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Abstract

Nanoporous materials can provide significant benefits to the field of biosensors. Their size and porous
structure makes them an ideal tool for improving sensor performance. This study characterized a
novel ultra low index of refraction nanoporous organosilicate (NPO) material for use as an optical
platform for fluorescence-based optical biosensors. While serving as the low index cladding material,
the novel coating based on organosilicate nanoparticles also provides an opportunity for a high
surface area coating that can be utilized for immobilizing biological probes. Biological molecules
were immobilized onto NPO, which was spin-coated on silicon and glass substrates. The biological
molecule was composed of Protein A conjugated to AlexaFluor 546 fluorophore and then
immobilized onto the NPO substrate via silanization. Sample analysis consisted of
spectrofluorometry, FT-IR spectroscopy, scanning electron microscopy, contact angle measurement
and ellipsometry. The results showed the presence of emission peaks at 574 nm, indicating that the
immobilization of Protein A to the NPO material is possible. When compared to Si and glass
substrates not coated with NPO, the results showed a 100X and 10X increase in packing density with
the NPO coated films respectively. Ellipsometric analysis, FT-IR, contact angle, and SEM imaging
of the surface immobilized NPO films suggested that while the surface modifications did induce
some damage, it did not incur significant changes to its unique characteristics, i.e., pore structure,
wettability and index of refraction. It was concluded that NPO films would be a viable sensor substrate
to enhance sensitivity and improve sensor performance.
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1. Introduction

Optical biosensors have had numerous uses since their discovery in 1960s [1]. The most
important performance parameters of optical biosensors are specificity and signal intensity.
Researchers have been attempting to enhance sensitivity by using new materials as biosensor
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platforms [2,3]. Recently, porous materials have been under investigations for the benefit of
signal intensity enhancement through increased surface area available for binding. Several
studies have evaluated the use of porous, nanoporous, and mesoporous materials for both label
free [4-6] and fluorescence-based [7-9] optical biosensors. The label-free sensors rely on
detection of refractive index change upon analyte binding. A nanoporous structure allows more
sensitivity in this detection due to the relationship between surface structure and analyte sizes.
On the other hand, fluorescence biosensors detect analytes by observing analyte-induced
changes in fluorescence. The performance of a fluorescence biosensor depends on its ability
to guide light, and a nanoporous structure greatly aids in this task.

The increasing interest in porous materials is related to the ability of the porous structure to
provide a low refractive index for fluorescence-based biosensors and a better surface feature-
to-analyte size ratio for label-free sensors. For fluorescence sensors, a lower refractive index
of sensor platform permits the use of liquid core waveguides (LCWs). LCWs in turn provide
more fluorescence generation and capture due to the fact that the fluorophore excitation source
is not evanescently based. Therefore, by using a nanoporous substrate material in a fluorescence
biosensor, benefits can be gained from both increased immaobilization and direct, in-solution
excitation.

Several groups have reported the use of low refractive index materials in LCW biosensors
[10-12]. Recently, a series of amorphous copolymers of polytetra-fluoroethylene (PTFE) with
2,2-bis- (trifluoromethyl)-4,5difluoro-1,3 dioxole (Teflon AF) has attracted considerable
interest in microfluidic applications [13-15]. They are essentially transparent throughout 200
to 2000 nm wavelength range with refractive index 1.29 to 1.31, lower than that of water
(n=1.33). Thus, when such material is solution cast or spin-coated into several microns thin
film on a capillary or microchannel and water is allowed to pass, it behaves as a LCW and can
effectively transfer light launched at one end to another. There are a number of reports on
LCWs based on plastic and glass capillaries coated internally with Teflon-AF [16-19], glass
capillaries coated externally with Teflon-AF [12,20-23] and capillaries made entirely of Teflon
[24-32]. Gangopadhyay and her group, for the first time, reported about fabrication and
characterization of a chip-based Teflon-AF coated liquid core waveguide on Si and glass
[10,33,34]. Using Teflon-AF as a coating inside glass capillaries, they were able to fabricate
low-loss optical waveguide microchannels. However, Teflon-AF is very hydrophobic and
resistant to adhesion making it difficult to use with microfabricated channels on Si. The process
of coating surfaces with Teflon-AF is tedious and lengthy, as it requires multiple patterning,
etching, and bonding steps.

