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Rapid point-of-care concentration of bacteria in a disposable microfluidic
device using meniscus dragging effect†
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We report a low cost, disposable polymer microfluidic sample preparation device to perform rapid

concentration of bacteria from liquid samples using enhanced evaporation targeted at downstream

detection using surface enhanced Raman spectroscopy (SERS). The device is composed of

a poly(dimethylsiloxane) (PDMS) liquid sample flow layer, a reusable metal airflow layer, and a porous

PTFE (Teflon�) membrane sandwiched in between the liquid and air layers. The concentration

capacity of the device was successfully demonstrated with fluorescently tagged Escherichia coli (E. coli).

The recovery concentration was above 85% for all initial concentrations lower than 1� 104 CFU mL�1.

In the lowest initial concentration cases, 100 mL initial volumes of bacteria solution at 100 CFU mL�1

were concentrated into 500 nL droplets with greater than 90% efficiency in 15 min. Subsequent tests

with SERS on clinically relevant Methicillin-Sensitive Staphylococcus aureus (MSSA) after

concentration in this device proved more than 100-fold enhancement in SERS signal intensity

compared to the signal obtained from the unconcentrated sample. The concentration device is

straightforward to design and use, and as such could be used in conjunction with a number of detection

technologies.
1. Introduction

Conventional sample preparation for the diagnosis of many

infectious diseases involves prolonged culture of the potential

pathogen from a patient sample, such as stool, blood, or nose/

throat swabs.1,2 The culture and growth of infectious bacteria or

virus is a risky practice for personnel in contact with the samples,

and thus has to be carried out in a strictly controlled environment

by experienced technicians. Furthermore, it often takes hours or

days to complete. There is an urgent need for a point-of-care

(POC) infectious disease diagnostic platform that satisfies the

criteria listed by the World Health Organization: simple-to-use,

rapid, low-cost, sensitive, accurate, specific, and robust.3 The

major components of such a system should include a sample

preparation module to improve or replace current methods, and

substantially reduce the time to answer. Such a platform will also

include a fast and accurate detection method. Several groups

have used surface enhanced Raman spectroscopy (SERS) as

a powerful tool to generate species-specific spectra for detection

of biologically relevant levels of bacteria or viruses.4–6 Currently,

empirical SERS spectra are collected and compared with

a library using clustering analysis to achieve microbial species

identification.6,7 The focus of this paper is a POC microfluidic
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bacterial sample preparation module aimed at concentrating

bacteria samples into small interrogation volumes for SERS

detection. The efficiency of the system is verified by conventional

plate counts combined with fluorescent image processing and

SERS.

Sample preparation can entail purification, concentration and/

or enrichment of the sample depending on the requirements of

the downstream analysis. Here, we are starting with a purified

sample (bacteria in buffer only) and focusing only on concen-

tration. For biologically relevant levels of pathogen to be

detectable in a small volume as is required for SERS detection,

the microfluidic has to concentrate the number of pathogens into

a small sample for interrogation. Concentration is easily

accomplished in a laboratory setting with equipment such as the

centrifuge. However, as the size of the pathogen becomes smaller,

the centrifuge required becomes less portable, prone to

contamination, and too labor intensive for the POC. Micro-

fluidics can be a powerful solution for portable POC sample

preparation by decreasing the amount of time needed for

concentration, reducing the possibility for sample contamina-

tion, and by generally saving expensive reagents.

Two main approaches have been taken to concentrate samples

using microfluidics: one is to capture or collect pathogens from

the fluid flow using either specific or non-specific targeting, and

the other is to reduce overall fluid volume while conserving the

number of target pathogens.

Electrodynamic methods are often used. These include capil-

lary electrophoresis (CE), dielectrophoresis (DEP), electro-

osmotic flow (EOF), and isoelectric focusing (IEF). All of the

methods involve manipulating sample flow using an electric

field.8–12 Bacterial surfaces are negatively charged, so they are

conveniently manipulated to move towards the positive ionic
Lab Chip, 2010, 10, 3265–3270 | 3265
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region in electrophoresis. However, electrodynamic methods

often suffer from the drawbacks of complicated setup of external

electrodes, power supplies, and other electric circuitry. The

dependence on the surface charge of the pathogen of interest

makes it difficult to adapt to different types of samples or mixed

samples. In the case of SERS detection, the addition of

a conductive buffer to the sample to generate EOF may also

disturb the intrinsic surface properties of the bacteria required to

obtain a spectral signature.

