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Aminopropyltriethoxysilane (APTES)-functionalized nanoporous
polymeric gratings: fabrication and application in biosensing
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We have fabricated aminopropyltriethoxysilane (APTES)-functionalized nanoporous polymeric
gratings by combining holographic interference patterning and APTES-functionalization of the
pre-polymer syrup. The APTES facilitates the immobilization of biomolecules onto the polymeric
grating surfaces. The successful detection of multiple biomolecules (biotin, steptavidin,
biotinylated anti-rabbit IgG, and rabbit-IgG) indicates that the functionalized nanoporous
polymeric gratings can act as biosensing platforms which are label-free, inexpensive, and

applicable as high-throughput assays.

Introduction

The sensing and monitoring of biological molecules such as
proteins, enzymes, and DNA are of tremendous importance in
applications such as gene mapping,’ clinical diagnostics,? and
drug discovery.® Ideal biosensing methods have to be sensitive,
selective, rapid, cost-effective, and label-free.* Specifically, a
label-free biosensor eliminates the need for tedious fluores-
cence or radioactive labeling processes,” while providing
rapid and convenient signal transduction by converting the
molecular-recognition events into electrochemical,® optical,’
acoustic,® or calorimetric’ signals. Porous silicon has been
demonstrated as an appealing platform for label-free optical
detection as the large internal surface area facilitates high-
throughput and sensitive biosensing.'” Various analytes, such
as DNA,!! protein,'? enzymes,'? pathogens,'* and bacteria,'
have been detected with porous silicon-based biosensors using
different immobilization protocols.

The authors have developed a method for creating periodic
nanopores encased within polymer matrices by modifying
the traditional holographic, polymer-dispersed liquid crystal
(H-PDLC) system.'® This technique entails holographic
interference patterning upon a modified photopolymer mixed
with a non-reactive solvent, making possible the rapid fabrica-
tion of nanoporous polymeric gratings of varying dimensions.
The successful demonstration of reflective optical elements
with large internal surface areas as organic vapor sensors'’
reveals the structures’ potential for use as a platform for high-
throughput sensing. However, application of the gratings
for biosensing has been hindered due to the inability of the
as-prepared polymers to immobilize biomolecules. To enhance
the immobilization of biomolecules on polymeric gratings,
functionalizing each polymeric grating with molecules that can
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serve as an interface between the grating and biomolecules is
one of the most straightforward and efficient solutions.
Aminopropyltriethoxysilane (APTES) has been widely used
in affinity-based biosensors because the silane group can
tightly bind to silicon or glass substrates, while its amine group
can form covalent bonds with carboxyl groups (functional
groups that are commonly found in biomolecules).'® In this
paper, we develop the technique to produce APTES-function-
alized nanoporous polymer gratings for biosensing. The high
index modulation (0.07) of the gratings is generated by
nanopores that provide a high signal-to-noise ratio. The direct
addition of APTES into the photopolymer syrup effectively
facilitates the capture of biomolecules, such as biotin, onto the
nanoporous region. The binding between biomolecules and
functionalized nanopores is detectable by simply observing the
optical modulation in the grating efficiency. A series of sensing
experiments with multiple biomolecules reveals the capability
of functionalized gratings to perform as biosensing platforms.

Experimental
Fabrication of nanoporous polymeric gratings

The final composition of the photopolymer syrup contained
10 wt% APTES (Aldrich), 25 wt% acetone solution (Aldrich),
15 wt% TL213 liquid crystal (Merck), 40 wt% dipentaery-
thritol hydroxypentaacrylate (Aldrich), 1 wt% Rose Bengal
(Spectra Group Limited), 2 wt% N-phenylglycine (Aldrich),
and 7 wt% N-vinylpyrrolidinone (Aldrich). To fabricate the
APTES-functionalized, nanoporous polymeric structures,
APTES was first mixed homogeneously into the photopolymer
syrup with a mixer and a sonicator (VWR). Second, 20 pL of
syrup was added onto a glass slide and covered with a second
glass slide coated with a non-reactive 100 nm gold layer.
Third, a 514 nm argon ion laser was used to conduct
holographic interferometry. In this step, the sandwiched
sample was exposed to two 100 mW laser beams at a writing
angle of 30° for one minute. Fourth, immediately following
the interference patterning, the sandwiched sample was post-
cured under a white light source for 24 h. Upon separating
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the sample from the cover slide, an APTES-functionalized
nanoporous polymer grating structure situated on a glass slide
was obtained.

