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Abstract

The surface area of a photonic crystal biosensor is greatly enhanced through the incorporation of a porous TiO, film possessing the structure
of nanorods into the device. The film is deposited by the glancing angle deposition technique in an e-beam evaporation system. The sensitivity of
high surface area sensors is compared with sensors without the high surface area coating. Results for detection of polymer films, large proteins
and small molecules indicate up to a four-fold enhancement of detected adsorbed mass density.
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1. Introduction

Label-free optical biosensors have emerged as important
tools for pharmaceutical research, diagnostic testing, and envi-
ronmental monitoring [1,2]. Development of sensor designs
that enhance sensitivity is especially important because it
allows detection of lower concentrations of analytes and detec-
tion of small molecules with a higher signal-to-noise ratio.
Recently, optical biosensors based on photonic crystals (PCs)
have attracted widespread interest due to their ability to con-
centrate light into extremely small volumes and to obtain very
high local electromagnetic field intensities, resulting in reflec-
tion/transmission properties that are tuned by the adsorption of
chemical and biomolecular materials. These include one and
two-dimensional surface PCs (also referred to as guided mode
resonance filters) [3—6], three-dimensional opal and inverse opal
structures [7,8], PCs with microcavities [9,10], and PC waveg-
uides [11,12].

Because the response of a biosensor generally depends on the
interaction of an analyte with a selective immobilized capture
ligand on the sensor surface, increasing the surface area of the
sensor generally improves the sensitivity through a higher den-
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sity of the capture ligand. One commercially successful method
for increasing ligand surface area has been the use of poly-
mer hydrogels such as dextran [13,14] to extend the surface
area for binding into a three-dimensional volume within the
evanescent field region of surface plasmon resonance sensors.
Other methods involve: (1) porous silicon-based structures by
electrochemical etching [15-19], (2) coatings of nanostructured
dielectrics by chemical vapor deposition [20,21], microcapillary
pipetting [21,22], and sol-gel processes [23], and (3) coatings
of high surface area polymers by electrophoretic deposition
[21] and spray-on technique [24]. All these methods typically
require complex procedures for deposition and/or functionaliza-
tion using liquid-based processes, or high temperature annealing
which is not suitable for plastic-based sensor structures. There-
fore, enhancement of biosensor surface area using a simpler
technique would be advantageous, especially if it would be a part
of the sensor fabrication process, and performed inexpensively
and uniformly over large areas.

Glancing angle deposition (GLAD) [25] has been shown to
be a method able to create thin films with very high porosities
and surface-area-to-volume ratios. By orientating the incoming
flux at an oblique angle, the self-shadowing effect during the
deposition results in a porous film with a structure composed
of isolated vertical nanorods. This technique has been used in
various applications such as dielectric reflectors [26], optical fil-
ters [27], liquid crystal displays [28], and substrates for surface
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enhanced Raman scattering [29]. In biosensor applications, thin
films deposited by GLAD have been used to increase the immo-
bilization density of glucose-oxidase to a surface [30], but to
our knowledge, this technique has not been applied to label-free
optical biosensors.

In this work, we show the enhancement of PC biosensor sensi-
tivity through application of a thin nanorod coating to the sensor
surface by GLAD. We demonstrate up to 4 x sensitivity improve-
ment compared to sensors without the nanorod coating. Sensitiv-
ity is compared for detecting polymer film adsorption, large pro-
tein adsorption and detection of a small molecule. This method
may be broadly applied to any type of biosensor—optical, acous-
tic, or otherwise, to enhance sensitivity.

