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This work provides plasmonic crystal platforms for quan-
titative imaging mode biosensing and multispectral im-
munoassays, establishing and validating both the optical
and equilibrium bases for their operation. We investigated
the distance-dependent refractive index sensitivity of full
3D plasmonic crystals to thin polymeric films formed
using layer by layer (LbL) assembly of polyelectrolytes as
a model system. LbL was also used to determine the
preferred gold thickness and plasmonic crystal design
rules (nanowell diameter and periodicity) for improved
thin-film sensitivity, and full 3D finite-difference time-
domain (FDTD) calculations were used to quantitatively
model and confirm the experimentally observed thin film
sensitivities. The integrated multispectral response of the
crystals increases approximately linearly with film thick-
ness for values <70 nm, which enables the use of
molecular rulers with known thicknesses (such as self-
assembled monolayers of alkanethiols on gold) to calibrate
these optics for quantitative detection and speciation of
surface binding events in a multiplexed imaging format.
The utility of these sensors and multispectral analysis for
applications in quantitative biosensing was further dem-
onstrated by measuring the equilibrium response curve
of an antibody/antigen pair (rabbit antigoat IgG/goat IgG)
at increasing antigen concentrations. Fitting the integrated
response to a Langmuir isotherm yielded a calculated
binding constant on the order of ∼107 M-1, which is in
agreement with the affinity constants reported in the
literature for anti-IgG/IgG binding pairs and provides
intrinsic detection limits of ∼400 pM for such unam-
plified assays.

Surface plasmon resonance (SPR) spectroscopy has become
a valuable tool for enabling real-time, label-free detection of
biomolecular interactions in both singular1-4 and multiplexed
formats.5-12 This technique exploits the sensitivity of surface
plasmons to changes in the refractive index (RI) occurring at a
metal (typically gold or silver)-dielectric interface and has found
utility in applications ranging from fundamental studies of the
thermodynamics and kinetics of biomolecular interactions13-15 to
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medical diagnostics,1,16-18 environmental monitoring,1,19,20 and
food safety.21-23

Propagating surface plasmon polaritons (SPPs) and localized
surface plasmon resonances (LSPRs) are two types of SPRs used
for sensing.24 SPPs can be excited by light at a metal-dielectric
interface using prism, waveguide, or grating couplers.1,25 These
plasmons propagate along a metal-dielectric interface with an
electric field that decays exponentially over hundreds of nano-
meters into the dielectric.1,25 LSPRs are nonpropagating reso-
nances that can be directly excited by light on nanostructured
metals, such as nanoparticles26-29 and around nanoholes30,31 and
nanowells24,32,33 in metal films, and have an associated electric
field that decays exponentially from the surface over tens of
nanometers.34,35 The decay lengths of the electric fields associated
with SPPs and LSPRs impact the linearity and surface sensitivity
of techniques that utilize them for sensing.35-38

We recently described two types of plasmonic crystals (quasi-
3D and full-3D) formed by soft nanoimprint lithography that enable
plasmonic imaging of binding events with micrometer spatial
resolution and submonolayer sensitivity in a normal incidence
transmission configuration using a common optical microscope

and low-cost charge coupled device (CCD) camera.32,39,40 This
simple collinear transmission configuration is robust and does not
require cumbersome optics or alignment to a specific contrast
angle, which allows the devices to be easily incorporated into
microfluidic systems, well plates, or portable devices. These
crystals exhibit complex optical responses and support Bloch-wave
SPPs (BW-SPPs, the periodic analog of SPPs), LSPRs, related
diffractive effects such as Wood anomalies (WAs),41-43 and
combinations of these resonant and diffractive phenomena.32,44

Previous work32,40 studied the multispectral response of the
crystals to solutions of increasing RI, which uniformly changes
the RI of the dielectric within the evanescent field of the plasmonic
modes. These bulk solution RI studies do not reflect the conditions
that are encountered during biosensing experiments where RI
changes due to biomolecular interactions at the metal-dielectric
interface occur within a fraction of the evanescent field (surface
versus bulk RI changes).

Electrostatic layer-by-layer (LbL) assembly of polyelectrolytes
has been used to form thin films of known thickness and
composition on a variety of supports including planar surfaces,
microparticles, and nanoporous templates.45-47 In the present
work, LbL assembly of thin polyelectrolyte films48-50 is used to
directly study the surface sensitivity of full 3D plasmonic crystals,
which yields useful information for biosensing applications regard-
ing the sensing volume, linearity, and distance-dependent optical
response of the crystals. The effects of gold thickness and design
rules (nanowell diameter and periodicity) on the sensitivity of
these devices are investigated, and the optical response is
quantitatively modeled using full 3D finite-difference time-domain
(FDTD) calculations. This systematic study reveals that crystals
with a 120 nm thick layer of gold exhibit greater surface sensitivity
than crystals with thicker or thinner gold films. We also demon-
strate that the linear response of the crystals can be used together
with molecular rulers, molecular assemblies with known thick-
nesses such as self-assembled monolayers (SAMs) of alkanethiols
on gold,51-54 to calibrate these systems for quantitative imaging
and speciation of surface binding events. Quantitative real-time
multispectral biosensing is also demonstrated, where equilibrium
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analysis is performed to determine the affinity constant of a model
antibody-antigen pair and validate the operating response curve
for a nonamplified immunoassay using an integrated response
over a broad range of wavelengths. The ability to perform
quantitative bioassays in spectroscopic and imaging modes,
together with compact form factors, low-cost fabrication proce-
dures, and opportunities for direct integration into microfluidic
networks, arrays, or well plates demonstrate several attractive
features of these sensing platforms.