We report on the characterization of a novel, low index of refraction (RI), nanoporous material
as a biosensor substrate. Experiments were performed to evaluate the possibility of
immobilizing biological molecules onto the NPO surface without incurring material changes
during modification steps necessary for biosensor immobilization. Experiments using surface
analysis tools such as fluorescence spectroscopy, ATR FT-IR, ellipsometry, scanning electron
microscopy (SEM), and contact angle determined that although various modifications steps
incurred some changes in the material’s surface properties, they did not significantly alter its
usability in fluorescence biosensors. The use of NPO as a platform for fluorescence biosensors
is evaluated, with specific application in liquid core waveguides.

2. Materials and Methods
2.1. NPO Fabrication and Spin Coating

The proprietary NPO solution protocol was developed by and adopted from Gangopadhyay’s
group. Substrates were prepared for coating by cleaning with acetone, isopropanol, and
methanol, and dried with air. Clean Si wafer and borosilicate glass substrates were placed on

Sens Actuators B Chem. Author manuscript; available in PMC 2010 August 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Memisevic et al.

Page 3

a spin coater, several drops of NPO were suspended on the top surface, spun at 3000 rpm for
30 seconds. Finally, silicon and glass substrates were baked on a hot plate or in a furnace,
respectively, at 470°C for at least 5 minutes.

2.2. Surface Silanization

Surfaces coated with NPO have previously been characterized and determined to consist of
predominantly methyl groups [35]. In order to perform silanization, methyl groups from the
surfaces were replaced with silanol (Si-OH) groups by oxygen-plasma treatment with an
Applied Materials Precision 5000 PECVD at 12 watts for 20 seconds. After the plasma
treatment, samples were placed in water for 5 minutes. The silanization procedure closely
followed one by Bhatia [36], with the initial water boiling and acid cleaning steps omitted. The
cleaning was omitted in order to avoid damage to the NPO coat. Samples were assumed to be
sufficiently clean due to the fact that Si and glass substrates were cleaned prior to NPO coating
and the coating was performed in a Class 100 clean room. Briefly, NPO-coated samples were
incubated in 2% (3-Mercaptopropyl)trimethoxysilane (MTS, Fluka) in Toluene (Sigma, St.
Louis, MO) (v/v) solution, for 1-1.5 hrs in a Nitrogen bag, washed in Toluene for 3 minutes,
and dried with Nitrogen gas. Next, 5 mM MaleimidoButyryloxy-Succinimide ester (GMBS,
Pierce, Rockford, IL) in Ethanol (Sigma, St. Louis, MO) was placed on top of the samples for
1 hour, after which the samples were washed 3X with Phosphate Buffered Saline (PBS, Sigma,
St. Louis, MO). GMBS was dissolved in approximately 50ul N,N-Dimethylformamide (DMF,
Fluka) before adding to ethanol. Precautions were taken to prevent ethanol from drying during
incubation.

2.3. Biological Immobilization

After the samples were silanized, Protein A conjugated to Alexa Fluor 546 (AF546, Invitrogen),
was immobilized to the surfaces. The immobilization procedure was adopted from Bhatia
[36] with modifications. Protein A conjugated to AF546 was mixed with PBS to obtain a
desired protein concentration of 35 pg/ml. Proteins were placed on top of each sample wafer,
using surface tension to hold solution in place, and incubated overnight at 4°C. After
incubation, the protein solution was removed and samples washed 3X with PBS, and replaced
with 3% Bovine Serum Albumin (BSA, Sigma, St. Louis, MO) solution. After 1-hour
incubation, samples were washed again using the procedure described above.

2.4. Fluorescence Measurements and Data Analysis

A vertical, flat sample holder was used in the FluoroMax-3 spectrofluorometer (Yvon Jobin),
to measure fluorescence. The sample holder was oriented at 33° relative to the detector, as it
was previously determined that light collection was most efficient at that position. Samples
were consistently kept in a PBS bath and measurements were obtained immediately upon
removal from the liquid environment. This ensured that the samples were wet throughout
measurements, which closely resembles conditions in a liquid-core waveguide biosensor. All
samples were excited at 546nm wavelength, at 0.3s integration, and 5nm slits.

