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couples [10, 11] and construction of sensitive detection

systems [12]. More recently, this immunoassay has been

demonstrated on inexpensive paper-based devices [13, 14]

and integrated to detection platforms that are easily acces-

sible and require minimal training to operate [15, 16].

It is being increasingly recognized that in order to com-

prehensively understand the behavior of complex real-

world systems, highly sensitive assays with the ability to

simultaneously quantitate a group of molecular signatures

are desirable. In this regard, there has been a concerted

effort over the past twodecades to enablemultiplexELISAs

that are capable of reliably detecting a small number of

analyte molecules. A variety of miniaturized assay plat-

forms have been reported to realize this capability with

analyte detection limits down to a single molecule [17–19].

These platforms have typically relied on the large signal-

to-noise ratio in their measurements as well as on the spa-

tial isolation of individual analyte particles to realize the

desired detection limit. However, the operation and main-

tenance of these systems are often complicated making

them difficult to adopt by biological researchers. Addition-

ally, their integration to commercially available readout

devices, for example, microplate readers, tends to be chal-

lenging requiring them to rely on specialized instrumenta-

tion for support. As a result, these platforms can be quite

demanding for a vast number of researchers interested in

making measurements with sample volumes in the range

of 10 µl to 10 nl but not necessarily at the single molecule

level.

To cater to the needs of this group of researchers, we

have previously reported on a microfluidic device capa-

ble of performingmultiplex ELISAs using sample volumes

in the desired range in a relatively simple fashion [20]. In

the reported device, different analytes were quantitated in

a single microfluidic channel by exploiting the slow dif-

fusion of the enzyme reaction product across the differ-

ent assay segments. A linear array of ELISA regions were

created within a straight conduit by selectively pattern-

ing them with the chosen antibodies/antigens via a flow-

based method. The different analytes were then captured

in their respective assay segments by incubating a 5-µl

aliquot of the sample in the analysis channel for a pre-

scribed amount of time. Once the ELISA surfaces have

been prepared and the enzyme substrate introduced into

the analysis channel, it was observed that the concen-

tration of the enzyme reaction product (resorufin) at the

center of each assay region grew linearly with time. Fur-

ther, the rate of resorufin generation at these locations was

found to be proportional to the concentration of the analyte

being assayed in that segment provided that the enzyme

reaction time was kept much shorter than that required by

the resorufinmolecules to diffuse across the different assay

segments. Under these operating conditions, the reported

device was shown to yield a limit of detection for the tar-

get analyte concentration similar to that realized on com-

mercial microwell plates but using only about a 20th of the

sample volume.

In the present work, we build on our previous report

by implementing multiplex ELISAs in segments arranged

along the circumference of a circular channel layout to

reduce the footprint size and sample volume require-

ment. The noted approach enabled us to perform a 5-

plex cytokine assay in a 1.5 cm × 1.5-cm region that cor-

responded to a reduction in the footprint area by about

a factor of 3 compared to that reported in our previous

study. Additionally, the selective coating of the assay seg-

ments with the target molecules was realized in this work

using electroosmotic transport instead of hydrodynamic

flow as was the case in the previous study. This aspect of

our experimental design is particularly significant as it per-

mits the use of cross-sectional channel dimensions signifi-

cantly shorter than those employed in thiswork.Moreover,

the use of an electric field for coating purposes enables

the integration of functionalities such as the electrokinetic

preconcentration of analyte molecules during the sample

incubation period that can further enhance the capabilities

of our assay method.

2 MATERIALS ANDMETHODS

2.1 Device fabrication

For fabricating the microfluidic devices employed in this

work, bottom substrates and cover plates made from

borosilicate glass were purchased from Telic Company

(Valencia, CA). Although the purchased cover plates had

both their faces unprotected, the bottom substrates came

with a thin layer of chromium and photoresist laid down

on one of their surfaces. The fabrication process for the

microchips was initiated by photolithographically pattern-

ing [21, 22] the desired channel layout (see Figure 1A) on

the bottom substrate using a custom-designed photomask

created through Fineline Imaging Inc. (Colorado Springs,

CO). The channel width in our device was chosen to be

500 µm for the entire microfluidic network with five assay

segments (marked A–E in Figure 1A) created along the

circumference of a circular channel layout having an outer

diameter of 9mm. The length of each assay segment in this

situation was about 5.65 mm along their outer edge. Auxil-

iary channels were also created emanating from the outer

and inner edges of our circular channel layout to allow the

introduction of reagents from liquid reservoirs (marked

1–6 in Figure 1A) into the assay segments as needed. The

liquid reservoirs in this design were placed at the termi-

nals of the auxiliary channels. After completion of the
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F IGURE 1 (A) Schematic of the microchip device employed in the present work. The arrows in the figure indicate the direction of