EXPERIMENTAL SECTION
Chemicals and Materials. All reagents were used as received

without further purification. Manganese(II) chloride tetrahydrate,
poly(sodium 4-styrenesulfonate) (PSS, MW ) 70 000 g/mol),
poly(allylamine hydrochloride) (PAH, MW ) 70 000 g/mol), 4,4′-
dithiodibutyric acid (DTBA), N-hydroxysuccinimide (NHS), N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC),
protein G, antigoat immunoglobulin G (IgG) from rabbit, goat IgG,
γ-globulins (bovine), fibrinogen (bovine), albumin (bovine), and
myoglobin (human) were purchased from Sigma-Aldrich. Poly-
dimethylsiloxane (PDMS, Sylgard 184) was obtained from Ellsworth
Adhesives and prepared according to the manufacturer’s direc-
tions. Norland Optical Adhesive 73 (NOA) was obtained from
Norland Products. Phosphate buffered saline (PBS) was obtained
from HyClone (Thermo Scientific) and used to prepare all protein
solutions. Deionized (DI) (18 mΩ), ultrapure water from a
Millipore Milli-Q Academic A-10 system, was used to prepare all
polyelectrolyte solutions and was used in all rinsing steps.

Fabrication of 3D Plasmonic Crystals. Square arrays of
cylindrical nanowells were molded into the surface of a UV curable
polymer (NOA) using a soft nanoimprint technique55 that yields
large-area, spatially uniform arrays.32,40 Briefly, a composite PDMS
stamp was used to emboss NOA drop-coated on a glass slide. The
NOA was cured by exposure to UV light passed through
the PDMS stamp for 3 min. After the PDMS was separated from
the NOA, tin oxide (10 nm) and gold films (various thicknesses)
were deposited on the embossed NOA by sputter deposition in 5
mTorr argon (AJA International).

Multilayer Film Preparation and Characterization. Car-
boxyl terminated SAMs were formed on the surface of the gold
plasmonic crystals by incubating the crystals in ethanolic solutions
of DTBA (33 mM) for 24 h. After incubation, the crystals were
rinsed thoroughly with ethanol and dried under a stream of
nitrogen. Polyelectrolyte layers were formed on the crystals using
a previously reported LbL protocol48 where PAH and PSS are
alternately adsorbed on the carboxyl terminated surfaces. Briefly,
the crystals were immersed in a PAH polycation solution (3 mg/
mL, pH ) 8.0) for 5 min, rinsed with water, and then immersed
in a PSS polyanion solution (3 mg/mL, pH ) 2.0, 1 M MnCl2) for
1.5 min and rinsed with water. The polycation and polyanion
immersion steps were repeated sequentially until a desired film
thickness was achieved. LbL assembly of polyelectrolytes was
performed on crystals with no gold film by depositing a thin
film of SiO2 to provide the requisite surface charge for
electrostatic adsorption of the initial polycation PAH layer.

Transmission Measurements. The optical response of the
crystals to increasing thickness of the polyelectrolyte multilayer

was characterized by collecting normal incidence transmission
spectra (Varian, Cary 5G spectrophotometer) of the crystals during
the assembly process. In situ (in water) measurements were
performed by placing a crystal in a flow cell and alternately passing
solutions of PAH and PSS over the crystal. Unbound polyelectro-
lyte was removed from the flow cell between each PAH and PSS
injection by thoroughly rinsing the flow cell with water. The water
rinse also provided a common solution with a known bulk RI for
measuring the spectral changes induced by the adsorption of each
layer onto the surface of the crystal, where the spectrum of the
crystal after each layer was referenced to the initial spectrum of
the crystal in water with no layers. Ex situ (in air) measurements
were performed by collecting spectra of the crystals in air after
each polyelectrolyte layer was formed. For these experiments, the
crystals were thoroughly rinsed with water and gently dried under
a stream of nitrogen prior to the measurement of each layer and
before the addition of the next layer. The spectra were compiled
and analyzed in Matlab, and plots of the changes in transmission
as a function of film thickness were generated using the 2D plot
function after noise in the spectra was reduced using a moving
average.

Thin Film Thickness Measurements. The thicknesses of
the polyelectrolyte multilayers were determined in separate
experiments. To this end, thin films of tin oxide (10 nm) and gold
(50 nm) were formed on glass microscope slides by sputter
deposition, and the gold surfaces were modified using the same
SAM and multilayer assembly processes (ex situ and in situ)
described above. The ex situ thickness of the multilayers in air
was determined by ellipsometry (Gaertner, L116C), and the in
situ thickness of the multilayers in water was determined using a
home-built SPR spectrometer and a previously reported method
for quantitative analysis of thin films by SPR.36

Finite-Difference Time-Domain (FDTD) Calculations. Full
3D FDTD calculations were used to model the normal incidence
transmission spectra of crystals with different design rules and
polyelectrolyte film thicknesses.44,56 Such calculations represent
numerically rigorous solutions of Maxwell’s equations that allow
one to predict the optical response of the 3D plasmonic crystals.
The calculations were performed using a 190 × 190 × 750 grid in
x,y,z space with a grid resolution of 4 nm. The various layers are
taken to be parallel to the x-y plane. Appropriate periodic
boundary conditions consistent with an infinite square nanowell
array in the x-y plane are assumed and perfectly matched
absorbing layers in the lower and upper parts of z are applied to
remove light as it is scattered outside the grid. A schematic
diagram of the unit cell used in the calculations can be found in
the Supporting Information (Figure S1). A time-windowed plane
wave was launched from the polymer side, and the zero-order
transmission spectrum was calculated above the gold on the air
side. The wavelength dependence of the relative dielectric constant
of gold was described by a Drude plus two-pole Lorentzian
model,57 with parameters fit to match experimental data for gold
over the range of 350-1500 nm.58 The dielectric constants of