2.5. ATR FT-IR Measurement

Attenuated Total Reflection Fourier Transform — InfraRed (ATR FT-IR) spectra were obtained
from Si/NPO samples, using Si blank samples as controls. All measurements were obtained
using Nicolet FT-IR spectrometer (ThermoFisher) with OMNIC software. Samples were
placed on top of the attenuated total reflectance (ATR) crystal and pressure was applied
mechanically until sufficient contact was made with the diamond crystal. Background spectra
were obtained from ambient air. Data collection was averaged over 64 runs and the background
spectrum was subtracted. In order to preserve all original peaks, baseline correction was not
performed.
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2.6. SEM Imaging and Characterization

Samples were prepared for Scanning Electron Microscopy (SEM) by placing them on a plain
Al SEM stub with adhesive Carbon tape, using Silver paint to ground electrons. Secondary
electrons were captured with the Everhart-Thornley detector in a Quanta SEM (FEI) with a
low vacuum setting. Two types of samples were imaged for subsequent comparison, Si/NPO
substrates and Si/NPO substrates with surface modification by silanization and crosslinking.
Images of both sample types were obtained under the same magnification, beam current, beam
energy, and chamber pressure in order to ensure proper comparison.

2.7. Contact Angle Measurements

Materials used as biosensor platforms need to possess a hydrophilic surface that allows
biomolecule attachment. Oxygen/plasma coating treatment can be utilized to eliminate
hydrophobicity of NPO. In order to immobilize biological molecules, the surface has to be
silanized and crosslinked, while maintaining its hydrophilic nature. Wettability experiments
were performed on modified Si/NPO surfaces using the sessile drop technique. Surfaces were
examined after silanization and application of the crosslinker, as well as after protein
immobilization. Results were compared to those previously obtained for unmodified Si/NPO.

2.8. Refractive Index Measurement

For use in liquid core waveguide- based biosensors, the refractive index of NPO must remain
below that of water (n=1.33). While the pores are present on surface of Si after NPO is spin
coated, ellipsometry was used to determine whether the refractive index changes after
silanization and crosslinking steps are performed. J. A. Woollam V.A.S.E. ellipsometer was
used to calculate the refractive index of plain Si/NPO samples, as well as the silanized and
crosslinked Si/NPO samples. Data fitting was performed using Cauchy layer method and the
refractive index was obtained for each layer.

3. Results and Discussion

3.1. Biological immobilization and fluorescence collection

Si wafers and borosilicate glass substrates were coated with NPO, and Protein A/AF546 was
immobilized to their surfaces. The resulting substrates were placed in a FluoroMax-3
spectrofluorometer, excited with 546 nm light, and the fluorescence emission was captured.
For statistical repeatability purposes, three separate samples of each type were tested with and
without NPO, as seen in Fig. 1. Itis clear that the fluorescence of Protein A/AF546 immobilized
to both Si and glass samples coated and not coated with NPO had significantly differing
intensities. The presence of emission peak at 574 nm signifies that Protein A has been
successfully immobilized to the NPO surface and the AF 546 dye is emitting light. It can be
seen that while the emission fluorescence intensity from Si samples without NPO is in the tens
of thousands counts range, those from Si samples with NPO coating are in the several million
counts range. Specifically, the observed change in intensity was from 50K-100K cps without
NPO to 2.75M-3.75M cps with NPO. Similarly, on glass samples the fluorescence intensity
change was more than 1 million counts. Glass samples without NPO had about 300K counts
and samples with NPO had 1-2M counts. This suggests that the NPO coat has a fluorescence
enhancement characteristic, where the fluorescence intensity in this study was enhanced up to
a hundred times on Si and up to ten times on glass by using NPO. We attribute this result to
the porous nature of NPO, which creates a larger overall surface area for binding of Protein A.
While porous silicon also provides fluorescence enhancement, it has been shown that the
thickness of the porous film is proportional to the fluorescence intensity [7]. Due to the fact
that the pores are an inherent part of NPO, this suggests that it provides a much simpler method
of fabricating a biosensor platform compared to the time required to generate pores in Si. To
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further determine if the porous nature of NPO is causing the fluorescence enhancement, results
were compared to those of non-porous coating. Namely, Si substrates were coated with non-
porous poly(methylsilsesquioxane) PMSSQ. The results shown in Fig. 2, suggest that non-
porous PMSSQ does increase fluorescence somewhat as compared to plain Si substrates.

