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Graphene oxide (GO) is a two-dimensional material with peculiar photoluminescence
emission and good dispersion in water, that make it an useful platform for the
development of label-free optical biosensors. In this study, a GO-porous silicon (PSi)
hybrid device is realized using a covalent chemical approach in order to obtain a
stable support for biosensing applications. Protein A, used as bioprobe for biosensing
purposes, is covalently linked to the GO, using the functional groups on its surface, by
carbodiimide chemistry. Protein A bioconjugation to GO-PSi hybrid device is investigated
by atomic force microscopy (AFM), scanning electron microscopy (SEM), water contact
angle (WCA) measurements, Fourier transform infrared (FTIR) spectroscopy, steady-state
photoluminescence (PL), and fluorescence confocal microscopy. PSi reflectance and
GO photoluminescence changes can thus be simultaneously exploited for monitoring
biomolecule interactions as in a multi-parametric hybrid biosensing device.

Keywords: porous silicon, graphene oxide, covalent grafting, photoluminescence, optical device

INTRODUCTION

Graphene oxide (GO) is the oxidized counterpart of graphene, characterized by oxygen-bearing
functional groups in the form of epoxy, hydroxyl, and carboxyl acids groups on both the basal
plane and edges (Dreyer et al., 2010). The oxygen-containing functional groups on the GO sheets
make this material more hydrophilic than graphene. In the last decade, GO has attracted great
attention because of its unique electronic, mechanical, thermal, and optical properties (Park and
Ruoff, 2009; Loh et al., 2010). Moreover, GO can be functionalized with biomolecules without using
cross-linkers in aqueous solution, so that this material is particularly interesting for biosensing
applications (Jung et al., 2010; Loh et al., 2010; Liu et al., 2012; Zhang et al., 2013).

Several strategies have been published to functionalize GO. In particular, carboxylic acid
groups on the GO sheets can be used as reactant sites for immobilization or conjugation of
several biological molecules such as proteins, peptides, antibodies, DNA, and so on (Zhang et al,,
2010; Wu et al,, 2011). Furthermore, GO exhibits steady-state photoluminescence (PL) particular
features, such as a broad PL emission from 500 to 900 nm on exposure to near UV radiation,
that have been proposed for the development of a new class of optoelectronic devices (Chien
et al, 2012). Unfortunately, the PL of a thin layer of GO nanosheets is too weak, mainly due
to the oxygen-functional groups producing non-radiative recombination between their electrons
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and holes present in sp? clusters (Gupta et al, 2014).
Oxygen plasma treatment can be used to get higher PL
emission from GO (Gokus et al., 2009; Eda et al., 2010).
An alternative approach based on the infiltration of GO into
large surface area substrate is a valid strategy to enhance
the light generation from the resulting composite material,
and porous silicon (PSi) is optimal candidate for this task.
PSi is a nanostructured material produced by electrochemical
anodization of doped crystalline silicon in hydrofluoric acid
(HF)-based solution. Pores size and morphology of PSi samples
can be properly tuned changing the etching parameters (HF
concentration, current density) and the characteristics of the
silicon substrate (dopant type, resistivity, crystal orientation).
Due to its sponge-like morphology, characterized by a specific
surface area of hundreds of m> cm~3, PSi is definitely an ideal
transducer for the development of several kinds of biosensors
(Sailor, 2012; Canham, 2017). In recent papers, hybrid devices
constituted by GO electrostatically immobilized on amino-
modified mesoporous silicon (i.e., PSi with a pores size <50 nm)
were described. In particular, homogeneous monolayer and
aperiodic Thue-Morse multi-layered structure made of 64 layers
were used in order to infiltrate GO nanosheets by spin-
coating. The enhancement and the modulation of the PL signal
emitted from GO adsorbed on both the hybrid structures were
highlighted, while these phenomena were not observed in the
case of GO on crystalline flat silicon (Rea et al., 2014, 2016).

