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Using both experimental assays and fluid-dynamic finite element simulation models, we directly com-
pared the achievable performance limits of four distinct assay configurations for label-free detection of
an analyte from a test sample on a biosensor surface. The assay configurations studied in this work
included a biosensor incorporated into the bottom surface of a microplate well and a microfluidic chan-
nel. For each configuration, we compared assay performance for the scenario in which the entire bottom
surface of the fluid-handling vessel is coated with capture ligands with assay performance for the sce-
nario in which the capture ligands are applied in the form of localized spots. As a model system, we used
detection of the protein biomarker tumor necrosis factor-alpha (TNF-a) using immobilized TNF-a capture
antibody. Results show that the microfluidic assay format dramatically reduces the time required to
establish a stable equilibrium. Spot-based assays are advantageous for microplate-based detection for
reducing the time required for equilibrium sensor response. The results derived are generally applicable
to any label-free biosensor technology and any ligand–analyte system with adjustable variables that
include sensor mass density sensitivity, analyte–ligand adsorption/desorption rate constants, immobi-
lized ligand density, flow channel geometry, flow rate, and spot size.

� 2010 Elsevier Inc. All rights reserved.
Label-free biosensors operate through transduction of some
intrinsic physical quantity associated with biological analytes that
can include small molecules, peptides, proteins, DNA, viral parti-
cles, bacteria, or cells [1–6]. Accumulation of analyte on the biosen-
sor surface results in changes in the mass density, dielectric
permittivity, or some other physical quantity that can be trans-
duced to a measurable output signal [7]. The resulting signal is a
product of the complex interaction involving the chemical equilib-
rium between an immobilized capture ligand and the detected
analyte in which both attachment and detachment occur simulta-
neously. The sensor output signal is also affected by the mass
transfer, which may limit the rate of delivery of analyte molecules
to the surface, and the loss of available analyte molecules due to
scavenging by surfaces other than those incorporating a sensor.
Along with the sensor signal output level, the readout background
noise, which determines how large a signal must become to be
considered statistically detectable, is an important quantity. In a
biological or chemical sensor system, the sensor’s scale factor
(which transduces the adsorbed analyte quantity to the output sig-
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nal), the noise characteristics of the detection method, the surface
chemical equilibrium, and the mass transfer of analyte to the sur-
face interact together. This interaction determines the assay detec-
tion limits, the amount of time required to accumulate a
measurable signal, and whether a detectable signal should be
achievable at all for a given system.

Label-free biosensors have often been designed to function in
the context of a flow cell—a microfluidic channel that brings the
analyte solution to the sensor [8–13]. Typically in these systems,
the sensor is ‘‘activated” with an immobilized capture ligand by
flowing a solution through the channel, resulting in accumulation
of capture molecules upstream of the sensor region. By providing
sufficient concentration of analyte and flow rate, mass transfer lim-
itations on the detection of analyte can be overcome, but for low
analyte concentrations, capture molecules in regions other than
the detection region will ‘‘steal” available molecules before they
can be detected.

Recently, several technologies have demonstrated the capability
of increasing the throughput of label-free biosensor measurements
by incorporating sensors into the wells of standard format micro-
plates [14,15]. Although increasing the number of assays that can
be performed in parallel, these systems have finite assay volumes,
a finite number of detectable molecules, and generally no flow. In
addition, new technologies have demonstrated the capability of
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Fig. 1. (A) Schematic cross-section diagram of the PC biosensor. (B) Schematic
diagram of the high-resolution imaging detection instrument with PC integrated
microfluidic assay chip.
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high spectral resolution molecular detection employing ultra high
Q-factor resonators [16,17] and of high-resolution imaging detec-
tion, in some cases with the ability to also provide kinetic informa-
tion on binding [14,18–21] or implementation of arrays of
individual sensors on a chip [22–25]. For these technologies, cap-
ture ligands are placed in an array of discrete regions of the active
biosensor surface or on discrete sensors in the form of nanoliter–
picoliter volume droplets using technologies capable of performing
accurate droplet deposition using physical contact with metal pins,
piezo electric dispensers, and acoustic droplet ejection [26]. In
comparison with methods that involve coating the entire inner
surfaces of a microplate well or flow channel with capture ligand,
spot-based assays can potentially reduce loss of analyte molecules
to unwanted surfaces, thereby serving to concentrate detected
molecules on the biosensor active area. Therefore, spot-based
methods are expected to provide benefits in achievable detection
limits.

Detection of trace quantities of biological analytes by a label-
free detection system involves a large number of experimental
variables and system design parameters. In the design of an assay,
it would be valuable to be able to make accurate analytical or
numerical predictions on the magnitude of a measured signal,
the evolution of a signal over time, and the conditions under which
signals will exceed system noise limits. Our goal, therefore, was to
develop a comprehensive physical model for a general label-free
biosensor system that includes the liquid-handling system as an
integral part of the model, taking into account the effects of sur-
faces with which the analyte solution comes into contact. Although
the model shown in this work is applicable to any label-free bio-
sensor, we sought to use a single label-free detection platform,
the photonic crystal (PC)1 biosensor, as a means for comparing the
model with experimentally obtained measurements. The PC biosen-
sor is especially advantageous for this purpose because it has been
demonstrated in a microplate format [14], a microfluidic format
[27–29], and spot-based assays with a high-resolution imaging sys-
tem [30]. Therefore, the PC biosensors with equivalent performance
specifications could be implemented in each of these assay formats
for direct comparison. As an example assay, we simulate and demon-
strate detection of the protein tumor necrosis factor-alpha (TNF-a)
using its capture antibody (anti-TNF-a). Finite element analysis
was performed using COMSOL Multiphysics software, which models
phenomena defined in different domains in a fully coupled manner.
Materials and methods

