by the initial
fluorescence intensity of the initial sample solution. Concen-
tration of bacteria using microchannel arrays was first carried
out, exploring the use of the capillary effect and the good water
permeability of the agarose (Figure S1, Supporting Informa-
tion). Results showed good recovery efficiency for samples with
initial concentrations ranging from 1 × 104 to 1 × 108 cells
mL−1.
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To further evaluate the passive agarose-based microfluidic
concentrator, a binary tree structure was designed and
fabricated on the agarose layer of the device. As shown in
Figure 2A, the root channel (one end of binary tree) was used

for cell concentration, while the leaf channels (64 parallel
channels at the other end of the binary tree) were used for cell

loading. Figure 2B shows the details of the terminal of the
binary tree chip. The size of each channel was 20 μm (width
and height). The concentration of bacteria was performed using
the binary tree structure. The collected bacteria are shown in
Figure 2C (bright field) and Figure 2D (fluorescence image).
The recovery efficiency of the binary tree structure was
validated. The results showed that a 400 μL initial volume of
bacteria solution at various concentrations (5 × 104, 1 × 104, 5
× 103, 3 × 103, and 1 × 103 cells mL−1) was concentrated into
0.4 nL in the root channel in 30 min with >90% efficiency.
Here, we discussed the reasons for the good performance of

the agarose-based microfluidic concentrator. To achieve high
recovery efficiency, the whole sample remained in the device
due to it having a dead-end design. The main influence on the
recovery efficiency was the adsorption and adhesion of bacteria.
Agarose is an ideal material for this purpose because it resists
the adsorption and adhesion of bacteria.35,36 An agarose-based
device with a dead-end design provided high recovery
efficiency. However, one potential disadvantage of this
agarose-based device might be the increasing time consumption
related to the larger sample volume (shown in Figure S2,
Supporting Information). The enrichment of a 100 μL sample
could be completed in less than 5 min. Meanwhile, the
enrichment of a 500 μL sample might take approximately 20
min. For cell concentration, a continuous capillary force-driven
flow ensured the continuous concentration of bacteria in the
sample. The use of water-absorbent material at the collection
port in the end of the agarose-based chip was very important.
Compared to microfilter methods, this agarose-based method
did not suffer from clogging. Clogging in microfilter devices
significantly increases the hydrodynamic resistance, which
reduces flow rates and requires a large pressure. In this
agarose-based device, clogging did not prevent the concen-
tration of bacteria for two reasons: the agarose channel walls
work as microfilters, and the driving action is provided by
capillary force. In conclusion, the dead-end design, the use of
agarose-based materials that resist the adsorption of bacteria,
and the nonstop concentration process contributes to the good
performance.

107-Fold Concentration of Bacteria. Since infected blood
may contain as low as 1−10 CFU mL−1 of microbial
pathogen,37−41 the detection of low abundant pathogens is a
challenging task. Here, the efficiency of low concentration
sample enrichment was tested by counting the bacteria
collected at the ends of the microchannels. Logarithmic diluted
bacteria suspensions (103, 105, and 107 cells mL−1) were used
as sample solutions. The concentration procedure was
performed as described above. After concentration, cells in
the terminals of the channels were counted. The final cell

Figure 2. (A) Binary tree designs of an agarose-base microfluidic chip.
(B) Optical image of the root microchannel. (C) Optical image of cells
after bacteria concentration. (D) Fluorescence image of cells after
bacteria concentration. (E) Recovery efficiencies using suspensions
with different initial concentrations. Scale bar, 200 μm.

Figure 3. Fluorescence images of bacteria after concentration in the end of the microchannels. (A) Results of bacteria suspension with initial
concentration of 107 cells mL−1. (B) Results of bacteria suspension with initial concentration of 105 cells mL−1. (C) Results of bacteria suspension
with initial concentration of 103 cells mL−1.
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density was calculated as the number of cells divided by the
volume in the terminals of the microchannels. The bacteria
collected are shown in Figure 3. Figure 3A presents the results
for an initial concentration of 107 cells mL−1 and shows that the
ends of the microchannels were full of OP50. Figure 3B
displays the results for an initial concentration of 105 cells
mL−1. A large amount of OP50 was collected and enriched at
the end of the microchannels, but the channel was not full.
Figure 3C shows the result for an initial concentration of 103

cells mL−1. Only a few bacteria were collected at the end of the
channel. The OP50 bacteria collected at the end of the
microchannels were counted. About 20 E. coli OP50 were
trapped in the terminal, which were 4 μm in length and 20 μm
in both width and height. The final cell density was calculated
to be approximately 1010 cells mL−1. To summarize, results
showed that a 107-fold concentration was rapidly achieved
using the agarose-based microfluidic concentrator. This experi-
ment was finished in less than 10 min. To validate its
reproducibility, the experiments were repeated three times
using three different devices.
Dynamics of the Concentration of Bacteria. The

dynamics of the concentration of bacteria were validated
using three different initial concentrations. The results are
shown in Figure 4. Bacteria concentration experiments were
performed using three samples with different initial concen-
trations (8 × 105, 8 × 104, and 8 × 103 cells mL−1). The
intensity of fluorescence was summed over a measurement
window specified by the rectangle in Figure 4A. Figure 4A−E
presents time sequence images of the E. coli OP50 collected in
the agarose microchannel (also shown in Video S3
(ac5026623_si_004.avi), Supporting Information). As shown
in Figure 4F, the intensity of fluorescence increased in a stable
manner over 140 s. The time point 0 s was the point at which
the sample solution was added into the inlets of the
microchannels. The intensity of fluorescence increased when
the target bacteria flowed into the root channel. For the
concentration of the sample with the highest initial cell density
(8 × 105 cell mL−1), a fluorescence peak was observed at 45 s.
At that time, the highlighted rectangular region was filled with
collected bacteria. More bacteria were collected in the branch
channels. As shown in Figure 4F, a decrease in the intensity of
fluorescence occurred following the peak point. The reasons for
this might include the dispersion of bacteria in the collection
region and fluorescence bleaching. For initial concentrations of
8 × 104 and 8 × 103 cells mL−1, the intensity of fluorescence
increased at a consistent rate in a stable manner. The increasing
rate was determined by the initial concentration of bacteria. A
higher initial concentration ensured that more bacteria flowed
into the root channels within a certain period of time.
Analysis of Urine and Blood Plasma Samples. To