Analysis of chemical composition

The chemical composition of APTES-functionalized gratings
was analyzed by Fourier-transform infrared (FT-IR) spectro-
scopy. All the transmission spectra were acquired using
a Nicolet 6700 FT-IR spectrometer (Thermo Electron
Corporation, Waltham, MA) and a liquid nitrogen-cooled,
mercury cadmium telluride detector. The spectrometer setup
was purged with dry, CO,-free air delivered from a purge gas
generator (Parker-Balston, Cleveland, OH). All IR data
were measured in transmission mode with a mirror speed of
1.8988 cm s ' and a resolution of 2 ecm ! averaged over
32 scans. A plain glass slide was used as a reference.

Morphology analysis

The morphology of the samples was investigated using low-
voltage SEM (Hitachi S-900) and bright-field TEM (Jeol
100CX). The sample preparation was as follows: the cross-
sections of the films were prepared by fracturing the sample in
liquid N, and mounting the sample on its edge in conductive
silver paint. SEM was operated at 1 keV, while TEM was
operated at 100 keV. The samples for TEM were prepared by
ultramicrotomy at room temperature from epoxy blocks. As a
result, the bright regions of the images show air voids filled by
the epoxy while the grey regions show the polymer.

Biotin immobilization and optical data acquisition

The biotin solution was prepared by dissolving sulfo-NHS-LC-
LC-biotin (G-Bioscience) in phosphate-buffered saline (PBS)
and diluting to desired concentrations. For each sample, the
polymer grating was immersed and incubated in the desired
concentration of biotin solution for one hour. Next, the sample
was rinsed by complete immersion in PBS for five minutes and
dried by applying a direct air flow to the substrate. The sample
was then subjected to optical measurement performed with a
collimated He—Ne laser (632.8 nm, 5 mW, 500 : 1, Thorlabs) at
an incident angle of 30°. Two silicon photodetectors (DET
series, Thorlabs) recorded the intensity of first-order diffracted
and transmitted light. Both diffraction efficiency and transmis-
sion efficiency were normalized without considering scattering
effects from the grating film. A photodiode amplifier
(PDA-700, Terahertz Technologies) amplified the signals from
the photodetectors and transferred the input photocurrent into
a recordable output voltage.

Results and discussion

Fig. 1 depicts the surface and cross-sectional morphology of
a nanoporous polymeric grating before APTES function-
alization, as characterized by low-voltage scanning electron
microscopy (SEM) and bright-field transmission electron
microscopy (TEM). The grating is comprised of cross-linking
polymer areas (non-porous regions) and periodically alternat-
ing nanoporous polymer areas (porous regions) consisting of
nanopores and granular polymer. The size of the nanopores

Fig. 1 Morphology of nanoporous polymer gratings: a) and b) are
the surface morphology characterized by SEM; c) and d) are the cross-
sectional morphology characterized by TEM. Bright regions on the
TEM images are air voids.

ranges from 20 nm to 100 nm. The periodicity of the polymeric
gratings is measured to be ~650 nm, which is in good
agreement with calculated results (~670 nm) from the Bragg
diffraction equation.'”

To fabricate the APTES-functionalized nanoporous poly-
meric gratings, APTES is directly mixed into the photopoly-
mer syrup followed by holographic interference patterning.
Fig. 2 shows the result of FT-IR spectroscopic analysis
upon the fabricated grating samples without (curve a) and
with (curve b) the functionalization of APTES. The FT-IR
spectrum of the APTES-functionalized sample showed new
peaks at 3300 cm~ ! (indicating the NH, stretch vibration)
and 2972 ecm~! (indicating the -C-NH, stretch vibration).
On the other hand, the peak at 2954 cm™' (indicating the
C-H stretch) that was observed in the non-APTES grating
sample disappeared in the APTES-functionalized sample.
The FT-IR results prove that mixing APTES into the photo-
polymer syrup is an efficient way to functionalize the
polymeric nanostructure.
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Fig. 2 FT-IR spectra of nanoporous polymer gratings: a) without the
addition of APTES; b) with the addition of 30 wt% APTES into the
photopolymer before holographic interferometry.
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The addition of a high concentration of APTES stabilizes
the polymer film and binds biomolecules onto the nanoporous
surface. However, excessive APTES decreases the grating’s
diffraction efficiency, a key parameter for the sensitivity of a
diffraction-based biosensor.?® Fig. 3(a) shows that the grating
sample’s diffraction efficiency decreases as the amount of
APTES increases. We adjusted the APTES concentration in
the pre-polymer syrup so that it was high enough to guarantee
biomolecular binding onto the nanoporous surface, but low
enough to not affect the formation of nanopores and periodic
structures during the holographic fabrication process. Fig. 3(b)
and (c) show the FT-IR spectra of the APTES-functionalized
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Fig. 3 (a) Dependence of diffraction efficiency of a nanoporous
polymer grating structure on the APTES concentration. Evolution
of b) -C-NH, peak and c) amine peak in FT-IR spectra from
nanoporous polymer gratings containing different weight percentages
of APTES added into the photopolymer.

samples at different APTES concentrations. The characteristic
peaks (2972 cm ™! and 3300 cm ') attributed to the amine
groups were observed only when the samples contained more
than or equal to 10 wt% APTES. This concentration was
chosen for the nanoporous polymer grating-based biosensors,
because it offers sufficient amine groups for biomolecular
binding to the surface, while maintaining high grating
efficiency (~80%).

