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Highly efficient preconcentration is a crucial prerequisite to the identification of important protein

biomarkers with extremely low abundance in target biofluids. In this work, poly(dimethylsiloxane)

microchips integrated with 10 nm polycarbonate nanopore membranes were utilized as high-speed

protein accumulators. Double-sided injection control of electrokinetic fluid flow in the sample channel

resulted in highly localized protein accumulation at a very sharp point in the channel cross point. This

greatly enhanced the ability to detect very low levels of initial protein concentration. Fluorescein

labeled human serum albumin solutions of 30 and 300 pM accumulated to 3 and 30 mM in only 100 s.

Initial solutions as low as 0.3 and 3 pM could be concentrated within 200 s to 0.3 and 3 mM,

respectively. This demonstrates a �105–106 accumulation factor, and an accumulation rate as high as

5000/sec, yielding a >10� improvement over most results reported to date.
Introduction

Biological sample preparation is of great significance for protein

identification. For most commonly used diagnostic methods,

such as immunoassay and liquid chromatography-mass spec-

trometry (LC-MS), it is still very challenging to detect target

proteins with pico- to femto-molar levels. Moreover, it is critical

to minimize the clinical sample amount to insure that the donor/

patient health is not compromised. Common lab-top nano-

filtration can only achieve hundred-fold enrichment using

high-speed cooling centrifuges, and requires �1 ml samples.

Therefore, it is very important to develop techniques that

maximize the quality and utility of bio-specimens for molecular

analysis of clinical samples.1

Microfluidics is an excellent tool for biopolymer manipula-

tion.2 It only consumes micro- to nano-liter samples, provides

superior fluid control, good compatibility with biological

samples (such as on-chip cell and tissue cultures).3 Microfluidics-

based integrated biochemical analysis includes DNA extraction

and amplification,4 electrophoresis separation,5 and molecular

immunoassay.1

Microfluidic-based methods are also highly promising for

protein enrichment. The primary traditional methods have been

solid phase extraction (SPE)6 and electrophoretic mobility

gradient induced concentration (EMGIC).7 SPE is one type of

surface affinity, usually driven by pressure. SPE is a convenient

preconcentration approach to couple with a micro-LC system.

However, the solid phase fabrication and modification proce-

dures in SPE are complicated and time-consuming, and they

become even more so in microchannels because of space limita-

tions. EMGIC is electrically driven and operates based on

differences in buffer concentration, conductance or pH, such as
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isotachophoresis (ITP) and isoelectric focusing (IEF). EMGIC is

compatible with microchip electrophoresis process. In EMGIC,

careful tuning of buffer parameters is necessary. To date,

enrichment of a few thousand-fold has been most commonly

reported,7 which is not sufficient for detection of super-low

protein targets.

With the development of MEMS, nanopores can be incor-

porated in microdevices as required.8 When the effective

nanopore size is smaller than the effective size of protein

molecules, the proteins driven by an electric field will be sepa-

rated and concentrated based on the size exclusion effect.7

Various nanofilter materials and fabrication approaches have

been tested, such as crosslinked polymer plug9 and hydrogel,10

silica gel,11 Nafion� film,12 PDMS13 and polyethylene tere-

phthalate (PET)14 breakdown nanogap, and PDMS/glass

interface.15 Membranes with larger (> 40 nm) nanopores have

also been used,16–19 serving as concentration polarization units

to concentrate proteins. These nanofilters operate based on the

dynamic balance between the bulk electro-osmotic flow (EOF)

and the molecule electrophoretic mobility.19,20 Usually, in-situ

nanofilter generation is time consuming and access to special

instruments is needed, both of which will increase the chip cost

significantly. Most importantly, several dozens of minutes and

even hours are needed for a significant concentration effect. For

example, million-fold protein enrichment over a period of �1

hour has been reported16 with a nanofluidic filter. This is much

longer than for other microfluidic approaches, where only a few

(1–2) minutes are needed for chip protein electrophoresis or

chromatography.

