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bstract

Using an image-based method for label-free detection of biochemical binding density distribution on the surface of a photonic crystal biosensor
mbedded within standard format multiwell microplates, a new method for automatic referencing of assay errors due to variability in the bulk
efractive index of the analyte test sample is demonstrated. The new method involves application of the immobilized ligand upon the biosensor
urface as a small spot, so that uncoated regions of a microplate well may serve as an accurate reference for the “active” regions containing the
igand. Due to the high spatial resolution of the image-based detection approach, each well in the microplate may be represented by hundreds of
ndependent measurements of biochemical binding density, as measured by the shift in reflected wavelength from the photonic crystal biosensor. A
inear plot of detected analyte density as a function of immobilized ligand density is constructed, in which the slope represents the ligand/analyte

ffinity and the intercept represents common-mode error effects. Streptavidin–biotin is used as a ligand–analyte model system to demonstrate
he ability of this method to separate intentionally introduced bulk refractive index errors from the detection of a small molecule analyte. This
eferencing approach will be important in the context of small molecule drug compound library screening, where drug compounds within a large
ibrary are often suspended in solutions of inconsistent bulk refractive index.

2006 Elsevier B.V. All rights reserved.
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. Introduction

One of the major concerns for many types of optical biosen-
ors is the detection of signals that are not due to the quantity
f interest, but rather due to a common-mode error such as
emperature, nonspecific binding, and bulk refractive index of
he test sample. For label-free detection of small molecules,
he detected signals often have a magnitude that is similar or
ower than the noise introduced by the experiment [1], thus it is
ecessary to accurately separate the error signals from the bio-
hemical binding signals in order to produce meaningful data.
or small molecule screening assays, small molecules often are

uspended in solutions that are partly comprised of glycerol,
imethyl sulphoxide (DMSO) [2], or ethanol to prevent precip-
tation. These solvents usually have high refractive index values

∗ Corresponding author. Tel.: +1 217 265 6291.
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hat introduce error signals for optical biosensor measurements.
uch errors are typically corrected through the use of a “ref-
rence” sensor that is monitored in parallel with the “active”
ensor. In the context of biosensors embedded within 96-, 384-
or 1536-well multiwell microplates, individual wells may be
esignated as references, and the position and number of refer-
nce wells are selected based upon the accuracy required for a
articular assay and the expected variability in common-mode
rror effects.

A novel biosensor technology based upon photonic crystals
as described previously [3]. The biosensor utilizes a sub-
avelength periodic surface structure that, when illuminated
ith white light at normal incidence, reflects only a very narrow

esonant band of wavelengths. The resonant peak wavelength
alue (PWV) changes when biomolecules are attached to the

ensor surface, so that small changes in surface dielectric per-
ittivity can be quantified without attachment of labels to the

etected biomolecule. The sensor surface structure is mass-
anufactured from continuous sheets of plastic film and is

mailto:bcunning@uiuc.edu
dx.doi.org/10.1016/j.snb.2006.02.047
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Fig. 1. (a) Schematic diagram of the imaging system used in this work. A single
line from the biosensor surface is imaged into the entrance slit of an imaging
spectrometer, which gathers a reflectance spectrum for each pixel along the
length of the imaged line. Each pixel is represented by a reflected resonant
spectrum, as shown in (b) from which the peak wavelength value (PWV) is
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ncorporated into disposable 96-, 384-, or 1536-well microplates
or high throughput assay applications in pharmaceutical discov-
ry and life science research [4]. Using an appropriate imaging
nstrument described previously [5], the density of biochemical
inding on the sensor surface can be measured in a high spatial
esolution imaging mode.

