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Plasmonic Sensing of Biological Analytes
Through Nanoholes
Grace M. Hwang, Lin Pang, Elaine H. Mullen, and Yeshaiahu Fainman, Fellow, IEEE

Abstract—A transmission-based surface plasmon resonance
(SPR) sensor for label-free detection of protein–carbohydrate and
protein–protein binding proximate to a perforated gold surface
is demonstrated. An SPR instrument makes real-time measurements of the resonant wavelength and/or the resonant angle of
incidence of transmitted light; both are influenced by the presence
of proteins at the gold surface-liquid interface. Ethylene glycol
solutions with known refractive indexes were used to calibrate
the instrument. A paired polarization-sensitive detector achieved
an overall detection resolution of
6.6
10 5 refractive index
units (RIU). Proof of principle experiments was performed with
concanavalin A (Con A) binding to gold-adsorbed ovomucoid and
anti-bovine serum albumin (BSA) binding to gold-adsorbed BSA.
Index Terms—Bioplasmonics, biosensors, gold nanohole array,
surface plasmon polariton (SPP), surface plasmon resonance
(SPR).

I. INTRODUCTION
HE deployment of biosensing systems that can rapidly detect and identify airborne and waterborne pathogens in
situ with acceptable false alarm rates presents enormous challenges. For example, pathogens have been shown to spread exponentially via commercial airline traffic [1]. Numerous rapid
biosensor technologies (reviewed in [2] and [3]) are being developed, but currently available systems fail to meet some or all
of the performance criteria needed for large-scale deployment.
These criteria include low false alarm probabilities
10 , highly sensitive detection for a wide range of bioagents
), rapid response time (on
(probability of detection
the order of minutes or less), limited use of liquid consumable
reagents, energy efficiency, and compact packaging. Here, we
present a sensitive biosensor that is suited for highly parallel
multi-analyte sensing in an energy efficient and compact footprint.
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Surface plasmons (SPs) can be described as electron density
waves formed at the interface of a metal and a dielectric. A
surface plasmon polariton (SPP) is an oscillation in which
the electron density wave from the metal is coupled with the
photon from the excitation source [4]. Due to the large surface
energy confinement of SPPs, they are extremely sensitive to
perturbations in the index of refraction at the metal-dielectric
interface. The most common commercially available surface plasmon resonance (SPR) method uses the prism-based
Kretschmann–Raether geometry [5]. Recently, SPR techniques
are experiencing a reemergence, largely due to advances in
nanofabrication that have made it possible to excite surface
plasmons using metallic subwavelength structures instead of
prism coupling (reviewed in [6]–[11]). Enhanced transmission
through metallic subwavelength structures already shows great
promise for high throughput applications [12]–[17]. More
importantly, many features of an SPR biosensor meet the
requirements for compact, portable packaging and low power
necessary for field deployment [18]–[20]. SPR systems do
not require extrinsic fluorophore tags; they require only small
quantities of consumables in typical assays, demonstrate near
real-time detector responses, and can regenerate the sensing
surface with a low pH wash. To date, prism-based SPR systems
have been shown to detect proteins, bacteria, toxins, allergens,
HIV, the West Nile Virus, and the SARS-associated corona
virus [21]. Despite these benefits, conventional SPR designs are
not as sensitive as fluorescence sensors that employ extrinsic
labels.
In this paper, we discuss the use of an integrated microfluidic
chip SPR biosensor configured in a transmission setup. The
system consists of a nanohole array etched into a thin gold
film [17], [22], [23] that is coated with carbohydrate receptor
molecules to capture specific pathogens. The system was calibrated with a series of ethylene glycol solutions at controlled
refractive indexes. A paired polarization-sensitive detector
6.6
10
achieved an overall detection resolution of
refractive index units (RIU). Motivated by recent findings
which implicated the role of carbohydrate receptors in differentiating human from nonhuman influenza viruses [24],
[25], we measured real-time interaction between an infectious
agent simulant, conconavalin A (Con A) carbohydrate-binding
lectin, and mannose carbohydrate receptors on the glycoprotein
ovomucoid. In addition, real-time, label-free, protein–protein
binding measurements were obtained using bovine serum
albumin (BSA) and anti-BSA. Rough estimates of detection
limits for Con A and BSA from the nanohole SPR sensor are
discussed. We conclude with recommendations for carbohydrate receptor integration and our path forward on a design for
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high throughput applications and methods to enhance system
resolution and sensitivity.
II. MATERIALS AND METHODOLOGY
A. Materials
The SPP sample holder, consisting of a gold nanohole array
on a glass slide and microfluidic channel 10 2 0.1 mm
molded in polydimethylsiloxane (PDMS), was prepared following standard holographic lithography patterning, described
in our previous work [17], [22].
Mouse monoclonal antibody (MAb, B2901, 140 kiloDalton [kD]), Albumin bovine fraction V power (BSA,
A9647, 66 kD), and the Protein A Antibody Purification Kit
(PURE1A-1 Kt) were purchased from Sigma-Aldrich (Saint
Louis, MO). MAb was purified with PURE1A-1 Kt; MAb
recovery concentration was determined via UV absorption at
280 nm.
Ovomucoid from chicken egg white (Trypsin Inhibitor
T9253, MW 28 kD) was purchased from Sigma-Aldrich.
Concanavalin A (Con A) (FL-1001, MW 26.8 kD) was
purchased from Vector Laboratories (Burlingame, CA).
All solutions were sterilized through a 0.2 m-pore syringe
filter (Fisherbrand, nylon).
B. Experimental Setup and Procedure
We previously explored resonant SPP transmission through a
2-D nanohole array in an angular setup [17]. In this prior work,
using index-calibrated solutions to create a controlled refractive
index in the overlayer at the gold-fluid interface, we reported
that the resolving power and interrogation range were more sensitive in an angular than in a wavelength configuration. However, in terms of future system deployment, we prefer to build
a setup that uses as few moving parts as possible. Thus, our experiments were conducted in a wavelength-interrogation configuration where the angle of incidence remained fixed after initial calibration. The period of the nanohole array was designed
to match the illumination wavelength range. Nanoholes are approximately 300 nm in diameter and spaced 1.5 m apart. Gold
film thickness ranges between 150 and 200 nm. The propagation of coupled SPP modes on the grating coupler is described
as
(1)
where is the angular frequency, is the speed of light in a
vacuum, is the refractive index of the dielectric overlayer,
is the angle of incidence, and and are integer values.
and
are the reciprocal vectors for a square lattice with
, with
being the period [7], [26].
To measure the intensity of the SPP modes at the overlayer,
we used a collimated tunable laser beam ( 0.5 mm diameter)
with 1-pm wavelength resolution (1520–1570 nm, 6.9 dBm,
scan rate 100 nm/s, 5-trace averaging) to illuminate a sample
area of 200 200 m on the gold nanohole array. As shown in
Fig. 1, the sample holder was placed between an orthogonally
crossed polarizer–analyzer pair in such a way that the surface
wave was excited by a projection of the incident electric field
polarization. The reradiated resonant field was then projected

