






reinforcement sealing with clear epoxy. Flowing fluids into the

microfluidic channels was accomplished by pre-filling the PP

flow connectors with solutions or analytes and manually

pumping it using a syringe with tubing connected to the PP

flow connector. A manual syringe pumping method was

sufficient because experiments performed in this work involved

filling the channels with solutions, incubating/stabilizing at

room temperature, washing/rinsing with buffer, and therefore

were independent of fluid flow rate.

Imaging instrument

A schematic diagram of the biosensor peak wavelength value

(PWV) imaging instrument is shown in Fig. 2. White light

illuminates the sensor at normal incidence, with a polarization

filter to apply only light with a polarization direction

perpendicular to the sensor grating lines. The reflected light

is directed through a beam splitter and an imaging lens of unity

magnification to a narrow slit aperture at the input of an

imaging spectrometer. The width of the slit may be set at a

desired value, e.g. within a range from 6 to 200 mm. 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 imaging spectrometer. The

imaging spectrometer contains a two-dimensional CCD

camera (Acton Research) with 2048 6 512 pixels. The line

of reflected light, containing the biosensor resonance signal, is

diffracted by a diffraction grating to produce a spatially-

resolved spectrum from each point within the line. When the

CCD camera is operated in 2048 6 512 pixel mode, the line-

image through the slit is imaged onto 512 pixels. A spectrum,

with a resolution of 2048 wavelength data points, is acquired

for each of the 512 pixels. Upon peak-finding analysis of all

512 spectra, the PWVs of 512 pixels are determined. Thus, a

line of 512 pixels is generated for the PWV image of the sensor.

To generate a 2-D PWV image of the sensor, a motorized

stage translates the sensor which is placed on a precise holding

fixture, in the direction that is perpendicular to the image line.

The spatial separation of the image lines is determined by the

step-size of the stage between each image-line acquisition (in

addition, the CCD can be read out with various resolutions by

binning pixels). By this technique, a series of lines are

assembled into an image through software and the same spot

in the sensor can be scanned repeatedly after the sensor has

been translated. In the current system, the length of the image

line is 9.1 mm, as determined by the size of the CCD chip,

across the biosensor surface. A large area can be scanned in a

tiled fashion, where the width of a tile is 9.1 mm, by translating

the sensor in steps of 9.1 mm along the image-line direction.

Typically, a biosensor experiment involves measuring shifts

in PWV, so the sensor surface is scanned twice, once before

and once after biomolecular binding, and the images are

aligned and subtracted to determine the difference in PWV as

detected by the sensor. This scanning method does not require

the PWV of the imaged surface to be completely uniform,

either across the surface or within a set of probe locations, or

tuning of the sensor angle to a resonance condition as with

SPR imaging.29

Results and discussion

Bulk refractive index sensitivity experiment

The sensor structure integrated within the fluid channels

measures changes in dielectric permittivity upon its surface.

Therefore, flowing liquid solutions with variable refractive

index through the fluid channels induces a PWV shift. Because

refractive index corresponds linearly with dimethyl sulfoxide

(DMSO) concentration in DI water, the dependence of PWV

on bulk refractive index was determined by flowing in different

concentrations of DMSO solution in DI water to the fluid

channels. Initially, all three channels were filled with DI water

and a baseline PWV imaging scan at 22.3 mm resolution was

made using the instrument. The resulting spatial PWV image is

shown in Fig. 3a, in which PWVs are represented by the scale

bar ranging from 870 nm to 880 nm, with the red region

representing areas of higher PWV. Fig. 3b shows sample

reflection spectra from one data pixel from each channel with

PWV of 877.79, 877.65, 876.87 nm for p1, p2 and p3,

respectively. Fig. 3c and 3d are cross section plots of the

spatial PWV image. The plot in Fig. 3c represents PWVs along

the green horizontal cross section line and likewise, Fig. 3d

represents PWVs along the orange vertical cross section line.

The cross section PWV plots indicate that the PWVs vary

slightly from different channels and even within the same

channel. This is acceptable since quantity of interest in this

case is the shift in PWV when different solutions are

introduced or some biochemical reaction occurs on the sensor

surface, rather than the PWV itself.

After taking a PWV image scan with the channels filled with

DI water, channels 1 and 3 were filled with DMSO solution

while channel 2 was refilled with DI water, to serve as a

reference. Fig. 4a shows a spatial PWV shift image measured

by flowing 6.25% DMSO solution through channels 1 and 3. A

shifted PWV image is obtained by subtracting the reference

spatial PWV image with all channels filled with DI water

(Fig. 3a), from the spatial PWV image of the exact same device

filled with 6.25% DMSO solutions in channels 1 and 3.

Therefore, PWV variations caused by the fabrication non-

uniformity shown in Fig. 3a, c, and d do not result in

significant sensitivity non-uniformity as PWV image subtrac-

tion is performed. PWV shifts are represented by the scale bar

from 20.2 to 2.7 nm, where red regions represent areas ofFig. 2 Schematic diagram of the imaging readout instrument. <
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greatest positive shift. The overall standard deviation for the

shifted PWV of the data was 0.263 nm.

