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ABSTRACT: A multifunctional porous Si (PSi) nanostructure is designed to combine
a responsive PSi/hydrogel hybrid interfaced with a biorecognition element to
selectively recognize small model molecules, organophosphorus compounds (OPCs),
of high biological importance. A pH-responsive poly(2-dimethylaminoethyl meth-
acrylate) [poly(DMAEMA)] hydrogel is synthesized and patterned in situ within an
oxidized PSi Fabry—Pérot thin film. The resulting new hybrid displays a well-defined,
rapid, and reversible optical response to pH changes. We employ this hybrid as an
optical transducer element in a biosensing scheme by integrating it with organo-
phosphorus hydrolase (OPH), capable of selective OPC hydrolysis. The enzyme is
immobilized onto the pore walls of the oxidized PSi scaffold, resulting in an array of
catalytic nanoscale chambers for the degradation of OPCs. Thus, the biosensor
function relies on diffusion of the OPCs hydrolysis products from the catalytic
chambers, through the interconnected pores network, to the hybrid region triggering
its optical response. Exposure to the model target analyte results in a rapid and
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reproducible change in the optical reflectivity spectrum of the hybrid, allowing for label-free detection and quantification of OPCs

in a simple and reliable manner.

P orous Si (PSi) has emerged over the past decade as a
promising nanomaterial for the construction of optical
label-free biosensors for various applications." ™ The fabrication
of PSi by anodic electrochemical etching of a single-crystal Si
wafer provides a simple route for buildin§ nanostructures with
tunable structural and optical properties.'’ Favorable character-
istics of PSi for use as optical transducers in biosensing
applications include its large surface area and porous volume,
compatibility with diverse surface chemistry reactions, and
capability for optical readout.'' A key challenge in PSi
biosensors is to effectively stabilize the nanostructure for
operating in biological solutions, as PSi oxidation and
dissolution in aqueous environments lead to significant signal
baseline drifts, signal loss, and ultimately to structural collapse
of the PSi thin film."*~'* Common methods to stabilize PSi
nanostructures in aqueous environments (i.e., hydrosilylation
or oxidation and subsequent silanization) have shown
significant improvements in the material stability.>'>~"
However, prolonged biosensing experiments in physiological
or basic pH conditions continue to demonstrate varying
degrees of PSi material corrosion and dissolution, which result
in undesirable signal drifts, impeding the widespread use of PSi
for biosensing applications.'****' Our recent work demon-
strated that the integration of hydrogels within PSi nanostruc-
tures stabilizes the transducer to allow prolonged biosensing
experiments in aqueous media®* in comparison to neat oxidized
PSi matrices.">** Hydrogels are three-dimensional cross-linked
polymer networks capable of undergoing a reversible volume
change in response to different environmental stimuli, such as
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temperature, pH, electric field, light, and ion strength.24_28

Thus, their integration with PSi allows for the introduction of
new functionalities and responsive behavior.”**?°73! In
previous work by Segal et al,, temperature and pH responsive
PSi/hydrogel hybrids were fabricated by in situ copolymeriza-
tion of N-isopropylacrylamide (NIPAM) and acrylic acid within
the porous structure.””* The resulting hybrids exhibit thin-film
optical interference spectrum, which enables direct, real-time
observation of mechanical and dielectric changes of the
nanoconfined hydrogel during its pH-*’ and/or thermally-
induced®”** volume phase transition. The confined hydrogels
undergo a rapid volume phase transition in comparison to the
corresponding bulk hydrogels.****** Moreover, it was demon-
strated that the specific architecture of the oxidized PSi (PSiO,)
host directs the kinetics of the hydrogel phase transition. Thus,
this new class of responsive hybrids may be engineered to meet
the demands of complex systems, such as biosensors, lab-on-
chip devices, and drug delivery carriers.”** Herein, we
demonstrate this concept by advancing the basic design of
PSi/hydrogel hybrids to include a biorecognition interface to
selectively recognize and bind small model molecules of high
biological importance, organophosphorus compounds (OPCs).

