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Achieving efficient passivation of micro-channels against non-specific adsorption of biomolecules

is a critical aspect in the development of microfluidic ELISA systems. Usual surface treatments

such as pre-coating of the channels with serum albumin, exposure to oxygen plasma, polyethylene

glycol grafting however exhibit a lack of long-term stability, with procedures that can be time-

consuming, complex or associated with costly materials and instruments. In this paper, we present

a new fluidic design combined with an original strategy of manipulating magnetic beads in order

to reduce assay noise in bead-based microfluidic ELISA without the need for prior channel pre-

treatment. The novelty of the system relies on the physical separation of the immune complex

formation phase and the enzymatic reaction phase into two independent networks of channels.

These networks are linked by fluidic bridges, whose openings are controlled by pressure valves,

and through which the beads are magnetically transferred. A standard curve for the quantification

of a model antibody was obtained within 30 minutes. A detection limit of 100 pg mL21 (660 fM)

and good linearity of the signal up to 4 ng mL21 were observed.

1.0 Introduction

For more than a decade, microfluidics has been employed to

adapt standard bench-work bioassays into time- and cost-

effective devices. As a result, techniques such as immunoassays

are being increasingly used in clinical diagnostics, food safety

and environmental applications.1–4 In particular, various

platforms for the realization of microfluidic Enzyme-Linked

Immuno-Sorbent Assay (ELISA) have been proposed in an

effort to reduce the use of large volumes of expensive reagents

and hour-long incubation periods, whilst preserving the

specificity and the sensitivity of the original assay.5

In conjunction with improvement in design and function-

ality, an important part of the development of microfluidic-

based systems has focused on creating bio-functional surfaces

and, alternatively, on finding means to efficiently passivate

microchannels against non-specific adsorption (NSA) of

biomolecules. The latter is especially critical in microfluidic

ELISA systems, as the large surface-to-volume ratio greatly

amplifies the undesired surface effects that generate noise and

lower sensitivity. Many research groups have investigated

chemical surface modifications of various polymeric materials

to limit the effects of NSA.6–12 In particular, surface

modifications of poly(dimethylsiloxane) (PDMS) have been

extensively explored as it is currently the preferred polymer for

biochip fabrication.13–21 Despite many advantages, PDMS is

notorious for its high native hydrophobicity and its tendency

to rapidly adsorb biological materials.22 Usual surface treat-

ments such as pre-coating of the channels with serum albumin,

exposure to oxygen plasma and polyethylene glycol grafting

lack long-term stability, and require procedures that are often

time-consuming, complex or associated with costly materials

and instruments.

In apreviouspublication,weproposedan innovative concept of

stop-flow microfluidic ELISA in which functionalized magnetic

beads were used both as a solid-support to sustain the reactive

immune complex formation and as a means to increase mixing of

the surrounding solution during incubation steps.23 In order to

establish the fluidic design and protocol for the enzymatic

amplification and fluorescent detection, the reactive immune

complexwas formed off-chip at the surface of the beads, before the

reactive beads were injected inside the microfluidic system. With

this method, the enzymatic reaction occurred in unused protein-

free channels thus considerably limiting the assay noise. The

necessity to passivate the PDMS chip was then avoided, which

represented a substantial reduction in both the time and the

complexity of the assay.

In this paper, we describe the next generation of the system,

which combines an original fluidic design and themanipulation of

magnetic beads to reduce the noise in bead-based microfluidic

immunoassays and realize microfluidic ELISA entirely on-chip,

without prior channel passivation.Thisnewapproach relies on the

physical separation of the immune complex formation phase and

the enzymatic reaction phase. Two independent networks of

channels are used (dual networks), linked by fluidic bridges

through which the beads are magnetically transferred. Pressure

valves embedded in bi-layered PDMS24 have been engineered

which seal the fluidic bridges when pressure is applied, thus

ensuring the complete isolation of the networks and avoiding

contamination. Using this new fluidic design and an adapted

protocol, a standard curve for the quantification of a model
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antibody was obtained within 30 minutes. A detection limit of

100 pgmL21 (660 fM) and good linearity up to a concentration of

4 ng mL21 were observed.