In this work, polycarbonate track etched (PCTE) nanopore

membranes sandwiched in PDMS microdevices were utilized as

highly efficient protein nanofilters. PCTE membranes are

commercially available, with a narrow nanopore diameter

distribution (< 20%), and wide diameter range from 10 nm to 30

mm. These membranes have superior mechanical strength and are

relatively thin (�6–10 mm). As the membrane is integrated in the

PDMS microfluidic chip, the nanopores are accessible by

molecular diffusion and electric field controlled flow. PCTE
This journal is ª The Royal Society of Chemistry 2009

http://dx.doi.org/10.1039/b823409d
http://pubs.rsc.org/en/journals/journal/LC
http://pubs.rsc.org/en/journals/journal/LC?issueid=LC009013


Pu
bl

is
he

d 
on

 2
7 

M
ar

ch
 2

00
9.

 D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ita

et
 M

ue
nc

he
n 

on
 2

6/
07

/2
01

3 
22

:3
1:

02
. 

View Article Online
membranes have been previously used as electrically actuated

valves,21,22 and for flow control allowing diffusion and prohib-

iting convection across the interface.23 In this work, high-speed

protein accumulation was obtained using a combination of

optimized PDMS/PCTE nanopore membrane bonding and

stabilization of electrokinetic fluid flow in the microdevice.
Experimental

Materials and device fabrication

PCTE (polycarbonate) membrane filters (47 mm diameter,

polyvinylpyrrolidone coated) were obtained from Osmonics

(Minnetonka, MN). Fluorescein isothiocyanate labeled human

serum albumin (FITC-HSA), polysorbate surfactant Tween-20,

and ethylenediaminetetraacetic acid (EDTA) were obtained

from Sigma-Aldrich (St. Louis, MO), and tris(hydroxymethyl)-

aminomethane (Tris), boric acid, NaOH, H3PO4 were

obtained from Fisher. All of these materials were used as

received, and all aqueous solutions were prepared with deion-

ized water.

PDMS chip fabrication followed previously reported

methods.21 SU-8 2010 photoresist (Microchem, Newton, MA)

was spun on a silicon wafer at 2000 rpm for 100 s. After 15 min

soft bake at 65 �C, the SU-8 film was exposed on an EVG420

Mask Aligner (Electronics Visions, Phoenix, AZ). This was fol-

lowed by 15 min 95 �C post baking, development for 3 min in

propylene glycol methyl ether acetate (PGMEA) (MicroChem),

and finally hard baking at 180 �C for 1 hour. The SU-8 master
Fig. 1 Schematic drawing of PDMS/nanopore membrane fabrication

process. PDMS chips were a 3 mm-thick and 20 mm-long square, in

which the channel was of 15 mm deep and 50 mm wide. PDMS chips were

stamp coated with 3 mm thick PDMS glue (blue), and PCTE membrane

boundaries were also dip coated in the PDMS glue. PDMS chips were

joined together with channels crossed in the middle point and membrane

sandwiched in the center, and the PDMS glue was fully cured in a vacuum

oven with a pressure applied on the chip.

This journal is ª The Royal Society of Chemistry 2009
pattern was 15 mm deep and 50 mm wide. Sylgard 184 PDMS

prepolymer mixture (10:1) was cast on the master. After curing at

80 �C for 2 hours, the PDMS layer was peeled off, reservoir holes

were punched, and top and bottom PDMS components were

ready for chip integration (Fig. 1).

The PCTE nanoporous membrane was bonded in the PDMS

chip using previously reported methods.23,24 PDMS prepolymer

liquid was used as the bonding glue, and procedures were opti-

mized as needed. PDMS prepolymer was mixed with hexane in

1:3 ratio, and spun on plain Gold Seal Micro Slides at 2000 rpm

for 30 s. After the evaporation of hexane for 10 min, a �3 mm

thick PDMS glue film was formed. PDMS microchips were

stamped on the glue for 2 min. A 4� 4 mm PCTE membrane was

cut, and membrane boundaries were dip coated on the PDMS

glue. Finally, this membrane was sandwiched between the upper

and lower PDMS components to form the integrated microchip.