Rapid detection of OPCs in the environment is of great
significance for public health protection and for military
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Figure 1. (a) Schematic of the cross section of the biosensor (not drawn to scale). Region 1: PSiO,/poly(DMAEMA) hybrid. Region 2: PSiO,/
OPH. (b) Schematic of the PSiO,/poly(DMAEMA) compartment of the biosensor undergoing a volume change due to hydrolysis of the OPC
analyte by OPH. (c) Optical response of the device upon the hydrogel volume change.

counterterrorism.>* OPCs are potent inhibitors of the enzyme
acetylcholinesterase (AChE) and their extremely high toxicity is
attributed to the excessive cholinergic stimulation caused by
inhibition of this enzyme at the neuromuscular junctions and in
the central nervous system.”>™>” Synthetic OPCs such as
parathion and paraoxon are widely used in agriculture across
the world as pesticides, fungicides, and herbicides.>®** The
World Health Organization reports on three millions cases of
OPC-related poisonings worldwide caused by the misuse of
these compounds.>” Thus, rapid and reliable “in-field” detection
of OPC is critical. **~**

There are several conventional analytical techniques for the
detection of OPCs, such as high performance liquid
chromatography, gas chromatography, mass spectrometry, and
thin Ia;rer chromatography, which provide nanomolar detection
limits. 347752 However, these methods are laboratory-based, as
they require complicated sample preparation by skilled
operators and complex instrumentation. Thus, research effort
is focused on developing biosensors for real-time in situ
detection of OPCs.>>*® These devices utilize specific enzymes,
such as acetylcholinesterase (AChE) and organophosphorus
hydrolase (OPH), which have very high affinities for
OPCs.*"*37465% Recombinant OPH is a more reliable bio-
logical recognition element than AChE, mainly because it is less
susceptible to irreversible inhibition by other species; it has a
high potential to be reused, and it is more suitable for
continuous monitoring.‘”’57 OPH is an ~35 kDa enzyme,
capable of reversibly binding OPC and hydrolyzing the
organophosphorus triesters at pH 8-10, thereby releasing
two protons.’® Several configurations of OPH-based bio-
sensors, including potentiometric, amperometric, or optical
transducers, have demonstrated sensitive detection of OPCs,
with a typical response time from minutes to several
hours, 455

In this work, we present for the first time a biosensor that
relies on the responsive behavior of PSiO,/hydrogel hybrids.
The biosensor’s design comprises of two conjugated interacting

compartments, as schematically illustrated in Figure la. The
first compartment of the biosensor consists of a pH-responsive
PSiO,/poly(2-dimethylaminoethyl methacrylate) [poly-
(DMAEMA)] hybrid and functions as the optical transducer.
The second compartment includes the OPH, which is
immobilized within the pores of the PSiO, scaffold, forming
an array of catalytic nanoscale chambers used as the
biorecognition element. Upon exposure to a model OPC
(methyl paraoxon, MOX), the poly(DMAEMA) hydrogel
undergoes a volume change (swelling) as a response to a pH
decrease induced by the OPH-catalyzed hydrolysis of MOX
(Figure 1b). The detection of MOX molecules is optically
monitored in real-time using Reflective Interferometric Fourier
Transform Spectroscopy (RIFTS)*"**** (Figure 1c). Briefly,
the reflectivity spectrum of the PSiO,/hydrogel hybrid is
comprised of a series of Fabry-Pérot interference fringes
resulting from reflections at the top and bottom interfaces of
the thin hybrid material film. The position of the peak along the
x axis in the RIFTS spectrum corresponds to the effective
optical thickness (EOT), which equals 2nL (where n is the
effective refractive index and L is the physical thickness of the
hybrid film). As changes in n or L occur, they manifest
themselves as proportional wavelength shifts in the EOT. Thus,
the biosensing concept relies on monitoring changes in the
EOT of the PSiO,/poly(DMAEMA) hybrid as a response to
OPC hydrolysis by OPH. The resulting multifunctional
nanostructure allows for a rapid label-free optical detection
and quantification of OPCs.