However, the samples with porous NPO still produced the greatest fluorescence intensities.
The increase of surface area for biomolecular immobilization has been reported before for
mesoporous materials [37]. We have performed size calculations for Protein A and determined
that it is approximately equal to the average pore size of about 5nm. However, while it appears
that surface area increase due to porosity could not be attributed to the fluorescence
enhancement by Protein A alone, it could be due to the presence of the heterobifunctional
crosslinker, GMBS. Namely, while Protein A is immobilized to the NPO, it is not directly
attached to its surface. The crosslinker GMBS acts as an intermediate between NPO and Protein
A. GMBS consists of a long, chain-like structure where one end binds to NPO and the other
end binds Protein A. Silanization of NPO with MTS introduces thiol groups to the inside and
outside of the pores, and GMBS binds the thiol groups. Therefore, GMBS has the opportunity
to bind in multiple locations inside of a nanopore and extend its chains out of the pore to bind
Protein A. Hence, a benefit from the increased surface area created by the pores is still obtained.
The limitations of this system are encountered at the point where the immobilization at the
surface is maximal due to steric hindrance between proteins bound to GMBS in close proximity
to each other.

While the increase in fluorescence with NPO is evident, there are also variations between
samples with the same treatment, i.e. with and without NPO. These variations can be attributed
to the inconsistent sample size and thus variable overall Protein A/AF546 solution volume.
Another source of variation could be equipment error introduced by pipetting small volumes.

3.2. ATR FT-IR analysis

Since NPO on silicon demonstrated the highest binding sites and fluorescence, additional tests
were performed. In order to ensure that silanization and crosslinking were successfully
accomplished without altering the properties of NPO, ATR FT-IR spectroscopy was performed
on Si/NPO samples before and after silanization and crosslinking. Fig. 3 shows the resulting
ATR FT-IR scans of Si/NPO surface with observable Si and OH peaks. A representative scan
of a Si/NPO surface after silanization and crosslinking is shown on the same graph. In both
sample types, there is a CH3 vibration peak at 2930 cm™1, CHg vibration peak at 2855 cm ™2,
and an OH peak at 3400 cm™2. Previously published studies on FT-IR spectra of MTS silanized
silicon-based surfaces have also reported the same peaks [38,39], even with porous surfaces
[40]. According to the NPO spectra, these peaks are present before and after silanization,
suggesting that the surface chemistry already contains CHs. While it appears that the two
sample types have the same surface chemistries that does not mean that silanization did not
occur. This is attributed to the fact that, according to ellipsometry measurements, the silanized
layer is much thinner than the penetration depth of ATR FT-IR sampling. As expected, the
differences in the surface chemistries between the two samples are too small to be specifically
detected. However, the FT-IR spectra demonstrated that the silanization and crosslinking
procedures did not significantly alter the NPO chemistry.

3.3. SEM imaging results

Immobilization of Protein A to the surface of NPO-coated substrates required several surface
modification steps, such as oxygen/plasma coating, silanization, and application of
heterobifunctional groups. While the purpose of these steps was to modify the functional groups
present on the surface, a possibility of physical change was present. SEM was utilized to verify
that no substantial damage was incurred to NPO on functionalized substrates. Fig. 4 shows
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SEM images of Si substrate coated with NPO before and after functionalization. These images
suggest that the gross structure seen on surface of unmodified Si/NPO substrate is also seen in
the modified Si/NPO substrate. Therefore, the treatments performed to modify Si/NPO surfaces
did not change the overall physical characteristics, as compared to unmodified NPO samples.

3.4. Contact angle measurements

Previous work determined that the NPO surface was hydrophobic, having a contact angle of
95-100°. The results of contact angle measurements after surface modifications show that Si/
NPO surfaces treated with oxygen/plasma, silanization and crosslinking had a contact angle
of about 30°. This suggests that the samples have become hydrophilic. Furthermore, subsequent
immobilization of biological molecules increased the contact angle to about 45°, which remains
much lower than of the untreated, hydrophobic surface. The results obtained here are
comparable to those reported for the more commonly used porous silcon, which has a contact
angle of 20° when functionalized with acrylic acid and 120° when functionalized with decene
[8]. Liquid core waveguide biosensors should allow liquid to easily fill the waveguide channels,
and our results suggest that this can be achieved even after biomolecule immobilization to
NPO.