(55) Malyarchuk, V.; Hua, F.; Mack, N. H.; Velasquez, V. T.; White, J. O.; Nuzzo,
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NOA,59 the polyelectrolyte multilayer,60,61 and air were taken to
be 2.4, 2.2, and 1.0, respectively. Note that although the polyelec-
trolyte layer is composed of alternating PAH and PSS layers, this
multilayer film can be reasonably modeled as a uniform medium
with a single effective dielectric constant.

Microfluidic Patterning of Plasmonic Crystals. A PDMS
microfluidic device with a series of three parallel channels each
∼60 µm wide was formed by casting and curing PDMS against a
topographically patterned master consisting of photoresist on a
silicon wafer. The PDMS device was placed in conformal contact
with a plasmonic crystal and each channel was filled with a 0.1
mg/mL solution of either fibrinogen, γ-globulins, or myoglobin
in PBS using the channel outgas technique.62 After incubation
for 1 h, the channels were rinsed with PBS and the microfluidic
device was removed from the plasmonic crystal. The crystal was
then rinsed with water and dried under a stream of nitrogen.

Two-Dimensional Spatial Imaging of Protein Patterns.
Transmission mode images of proteins microfluidically patterned
on the surface of a plasmonic crystal were collected using an
Axiovert 200 M inverted research-grade microscope (Carl Zeiss).
The sample was illuminated with white light at normal incidence,
and the zero-order transmitted light was collected with a 10×
objective and projected onto a Cascade 512B back-illuminated,
frame-transfer EMCCD camera (Roper Scientific). This 16-bit
camera operates at 245 K and has a 512 × 512 array of imaging
pixels, each of which is 16 µm × 16 µm. Raw images had smooth
variations in brightness where the periphery of each image was
less illuminated than the center. This uneven illumination was
removed by background correction.39

Antibody-Antigen Affinity Measurements. A model bioas-
say was performed using a plasmonic crystal by immobilizing
antigoat IgG (antibody) on the surface of a crystal and measuring
changes in normal incidence transmission at all wavelengths as
solutions of increasing concentration of goat IgG (antigen) were
injected into the flow cell containing the crystal. The surface of a
crystal was prepared for biosensing by functionalizing the crystal
with a carboxyl-terminated SAM by immersing the crystal in a 33
mM ethanolic solution of DTBA for 12 h. The crystal was
thoroughly rinsed with ethanol and placed in a flow cell, and the
terminal carboxyl groups of the SAM were activated using a 4:1
solution of EDC (200 mM)/NHS (50 mM) for 30 min. The crystal
was then rinsed with PBS and exposed to a 0.5 mg/mL solution
of protein G in PBS for ∼30 min. The crystal was subsequently
rinsed with PBS, and a 0.05 mg/mL solution of antigoat IgG was
injected into the flow cell for ∼1.5 h, followed by a buffer rinse.
The extent of surface functionalization and specificity of the
surface chemistry was tested by injecting a 0.01 mg/mL solution
of bovine serum albumin (BSA). No change in transmission was
observed upon injection of the BSA solution, indicating that the
surface was blocked against nonspecific adsorption. The target
molecule, goat IgG, was then injected at increasing concentrations,
and the response was recorded as a function of time.

RESULTS AND DISCUSSION
Figure 1a shows a scanning electron micrograph of a plasmonic

crystal consisting of a square array of cylindrical nanowells with
diameters, depths, and periodicities of ∼472, 350, and 728 nm,
respectively. A continuous gold film was formed on the embossed
polymer by sputter deposition, and the thickness of the gold on
the top surface of the crystal and on the sidewalls and bottoms of
the nanowells was ∼35, 12, and 20 nm, respectively (Figure S2 in
Supporting Information).40 A carboxyl terminated SAM was
formed on the surface of the crystal by placing it in an ethanolic
solution of DTBA for 24 h. This SAM provided the surface charge
required for electrostatic adsorption of the polycation, PAH, to
the surface of the crystal. Additional polyelectrolyte layers were
formed on the crystal by sequentially dipping the sample in PSS
(polyanion) and PAH solutions using a previously reported LbL
assembly protocol to form PAH/PSS multilayers.48

(59) Norland Products. 2008.
(60) Cunningham, B.; Lin, B.; Qiu, J.; Li, P.; Pepper, J.; Hugh, B. Sens. Actuators,

B 2002, 85, 219–226.
(61) Gao, C.; Moya, S.; Lichtenfeld, H.; Casoli, A.; Fiedler, H.; Donath, E.;

Mohwald, H. Macromol. Mater. Eng. 2001, 286, 355–361.
(62) Monahan, J.; Gewirth, A. A.; Nuzzo, R. G. Anal. Chem. 2001, 73, 3193–

3197.