B EXPERIMENTAL SECTION

Preparation of Porous SiO,. Single-side polished on the
(100) face oriented and heavily doped p-type Si (Siltronix
Corp.) wafers with an average resistivity of 1 mQ cm were
electrochemically etched in a 3:1 (v/v) solution of aqueous HF
(48%, Merck) and absolute ethanol (Merck) for 30 s at a
constant current density of 385 mA cm™> Caution: HF is a
highly corrosive liquid and should be handled with extreme
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care. Si wafers with an exposed area of 1.33 cm? are contacted
on the back side with a strip of aluminum foil and mounted in a
Teflon etching cell; a platinum coil is used as the counter
electrode. After etching, the surface of the wafer was rinsed with
ethanol several times and dried under a dry nitrogen gas stream.
Chemical oxidation of freshly etched PSi was performed by
soaking the samples in a piranha solution (H,SO,:H,0, in a
3:1 v/v proportion) (Frutarom, Israel and Carlo Erba Reagenti,
Italy, respectively) for 12 h, followed by a thorough rinse with
purified water.

Preparation of Porous SiO,/poly(DMAEMA) Hybrids.
Poly(DMAEMA) hydrogel was synthesized by a photo-
polymerization of DMAEMA monomer (Sigma Aldrich
Chemicals) using polyethylene glycol (200) dimethacrylate
(PEGDMA) (Polysciences, Inc. Warrington, PA, USA) as the
cross-linking agent and 2,2-diethoxyacetophenone (DEAP)
(Sigma Aldrich Chemicals) as the photoinitiator. Details on
the composition of the pregel solution are summarized in Table
S1 (of the Supporting Information). The pregel solution was
prepared by dissolving the components in ethylene glycol
(Carlo Erba Reagenti, Italy) at a constant molar ratio of
DMAEMA:PEGDMA (35:1), followed by addition of 2 uL of
5% v/v DEAP in dimethyl sulfoxide (DMSO) (LobaChemie
PVT. Ltd.) per 100 uL of the pregel solution. PSiO,/
poly(DMAEMA) hybrids were prepared by casting SO uL of
the pregel solution described above onto the PSiO, surface.
The pregel solution was allowed to infiltrate into the porous
nanostructure for 30 min and then spin-coated at 1000 rpm for
6 s to remove excess solution. The sample was covered with a
polyester (Mylar) film and polymerization was initiated by
illumination with UV light (at 365 nm, 0.7 mW cm™2) for 15
min. The resulting hybrids were rinsed with purified water
overnight to remove the unreacted species.

Optical Interference Spectroscopy. Interferometric
reflectance spectra of the samples were collected using an
Ocean Optics CCD USB 4000 spectrometer fitted with a
microscope objective lens coupled to a bifurcated fiber optic
cable. A tungsten light source was focused onto the center of
the sample surface with a spot size of approximately 1—2 mm?.
Reflectivity data were recorded at a wavelength range of 400—
1000 nm, with a spectral acquisition time of 100 ms. All data
were recorded by Ocean Optics software and analyzed by Igor
Pro software, version 6.0.3.0. Both illumination of the surface
and detection of the reflected light were performed along an
axis coincident with the surface normal.

pH-Dependent Behavior of Hybrids. Phosphate-buffered
saline (PBS) 0.05 M were prepared by dissolving disodium
hydrogen phosphate anhydrous (Carlo Erba Reagenti) and
dihydrogen orthophosphate anhydrous (LobaChemie PVT
Ltd.) in Milli-Q water with a pH ranging from 6 to 8. The
ionic strength of buffer solutions was kept constant by addition
of appropriate amounts of NaCl (Frutarom). pH cycling
experiments were carried out by fixing the samples in a custom-
made Plexiglas flow cell connected to a syringe pump. The
hybrids were exposed to buffers with different pH values of 8, 7,
and 6 (in this order), at a fixed flow rate of 0.5 mL s™'. The pH
was held constant for 10 min, after which a different buffer was
introduced. Measurement of interferometric reflectance spectra
was performed through a Plexiglas window ~4 mm above the
chip surface and the value of EOT was computed in real-time.
Data points were collected every 20 s.

