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Nanofluidic devices promise high reaction efficiency and fast kinetic responses

due to the spatial constriction of transported biomolecules with confined

molecular diffusion. However, parallel detection of multiple biomolecules,

particularly proteins, in highly confined space remains challenging. This study

integrates extended nanofluidics with embedded protein microarray to achieve

multiplexed real-time biosensing and kinetics monitoring. Implementation of em-

bedded standard-sized antibody microarray is attained by epoxy-silane surface

modification and a room-temperature low-aspect-ratio bonding technique. An

effective sample transport is achieved by electrokinetic pumping via electroos-

motic flow. Through the nanoslit-based spatial confinement, the antigen-antibody

binding reaction is enhanced with �100% efficiency and may be directly

observed with fluorescence microscopy without the requirement of intermediate

washing steps. The image-based data provide numerous spatially distributed reac-

tion kinetic curves and are collectively modeled using a simple one-dimensional

convection-reaction model. This study represents an integrated nanofluidic solu-

tion for real-time multiplexed immunosensing and kinetics monitoring, starting

from device fabrication, protein immobilization, device bonding, sample trans-

port, to data analysis at P�eclet number less than 1. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4953140]

INTRODUCTION

Antibody-based array technologies have been widely applied as a powerful proteomic

methodology, which shows great potential to simultaneously determine the abundance of multi-

ple biomarkers,1–4 and for biomarker discoveries for various diseases such as asthma,5 Down

syndrome,6 pancreatitis,7 etc. Integration of the antibody arrays with microfluidic technology

brings together the advantages of biomolecule specificity and the power to process minute sam-

ple volumes.8 Reducing the dimensions of fluidic channels down to the nanoscale promises

high reaction efficiency and fast kinetic responses by confining the diffusion distance that target

molecules must travel before being captured by surface immobilized sensors, with an added

advantage of much reduced sample volume.9–12 In nanofluidic channels, high efficiency of sin-

gle type of immunoreactions has been demonstrated.12 However, the implementation of a panel

of immunoassays for multiplexed biomarker detection remains a challenging task.13 One of the

major technical hurdles lies in the chip bonding chemistries, which mostly involve heat
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treatment, thereby inducing irreversible damage to any pre-immobilized biomolecules. To avoid

this issue, sensor immobilization must be performed after bonding; yet, this presents another

challenge: once the chips are encapsulated, multiplexed immobilization inside the channels

becomes a technical hurdle,14 which may involve multiple runs of reagent exchanges and wash-

ing steps, thus rendering the devices impractical for real-world applications. Though several

strategies have been attempted to implement multiple immunoassays in the encapsulated micro-

fluidic channels, including the use of photo-crosslinking chemicals to retain antibodies locally12

and laminar flow for parallel immobilization,15 none of these have been applied to encapsulated

nanofluidic devices.

To overcome these issues, we developed a strategy of using low-aspect-ratio (�5� 10�4,

height/width) nanofluidic slits (nanoslits) with 1-mm width to allow the multiplexed immobili-

zation of the entire antibody microarray panel using a commercially available robotic microar-

ray spotter. The chosen slit height of 500 nm is comparable to the diffusion distance of protein

at the millisecond scale (x ¼
ffiffiffiffiffiffiffiffi

2Dt
p

� 0:4 lm as t ¼ 1 ms), which brings the antigens extremely

close to the surface-immobilized antibodies for enhanced binding reaction. To achieve this

goal, we developed a room-temperature bonding technique involving a thin layer of conforma-

ble polysilsesquioxane (PSQ) polymer.16,17 Since heating is not required during the bonding

process, antibody immobilization was performed open-top prior to the chip sealing of forming

nanofluidic devices. Though there are reported modifications of nanofluidic devices with single

type of molecules such as silane,11 biotin,9 streptavidin,18 and oligonucleotides,17 to our knowl-

edge, this work represents the first attempt to pattern multiplex antibodies as protein microar-

rays inside spatially confined nanoslits while capable of monitoring spatially distributed antigen

binding kinetics in real time using pixelated imaging data, in contrast to most biosensors, where

a single averaged response curve is obtained. Here, electroosmotic flow was used as the pump-

ing mechanism for sample transport to overcome the deficiency of pressure-driven flow in the

high flow resistance regimes of the extended nanofluidic systems.19,20 We further developed a

simple one-dimensional convection-reaction model enabling the extraction of either the kinetic

constants or the target concentration and surface probe density in a given experiment.