Since the photonic crystal optical biosensor measures
hanges in dielectric permittivity on the sensor surface, when
iomolecules are added to the sensor, the change in refractive
ndex between the different liquid media in contact with the
ensor will induce a signal that is indistinguishable from an
ctual biochemical binding event [6]. Especially when using
igh refractive index solvents such as DMSO, glycerol, and
thanol, the variability of the solvent content from one sam-
le to another within a chemical compound library results in a
easurement variability for optical biosensors that is due solely

o the refractive index of the test sample.
In this work, we demonstrate that when small molecules

re suspended in buffer with variable bulk refractive index val-
es, the bulk variability can be eliminated through the use of a
elf-referencing method by integration of active and reference
egions of the photonic crystal biosensor within each biosen-
or microplate well. The method requires the application of the
mmobilized ligand to only a portion of the biosensor well, so
he active and reference regions of the biosensor surface can be
xposed to the same analyte test sample. Using the high spa-
ial resolution imaging capabilities of the biosensor detection
nstrument, hundreds of independent biosensor measurements
re gathered simultaneously for each well to rapidly construct a
lot of detected analyte concentration as a function of immobi-
ized ligand density, where reference regions of the sensor have
n immobilized ligand density of zero. The slope of this plot is
sed to quantify the detection of analyte, while the y-intercept
ontains information about error effects that occur to the “active”
nd “reference” regions in common. This approach is insensitive
o the exact location, size, uniformity, and shape of the immo-
ilized ligand region, and reduces the complex image analysis
o a single number (slope of plot) for each biosensor microplate
ell.
This work represents the first time that this method has

een applied to the detection of small molecule analytes. The
treptavidin–biotin system is used as a model system demon-
trate the effectiveness of this assay/data analysis approach
or measuring samples with bulk refractive index variability.
or screening of small molecule compound libraries against an

mmobilized protein target, highly automated and robust detec-
ion and referencing techniques are required to clearly separate
hits” with a single measured parameter.

. Materials and methods

.1. Sensor and instrument
The design and fabrication of the photonic crystal sensors
sed in this work have been published previously [6,7]. The
ensors used in the work presented here were incorporated
nto standard 96-well SBS (Society for Biomolecular Screen-
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athematically determined. A PWV image is constructed by translating the
ensor perpendicular to the image line direction by several micrometers and
athering reflected spectra for each line.

ng) format microplates. The biosensor imaging instrument has
een described previously [5,8]. The instrument measures the
iosensor resonant reflected peak wavelength value (PWV) as
function of position on the biosensor surface in order to gen-

rate a PWV image of the entire sensor surface in a single scan
Fig. 1). A pixel resolution of 89.2 �m × 89.2 �m was used for
his work, and the time required to scan a microplate is ∼600 s.

Typically, a biosensor experiment involves measuring shifts
n PWV, so the sensor surface is scanned twice: once before and
nce after biomolecular binding. The images are aligned and
ubtracted to determine the difference in PWV as detected by
he sensor. This scanning method does not require the PWV of
he imaged surface to be completely uniform, either across the
urface or within a set of probe locations, or tuning of the sensor
ngle to a resonance condition as with SPR-imaging [9].

.2. Streptavidin–biotin binding experiment

A protein/small molecule interaction bioassay was performed
hat measures the binding affinity of streptavidin to biotin in

he presence of intentionally introduced DMSO bulk refractive
ndex errors. Streptavidin (Prozyme, MW = 55,000 Da) was pre-
ared with 0.005 M PBS and filtered with a 0.22 �m syringe
lter (Nalgene) to a concentration of 2.5 mg/ml. Biotin was pur-
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hased from Sigma–Aldrich (MW = 244 Da), and was prepared
ith 0.005 M PBS to a concentration of 0.5 mg/ml. Six DMSO

oncentrations, 0.0, 0.4, 0.8, 1.2, 1.6, 2.0%, were selected to
ntroduce into the 0.005 M PBS biotin buffer solution.

The 96 wells on the microplate were pre-coated with a layer
f active aldehyde groups on the sensor surface, and then incu-
ated with 100 �l of 0.005 M PBS for 45 min on a rotator
LAB-LINE®) and the top of the microplate was sealed with a
hermal seal (Fisher Scientific) to prevent evaporation of buffer
olution. After the surface of the biosensors were stabilized,
he microplate was scanned (SCAN A) and then the PBS was
emoved from each well and the surface was completely dried
ith pressurized N2. The microplate was allowed to dry for

nother 30 min.
The 72 wells were spotted with two 10 nl spots of streptavidin,

ne overlapping the other, by a multi-spot dispenser (Piezoarray,
erkin Elmer, Inc.) in the center of the well and allowed to incu-
ate in dried surface condition for ∼4 h in a 4 ◦C environment.
he microplate was then washed with deionized water, incu-
ated with 100 �l of PBS in each well, and then placed under
◦C for another 18 h of incubation. After 18 h, the microplate
as stabilized at room temperature for 45 min for the second

can (SCAN B). During the spotting session, an ionizer and a
hiller were used to keep the microplate stage temperature 2◦
bove the dew point in order to prevent fast evaporation of the

pots.