Figure 1. Layer-by-layer (LbL) assembly of polyelectrolytes on
plasmonic crystals. (a) Scanning electron micrograph (SEM) of a 3D
plasmonic crystal. (b) A schematic diagram illustrating the normal
incidence transmission configuration used to probe the spectral
response of the crystals during the LbL assembly of poly(allylamine
hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate) (PSS)
multilayers on the surface of the crystals. (c) Transmission spectra
of a crystal in air as a function of the PAH/PSS multilayer thickness,
0 nm (black); 5 nm (cyan); 15 nm (violet); 26 nm (green); 43 nm (red);
72 nm (blue); 92 nm (brown); and 99 nm (magenta). The dashed
arrow indicates an increase in transmission with thickness at low
frequencies. (d) High-magnification SEMs that show a crystal before
(left) and after (right) LbL assembly of an ∼99 nm thick polyelectrolyte
film.
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A schematic depiction of the process used to assemble the
polyelectrolyte layers and characterize the spectral response of
the plasmonic crystal to increasing film thickness is shown in
Figure 1b. Figure 1c shows a series of normal incidence transmis-
sion spectra of the crystal collected in air during the LbL assembly
process at increasing film thicknesses. The features in the spectra
generally tend to redshift, broaden, and increase in intensity as
the thickness of the multilayer film increases at the surface of
the crystal. Figure 1d shows SEM images of the plasmonic crystal
before and after the formation of polyelectrolyte multilayers. The
thickness of the polyelectrolyte film measured in the SEM image
near the edge of the nanowell (∼99 nm) agrees with the thickness
of the film formed on a flat gold film (control sample) measured
by ellipsometry, which indicates good correlation between the
polyelectrolyte film thickness measured on the flat gold slides
and the film thickness on the surface of the plasmonic crystals.
These results correlate well with those of previous studies that
examined the LbL assembly of polyelectrolyte films on nanoporous
templates including track-etched membranes or anodized alumi-
num oxide templates and found excellent fidelity in the layers
and polymer tubes obtained. The latter template materials have
nanopore diameters of 200-800 nm and aspect ratios (pore depth
to pore diameter) of 25-300, challenging feature dimensions that
exceed the relatively shallow nanowells of the plasmonic crystals
examined in this work (aspect ratios of ∼0.7).45,63,64

Previously we demonstrated that full 3D FDTD calculations
with appropriate periodic boundary conditions could be used to
model the normal incidence transmission spectra and electro-
magnetic field distributions at the surface of 3D plasmonic crystals

with nanowell diameters, depths, and periodicities of 456, 350, and
748 nm, respectively.40 The features in the spectra were assigned
to thin film transmission of gold around 500 nm and various BW-
SPPs, LSPRs, and WAs (or combinations thereof) at higher
wavelengths. Here we use full 3D FDTD calculations to model
the normal incidence transmission spectra of 3D plasmonic
crystals with different design rules (diameters and periodicities)
and polyelectrolyte film thicknesses (Figure 2). Figure 2a shows
experimental (black) and calculated (red) normal incidence
transmission spectra of a crystal with nanowell diameters, depths,
and periodicities of 472, 350, and 728 nm, respectively, with total
polyelectrolyte layer thicknesses of 20, 72, and 99 nm. Figure 2b
shows experimental (black) and modeled (red) spectra of a crystal
with nanowell diameters, depths, and periodicities of 252, 350, and
564 nm, respectively, for the same polyelectrolyte film thicknesses.
For simplicity, the crystal geometries in parts a and b of Figure
2 will be referred to as the 728 and 564 nm periodicity crystals,
respectively. As expected, the features in the spectra of the 564
nm periodicity crystal are blue-shifted with respect to the 728 nm
periodicity crystal.65,66 These data also show that the FDTD
calculations capture the experimentally observed changes in the
spectra quite well. For example, the FDTD spectra account for
the experimentally observed increase and subsequent decrease
in intensity of the features near 550 nm for both crystals when
the polyelectrolyte film thickness is increased from 20 to 72 nm
and from 72 to 99 nm, respectively.

(63) Lee, D.; Nolte, A. J.; Kunz, A. L.; Rubner, M. F.; Cohen, R. E. 2006, 128,
8521–8529.

(64) Hou, S.; Wang, J.; Martin, C. R. Nano Lett. 2005, 5, 231–234.

(65) Shuford, K. L.; Gray, S. K.; Ratner, M. A.; Schatz, G. C. Chem. Phys. Lett.
2007, 435, 123–126.

(66) van der Molen, K. L.; Segerink, F. B.; van Hulst, N. F.; Kuipers, L. Appl.
Phys. Lett. 2004, 85, 4316–4318.

(67) Rindzevicius, T.; Alaverdyan, Y.; Kall, M.; Murray, W. A.; Barnes, W. L. J.
Phys. Chem. C 2007, 111, 11806–11810.

Figure 2. Experimental (black) and calculated (red) normal incidence transmission spectra of 3D plasmonic crystals with different design rules
and polyelectrolyte layer thicknesses. (a) Plasmonic crystal with nanowell diameters, depths, and periodicities of 472, 350, and 728 nm, respectively,
with polyelectrolyte layer thicknesses of 20 (top panel), 72 (middle panel), and 99 nm (bottom panel). (b) Plasmonic crystal with nanowell
diameters, depths, and periodicities of 252, 350, and 564 nm, respectively, with the same polyelectrolyte thicknesses.
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To understand the spectral shifts described above (Figure 2)
in greater detail requires extensive analysis of the FDTD calcu-
lated electromagnetic fields, which is beyond the scope of this
text. Nonetheless we can comment on several general aspects.
As described in ref 44, the transmission features can be related
to broad LSPRs with fine structures due to BW-SPPs. In many
cases we can assign local transmission minima to specific BW-
SPPs at the gold-polyelectrolyte film interface and the gold-NOA
interface. The similarity of the dielectric constants of the poly-
electrolyte film and NOA (2.2 and 2.4, respectively) suggests the
possibility of doublet structures, and several of these doublets are
indeed observed in Figure 2.