Fig. 1. (a) Schematic of the 2-D nanohole-array SPP transmission setup. Inset:
scanning electron micrograph of a section of the gold nanohole array. (b) SPP
sample holder. (c) Pathogen capture via carbohydrate receptor and protein
binding.

onto the analyzer and the greater part of the nonresonant photon
transmission was rejected. The transmitted light was simultaneously used to image the sample holder onto an InGaAs camera
for alignment and to measure light transmission using a photodiode. Any change of the in-plane wave vector was achieved by
plane (angle in Fig. 1) via a
rotating the sample in the
mechanized rotation stage with a 0.001 angle resolution.
The SPR transmission mechanism involves coupling to an
SPP mode, evanescent transmission through the below-cutoff
waveguide hole, and scattering of radiation again from the
nanohole array to produce propagating free-space modes. Normalized transmittance spectra from wavelength interrogation
are shown in Fig. 2(a) in the vicinity of the (1,0) type SPP
mode from the overlayer solution. Transmission spectra were
obtained at an incidence angle 18 from the normal.
Prior to each experiment, the sample holder was flushed with
5 ml of sterile, deionized (DI) water in situ. Then, 3 ml of receptor molecules concentrated at 1 mg/ml were flowed into the
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strength of thiol groups in Cysteine residues on gold surface depends on the deposition time as described in Section III. Excess
receptor molecules were washed away with sterile DI water for
5 min. A microfluidic channel was used to transport analytes to
the overlayer at a flow rate of 100 l/min.
C. Receptor Molecule Selection
In order to perform biological experiments using carbohydrate receptors we had to identify a suitable analyte-receptor
pair. We utilized SugarBindDB, a web-enabled, searchable
database that catalogs all known published data on carbohydrates expressed by host cells to which pathogenic bacteria,
viruses, and biotoxins bind [27]. We targeted Escherichia coli
K12 as a surrogate. We started by employing SugarBindDB
to identify which complex carbohydrate would interact with
E. Coli’s Type 1 fimbriael adhesins. From the SugarBindDB
search results, we recognized that the nonreducing terminal
mannose should be sufficient for binding the fimbriae of E.
coli K12. We then employed GlycoSuiteDB [28], a database
that catalogs all known sugar sequences on glycoproteins by
tissue type, to identify which glycoproteins naturally bear the
carbohydrates we required, i.e., terminal mannose. Based on
our findings in GlycoSuiteDB, the egg white protein ovomucoid
was shown to have glycans with terminal mannose receptors.
We recognized that the commercially available plant lectin Con
A binds to both terminal mannose and to the trimanylsyl core
common to all N-linked glycans; so it would suffice as a model
surrogate for E. Coli. Therefore, we chose to use ovomucoid
and Con A as our model receptor molecule and analyte pair to
simulate pathogen capture.
III. RESULTS

Fig. 2. (a) Normalized transmission spectra corresponding to ethylene glycol
solution series (%): 0, 1.96, 3.85, 5.60, 7.40, 9.10. Data were obtained at an incidence angle 18 from the normal. (b) Representation of resonant wavelength
versus time; EG concentration in percentages are shown. (c) Representation of
resonant wavelength versus refraction index units (RIUs). The resonant wavelengths and RIUs are linearly related (R = 0:99, Pearson’s). Open circles
represent data based on five-shot averaging. The line represents a linear fit to
experimental data. Sensitivity (S) = 1520 nm/RIU. Total shift = 13:9 nm.

SPP sample holder, enabling the receptor molecules to adhere to
the surface of the gold film via thiol-bond formation. Adsorption

A series of ethylene glycol (EG) solutions ranging from 0%
to 9% by volume was introduced into the microfluidic channel.
Fig. 2(a) depicts normalized transmission spectra of the EG solution series. Fig. 2(b) shows the resonant wavelength as a func, the DI water was devoid of EG. The
tion of time. At
EG solutions were added to the channel in increasing concentrations of about 2% until a maximum of 9% EG was reached,
as depicted by each jump along the time axis. Following the
9% EG test, DI water was introduced into the channel returning
the SPP resonant wavelength to 1533 nm. (Accurate concentrations of the solution were 1.96%, 3.85%, 5.60%, 7.40%, and
9.10%.) The wavelength-time trace exhibited stability at each
EG concentration and the increase in SPP resonant wavelength
was proportional to the increase in EG concentration. Fig. 2(c)
shows the resonant wavelength as a function of the refractive
index of the fluid at the overlayer. The resonant wavelength and
, Pearson’s). Open circles
RIUs are linearly related (
represent data based on five-shot averaging. The line represents
a least squares linear regression on the experimental data, the
for the (1,0)
slope of which approximates the sensitivity
nm/RIU. If we assume a system
type SPP mode,
corresponds to a resolution of
repeatability of 0.1 nm, then
6.6 10 RIU [0.1 nm/(1520 nm/RIU)].
We monitored the response of Con A to ovomucoid in the SPP
setup. Prepared solutions consisted of: 1) 0.01 M phosphatebuffered saline (PBS) prepared by dissolving PBS powder in
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Fig. 3. Demonstration of protein–carbohydrate binding on a gold nanohole
array observed by monitoring the resonant wavelength of a SPP mode at the
fluid-metal overlayer in a transmission setup. Insets are photographs of an SPP
sample holder with (right) and without (left) tubing.