2.0 Material and methods

2.1 Fabrication of the bi-layer PDMS microfluidic ELISA chip

The master for the control layer was fabricated by standard

SU-8 photo-lithography. SU-8 1070 photo-resist (Microchem,

Newton, MA) was spin-coated on a silicon wafer to achieve a

homogenous layer of 40 mm. The patterns were exposed

through a high-definition transparent mask (Fineline Imaging,

Colorado Springs, CO) with UV-light and developed, resulting

in channels with rectangular cross-sections. The features on the

control mask were designed at a 101.6% ratio of the desired

dimensions to compensate for the shrinkage of PDMS before

alignment. For the fabrication of the master corresponding to

the fluidic level, a similar method was applied to construct the

two networks of channels. The fluidic bridges were fabricated

using AZ 50xt positive resist (AZ Electronic Materials,

Branchburg, NJ) and aligned on an aligner EVG 6200 (EV

Group, Schaerding, Austria). After development, the master

was treated with Trichloro(1H,1H,2H,2H-perfluorooctyl)silane

(Sigma-Aldrich, St. Louis, MO) to obtain a hydrophobic

surface and facilitate the release of cured PDMS. The surface

treatment was followed by reflow of the positive resist for

10 minutes at 120 uC resulting in fluidic bridges with semi-

circular cross-sections.

The two layers of PDMS Sylgard184 (Dow Corning,

Midland, MI) were cured separately on their respective

masters as established by Quake et al.24 For the control layer,

PDMS 5 : 1 (elastomer base : curing agent) was mixed,

degassed at room temperature and poured to obtain a

thickness of about 4 mm. For the fluidic layer, PDMS 20 : 1

was prepared and spin-coated on the fluidic master at a

thickness of about 70 mm, forming a 10 mm thick membrane

above the 60 mm high fluidic bridges. After a 30 minutes pre-

curing step in an oven at 80 uC aimed at minimally hardening

both layers of PDMS, the control layer was released from its

master and the control inlet punched out. It was then aligned

on top of the fluidic layer. The bi-layer assembly was further

cured at 80 uC for at least 2 hours to achieve permanent

thermal bonding. Finally, the bi-layer PDMS device was

pealed off the fluidic master and the inlets and outlets were

punched out. The system was then reversibly sealed on a glass

slide and ready for use.

2.2 Microfluidic ELISA with dual networks of channels

Trizma Base, Tween-20 and glycine were obtained from

Sigma-Aldrich (St. Louis, MO) and magnesium chloride from

ACP Chemicals (Slough, UK). The streptavidin-coated

magnetic beads (Dynabeads1 M-280 Streptavidin) were

purchased from Invitrogen (Burlington, ON) and the rabbit

anti-streptavidin IgG from Rockland Immunochemicals

(Gilbertsville, PA). The secondary alkaline phosphatase (AP)

anti-rabbit antibodies and the enzymatic substrate fluorescein

diphosphate (FDP) were purchased from Anaspec (San Jose,

CA). All protein dilutions and washing steps were performed

in 0.1 M Tris, 150 mMNaCl, 0.02% Tween-20, pH = 7.4 (TBS-

T). FDP was diluted to a final concentration of 4 mM in the

reaction buffer consisting of 0.1 M Tris, 10 mMMgCl2, 10 mM

Glycine, pH = 9.0.

Before mounting the PDMS chip on the mixing platform

and securing the valve connection, both the fluidic and the

control channels were filled with TBS-T using the Channel

Outgas Technique (COT).25 Unless specified otherwise, the

protocol for completion of the microfluidic ELISA was

performed as reported in Table 1. For each step, a few

microlitres of solution (5–15 mL) were deposited in the inlets

and flown through the channels by connecting the appropriate

outlet to a peristaltic pump in withdrawal mode. After each

run, the residual solution trapped at the bottom of the inlets

was aspirated to avoid cross-contamination of the sequentially

injected solutions.

2.3 Fluorescent signal detection

An inverted microscope (TE2000-U, Nikon), a stereoscopic

zoom microscope (SMZ1500, Nikon) and a digital camera

(DXM1200F, Nikon) operated with the ACT-1 software were

used to acquire pictures of the channels. For fluorescence

imaging, the microscope is equipped with a high-pressure

mercury lamp (C-SHG1, Nikon) and with the appropriate set

of filters for fluorescein (FITC) excitation and emission

wavelengths. The intensity of fluorescence in each channel

was measured with ImageJ (software for image processing and

analysis in Java, http://rsb.info.nih.gov/ij/). All data were

normalized by subtracting the fluorescence intensity obtained

in the negative control.