PC biosensor

The PC shown in Fig. 1A is a nanostructure composed of a peri-
odically modulated, low refractive index ultraviolet (UV) cured
polymer structure coated with a high refractive index dielectric
layer of titanium dioxide (TiO2). The structure is designed to reflect
only a narrow band of wavelengths with 100% efficiency when illu-
minated with white light at normal incidence [31]. The resonant
reflection is due to evanescent diffracted orders coupling to modes
of an effective high refractive index layer, which are then reradi-
ated through diffraction in-phase with the reflected zero-order
wave [32]. A positive shift of the reflected peak wavelength value
(PWV) indicates adsorption of material on the sensor surface. Pre-
viously, the PC surface has been produced over large surface areas
1 Abbreviations used: PC, photonic crystal; TNF-a, tumor necrosis factor–alpha; UV,
ultraviolet; PWV, peak wavelength value; TiO2, titanium dioxide; 1-D, one-dimen-
sional; PET, polyethylene terephthalate; SEM, scanning electron microscope; 2-D,
two-dimensional; CCD, charge-coupled device; PBS, phosphate-buffered saline; DI,
deionized; QCM, quartz crystal microbalance; FEM, finite element method; 3-D,
three-dimensional.
from continuous sheets of plastic film and has been incorporated
into standard 96-, 384-, and 1536-well microplates that enable
high-throughput assays in a single-use disposable format [14].

Microfluidic sensor fabrication
A room temperature, low-force replica-molding process using a

patterned silicon master and a UV curable polymer (Gelest) was
used to fabricate the sensor devices [27]. The fabrication method
accurately produces submicron features for the PC structure while
at the same time generating greater than 10-lm features for the
microfluidic channels in a single molding step. First, a silicon wafer
was patterned with a 550-nm period one-dimensional (1-D) linear
grating structure using deep-UV lithography and reactive ion etch-
ing to a depth of 170 nm. The fluid channels were then patterned
onto the same silicon wafer using conventional contact lithography
and deep reactive ion etching to a depth of 30 lm. As a result of the
above processing steps, a negative pattern template of microfluidic
channels incorporating a submicron linear grating was fabricated.
The completed silicon master was subsequently treated with di-
methyl dichlorosilane (GE Healthcare) to promote clean release
of the replica from the master.

Next, the master wafer pattern was replicated onto a 250-lm-
thick flexible polyethylene terephthalate (PET) substrate (plastic
substrate in Fig. 1A) by distributing a layer of liquid UV curable
polymer between the silicon wafer and the PET substrate where



Fig. 2. Schematic diagram of the assay configurations. The areas highlighted in red
indicate regions where capture antibodies are immobilized. (A) Microfluidic sensor
with entire bottom surface immobilized with capture antibody (channel–whole).
The arrow indicates the direction of fluid flow during the analyte binding step. (B)
Microfluidic sensor with localized ligand immobilization (channel–spot). (C)
Standard 384-well microplate device with entire bottom surface immobilized with
ligand (well–whole). (D) Standard 384-well microplate with four immobilized
ligand spots (well–spot). Six 384 wells are displayed in panels (A and B), and one
384 well is displayed in panels (C and D). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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the liquid polymer conforms to the shape of the features on the
wafer. The liquid polymer was then cured to a solid state by expo-
sure to UV light at room temperature and was subsequently re-
leased from the wafer by peeling away the PET, resulting in a
polymer replica of the silicon wafer structure adhered to the PET
sheet. The sensor structure was completed by depositing 130 nm
of TiO2 on the replica surface using electron beam evaporation.
Scanning electron microscope (SEM) images of the PC sensor inte-
grated microchannels can be found in previous publications
[27,28]. Anti-TNF-a immobilization surface chemistry (described
in the ‘‘Assay methods” section next page) was then performed
on the open microfluidic channels before sealing with a top PET
layer and packaging.

After the TNF-a antibody immobilization, the open microfluidic
channels were sealed by a separate PET sheet that had die-punched
1.6-mm-diameter inlet/outlet holes in a pattern corresponding to
the locations of the wells of a standard 384-well microplate. The
PET cover sheet was bonded using a layer of double-sided, optically
clear laminating adhesive film (3 M). To complete the packaging,
the fabricated polymer microfluidic network assembly was then
attached to a bottomless 384-well microplate using a double-sided
adhesive (3 M).

Optical fiber probe instrument
For the standard microplate-based bioassay with the entire bot-

tom surface immobilized with capture antibody, a BIND Reader
instrument (SRU Biosystems) was used to illuminate the sensor
and to detect the reflected signal [14]. To excite the reflected reso-
nance, a broadband near-infrared light-emitting diode illuminates
an approximately 2-mm diameter region of the sensor surface
through a 400-lm-diameter optical fiber and a collimating lens
at normal incidence through the bottom of the microplate. A detec-
tion fiber for gathering reflected light is bundled with the illumina-
tion fiber for analysis with a spectrometer. A series of eight
illumination/detection heads are arranged in a linear fashion so
that reflection spectra are gathered from eight wells in a micro-
plate column at once. The microplate sits on a motion stage so that
each column can be addressed in sequence. The instrument is
capable of measuring 96 wells in 15 s, although more rapid kinetic
information can be gathered from a subset of the plate by measur-
ing a single column at 0.5-s intervals.