EXPERIMENTAL

Device fabrication: Figure 1 displays a schematic of the chip fabrication and antibody

immobilization procedure. To create the extended nanofluidic channels, fused silica chips were

first patterned with nanoslits using standard photolithographic processes (Microposit S1813 pho-

toresist and MF-319 developer, Shipley, MA) and etched using ICP (RIE-10iP, Samco, Japan).

Nanoslits were 1 cm long, 1 mm wide, and 500 nm deep. After defining the sample loading

holes using a sand blaster, the chips were cleaned with piranha solution (H2O2/H2SO4, 1:3 v/v),

rinsed extensively with distilled water, and dried by nitrogen purging. The chips were then

placed in a Teflon beaker containing 1% (v/v) (3-glycidyloxypropyl)trimethoxysilane (Sigma-

Aldrich, St. Louis, MO) in methanol for a 10-min reaction. While several articles have summar-

ized the surface chemistries for antibody immobilization,21–24 the generic protocol involves

soaking the chips with silane solution for multiple hours or even overnight to maximize the ep-

oxy density which leaves little hydroxyl group on the SiO2 surface. The transient 10-min reac-

tion creates a moderate silane surface density, which not only provides covalent linkage but

also creates proper surface hydrophilicity for antibody spot diameters being controlled within

90 to 120 lm. Furthermore, the transient surface modification leaves abundant surface hydroxyl

groups, which are essential for silanol condensation reactions between polysilsesquioxane

(PSQ) and SiO2 surfaces in the following chip bonding step.17

After surface modification, the chips were precisely located on a robotic arrayer

(CapitalBio, Beijing, China) and spotted with the capturing antibody (1.2 mg/ml) in 0.5� PBS

(5 mM sodium phosphate, 125 mM NaCl, pH 7.4) solutions. The components of the antibody

solutions play a very important role in the microspot morphology,25,26 in that sufficient anti-

body concentration is critical to the homogeneity of the fluorescence on the microspot. A con-

centration lower than this level frequently leads to severe edge effects, in which only the
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periphery has significant signal but not the center of the microspot. Moreover, the antibody

solutions partially dehydrated after the spotting step would reduce the height of the spotted

antibody to be contained within the extended nanoslits without interfering the following bond-

ing step.

After spotting, the chips were further bonded via a room-temperature bonding method to

avoid the denaturation of immobilized biomolecules on the chip surface. This method enabled

the direct immobilization of antibodies in the desired locations along the nanofluidic channel

before the encapsulation process. Using a thin gasket layer of PSQ, the fused silica (Plan Optik

AG, Elsoff, Germany) chip and the cover glass (EMS, Hatfield, PA) were sealed directly.

Briefly, the PSQ was prepared by mixing Hardsil-AP (Gelest, Morrisville, PA) with xylene in a

1:2 ratio and spin-coated on a pre-cleaned cover glass. The PSQ coated cover glasses were

cured at 240 �C to cross-link the PSQ and surface-activated via oxygen plasma (power of

7.16 W, oxygen pressure of 500 mTorr, and reaction duration of 100 s (Harrick Plasma, Ithaca,

NY). With this technique, surface activation using oxygen plasma is required only for the PSQ-

cover glass surface, not the antibody-nanoslit surface. Therefore, chemical linkers and the spot-

ted antibodies are preserved without being damaged. The bonded chips were then stored at 4 �C
overnight to ensure thorough immobilization reaction. Quartz tubes were then attached as the

sample/buffer loading reservoirs before observation with a microscope.

Observation of the immunochemical reaction using fluorescence microscopy: Extended

nanoslits were first hydrated by adding a PBS buffer, which was then replaced by bovine serum

albumin (BSA) (1 mg/ml) solution. Gold electrodes were placed in the reservoirs, and proteins

were driven through the nanoslits by electroosmotic flow with a 450 lm/s linear flow rate using

a 200 V/cm electric field. Though many surface passivation methods have been applied in the

literature to reduce the non-specific adsorption of target molecules, most of which require an

extended time (in hours) to incubate fluidic channels with blocking reagents such as polyethyl-

ene glycol (PEG).9 Here, instead of using the commonly practiced pre-blocking methods for

FIG. 1. (a) Schematic of the fabrication procedures of extended nanoslit-based antibody microarray. (b) Photographic

image of the fabricated device installed with fused silica tubes as sample reservoirs and a zoomed-in schematic of target

molecules flowing in by electroosmotic flow and diffusing through the antibody microarray in the extended nanoslit (scale

bar¼ 1 cm).
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antibody microarray, we used a dynamic passivation method by adding BSA directly to the

antigen solution.27,28 This method circumvents the need for complicated buffer exchange steps.