electroosmotic flow during selective patterning of the different assay segments. The subfigure also includes a fluorescent image showing the

electroosmotic flow of a dye solution (10-µM rhodamine B prepared in 10-mM sodium phosphate buffer, pH 7.2) from segment A and the

dye-free buffer from segment B upon applying 50 V across the upstream (ports 1–5) and downstream (port 6) liquid reservoirs. (B) Numerical

simulation of the electric voltage distribution in the fluidic network upon applying 1 V at the upstream reservoirs and electrically grounding

the downstream one. These simulations predict the electrical current (𝐼), electric field and therefore the EOF in the straight channel segments

to be twice their magnitudes in the curved regions. EOF, electroosmotic flow

photopatterning process, the photoresist layer was cured

in microposit developer MF-319 (Rohm and Haas) and the

chromium layer removed along the channel network with

a chromium etchant (Transene Inc.). The channels were

then etched to a chosen depth of 30 µm using a solution

of buffered oxide etchant purchased from Transene Inc.

Access holes were drilled at the channel terminals using

a microabrasive powder blasting system (Vaniman Inc.)

to allow the introduction of liquid reagents/sample into

the microchannels. Finally, the microfluidic network was

sealed off by bringing a cover plate in contact with the

bottom substrate in deionized water and then allowing the

two plates to bond under ambient conditions overnight

[23, 24]. Cylindrical glass reservoirs with internal volumes

of about 150 µl were affixed over the access holes using

an ultraviolet light-curable glue (Norland Products Inc.)

to serve as a source or sink for the liquid flow within the

microchannels.

2.2 Device preparation

The microchip device thus fabricated was prepared for an

experiment by first rinsing its conduits with 1-M sodium

hydroxide (Sigma-Aldrich) for 1 h and then with deion-

ized water for 10 min. These channels were later dried at

80◦C in a forced-air convection oven before treating them

with a solution of (3-aminopropyl)triethoxysilane (Sigma-

Aldrich) for an hour under ambient conditions. Subse-

quently, the fluidic network was rinsed withmethanol and

then reacted at room temperature with an aqueous solu-

tion containing 5%w/v glutaraldehyde (Sigma-Aldrich) for

another 60 min to create a surface that could be cova-

lently bonded to the amine groups on a protein molecule.

Finally, excess glutaraldehyde was removed from the sys-

tem by rinsing the microchip with deionized water for

about 5 min. Note that in all of the rinsing and coating

steps described previously, the reagents were introduced

into reservoirs 1–5 with vacuum applied at reservoir 6.

Although vacuumwas applied for the entire period during

the rinsing steps, the coating process involved the applica-

tion of vacuum for only about 5 s following which reser-

voir 6 was maintained at ambient pressure for the rest of

the coating period. The flow introduced during both the

rinsing and coating steps allowed uniform distribution of

the reagents into the entire fluidic network to ensure a

homogenous treatment of all channel surfaces.

Following the derivatization of the channel surface with

glutaraldehyde, distinct assay regions were created in seg-

ments A–E by treating themwith solutions containing dif-

ferent concentrations/kinds of reagents. For example, in

order to obtain the calibration curves for our cytokine sam-

ple containing human TNF-α, IL-1α, IL-4, IL-6 and IFN-γ,

the microchip was prepared by coating its different assay

segments with solutions containing different concentra-

tions of the respective cytokine. Specifically, the calibration

device for each cytokine was realized by first incubating

a 5-µg/ml solution of the respective capture antibody (BD

Biosciences) prepared in a 0.1-M carbonate–bicarbonate

buffer (pH 9.4) in the entire microfluidic network for 1 h.
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This stepwas followed by a 10-min rinsewith a 0.1-Mphos-