Imaging instrument
For microfluidic-based assays and spot-based microplate assays

where PWV shifts of small local features on the sensor surface need
to be measured, the optical fiber probe system described above
cannot be used because its illumination spot size is 2 mm in diam-
eter. Instead, an instrument that is capable of measuring PWV
shifts with high spatial resolution, shown in Fig. 1B, is required.
In this detection instrument, white light from a tungsten lamp illu-
minates the sensor at normal incidence with electric field polariza-
tion perpendicular to the sensor grating lines. The light reflected
from the sensor is directed through a beam splitter to an imaging
lens. The light then passes through a narrow slit aperture at the in-
put of an imaging spectrometer. Using this method, reflected light
is collected from a line on the sensor surface, where the width of
the imaged line is determined by the width of the entrance slit
of the spectrometer. The imaging spectrometer contains a two-
dimensional (2-D) charge-coupled device (CCD) chip (Acton Re-
search) with 2048 � 512 pixels, where the line image through
the slit is divided into 512 pixels and a spectrum with a resolution
of 2048 wavelength data points is acquired for each of the 512 pix-
els imaged. With the spectral measurement range from 830 to
890 nm, the detection instrument sampling interval is 0.0293 nm.
On peak-finding analysis of all 512 spectra, the PWV for each of
the 512 pixels is determined; thus, a line of 512 pixels is generated
for the PWV image of the sensor. Based on the PWV imaging mech-
anism described above, the detection instrument is capable of
operating in two different modes: kinetic and imaging.

For the kinetic mode in this experiment (measuring DPWV as a
function of time for the microfluidic-based bioassay), a motorized
stage positions the sensor so that the image line remains fixed on a
single location that intersects five flow channels (see Fig. 1B) while
the PWV of the PC is measured continuously as a function of time.
The measurement interval can be designated by the software, where
the lower limit (�0.2 s/measurement) is determined by the integra-
tion time of the CCD chip, data analysis/routing time, and processing
load on the computer. For the imaging mode (generating a 2-D spa-
tial PWV image of the sensor for spot-based microplate bioassay),
however, the motorized stage translates the sensor in a direction
perpendicular to the image line in small increments, constructing
a spatial map of the PC PWV. By this technique, a series of lines are
assembled into an image through software, and the same location
on the sensor surface can be scanned repeatedly. In the current sys-
tem, the length of the image line is 9.1 mm, as determined by the size
of the CCD chip. A large area can be scanned in a serpentine tiled fash-
ion, where the width of a tile is 9.1 mm along the image line direc-
tion. The PWV pixel resolution, or the width of the image line for
this work, was 22.3 lm. The imaging detection instrument is able
to measure reflected spectra from any PC surface regardless of
whether the PC is incorporated into microplate wells or flow
channels.
Assay configurations

The four assay configurations are illustrated in Fig. 2, where the
schematics in the figure represent a view of the devices from above



Fig. 3. Two-dimensional spatial PWV image of the microfluidic PC sensor device
after spot-based immobilization of anti-TNF-a. The PWVs are represented by the
colored scale ranging from 860 to 865 nm, where the red region represents an area
of greater PWV. It can be observed from the image that the localization of the anti-
TNF-a immobilization is achieved. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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looking down into the wells. The area highlighted in red indicates
the region where capture antibodies (ligands) are immobilized. The
microfluidic assay with capture antibody immobilized on the en-
tire surface of the microchannel walls, which is referred to as
‘‘channel–whole,” is shown in Fig. 2A, and the microfluidic assay
with capture antibodies locally spotted in a 500-lm-wide strip
placed on the detection region, which is referred to as ‘‘channel–
spot,” is shown in Fig. 2B. The arrow in Fig. 2A indicates the direc-
tion of fluid flow during the analyte binding step. In Fig. 2A and B,
six 384 wells are displayed. The standard 384-well microplate as-
say configuration with the entire bottom surface of the well immo-
bilized with capture antibody, referred to as ‘‘well–whole,” is
shown in Fig. 2C. The assay configuration with four spots of capture
antibody (100 lm diameter) placed within a single well of a 384-
well microplate sensor is shown in Fig. 2D, which is referred to
as ‘‘well–spot.” One 384 well is displayed in Fig. 2C and D.

Assay methods

Reagents
Human TNF-a and biotinylated anti-human TNF-a capture anti-

body (MAb11) were purchased from BioLegend. Phosphate-buf-
fered saline (PBS), Tween 20, and glutaraldehyde were purchased
from Sigma–Aldrich. BioFX milk blocker solution was purchased
from BioFX Laboratories. Streptavidin was purchased from Pro-
zyme. Amine polymer was obtained from SRU Biosystems. 3-Glyci-
doxypropyldimethylethoxysilane was purchased from Gelest.