3.5. Refractive index measurements

Ellipsometry was utilized to determine whether the refractive index changes due to the
silanization and crosslinking surface modifications. The refractive index calculated for NPO
spin coated onto Si wafer substrates was 1.17 at 630 nm light wavelength. Subsequent
measurement of refractive index of NPO/Si samples with a modified surface yielded insightful
results. The samples were modeled as having two layers created by the NPO coating and surface
modifications (oxygen/plasma treatment, silanization, crosslinking, and immobilization).
Different sample types were measured: 1) NPO with silanization, 2) NPO with silanization,
crosslinking, and immaobilization, and 3) plain NPO samples. The results, shown in Table 1,
suggest that the refractive index increases in the layer created by the oxygen/plasma and
immobilization coating to 1.46, while the underlying NPO layer remains ultra-low at 1.17-
1.19.

The increase in the refractive index of oxygen treated surface from 1.17 to 1.28 indicates that
the top layer was altered by the plasma treatment. There are two possible reasons for the change
in the index of refraction: 1) damage of the top layer and loss of porosity and/or 2) removal of
CHs and incorporation of OH. However, it was also determined that the thickness of the
oxygen/plasma layer is 15-30nm, which is still much smaller than the wavelength of incident
light used in a biosensor. Thus, a very thin damaged layer should not hinder the light guiding
abilities of the NPO films.

On the other hand, a damaged surface layer and loss of porosity should not show an increase
in binding site, but fluorescence data showed a very large enhancement of fluorescence. This
can be explained by the damaged top layer resulting in a rough surface topography, which
increased binding sites. Also, increased OH groups would enhance the binding sites and thus
enhance fluorescence.

Therefore, although a significant increase in the refractive index of 0.11 in the NPO layer was
observed between modified and unmodified samples, the damaged layer was extremely thin
and should not hinder the light guiding ability. Also, even with the increase, the refractive index
remains much lower than that of water, making them appropriate for use in liquid core
waveguide in microfluidic chips. Most importantly, the NPO films demonstrated increased
fluorescence, which will translate to enhanced sensor performance. These results further
confirm that NPO is a suitable surface for biosensor applications.

Sens Actuators B Chem. Author manuscript; available in PMC 2010 August 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Memisevic et al. Page 7

4. Conclusions

Nanoporous organosilicate material was characterized for its potential use as a biosensor
substrate. Particular interest for this material could be found in liquid-core waveguide
biosensors. A comprehensive study involving fluorescence measurements, FT-IR, SEM
imaging, refractive index measurement, and contact angle measurements before and after
surface modifications was completed. The results suggest that NPO is indeed a good candidate
for fluorescent biosensors due to the fluorescence enhancement provided by increased surface
area. Additionally, it has an ultra-low refractive index, lower than that of water, making it
feasible for use as a microchannel coating in liquid-core waveguides. While other materials
with refractive indices lower than that of water exist, such as Teflon AF, they have difficulty
adhering to other materials. NPO, on the other hand, can be easily spin coated to a waveguide
surface and stored at room temperature until future use. Future work includes incorporating
NPO into a liquid core waveguides, for fast, reliable, and sensitive detection of antibody based
fluorescent biosensors.
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Fig. 1.

Fluorescence emission from immobilized ProteinA/AF546 on Si and glass samples in presence
and absence of NPO coating. Si/NPO - Silicon substrate coated with NPO (red), Si — Silicon
substrate not coated with NPO (blue), glass/NPO — glass substrate coated with NPO (dotted
yellow), glass — glass substrate not coated with NPO (dotted green).
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Fig. 2.

Comparison of fluorescence intensity from uncoated Si substrates (dotted yellow), coated with
porous NPO (red), and coated with non-porous PMSSQ (blue).
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Fig. 3.
ATR FT-IR comparison of Si substrates with (blue) and without (red) modifications to the
NPO surface coating.
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Fig. 4.

Scanning electron microscope images of NPO surface before (a) and after (b) surface
modification with silanization, crosslinker application, and protein immobilization. Lighter
regions represent NPO material while the darker spots represent pores within the material.
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Ellipsometry results for each NPO treatment step, with refractive indexes and layer thicknesses

Table 1

NPO layer | Modification layer
Oxygen/Plasma treated RI 1.28 1.17
Thickness (nm) 38.01 1358.9
Oxygen/Plasma treated, silanized and crosslinked RI 1.28 1.175
Thickness (nm) 30.956 1314.464
Oxygen/Plas ma treated, silanized, crosslinked, with RI 1.46 1.19
protein Thickness (nm) 16.698 1476.727
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