In diffraction-based biosensors,? the refractive index (RI)
modulation can be taken as an indicator for the immobiliza-
tion of analytes onto the transducers. High index modulation
of a nanoporous grating structure depends highly on the
nanoporous region as this region enables the observation
of changes in the grating’s transmission efficiency while
enhancing the signal-to-noise ratio. Therefore it is essential
to characterize the performance of the bioassay through
quantitative analysis of the nanoporous polymer gratings’
index modulation. According to the Kogelnik coupled wave
theory,?! the grating’s diffraction efficiency (i7) for a lossless
dielectric diffraction element can be expressed as:

7 = sin?(0? + V(1 + 21 )

where v and ¢ are determined by the following equations:
v = nAnd/lcos0 2)
& = NyyeTtd(0 — Oprage)Sin(20prqpe)/ ACOSO 3)

In eqn (2) and (3), d is the grating thickness; 7,.. is the average
refractive index; An is the refractive index modulation; A is the
writing wavelength for holographic interferometry; 0 is the
incident angle of the sample; and A0 is the deviation from
the Bragg angle Ogqg,. Diffraction experiments (Fig. 4) were
conducted to calculate the grating structure’s index modula-
tion, which was found by fitting the experimental data of
incident angle (0) vs. diffraction efficiency (1)) to eqn (1).2> An
was found to be 0.07. To our knowledge, the index modulation
achieved in this report is among the highest of all holographic
polymer grating structures reported in the literature.?®
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Fig. 4 Nanoporous polymer grating’s diffraction efficiency depen-
dence on the incident angle of monochromatic light from a 632 nm
He-Ne laser. Experimental data are depicted by solid squares;
theoretical simulation is represented by a solid line.
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The APTES-functionalized nanoporous polymer gratings
with high RI modulation demonstrated here are excellent
platforms for label-free biosensing. The grating’s sensory
capability is based on changes of RI before and after
immobilization of analytes between the porous and nonporous
regions. For example, when biotin (RI = 1.43) binds onto the
nanopores (RI = 1), the index modulation on the grating
is reduced along with its diffraction efficiency, according to
eqn (1). Based on the diffraction theory, the Bragg angle of
the observed light can be fixed and the nanoporous polymer
grating’s diffraction and transmission responses to biomole-
cules can be monitored, thereby establishing the nanoporous
polymer grating’s effectiveness as a biosensor. Fig. 5 shows the
optical response of the grating at different biotin concentra-
tions. The diffraction efficiency decreases (Fig. 5a) and the
transmission efficiency increases (Fig. 5b), with a correspond-
ing increase in biotin concentration. The diffraction efficiency
shows a linear decrease from ~80% to ~70% when biotin
concentration increases from 0 to 0.5 mg mL™~' before it
deviates from linearity at higher biotin concentrations
(1 mg mL™Y). The dependence of the grating’s diffraction
efficiency on biomolecular concentration is consistent with
the proposed mechanism that the nanoporous grating
is sensitive to RI variations caused by biomolecular immobi-
lization, indicating the method’s potential for quantitative
biosensing.
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Fig. 5 Dependence of a) diffraction and b) transmission efficiency on
biotin concentration.

In a control study, we immersed a nanoporous polymer
grating into a pure PBS solution for periods of time and
observed either no change in diffraction and transmission
efficiencies or a slight decrease in both efficiencies. The latter
case is attributed to light scattering from the polymer surfaces
after immersion in PBS. However, the decrease of both the
diffraction efficiency and transmission efficiency is trivial. A
grating held in PBS solution for more than twenty-four hours
retained more than 90% of its diffraction and transmission
signals, indicating that aqueous environments do not inhibit
the films’ ability to monitor changes. Based on the diffraction/
transmission study of biotin attachment and the control
study of immersing the sample in PBS buffer, we can conclude
that the decrease in diffraction efficiency and the correspond-
ing increase in transmission suggest effective immobilization
of biomolecules.

The immobilization of biotin onto the nanoporous regions
can be directly observed from the sample morphology. Fig. 6
shows two TEM micrographs of the biotin-functionalized
grating. The binding of biotin to the nanoporous regions is
indicated by the dark outline surrounding the pores; the dark
outline is not observed in samples without biotin function-
alization (Fig. 1(c) and (d)). The biotin binding reduces the size
of the voids, increases the average index of the nanoporous
regions, and decreases the grating’s diffraction efficiency, as
observed from Fig. 5.

