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Abstract: In this work, the surface of nanostructured fluorine-doped ZnO (nZnO-F) is functionalized
with protein A (PrA), and used as a model biomolecule. The chemical procedure is characterized by
several analytical techniques such as Fourier Transform Infrared Spectroscopy, water contact angle
analysis, and fluorescence microscopy. The surface modification of nZnO-F by binding increasing
concentrations of PrA is also investigated by two label-free optical techniques, i.e., the spectroscopic
reflectometry and the steady-state photoluminescence. The results are compared with those obtained
using undoped nZnO substrates in order to highlight the better performances of nZnO-F due to the
fluorine doping. The results of this study pave the way for the design and realization of a ZnO-based
nanostructured platform for label-free optical sensing.
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1. Introduction

A biosensor is an analytical device constituted by a biological recognition element, generally
defined as a probe immobilized on a transduction system, which converts a molecular interaction
into a useful signal. There are several types of biosensors based on different sensing recognition
mechanisms such as amperometric, electrochemical, optical, and thermometric. In an optical biosensor,
the interaction between the biomolecular probe, bound on its surface, and the target analyte is
transduced in a change of an optical signal (e.g., phase, intensity, color, and fluorescence) [1-3].
In the last few decades, the market of optical biosensors has grown very rapidly due to their
high sensitivity, specificity, real-time response, and the possibility of performing remote sensing in
flammable environments.

The semiconductors currently used in the microelectronic industry, such as silicon and its related
materials (silicon oxide, silicon nitrides, and porous silicon), have been extensively exploited in biosensor
fabrication, and hundreds of papers and reviews can be found in recent literature [4-8]. On the other
hand, nanostructured metal oxides showed great potential for the detection of biomolecules, owing to
several characteristics such as the controllable size/shape, large specific surface area, biocompatibility,
catalytic and optical properties, and chemical stability [9]. Among them, nanostructured zinc oxide
(nZnO) is considered an interesting transducer material due to its multifunctional characteristics.
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The nZnO is an n-type semiconductor with a wide direct band gap of 3.37 eV, and a large excitonic
binding energy of 60 meV, thus allowing an efficient excitonic emission even at room temperature [10,11].
Under UV laser irradiation, nZnQO is able to emit intense photoluminescence (PL) of which the spectrum
is characterized by a peak at 380 nm, due to free exciton recombination and a broad visible band
related to the surface and lattice defects [12]. Different methods for fabrication of nZnO-based devices
are available, such as Vapor-Liquid-Solid growth (VLS), Metal Organic Chemical Vapor Deposition
(MOCVD), and High-Pressure Pulsed Laser Deposition (HP-PLD) [13,14]. Recently, hydrothermal
synthesis was proposed as an advantageous alternative approach because it requires mild experimental
conditions, simple equipment, low-cost reagents, and it can be indifferently used on several surfaces [15].

One of the key issues in the developing of biosensors is the functionalization strategy used to
correctly immobilize the bioprobes on the material surfaces. From this point of view, the nZnO allows
covalent binding of the biomolecules on its surface by using a soft chemical strategy, preserving
the specific functionalities of the biological compounds and controlling their orientation. The use
of the ZnO nanowires obtained by the hydrothermal method as a photoluminescent biosensor was
demonstrated [14].

In this work, nanostructured fluorine (F)-doped ZnO (nZnO-F) was directly grown on a
crystalline silicon substrate via hydrothermal synthesis, and chemically modified in order to fabricate
a technological platform for biosensing purposes [15]. F~ ions, usually used as a doping precursor,
played a significant role in the morphological, electrical and optical properties of nanostructured
ZnO [16]. Extensive studies reported in Reference [15], demonstrated that F atoms mainly occupy
oxygen vacancies present in the material, without producing any substantial change of plasma
frequency but only the enhancement of scattering rate due to an increase of grain boundary density.
A proper functionalization procedure was developed to covalently immobilize the Protein A (PrA),
used as a model molecule on the semiconductor surface. The functionalized nZnO-F was characterized
by the Fourier Transform Infrared Spectroscopy, water contact angle, and fluorescence microscopy.
The surface modification with different concentrations of PrA was also studied by label-free optical
techniques, spectroscopic reflectometry, and PL analysis. The results were compared with those
obtained by investigating undoped nZnO.