Preparation of the Biosensor. PSiO, was incubated with
3% v/v aqueous solution of 3-aminopropyltriethoxysilane

(APTES) (Sigma Aldrich Chemicals) in double-distilled water
for 30 min followed by extensive rinsing with purified water and
ethanol. The resulting NH,-modified PSiO, surface was
exposed to a solution of 2.5 mg mL™" of bis(N-succinimidyl)-
carbonate (SC) (Sigma Aldrich Chemicals) in acetonitrile
(Sigma Aldrich Chemicals) for 7 min, followed by subsequent
rinsing with acetonitrile for 30 min. Next, the SC-modified
PSiO, surface was reacted with 1 mg mL™" of OPH (EC 3.1.8.1
Lybradyn, Inc. Oak Brook, IL) in PBS for 30 min, followed by
subsequent rinsing steps in PBS, 1 M NaCl, and again PBS for
1 h. Synthesis of poly(DMAEMA) hydrogel within the porous
nanostructure was carried out as we described earlier. The
hydrogel was selectively synthesized in the center region of the
PSiO, sample by exposure of an area of 0.2 cm’ to UV
illumination while the peripheral regions are masked with a
printed polyester (Mylar) film. After polymerization, the
resulting sample was thoroughly rinsed in water to remove
any unreacted species.

High-Resolution Scanning Electron Microscopy and
Energy Dispersive X-ray Spectroscopy. High-resolution
scanning electron microscopy (HRSEM) studies were carried
out using Carl Zeiss Ultra Plus instrument at an accelerating
voltage of 1 keV. Energy dispersive X-ray spectroscopy (EDS)-
coupled high-resolution scanning electron microscopy
(HRSEM) of the neat PSiO, and hybrids was performed
using a Carl Zeiss Ultra Plus instrument, at an accelerating
voltage of 4 keV, using Espirit 1.8 software. Hybrids were
prepared for observation by freeze fracturing the sample in
liquid nitrogen followed by freeze-drying.

Infrared Spectroscopy. Surface modification of the PSi
was characterized by attenuated total reflectance Fourier
transform-infrared (ATR-FT-IR) spectroscopy. Spectra were
recorded using a Thermo 6700 FTIR instrument equipped with
a Smart iTR diamond ATR device. All samples were dried for
12 h in a vacuum oven at 25 °C prior to the FT-IR analysis.

Methyl Paraoxon Biosensing Experiments. Biosensors
and control samples (i.e., PSiO,/poly(DMAEMA) hybrids and
OPH-functionalized PSiO,) were incubated with different
concentrations of methyl paraoxon (MOX) (Sigma Aldrich
Chemicals) solutions in a flow cell setup. MOX solutions were
prepared in 10 mM PBS with 0.1 mM CoCl, (Sigma Aldrich
Chemicals), 5% v/v methanol (Gadot Ltd., Israel), and 150
mM NaCl. The MOX solution was introduced into the flow
cell chamber while the reflectance spectra were continuously
collected as described in previous sections. After attaining a
constant EOT value, PBS was introduced to remove MOX
remnants and enzymatic reaction products.

B RESULTS AND DISCUSSION

Hybrid Preparation. The pH-responsive PSiO,/poly-
(DMAEMA) hybrids are prepared by in situ polymerization
of the pregel solution within the nanostructured PSiO, host.
This inorganic porous substrate is fabricated by anodic
electrochemical etching of a highly doped p-type Si wafer
under a constant current density of 385 mA cm ™ for 30 s. The
resulting PSi film is chemically oxidized with piranha solution
to stabilize the porous layer and enhance the hydrophilicity of
the porous scaffold. The PSiO, film is highly porous with an
average total porosity of 80 + 2%, as determined by gravimetric
analysis. High-resolution scanning electron microscopy (HR-
SEM) is used to characterize the porous layer thickness and
morphology. The PSiO, film average thickness is 6800 + 150
nm and its nanostructure is characterized by cylindrical
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interconnected pores of 60—100 nm in diameter, as depicted in
Figure S1 of the Supporting Information.