In this work, a chemical procedure to covalently bind
GO to PSi surface has been developed in order to realize
a stable hybrid device for biosensing purposes. Macroporous
silicon, characterized by pores size >50nm, has been used
in infiltrating the GO sheets inside the pores of material.
The GO-PSi hybrid device has been covalently conjugated to
FITC-labeled protein A (PrA*) derived from Straphilococcus
aureus as a model bioprobe. The effective covalent interaction
between GO-PSi and PrA* demonstrates the possibility to
realize a robust system for biosensing whose operating
mechanism is based on the changes of PSi reflectance and GO
photoluminescence.

The development of GO-PSi hybrid device and its interaction
with the PrA* have been investigated by Fourier transform
infrared spectroscopy (FTIR), spectroscopic reflectometry,
steady-state photoluminescence (PL), atomic force microscopy
(AFM), scanning electron microscopy (SEM), water contact
angle (WCA) measurements, and fluorescence confocal
microscopy.

MATERIALS AND METHODS

Chemicals

Hydrofluoric acid (HF), undecylenic acid (UDA), N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide =~ hydrochloride
(EDC), N-hydroxysuccinimide (NHS), MES hydrate, tert-
Butyloxycarbonyl-NH-PEG-Amine (BOC-NH-PEG-NH,),
trifluoroacetic acid (TFA), chloroform, tetrahydrofuran, FITC-
labeled Protein A (PrA*) from S. aureus were purchased from
Sigma Aldrich (St. Louis, MO, USA). Graphene oxide (GO)
nanosheets were purchased from Biotool.com (Houston, TX,

USA) as a batch of 2 mg/mL in water with a nominal sheets size
between 50 and 200 nm.

Preparation of Graphene Oxide

Graphene oxide (GO), 1mg ml~!, was sonicated using an
ultrasonic processor for 1h in ice at 50% of available power
amplitude.

Porous Silicon (PSi) Layer Fabrication and

Hydrosilylation Process

PSi was fabricated by electrochemical etching of n-type
crystalline silicon (0.01-0.02 2 cm resistivity, (100) oriented
and 500 wm thick) in HF (5% in weight)/ethanol solution at
room temperature (RT). Before the etching process, the silicon
substrate was immersed in HF solution for 2min to remove
the oxide native layer. A current density of 20mA cm~2 for
90's, was applied to obtain a single layer of PSi with a porosity
of 61% (nps; = 1.83 at A = 1.2 um), a thickness L of 2.1 um
and a pores dimension between 50 and 250 nm, determined by
ellipsometry and SEM imaging (Terracciano et al., 2016). The as-
etched PSi was placed in a Schlenk tube containing deoxygenated
neat UDA (99% v/v) and allowed to react at 110°C for 18 h under
a stream of argon. The treated chip was extensively washed in
tetrahydrofuran and chloroform in order to remove the excess of
reagent (Shabir et al., 2017).

Pegylation of PSi Layer and Covalent

Grafting of GO

UDA-modified PSi sample was placed in a Schlenk tube
containing freshly prepared EDC/NHS aqueous mixture
(0.005M in MES 0.1 M) for 90 min at RT. Sample was rinsed in
deionized water three times and dried under nitrogen stream.
PEGylation was performed dipping the sample in BOC-NH-
PEG-NH,; solution (0.4 M, overnight, at 4°C) (Harris et al.,
1992; Sam et al, 2010); the excess of reagent was removed
rinsing the sample in MES buffer and in deionized water. The
t-butyloxycarbonyl (BOC) protecting group of amine portion
was removed from the PEG covalently bound to PSi surface
incubating the sample in a solution of TFA (95% v/v, 90 min, at
RT): sample was then washed in deionized water so as to remove
the excess of TFA. GO was covalently bound to the PSi surface
incubating the sample in sonicated GO (1 mg/ml) in presence
of EDC/NHS (0.020M EDC and 0.016 M NHS in MES 0.1 M,
overnight, at RT).

Covalent Grafting of FITC-Labeled Protein

a on PSi Layer

GO-modified PSi was incubated in 0.33 mg/ml of FITC-labeled
Protein A (PrA*) in presence of EDC/NHS (0.020 M EDC and
0.016 M NHS in MES 0.1 M, overnight, at RT). The reaction was
conducted over-night at RT.