Based on our results, the addition of 1 mg/ml of BSA into the antigen solution would be suffi-

cient for detection level of 0.1 nM of fluorescent proteins in 10 min. Although BSA concentra-

tion is fixed throughout the study, the detailed effects of dynamic BSA adsorption and their

effects on electroosmotic flow are under study and will be published elsewhere.

A short blocking step was performed by driving the BSA solution through the nanoslits for

1 min, which was sufficient to fill the nanoslits with BSA, and then, the inlet reservoir was

filled with 20 ll of fluorescently labeled antigen mixed with BSA solution. Fluorescence images

of the labeled antigen binding to the antibody microarray spots were recorded by time-lapse

imaging using a 10� objective with a numerical aperture of 0.45 on an Olympus IX71 micro-

scope with an EMCCD (C9100-13, Hamamatsu, Japan) or a Leica DMI6000B with iXon

EMCCD (Andor, Belfast, UK). Both microscopes were installed with mechanical shutters to

reduce the photobleaching between the exposure periods.

Simulation: We used computer simulation to model the experimental kinetic curves. First,

we used COMSOL (COMSOL AB, Stockholm, Sweden) to solve the partial differential equa-

tions (PDE) for convection-diffusion-reaction. A two-dimensional model was created to repre-

sent the vertical cross-section along the extended nanoslit. The inlet boundary was set to the

initial antigen concentration C0. Three 90-lm regions were set as the surface concentration of

the immobilized antibodies B0. Instead of using a pressure-driven flow, which has a parabolic

flow profile, this study used electroosmotic flow, and thus, a plug flow with a constant flow rate

was obtained. The model was solved stepwise throughout the reaction duration for the antigen

concentration in bulk and the surface concentration of the captured antigen. Further, we devel-

oped a simplified one-dimensional model for rapid simulation of the reaction kinetics in the

extended nanoslits. In the model, the two-dimensional domain was further simplified into a

one-dimensional linear space based on the fact that diffusion is extremely efficient, making the

vertical concentration gradient negligible. Briefly, the model defines a linear space with seg-

mented elements to represent the locations along the nanoslit. One end of the linear space was

defined as the inlet with C0, and the other end was defined as the outlet. Three regions along

the linear space were defined as Be
0, the effective initial concentration of the immobilized anti-

body microspots. The progress of the plug flow was represented by iterations of segmented

small steps in time, each step with a small forward movement of C0 and a short time duration

to allow the immunochemical reaction to occur. The antigen concentrations at each step were

saved and plotted to present the simulation result. MATLAB (The MathWorks, Inc., Natick,

MA) was used for the simulations, and the required computation time relied on the size of the

linear space and the number of steps calculated.

RESULTS AND DISCUSSION

Multiplexed immunoassay in an extended nanoslit

In performing multiplex detection using our assay, the immobilization of the antibody

microarray is the most critical procedure. First, the specificity of antibodies should be preserved

so that the array can capture the target molecules rather than bind non-specifically. Second, the

immobilized antibodies should be fixed tightly in situ so that they are not flushed away and do

not interfere with the downstream microspots. To verify that these requirements are satisfied, a

staggered array of capturing antibodies (cAb), goat anti-rabbit IgG, and rabbit anti-goat IgG

was immobilized using a robotic arrayer. Two antigens, goat IgG-Alexa Fluor 647 conjugate

and rabbit IgG-Alexa Fluor 488 conjugate (200 nM, each), were loaded to reveal the binding

specificity of the individual microspots. Images were taken after the array reached a saturated

intensity (Fig. 2(a)). The level of the background noise was low, hence without the need of

using any washing steps after antigen binding. As shown in Fig. 2(b), the intensity plot indi-

cates that the background level was �5% in relative intensity for both the Alexa 488 and Alexa

594 channels, indicating the non-specific adsorption of antigens onto the slit surface was mini-

mal. Moreover, the antibody specificity was well preserved. The binding of labeled antigens
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onto the non-conjugating microspots was responsible for only �5% of the fluorescence intensity

increase. These results demonstrate that the immobilized antibodies are capable of differentiat-

ing and capturing specific antigens in a multiplex manner.