Our previous work has demonstrated that incorporation of
pH-responsive hydrogels [e.g, poly(NIPAM-co-acrylic acid)]
within PSiO, hosts results in a hybrid nanomaterial with pH-
responsive characteristics.”” Herein, we use poly(DMAEMA)-
based hydrogel, which is a weak polybase containing tertiary
amine groups that undergo protonation at low pH° As a
result, the polymer chains become charged and therefore attract
free counterions from the solution in order to maintain charge
neutrality. The increased ion concentration inside the hydrogel
gives rise to an osmotic pressure, which promotes an influx of
water to the hydrczs%el network, resulting in a profound swelling
of the hydrogel.él’ A pregel solution containing the monomer
DMAEMA, polyethylene glycol dimethacrylate (PEGDMA) as
the cross-linking agent, and 2,2-diethoxyacetophenone (DEAP)
as the photoinitiator, is cast onto the PSiO, host. The pregel
solution is allowed to infiltrate the porous nanostructure
followed by UV polymerization, resulting in PSiO,/poly-
(DMAEMA) hybrids.

Characterization of pH-Responsivity of PSiO,/Poly-
(DMAEMA) Hybrids. The pH sensitivity of the PSiO,/
poly(DMAEMA) hybrids is characterized in real-time by
monitoring the EOT changes upon exposure to buffers with
different pH values. The hybrids are fixed in a custom-made
flow cell assembly attached to a syringe liquid pump. The
optical spectrum is continuously monitored, and the value of
EOT is computed in real-time. Figure S2 of the Supporting
Information shows a typical reflectance spectrum of the hybrid,
depicting a Fabry—Pérot fringe pattern (Figure S2a) and the
corresponding RIFTS spectrum (Figure S2b). First, the hybrid
is conditioned by exposure to the flow of a pH 8 buffer for
several hours. Then, buffers with pH values of 8, 7, and 6 are
introduced for 10 min each. Figure 2 depicts time-resolved

200 pH8 |PH7 |pH6 pH7 |pH8
1 1
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100 —

AEOT [nm]
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Figure 2. EOT changes of PSiO,/poly(DMAEMA) hybrid (blue
trace) and neat PSiO, (red trace) during pH cycling between 8 and 6.
Samples are fixed in a flow cell assembly and exposed to a constant
flow of 0.5 mL min™" of the appropriate buffer. Positive values of
AEOT indicate an increase in the value 2nL.

normalized EOT changes (expressed as AEOT) of the PSiO,/
poly(DMAEMA) hybrid upon exposure to the different buffers.
The hybrid demonstrates a significant increase in EOT as the
pH value of a surrounding buffer decreases. AEOT values of
approximately 100 and 80 nm are observed as the pH changes
from 8 to 7 and from 7 to 6, respectively (Figure 2, blue trace).
Complete recovery of the EOT to its initial value is recorded as
the pH is cycled back from 6 to 7 and subsequently to 8.

Moreover, the hybrid displays a rapid response to pH changes.
It should be noted that recorded responses (~1 min) include
the time needed for the buffer to flow from its stock container
to the flow cell chamber and the subsequent diffusion of the
buffer into the hybrid. A control experiment with neat PSiO,
film (no hydrogel) demonstrates a negligible response to the
same temporal pH flux (see Figure 2, red trace).

Previous work on PSiO,/poly(NIPAM-co-acrylic acid)
established that EOT changes of the hybrid during pH cycling
correlates with morphological changes due to the swelling/
shrinking of the confined hydrogel phase of the hybrid.*” Thus,
the observed pH-dependent optical behavior of the PSiO,/
poly(DMAEMA) hybrid may be ascribed to the same
phenomena. The increase in EOT upon pH decrease is mainly
attributed to swelling of the poly(DMAEMA) hydrogel,
resulting in the expansion of the entire hybrid in the direction
perpendicular to the PSiO,/SiO, interface, hence increasing the
physical thickness of porous layer, L% It should be
emphasized that the PSiO, scaffold restricts the confined
hydrogel swelling response. Our previous work showed that the
hybrid response greatly depends upon the scaffold nanostruc-
ture characteristics, which dictates the confinement conditions
of the hydrogel.** Upon pH increase, an opposite behavior (i.e.,
EOT decrease) is observed (Figure 2). This correlates to pH-
induced shrinking of the confined poly(DMAEMA) hydrogel,
leading to the reduction in the physical thickness of the hybrid.
In addition, it is well-established that bulk hydro§el refractive
index (1) decreases with swelling and vice versa.”* Therefore,
upon swelling/shrinking of the hydrogel, opposing changes in n
and L values exert competing effects on the EOT of the
hybrid.*® Thus, the behavior of the PSiO,/poly(DMAEMA)
hybrid is well-described by models suggested in previous
studies.””?%*