Incorporating microfilters inside a microfluidic channel has

been used to trap microbes.13,14 The microfilter can be based on

thermoplastic polymer and have the 3D configuration of

a porous monolith, through which samples larger than the pore

size cannot pass. The monolith pore size can be adjusted by the

relative amount of the monomer and the porogens. When

the pore sizes are properly tuned, a monolithic microfilter can

potentially be a cell trapping or concentrating device. The limi-

tations of such an approach are clogging of the pores by the

sample, and difficulty retrieving or dispensing the trapped

samples for subsequent analysis.

Many microfluidic devices have been demonstrated that utilize

evaporation to pump, pattern, crystallize, or concentrate

microspheres, proteins, viruses, toxins, or electrolytes.15–20 The

device built by Walker and Beebe19 is a simple channel with

a ‘‘reservoir port’’ and a ‘‘collection port’’. The reservoir port and

the channel are pre-filled with the liquid sample. As evaporation

happens at the collection port, water flows from the reservoir

port to the collection port to compensate for the liquid loss into

the air. The analyte particles are dragged by the bulk fluid flow

towards the collection port as liquid evaporates. This device is

especially simple to fabricate and to use. However, passive

evaporation in this case is very slow, so it is not practical to

concentrate fluid volume in the magnitude of hundreds of

microlitres in a reasonable time. Sharma et al.17 introduced

a sample concentration device using convective gas flow for rapid

isothermal evaporation of water. In their prototype, analyte

concentration enhancement is achieved via fluid volume reduc-

tion. While the input volumes can be quite large, the final

concentrated volume is limited by the total channel volume of the

device. This device was not tested using any biological analyte. In

the current study, concentration of the sample volume is ach-

ieved through both volume reduction of the fluid and the

meniscus dragging effect, leading to a small volume of concen-

trated sample at the end of the channel path.

Compared to current microfluidic sample concentration

methods, including electrodynamics and filtration, both of which

separate the sample from the fluid flow, evaporation micro-

fluidics are simpler to fabricate and more flexible to assemble

without excessive accessories. Specifically, our approach does not

introduce conductive buffer which can disturb the intrinsic

surface properties of the pathogen, which are required for SERS

detection. The large surface area to volume ratio in the microfluidic

features leads to fast volume reduction and analyte concentration

due to the evaporation induced meniscus dragging effect.
Fig. 1 Sample, liquid, and air mass exchange transfer during evapora-

tion.
2. Theory

The device harnesses the combined power of convective gas flow,

a partial pressure gradient, mass transfer, and capillary surface
3266 | Lab Chip, 2010, 10, 3265–3270
tension to evaporate fluid from the sample and deliver a tiny

volume of concentrated analyte to a specific area.
2.1. Mass transfer of the fluid

Fig. 1 illustrates the working principle of the device. The micro-

evaporation device includes a liquid sample layer and a gas flow

layer, between which a hydrophobic porous membrane layer is

sandwiched. The convective gas flow reduces the pressure in the

gas flow layer, a behavior dictated by Bernoulli’s principle. As

a result, there is a vapor pressure gradient across the liquid/gas

interface at the porous membrane that drives evaporation of the

liquid from the liquid stream to the gas stream. The vapor

pressure is directly proportional to its mole fraction in the

gaseous mixture. The governing equation for this phenomenon

is:

_m ¼ kxA
XA0 � XAN

1� XA0

(1)

where ṁ is the rate of evaporation, A is the area of the exchange

surface, kx is the convective mass transfer coefficient, XA0 is the

mole fraction of liquid vapor at the liquid/gas interface, and XAN

is the mole fraction of liquid vapor in the gas stream.20 By

treating the liquid/gas interface as a horizontal plate, the mass

transfer coefficient kx can be calculated by Eqn (2):19

kx ¼ 0:54

"
L3r2

f gzf DxA

m2
f

 
y

D

!
f

#0:25

cf D

L
(2)

where cf is the molar concentration of gas, D is the diffusion

coefficient of liquid through gas, L is the characteristic length of

the liquid/gas interface, rf is the density of gas, g is the gravita-

tional constant, zf is the concentration coefficient of volumetric

expansion for gas, DxA is the difference in mole concentration of

liquid vapor at the liquid/gas interface and in the gas stream, mf is

the viscosity of air, and n is the kinematic viscosity of air.