Surface chemistry
For the microfluidic-based assays (channel–whole and channel–

spot), the anti-TNF-a used for the surface chemistry was biotinyl-
ated so that it could bind to a layer of streptavidin attached to the
sensor surface through a thin amine polymer coating and a bifunc-
tional linker using an immobilization procedure described previ-
ously [33]. Initially, the sensor-integrated microfluidic channels
were washed by flowing deionized (DI) water solution from the
common well into the channels. Next, the microchannels were
filled with a 4% amine polymer solution in DI water and incubated
at 25 �C for 24 h. After washing the channels with DI water, glutar-
aldehyde (25% in DI water) was flowed through and incubated at
25 �C for 2.5 h. After washing the channels with DI water again,
streptavidin (0.5 mg ml�1 in DI water) was filled and incubated
at 4 �C for 24 h. The channels were then washed with DI water, fol-
lowed by PBS conditioning. For the channel–whole device, the anti-
TNF-a solution (0.25 mg ml�1 in PBS) was placed onto the entire
open channel. For the channel–spot device, the anti-TNF-a solution
was spotted onto the open channels by a piezo array spotter (Perk-
inElmer) in a 4 � 30 array with a spot–spot distance of 150 lm and
each spot using 300 ± 30 pl of volume. The spot array was then re-
peated twice in the same location to ensure uniform antibody den-
sity across the strip with enough spot volume for sufficient
immobilization. The spotting was done inside a closed chamber
with humidity control and substrate temperature set to 12 �C.
The anti-TNF-a solution on both the channel–whole and chan-
nel–spot devices was then incubated at 4 �C for 18 h, followed by
a PBS wash to remove unbound excess anti-TNF-a. The 2-D spatial
PWV image of the channel–spot device shown in Fig. 3 was ob-
tained by operating the detection instrument in the spatial imaging
mode. The PWVs are represented by the color scale ranging from
860 to 865 nm, where the red region represents an area of greater
PWV. It can be observed from the image that the localization of the
anti-TNF-a immobilization is achieved. After the anti-TNF-a
immobilization and wash, the open microfluidic channels were
dried and sealed by a separate PET sheet. They were then packaged
by attaching to a bottomless 384-well microplate using an adhe-
sive as described in the device fabrication section.
The anti-TNF-a immobilization on the well–whole device was
performed using identical reagents and capture antibody surface
preparation method as the channel–whole and channel–spot de-
vices. The entire sensor surface on the bottom of the microplate
wells were immobilized with anti-TNF-a by pipetting 50 ll of
the solution (0.25 mg ml�1 in PBS) into each well and incubating
for 18 h at 4 �C, followed by PBS wash and a PWV measurement
using the optical fiber probe instrument (SRU Biosystems).

The well–spot configuration experiment was performed using a
standard PC biosensor microscope slide (1 � 3 inches) and a
384-well size gasket containing a column of 16 wells from SRU
Biosystems. The PC biosensor slide was initially surface treated by
incubation in an enclosed chamber with 5% 3-glycidoxypropyldime-
thylethoxysilane in dry toluene at 100 �C overnight. Next, the slide
was rinsed with toluene and DI water and then dried with a nitrogen
gun. The PC biosensor surface was then spotted with an array of 16
vertical groups of four distinct spots of anti-TNF-a in PBS with
0.01% Tween (assay buffer) at 0.5 mg ml�1 and was allowed to bind
for 18 h at 4 �C. Epoxysilane-based surface chemistry was used for
the well–spot device because a hydrophobic sensor surface was re-
quired to prevent the antibody spots from spreading on the sensor
surface, particularly along the PC grating lines. The piezo array spot-
ting conditions were identical to those used for the channel–spot de-
vice. After the incubation, the gasket was applied to the sensor
surface, where each group of the four spots sits in one well. The spots
were washed with a large volume of PBS with 2% Tween (wash buf-
fer) and stabilized in 15 ll of PBS with 0.01% Tween, followed by a
spatial PWV shift measurement with the imaging instrument oper-
ated in the imaging mode.
Binding constant determination
The association and dissociation constants of the TNF-a and

anti-TNF-a were determined using the PC integrated microfluidic
sensor device through initial rate analysis and dissociation curve
fitting, as demonstrated previously [34,35]. TNF-a concentrations
of 0.2, 1, 5, and 10 lg ml�1 in PBS, and a blank PBS solution as
the reference, were introduced into the PC integrated microfluidic
chip immobilized with anti-TNF-a on the sensor surface. The wash
buffer flow was introduced into the channels 5 min after the intro-
duction of analyte solution so as to observe the dissociation kinet-
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ics. Driving fluids to flow through the microchannels during the
association/dissociation phase was accomplished by prefilling
one or more analyte wells with solution and applying pneumatic
pressure. After the analyte wells were prefilled with solution, a sil-
icone cap attached to Teflon micro tubing (Cole–Parmer) was in-
serted into the opening of the common well and a pressure-
regulated lab pneumatic source was used to drive liquid through
the channels. Due to the short analyte travel distance, no flow la-
tency among the five microchannels was observed when the
analyte solutions were driven through. The anti-TNF-a immobili-
zation protocol for the binding constant determination experiment
is identical to the protocol for the microfluidic-based TNF-a assay
described in the previous section. The association constant of the
TNF-a and anti-TNF-a pair was determined using the initial rate
of the sensor response. The dissociation constant was then deter-
mined by fitting the dissociation kinetic curves obtained from each
of the four analyte channels (one analyte channel was filled with
buffer solution) to the solution of the reaction rate equation during
the dissociation phase. Using this method, the association constant
measured for the TNF-a and anti-TNF-a pair was 0.00727 (lg/
ml)�1 s�1, and the average dissociation constant measured was
0.0176 ± 0.00657 s�1 (mean ± 1 standard deviation). The kinetic
rate constants measured in this experiment yield a binding affinity
of Kd = 0.121 ± 0.0452 lM, which is comparable to previously mea-
sured values of 0.231 ± 0.542 lM for human TNF-a and anti-hu-
man TNF-a monoclonal antibodies obtained with a quartz crystal
microbalance (QCM) biosensor [36]. The slight difference in the
measured binding affinity with the QCM system is likely due to
the use of different types of monoclonal antibodies (Z8 and Z12)
and different surface chemistry methods (self-assembled thiol on
gold) for immobilizing capture antibodies to the quartz crystal.