The biotin sample was allowed to stabilize at room tempera-
ure for 45 min prior to injection into the wells. The PBS solution
as replaced with 90 �l of 0.0, 0.4, 0.8, 1.2, 1.6, 2.0% DMSO

a
p
P
d

ig. 2. Schematic representation of the slope method for self-referenced label-free
ensity of immobilized protein (Scan B–Scan A) and the density of detected analyt
ubdivided into a grid of independent PWV determinations from an array of pixels. Pix
f common-mode errors for pixels within the active regions with immobilized protein
y-axis) yields a linear plot, whose slope indicates the relative affinity between analyt
ators B 120 (2007) 392–398

olution in columns 1–2, 3–4, 5–6, 7–8, 9–10, and 11–12, respec-
ively. The DMSO solutions were allowed to incubate for 30 min
efore the addition of 10 �l of the 0.5 mg/ml biotin solutions into
2 microplate wells. The microplate was immediately scanned
or the third time after the addition of the biotin solution (SCAN
). The sequence of steps is summarized in Fig. 2.

.3. Self-referencing data analysis

The first scan (scan “A” in Fig. 2a) establishes the pre-assay
aseline PWV image for the chemically functionalized plate
mmediately before the protein ligand is applied. The second
can (scan “B” in Fig. 2a) measures the PWV image after the pro-
ein ligand spot is applied to the surface, and after any unbound
rotein has been washed away. By mathematically subtracting
he PWV image of scan “A” from the PWV image of scan “B”, we
btain a PWV shift image that displays the immobilized protein
ensity as a function of position in each well of the microplate.
he final scan (Scan “C” in Fig. 2a) measures the PWV image of

he microplate after exposure to the small molecule analyte. By
athematically subtracting the PWV image of scan “B” from

he PWV image of scan “C”, we obtain a PWV shift image that
isplays the detected analyte density as a function of position in
ach well of the microplate.

The data gathered from the three scans are used to generate

plot of detected analyte density as a function of immobilized
rotein density (Fig. 2c), where each individual pixel from the
WV shift image represents one point (pixel) from the protein
ensity continuum generated by the immobilized protein spot.

binding analysis. (a) Sequence of three scan required to determine the spatial
e (Scan C–Scan B). (b) Representation of a single biosensor microplate well,
els without captured protein function as reference measurements for correction
. (c) A plot of immobilized protein density (x-axis) vs. detected analyte density
e and ligand.
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he range of PWV was selected to include every “reference”
ixel and every “active” pixel in the generated plot. Because
etected analyte density is linearly dependent upon the availabil-
ty of immobilized protein on the sensor surface, a linear trend
s measured. The slope of this linear trend serves as a means of
uantifying the strength of the interaction between the immo-
ilized protein and the analyte: greater slope indicates greater
nteraction strength than lesser slope, and zero slope indicates
o interaction. An important consequence of this data analysis
ethod is that the bulk refractive index of the analyte solution

as no effect on the slope of the plot, although it can change
he y-intercept of the curve because the bulk refractive index
f the buffer solution will change the PWVs collected for each
ixel, thus moving all of the data points along the y-axis. In this
ay, the regions of the microplates that do not contain immo-
ilized protein serve as a reference for correcting the effect of
ulk refractive index in the analyte sample. Although the data
nalysis method is based upon high-resolution images of bio-
hemical binding density, the image analysis is reduced to the
eporting of a single number, the slope of the immobilized lig-
nd density/analyte density curve that can be utilized as a means
or screening higher affinity binders from lower affinity binders.
his method has been used recently to rank the binding affinity
f a panel of antibodies against an immobilized protein target
10,11]. In this work, we show for the first time the effectiveness
f this approach for detecting a small molecule analyte with an
mmobilized large protein target.