phate buffer (pH 7.2) and then 1-h incubation with a solu-

tion of 1% (w/v) bovine serum albumin (BSA) prepared in

the carbonate–bicarbonate buffer to block off the remain-

ing reactive sites on the channel surface. The excess BSA

was subsequently rinsed out with the phosphate buffer

and the different assay segments then coated with differ-

ent concentrations of the chosen cytokine sample. A sam-

ple diluent provided by the vendor (BD Biosciences) was

used to produce different dilutions of the chosen cytokine

species. To realize this coating step, the cytokine solutions

were placed in reservoirs 1–5 in the order of increasing

concentration and slowly transported via electroosmosis

into reservoir 6 to prevent their diffusive mixing within

the fluidic network during the coating period. Electroos-

motic flow (EOF) is produced upon subjecting an elec-

trolyte in contact with an electrically charged solid sur-

face to an external electric field [25]. The flow occurs

as the nonneutral electrical double layer formed at the

solid–fluid interface under these conditions experiences a

body force dragging the bulk liquid with it. EOF has been

reported around immunoassay surfaces although its mag-

nitude and/or direction are known to be altered during

the surface preparation process [26, 27]. This alteration in

EOF velocity results from a change in the amount of elec-

trical charge on the assay surface upon its derivatization

and attachment to the relevant macromolecules. Previous

research in our group has shown that when glass channels

are prepared for an immunoassay, the direction of EOF

does not change but its magnitude is reduced [28, 29]. The

same behaviorwas observed in our presentworkwith glass

devices yielding EOF from the high voltage to the low volt-

age end of the channel. In this situation, the flow pattern

shown in Figure 1A needed to react the different segments

of our fluidic network with different cytokine concentra-

tions was realized by applying 50 V to reservoirs 1–5 while

electrically grounding reservoir 6. The noted voltage was

chosen as it maintained sufficient EOF to prevent diffu-

sive mixing in the fluidic network without drawing more

than 10 µl of the cytokine solution from reservoirs 1–6 dur-

ing the 1-h coating period. After immobilizing the cytokine

molecules, the entire fluidic networkwas again rinsedwith

the phosphate buffer and later coated with the biotinylated

detection antibody solution for 1 h. The excess antibodies

were then removed with a phosphate buffer wash followed

by the treatment of all the channel segments with a 0.2-

µg/ml solution of streptavidin-conjugated alkaline phos-

phatase for another 1 h to complete the assay surface.

To prepare amultiplex device, we followed a similar pro-

cedure to that described earlier except for modifying the

capture antibody and sample incubation steps. For this

device, the five assay segments were coated with five dif-

ferent capture antibodies relevant to our cytokine sam-

ple by placing those solutions in reservoirs 1–5. The 5-

µg/ml antibody solutions prepared in the 0.1-M carbonate–

bicarbonate buffer were then slowly transported via elec-

troosmosis into reservoir 6 applying 50 V to reservoirs 1–5

while electrically grounding reservoir 6 for 1 h. After wash-

ing the excess antibodies with phosphate buffer and cap-

ping off the remaining reactive sites with 1% (w/v) BSA, the

sample containing the five cytokines was pipetted into the

downstream reservoir (port 6). This sample was then elec-

troosmotically transported into the entire fluidic network

by applying 50 V to reservoir 6 and electrically grounding

the upstream reservoirs for about 3 min. Following this

step, the sample was incubated against the channel sur-

face under stagnant conditions for 1 h and later washed

out of the fluidic network with a phosphate buffer wash.

The assay surface was finally completed by reacting with

the 0.2-µg/ml solution of streptavidin-conjugated alkaline

phosphatase as before. Additionally, we also prepared a

device to quantitate the blank assays for the five cytokines

following the same procedure as outlined for themultiplex

unit except for replacing the sample solutionwith the sam-

ple diluent. In order to reference the performance of our

multiplex device, we repeated the calibration and blank

ELISAs in individual straight channels following proce-

dures as described in our previous works [30, 31]. Because

these channels were entirely coated with the same reagent

during an incubation step, we only relied on using vacuum

to draw the solution into the conduit that then was incu-

bated against the channel surface under stagnant condi-

tions.

2.3 Device operation

The ELISAs were performed by reacting a solution con-

taining 1-mM 4-methylumbelliferyl phosphate (4-MUP)

and 1-mM MgCl2 prepared in a 0.1-M sodium tetraborate

buffer (pH 9.2) against the assay surface. 4-MUP is con-

verted into 4-methylumbelliferyl by alkaline phosphatase

during the course of the enzyme reaction. For our assays,

the 4-MUP solution was introduced into an empty fluidic

network using capillary forces with no fluid reservoirs

attached to the channel terminals. Theminimal amount of

liquid at the channel ports ensured the no-flow condition

needed within the conduits to prevent any advective trans-

port of the enzyme reaction product across the adjacent

ELISA segments in the multiplex device. The drying of

the liquid from the channel terminals during the enzyme

reaction period wasminimized by sealing themwith adhe-

sive tapes. The ELISA reaction was performed at 37◦C by

placing the device close to a heating fan. Fluorescence

measurements at the center of each ELISA region were

made using an epifluorescence microscope (Nikon) with
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bandpass excitation (380–391 nm) and emission (420–