Once the shifted PWV images are obtained, grids of sensor

regions are selected (square areas in Fig. 4a), in which many

independent pixel readings within each grid can be averaged

into a single measurement. A masking function is applied so

that only resonant peaks with reflected intensity maxima

above a user-selectable value are considered for the selection of

spectra within the grid. Through the masking function,

therefore, regions of the chip that do not contain a photonic

crystal structure (such as the regions between flow channels)

that do not reflect a resonant peak, are automatically

eliminated from further consideration. Each grid can be

designated as ‘‘active’’ or ‘‘reference’’, and PWV shifts from

reference regions can be associated with any desired active

region for subtraction of common-mode artifacts. In this

experiment, the PWV shift was calculated by subtracting the

average PWV shift within the grid of channel 2 (reference),

from the average PWV shift of the grids for channels 1 and 3

(active). Because of the differences in channel width (150, 200,

and 250 mm for channels 1, 2, and 3 respectively), the number

of independent data pixels satisfying the mask function within

each grid for channels 1, 2, and 3 were 2560, 4337, and 7509

respectively.

Scans were made after flowing each of the different DMSO

concentrations ranging from 0.78% to 25% through channels

Fig. 3 PWV data gathered by the imaging instrument with all three fluid channels filled with DI water. (a) Spatial PWV image of the channels.

PWV shifts are represented by the scale bar ranging from 870 nm to 880 nm. (b) Sample reflection spectra of one data pixel from each of the three

channels. (c) Horizontal cross section plot representing PWVs along the green horizontal cross section line in (a). (d) Vertical cross section plot

representing PWVs along the vertical orange cross section line in (a).
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1 and 3. Both channels were rinsed with DI water and dried

before flowing in different concentrations of DMSO solutions.

Fig. 4b plots the PWV shift as a function of DMSO

concentration, in which the data points were linearly fitted

with least squares approximation with an R2 value equal to

0.996, showing the expected linear dependence between

photonic crystal reflected resonant PWV and the solution

bulk refractive index. The approximate bulk refractive index

change corresponding to a 6.25% change in DMSO concen-

tration (DPWV of 1.841 nm) is 0.00682, based on the bulk

refractive index shift coefficient (s = DPWV/Dn) value of 270,

determined from previous research.13

Protein A—Immunoglobulin G (IgG) experiment

An experiment was performed to demonstrate detection of

bimolecular binding on the surface of the photonic crystal

sensor within the fluid channels. Protein A (Pierce

Biotechnology) was used as the immobilized protein ligand

on the sensor surface, while chicken IgG and pig IgG (Sigma-

Aldrich) were used as analytes. Pig IgG is known to have a

strong binding affinity for Protein A, while chicken IgG is

known not to bind with Protein A, and therefore acts as a

negative control for our experiment.30

Before immobilization of Protein A, a baseline PWV image

of three channels filled with PBS buffer (Sigma-Aldrich) was

taken at a pixel resolution of 22.3 mm. The Protein A was

attached by simple physical adsorption by flowing a

0.5 mg mL21 solution through all three channels, allowing

the solution to incubate for 10 min, followed by washing away

of unbound Protein A with PBS buffer. A second PWV image

was gathered after Protein A immobilization, with PBS buffer

in the channels. Next, channel 1 was filled with PBS buffer to

serve as a reference, while channels 2 and 3 were filled with

0.5 mg mL21 concentration solutions of chicken IgG and pig

IgG respectively. The IgGs were allowed to incubate with the

immobilized Protein A for 10 min, followed by a thorough

PBS wash to remove unbound IgGs. Then, a final PWV scan

was made with all three of the channels filled with PBS buffer.

Fig. 5a shows a PWV shift image for subtraction of the PWV

image after Protein A coating from the PWV image after IgG

binding. PWV shifts are represented by the scale bar from

20.60 to 1.65 nm, where red regions represent areas of greatest

positive shift. As shown in Fig. 5a, three horizontal lines within

each channel (lines 1, 2 and 3 colored in orange, red and blue

respectively) are selected, in which independent PWV shift

pixel data along the lines are sampled. The number of

independent data pixels sampled within each line is 190 and

Fig. 5b is the cross sectional PWV shift plot along lines 1, 2

and 3 for each of the three channels for PBS buffer, chicken

IgG, and pig IgG respectively. In order to calculate the overall

PWV shifts for the IgGs, square grids of sensor regions, shown

in Fig. 5a are selected, in which many independent pixel PWV

data within each grid can be averaged. Again, because of the

differences in channel width (150, 200, and 250 mm for

channels 1, 2, and 3 respectively), the number of independent

data pixels sampled within each grid for channels 1, 2, and 3

were 2223, 5449, and 6208 respectively. For this experiment,

the overall average PWV shifts for IgGs were calculated by

subtracting the average PWV shift within the grid of channel 1,

which is the reference, from the average PWV shift of grids for

channels 2 and 3 corresponding to chicken IgG and pig IgG,

respectively. Using the above method, the average PWV shifts

measured and calculated in the chicken IgG and pig IgG

containing sensor channels were 20.051 and 0.815 nm,

respectively, demonstrating selective attachment of the analyte

to the immobilized Protein A.