As a result of the depleted liquid over the sample during mass

transfer through evaporation, the liquid forms a meniscus which

moves in the top liquid channel towards the sealed outlet.
This journal is ª The Royal Society of Chemistry 2010
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2.2. Mass transfer of the analyte in the liquid

The biological analyte, here bacterial cells, can be assumed to be

micrometre or sub-micrometre particles suspended in the liquid.

Their movement is dominated by the bulk liquid flow and

capillary immersion force,21 as diffusion along the concentration

gradient against the direction of fluid flow is too small to be

significant.19 The hydrodynamic force due to liquid flow to

compensate for the evaporation drags the analyte along with the

liquid meniscus. Meanwhile, as seen in Fig. 1, the attractive

capillary immersion force F between the analyte particles cause

them to pack closely.21 As a result, analyte is collected and

concentrated at the liquid meniscus, and moved along as evap-

oration continues.
3. Materials and methods

3.1. Device design and fabrication

The device presented here includes a poly(dimethylsiloxane)

(PDMS) liquid sample layer and a metal airflow layer, with

a hydrophobic porous Teflon� membrane (PTFE unlaminated

membrane filter 1 mm, Sterlitech, Kent, WA) layer sandwiched in

between (Fig. 2). Fabrication of the silicon-photoresist mold

followed standard photolithography techniques.22 Specifically,

400 Si wafers (University Wafer, MA, USA) were cleaned by

sonication in acetone, methanol, and water for 2 minutes each,

and blown dry with nitrogen. SU8 2050 photoresist (Micro-

Chem, MA, USA) was spin-coated on the cleaned wafer at

1665 rpm for 30 seconds, followed by a soft bake at 65 �C for

5 minutes and then at 95 �C for 20 minutes. The wafer was then

exposed to 365 nm UV light at 350 mJ cm�2 for 140 seconds.
Fig. 2 Two layered design of the evaporation microfluidics. Left: top 3D v

channel layer, the PDMS sample flow channel layer, separated by the Teflon�
the completed assembly. From top to bottom: the PDMS liquid channel, Teflo

an aluminium enclosure. The expanded view of the device layers shows the d

700 mm wide. The airflow channel was 1.27 cm deep and 500 mm wide.

This journal is ª The Royal Society of Chemistry 2010
Post-exposure bake was 1 minute at 65 �C and 10 minutes at

95 �C. The photoresist feature was developed in SU8 developer

(MicroChem, MA, USA) for 8 minutes. Final channel features

were 100 mm thick and 700 mm wide.

Conventional soft lithography techniques were used to fabri-

cate the liquid channel layer.23 Poly(dimethylsiloxane) (PDMS,

Sylgard 184) was purchased from Dow Corning. The base and

hardener were mixed at 10 : 1 w/w and degassed for 30 minutes.

The degassed mixture was poured directly over the silicon-

photoresist mold and left to cure at room temperature for

24 hours.

The airflow layer was composed of a 1.27 cm thick stainless

steel (SS) piece with cut through channel pattern, and an

aluminium closure, sealed with silicone gasket (all from

McMaster Carr, NJ, USA). The channel pattern on the stainless

steel was cut with wire EDM. The final air channel was 1.27 cm

deep and 500 mm wide. An airflow passage was created by drilling

a hole on the side of the stainless steel part, which fits a connector

to the vacuum pump.

The Teflon� (PTFE) laminated membrane, 1 mm pore size

self-adhered to the PDMS liquid layer to form a channel. The

liquid channel was then aligned and lightly pressed against the SS

air channel; later applied vacuum pressure holds the entire layers.