water with pH value of 7.4 at 25 C; 2) 1 mg/ml Con A in PBS;
and 3) an aqueous solution of ovomucoid (1 mg/ml) heated for
10 min at 95 C, stirred for 30 min, passed through a 0.2m-pore syringe filter (Fisherbrand, nylon) and allowed to cool
on ice.
The integrated microfluidic SPR sensor device was pretreated
with DI water for 8 min. The PBS solution was then introduced and run for 10 min, shifting the resonant wavelength to
1543.2 nm (Fig. 3); this defined the base line of the sensor for
this experiment. Solution with 1 mg/ml of ovomucoid was then
introduced into the channel. After the ovomucoid solution was
run for 11 min, PBS was added to the channel for flushing away
excess unbound ovomucoid, leading to a resonant wavelength
shift to 1544.2 nm. After flowing PBS for 20 min, the purified
Con A solution was introduced into the channel to allow for
specific binding to the ovomucoid attached to the gold surface.
After 25 min, PBS was introduced to wash out the unbound Con
A, although disassociation of weakly bound ovomucoid from
gold surface could also have occurred. The resulting resonant
wavelength was 1544.9 nm, which corresponds to a binding
shift of 0.7 nm.
The laser we employed did not have a wavelength scan repeatability comparable to state-of-the-art components. In order
to obtain a rough estimate of the detection limit of our sensor
system, we considered the combination of the repeatability of
, which
the light source and the background of the detector
was the estimated standard deviation of the actual wavelength
variance at scan mode. Using established extrapolation methods
as the ratio
, such
[29], [30], we defined a scaling factor
nm corresponds to an
of 7. We then estimated
that
the detection limit as the ratio of the actual analyte concentration
to the scaling factor . Thus, the system presented here has an
estimated detection limit of 143 g/ml
5.3 M for Con
A, which would be greatly improved by an upgraded laser scan
and detection system. It is worth mentioning that resonant shifts
in the above and following tests were obtained by only locating

2077

Fig. 4. Demonstration of protein–protein binding on a gold nanohole array observed by monitoring the resonant wavelength of a SPP mode at the fluid-metal
overlayer in a transmission setup.

the maximum from each raw SPP transmission spectrum. Further data analysis and processing will be employed to increase
the accuracy of identifying SPP resonant peaks [31]. Different
data fit functions, including Lorentian, Fano-type, and polynomial line shapes for SPP resonant are being investigated.
Though the main focus of this paper is on the use of carbohydrate receptors to capture model pathogens, in connection
with the larger SPP biosensing field, we also investigated
protein–protein (pathogen simulant-antibody) binding. We
monitored the response of monoclonal anti-bovine serum
albumin (mAb) to BSA in the SPP setup. Prepared solutions
consisted of: 1) 2 wt % of sodium dodecyl sulfate (SDS) in
water; 2) 0.01 M PBS prepared by dissolving PBS powder
in water with pH value of 7.4 at 25 C; 3) 2 mg/ml BSA in
PBS prepared by dissolving BSA in water, adding 2-mercaptoethanol (MER) into 2 mg/ml BSA to make a 1% MER BSA
PBS solution; and 4) purifying monoclonal anti-BSA with
Protein A Antibody Purification Kit and dissolving it into
PBS to attain 0.293 mg/ml, verified by ultraviolet absorbance
(not shown), diluted to make about 26.6 g/ml anti-BSA PBS
solution. Using a molecular weight of 140 kD for anti-BSA,
the estimated anti-BSA concentration was 190 nM.
The integrated microfluidic SPR sensor device was first
cleaned by running 2% SDS solution for about 30 min through
the surface of the gold nanohole array (Fig. 4) producing a
resonant wavelength of 1535.8 nm. The SDS solution was
then replaced by a water rinse for 20 min. The PBS solution