2. Materials & methods
2.1. Sensor fabrication

Biosensor fabrication begins with a nanoreplica molding pro-
cess in which a thin layer of liquid UV-curable polymer is
squeezed between a flexible polyester sheet, and a silicon “mas-
ter” wafer that acts as a molding tool, as described in previous
research [3]. The silicon wafer is etched with a negative image of
the desired surface structure pattern, which in this case is a linear
grating with a period of 550 nm and a groove depth of 170 nm,
as shown in Fig. 1. After the epoxy is cured, the polyester sheet
with the sensor structure is peeled away from the silicon wafer.
An 80nm thin film of TiO, is sputtered onto the sensor sur-
face as the last step of sensor fabrication. The biosensors are
cut from the polyester sheet and attached with adhesive to form
the bottom surface of standard 96-well format microplates [1].
The PC structure described above is designed to support guided
mode resonances [31,32] at particular wavelengths. When the
structure is illuminated with TM polarized (electric field perpen-
dicular to the grating lines) white light at normal incidence, the
reflected spectrum consists of a sharp resonant peak with peak
wavelength value (PWV) of 860 nm and full width half max-
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Fig. 1. Cross-section of the PC biosensor structure. The sensor is illuminated at
normal incidence with TM polarized white light. The sensor structure reflects
back only a narrow band of wavelengths, centered around the peak wavelength
value. The reflected spectrum is measured by a spectrometer that determines
shifts of PWV due to biochemical binding on the sensor surface.

imum of 3nm when the sensor surface is immersed in water.
As protein is deposited onto the sensor surface, the dielectric
permittivity of material in contact with the structure changes,
resulting in a shift of the PWV to a longer wavelength.

2.2. Nanorod film deposition

Glancing angle deposition of a TiO, layer with nanorod
structures onto the sensor surface is performed in an e-beam
deposition system (Denton Vacuum) with a base pressure of
2.0 x 10~® Torr and a deposition rate of 8 A/s. The sensor is
tilted so that the incoming flux of evaporated material is at a
glancing angle of #=3.0° from the sensor surface, as shown
in Fig. 2a. In order to minimize the shadowing effect between
grating lines, the incoming flux must be parallel to the grating
sidewalls and no substrate rotation is used during deposition.
Also, no substrate heating is used in order to minimize the mobil-
ity of the addatoms. Refractive index of the nanorod film that is
co-deposited on a silicon wafer positioned next to the sensor is
measured by a spectroscopic ellipsometer (Woollam). Nanorod
films with a thickness of 85 nm were deposited upon PC biosen-
sors that were previously prepared with a dense layer of TiO»

Fig. 2. (a) Schematic of the GLAD setup and (b) SEM photo of the nanorod-
coated sensor. The GLAD process utilizes deposition of an 85 nm film of TiO; on
the surface of an otherwise complete PC biosensor structure. Deposition occurs
by orienting the PC grating lines parallel to the direction of evaporated TiO;
flux, where the flux is incident on the substrate surface at an angle of 6=3.0°.
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applied by sputtering, as described above. Two types of device
structures are compared in the current study: sensors with and
without an added nanorod coating.

2.3. Assay protocol

To compare biosensor sensitivity between sensors with and
without the nanorod coating, a 4-step assay protocol was per-
formed, as shown in the inset of Fig. 4, intended to demonstrate
how the available sensor surface area interacts with different
types of molecules. The initial step in the protocol is to coat
the sensor with a proprietary polymer film that can conform to
the available exposed surface area in a single monolayer. The
polymer consists of a long, narrow molecular chain with a high
density of amine (NH>) functional groups available along its
backbone. The polymer adheres to the TiO; sensor surface by
noncovalent interaction, and is considered to be small enough
to fit between adjacent rods in the nanorod film. Therefore, the
biosensor PWV shift measured during attachment of the poly-
mer film should reflect the enhancement of surface area due to
the nanorod film. The sensor was immersed in a 0.625% solution
of polymer in water for 28 h, followed by washing 3 times with
water, followed by a measurement of PWV shift.

The second step of the protocol involves functionalizing the
amine groups within the deposited polymer film by exposure
to glutaraldehyde (GA; CsHgO,; MW =100Da). Due to the
small molecular weight of GA, it is also expected to pene-
trate the nanorod surface structure. The GA will form a stable
covalent attachment to the polymer amine groups, and there-
fore measurement of PWV shift due to incorporation of GA is
also expected to provide a measurement of available surface
area for biomolecular binding. Because the chemical struc-
ture of GA allows the molecule to perform as a bifunctional
linker, this step enables subsequent covalent attachment of pro-
tein molecules with exposed amine moieties. For this step, each
well of the sensor was exposed to 60 wl GA solution (25% in
water; Sigma—Aldrich) for 4 h, followed by a wash step and a
measurement of PWV shift.