3.0 Results and discussion

3.1 Design of microfluidic ELISA with dual networks of

channels

The concept of microfluidic ELISA with dual networks of

channels relies on the physical separation of the immune

complex formation phase and the enzymatic reaction phase

Table 1 Protocol for the realization of the microfluidic ELISA with
dual networks

Step
number

Complexation
network Manipulation

Reaction
network

1 Close valves
2 Inject beads
3 Wash (16)
4 Inject primary

antibody (antigen)
5 min incubation

with mixing
5 Wash (16)
6 Inject AP-coupled

secondary antibody
5 min incubation

with mixing
7 Wash (26)
8 Open valves
9 Wash (16)
10 Transfer beads
11 Close valves
12 5 min incubation

with mixing
Inject FDP
solution

13 Move reacted
solution to the
detection area
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(Fig. 1(a)). A first network of channels (complexation

network) is used to achieve the formation of the immune

complex, consisting of binding consecutive antibodies and

antigens to the surface of the magnetic beads. During this

phase, several complex solutions are successively pumped

through the network, resulting in the non-specific adsorption

of proteins on the channel walls, especially secondary

antibodies that would normally cause an elevation in the

assay noise. Instead, a second network of channels (reaction

network), so far unused and thus free of non-specifically

adsorbed proteins, is employed to carry on the enzymatic

reaction at the surface of the beads that generates the

fluorescent signal. Both networks are independent, linked only

by fluidic bridges through which the reactive beads are

magnetically transferred.

The complexation network is composed of eight inlets

connected by 500 mm wide channels, acting as a diffusion

barrier, to the same number of complexation chambers. Each

chamber forms a 480 nL volume in which the beads are

magnetically trapped and displaced to prevent local depletion

of proteins and homogenize the surrounding solution during

incubation periods. Outlet channels connect the eight com-

plexation chambers to a single outlet from which the successive

solutions can be flown using a peristaltic pump in withdrawal

mode.

The reaction network is very similar to the complexation

one. Inlets, diffusion barriers and chambers, referred to as

reaction chambers, are laid out in an identical manner, parallel

to those of the complexation network. The outlet section is

however different as the eight independent channels converge

to form the detection area. Upstream of the detection area, the

outlet channels are adjusted to the same length in order to

ensure identical flowing conditions. Downstream from the

detection area, the outlet channels merged into a second outlet.

3.2 Engineering of pressure valves

In order to avoid contamination of the reaction chambers,

pressure valves were engineered to close the fluidic bridges and

completely isolate the two networks from one another. The

valves are opened to allow the passage of the beads into the

reaction network and then closed again to perform the final

steps of the assay.

Due to the design of the fluidic network, the control line for

the valves necessarily overlaps fluidic channels in order to

reach the bridges (Fig. 1(b)). As the fluidic bridges should be

able to close when pressure is applied without disrupting the

flow inside the outlet channels, the widths of both the fluidic

and control channels were tuned as established by Studer

et al.26 They have demonstrated that as the widths of the

overlapping channels increased, less pressure was required to

close the valves. In our design, the overlap for operational

valves features a 300 6 300 mm area. Non-functional crossings

display a limited area of only 50 6 50 mm, thus enabling the

selective closing of the bridges.

For the same reason, the fluidic bridges were given a semi-

circular cross-section, as opposed to the outlet channels which

display a rectangular cross-section.24 Yet, semi-circular chan-

nels are difficult to obtain using a negative resist such as SU-8.

They are preferably produced by reflow of a positive resist.

Consequently, the fluidic master was fabricated in three

consecutive steps (Fig. 2). First, all the fluidic features but

the bridges were realized in SU-8 at a 40 mm thickness. Next,

the fluidic bridges, realized in positive resist at a thickness of

50 mm, were aligned so to connect the pairs of chambers. A

final baking step at elevated temperature allowed for the

positive resist to reflow giving the bridges their final semi-

circular shapes.

Using the fabricated fluidic master, bi-layer PDMS micro-

fluidic ELISA chips were produced in large quantities with

high reproducibility of the valve functionality. The pressure

necessary to close the valves is supplied by connecting the

control channel to a screw syringe with a blunt-ended needle.