The strength of our plasmonic crystals is the additional
responsive complexity present in these optics relative to simpler
SPR systems; however, this makes truly quantitative modeling of
these structures difficult to achieve. In addition, we have previ-
ously shown that transmission features, particularly the relative
intensities of these features, can be quite sensitive to the nanoscale
structure of the gold at the surface of the crystals compared to
the more ideal metal geometries assumed in calculations and that
more fully quantitative modeling can be achieved by performing
detailed, high-resolution electron microscopy studies of the
structure of the gold at the surface of the crystals.32,40 Here we
show agreement in the positions of the spectral features in the
experimental and calculated spectra and fairly good agreement
in the intensities of the transmission features at many wavelengths
and polyelectrolyte film thicknesses without the need for a highly
detailed analysis of the nanoscale gold geometry at the surface
of the crystal. This level of agreement is sufficient to identify
the nature and contributions of the excitations to the spectral
response as described above; however, it is not at a level to
substitute calibration of the optics for quantitative sensing, which
we perform using LbL assembly of polyelectrolyte thin films and
self-assembled monolayers as described below.

The measured multispectral sensitivities of the 728 and 564
nm periodicity plasmonic crystals in Figure 2 to increasing
polyelectrolyte layer film thicknesses are shown in parts a and b
of Figure 3, respectively. Normal incidence transmission spectra
of the crystals were collected in air after polyelectrolyte layers
with known thicknesses were formed on the surface of the crystals
using the LbL assembly protocol described above. Spectra were
collected over the spectral range accessible by most inexpensive
silicon-based detectors (350-1050 nm). The series of spectra were
then referenced to and normalized by the initial spectrum of
the crystal in air with no polyelectrolyte layers to generate the
difference maps shown in the top panels of Figure 3a,b. This
analysis is described by the following equation:

Rth(λ) )
Tth(λ) - T0(λ)

T0(λ)
(1)

where Rth(λ) is the normalized optical response (i.e., normalized
change in transmission) of the crystal as a function of
wavelength for a specific polyelectrolyte layer thickness (th),
Tth(λ) is the transmission of the crystal as a function of
wavelength for a given polyelectrolyte layer thickness, and
T0(λ) is the initial transmission of the crystal as a function of
wavelength with no polyelectrolyte layers. These maps show
changes in transmission due to shifts in the positions and

intensities of the features in the spectrum as the thickness of
the polyelectrolyte layer is increased. In contrast to our previous
work,24 here we normalize the change in T by T0 to compensate
for the effects of Fresnel reflections on the measured optical
response and capture only the sensing signal associated with
the plasmonic resonances and WAs (Figures S3 and S4 in the
Supporting Information).

The middle panels of parts a and b of Figure 3 show the
experimental (curves) and FDTD calculated (symbols) normalized
changes in transmission as a function of polyelectrolyte film
thickness at selected wavelengths. These results illustrate the
strong wavelength and distance dependent surface sensitivities
of the crystals, where the sensitivity, given by the slope of the
curve, can increase or decrease as the thickness of the polyelec-
trolyte layer is increased. Although these crystals clearly exhibit
different and complex wavelength dependent optical responses
as a function of the polyelectrolyte film thickness (Figure 3a,b,
top and middle panels), the crystals yield qualitatively similar
integrated multispectral responses (Figure 3a,b, bottom panels),
which is calculated over the measured wavelength range (350-1050
nm) using the following equation:

IR ) ∫350nm

1050nm
|Rth(λ)|dλ (2)

Figure 3. Difference maps and integrated responses (350-1050
nm) of plasmonic crystals with different design rules to increasing
thickness of polyelectrolyte multilayers, measured in air at 20 selected
film thicknesses. (a) The results of a crystal with a nanowell periodicity
of 728 nm; and (b) the results of a crystal with a nanowell periodicity
of 564 nm (same crystals described in Figure 2). The top panels
present measured difference maps, the middle panels show the
measured (curves) and calculated (overlaid symbols) Rth or changes
in %T/%T0 as a function of the multilayer thickness at several
wavelengths, and the bottom panels show the measured (black curve)
and calculated (red circles) integrated multispectral responses (Int.
Resp.). The single wavelengths shown in the middle panel of part a
correspond to 408 (cyan squares), 607 (red triangles), 728 (green
triangles), and 891 nm (blue, circles), and those in the middle panel
of part b correspond to 439 (cyan squares), 667 (red triangles), 768
(green triangles), and 1044 nm (blue circles). The last two green
triangles in the middle panel of part a corresponding to the calculated
Rth for the ∼72 and 98 nm thick polyelectrolyte film overlap with the
cyan squares.

5985Analytical Chemistry, Vol. 81, No. 15, August 1, 2009

D
ow

nl
oa

de
d 

by
 U

N
IV

 I
L

L
IN

O
IS

 U
R

B
A

N
A

 o
n 

Ju
ly

 3
1,

 2
00

9
Pu

bl
is

he
d 

on
 J

ul
y 

10
, 2

00
9 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ac

90
08

19
j



where IR is the integrated response and Rth(λ) is given by eq 1.
The crystals exhibit an increase in IR to increasing polyelectrolyte
film thicknesses until a thickness of ∼90 nm, after which the IR
decreases with increasing film thickness. The linear correlation
between film thickness and IR over thicknesses greater than the
size of typical protein and diagnostic biomarkers makes these
platforms suitable for performing quantitative bioassays as will
be demonstrated below. A qualitatively similar distance-dependent
response was observed by Rindzevicius et al.67 when measuring
the LSPR peak shift of short-range ordered gold nanodisks and
nanoholes upon the formation of Langmuir-Blodgett multilayers.