Immunoreaction kinetics in an extended nanofluidic antibody microarray

To investigate the antibody-antigen binding reaction, we implemented antibody microarrays

in extended nanoslits and observed the fluorescence signal when fluorescently labeled antigens

bind to the microarrays. The fluidic chips with extended nanoslits were fabricated with three

consecutive microspots of identical capturing antibodies (rabbit anti-goat IgG antibody) with a

diameter of 93.1 6 4.1 lm and a center-to-center distance of 200 lm. Corresponding fluores-

cently labeled antigens (10 nM goat IgG conjugated with DyLight-488) were then introduced

with a 450 lm/s flow rate using an applied electric field of 200 V/cm.

Figure 3(a) displays typical representative images after the introduction of the labeled IgG

(flux from left to right, multimedia view), with Fig. 3(b) as the reaction schematic. The reaction

initiation time was estimated when the target molecules reached the antibody microarrays, and

the images before the initiation of the reaction were averaged and subtracted as the background

intensity level. The binding reaction of labeled IgG initiates sequentially from the upstream

(left) to the downstream (right) microspots. The vast majority of target molecules are captured

at the upstream microspots, leaving fewer target molecules for capture at the downstream

microspots as indicated by the dark depletion zone representing the high-efficiency capture of

target proteins. The sequential onset of the kinetic binding curves (Fig. 3(c)) demonstrates the

high efficiency characteristic of the binding reaction in extended nanoslits, as shown by the

accumulated binding efficiency, i.e., the ratio of the background subtracted total intensity at the

upstream spot (I1) versus that of the summed intensity of I1 and the depletion zone of the

downstream microspot (#3), I3, at the fast rising region of the kinetic curves, i.e., I1/(I1þ I3),

which is 97.4% at 100 s and 95.2% at 200 s.

Moreover, the low background level is yet another feature; after 600 s of reaction time,

while the raw fluorescence intensity count of the first spot increased to a saturated level, the

background noise level increased by only 2% compared to the saturation level of the first spot

(Fig. 3(c)). The background noise from the solution phase carrying the fluorescently labeled

antigen was significantly minimized by the lowered channel height in the extended nanoslit.

Therefore, the binding kinetics of the antibody-antigen reaction can be observed real-time,

FIG. 2. Fluorescence image and intensity profiles of the antibody microarray in extended nanoslits. (a) Fluorescence images

of a 2 � 4 antibody microarray (after 7 min of flowing 200 nM targets). Two sets of antibody microspots were immobilized

interlaced (rabbit anti-goat and goat anti-rabbit antibodies) to capture targets of Alexa 488-goat-IgG (green) and Alexa

594-rabbit-IgG (red), respectively. (Scale bar¼ 200 lm) (b) Line scans along the center of the microspots (from left to

right). Intensity values were running averaged by every ten points and normalized to the highest peak value.
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without the necessity of pausing the sample flux or applying additional washing steps to remove

the background fluorescence from non-binding molecules. Moreover, typical microfluidic immu-

noassays require individual channels and valves to separately introduce the sample and washing

solution, while immunoassays in our extended nanoslits do not involve these procedures, thus

greatly simplifying the fluidic design.32,33 In addition, our nanoslit embedding microarray-based

platform stands out with real-time sensing and simultaneous monitoring of multiple binding

kinetics on multiplexed microarray spots, virtually pixel by pixel, when compared to generic

biosensor systems such as quartz crystal microbalance (QCM) and Biacore surface plasmon res-

onance (SPR) platforms which provide only a single response curve.

To evaluate the response time, three concentrations of target molecules were applied: 0.1,

1, and 10 nM. Intensities in the center of the microspots were averaged (Fig. 4). The time

required for the signal to be three-fold higher than the standard deviation of the background

was �25 s for 10 nM, �50 s for 1 nM, and �300 s for 0.1 nM. A lower concentration of target

yields a slower reaction rate and thus a longer reaction time to acquire a significant signal.