Biosensor Design and Characterization. Previous
sections have demonstrated that the new PSiO,/poly-
(DMAEMA) hybrids exhibit well-characterized, rapid, and
reversible EOT changes in response to pH. These properties
are crucial for the rational design of the current optical
biosensing scheme.

Figure 3 schematically illustrates the synthetic steps followed
to fabricate the biosensor. First, OPH is immobilized onto the
PSiO, scaffold, as described in Figure 3 (panels a and b). The
PSiO, is amino-silanized with 3-aminopropyltriethoxysilane
(APTES) followed by incubation with bis(N-succinimidyl)-
carbonate (SC). This homobifunctional cross-linker reacts with
the surface amines through a nucleophilic attack of the amine
on C=O0 succimide ester, eliminating one N-hydroxysuccini-
mide (NHS) group. The resulting NHS-modified surface is
reacted with the OPH and conjugation is achieved via primary
amine residues on the enzyme surface. Thus, the covalent
immobilization of OPH upon the walls of PSiO, results in an
array of interconnected nanoreactors for the hydrolysis of
OPCs. Following OPH immobilization, the pH-responsive
poly(DMAEMA) hydrogel is synthesized (Figure 3, panels c—
e), as described in previous sections. The hydrogel is selectively
synthesized in the center of the PSiO, sample, as depicted in
Figure 3f, while the outer PSiO,/OPH region remains intact
(no hydrogel). The selective photopolymerization step confines
the hydrogel synthesis to a predefined fraction of the pores.
The resulting patterned hybrid region serves as the optical
transducer element of the biosensor. The selective photo-
polymerization is important for maintaining the high enzymatic
activity of the immobilized OPH, as during the hydrogel
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Figure 3. Schematic representation of (a—e) the preparation of the biosensor and (f) a photograph of the final biosensor. PSiO, is functionalized
with OPH via surface chemistry. A pregel solution is cast and spin-coated onto the OPH-modified PSiO, sample. The PSiO, surface is masked with a
polyester (Mylar) film, in which the periphery is printed to block UV and to prevent polymerization in this region. Photopolymerization is
performed under a UV lamp at 356 nm for 15 min. The resulting biosensors are carefully soaked in PBS, rinsed thoroughly, and allowed to reach an
equilibrium swelling state at room temperature. Note: These schematics are for illustration purposes only, as the hydrogel is also present to the top
surface of the biosensor and OPH is conjugated to the top surface of the PSiO, layer.

synthesis chemical reactions between the different monomers
and the enzyme can impair its catalytic function. The volume
ratio between the PSiO,/OPH compartment (in periphery)
and the PSiO,/poly(DMAEMA) hybrid (in center) is 6:1 (see
Figure 3f). It is important to emphasize that the PSiO, is
characterized by a network of interconnected pores,*®®
allowing for efficient mass transfer between the two interfaced
compartments of the biosensor.