2. Materials and Methods

2.1. Materials

(3-Aminopropyl)triethoxysilane (APTES), toluene, bis(sulfosuccinimidyl)suberate (BS?),
and FITC-labeled Protein A were purchased from Sigma Aldrich (Milan, Italy). The chips were
fabricated in collaboration with the Department of Chemical Engineering of the University of Naples
Federico I

2.2. Hydrothermal Synthesis

Nanostructured undoped and F-doped ZnO films were prepared by the following steps: A solution
containing a 1:1 molar ratio of triethylamine (TEA) and zinc acetate dihydrate (ZAD) was firstly
prepared by mixing TEA (0.21 mL) and ZAD (0.33 g) into ethanol (90 mL) under constant stirring. After
complete dissolution of ZAD, water (10 mL) was added dropwise, producing a whitish suspension
which was transferred within a Teflon recipient (the liquid volume corresponding to 75% of the whole).
The same procedure was used to prepare the nanostructured F-doped ZnO (nZnO-F) sample, by adding
a specific amount (2.14 mg) of ammonium hydrogen fluoride (NH4FHF) in the starting solution to
obtain a final atomic F concentration of 5 at.%. Two silicon supports with sputtered ZnO thin films
were alternatively immersed upside down in the prepared suspensions within the Teflon recipients
and heated at 90 °C for 4 h. The obtained samples were rinsed with de-ionized water, dried with
nitrogen, and finally calcined at 400 °C for 2 h.
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2.3. Functionalization Procedure

Hydroxyl (OH) groups were activated on the surfaces of nanostructured ZnO samples by exposing
the devices to oxygen plasma for 40 s. The cold plasma activation is a standard technique used
to induce the formation of surface chemical functional groups through the use of plasma gases
such as oxygen, hydrogen, nitrogen, and ammonia, which dissociate and react with the surface.
Samples were then silanized using a 5% APTES solution in anhydrous toluene for 30 min at room
temperature. Excess ungrafted silane was removed by intensive washing in dry toluene followed
by curing performed at 100 °C for 10 min. Samples were treated with a 1.7 mM solution of BS® in
PBS pH 7.4 at 4 °C for 5 h. After the washing in PBS, samples were dried by a nitrogen stream and
incubated with a 2 mg/mL solution of fluorescein-labeled Protein A (PrA*) in PBS pH 7.4 overnight at
4 °C. Excess PrA* was removed by washing the samples five times in PBS. Any variation of the optical
signals (both reflectance and photoluminescence) of devices was not observed after the last washing
step, demonstrating that the unbound or non-specific bound PrA was completely removed.

2.4. Scanning Electron Microscopy

Scanning electron microscopy was performed through a FESEM ULTRA-PLUS (Zeiss, Oberkochen,
Germany) at 20 kV with the SE2 detector and a 15.9 mm working distance. The samples were gold
sputtered (3 nm thickness) with a HR208Cressington sputter coater.

2.5. Fourier Transform Infrared Spectroscopy

Surface chemical composition of samples was investigated by Fourier Transform Infrared (FTIR)
spectroscopy. FTIR spectra were acquired before and after PrA immobilization using a Nicolet
Continupm XL (Thermo Scientific, Waltham, MA, USA) microscope in the wavenumber region of
4000~1200 cm~! with a resolution of 4 cm™!.

2.6. Water Contact Angle Measurements

Water contact angle (WCA) measurements were performed to investigate the wettability of samples
using a First Ten Angstroms FTA 1000 C Class coupled with drop shape analysis software. The WCA
values reported in this work are the average of at least three measurements on the same sample.

2.7. Fluorescence Microscopy

Leica Z16 APO fluorescence macroscope equipped with a camera Leica DFC300 was used for the
fluorescence analysis of the samples functionalized with PrA*. The imaging was performed using an
I3 filter cube constituted by a 450-490 nm band-pass excitation filter, a 510 nm dichromatic mirror and
a 515 nm suppression filter.

2.8. Label-Free Optical Spectroscopies

The interaction between nZnO-F and nZnO samples and unlabeled PrA at different concentrations
(2 mg/mL (48 uM); 4 mg/mL (95 uM); 6 mg/mL (143 uM)) was investigated by using label-free optical
techniques: Spectroscopic reflectometry and steady-state photoluminescence analysis.

Reflectivity spectra were acquired by sending a white light on the samples by means of a Y
optical reflection probe (Avantes). The same probe was used to guide the output signal to an optical
spectrum analyzer (Ando AQ6315A). The spectra were acquired at normal incidence over the range
600-1200 nm with a resolution of 1 nm. Reflectivity spectra reported in this work are the average of
three measurements.