The assembled device was placed horizontally in an oven, and

vacuum pumped for 30 min, then a 1 kg weight was placed on the

chip for 12 hours on 80 �C.
EOF and electrophoretic mobility measurements

The current monitoring method was used to measure EOF

mobility in the PDMS microchannel (mEOF).25 High conduc-

tivity buffer, 100 mM tris-borate EDTA (TBE) or 10 mM

phosphate buffer, with 0.4% Tween-20 was filled into a 3.7 cm

long sample channel (L) and one of the end reservoirs. The

opposite reservoir was filled with a low conductivity buffer, a 1:2

diluted TBE or phosphate solution. Under an applied voltage of

800 V, the current decreased with time as the low conductivity

buffer gradually filled the channel. The EOF mobility is

obtained as

mEOF ¼ L2/(V$tf) (1)

where tf is the time for travel between the reservoirs to be

completed. A similar method was used to detect the FITC-HSA

electrophoretic mobility (meph). One reservoir and the channel

were filled with buffer, while the second reservoir was filled with

a buffer solution containing 0.1 mg/ml FITC-HSA. Under the

same voltage of 800 V, the time (tflu) for protein travel between

the reservoir and the detection point (Ldet ¼ 3.5 cm) was moni-

tored by fluorescence. The apparent electrophoretic mobility can

then be calculated as

meph ¼ L$Ldet/(V$tflu) (2)
Electrokinetic protein accumulation

TBE (100 mM, pH 8.3) and phosphate (10 mM, pH 8.3)

buffers were used in this work. Test samples were prepared

daily from 2 mg/ml FITC-HSA stock solution, to avoid

protein loss due to the surface adsorption on plastic tubes.

First, the microchannel was flushed with 1% Tween-20 water

solution to convert the hydrophobic PDMS surface into

a hydrophilic surface, and facilitate solution filling. Flushing

with 1% Tween-20 water solution was repeated between experi-

ments, in order to remove protein residues adsorbed on surface,

and to regenerate the hydrophilic surface coating. The residual
Lab Chip, 2009, 9, 1890–1896 | 1891
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fluorescence was also bleached for 4 min with a 25 mW 355 nm

He-Cd laser (Omnichrome Corp., CA).

A high voltage unit (VITREK, 944i Dielectric Analyzer)

(Fortronic Corp., Melrose, MA) was used with a maximum 10

mA, 1 kV DC output with 100 V steps. A fluorescence micro-

scope (Labophot-2, Nikon) coupled with Moticam 5000 cooled

CCD camera (Causeway Bay, HK) was used to monitor fluid

flow within the microchannels. Videos and images were captured

with Motic Images Advanced 3.2 software (Causeway Bay, HK)

with a 2000 gain, 0.2 s exposure time, and 5 s interval time

between two video pictures. Fluorescent intensity was analyzed

with Image J (free software).
Results and discussion

Vacuum- and pressure-assisted chip bonding

The PDMS/membrane binding plays a crucial role in determining

the accumulation efficiency. Since nanogaps frequently occur in

two-layer microdevices bonded based on PDMS surface hydro-

phobicity or sandwiched between oxygen plasma treated PDMS

chips, obvious liquid leakage can take place along membrane

boundaries via capillary force. We have used PDMS glue to

improve the sealing of the membrane to the PDMS layers, which

has been reported to significantly alleviate liquid leakage.23,24

However, we have found that air bubbles were still present along

membrane boundaries, especially around the PDMS channel, as

the PCTE membrane is �10 mm thick and its boundary is fairly

rough due to cutting. Increasing the PDMS glue layer thickness

from 3 to 6 mm to prevent air bubbles frequently resulted in

a blocked channel due to PDMS glue infiltration.