Assay procedure
For the microfluidic devices (channel–whole/channel–spot),

after the surface chemistry and sealing the open channels, the re-
gions of the channel surface unbound by anti-TNF-a were blocked
with 1� concentration BioFX blocking buffer by incubating for 2 h,
followed by a PBS wash. After the surface block/wash, TNF-a con-
centration series of 40, 200, 1000, and 2000 ng ml�1 (in PBS) and a
blank PBS solution as a negative control were preloaded in each of
the analyte wells. Next, data acquisition was initiated with the
imaging instrument in the kinetic mode, and the solutions were
pumped from each of the analyte wells through the detection area
and then to the common well by applying 5 inches Hg of negative
pressure at the common well. During the kinetic measurement, the
data acquisition line of the imaging instrument was aligned to the
center of the localized anti-TNF-a region of the channel–spot de-
vice and the same image location was used for the channel–whole
device.

For the well–whole device, regions unbound by anti-TNF-a
were also blocked with 1� concentration BioFX blocking buffer
by incubating in the wells for 2 h, followed by a PBS wash. A range
of TNF-a sample concentrations (1, 10, 100, 1000, and
10,000 ng ml�1 in PBS), and PBS buffer as a reference, were pipet-
ted into separate wells (50 ll). Kinetic measurement of TNF-a
binding for the well–whole device was performed using the optical
fiber probe instrument.

As with the previous assay configurations, sensor regions un-
bound by capture antibodies of the well–spot device were blocked
by placing 90 ll of 1� concentration BioFX blocker solution in the
wells and incubating for 2 h. After blocker incubation, the wells
were washed with a large volume of the wash buffer and stabilized
in 15 ll of assay buffer. After stabilization, the sensor surface was
scanned with the imaging detection instrument in the spatial
imaging mode to obtain a PWV image after blocker immobiliza-
tion. The TNF-a samples were prepared in a concentration series
of 1, 5, 10, 25, 50, 100, 500, 1000, and 5000 ng ml�1 in pre-sur-
face-blocked centrifuge tubes. The prepared solutions were pipet-
ted directly into each well (50 ll), including two wells with only
an assay buffer as reference wells. The anti-TNF-a spots were al-
lowed to incubate with the TNF-a concentration series overnight
at 4 �C. All of the wells were washed with a large volume of wash
buffer and stabilized with 15 ll of assay buffer, and a final scan
was made with the imaging instrument to obtain a PWV image
of TNF-a binding.

Computer simulations

Finite element method (FEM) software (COMSOL) was used to
model the kinetic sensor response as analyte molecules in the bulk
solution are transported and diffused to bind with the capture mol-
ecules available on the sensor surface. The governing differential
equation used for the analyte concentration in the bulk solution
was the convection diffusion equation listed below as

@c
@t
þr � ð�Drc þ c u

!
Þ ¼ 0; ð1Þ

where c, D, and u
!

are the bulk analyte concentration, bulk diffu-
sion constant, and fluid flow velocity vector, respectively. For the
flow velocity field u

!
, the parabolic fluid flow velocity profile de-

rived from the incompressible fluid Navier–Stokes equation with
no-slip boundary condition was used. At the sensor surface
where the ligand–analyte binding reaction occurs, the governing
differential equation for the surface-bound analyte concentration
used was

@cs

@t
¼ kacðh0 � csÞ � kdcs; ð2Þ

where cs is the surface concentration of the analyte bound to the
sensor surface, ka is the association rate constant, kd is the dissoci-
ation rate constant, and h0 is the surface concentration of active
binding site. At the sensor surface, the boundary condition was rep-
resented by coupling of the rate of reaction at the surface with the
flux of the reacting species and the concentration of the adsorbed
species and bulk species as

n
!
�ð�Drc þ c u

!
Þ ¼ kacðh0 � csÞ � kdcs: ð3Þ

At the inlet of the channel where analyte solution is introduced, the
boundary condition used was c ¼ c0 and the boundary conditions
for the outlet and the channel wall were n

!
�ð�Drc þ c u

!
Þ ¼ n

!
�c u
!

and n
!
�ð�Drc þ c u

!
Þ ¼ 0, respectively. Fig. 4 shows the mesh used

for the FEM simulation of kinetic analyte–ligand binding. A finer
mesh was used in the bottom surface region where the highest ana-
lyte concentration gradients occurs (analyte molecules in the sur-
face region bind with the surface immobilized ligands). The probe
locations for the microfluidic-based sensor were 250 lm from
the inlet for the channel–spot device (analyte travel distance to the
midpoint of the 500-lm-wide capture antibody strip across the
channels) and 5 mm for the channel–whole device (analyte travel
distance to the imaging instrument’s measurement location from
the analyte inlet). For the simulation parameters, association and
dissociation rates of ka = 0.00727 (lg/ml)�1 s�1 and kd = 0.0176 ±
0.00657 s�1 (determined from the binding constant measurement)
were used. For the surface density of the capture antibody,
22.5 ng mm�2 was used based on the analysis of the spatial PWV
scan image after the antibody immobilization, where a surface mass
density to PWV shift ratio of 9 pg mm�2 per 1 nm PWV shift was
used. For the flow velocity within the channel, a parabolic flow pro-
file with maximum velocity of 45 mm s�1 was used. This velocity
was determined from a three-dimensional (3-D) simulation with a
negative pressure of 5 inches Hg applied at the common well.