Also reported for the first time is the use of an annulus
unction is to automatically group the reference and active pix-

ls. In Fig. 3, the outermost ring represents the diameter of
single well within the microplate, and the diameter of the

nner-most ring is selected to include the entire protein spot.
he annulus between the two middle rings defines the reference

ig. 3. A sample grid analysis of a single microplate well, where the pixels
n the gray regions are eliminated. Region 1 represents the sample region that
ontains the immobilized protein pixels, which also includes bulk refractive
ndex error signals. Region 2 (annulus) represents the region without protein
inding that only contains the pixels of background bulk refractive index and
onspecific binding noise. The annulus functions as the overall reference for both
reference” and “active” pixels because by subtracting the average PWV shift in
egion 2 from Region 1, the background bulk refractive index and nonspecific
inding noise introduced into both “reference” and “active” pixels is eliminated
rom the protein binding signal.
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egion, which contains zero immobilized protein density. The
ixels in the gray regions are removed from the data set used
n the plot of detected analyte density as a function of immo-
ilized protein density. The average PWVs in Region 2 (the
nnulus: bulk refractive index + nonspecific binding background
rror) is mathematically subtracted from the PWVs in Region 1
protein + analyte + bulk refractive index + nonspecific binding
ackground error), thus removing the background noise. Note
hat the annulus represents the overall reference for an entire
ingle microplate well.

. Results

.1. Streptavidin–biotin affinity with DMSO solution error

The measured PWV shift of streptavidin was approximately
.5 ± 1.3 nm. Fig. 4 shows the streptavidin–biotin PWV shift
mages for a single microplate well with a streptavidin spot size
f 900 �m × 580 �m at a dispensed volume of 20 nl. Fig. 4a
hows the PWV shift image of the immobilized streptavidin
SCAN B–SCAN A) and Fig. 4b shows the PWV shift of the
iotin binding to the streptavidin spot (SCAN C–SCAN B) with
PWV shift approximately 0.12 ± 0.05 nm. Fig. 5 shows a sin-
le well (D4) of the plot generated from the PWVs collected
f the detected biotin (y-axis) as a function of the immobilized
treptavidin (x-axis), where each point in the scatter plot repre-
ents a single pixel of the PWV shift image.

Best-fit lines were generated with the pixels obtained from
ach of the 72 microplate wells by a least-square algorithm,
here the slope and y-intercept can be determined. The scatter
lots with the best-fit lines for each microplate well are shown
n Fig. 6, where greater slope values represent greater binding
f biotin to the immobilized streptavidin. Fig. 7 shows the mea-
ured average slope value at each DMSO concentration, which
ad a low correlation coefficient of 0.26. The y-intercept values
re shown in Fig. 8, where the value increases as the DMSO
oncentration increases as expected.

. Discussion and conclusion

With the incorporation of chiller and ionizer for humidity
ontrol in the spot dispensing instrument, the streptavidin spots
ere able to stay in liquid phase for ∼5 min, which allowed

nough time for the biomolecules to interact with the aldehyde
roups on to the sensor surface. Slow evaporation of strepta-
idin prevented crust formation on the outer region of the spot.
he images of the streptavidin spots showed binding to the sen-
or surface with little spreading effects even after washing with
eionized water (Fig. 4a), which might be due to allowing the
icroplate to dry for a long period of time. For some binding

xperiments it is critical to use a blocking agent to prevent non-
pecific binding of the analyte, but it was unnecessary to apply a
locking step in this experiment because biotin has low affinity

or the aldehyde groups on the sensor surface (Fig. 4b). However,
here was still a small amount of nonspecific binding observed
n Fig. 4b, where some positive PWV shift pixels are located
n regions without the streptavidin spot, which were eliminated
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Fig. 4. PWV shift images for a single microplate well scanned at a pixel res-
olution of 89.2 �m × 89.2 �m. (a) PWV shift image (Scan B–Scan A) of two
overlapping immobilized streptavidin spots dispensed at 10 nl per spot. (b) PWV
s
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Fig. 5. A sample scatter plot of the biotin (MW = 244 Da) binding density as
a function of immobilized streptavidin (MW = 55,000 Da) density for a single
well (D4) of the biosensor microplate. Each point in the plot represents a single
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requires only a few nanoliters of immobilized streptavidin solu-
hift image (Scan C–Scan B) for small molecule biotin binding to the immobi-
ized streptavidin spots.