Atomic Force Microscopy

A XE-100 AFM (Park Systems) was used for the imaging
of PSi sample before and after functionalization with GO.
Surface imaging was obtained in non-contact mode using
silicon/aluminum coated cantilevers (PPP-NCHR 10 M; Park
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Reaction 4: immobilization of PrA* on hybrid device.

FIGURE 1 | Functionalization scheme of macroporous silicon. Reaction 1: hydrosilylation process of PSi using undecylenic acid, 18h at 110°C. Reaction 2:
PEGylation process of PSi by EDC/NHS and deprotection of NH-BOC by TFA treatment. Reaction 3: immobilization of GO by EDC/NHS on PEGylated PSi.

HoN H
2 V\io/\,]r “Boc
1
TFA

)y

EDC/NHS

¢ 3

EDC/NHS

@ PrA-FITC

EDC/NHS

A B
WCA =120(1)°

WCA =135(2)°

D E
WCA = 60(2)°

functionalization (E), and after PrA* immobilization (F).

WCA = 50(5)°

FIGURE 2 | Water contact angle measurement performed on bare PSi (A), after hydrosilylation (B), after PEGylation (C), after TFA treatment (D), after GO

C
WCA = 85(3)°

F
WCA = 70(2)°

Systems) 125um long with resonance frequency of 200
to 400kHz and nominal force constant of 42 N/m. The
scan frequency was typically 1Hz per line. AFM images
were analyzed by the program XEI 1.8.1.build214 (Park
Systems).

Scanning Electron Microscopy

SEM characterization of PSi sample was performed before and
after GO functionalization. Images were acquired at 5 kV
accelerating voltage and 30 um wide aperture by a Field Emission
Scanning Electron Microscope (Carl Zeiss NTS GmbH 1500
Raith FESEM). InLens detector was used. Samples were tilted at
90° in order to perform SEM analysis in lateral view.

Water Contact Angle Measurements

Sessile drop technique was used for WCA measurements on a
First Ten Angstroms FTA 1000 C Class coupled with drop shape
analysis software. Results of WCA are expressed as mean =+
standard deviation (s.d.) of at least three measurements on the
same sample of three independent experiments (i.e., at least nine
measurements for each result).

Fourier Transform Infrared Spectroscopy
The FTIR spectra of all samples were obtained using a
Nicolet Continupm XL (Thermo Scientific) microscope in the
wavenumber region of 4,000-650 cm~! with a resolution of
4cm™L
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FIGURE 3 | Reflectivity spectra (A) and corresponding Fourier transforms (B) of PSi before (black line), and after (blue line) UDA treatment. Reflectivity spectra (C) and
corresponding Fourier transforms (D) of UDA-PSi before and after PEGylation with BOC-NH-PEG-NH» (blue line). Reflectivity spectra (E) and corresponding Fourier
transforms (F) of PEGylated PSi before (black line) and after selective deprotection of -NH-BOC by TFA treatment (blue line). Reflectivity spectra (G) and
corresponding Fourier transforms (H) of deprotected PEG-PSi before (black line) and after GO immobilization (blue line). Reflectivity spectra (I) and corresponding
Fourier transforms (J) after PrA* functionalization.
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Spectroscopic Reflectometry

The reflectivity spectra of PSi sample were measured at normal
incidence by means of a Y optical reflection probe (Avantes),
connected to a white light source and to an optical spectrum
analyser (Ando, AQ6315B). The spectra were collected over
the range 600-1,600 nm with a resolution of 1 nm. Reflectivity
spectra shown in the work are the average of three measurements.

Steady-State Photoluminescence (PL)
Steady-state photoluminescence (PL) spectra were excited by
a continuous wave He-Cd laser at 442nm (KIMMON Laser
System). PL was collected at normal incidence to the surface of
samples through a fiber, dispersed in a spectrometer (Princeton
Instruments, SpectraPro 300i), and detected using a Peltier
cooled charge coupled device (CCD) camera (PIXIS 100F). A
long pass filter with a nominal cut-on wavelength of 458 nm was
used to remove the laser line at monochromator inlet.