The third step of the protocol is to attach a large pro-
tein to the sensor surface. Streptavidin (SA; MW = 60,000 Da),
was selected for this purpose. As a large, globular protein
with reported size of ~8nm [33,34], SA binding will only be
enhanced if it is capable of fitting within the nanorod structure.
60 ul of SA (0.5 mg/ml in water; Prozyme) was added to the
sensor and allowed to incubate for 40 h, followed by a wash
step and a PWV shift measurement to quantify the amount of
SA attachment. At this step, several wells of the sensor were not
exposed to SA and later they would be used as reference wells to
subtract the nonspecific binding signal of the biotin binding step.

The final step of the protocol is to expose a small molecule,
biotin (MW =244 Da), to the immobilized SA. Each SA con-
tains four possible biotin binding sites, with a very high affinity
bond (dissociation constant Kq= 10~ M [35]). This step is
intended to demonstrate the proper functionality of the SA pro-
tein immobilized within the nanorod film, and the ability of small
molecules to penetrate the structure after it is loaded with pro-
tein. Due to the discrepancy in molecular weight between SA

and biotin, the expected biosensor PWV shift is smaller by the
relation:

4 x MWgiotin
MWga
x APWVga(measured) (1)

APWVgjgiin(expected) =

Ten microliter of biotin (1 mg/ml in water; Sigma—Aldrich) was
added to the sensor surface with 200 .l of water buffer and the
kinetics of the binding signal was continuously monitored. The
above 4-step protocol was carried out in parallel on sensors with
and without the added nanorod film.

3. Results

The self-shadowing effect of the GLAD results in the for-
mation of nanorod structures uniformly coated on the sensor
surface, as shown in the SEM photo of Fig. 2b. The refractive
index of the nanorod film is measured to be n=1.45 at a wave-
length of 860 nm, while TiO, films deposited by evaporation in
the same system at normal incidence have a refractive index of
n=2.25. Therefore, assuming that the nanorod film contains a
mixture of TiO; and air, we estimate that it is comprised of a
65:35 mixture of air:TiO;, assuming a linear relation for a com-
bination of two materials. The GLAD results in the formation of
narrow TiO; rods with a height of ~85nm and a lean angle of
~35° towards the deposition flux. The rod diameter and spacing
between rods are difficult to estimate due to the random struc-
ture of the film and the observed degree of rod taper. Due to
the orientation of the sensor grating structure with respect to the
deposition source, the nanorod film is added to both the upper
and lower horizontal surfaces of the PC, although little or no
deposition is observed on the sidewalls.

Fig. 3 shows the resonant reflection spectrum of both the
uncoated sensor and the nanorod-coated sensor. The additional
nanorod layer causes a positive shift of the measured PWV by
21.83 nm, but does not result in significant broadening or short-
ening of the resonant peak. This result is important because
the deposited nanorod structure, with feature sizes far below
the resonant wavelength of ~880nm, does not cause scatter-
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Fig. 3. Resonant reflection spectrum of uncoated and nanorod-coated sensors
immersed in water. Note that the resonant peak width and peak height of the
sensor are not diminished by the presence of the nanorod film.
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Fig. 4. PWV shifts of the amine polymer, glutaraldehyde and streptavidin steps
for uncoated and nanorod-coated sensors.

ing or absorption that results in a measurable effect other than
the addition of material with higher dielectric permittivity than
water.

The PWYV shifts measured as a result of the first three steps
(Polymer, GA, SA) of the assay protocol are shown in Fig. 4,
in which the measured PWV shift for each step is compared
between uncoated and nanorod-coated sensors, with error bars
indicating the standard deviation of four identical sensor wells
measured independently for each condition. In each of these
steps, the nanorod-coated sensors demonstrated higher sensitiv-
ity than the uncoated sensors. The enhancement effect was most
pronounced for attachment of the amine polymer film (4.18x
enhancement) and functionalization of the amine polymer by
GA (4.30x enhancement). Covalent attachment of the large SA
molecule demonstrated an enhancement of 2.11x due to the
nanorod film, indicating that the surface structure was penetrated
more easily by the polymer and glutaraldehyde molecules than
by a large protein with a globular structure.