The complete system is shown in Fig. 2.

3.2. Bacteria preparation and handling

To prepare the bacteria samples, approximately 100 mL of frozen

culture were incubated in 15–20 mL of LB media in a 25 mL

flask, shaken at 250 rpm at 37 �C for 16 hours. A fresh inocu-

lation was done by transferring 5 mL of the first incubation to 15–

20 mL of LB media in a 25 mL flask, shaken at 250 rpm at 37 �C
iew and picture of each component, including the stainless steel airflow

(PTFE) porous membrane. Right: cross-sectional view of each layer after

n� porous membrane, the stainless steel gas channel, silicone gasket and

imension of the design. The sample flow channel was 100 mm deep and

Lab Chip, 2010, 10, 3265–3270 | 3267
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Fig. 3 Results of the concentration microfluidics; top: fluorescence

image of concentrated E. coli at the end of the channel; the images show

the last 1 cm of the channel. Bottom: concentration–efficiency from

different initial bacteria concentrations.
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for 6 hours. Before evaporation experiments, 2 mL of the liquid

culture from the second inoculation were centrifuged at 10 000

rpm for 1 minute. The pellet was resuspended in 200 mL of

ultrapure sterilized water (Simplicity UV System, Millipore, MA,

USA). This exchange of media from LB media to ultrapure

sterilized water by centrifugation ensured that SERS was

probing the intrinsic property of the pathogen surfaces, unaf-

fected by chemical components in the culture media. A serial

dilution of the culture in water was prepared.

Standard bacteria counting technique was used to find the

concentration of the original samples of Escherichia coli K-12

(12-4500, ATCC, Manassas, VA) and Methicillin-Sensitive

Staphylococcus aureus (MSSA) (25904, ATCC, Mananssas, VA).

For E. coli, 3.7% w/w of the LB agarose (EMD, NJ, USA) was

mixed with DI water, boil to dissolve, then autoclaved to ster-

ilize. The liquid agarose was poured to make LB gel plates and

cooled in room temperature. For MSSA, Mannitol Salt Agar

plates (Fisher Scientific #B21173X, USA) were purchased. For

both bacteria, after serial dilution, 100 mL of each concentration

were spread over the corresponding gel plate in triplicate, left to

dry in room temperature, and incubated inverted at 37 �C

overnight. The CFU counts in the next day allowed back

calculation of the original concentration of the bacteria.
3.3. E. coli concentration and recovery efficiency

The evaporation microfluidic was tested with E. coli samples for

recovery efficiency, defined as the ratio of bacteria concentrated

into a volume of 500 nL divided by the initial number of bacteria

in 100 mL of starting sample.

To visualize the bacteria concentration, E. coli was stained

with fluorescent Live/Dead� BacLight� Bacterial Viability Kit

(Molecular Probes, OR, USA). Specifically, for each 1 mL of E.

coli resuspended in DI water, 3 mL of the dye were added. The

stained bacteria were incubated for 15 minutes in the dark at

room temperature. After incubation, the stained bacteria were

centrifuged at 10 000 rpm for 1 minute to remove excessive dye.

The pellet was resuspended in 1 mL of ultrapure sterilized water.

To operate the microfluidic concentrator, a vacuum pump was

connected to an air outlet, such that air was pumped in from the

ambient through desiccators to the airflow channel at a pressure of

30 in Hg (see ESI† for demonstration of device operation). After

serial dilution, starting from the lowest concentration, a 100 mL

drop of fluorescent E. coli sample was pipetted to the inlet and

allowed to completely fill the sample flow channel, driven by the

negative pressure built inside the channel through the porous

membrane. After the sample had filled the entire channel, fluid

from the sample was continuously evaporated, causing the fluid

meniscus to travel along the channel. The evaporation was stopped

by turning off the vacuum pump when the sample volume reached

500 nL at the end of sample flow channel. Fluorescence images of

the outlet and along the channel were taken. Three images of the

terminal 1 cm of the channel for initial E. coli concentrations 4.5�
105, 4.5 � 106, and 4.5 � 107 CFU mL�1 are shown in Fig. 3. All

other regions of the channel did not fluoresce. After each run, the

channels were washed in running DI water and ethanol, such that

no residual fluorescence was confirmed using microscope before the

next run with higher concentration of E. coli. The fluorescent images

were processed with ImageJ (http://rsb.info.nih.gov/ij/) to calculate
3268 | Lab Chip, 2010, 10, 3265–3270
the ratio of fluorescence intensity in the terminal 7.14 mm (500 nL/