A more effective method for chip/membrane bonding was

realized using a combination of a pressure (on the chip) and

vacuum (in the channel). As the PDMS glue was being cured,

pressure on the chip reduces the gap due to the PDMS flexible
Fig. 2 Comparison of PDMS glue bonded PDMS/nanopore membrane micr

with vacuum and pressure assistance (A), filled with solution (B), and elect

without vacuum and pressure assistance (D), filled with solution (E), and ele

1892 | Lab Chip, 2009, 9, 1890–1896
transformation and at the same time increases the flow of PDMS

glue into the gap around the membrane boundary and the

PDMS/membrane interface. After curing, no air bubbles were

present, and fluid leakage in the device was inhibited. More

importantly, no fluid leakage occurred during high voltage

operation. During operation at a voltage as high as 1 kV,

proteins were localized within the cross zone of the chip. Perfect

PDMS/membrane bonding is very important for high efficiency

protein accumulation, since expansion of the focused protein

location and leakage into the bottom channel via membrane

boundary decreases the signal strength and leads to non-repro-

ducible accumulation results (Fig. 2).
Stabilized fluidic flow in the microchannel

In our experiments, when 0.4% Tween-20 (neutral surfactant) was

added in the TBE buffer, the EOF in the microchannel was

inhibited, resulting in a very low mEOF¼ 7.6� 10�5 cm2/(V s). The

movement of FITC-HSA was dominated by its electrophoretic

mobility. The membrane blocked the transfer of FITC-HSA

between sample and buffer channels and therefore it accumulated

on the membrane. In most nanofilter microdevices, the nanopore

diameter is typically less than 10 nm. These include silica gel,11,26

Nafion� film,12,27,28 native nanogap between PDMS and glass,15

breakdown nanogap in PDMS and PET microdevices,13,14 and

the 25% crosslinked polyacrylamide hydrogel.10,29 In this work,

nanopore membranes with 10 nm pores were used. The pore

diameter is larger than the nominal size of FITC-HSA molecules,

which is approximately 8 � 8 � 3 nm3. Therefore, protein mole-

cules should, in principle, be transported through the membrane

when a high electric field is applied. In fact, no FITC-HSA

transport through the membrane was observed. This suggests

that the inner surfaces of PCTE nanopores were negatively

charged.30 This is probably due to the fact PVP did not completely

coat the nanopore, although PVP had thoroughly covered the
odevice with and without vacuum and pressure assistance. Device bonded

rokinetic accumulation with 1000 V voltage added (C). Device bonded

ctrokinetic accumulation with 1000 V voltage added (F).

This journal is ª The Royal Society of Chemistry 2009
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membrane surface and rendered it hydrophilic. The electrical

double layer (EDL) in the small nanopore should overlap and

increase the related ion selectivity against negatively charged

FITC-HSA molecules.30,31 Under 100 mM TBE solution, the

EDL thickness is in the range of 3 � 4 nm,32 so the effective free

nanopore diameter is < 4 nm. While the small FITC molecules

could be transported freely, the larger FITC-HSA molecules were

blocked. It has been reported that membranes with 15 nm

nanopore had a cut-off molecular weight of 10 kDa for dextran

molecules in 5 mM phosphate buffer,21 and 10 nm nanopores

could be used to block 411 bp dsDNA in TBE buffer.33

Single-sided injection (SSI) and double-sided injection (DSI)

were tested with TBE buffer. It was found the fluid flow using SSI

was unstable in most cases, with the focused proteins departing

from the cross-channel zone and flowing into either side of the

sample channel. Possible factors causing this unstable flow

include: (1) Laplace pressure from sample liquid curvature

difference between the two end reservoirs, which would dominate

hydrodynamic flow in the microchannel;34,35 (2) EOF from

nanopores; as discussed above, nanopores are negatively

charged, and should have a positive EOF,36 which will push the

sample flow away from the cross point; (3) concentration

polarization,20 which will induce molecular diffusion. Using DSI,

the very high pinched electric field which develops at the cross-

point could withstand hydrostatic flow and molecular diffusion,

and balance the EOF from nanopores into the two sides of

sample channel (Fig. 3).