Laser Scanning Confocal Microscopy
Fluorescent samples were imaged using an inverted fully
automated confocal Nikon AR-1 microscope. The NIS elements
software was used for image acquisition/elaboration.

RESULTS AND DISCUSSION

The structure of GO is characterized by a large amount of
hydroxyl, epoxy, and carboxyl groups distributed on the whole
surface, which makes this material much more hydrophilic
than graphene (Dreyer et al., 2010). GO can be thus processed
in aqueous solution in order to directly link biomolecules to
its surface for the realization of a biosensor, whose sensing

mechanism could be based on changes of GO photoluminescence
(Morales-Narvéez and Merkogi, 2012).

The fabrication of a multiparametric hybrid transducer, based
on GO covalently immobilized on macroporous PSi surface,
required the optimization of GO infiltration, and, before this step,
a proper characterization of its behavior in aqueous solutions.
GO solubility could be not assured in presence of a biological
molecule, so that in Supplementary Information (SI) the
interaction of free GO sheets and a FITC labeled PrA*, dispersed
in demineralized water, is reported. The formation of the
complex GO-PrA* was evaluated by DLS (Figure S1), ¢-potential
measurements, UV-Vis (Figure S2), and photoluminescence
(Figure S3). These results evidenced slight aggregation after
GO-PrA* conjugation by EDC/NHS chemistry and a strong
interaction between the two systems, which led to changes
in UV-Vis absorbance and PL emission. Before infiltration,
GO nanosheets had been sonicated until sheets size showed
values lower than 100 nm to DLS (data not showed here). After
size reduction, GO was covalently bound to the PSi surface
following the functionalization scheme reported in Figure 1.
Since the main drawback of PSi is its chemical instability in
oxidizing environment, such as biological conditions (Ghulinyan
et al, 2008), a method to stabilize the surface is mandatory
in biosensing applications. A hydrosilylation process has thus
been used as a valid strategy to make the PSi a more stable
platform. After hydrosilylation, the Si-H surface bonds, typical of
as-etched PSi, were converted in Si-C bonds, making the material
more robust and resistant to hydrolysis and oxidation (Figure 1,
Reaction 1). The thermal reaction between UDA and as-etched
PSi induced the formation of an organic monolayer covalently
attached to the surface through the formation of Si-C bonds
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FIGURE 5 | AFM characterization: (A) phase and (B) three-dimensional rendering of PSi before GO functionalization; (C) phase and (D) three-dimensional rendering
of PSi after GO functionalization; (E) phase and (F) three-dimensional rendering of PSi after PrA* functionalization.

(Boukherroub et al., 2002). The carboxyl acid groups exposed on
the surface could be used for further functionalization steps.

The GO grafting to the hydrosilylated-PSi surface required
a cross-linker with exposed amino groups. In this study, the
PEG molecule was used as bi-functional cross-linker. The
covalent grafting of the BOC-NH-PEG-NH, was achieved by
carbodiimide chemistry and, after amine group deprotection by
acid hydrolysis of BOC with TFA (Figure 1, Reaction 2), the
GO sheets were bound on amino-terminal PSi by essentially
using the same chemistry (Figure 1, Reaction 3) (Harris et al.,
1992). A biosensor transducer always includes a specific bioprobe
that recognizes a ligand of interest. Placing a biomolecule into

a complex matrix, leaving its properties untouched, requires
proper design and stability test of the final hybrid device. In
this frame, the interaction between the GO-PSi architecture
and a model biological molecule, the Protein A [pure and
in its FITC labeled form (PrA*)] was studied. The PrA* was
covalently bound to the hybrid device using same EDC/NHS
chemistry (Figure 1, Reaction 4). In order to verify the effective
covalent bond between GO-nanosheets/amino-modified PSi and
PrA/GO-modified PSi promoted by carbodiimide chemistry,
two negative control samples (NH,-PSi_CTR and GO-PSi_CTR)
were incubated with GO and PrA (pure and in its FITC
labeled form), respectively, without EDC/NHS treatment. Since
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FIGURE 6 | SEM images of PSi before and after GO covalent immobilization, and after PrA functionalization. The red circle indicates the presence of GO.

carbodiimide conjugation should activate carboxyl groups by
direct reaction with primary amines via amide bond formation,
without EDC/NHS surface treatment, it was not possible to
obtain any experimental evidence of covalently bonded GO and
PrA on control samples.