100 mm/700 mm) of the channel versus in the entire channel. The

fluorescence intensity was subtracted by the area-averaged back-

ground, and normalized to the exposure time and the gain. The

fluorescence intensity was calibrated to represent bacterial concen-

tration, thus used to calculate the recovery efficiency.
3.4. SERS measurement on MSSA

MSSA was selected as an example of clinically relevant bacteria,

to test the effect of the evaporation microfluidics on the SERS

detection sensitivity. Starting from the lowest concentration,

100 mL MSSA were evaporated in the device, as described in

the E. coli concentration section, until 300 nL remained. After

evaporation had stopped, the PDMS–Teflon� liquid layer was

detached from the stainless steel air layer. The Teflon�
membrane was separated carefully from the PDMS with twee-

zers. The concentrated sample near the end of sample flow

channel was collected with a pipette and dispensed onto the

SERS substrate. In parallel, a 300 nL drop from the original

sample, without any evaporation, was also dispensed onto

a second SERS substrate. The SERS substrate used was fabri-

cated using an in situ reduced sol–gel method as previously

detailed.6 The active substrate consists of clusters of gold nano-

particles sized around 50–100 nm on the surface of a silicon

dioxide matrix. The substrates are 2 mm in diameter. The drops

were left to dry in air at room temperature for 5 min.

To perform SERS on the bacteria, a 785 nm diode laser irra-

diated an area of 2 mm by 20 mm at a power of 2.5 mW. All SERS

spectra and images were obtained with 10 seconds of integration

time and 50� objective in a Renishaw Raman microscope (model

RM-2000). Fig. 4a shows the SERS spectra of the 2 � 106 and

2� 104 CFU mL�1 MSSA dilutions before concentration. Fig. 4b

shows the same SERS spectrum of 2 � 106 CFU mL�1 before

evaporation, and the spectra for the 2 � 104, 2 � 103, 2 � 102
This journal is ª The Royal Society of Chemistry 2010
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Fig. 4 SERS spectra from before and after evaporation. (a) SERS spectra of 2 � 106 and 2 � 104 CFU mL�1 MSSA before concentration by evap-

oration. (b) SERS spectrum of 2 � 106 CFU mL�1 before evaporation, and those of 2 � 104, 2 � 103, 2 � 102 CFU mL�1 initial dilution MSSA after

concentration by evaporation.
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CFU mL�1 starting dilutions of MSSA after concentration by

evaporation.
4. Results and discussion

The goal of evaporation concentration for SERS is to preserve

as many living bacteria cells as possible, while reducing the fluid

volume. In Fig. 3, the total fluorescence in the channels

increased as initial concentration of bacteria increased. For

high initial concentrations, bacteria adhered to the channel wall

and left a long tail of fluorescence behind near the outlet. This

effect is likely due to the higher probability of a pathogen

touching the wall in a more concentrated sample. Bacteria left

behind on the channel wall were considered loss in the process.

Two approaches were implemented in the design to minimize

this loss.

First, the shape of the liquid meniscus is strongly affected by

the hydrophobicity of the material that makes up the fluid

channel. It can be parabolic in the case of a hydrophilic

material, or flat in the case of a hydrophobic material. The

capillary force between the analyte and the liquid pushes the

analyte from the thick to the thinner fluid layer, moving it

closer to the region in contact with the channel wall. A para-

bolic meniscus profile is unfavorable as more analyte is likely

to be left behind on the channel wall in the long thin part of

the meniscus as liquid is evaporated instead of being carried

along with it, due to the increased interactions of the analyte

with the wall in these constrained conditions. To prevent

analyte loss due to adhesion to the microchannel wall, the

channel material should be hydrophobic. In this case, the

(untreated) PDMS and Teflon� that form the channel are

both hydrophobic materials.