To prevent leakage at the connection site, the modified needle

is passed through a tight piece of rubber and strongly held

down together with the PDMS device. A pressure of about

Fig. 1 Layout of the bi-layer PDMS microfluidic ELISA chip (a)

Fluidic level: the solutions are injected into the inlets (1), which are

connected to the complexation/reaction chambers (3) via large

channels acting as diffusion barriers (2). In the complexation network,

outlet channels (4) of equal length link the complexation chambers to

the upper outlet (5). In the reaction network, outlet channels (49)

adjusted to the same length come closer to form the detection area (6)

and then gather into a larger channel connected to the lower outlet

(59). The two networks are linked by the fluidic bridges (7). (b) Control

level: the control level is composed of a single closed channel (8)

fanning into eight branches to form the pressure valves (9) on the top

of the fluidic bridges. The fluidic level is represented in light grey to

display the overlap of the control channel on the top of the fluidic

channels.
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20 PSI in the control line was found to be appropriate to

completely and reversibly close the eight valves without

disrupting the flow in the outlet channels (Fig. 3). The

pressure valves proved to be operational for at least several

hours, without observable leakage, pressure drop or contam-

ination between the pairs of chambers.

3.3 Proof-of-concept: quantification of a model antibody

The operational setup for the realization of the microfluidic

ELISA is described in Fig. 4. After priming the channels, the

PDMS chip is inserted into its support and the connection for

the control channel is secured. A blunt-ended needle, which

tightly fits the outlets of the system, is adapted at the end of a

tube linked to a peristaltic pump. The pump is then used to

flow the diverse solutions through the channels at the required

flow rate. The needle can be reversibly and easily switched

from one outlet to the other depending on which network is to

be operated. Round permanent magnets of 3 mm in diameter

are placed directly under the PDMS-glass chip. Eight magnets,

one for each of the complexation chamber, are precisely

aligned and held together by a plastic piece in which holes the

size of the magnets have been drilled. The plastic piece is

attached to a mixing platform, which can be moved in all

directions with micrometre precision in a pre-determined

sequence via a Labview software developed in-house.

In order to demonstrate the concept of dual networks to

reduce the noise in bead-based microfluidic ELISA, a standard

curve for the quantification of a model antibody was realized

without prior channel passivation. For this purpose, commer-

cially available magnetic beads coated with a layer of

streptavidin, the model antigen, were used to detect anti-

streptavidin antibodies, the model analyte (Fig. 5). The

protocol for the realization of the microfluidic ELISA is

Fig. 2 Fabrication steps for the fluidic master. (a) The two

independent networks of channels are fabricated in the negative resist

SU-8. (b) The fluidic bridges are made using the positive resist AZ

50xt. (c) The master is post-baked, hardening the SU-8 and inducing

the reflow of fluidic bridges.

Fig. 3 Photograph of the PDMS microfluidic ELISA device showing

the two independent networks of channels. The complexation network

is filled with a blue dye solution; the detection network is filled with

green. All eight pressure valves (1) are closed resulting in the complete

isolation of the two networks. The insert provides a close-up view of an

interrupted fluidic bridge (2) crossed by the control channel (3).

Fig. 4 Operational platform for microfluidic ELISA: the microfluidic chip is inserted into its support (1). The control channel (2) is connected to a

manometer syringe (29) and secured to avoid leakage. One of the fluidic outlets is connected to a peristaltic pump in withdrawal mode (3). Below the

chip, the eight permanent magnets (4), mounted on the mixing device (5), are aligned with the complexation chambers.
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presented in Table 1. The total assay time was about

30 minutes, mostly due to many pipetting steps, and could

be further reduced in a fully automated system. About 106

beads were injected and trapped in each of the eight

complexation chambers. During the several incubation peri-

ods, the beads were continuously displaced from end to end of

the chambers at a velocity of 400 mm s21. The velocity and

distance of the magnet to the beads were adjusted so they form

a loose bed that is dragged behind the magnet, thus facilitating

the penetration and diffusion of solutions between the beads.

After both incubation steps with the analyte antibody and the

AP-coupled secondary antibody, the beads were washed twice

with TBS-T and transferred to the reaction chambers via the

fluidic bridges with transiently opened valves. No pre-

treatment of the PDMS chip or glass was performed. As a

control experiment, the whole assay was also performed in a

single network with identical experimental conditions.