Fig. 4. FEM mesh used for the assay configurations investigated. (A) Microfluidic-based sensor (channel–whole/channel–spot). (B) Microplate sensor with entire bottom
surface immobilized with capture antibody (well–whole). (C) Microplate sensor with spotted antibody on the bottom surface (well–spot).

Fig. 5. Theoretical (Sim) and experimental (Exp) comparison of kinetic PWV shift of
anti-TNF-a immobilized microfluidic assay chip with introduction of TNF-a analyte
of concentrations ranging from 0.04 to 2 lg ml�1: (A) channel–whole; (B) channel–
spot.
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Results: comparison of computer simulations and experimental
measurements

The kinetic binding results from the simulation were compared
with the experimental measurements. Fig. 5 shows the resulting
plots comparing the theoretical and experimental kinetic PWV
shift of anti-TNF-a immobilized microfluidic assay chips with the
introduction of TNF-a analyte of concentrations ranging from
0.04 to 2 lg ml�1. Fig. 5A and B display the kinetic PWV shift for
the channel–whole and channel–spot devices, respectively. The
simulation results of the kinetic PWV shift are plotted as thin lines,
with dashed lines indicating upper and lower simulated sensor re-
sponse levels from ±1 standard deviation associated with the mea-
surement of the kinetic dissociation rate, kd, and the experimental
results are plotted in larger circular points. The experimental data
in the kinetic PWV shift plots were terminated early compared
with the simulation due to the consumption of the TNF-a reagent
in the analyte wells. The analyte wells were not refilled with extra
TNF-a reagents because the total analyte quantities consumed
from the channel-based experiments would be very large for the
duration of the experiment to last more than 20 min. This demon-
strates the motivation of using the FEM model to predict the re-
sponse of label-free biosensor without needing to exhaust large
quantities of expensive analytes. The differences observed between
the theoretical and experimental kinetic shifts could be attributed
to the factors that were not included in the FEM model, namely the
channel-to-channel variability from the fabrication process, non-
uniformities in the capture antibody immobilization density be-
tween the channels, and nonspecific binding that may still occur
in the regions of the channels with no capture molecules despite
the blocking step. The factors mentioned above would also cause
the difference in the agreement between theory and experiment
for different analyte concentrations and the difference in the agree-
ment observed for the channel–spot device compared with the
channel–whole device. Nonetheless, close general agreement was
observed between the computer modeled sensor response and
the experimentally measured sensor output for both the magni-
tude of the wavelength shift and the rate of response without the
use of any parameters in the computer model that were not deter-
mined experimentally.



Fig. 7. Theoretical (Sim) and experimental (Exp) comparison of endpoint PWV
shift of a well–spot format. The blue bar represents theoretical endpoint PWV shift
obtained from FEM simulation, and the red bar represents endpoint PWV shift
obtained experimentally. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 6 shows the theoretical and experimental comparison of ki-
netic PWV shift of the well–whole device, where TNF-a analyte
with concentrations ranging from 0.01 to 10 lg ml�1 was used.
Again, the simulation results of the kinetic PWV shift are plotted
as thin lines, with dashed lines indicating upper and lower simu-
lated sensor response levels from ±1 standard deviation associated
with the measurement of the kinetic dissociation rate, kd, and the
experimental results are plotted in larger circular points. As with
the results for the microfluidic-based devices, the simulation and
experimental results exhibited similar trends without the use of
any artificial scaling parameters in the computer model. For the
well–whole device, the discrepancies in the kinetic binding curves
can be attributed mainly to the fact that the analyte solution in the
well was modeled in the simulation as being completely stagnant.
In the actual experiment, fluid motion was introduced during the
initial analyte reagent introduction through a pipette leading to ra-
pid analyte convection to the antibody immobilized surface, indi-
cated by a consistently higher initial analyte binding rate
observed in the experiment. Also in the experiment, some capture
antibodies were immobilized on the walls of the well along with
the bottom surface, resulting in a reduction of the amount of ana-
lyte available for binding compared with that predicted by the
model. As with the microfluidic-based sensors, nonspecific binding
on the regions not immobilized with capture antibodies can affect
the binding kinetics.