While we have shown that the FDTD calculations capture
reasonably well the experimentally measured spectral features
(Figure 2) and changes in transmission caused by thin film
assembly (middle panels of Figure 3a,b), some discrepancies are
observed in the latter calculations at specific wavelengths. The
middle panel of Figure 3a shows that at large film thicknesses
the calculated Rth at λ ) 728 nm (green triangles) deviate from
the measured Rth (green curve) and overlap with the calculated
Rth at λ ) 408 nm (cyan squares). Discrepancies of this sort
can occur when spectral features shift slightly differently or
have different widths in theory and experiment.

The sensitivity of the crystals to surface binding events is
determined by taking the derivative of the IR versus film thickness
curves in the bottom panels of Figure 3a,b. These plots clearly
show that the 728 nm periodicity crystal is more sensitive to
surface binding events than the 564 nm periodicity crystal. Fitting
the approximately linear region of the curves over film thicknesses
of ∼0-80 nm yields thin film sensitivities of the integrated
response (IR) of ∼13 and 9 IR/nm for the 728 and 564 nm
periodicity crystals, respectively. These thin film sensitivities
describe the change in IR measured across the visible spectrum
per nanometer of polyelectrolyte film (i.e., a film thickness) formed
on the surface of the crystal and cannot be directly compared to
the more traditional bulk refractive index sensitivity values
reported in the literature for SPR sensors that describe the change
in the SPR position or intensity at a single wavelength per unit
increase in the bulk refractive index of a solution in contact with
the sensor.36,68 Multispectral analysis of a bulk refractive index
sensitivity calibration experiment is provided in the Supporting
Information for the interested reader (Figure S5 and associated
text). The nondimensionless, multispectral bulk refractive index
sensitivity of a ∼730 nm periodicity crystal with a 35 nm nominal
gold thickness is ∼41 000 (%T) nm/RIU. As the units suggest,
the multispectral analysis approach weights both change in the
positions and intensities of the many spectral features over the
multiple responsive wavelengths of a plasmonic crystal and is not
a measure of the change in position or intensity of a single
resonance or wavelength as is commonly used to describe the
sensitivity of SPR sensors.36,68

The effect of gold thickness on the sensitivity of these optics
to surface binding events was also investigated. We found that
the sensitivity increased with gold thickness up to a maximum
around ∼120 nm, after which the sensitivity decreased (Figure

S6 in the Supporting Information). These surface sensitivity results
are in good agreement with experimentally determined and
modeled bulk RI sensitivities of the crystals as a function of gold
thickness.69

Previously we showed that a simple mathematical model
developed for quantifying binding events using planar gold film
SPR spectroscopy can be applied to quantitatively interpret the
real-time response of plasmonic crystals to binding events in
solution.32 This adapted model relates a measured IR to an
effective film thickness (d) adsorbed to the surface of a crystal
by the following equation:36

IR ) m(na - ns)[1 - exp(-2d/ld)] (3)

where ld is the decay length of the electric field at the surface
of the crystal, which is ∼25%-50% of the wavelength of the
incident light, m is the bulk RI sensitivity, and na and ns are the
refractive indices of the thin film adsorbed to the surface of
the crystal (e.g., protein) and the bulk dielectric above the thin
film (e.g., buffer), respectively. This model assumes a uniform
characteristic ld of the plasmon evanescent field into the
dielectric medium above a planar gold film. This assumption
is valid for a planar dielectric-gold interface with a single SPP
resonance peak but is an oversimplification for our plasmonic
crystals that support multiple plasmonic modes (LSPRs and
SPPs) with characteristic decay lengths and WAs and exhibit
changes in both peak positions and intensities over most of
the spectral range with changes in RI.36

Given the complexity of the optical response of the crystals, a
more direct approach to quantify binding events at the surface of
the crystals is to calibrate the optical response of the sensors by
measuring a molecular layer of known thickness. Here, we show
that the short-range linearity (within <70 nm of the crystal surface)
of the IR of the plasmonic crystals to thin film assemblies can be
used together with molecular rulers, molecular assemblies with
known thicknesses such as SAMs of alkanethiols on gold, to
calibrate these optics to effect quantitative imaging and speciation
of surface binding events. This approach directly takes into
account the heterogeneous fields of the SPPs and LSPRs at the
surface of the crystal and contributions from WAs that are not
accounted for in eq 3. It also eliminates the need to estimate the
decay length of the fields at the surface of the crystals and the
need to measure bulk RI sensitivity factors by directly measuring
a surface specific sensitivity factor.