Energy dispersive X-ray spectroscopy (EDS) coupled with
HR-SEM is used to characterize the composition of the
biosensor in order to confirm the presence of OPH and
hydrogel within the PSiO, nanostructure. HR-SEM micro-
graphs and corresponding EDS elemental maps (of Si, oxygen,
and carbon) of both compartments of the biosensor (Figure S3,
panels a and b, of the Supporting Information) show
significantly higher carbon concentration within the porous
layer in comparison to the neat PSiO, (Figure S3c of the
Supporting Information), in which a significantly lower carbon
signal is detected. These results are assigned to the presence of
organic materials (i.e, hydrogel and OPH) throughout the

entire depth of the porous layer®® in both compartments of the
biosensor. Thus, EDS analysis confirms that both hydrogel and
enzymes penetrate and fill the pores; however, this technique
lacks the ability to distinguish between the specific material
composition of these two regions. In order to further confirm
the selective hydrogel formation and enzyme immobilization
within the different biosensor compartments, attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) studies were performed (see the Supporting Information
section for more details). The ATR-FTIR spectrum of the
PSiO,/OPH compartment in comparison to that neat PSiO,
(Figure S4 of the Supporting Information) depicts two
additional peaks (at 1645 cm™' and 1543 cm™') that are
attributed to the amide I and II bonds of the surface-bound
enzyme, thus validating the presence of the OPH,*® while the
spectrum of the PSiO,/poly(DMAEMA) compartment (Figure
S4 of the Supporting Information), which contains both
hydrogel and OPH, is dominated by characteristic peaks of the
poly(DMAEMA) hydrogel. It is important to note that the
ATR setup allows for a maximal penetration depth of ~2—3
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um® and thus, the recorded spectra account only for the top
porous layer and not the entire thickness of the film (~7 ym).
Nevertheless, EDS results (Figure S3 of the Supporting
Information) confirmed a homogeneous distribution of both
C and O throughout the entire depth of the biosensor. Hence,
the data from these two complementary techniques indicate
that the poly(DMAEMA) hydrogel is selectively formed only
within the predefined PSiO, volume and both poly-
(DMAEMA) and OPH are present throughout the entire
depth of the porous layer.

Biosensing Experiments. To investigate the potential of
this platform as an optical biosensor for the detection of OPCs,
the sample is fixed in a flow cell setup and exposed to aqueous
solutions of MOX. The reflectivity spectra from the PSiO,/
poly(DMAEMA) compartment is recorded in real-time
throughout the experiment and the corresponding EOT values
are computed. Prior to the introduction of MOX, the sample is
preconditioned in PBS buffer to achieve a stable EOT baseline.
Following this step, MOX (300 uM) is introduced, and the
sample is incubated with the solution until the EOT signal
stabilizes. Figure 4 displays the results of this experiment; the
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Figure 4. EOT changes during exposure to 300 uM MOX aqueous
solution. Blue trace describes biosensor’s response. Control samples of
OPH-immobilized PSiO, [no poly(DMAEMA) hydrogel] and PSiO,/
poly(DMAEMA) hybrid (no OPH) are represented by red and green
traces, respectively.

EOT (expressed as AEOT) rapidly increases with time,
reaching a maximal value of 28 nm in less than two hours. In
order to establish that the observed EOT changes result from
the pH response of the PSiO,/poly(DMAEMA) hybrid to the
hydrolysis of MOX by the immobilized OPH, proper control
experiments are carried out. Therefore, the optical response of
OPH-modified PSiO, and PSiO,/poly(DMAEMA) hybrid
samples subjected to similar experimental conditions is
monitored. Both samples exhibit negligible EOT changes
upon the introduction of MOX (Figure 4). The lack of optical
response from the OPH-modified PSiO, sample indicates that
the refractive index changes, which occur during MOX solution
introduction and subsequent MOX degradation, are undetect-
able by RIFTS. As for the hybrid behavior, it can be concluded
that exposure to MOX does not induce volume changes of the
hydrogel, which may facilitate the optical response.”” Thus,
these control experiments confirm that the EOT shift of the

biosensor system can be ascribed to the swelling of the PSiO,/
poly(DMAEMA) hybrid and not to differences in the refractive
index values of the media. Furthermore, interfacing the two
compartments (i.e., PSiO,/OPH and PSiO,/poly(DMAEMA))
is crucial for the biosensor function.