For the well–spot device, TNF-a binding measurements were
made using the high-resolution imaging detection instrument
operated in the spatial imaging mode. Therefore, the PWV shift
data from the analyte binding were obtained as endpoints rather
than as kinetic plots due to the extensive time required to scan
through the PC slide at high spatial resolution. The endpoint
PWV shifts of the capture antibody immobilized spots were calcu-
Fig. 6. (A) Theoretical (Sim) and experimental (Exp) comparison of kinetic PWV
shift of a well–whole device for TNF-a concentrations ranging from 0.01 to
10 lg ml�1. (B) Kinetic PWV shift for TNF-a concentrations of 0.01 and 0.1 lg ml�1.
lated by considering the PWV shift of pixels in the spot region (ac-
tive ligand spot), as compared with the PWV shift of regions
adjacent to the spots (reference region), before and after injection
of TNF-a. Thus, the endpoint PWV shift produced by TNF-a binding
to the anti-TNF-a spots was obtained by measuring the PWV shift
on the active ligand spot before and after the analyte introduction
subtracted from the PWV shift on the reference region before and
after the analyte introduction. The analysis method described
above can be expressed by the following equation:

PWVendpoint ¼ ðPWVafter � PWVbeforeÞactive

� ðPWVafter � PWVbeforeÞreference: ð4Þ

This calculation was applied to each of the four spots in each well,
and the average of the four spots was taken to obtain the final
PWV endpoint value for each TNF-a concentration. The simulated
PWV endpoint values, along with the resulting experimental PWV
shift endpoint values as a function of the TNF-a analyte concen-
tration, are plotted in Fig. 7. The blue bar represents the computer
simulation prediction of the PWV shift endpoint, and the red bar
represents the endpoint PWV shift obtained experimentally. The
experimental PWV shift values and the simulated PWV shift values
showed general agreement, exhibiting the same trend. For lower
analyte concentrations, larger percentage coefficient of variation
(CV) values associated with lower sensor response levels should
be considered for the comparison between the FEM simulation
and the experiment. The consistently higher PWV shift for the
experimental values can be attributed to the slightly higher level
of TNF-a antibody activity in the active region from the epoxysi-
lane-based surface chemistry. The standard deviation values associ-
ated with the experimental endpoint PWV shift plot, represented by
the error bars, are mainly from the piezo array ligand spot-to-spot
variability existing with the four spots within the well for each
TNF-a analyte concentration. The error bars for the simulated end-
point PWV shift plot represent upper and lower shift levels from ±1
standard deviation associated with the measurement of the kinetic
dissociation rate, kd.
Discussion

With the validation of the simulation results through compari-
son with experimental measurements, the simulation results can
be used to obtain predictions of molecular binding interactions in
various circumstances. The abilities to predict the magnitude of a
sensor response signal, the kinetics of the sensor signal (evolution
of the signal over time), and the conditions under which signals



Fig. 9. Simulation results of time required to reach 5% within the equilibrium PWV
shift for all assay configurations. Ch, channel.
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will exceed system noise limits are extremely valuable. Such capa-
bilities are especially valuable for assays that are difficult to per-
form experimentally or for assays that must run for long
durations. Therefore, with the simulation model, the outcome of
the bioassay can be predicted at a significantly lower cost without
consuming reagents that may be expensive or available only in
small quantities. The binding kinetics model was used to examine
the equilibrium PWV shift, to compare the amounts of time re-
quired to reach equilibrium, and to investigate the detection limit
for the four different bioassay configurations. The equilibrium PWV
shift values obtained from the simulation of the four different as-
say platforms are shown in Fig. 8. From the plot, it can be observed
that the equilibrium PWV shifts for the channel–whole and chan-
nel–spot devices yielded the highest PWV shifts with identical
equilibrium PWV shift amounts for both configurations. The
well–spot sensor yielded a slightly lower PWV shift that is compa-
rable to the microchannel-based sensors, and the well–whole de-
vice produced the lowest level of PWV shift. Comparing the assay
conditions for the four configurations, the analyte sample was con-
tinuously replenished for the channel–whole/channel–spot devices
and the amount of analyte volume relative to the ligand spot area
was significantly larger for the well–spot device compared with
the well–whole device. Therefore, higher levels of PWV shifts ob-
served in the channel–whole, channel–spot, and well–spot devices
are due to the assay condition in which more analyte molecules are
available for binding compared with the case for the well–whole
device.

In bioassays, the time to reach equilibrium is important because
the assay time directly affects the reagent consumption for flow
channel methods. Consideration of assay time is also important
for reagents that lose activity when exposed to room temperature
for extended periods of time. The plot for the time required to
reach within 5% of the endpoint equilibrium value with respect
to the analyte concentration for different assay configurations is
shown in Fig. 9. Comparing the time required to reach equilibrium
for all devices, the channel–whole/channel–spot devices reached
equilibrium significantly faster than the well–whole/well–spot de-
vices. This is consistent with the assay condition difference in
which the well–whole/well–spot assays were run without an ac-
tive flow, resulting in a biosensor response rate that is limited by
the rate of diffusion of TNF-a molecules to the bottom surface of
the microplate well. In comparing the microplate-based devices, the
well–spot device reached equilibrium faster than the well–whole
device. Between the microfluidic-based assays, the time required
to reach equilibrium for the channel–spot device was less than that
required for the channel–whole device.