As a demonstration, three proteins with different molecular
weights were patterned via nonspecific adsorption on the surface of
a crystal using a microfluidic device (Figure 4a) and imaged using
an optical microscope equipped with a CCD camera and an unfiltered
white light source (i.e., a halogen bulb) (Figure 4b). The three
proteins, patterned from left to right in the image, were fibrinogen
(MW ∼ 340 kDA), γ-globulins (MW ∼ 160 kDa), and myoglobin
(MW ∼ 14.4 kDa). The protein lines are clearly visible due to the
refractive index difference between the protein patterned and un-
patterned regions. The image contrast (defined as the intensity of
the protein patterned areas minus the intensity of the unpatterned
areas) was converted to thickness using a calibration factor that was

(68) Shumaker-Parry, J. S.; Campbell, C. T. Anal. Chem. 2004, 76, 907–917.
(69) Maria, J.; Truong, T. T.; Yao, J.; Lee, T.-W.; Nuzzo, R. G.; Leyffer, S.; Gray,

S. K.; Rogers, J. A. J. Phys. Chem. C 2009, 113, 10493–10499.
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previously determined by measuring the image contrast upon the
formation of an ∼2 nm thick SAM (a change in image intensity of
∼0.04(± 0.01)). Figure 4c shows the average line profile of the image
shown in Figure 4b. As expected, the intensity of the protein lines
scaled with their molecular weight and the estimated thickness of
each protein agreed well with the ellipsometrically measured thick-
ness of the protein on a planar gold film.70 The important aspects of
this demonstration include (i) spatially resolved imaging of molecular
adsorbates can be achieved with these crystals using a common
laboratory microscope equipped with a CCD camera and a white
light source; (ii) image intensity changes scale with the molecular
weight of the adsorbate; and (iii) quantitative analysis of the imaging
can be achieved by calibrating the response of the crystal with a
molecular ruler. The signal-to-noise level of the image shown is not
intrinsic to the plasmonic crystal optic and can be optimized by
changing acquisition parameters such as increasing frame averaging.

A more relevant system to study in regards to bioassays is the in
situ thin film surface sensitivity of a plasmonic crystal in water to
increasing polyelectrolyte film thickness (Figure 5). The middle panel
of Figure 5 shows that a 728 nm periodicity crystal in water exhibits
complex wavelength and distance-dependent surface sensitivity to
binding events, similar to the response observed for a 728 nm
periodicity crystal in air. Unlike the IR response of the crystal in air,
however, the IR of the crystal in water saturates rather than decreases
in magnitude at film thicknesses >95 nm (Figure 5, bottom panel).
An important point to note is that the single wavelength responses

of the crystal in water remain sensitive to surface binding events at
thicknesses >95 nm, which makes single wavelength measurements
more useful for analyzing thick films. The IR, however, is still a useful
metric for the detection of binding events over distances that are
relevant for most bioassays and provides greater signal-to-noise than
single wavelength measurements, as described previously.32

The binding of solution-phase goat IgG to surface immobilized
antigoat IgG was chosen as a model system for demonstrating the
utility of full 3D plasmonic crystals for performing quantitative
analysis of biomolecular interactions relevant to diagnostic bioassays.
To this end, the surface of a crystal was prepared for selective
detection of solution-phase goat IgG using a multistep surface
functionalization protocol. First, protein G was covalently coupled to
the surface of a crystal using carboxyl-terminated SAMs and EDC/
NHS succinimidyl ester chemistry.71,72 The protein G served as a
receptor to immobilize and orient antigoat IgG on the surface of the
crystal such that the antigen-binding fragment of the antibody was
oriented away from the surface so that it could capture the solution-
phase antigen, goat IgG. BSA was then injected into the flow cell
and no response was observed, which indicated that the crystal
surface was blocked against nonspecific binding. Equilibrium analysis
of the antigoat IgG/goat IgG pair was probed by increasing the
concentration of goat IgG in the running buffer as a step gradient
from 1 pM to 1 µM. Each concentration of goat IgG was incubated
in the flow cell for ∼1 h before injection of the next goat IgG solution.

(70) Mack, N. H.; Dong, R.; Nuzzo, R. G. J. Am. Chem. Soc. 2006, 128, 7871–
7881.

(71) Cao, H.; Xu, S.-Y. J. Mater. Sci. 2008, 19, 567–575.
(72) Tengvall, P.; Jansson, E.; Askendal, A.; Thomsen, P.; Gretzer, C. Colloids

Surf., B 2003, 28, 261–272.

Figure 4. Quantitative spatial imaging of nonspecifically adsorbed
proteins to the surface of a plasmonic crystal. (a) A schematic illustrating
the use of a three channel PDMS microfluidic device to pattern the
surface of a crystal. (b) Transmitted light image of three lines of
nonspecifically adsorbed proteins on the surface of a crystal. The proteins
from left to right are fibrinogen (MW ) 340 kDa), γ-globulins (MW )
160 kDa), and myoglobin (MW ) 14.4 kDa). (c) The average line profile
through the image in panel b.

Figure 5. Difference map and integrated response (355-1050 nm) of
a crystal with a periodicity of 728 nm to increasing thickness of a
polyelectrolyte multilayer, measured in water at 52 selected film thick-
nesses. The top panel presents the difference map, the middle panel
shows the Rth or change in %T/%T0 as a function of the multilayer
thickness at several wavelengths: 357 (cyan), 769 (red), 894 (green),
and 996 nm (blue). The bottom panel shows the corresponding
integrated multispectral response (Int. Resp.).
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Incubation times for immunoassays depend on several factors
including the concentrations of the binding pairs, the ionic strength
of the solution, and the affinity constant of the binding pair.73,74 The
1 h incubation time was selected to maximize the equilibrium binding
response for several of the lower antibody concentrations measured
in this work.