We have also investigated the effect of different buffer solu-

tions on protein accumulation. When 10 mM phosphate buffer

was used instead of 100 mM TBE buffer, protein accumulation

completely disappeared. In the first 30 s, protein was found to

move to the cross-point area, but no obvious focusing point

could be defined, and all protein scattered in the center of the

sample channel. After that, the centered sample was pushed away
Fig. 3 The effect of buffers and injection modes to electrokinetic flow in the

(B), TBE buffer and SSI injection (C), TBE buffer and DSI injection (D), an

This journal is ª The Royal Society of Chemistry 2009
from the cross point into the two sides of the channel. At the end

of 200 s, nearly no protein was found near the cross-point.

To determine the mechanisms leading to different fluid flow

behavior in the two buffer solutions, the FITC-HSA electro-

phoretic mobility (meph) and the bulk flow EOF mobility (mEOF)

in the microchannel were measured. mEOF was (6.9 � 0.7) � 10�5

cm2/(V s) and (7.6 � 1) � 10�5 cm2/(V s), and meph was (2.9� 0.3)

� 10�4 cm2/(V s) and (2.7 � 0.2) � 10�4 cm2/(V s) for phosphate

and TBE buffers, respectively. Since no significant differences

were found between EOF mobilities in the phosphate and TBE

buffers, electrokinetic movement in the microchannel was not the

dominant factor in determining fluid flow behavior. Therefore, it

is likely that the change of nanopore EOF is responsible for the

failed protein accumulation in phosphate buffer. Higher Joule

heating (due to a current of�30 mA vs.�15 mA in TBE buffer) is

suggested as the cause of EOF change. Joule heating leads to an

increase in liquid temperature, which in turn leads to decreased

liquid viscosity and to increased ionized nanopore surface

chemical groups. The combination of decreased viscosity and

increased ionized surface results in a sharp increase of nanopore

EOF. Eventually, the nanopore EOF exceeds the EOF in the

microchannel. At that point the pressure induced flow is greater

than the electrophoretic mobility of FITC-HSA in the micro-

channel but in opposite direction, thus forcing protein molecules

away from the cross-point area. Therefore, 100 mM TBE buffer

and DSI were used in the following protein accumulation

experiments.
High-speed protein accumulation

For FITC-HSA samples of initial concentration ranging from

300 fM to 300 pM, electrokinetic injection and accumulation was

performed for �200–400 s with TBE buffer and DSI. The fluo-

rescence signal was averaged over a 5 mm � 5 mm area in the
microchannel. Double side injection (DSI) (A), single side injection (SSI)

d phosphorate buffer and DSI injection (E).

Lab Chip, 2009, 9, 1890–1896 | 1893
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Fig. 4 Images of 3 pM FITC-HSA accumulation with time on the

membrane to the vicinity of the cross channel zone (A). Images of 300 pM

FITC-HSA accumulation with time on the membrane around the cross

channel zone (B).The cross-point has an area of 50 � 50 mm2.
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region of strongest intensity (Fig. 4). The signals increased very

quickly, reaching the intensities associated with concentrations

of 0.3 mM and 3 mM for an accumulation gain of 106 within�200

s. Most proteins were accumulated on a very small region of the

overall cross-point area (2500 mm2).

The change of fluorescence intensity with time provides

a measure of the protein accumulation rate (afl) and can be used

as a figure of merit by which one can compare the efficiency of

different techniques:

afl ¼ G/tacc ¼ (Cf/Ci)/tacc (3)

where G is the accumulation gain given by the ratio of the final

(Cf) and initial (Ci) concentrations, and tacc is the accumulation

time. The measured values of afl ranged from 1,000 s�1 to 9,000

s�1, depending on the initial concentration.
1894 | Lab Chip, 2009, 9, 1890–1896
The accumulation rate can also be calculated from the

apparent electrophoretic mobility (meph):

aeph ¼ 2meph$Ech$Wch/Apro (4)