Second, in this design, the air channel is 500 mm wide, while the

liquid channel is 700 mm wide, 200 mm wider than the gas

channel. It was important to note that when convective gas flows,

the Teflon� membrane deflects toward the gas channel,

increasing the liquid channel height, and causing a capillary

effect again drawing fluid and bacteria towards the narrower
This journal is ª The Royal Society of Chemistry 2010
region close to the channel wall. When the liquid channel was

narrower, even though some deflection of the membrane still

occurred, the fluid and bacteria were confined to the central

500 mm of the channel, away from the walls, preventing some of

the loss.

Furthermore, it is widely known that high initial concentration

samples are not clinically relevant. Patients with high concen-

trations of infectious bacteria in the body would usually be given

a high dose of broad spectrum antibiotics in the emergency room.

Diagnoses are likely made based on clinical symptoms, instead of

pathological results. Therefore, patient samples containing low

bacterial concentrations are the major concerns for early stage

diagnostics. Significant loss of bacteria was not observed for low

initial concentration tests. Fig. 3 shows the percentage recovery

efficiency versus initial bacteria concentration. The recovery

efficiency was above 85% for all initial concentrations lower than

1 � 104 CFU mL�1. In the lowest initial concentration cases,

100 mL initial volumes of bacteria solution at 100 CFU mL�1

were concentrated into 500 nL droplets with greater than 90%

efficiency in 15 min at room temperature, showing the func-

tionality of the device.

As seen in Fig. 4a, there was no characteristic SERS signal

detectable for the 2 � 104 CFU mL�1 MSSA dilution or lower

before concentration by evaporation. The chance that any laser

irradiated area of 2 mm by 20 mm would line up with both

a bacterium and a SERS ‘‘hot spot’’ is too low at these condi-

tions. Because there will be a total of approximately 6 CFU in

300 nL at this dilution.

After evaporation, as seen in Fig. 4b, both 2 � 104 and 2 � 103

CFU mL�1 initial dilutions of MSSA produced the expected

characteristic SERS spectra. The shapes of the spectra are

virtually identical with those of the 2 � 106 CFU mL�1 MSSA

samples before evaporation. The signal intensity of the 2 � 104

CFU mL�1 spectrum was over 100-fold enhanced after evapo-

ration compared to before evaporation. In addition, the intensity

of the concentrated 2 � 104 CFU mL�1 sample was nearly as

strong the 2 � 106 CFU mL�1 MSSA before evaporation spec-

trum. The peak at 730 cm�1 was approximately 0.76 (a.u.) after
Lab Chip, 2010, 10, 3265–3270 | 3269
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evaporation, compared to less than 0.89 � 10�2 (a.u.) before

evaporation. This supports the hypothesis that the evaporation

microfluidics preserved the bacteria in the original 100 mL of 2 �
104 CFU mL�1 sample (containing an absolute CFU count of

approximately 2 � 103), and concentrated it into 300 nL of

volume, reaching a concentration close to 106 CFU mL�1.
Conclusion

The device described in this paper used enhanced evaporation to

concentrate volumes of hundreds of microlitres of a biological

fluid into nanoliters as a matter of minutes. Compared to elec-

trophoresis which requires the addition of high salt buffers, the

method preserves the surface charges on the bacteria, which is

important to obtaining a consistent and characteristic SERS

signal from our substrates.6 We have demonstrated rapid

concentration of live bacteria in a low cost and disposable

microfluidic device. It was very simple to fabricate and assemble,

and is efficient. Using this device, the concentrated bacteria

samples produced significantly higher SERS signals when

compared to samples that were not concentrated.

The current design allows for the evaporation to run until the

desired final volume is reached at the sample outlet. Therefore,

the extent of concentration is flexible and can be modified,

depending on the point when the pump is turned off. Viral

samples, in addition to bacterial samples, could be concentrated

in this device to avoid the use of a costly large-scale ultracen-

trifuge. Furthermore, integrated microfluidics including this

concentration device as a sample preparation module could be

developed.
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