The binding profile of the antibody-antigen pair is shown in
Figure 6. This plot shows the estimated surface coverage (θ )
normalized IR) of the crystal as a function of the solution-phase goat
IgG concentration and exhibits a commonly observed adsorption
isotherm profile.75-77 The binding constant of the antibody-antigen
pair was estimated by fitting the binding profile to a Langmuir
isotherm:75,77

θ )
Ka[IgG]

1 + Ka[IgG]
(4)

where Ka is the apparent affinity constant and [IgG] is the
solution-phase goat IgG concentration. The best fit to the data
yielded an estimated surface confined affinity constant of ∼7
× 107 M-1, which is consistent with affinity constants reported
in the literature for IgG/anti-IgG binding pairs.75,77 These results
demonstrate that the crystals and multispectral analysis protocol
can be used to quantitatively measure the equilibrium binding
constant of a binding pair (i.e., the IR response for a given analyte
concentration is directly related to the equilibrium binding affini-
ty constant).

A commonly used figure of merit of a sensor is the limit of
detection (LOD), which is related to the resolution of the system
(the smallest detectable refractive index change). The resolution of
a plasmonic sensing platform is determined by intrinsic (e.g., the
refractive index sensitivity of the device itself) and extrinsic (e.g.,
signal averaging, thermodynamic affinity constant of the binding
pair, molecular weight of analyte, surface chemistry (ligand density,
nonspecific binding, signal amplification), temperature fluctuations,

and noise associated with the spectrometer, optics, source, and
detector) factors. Our experiments were performed without signal
averaging, temperature control, or chemical amplification. The
extrinsic limitations inherent in the detection system restricted our
current LOD for these in situ measurements to antibody binding
coverages that would produce an integrated response of ∼0.3 (or
roughly 3× the limiting noise level of a blank sample). Stated
differently, this sensor without further optimization and absent other
complications will discriminate coverage as low as ∼3% of a mono-
layer of the conjugate antibody, which for an unamplified equilibrium
assay corresponds to a solution concentration of ∼400 pM (or
equivalently a surface coverage of ∼16 ng/cm2). For comparison,
studies using prism coupled SPR sensors have reported achievable
limits of detection for antibody binding at surface coverages of
∼0.3 ng/cm2.78 As noted above, the detection limits depend on
the affinity constants of the specific binding partners and the
quality of the surface chemistry used in the assay. It therefore is
instructive to consider comparisons based on the adsorption of a
similar protein, bovine serum albumin (BSA), adsorbed on gold.
The reported nonoptimized LOD of the plasmonic crystal in this
case differs by about a factor of 2 from the LOD reported for a
prism-coupled SPR.32,68

While it is possible to improve our LOD by employing temper-
ature control, signal averaging using a spectrometer equipped with
a photodiode array, and signal amplification strategies, it remains
that real LODs will likely be limited in unamplified assays by features
other than the instrument given the magnitude of the equilibrium
binding affinity of the immunoassay pairing. Foremost among these
for a real titer would be the obscuring background provided by
nonspecific adsorption of molecules in the complex matrix. The
present data therefore suggest that a considerable opportunity for
improving the capabilities of plasmonic label-free detection systems
in fact resides in the chemistries used to enable them.

CONCLUSIONS

This work described the use of the LbL assembly of polyelec-
trolytes to systematically study the thin film sensitivity of full 3D
plasmonic crystals in air and liquid environments. The effects of gold
thickness and design rules (nanowell diameter and periodicity) on
the thin film sensitivity of the crystals were investigated, and full 3D
finite-difference time-domain calculations were used to quantitatively
model and elucidate the experimentally observed thin film sensitivi-
ties. It was found that crystals with gold thicknesses of ∼120 nm are
more sensitive to surface binding events than crystals with either
thinner or thicker gold films. The linearity of the integrated multi-
spectral response of the crystals to a thin film assembly (<70 nm)
allowed the use of a molecular ruler of known thickness, a SAM, to
calibrate these optics for quantitative spatial imaging and speciation
of surface-adsorbed proteins. The functionality of these devices for
quantitative biosensing was further demonstrated by measuring the
affinity constant of an antibody/antigen binding pair. These results
together with the low-cost of fabrication, simple readout apparatus
and geometry, compact form factors, and potential for direct integra-

(73) Quinley, E. D. Immunohematology: Principles and Practice, 2nd ed.;
Lippincott Williams & Wilkins: Philadelphia, PA, 1998.

(74) Law, B., Ed. Immunoassays: A Practical Guide, 1st ed.; Taylor & Francis:
Bristol, PA, 1996.

(75) Riboh, J. C.; Haes, A. J.; McFarland, A. D.; Yonzon, C. R.; Van Duyne, R. P.
J. Phys. Chem. B 2003, 107, 1772–1780.

(76) Masson, J.-F.; Battaglia, T. M.; Khairallah, P.; Beaudoin, S.; Booksh, K. S.
Anal. Chem. 2007, 79, 612–619.

(77) Yu, C.; Irudayaraj, J. Biophys. J. 2007, 93, 3684–3692.
(78) Campbell, C. T.; Kim, G. Biomaterials 2007, 28, 2380–2392.

Figure 6. Quantitative response curve for the binding of solution-phase
goat IgG to surface immobilized antigoat IgG. The plot shows the
normalized integrated response of a crystal with a periodicity of ∼740
nm to increasing concentrations of goat IgG (red data points). Nonlinear
regression of the binding curve (black line) yielded a surface confined
affinity constant of ∼7 × 107 M-1.
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tion into microfluidic networks make these devices simple to
implement and interesting candidates for label-free array based
detection.
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