was then introduced and run for 22 min, shifting the resonant
wavelength to 1534.4 nm; this defined the base line of the
sensor for this experiment. BSA solution with 1% MER was
then introduced into the channel. After the BSA solution was
run for 26 min data acquisition was stopped, but the BSA
solution was kept flowing for an additional 114 min. After data
monitoring was turned back on, PBS solution was introduced
into the channel for 14 min to wash out the excess, unattached
BSA. A resonance measurement showed that attachment of
the BSA to the gold surface produced a resonant wavelength
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shift to 1535.4 nm. BSA solution was then introduced into the
channel again with the flow rate reduced to a very slow speed
to allow more BSA to adhere to the gold surface. After 21 h,
the pressure difference between inlet and outlet was reset to
75 l/min and resonance
produce an original flow rate
data acquisition was restored. Ten minutes later, PBS was added
to the channel for flushing, leading to a resonant wavelength
shift to 1535.6 nm. After flowing PBS for 15 min, the purified
monoclonal anti-BSA solution was introduced into the channel
to allow for specific binding to the BSA attached to the gold
surface. After 60 min, PBS was introduced to wash out the
unbound anti-BSA, although disassociation of weakly bound
BSA from gold surface could also have occurred. The resulting
resonant wavelength was 1536.3 nm, which corresponds to a
of 0.7 nm. It is a coincidence that the final
binding shift
binding shift is the same in Figs. 3 and 4, likely due to a combination of differences in the molecular weight of the analytes
and the deposition density of the receptor molecules.
IV. DISCUSSION
It is well known that the strength of the binding interaction
process depends on many factors. These include the quantity of
bound receptors and the strength of their attachment to the gold
surface. In order to achieve a strong attachment of the receptors, in most cases a self-assembled monolayer (SAM) is applied to the gold surface as the linker layer, so that one SAM
end-group binds strongly to the gold surface while the other
SAM end-group will effectively connect the receptors. Instead
of using a SAM, we added 2-mercaptoethanol into the BSA solution to prevent the oxidation of free sulphydryl residues in the
BSA. Two hours of flowing BSA MER solution led to a resonant wavelength shift of 1.0 nm for attachment to the gold
surface, with an additional 20 h of flowing producing an additional 0.3-nm wavelength shift. Therefore, the total BSA attachment produced a 1.3-nm wavelength shift compared to the
PBS base line resonance. By comparison, 23 h flowing of BSA
solution without 2-mercaptoethanol produced only 0.6-nm resonance shift from BSA attachment (not shown). The 2-mercaptoethanol indeed improves the attachment of BSA to a gold
surface.
To estimate an ideal detection limit for our transmission-based SPR nanohole sensor, we need to consider the
absolute best one could achieve. A light source with less
than 1 pm [32] would allow us to estimate the detection limit
with scaling factors as large as 700. Thus, the system presented
here has the potential to detect Con A down to 1.43 g/ml
(or 53 nM) and to detect anti-BSA down to 38 ng/ml (or
271 pM). This analysis suggests that an extremely sensitive
detection limit is achievable in a transmission setup.
We realize that a simultaneous blank would be advantageous.
Currently, we are designing a PDMS fluidics chip with built-in
temperature controls and a reference channel to perform simultaneous blanks to reduce the probability of false alarms.
We employed carbohydrate receptor molecules following
recent work which has demonstrated their ability to distinguish human influenza from avian influenza. We show the
utility of glycobiology databases (e.g., SugarBindDB and