A measurement of the PWV shift as a function of time for the
biotin exposure after subtraction of the nonspecific binding sig-
nal from the reference sensor wells is shown in Fig. 5, with error
bars indicating the standard deviation of four identical sensor
wells measured simultaneously for each type of sensor. Assum-
ing a 1:4 binding stoichiometry between immobilized SA and
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Fig. 5. Kinetics of the biotin binding step for both uncoated and nanorod-coated
Sensors.

detected biotin molecules, a “theoretically possible” PWV shift
for biotin binding is indicated on Fig. 5, which is calculated
using Eq. (1). Fig. 5 indicates that the measured biotin signal
is 95% of the theoretically possible biotin PWV shift for the
uncoated sensor and 94% for the nanorod-coated sensor. The
biotin signal enhancement (2.07 x) is comparable to the 2.11x
signal enhancement obtained during SA attachment.

4. Discussion

In order to make a rough estimate of the expected addi-
tional surface area available due to the nanorod film, a simplified
physical model was constructed based on the ellipsometer mea-
surements of TiO; density. If we assume that the nanorod film
consists of rods with the same diameter, arranged in a square
lattice with equal spacing between adjacent rods, a film with a
65:35 air:TiO; ratio is obtained with a rod diameter of ~30 nm
and a gap of ~15nm between adjacent rods. We expect that
a gap of ~15nm will allow permeation by a large variety of
protein molecules, although this dimension may leave little addi-
tional space for “thick” surface functionalization film chemistry
or for sandwich-type assays that stack multiple large molecules
in sequence. Using this simple model, we estimate that rods with
85 nm height will result in a surface area enhancement of ~4 x
compared to a flat surface.

The data in Fig. 4 indicates that the surface area increase
may in fact be as high as 4x, when compared to a flat surface,
as measured by the PWV shift due to polymer adsorption. It
is interesting to note that the PWV shift measured due to GA
functionalization of the polymer layer results in greater enhance-
ment (4.30x) than the adsorbed polymer (4.18x), an effect that
is observed on a consistent basis. Two causes are possible for this
effect: (1) the polymer within the nanorod film adsorbs more GA
molecules due to greater availability of functional amine groups
on the nanorod structure compared to a flat surface, or (2) the
GA has more opportunity to form cross-links in the polymer
network, thus increasing its density, and thereby resulting in a
higher observed PWV shift for the same mass of incorporated
material. Future experiments will focus on separating these two
mechanisms. The reduction of enhancement for covalent attach-
ment of SA to the nanorod-coated sensor indicates that large
globular molecules are not able to fully take advantage of all
the available surface area. Although, the porous structure of the
nanorod film may allow ~2.11x higher density of immobilized
SA, the structure did not appear to degrade the functionality of
the immobilized protein, as measured by the availability of biotin
binding sites. In addition, the kinetic rate of biotin attachment to
SA within the nanorod film was measured to be nearly identical
to that of a “flat” film, indicating that the small molecule analyte
could easily diffuse to available binding sites.

Due to the simplicity of the deposition process and its poten-
tial for uniformity over large areas, we expect that nanorod films
deposited by GLAD could be used to enhance the binding sur-
face area for many types of chemical and biological sensors.
The approach does not implicitly increase the sensitivity of a
sensor, but rather, provides the capacity for the sensor to bind a
greater mass of adsorbed material. This hypothesis is supported
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by comparing the measured PWV shift obtained by exposing the
uncoated sensors and nanorod-coated sensors to a “bulk” refrac-
tive index change from water (n=1.333) to isopropyl alcohol
(n=1.378). Both uncoated and nanorod-coated sensors undergo
a PWYV shift="7.1 nm, indicating that their inherent sensitivities
are equal when no surface-adsorption mechanisms are involved
in detection. Instead, this approach provides a small surface per-
turbation that results in capacity for adsorption of greater mass
than a corresponding flat surface. As this work shows, the den-
sity of the surface must be engineered to enable molecules of a
desired size to easily penetrate the film in order to obtain max-
imum benefit. In future work, we plan to further modify the
GLAD process to produce more “open” film structures with
greater nanorod height for applications in protein—protein inter-
action assays, and protein-small molecule screening.

5. Conclusion

In this work, we have demonstrated the sensitivity improve-
ment of a PC biosensor through incorporation of a high surface
area nanorod layer. Up to 4 times enhancement in sensitivity has
been shown and the enhancement depends on the size and shape
of the molecule that is deposited onto the sensor surface.
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