From the fluorescent microscopy images (Fig. 6(a)), it is

striking that the level of noise caused by NSA on the channel

walls is greatly reduced in the dual network system. Some

residual noise is noticeable when comparing channels 1 and 2

in the dual network system (respectively corresponding to un-

reacted FDP solution and the negative control, where only the

analyte was omitted from the reaction), which might be due to

very low NSA at the surface of the beads, however much less

than for the same reactions in the single network system.

The reported data are the average of four independent

experiments for each of the curves (Fig. 6(b)). To facilitate

inter-assay comparison, all values have been normalized by

subtracting the signal obtained for the negative control on the

same chip. With the dual network protocol, a limit of detection

(LOD) of 100 pg mL21, corresponding to a molarity of about

660 fM (MW = 150 kDa) and good linearity up to 4 ng mL21

were observed for the tested anti-streptavidin antibody. The

LOD was taken as 3-times the standard deviation of 5 negative

control replicas. For the two highest concentrations, the

standard deviations are quite elevated due to the variation in

the reaction kinetic from assay to assay performed on separate

chips. This variation could surely be minimized in a platform

with automated injection and a better control of external

conditions such as temperature and ambient light.

When comparing the assays of the single network to the dual

networks, both the sensitivity and linearity are significantly

improved for the dual network system. While the absolute

values are generally higher in the single network experiment,

the normalization to the negative control highlights the weaker

contrast in this setup between the lowest and the highest

concentrations due to the elevated noise that quickly saturates

the signal. The sudden increase between the negative control

and the lowest concentration of 50 pg mL21 can be explained

by the fact that several secondary antibodies can bind a non-

specifically adsorbed analyte thereby amplifying the noise as

compared to directly non-specifically adsorbed secondary

antibodies.

The results achieved with the dual network system are close

to those obtained in the first iteration of our system where the

immune complex was formed off-chip. The decrease in

sensitivity, from about 70 fM previously to 660 fM, can be

explained by the lesser dispersion of the beads and shorter

incubation periods of the on–chip procedure. However, the

reduction of the sample size (by a factor of 5) and the shorter

total assay time (from several hours to 30 minutes) represent a

strong improvement to the global performance of the assay.

Moreover, improving bead dispersion and compromising on

the incubation times would increase the sensitivity of the assay

significantly. Nevertheless, even with the current protocol, the

dual network system is among the most sensitive microfluidic

immunoassays reported to date,3,4,27–38 without the use of

costly, complex and time-consuming pre-treatments.

4.0 Conclusion

In this paper, the novel concept of dual networks of channels

was presented. This approach permits noise reduction in bead-

based microfluidic ELISA without the need for prior channel

passivation. The original design features two independent

networks linked by fluidic bridges, whose openings are

controlled by pressure valves. Following the formation of the

immune complex, the reactive beads are magnetically trans-

ferred through the bridges before performing the final steps of

the assay in unused protein-free channels. A three-step

lithography process was developed for the fabrication of the

fluidic master, on which the bi-layer PDMS device was

produced in large quantities with constant functionality. The

pressure valves were tested and proved to be operational for at

least several hours, without observable leakage, pressure drop

or contamination between the dual chambers. A protocol was

established, which has enabled standard curves to be obtained

Fig. 5 Schematic of the immune complex formation and detection

procedure: (a) About 106 streptavidin-coated magnetic beads are

trapped inside the complexation chamber. The anti-streptavidin

antibody (analyte) binds specifically to the streptavidin (antigen)-

coated beads during a five minute incubation period with mixing.

Similarly, the AP-coupled secondary antibody is added to form the

reactive immune complex. (b) The valve is transiently opened and the

reactive beads are magnetically transferred into the reaction chamber.

(c) The enzyme processes the FDP substrate into the fluorescent

molecule FITC. While the reaction takes place, the solution is

homogenized by displacing the beads. (d) The reacted solution is then

pushed into the detection area.
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for the quantification of a model antibody in about 30 minutes.

A detection limit of 100 pg mL21 (660 fM) and good linearity

up to 4 ng mL21 were observed. These data are comparable

to the performance of the most sensitive microfluidic

immunoassays reported to date without the need for channel

pre-treatment.
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