480 nm) optical filters. The fluorescence image thus

obtained was recorded using a CCD camera (Roper Scien-

tific) and analyzed with the Adobe Photoshop software. To

minimize any unwanted signal generation in our system

through photooxidation of the enzyme substrate, the

ELISA regions were exposed to the excitation beam for

about 1 s during the imaging process through the use of

a mechanical shutter. The camera exposure time was set

to 100 ms and the neutral density filters (ND8 and ND4)

were engaged during the fluorescence measurements.

The images thus obtained were analyzed using the Adobe

Photoshop software.

3 RESULTS AND DISCUSSION

3.1 Flow simulation and visualization

In order to characterize the EOF in our microchip device

during selective coating of the different assay segments,

the distribution of the electric voltage was numerically

solved for using the Partial Differential Equation toolbox

in MATLAB. Figure 1B shows this distribution when 1 V is

applied at the upstream reservoirs (ports 1–5 in Figure 1A)

while electrically grounding the downstream one (port 6

in Figure 1A). The simulations show that when our flu-

idic network is chosen to be uniformly deep and wide as

was the case for the devices used in this work, the elec-

trical current, electric field and therefore the EOF, in the

straight channel segments are twice in magnitude com-

pared to those in the curved ones. For an applied voltage-

drop of 50 V across the upstream and downstream reser-

voirs, this pattern yields an electric field just under 25 and

50 V/cm in the curved and straight regions of the chan-

nel layout. The EOF realized under these conditions was

visualized by flowing in a dye (rhodamine B) solution and

a dye-free buffer from reservoirs 1 and 2, respectively, as

is shown in the image included Figure 1A. Flow velocities

of about 50 and 100 µm/s were estimated in the curved and

straight sections of themicrochip based on these visualiza-

tions, which corresponded to drawing less than 6 µl of liq-

uid from the upstream reservoirs over a 1-h coating period.

3.2 Calibration experiments

All ELISAs performed during the current studywere quan-

titated following the kinetic format of the assay as it

yielded a more reliable approach to estimating the ana-

lyte concentration [32]. In this format, images of the assay

channel were taken at multiple points in time over a

40-min enzyme reaction period from which the fluores-

cence intensities were later extracted. For the multiplex

device, these images were taken at the center of each assay

segment to minimize interference from its neighboring

regions. The recorded intensities were then plotted against

the enzyme reaction time for the various concentrations of

the different cytokines considered in thiswork. In Figure 2,

we have presented this experimental data showing a lin-

ear relationship between the two quantities with the slope

of the line increasing for larger cytokine concentrations.

However, the background fluorescence in the assay regions

varied irregularly yielding an 𝑦-intercept for these curves

that somewhat obscured the noted trend in the slopes. In

order to reference these results, we repeated the calibra-

tion experiments in individual straight channels that again

produced similar outcomes (see Figure 3). In this situa-

tion, the slopes of the best fitted lines from Figures 2 and 3

were plotted against the concentration of the cytokines

(see Figure 4). As may be seen, the observed variation in

these slopes with the cytokine concentration was reason-

ably described by a straight line providing us with the cali-

bration curves for ourmultiplex assay. Notice that the stan-

dard deviation in the estimated slopes for a majority of the

fitted lines included in Figure 4was less than 0.01 a.u./min.

In this situation, the lowest concentration for each of the

cytokines was chosen such that it produced an assay signal

of about 0.02–0.03 a.u./min that would correspond to the

detection limit for that molecular species. Any lower ana-

lyte concentration was not considered for our experiments

as that would have produced unreliable data. The higher

concentrations for the calibration curve were picked by

successively doubling this lowest value. In any case, once

the functionality of our multiplex device was established,

we proceeded to quantitate the concentrations of all five

cytokines simultaneously in a standard sample based on

the calibration curves included in Figure 4.