However, our device was able to detect fluorescently tagged protein concentrations as low as

0.1 nM within �5 min (Fig. 4(b)), which is significantly faster than prior reported works.9,11

The sensitivity could be further improved via incorporation of surface immobilization techni-

ques such as dendrimer-conjugations34 and incorporating a carboxymethylated dextran

substrate.35

Modeling reaction kinetics in extended nanoslits

In this section, we try to model the reaction kinetics by comparing two modeling methods,

namely, the finite element method (FEM) and the simplified convection-reaction (CR) model,

to experimental data in the hope that it could provide tools to extract parameters such as kinetic

FIG. 3. (a) Real-time imaging of the binding of the 10 nM DyLight 488-conjugated IgG proteins to the immobilized anti-

body microarray (three identical microspots) in extended nanoslit (flow from left to right). A dark depletion zone represent-

ing the high-efficient consumption of target proteins was observed at the downstream microspots. (Scale bar¼ 100 lm). (b)

Schematic of the reaction at t¼ 360 s. (c) Normalized intensity of the center of the three microspots. All intensities were

averaged from an area of 18 � 16 pixels at the center of the corresponding microspots, with the shadowed zones represent

standard deviation, and normalized to the intensity of Spot 1 at 600 s. Dashed and dotted lines represent the simulated

results using the convection-reaction (CR) model and finite-element methods (FEM), respectively. (Multimedia view)

[URL: http://dx.doi.org/10.1063/1.4953140.1]
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constants or target concentration and surface probe density in future applications. For typical

heterogeneous immunoassays in a microfluidic device, three factors determine the sensor

responses: the convection of target molecules toward the antibody microarray, the diffusion of

antigens moving along the gradient from the bulk to the surface, and the binding reaction in

which target molecules bind to the associated antibodies.36 Modeling the above convection-

diffusion-reaction scenario is typically carried out by solving partial differential equations

numerically, using FEM.29–31,37,38 However, here the slit heights of the extended nanoslits are

much smaller than the diffusion distance associated with the target flow time over the sensor

microspot (Pe< 1, see below), the vertical concentration gradient above the microspots becomes

extremely small and thus can be ignored. This leads to a simplified one-dimensional CR model

(1D-CR), without the need to solve finite element models and thus simple enough to be imple-

mented with limited computational resources. The 1D-CR model was performed by first creat-

ing a 1D space with length L to represent the geometry of the nanoslit, which was divided into

discrete elements dL (Fig. 5(a)). To consider the fact that the antibody microspots were con-

fined in an extremely shallow space, we introduced the concept of “effective concentration,”

which converts the initial surface antibody density B0 to a volume concentration Be ¼ B0=H.

FIG. 4. Comparison of the real-time sensing curves and the simulated results. (a) 0.1, 1, and 10 nM of DyLight 488-

conjugated Goat-IgG were used as target proteins. Intensity values were background-subtracted and normalized to the in-

tensity of 10 nM at 600 s. Dashed and dotted lines are simulated results using CR model and FEM, respectively. (b)

Expanded view of the 0.1 nM data (blue) and the background (black) are 10-point running averaged. Simulated curves are

from CR model (red dashed) and FEM (green dotted).
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Thus, for an immobilized antibody spot with a surface concentration of 10�8 mol/m2, the effec-

tive volume concentration Be would be 20 lM for a channel height of 0.5 lm and would be

10 lM for a 1–lm channel height. The elements representing the location of the antibody

microspots were assigned with initial concentration Be, and the flanking regions were assigned

zeroes to indicate that no reaction would happen. Afterward, the target molecules with initial

concentration C0 were introduced to the 1D space with a flow rate v. The forward movement

of the target solution was expressed as a step-wise shifting of the concentration values to the

next discrete element with a step size dL=dt. As the flux of target molecules reaches the region

of interest containing the antibody microarray, the binding reaction Cþ Be ! BeC leads to

concentration changes iteratively as follows:

d½BC� ¼ ðka½Be�½C� � kd½BC�Þdt; (1)

½C�Tþdt ¼ ½C�T � d½BC�; (2)

½B�Tþdt ¼ ½B�T � d½BC�; (3)

FIG. 5. Direct comparison of the 1D-CR model and 2D-FEM for IgG-anti IgG binding curves. (a) Schematic of the 1D-CR

model, where extended nanoslit was represented by grids of unit length dL and microspot locations are assigned Be as sur-

face antibody density. Reaction begins as target molecules with concentration C0 moves along the grids with velocity

v ¼ dL=dt. (b) Comparison of 1D-CR/2D-FEM simulation data with slit height (H) from 0.1 to 10 lm. Surface concentra-

tion of captured target represents binding on antibody microspot after 60 s of reaction with 10 nM of target protein. (c)

Relative response (1D-CR/2D-FEM) versus the squared slit height (H2) and P�eclet numbers (Pe). Parameters used here are

D ¼ 100 lm2=s, flow rate v ¼ 450 lm=s, forward reaction rate ka ¼ 7:60� 105 M�1s�1, and reverse reaction rate

kd ¼ 5� 10�4s�1, initial target concentration C0 ¼ 10 nM, and initial surface antibody concentration B0 ¼ 6 nmol=m2

(see text).
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where ka and kd represent the forward and reverse reaction rates, respectively, dt represents the

time segment to move the flux one unit length (dL) forward, and T the total time since the ini-

tiation of the reaction.