Fig. 4 (a) PWV shift measured by flowing 6.25% DMSO solution

through channels 1 and 3, and flowing DI water through channel 2 to

serve as a reference. PWV shifts are represented by the scale bar from

20.20 to 2.70 nm, where the red regions represent areas of greater

positive shift. (b) Plot of PWV shift measured with DMSO solution

with a concentration ranging from 0% to 25%, in which the data points

were linearly fitted with least squares approximation with an R2 value

equal to 0.996.
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Discussion

The fabrication and detection methods described in this work

represent the building blocks that may be used to design and

build more sophisticated lab-on-a-chip systems incorporating

sensors for label-free biochemical or cellular analysis. This

work demonstrates that a narrow photonic crystal region

within a flow channel provides a strong resonant reflection

signal, and that a large number of independent ‘‘pixels’’ may

be monitored at one time within a small chip. The imaging

capability may be utilized in several ways to improve the

resolution and/or throughput of label-free measurements. As

demonstrated with the serpentine flow channel design, a single

‘‘line’’ of PWV measurements across the width of many flow

channels may be used to monitor biochemical binding in a

large number of flow channels at one time. Although only

‘‘end point’’ measurements were shown here, a single PWV line

may be scanned rapidly (y20 ms per scan) to gather kinetic

binding data for all the flow channels intersecting the line.

Further, PWV measurements are not limited to a single

reading across the width of a flow channel, but rather the

variability in binding density from the center to the edge of the

channel is easily detected. These types of measurements will

enable optimization of flow conditions and direct observation

of edge effects that are not normally detected. Likewise, the

serpentine flow channels allowed us to demonstrate detection

of biochemical binding down the length of a single flow

channel, where again rapid scanning will allow direct

observation of immobilized ligand density binding variability

and detected analyte variability, and any nonuniformity

resulting from mass transport limitations. By taking many

independent binding readings down the length of a channel, we

expect to reduce the statistical (random) noise of individual

PWV determinations to extremely low levels through aver-

aging. In the case of our serpentine channel configuration, all

the PWV shift readings, with .6000 readings within a single

channel for y22 6 22 mm2 pixels, are easily gathered together

to calculate an average PWV shift measurement for the entire

channel. In future work, we will investigate how the noise

depends on the scanning pixel resolution, and attempt to

determine tradeoffs between pixel resolution, chip scan time,

and PWV resolution. Further, the method allows reference

channels to be incorporated in close physical proximity to

active channels for highly accurate correction of temperature

or buffer variability. Because active and reference regions are

small, many reference regions may be easily incorporated onto

a single chip.

In future work, we plan to develop more complex sensor/

flow channel configurations that can incorporate valving and

mixing capabilities into the chip. We also plan to use this

capability not only for biochemical assays, but also for

detection of immobilization of larger biological objects,

including cells and bacteria for cytotoxicity assays, chemotaxis

assays, and diagnostic tests, and cell/bacteria identification.

Conclusion

We have demonstrated a single-step process for integrating the

fabrication of photonic crystal biosensors and microfluidic

channels. The process enables the submicron structure of the

photonic crystal to be performed simultaneously with the

.10 mm structures for the fluid channels, and self-aligns

the sensors with the channels. The process is performed using a

room-temperature replica molding process that is performed

on flexible plastic substrates for low-cost manufacturing. The

fabricated sensors may be measured in a high-resolution

imaging mode that can obtain information from many

Fig. 5 (a) Shifted PWV image (subtraction of the PWV image of

Protein A coated channels from the PWV image with channels 2 and

3 bound with IgG molecules). Amount of shifts are represented by the

scale bar from 20.60 to 1.65 nm, where red regions represent areas of

greatest positive shift. (b) Cross sectional PWV shift plot along lines 1,

2 and 3 for each of the three channels for PBS buffer, chicken IgG, and

pig IgG respectively.
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locations within the chip surface simultaneously for monitor-

ing biochemical interactions in a high throughput manner and

observation of binding interaction uniformity along the

lengths and across the widths of the channels. We demon-

strated the ability of the integrated sensors to detect changes in

the bulk refractive index of fluid introduced into the channels,

and to selectively detect an antibody at high concentration

with an immobilized ligand. In the current work, flow was used

to introduce reagents to the sensors in the channels, but kinetic

information was not gathered and measurements were taken in

the absence of active flow. We expect to build upon the

currently demonstrated capabilities using this process with

more sophisticated flow systems for applications in pharma-

ceutical compound screening, protein–protein interaction

characterization, and cell-based assays.
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