evaluate the practical applicability of the agarose-based
microfluidic concentrator, the system was applied to the
concentration of bacteria in urine samples and plasma samples.
The plasma was extracted from healthy male volunteers. The
extraction time of blank urine from the donor (a healthy male)
was about noon before lunch was consumed. Stock standard
solutions with bacteria was prepared in PBS buffer and diluted
to the final concentration with a blank urine sample and a blank
plasma sample. Weak adhesion of the bacteria to the channel
walls was observed only in the terminal of the binary tree near
the collection region in both the urine samples and the plasma
samples. The dynamics of the concentrations of the urine
samples and the plasma samples were compared to a standard

sample as shown in Figure 5A (initial concentration of 5 × 105

cells mL−1). For the urine sample, no significant difference was
observed between the standard sample and the urine sample.
The concentration of the plasma sample showed a little
difference in performance from the standard and the urine
samples. First, the concentration of the plasma sample started
at ∼43 s, which was ∼30 s later than the standard and the urine
samples. A steep rise in the fluorescence was only observed for
the plasma sample at 43 s. Furthermore, the concentration
speed of the plasma sample reached a platform after 100 s,
which remained intact for the standard and the urine samples.
A possible reason for the above observations might result from
the high viscosity of the plasma, leading to slower concentration
of bacteria. However, the adhesion of bacteria to the
microchannel walls was not significant, thanks to the non-
adsorption of agarose to bacteria.
Concentration from the urine samples and the plasma

samples of various cell densities was further performed to
investigate the performance of the developed method for
detecting bacteria in plasma and urine samples. Bacteria
suspensions were diluted to 70, 7 × 102, 7 × 103, and 7 ×
104 cells mL−1. As a result, bacteria with a concentration as low

Figure 4. Dynamics of bacteria concentration. (A−E) Time
sequencing images of automatic bacteria concentration. (F) Dynamics
of bacteria concentration using different samples with various initial
concentrations. Scale bar, 60 μm.
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as 70 cells mL−1 were detectable in the urine and the plasma
samples (shown in Figure 5B). Thus, our results indicated that
the agarose-based microfluidic concentrator was suitable for
urine samples and plasma samples.
Clinical Application. For the analysis of clinical samples,

bacteria need to be specifically labeled for optical detection and
quantification. Prior to clinical application, detection of
pathogens using the fluorescence immunoassay was conducted
using standard samples. E. coli DH-5 alpha was concentrated in
the end of the microchannel, and Anti-E. coli DH-5 alpha/FITC
was then added into the microchannel to label the cells. After a
10 min rinsing procedure, enriched bacteria were examined
under a fluorescence microscope. As shown in Figure S3,
Supporting Information, E. coli DH-5 alpha was successfully
detected. Clinical samples were further tested. Clinical samples
were collected from different patients in the Liyuan Hospital,
Tongji Medical College, Huazhong University of Science and
Technology. Four samples were collected from patients
infected with S. aureus. Once the blood samples were collected,
plasma was separated from the whole blood. For controls, three
plasma samples from healthy male donors were obtained. All
clinical samples were prelabeled with Anti-Staphylococcus
Enterotoxin B/FITC and added to the inlets of the microfluidic
chips. After automatic concentration, a PBS buffer was added to
remove residual labeling reagents. Figure 6 showed the results
for S. aureus before (Figure 6C,D) and after (Figure 6A,B) the
concentration process. All patient samples gave us positive
results using the developed method. The concentration results
for the control group are shown in Figure 6E,F without the
observation of pathogens, which all gave us negative results.
Thus, our detection results were 100% consistent with those
obtained from the clinical diagnostics.
Conventional test for pathogen detection involved prolonged

culturing of patient samples, which might take 4−7 days to
carry out the tests. In contrast, the POC tests using our device
could be completed in 30 min. Our method has shown the
advantages of reduced analysis time, simplicity to use, labor

savings, and low cost, providing a new strategy for POC testing
of pathogens.

■ CONCLUSIONS
The agarose-based microfluidic chip described in this paper
utilizes capillary effects and the permeability of agarose to
concentrate microvolume biological samples to pico-volumes in
minutes. The fabrication procedure of this device is simple and
cheap. It enables the rapid concentration of bacteria at an
extremely low cost with high recovery efficiency (above 90%)
and good performance. For concentration of 1 × 103 cells mL−1

bacteria, an enrichment of 7 orders of magnitude in cell density
was achieved. To further validate the capability of our method
to clinical application, detection of S. aureus in a patient plasma
sample was demonstrated.
Our agarose-based microfluidic method is inexpensive,

simple, rapid, and easy to use. The whole agarose-based device
did not require an external electric or pressure-driven system.
Its simplicity makes it convenient to integrate into other
microfluidic systems, including complicated modules such as
sample preparation and detection. The agarose-based micro-
fluidic concentrator might represent a powerful novel tool for
infectious bacteria detection and point-of-care testing.
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