To identify a proper range within which the 1D-CR and 2D-FEM models would provide simi-

lar results of the captured targets d½BC�, we used the following parameters to perform a two-

dimensional FEM (2D-FEM) simulation using COMSOL. The same parameters were used for all

simulations, including the diffusion constant D ¼ 100 lm2=s, flow rate v ¼ 450 lm=s, initial tar-

get concentration C0 ¼ 10 nM, and estimated initial antibody surface density B0 ¼ 6 nmol=m2 (at

25% active binding sites) 39,40 with 1D-CR model fitted forward and reverse reaction constants

ka ¼ 7:60� 105 M�1s�1 and kd ¼ 5� 10�4 s�1, respectively, which are consistent with the

reported numbers in the literature.41 The model geometry of the extended nanoslit was 700 lm

long, with various slit heights, and a long microspot binding region of 500 lm was given to dem-

onstrate the spatial distribution of the captured target molecules. The channel height was varied

from 0.1 lm to 10 lm. The captured targets along the antibody microspots exhibited similar results

when the slit heights were smaller than 1 lm but varied significantly as the slit height increased

(Fig. 5(b)). The relative response was defined as the overall response from the 2D-FEM divided

by the overall response from the 1D-CR model. As indicated in Fig. 5(c), slit heights less than

1 lm have a similar response (�100%), but the variation of the relative response increases as the

slit height increases. Taking convection into account, we further used the P�eclet number, Pe, as

the ratio between the time required for diffusion and convection, which equals to ðH2=2DÞ=ðL=vÞ.
In the regime where Pe < 1 (our current experiment yields Pe ¼ 0:56) the two models yield

nearly identical results (�100%), showing that in the case of the extended nanochannel, the 1D-

CR model describes the reaction kinetics with results similar to the 2D-FEM. As Pe > 1, the cor-

relation decreases gradually where the assumption for 1D-CR model is no longer valid. To be

noted, due to the spatial distribution of the captured target, which gives spatially distributed kinetic

curves, one can determine kinetic constants with just one given target concentration, or to deter-

mine both unknown target concentration and surface probe density with known kinetic constants

in a given experiment, a distinctive feature not found in other platforms, such as conventional

QCM or SPR sensors.

CONCLUSIONS

This report presents the first real-time multiplex immunochemical reactions using antibody

microarrays embedded in extended nanoslits. The technical challenge of the immobilization of

multiplexed antibody spots in a miniaturized device was overcome with the help of a robotic

microarrayer and the room-temperature-assisted PSQ bonding technique. We used fluorescently

labeled antigens to reveal the binding kinetics in extended nanoslit devices. In a consecutive se-

ries of antibody spots, the upstream microspot exhibits a rapid onset of the fluorescence signal,

and there is an inhomogeneity in fluorescence among the downstream microspots, indicating

the high capturing efficiency of the antibody-antigen reaction resulting from confined slit

heights. Experimentally obtained binding curves spatially distributed at multiple locations were

combined and used for quantitative analysis on binding kinetics with a proposed 1D-CR model

in a given experiment, specifically dedicated to reactions in extended nanoslits, where the diffu-

sion is fast in comparison to convection and the reaction. The 1D-CR model provides consistent

results with 2D-FEM data when Pe < 1 but with much improved simplicity and reduced com-

putational resources. Hence our platform represents an integrated solution for real-time multi-

plexed immunosensing and kinetics monitoring, starting from device fabrication, protein immo-

bilization, device bonding, sample transport, to data analysis. The fact that our platform is

compatible with commonly available robotic microarrayer indicates the potential for low-cost

expansion to large-scale multiplexing. Future prospects for this extended nanofluidic multi-

plexed immunoassay include experiments in which sample volumes are limited but sensing

multiple biomarkers is required, such as with a finger-prick blood sample in clinical practice

and single-cell analysis.
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