As the MOX is degraded within the PSiO,/OPH compart-
ment, the products of this hydrolysis reaction lower the pH of
the surrounding solution. The interconnected porous nano-
structure® allows for protons (MOX hydrolysis products) to
diffuse to the hybrid region and to trigger the swelling of the
poly(DMAEMA) hydrogel. Nevertheless, we cannot rule out
the transport of enzymatic products from the PSiO,/OPH
compartment to the surrounding buffer solution and then their
diffusion into the neighboring hybrid sections. The PSiO,/
poly(DMAEMA) hybrid response to this local pH change
results in an EOT increase, as demonstrated in section 2.2 and
Figure 2.

The response time of the biosensor is combined from the
following steps that occur simultaneously: (i) diffusion of the
MOX substrate into the PSiO,/OPH compartment, (ii)
enzymatic degradation of MOX by the immobilized OPH,
(iii) diffusion of the reaction products from the PSiO,/OPH
chamber into the PSiO,/poly(DMAEMA) hybrid, (iv) volume
change of the hybrid in response to pH change, which in turn
induces the observed EOT shifts. The rapid hybrid optical
response, observed in Figure 2, suggests that the diffusion and
enzymatic reaction, which are interrelated, are the limiting steps
in this biosensing scheme. Thus, from a practical point of view,
the initial optical response of the biosensors (within minutes,
see Figure 4) qualitatively confirms that the studied solution is
indeed contaminated with MOX. Nevertheless, in order to
quantify MOX concentration (as will be discussed in the
following sections), reaching a steady-state optical response is
required (~2 h for 300 M MOX).

Upon reaching a steady-state response of the biosensor, the
cell is rinsed by a flow of PBS to remove the MOX remnants
and the enzymatic reaction products. The AEOT is observed to
rapidly decrease, see Figure 4, reaching its original value within
several minutes. As the MOX hydrolysis products are replaced
with the fresh buffer, the tertiary amine group of the
poly(DMAEMA) are deprotonated, resulting in water
expulsion and hydrogel shrinkage to its initial state. Thus, the
biosensor behavior is fully reversible, and it can easily be
regenerated for consecutive biosensing analysis.

The dynamic range of the biosensor was studied by exposing
the biosensor to a set of MOX solutions with different
concentrations (50—1000 yM). Figure S summarizes the results
of these experiments, depicting the maximal AEOT value
attained for each MOX concentration. The AEOT is found to
be proportional to the MOX concentration, displaying a very
good linearity (R* = 0.98) of the optical response of the
biosensor to the analyte concentration. On the basis of these
results, the detection limit of the biosensor was calculated to be
40 uM.

Current experiments in our lab are aimed at improving the
sensitivity of the biosensor and enhancing its response time by
optimizing the fabrication PSiO,/poly(DMAEMA) hybrid to
increase the interface of the two interacting compartments.

B CONCLUSIONS

A new pH-responsive PSiO,/poly(DMAEMA) hybrid was
synthesized and characterized in terms of its optical response to
pH changes. The hybrid displays well-defined, rapid, and
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Figure S. EOT changes of the biosensor vs different MOX
concentrations.

reversible EOT changes. The magnitude of optical response to
pH changes is significantly higher in comparison to previous
PSiO, hybrids.”” These advantageous properties allow for the
application of this new hybrid in different biosensing schemes.
To demonstrate this concept, we design and fabricate a
bifunctional nanostructured platform for label-free optical
detection and quantification of OPCs in aqueous solutions.
The biosensor is constructed from two conjugated interacting
compartments (i.e., the pH-responsive PSiO,/poly-
(DMAEMA) hybrid and PSiO,/OPH). The pH-responsive
hybrid compartment functions as the optical transducer
element. While, the OPH-modified PSiO, region, which
functions as an array of nanoreactors for the hydrolysis of the
OPC, serves as the biorecognition element of the biosensor.
Exposure to the target analyte results in a rapid and
reproducible change in the optical reflectivity spectrum of the
hybrid, allowing for a label-free detection and quantification of
OPCs in a simple and reliable manner within tens of minutes.
The linearity of the biosensor within its dynamic range (50—
1000 M) is demonstrated. Moreover, the biosensor can easily
be regenerated by a short rinsing step for multiple biosensing
analyses.
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