Evaluation of surface wettability is a fundamental analysis
in the development of such hybrid devices. After each
functionalization step, different functional groups were exposed
on the GO-PSi chip causing a change in the surface wettability.
The as-etched PSi showed a hydrophobic surface quantified by
a WCA value of 135 &+ 2° (Figure 2A); a weak decrease of
wettability value was evaluated after the hydrosilylation process
(WCA = 120 £ 1°), mainly due to carboxyl-terminal chain
(Figure 2B); the introduction of the hydrophilic group BOC-
NH-PEG-NH, induced a further decrease of WCA value to
85 £ 3° (Figure 2C); the removal of the BOC group and the
exposure of the hydrophilic amino group, present in the PEG
chain, was responsible of a WCA value of 60 £ 2° (Figure 2D);
after the GO sheets binding, the presence of the oxygen functional
groups made the PSi substrate more hydrophilic with a WCA
of 50 + 5° (Figure 2E); finally, the PrA* bioconjugation on
GO-PSi surface increased the wettability of the surface up
to a WCA of 70 & 2° due to the presence of hydrophobic
amino acids in the protein structure (Figure 2F). No change
of surface wettability was observed in the case of negative

control samples (NH,-PSi_CTR and GO-PSi_CTR, data not
shown).

Since chemical functionalization and bioconjugation are
additive processes from the material point of view, the optical
thickness (i.e., the product of physical thickness, d, by the average
refractive index # of the layer) of the obtained GO-PSi hybrid
device, calculated by the FFT of the reflectivity spectrum, was
expected to increase. The FFT peak position along the x-axis
corresponds to two times the optical thickness (20T) of the layer
(Rea et al., 2014). In Figure 3 are reported the normal incidence
reflectivity spectra of PSi before and after hydrosilylation
(Figure 3A), and PEGylation process (Figure 3C) together with
their corresponding FFTs (Figures 3B,D). Since the physical
thickness d of PSi layer was fixed, the FFT peak shifts of about
90 nm, after UDA treatment, and of 145 nm after the PEGylation
process were due to the increase of the average refractive index
of the composite material. This result clearly indicated the
two chemical functionalization steps added material layers to
the PSi matrix. Figure 3D shows the reflectivity spectrum with
the corresponding FFTs (Figure 3E) after the removal of the
BOC protector group. The optimization of the reaction was
confirmed as a blue shift of the peak of —100 nm (Figure 3F),
since the chemical substance has been removed. The GO
functionalization and the PrA* conjugation on GO-PSi surface
is reported in Figures 3G-J. A FFT peak shift of 90nm after
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the PSi surface grafting by GO was an evidence of the occurred
functionalization. Finally, the PrA* covalently linked to the
hybrid surface induced a further red shift of 275 nm. The analysis
of reflectivity spectra of negative control samples (NH,-PSi_CTR
and GO-PSi_CTR) showed no significant change before and after
treatment with GO and PrA solution, respectively, (data not
shown).

The infiltration of GO into PSi was also analyzed by PL
measurements. As it can be noted in Figure 4A, in the case
of bare PSi, no signal of PL could be detected; on the
contrary, the covalent grafting of GO into GO-PSi structure
was revealed by a modulation of the PL signal. This was
a clear evidence of the GO infiltration into the PSi matrix.
The concentration of GO covalently conjugated to PSi was
estimated as about 7.5ug/mL; this value was obtained by
comparing the PL spectrum of GO-PSi device with those
of some solutions containing different concentrations of GO
(Figure S4).