GlycoSuiteDB) for guiding receptor molecule selection to
capture pathogens of interest. Shinya et al. demonstrated that
human-derived influenza viruses that bind to epithelial cells
located in the upper respiratory tract preferred the carbohydrate
receptor molecule sialic acid 2–6 galactose, whereas avian
influenza viruses (e.g., H5N1) predominantly bind to the carbohydrate receptor molecule sialic acid 2–3 galactose present
on alveolar cells in the lower human respiratory tract [25].
More recently, Chandrasekaran et al. reported that the sialic
acid 2–6 galactose trisaccharide receptor molecules that bind
to human influenza viruses are umbrella-shaped, whereas the
sialic acid 2–3 galactose trisaccharide receptor molecules that
bind to avian influenza viruses are cone-shaped. This provides
a topological explanation for why the complementary protein
lectin of H5N1 prefers sialic acid 2–3 galactose [24]. Collectively, these findings suggest the importance of carbohydrate
receptor binding specificities for differentiating human from
nonhuman influenza viruses. In the future, we plan to use E.
coli K12 and a nonvirulent strain of influenza for testing this
approach.
V. CONCLUSION
We have implemented a label-free method to utilize glycoproteins as carbohydrate receptor molecules on a gold nanohole
array to capture pathogen simulants in a transmission-based
nanohole array SPR setup. We devised a method that utilizes
glycomics databases to guide the design of receptor molecules
for use inside a biosensor. We showed, through estimates,
that our SPR sensor can be improved to exhibit picomolar
detection limits. In the future, we will explore methods to
improve wavelength illumination repeatability, experiment
with different illumination wavelength bands, model nanohole
performance as a function of diameter and lattice spacing, and
fabricate different types of nanostructures to enhance overall
system resolution and sensitivity. We will also increase the
total number of sensing elements in the PDMS mold in order to
perform highly parallel multi-element SPR detection.
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