Steady-state photoluminescence (PL) spectra of samples were excited by a continuous wave
He-Cd laser at 325 nm (KIMMON Laser System). PL was collected at normal incidence to the surface
of samples through a fiber, dispersed in a spectrometer (Princeton Instruments, Trenton, NJ, USA
SpectraPro 300i), and detected using a Peltier cooled charge-coupled device (CCD) camera (PIXIS 100F).
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A long pass filter with a nominal cut-on wavelength of 350 nm was used to remove the laser line at the
monochromator inlet.

3. Results and Discussion

The presence of F atoms as doping agent in ZnO powders strongly affected all the intrinsic
properties of ZnO nanocrystals, in particular its morphology, by inducing the formation of a clear
granular nanometric phase [16]. This effect was well evident when the fluorinated nZnO-F and the
undoped nZnO films were directly grown on solid substrates and studied for comparison. Both nZnO-F
and nZnO films were grown on flat crystalline silicon by a hydrothermal synthesis, which required a
seed layer of ZnO sputtered on the substrates before the synthesis. Due to the nanometric features
of these samples, their morphological characterization was performed by SEM imaging. The results,
reported in Figure 1, highlighted an impressive difference of the morphology in the different materials:
The nZnO-F appeared as a packed film constituted by flake-like nanograins of about 600 nm; while the
nZnO was formed by standard hexagonal nanocolumns of 200 nm in diameter almost perpendicular
to the plane. The surface roughness of doped and undoped nZnO was measured by a profilometric
technique; the nZnO-F was characterized by a rms (root mean squared) of 20 + 2 nm, while the nZnO
surface result was smoother (rms of only 9 + 1 nm).

Figure 1. Representative SEM images of nanostructured fluorine (F)-doped ZnO (nZnO-F) (A) and
nZnO (B).

The two samples were functionalized with FITC-labeled PrA (PrA*) following the chemical
procedure described in Scheme 1. PrA was used as a model molecule since it has great relevance from
a sensing point of view and for the biosensors surface chemical modification. PrA is often covalently
coupled to the surface of transducer materials by several methods which span from direct adsorption
to click chemistry [17-19]. PrA can be found in nature as a virulence factor specific for Staphylococcus
aureus, bound to glycans on the bacterial cell surface. PrA is also able to link to the von Willebrand
factor that is a protein for the hemostasis process. Moreover, more important is the fact that PrA
selectively binds the Fc-region of human antibodies, thus resulting essentially in the correct orientation
of the antibodies fixed on a support surface.

The chemical modification strategy of nZnO and nZnO-F was based on two steps. In the first
one, the covalent binding of a FITC-labelled PrA was monitored by the FI-IR spectroscopy, WCA
analysis, and fluorescence imaging in order to assess the silanization of a zinc oxide nanostructured
surface. The hydrothermal grown zinc oxide had a hydrophilic surface after the synthesis, which was
made in aqueous solution (see Scheme 1 (1)). The presence of OH groups promoted the Zn-O-Si
bounds after the silanization with APTES, resulting in an amino-terminated surface (Scheme 1 (2)).
The BS? crosslinker and the exposure to a PrA solution completed the functionalization procedure



Appl. Sci. 2019, 9, 3380 50f11

(Scheme 1 (3) and (4)). In the second step, increasing concentrations of PrA were grafted on both
surfaces in search of which was better functionalized by the same procedure.

+

O'Na - *
0\\8, HN =-PrA
0

(H,C)
0')‘}0 0
} 2

Scheme 1. Functionalization scheme of nZnO-F and nZnO surfaces. (1) Oxygen plasma. (2) Silanization
by APTES. (3) BS3 crosslinker modification. (4) PrA* immobilization.

Figure 2 shows the FI-IR spectra of the nZnO-F acquired before and after the last functionalization
step with PrA*; spectra related to intermediate functionalization steps (i.e., APTES and BS?) were not
reported because any substantial variation was not observed. The features at 1540 and 1400 cm~! were
attributed to asymmetric and symmetric stretching modes of the acetate groups (-COO) absorbed
during the synthesis process [20]. The peaks at 1650 cm~! and about 3300 cm™!, only visible in the
spectrum of the functionalized sample, were due to the amide I band and to N-H stretching vibration
of protein, respectively [21]. Differently, the FTIR spectrum of nZnO, after the PrA* immobilization
procedure, did not present any evident change, which corresponded to a very low amount of protein
bound on its surface (data not shown here).