Figure 4B shows a comparison between PL and reflectivity
spectra recorded by GO infiltrated in PSi monolayer. The
modulation of PL intensity could be explained by considering

the optical theory of Fabry-Perot interferometer. Among
all the wavelengths, Aem emitted by GO infiltrated in PSi,
only those fulfilling the relationship L = m (hem/20psi),
with L thickness of the PSi layer and m integer, could
constructively interfere producing maxima in the PL
spectrum of the hybrid structure. The distance between
two consecutive photoluminescence maxima was about 67 nm,
which well matched the free spectral range of the GO-PSi
hybrid structure. In a previous work, we demonstrated
that the presence of an interferometer under the GO
layer was able to modulate GO photoluminescence (Rea
et al, 2014). No change of PL spectra was observed in
the case of negative control samples (NH,-PSi_CTR and
GO-PSi_CTR).

Morphological features of the surface were highlighted by
AFM (Figures 5A-F). The AFM images of bare PSi revealed the
presence of hillocks and voids (black zones) of about 100 nm
distributed on the whole surface; after the functionalization
of the PSi chip with GO, partial pore blocking was evident
due to the presence of big GO nano-sheets (white zones) on
the PSi surface and some coverage of the surface was visible
after the PrA* bioconjugation. The roughnesses of the sample
surfaces were calculated by analyzing the AFM images obtaining
values of roughness statistical media (Rsm) equal to 0.22 =+
0.01 wm for PSi sample before GO, Rsm = 0.45 % 0.03 jum after
GO, and Rsm = 0.34 + 0.02 um after PrA*. SEM images of
conjugated sample are reported in Figure 6. In the top view,
traces of GO (highlighted by red circle) on the PSi surface
could be seen, and, in the lateral views, the few GO sheets into
the porous matrix were visible. The final PrA*-GO-PSi hybrid
device had quite almost covered surface and partially blocked
pores.

A further analysis of GO-PSi hybrid device functionalization
with PrA* was obtained by FTIR spectroscopy (Figure 7). The
presence of GO onto hybrid device was confirmed by the
presence of CHy at 2,929-2,851 cm~! of carbon networks and
the alkoxy C-O at 1,024 cm™! (Yang et al., 2009). After the
incubation with the PrA*, the hybrid device PrA*-GO-PSi
showed the stretching bands of CHy at 2,924 cm™! peak, the
amide I band at 1,651 cm™! associated with C=0 stretching
vibration and the alkoxy C-O band at 1,037 cm™! (Socrates,
2007). These data confirmed the covalent bonding of PrA* onto
GO-PSi hybrid device.

Confocal microscopy was used for a deeper characterization
of the PrA* infiltration process. In particular, Figure 8A is a 3D
representation of all focal planes fluorescence recorded by the
instrument, confirming the covalent bioconjugation of PrA*. In
case of the negative control, the corresponding 3D image was
completely dark (Figure 8B), and there was not any evidence
of aspecific absorption to sample surface. Figure 8C shows the
sequence of confocal laser scanning microscope images of the
PSi monolayer infiltrated by the PrA*: the first image was the
one of the top surface while the last was the one recorded at
the bottom. Figure 8D quantifies the intensity profiles of the
average fluorescence signal and it could be clearly seen that the
labeled protein was distributed as a Gaussian function having
its maximum value close to the center of the layer. This result
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FIGURE 8 | (A) Sum of all focal planes of PrA* infiltrated into PSi and (B) in the negative control. Sequence of confocal microscope images of protein infiltrated in PSi:
the first image is the porous silicon surface, the last is the bottom of the surface, and the arrow indicate the succession (C). Intensity profile of the fluorescence
estimated by averaging the intensities of different images concerning the same sample (D).
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further confirm that the protein was penetrated inside the pores
(De Stefano and D’Auria, 2007).

CONCLUSIONS

A robust and chemically stable hybrid transducer for biosensing
application based on GO, Psi, and PrA*, as a model bioprobes,
has been designed and demonstrated. EDC/NHS coupling
chemistry has efficiently grafted GO to PSi and PrA* to
the GO-PSi matrix. Changes in reflectivity optical spectrum
and in photoluminescence have been used to characterize the
fabrication process but also the transducing features. AFM, SEM,
and confocal imaging revealed the main features of the composite
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