3.3 Multiplex assays

It is important to point out that the calibration curves

included in Figure 4 generated with standard samples con-

taining a single cytokine species may only be applied to

our multiplex assay provided that the cross-reactivity in

our system is insignificant. To determine the validity of

this assumption, a sample containing known concentra-

tions of the five cytokines was prepared and introduced

into our multiplex device. The center of each assay seg-

ment was subsequently imaged over the enzyme reaction

period to quantitate the sample. In Figure 5A, we have

presented the fluorescence signal thus recorded, which is

seen to increase linearly with the enzyme reaction time

as expected. This temporal rate of increase in the fluo-

rescence signal was then mapped against the calibration
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F IGURE 2 Temporal variation in the observed fluorescence signal recorded when analyzing standard (A) blank, (B) TNF-α, (C) IFN-γ,

(D) IL-6, (E) IL-4 and (F) IL-1α samples using the multiplex device

F IGURE 3 Temporal variation in the observed fluorescence signal recorded when analyzing standard (A) blank, (B) TNF-α, (C) IFN-γ,

(D) IL-6, (E) IL-4 and (F) IL-1α samples in individual straight channels
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F IGURE 4 Calibration curves generated with the multiplex device and individual straight channels for the standard (A) TNF-α, IFN-γ

and (B) IL-1α, IL-4, IL-6 samples.

F IGURE 5 (A) Fluorescence measurements made for the

multiplex assay. (B) Comparison of the actual and estimated

concentrations in the cytokine sample as determined based on the

calibration curves generated using the multiplex and straight

channel devices

curves included in Figure 2 to back calculate the cytokine

concentration in our standard sample. In Figure 5B, the

cytokine concentrations thus estimated were compared to

their actual values, which shows a deviation by less than

20% in all cases. Interestingly, upon reestimating these

concentrations based on the calibration curves generated

using the straight channels (Figure 3), the noted deviation

is cut down to less than 10% indicating ourmultiplex device

to be somewhat more error prone than the single channel

setup.

Although the observed error in our multiplex measure-

ments could not be reduced with our current experimental

design, we nevertheless identified two major sources for

it. First, the mechanical vibration of the microscope stage,

where the microchip was placed during the enzyme reac-

tion period, was seen to cause small oscillations in the fluid

position within the channel network. Such oscillatory

flows likely produced the waviness recorded in some of the

curves included in Figures 2, 3 and 5A increasing the mag-

nitude of error in their slopes. The oscillatory fluid motion

was observed in our setup by introducing a rhodamine B

solution into an assay segment such that it occupied only a

fraction of the segment. The interface of this solution with

the dye-free buffer was then monitored over time scales

similar to the enzyme reaction period, which suggested

an amplitude and frequency on the orders of 1 mm and

0.01 Hz, respectively, for the noted oscillatory motion. The

accuracy of these measurements, however, was compro-

mised by the diffusion of the dye molecules across the

interface. Another major source of error in our measure-

ments originated from the variability in the background

fluorescence recorded for the different assay segments

as has been pointed out in the previous section. Again,

although the exact reason for this variation is unclear to us,

it likely resulted from the inconsistencies in our microchip

fabrication and channel derivatization processes. The two

sources of error identified abovepossibly introduced some

of the anomalous behavior seen in the temporal profile for

the fluorescence signal included in Figures 2, 3 and 5A.

However, their influence on the slope of these profiles was

moderate allowing us to reasonably quantitate the assays

described in this work. Nevertheless, we plan to explore

the possibility of minimizing these errors in future works
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by isolating our device from the mechanical vibrations,

reducing the channel depth to increase their hydrody-

namic resistance and minimize the oscillatory flows as

well as adopting the use of polymer microchips that can

be produced following simpler and more standardized

procedures.

4 CONCLUDING REMARKS

To conclude, microfluidic networks present a promising

avenue for miniaturizing multiplex ELISAs by exploiting

the slow diffusion of the enzyme reaction product across

the assay regions. In this work, we have demonstrated a

5-plex cytokine ELISA based on this central idea using

1 µl of a sample in a fluidic network patterned over a

1.5 × 1.5-cm2 region. The concentrations estimated from

this assay matched within 20% of their actual values based

on calibration curves that were again generated using a

similar multiplex device. The current work also demon-

strates that selective patterning of the assay segments with

different antibodies/antigens may be easily realized using

EOF in the reported device. In fact, this flow mode was

found to offer a better control over the liquid velocities

compared to pressure-drive that can improve the reliability

of our assays as well as cut down the volume of the anti-

body/antigen solution required for the pattering process.

Additionally, the use of EOF mode simplifies the instru-

mentation needs and can allow further miniaturization of

the channel cross-sectional dimensions bringing down the

sample volume requirement for our multiplex assays even

further.
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