It should be noted that the equilibrium PWV shift value does
not necessarily reflect the biosensor’s ability to measure analyte
Fig. 8. Simulation results of final equilibrium PWV shifts of anti-TNF-a immobi-
lized sensors for exposure to TNF-a concentrations ranging from 1 to 5000 ng ml�1.
Ch, channel.
at low concentrations (limit of detection). Both the standard devi-
ation of the PWV signal of the sensor measurement and the equi-
librium PWV shift information need to be considered to obtain
the limit of detection. With the PWV measurement setup used
here, the standard deviations of the PWV signal measured were
r = 0.00220 nm for the channel–whole/channel–spot devices
(imaging instrument in kinetic mode), r = 0.00601 nm for the
well–spot device (imaging instrument in spatial imaging mode),
and r = 0.00203 nm for the well–whole device (fiber-optic probe
instrument). The difference in the standard deviation of the PWV
signal is due to different measurement setups and methods em-
ployed in each case (different probe area and averaging methods).
Based on the dose–response curve and the sensor readout noise
threshold values (3r), the limits of detection for the sensors are
16.7 ng ml�1 for the channel–whole and channel–spot formats,
48.4 ng ml�1 for the well–spot format, and 30.9 ng ml�1 for the
well–whole format.

For this work, the channel–spot device offers the fastest detec-
tion time with low probe molecule use. It also provides the lowest
detection limit compared with the well–spot/well–whole devices
and has the added capability to measure kinetic rate constants of
biomolecular interactions. Compared with the channel–spot for-
mat, the channel–whole format offers similar advantages and the
same detection limit, but a longer detection time is required. How-
ever, the channel–whole format provides the advantage of a sim-
pler assay protocol than the channel–spot device because the
added equipment for dispensing reagents at specific locations is
not required. On the other hand, for the well–spot format, the
imaging instrument operating in the spatial imaging mode, which
had the highest sensor signal standard deviation, was used to mea-
sure the PWV shift. Therefore, despite its equilibrium level being
comparable to the levels of the channel–whole/channel–spot de-
vices and higher than the level of the well–whole device, the limit
of detection for the well–spot device is higher and the time re-
quired to reach the detection threshold level is longer. However,
an advantage of the well–spot format is that probe molecule use
is lowest, making it suitable for assays that involve very expensive
antibody reagents that are available only in small quantities. The
assay format also has the potential to achieve a lower limit of
detection with improvements in the sensor readout noise level.
Although the detection times are significantly slower compared
with the channel–whole/channel–spot devices, the well–whole/
well–spot devices offer advantages in terms of analyte reagent
consumption because the reagent use in the microplate devices
is significantly lower because a continuous flow of reagents is
not required. In comparing the well–whole and well–spot configu-
rations, the well–whole format offers a simpler assay protocol and



Table 1
Comparison of PC label-free assay formats.

Channel–whole Channel–spot Well–whole Well–spot

Instrument resolution (nm) 0.0066 0.0066 0.0061 0.018
Detection limit (ng/ml) 16.7 16.7 30.9 48.4
Equilibrium response for 50 ng/ml TNF-a (nm) 0.0195 0.0195 0.0105 0.0186
Time required to reach 19.3 10.60 1965 498
equilibrium for 50 ng/ml
TNF-a (min)

Advantages Fast detection Fastest detection Low analyte consumption Low analyte consumption
Largest PWV shift Largest PWV shift Simple assay protocol Lowest ligand consumption
Lowest detection limit Lowest detection limit
Binding constants Binding constants
measurable measurable

Disadvantages Large analyte consumptiona Large analyte consumptiona

Complex assay protocol
Smaller PWV shift Large
ligand consumption

Complex assay protocol

a Analyte consumption could be the lowest for applications where sensor response level is high and measurement time is not of an issue.
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the detection limit is lower with the current measurement setup.
For this work, it should be noted that for applications that have
high sensor response levels, or where the sensor measurement
response time is not an issue, microfluidic-based devices do not
require consumption of large quantities of reagents in comparison
with the microplate format. A comparison of the four assay formats
investigated in this work is shown in Table 1.
Conclusion

In this work, we have investigated four different combinations of
bioassay formats and capture molecule immobilization methods
through the use of label-free PC biosensors. The assay platforms
investigated were a PC biosensor integrated microfluidic device with
capture antibody spots immobilized local to the detection area
(channel–spot), a microfluidic sensor device with the entire surface
immobilized with capture antibodies (channel–whole), a standard
384-well microplate-based PC biosensor with capture antibody
spots in the well (well–spot), and the same 384-well microplate sen-
sor with the entire bottom surface immobilized with capture anti-
bodies (well–whole). FEM simulation was used to model the
biomolecular binding kinetics occurring in the different assay plat-
forms, and the results from the model were verified experimentally
through the protein–protein binding affinity assay using TNF-a and
anti-TNF-a. The simulation model was then used to predict the equi-
librium sensor response, the sensor measurement time required to
reach the equilibrium levels, and the detection limit of the TNF-a
protein binding assay, taking into account the conditions for each
of the four assay formats. The results were then used to compare
the assay performance for each of the assay methods. The microflu-
idic-based formats (channel–spot/channel–whole) offered the fast-
est detection time, the largest equilibrium binding of analyte, and
the lowest detection limit. In addition, the reaction rate constants
of biomolecular interaction could be measured. The well–spot de-
vice offered the lowest amount of ligand consumption with low ana-
lyte volume and has the potential for a lower detection limit given
that the equilibrium analyte binding level was similar to that of
the microfluidic-based formats. The well–whole format offered
low analyte consumption with a simple assay protocol. The assay
performance results for different platforms obtained in this work
are applicable to any label-free biosensor system based on surface
detection where analyte molecules are brought into contact with
the capture molecule immobilized on the sensor surface.
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