where Ech is the electric field in the sample channel, Wch is the

channel width, Apro is the area of protein accumulation, and the

factor of 2 accounts for the dual injection mode. By measuring

the current flow in the channel with and without membrane

separation, resistances of�40 and�10 MU were obtained for the

channel and the membrane, respectively. For an applied bias of

800 V, this translates into an electric field in the channel during

protein accumulation of �450 V/cm. For a typical accumulation

region of 5 � 5 mm2, a value of aeph of �4,900 s�1 is calculated,

while for an area of 5 � 10 mm2 a corresponding value of �2,450

s�1 is obtained. The calculated aeph accumulation rate values

agree quite well with the range of experimentally measured afl

values. This indicates that the 10 nm nanopore membrane

completely blocks FITC-HSA transport. If the protein molecules

were collected over the entire channel cross area (50 mm � 50

mm), then aeph would be only 58 s�1. Therefore, a sharply focused

protein accumulation region is a key factor for achieving a high

speed concentration effect. The results reported here represent

a significant improvement on earlier pioneering efforts. For

example, the first report21 on using a PCTE membrane as an

electrically activated valve showed that large molecules (2 MDa

FITC-labeled dextran) were blocked by 15 nm pores. However,

no attempt at using this effect to obtain enrichment was reported.

Another report33 on using 10 nm PCTE membranes for pre-

concentration of 411 bp DNA molecules yielded enrichment of

80� and an accumulation rate of 2 s�1.

It is interesting to note that protein molecules accumulated

preferentially to the anode side of the PDMS/membrane

boundary. Similar phenomenon had been observed in protein

concentration with in-situ fabricated polymer plug.9 This is

probably caused by the electric field gradient on the membrane

surface. Moreover, the accumulation started as a sharp point

usually close to the entry point of one of the side channels, rather

than uniformly along the entire boundary line. The non-homo-

geneous membrane thickness and nanopore diameter variation

are probably the main reasons for this effect. Proteins should

accumulate first in the membrane region of lower thickness (and

therefore lower voltage drop) and with larger nanopores.

As shown in Fig. 4, for the highest initial protein concentration

of 300 pM, the focused area expanded when the focused protein

concentration exceeded 30 mM after 100 s. This probably was

caused by molecular diffusion due to such a high concentration.

Therefore, in this case, the fluorescence intensity did not increase

as fast as those at lower initial protein concentration, resulting in

105 concentration gain in �80 s (Fig. 5). This corresponds to an

accumulation rate of �1.25 � 103 s�1. The samples with lower

initial concentrations (300 fM and 3 pM) experienced higher

accumulation rates of �6 � 103 s�1 and 9 � 103 s�1, respectively.

This resulted in concentration gains of 106 within 2–3 min.
Summary and conclusion

In this work, high speed protein concentration in �200 s was

demonstrated successfully. Vacuum and pressure-assisted
This journal is ª The Royal Society of Chemistry 2009
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Fig. 5 Electrokinetic accumulation of FITC-HSA with different initial

concentrations. The curves of fluorescence intensity with time from 300

pM, 30 pM, 3 pM and 300 fM individually (A). Close-up view of 300 fM

FITC-HSA accumulation about fluorescence intensity with time (B).
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PDMS/nanopore membrane bonding with PDMS glue was

shown to completely inhibit residual air bubbles along PDMS

boundaries, and to prevent leakage into the nanogap between the

membrane and the PDMS layers. Therefore, all protein

molecules were accumulated within the cross channel area.

Double-sided sample injection in TBE buffer with 0.4% Tween-

20 addition effectively stabilized the fluid flow in the

microchannel, resulting in stable protein accumulation into the

cross-channel zone. The electrical field gradient on the cross-

channel membrane produced a sharp point effect which induced

protein accumulation in a very small zone. Using a high electric

field (800 V/cm), a 105 to 106-fold increase in concentration of

FITC-HSA could be achieved in less than 200 s, yielding an

accumulation rate of �5,000–10,000 s�1.

If laser excitation is used instead of a mercury lamp in the

fluorescence microscopy, the detection limit hopefully can be

further improved �103 fold, which will lead to identification of

protein samples of fM to aM concentration after only a short

enrichment time (a few seconds). Coupled with mass
This journal is ª The Royal Society of Chemistry 2009
spectrometry, this microdevice has the potential to greatly

broaden the detection range. In real world applications, target

proteins exist in a complex biological mixture with highly

abundant background impurities. Selective protein capture

coupled with the very efficient enrichment approach presented

here will have wide applicability.
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