y the use of the annulus function in data analysis. The scatter
lots for each microplate wells shows two clusters of pixels. The
luster near the origin represents the reference pixels, while the
ctive pixels are in the cluster away from the origin shown in
ig. 5. Note that the active cluster is very close to the reference
luster in the vertical direction because of the small molecule
ow binding signals. The intercept of the plots represents the
ulk PWV shift due to the addition of different DMSO con-
entrations to the buffer solution in the microplate wells. Fig. 7

hows that, for small molecules suspended in DMSO buffer,
here the concentration varies from 0 to 2%, the variability has

ittle impact upon the actual binding signal as measured by the

t
a
s

ixel from the PWV image. Therefore, points near the origin represent pixels
ith no immobilized streptavidin (reference), while points away from the origin

epresent pixels with immobilized streptavidin (active).

lope. Because the actual DMSO variability is expected to be
o more than 10% in a small molecule affinity screening cam-
aign, determination of binding affinity by this self-referenced
lope method is effective for elimination of bulk refractive index
rrors. Fig. 8 plots the bulk PWV shift for each concentration
f DMSO. The intercept values increase as the DMSO concen-
ration increases because every pixel in the (Scan C–Scan B)
mage is equally affected by the bulk refractive index shift. The
.0% DMSO condition resulted in a slightly negative y-intercept,
hich is presumed to be the result of a small negative PWV drift
etween Scan B and Scan C. Such drift, if occurring on the entire
iosensor microplate in common, is factored out of the slope
nalysis.

The difference in molecular weight between streptavidin
55,000 Da) and biotin (244 Da) is very large, and four poten-
ially active binding sites for biotin are available on each immo-
ilized streptavidin molecule. Using this information, we may
ompute a theoretically achievable biotin binding PWV shift
ased upon the measured streptavidin PWV shift, the ratio of
treptavidin molecular weight to biotin molecular weight, and
he number of available binding sites. For a measured immo-
ilized streptavidin PWV shift of 8.50 nm, the theoretically
chievable biotin shift would be ∼0.17 nm. In our assay, we
easured a biotin PWV shift magnitude of ∼0.178 nm, which

ndicates that ∼100% of the immobilized streptavidin binding
ites are functional. The assay method described in this work
ion per well, resulting in use of only ∼3.6 �g of protein per
ssay. This is particularly important for assays requiring expen-
ive purified protein that is available in small quantity, but which
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Fig. 6. Scatter plots with best-fit lines for 72 biosensor microplate wells. Each wel
0.05 mg/ml concentration in the presence of variable concentrations of DMSO. For e
the x-axis and the ligand binding density (Scan C–Scan B) is plotted on the y-axis.
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ig. 7. The slope value as a function of DMSO concentration for biotin. The
etermined slope varies for each DMSO concentration with a correlation coef-
cient of 0.26, which shows it is not dependent upon the DMSO concentration.
ust be used in a small molecule screening campaign involving
otentially millions of wells.

The self-referencing assay protocol presented here is enabled
y the ability to gather high-resolution spatial images of label-

ig. 8. The y-intercept values as a function of DMSO concentration for biotin.
he relationship between DMSO concentration and y-intercept values contain

nformation on assay artifacts that affect both the reference and active regions
f the well.
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l contains a single immobilized streptavidin spot, and is exposed to biotin at
ach scatter plot, the Protein A binding density (Scan B–Scan A) is plotted on

ree biomolecular binding on the biosensor surface. The lack
f pixel crosstalk and high sensitivity for detecting reflected
avelength shift originates from the photonic crystal biosensor

tructure, which prevents lateral propagation of light. Further-
ore, the image analysis method does not require the immo-

ilized protein spot to be deposited in any particular location
ithin the biosensor microplate well, and does not require the

pot to be deposited with any particular shape. In fact, the slope
nalysis method does not require absolutely uniform immobi-
ized protein density, provided that the activity of the protein is
niform. Although three sequential scans of the microplate are
equired, each scan takes ∼10 min. The image alignment, sub-
raction, and slope determination functions are automated by the
maging instrument software. Future work on the detection of
mall molecule interaction by the use of self-referencing slope
ethod will involve experimenting with a panel of drug com-

ounds screened against multiple enzyme targets, as they would
e measured in affinity screening campaign.
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