The optical and morphological observations not only show
that mixing APTES into the pre-polymer syrup enables biotin
immobilization on the nanoporous areas, but also proves that
the optical response induced by biomolecular attachment is
strong enough to be detected. Our next goal was to establish
that the nanoporous, polymer grating-based biosensor could
be extended to the detection of larger biomolecules and more
complicated biological interactions, such as antibody/protein
binding. The detection of rabbit IgG, a biomarker commonly
used to detect infectious diseases,”* was investigated through a
multi-step bioassay. Fig. 7(a) illustrates the sequence of
biomolecular interactions that occur within the nanopores
in preparation for the antibody/antigen assay. The APTES-
functionalized grating was first immobilized with biotin.
Streptavidin was then selectively captured onto the biotin-
functionalized nanoporous areas. Upon exposure of biotiny-
lated anti-rabbit IgG to the sensor surface, it was immobilized
on the surface by a second biotin-streptavidin interaction.
The anti-rabbit IgG then selectively captured and detected
rabbit IgG.

Fig. 6 TEM characterization of the cross-sectional morphology
of a nanoporous polymer grating after the grating was incubated
with biotin. The dark outlines indicate the biotin binding to the
nanoporous surface.

This journal is © The Royal Society of Chemistry 2007

J. Mater. Chem., 2007, 17, 4896-4901 | 4899



a)

~ Biotinylated
antibody
b)
0.80 gy
3 E)
8
=] ry
5 0781 o
8
g
£ 0.78+4 1 1
° - I
3 2 [
5 0.774 3 " 4b
E T
2 4a
0.76
Sample with sequential biomolecular
C) immobilization steps
0.24
g
] ¥
$
5 : ¥
2 0.224 i 4a
G
5 3 4b
3 | 2
N I
5 0204F 1
E 0
-4

Sample with sequential biomolecular
immobilization steps

Fig. 7 (a) A schematic of the biodetection assay; (b) and (c) are the
observed changes in diffraction and transmission efficiencies, respec-
tively, with sequential surface immobilization steps. Step 0: original
sample; step 1: sample incubated in 50 ug mL ™" biotin solution; step 2:
sample incubated in 50 pg mL ™" streptavidin solution; step 3: sample
incubated in 20 ug mL ™! biotinylated anti-rabbit IgG solution; step 4a:
sample incubated in 20 pg mL ™! rabbit IgG solution; step 4b: sample
incubated in 20 pg mL ™! goat IgG solution.

Fig. 7(b) and (c) show that the diffraction efficiency
decreases and the corresponding transmission efficiency
increases sequentially when the grating is incubated with
biotin (step 1), streptavidin (step 2), biotinylated anti-rabbit
IgG (step 3), and rabbit IgG (step 4a) solutions. In the control
experiment (step 4b), step 4a was replaced with the incubation
of goat IgG (control molecule), and the diffracted light
intensity decrease was much smaller. In addition, instead of
detecting a transmitted intensity increase as in step 4a, we
observed that the transmitted light intensity slightly decreased
with the control protein. This observation indicates non-
effective immobilization, which was also observed in the
previously mentioned control experiment involving pure PBS
buffer as the detection target. Our experimental data indicate

that the non-specific binding between goat IgG and anti-rabbit
IgG was negligible, and that the assay was highly specific.
The subsequent immobilization of biotin and streptavidin
(steps 1 and 2 in Fig. 7) was essential to the immobilization of
biotinylated anti-rabbit IgG onto the nanoporous polymer
surface. The decrease of diffraction efficiency and increase
of transmission efficiency were not observed upon direct
exposure of the APTES-functionalized nanoporous polymer
to streptavidin or biotinylated anti-rabbit IgG solution.
In addition, we found that relatively low concentrations of
biotin and streptavidin were necessary for further immobiliza-
tion of antibodies and antigens upon the void interface. Higher
concentrations (>100 pg mL™') of biotin and streptavidin
resulted in the saturation of these two analytes on the nano-
porous areas, preventing subsequent immobilization steps.

Conclusions

We have developed the ATPES-functionalized nanoporous
polymeric gratings for use as biosensing platforms.
Experimental results showed that mixing APTES into the
photopolymer before holographic interferometry is an effec-
tive way to generate APTES-functionalized polymer structures
that facilitate the immobilization of biomolecules. The result-
ing APTES-functionalized gratings possess a high RI modula-
tion of 0.07, a characteristic crucial in optical biosensing
applications. The gratings also prove effective in detecting
various biological substances, from small biotin to much larger
rabbit IgG molecules. The fabrication and biosensing method
described here is inexpensive, safe, and label-free. Moreover,
the large surface area of these nanoporous polymeric struc-
tures makes them suitable for high-throughput applications.
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