The surface wettability of nZnO-F and nZnO samples were investigated by measuring the WCA
values before and after each functionalization step. The results are reported in Figure 3. Due to the
hydrothermal synthesis process, samples were mostly hydrophobic; the WCA values of (117 + 7)°
and (110 + 10)° were measured for nZnO and nZnO-F, respectively. After the plasma oxygen process,
the hydroxyl groups activated on the sample surfaces induced a strong decreasing of the WCA values
down to (45 + 5)° for the nZnO-F and to (61 + 9)° for the nZnO. As expected, after the amino-silanization
process, increased values of WCA up to (106 + 12)° and (98 + 2)° were measured for the nZnO-F
and the nZnO, respectively, due to the replacement of -OH groups by the hydro-carbons and -NHj
functional groups of the APTES molecules. The high increase of the WCA values was attributed to
an efficient capping of hydroxyl groups by the aminosilane, probably oriented in a way that mainly
exposed the hydrophobic hydro-carbon groups [22].

The BS? crosslinker introduced the hydrophilic N-hydrosulfosuccinimide groups (NHS) on the
surfaces, resulting in a WCA value decrease down to (68 + 9)°, in the case of the nZnO-F, and to
(54 + 8)° for the nZnO. After the incubation with the PrA*, the WCA values of both samples remained
unchanged within the errors: This result was compatible with the presence of both the hydrophilic and
hydrophobic domains, and characteristic of the protein structure [21].
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Figure 2. FTIR spectra of nZnO-F sample before (black line) and after (red line) functionalization
with PrA.
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Figure 3. Wettability investigation of nZnO-F (upper line) and nZnO (lower line) samples. WCA
measurements were performed after each functionalization step.

The fluorescence microscopy imaging was used to support the presence of the PrA* on the
sample surfaces after the last functionalization step. The images, reported in Figure 4, showed
a fluorescence homogeneously clustered on the whole surface of PrA*-modified nZnO'F (mean
fluorescence intensity = 20 + 1 counts), while only few luminescent spots, corresponding to a mean
fluorescence intensity of 13 + 1 counts, occurred on the surface of nZnO after PrA*. Analyzing the
percentage difference between the values of the mean fluorescence intensities in both samples, we
estimated that about 35% as much protein was immobilized on the doped one.

The control samples, i.e., the nZnO-F and nZnO without the PrA*, appeared completely dark
(mean fluorescence intensity = 5 + 1). The fluorescence microscopy imaging was thus in perfect
agreement with the results obtained by FTIR spectroscopy.



Appl. Sci. 2019, 9, 3380 7 of 11

nZnO-F

nZnO

Before PrA* After PrA*

Figure 4. Fluorescence microscopy imaging of nZnO-F (upper line) and nZnO (lower line) before and
after functionalization with PrA*.

After the characterization of the surface functionalization by the standard methods of confirming
the immobilization of the labeled protein, new samples of nZnO-F and nZnO were grown on
silicon and functionalized with unlabeled PrA at different concentrations; in this case, the surface
modification was monitored using two label-free techniques, i.e., the spectroscopic reflectometry and
the photoluminescence analysis, exploiting the intrinsic optical properties of the semiconductor film.

The layers of nanostructured ZnO acted as Fabry-Perot interferometers from the optical point
of view. Their reflectance spectra consisted of fringe patterns due to the interference occurring at
air/nZnO-F (or nZnO) and nZnO-F (or nZnO)/bulk silicon interfaces. The optical thickness, OT, of a
layer could be quantified as nL where  is the average refractive index of the material and L is the
physical thickness. The OT could be calculated counting the fringe maxima satisfying the relationship
mA =2 nL, with m integer and A wavelength of the incident light. A faster method was based on the
fast Fourier transform (FFT) of the reflectance spectrum; FFT of the spectrum was characterized by a
peak whose position along x-axis was two times the optical thickness of the layer.

The covalent immobilization of PrA on the sample surfaces induced the red-shift of their reflectance
spectra due to an increase of the optical thicknesses. Since the physical thickness L was fixed, the optical
thickness increased due to the change of the average refractive index caused by the infiltration of PrA
inside the voids of the layers. Figure 5A,C report the reflectance spectra of nZnO-F and nZnO layers after
the interaction with different concentrations of PrA (i.e., 2 mg/mL; 4 mg/mL; 6 mg/mL); the increment
of the OT was well evident from Figure 5B,D, which show the FFT of the spectra. By calculating the
differences between the OT of the samples before and after the protein functionalization, maximum
AOT of 110 nm and 70 nm were determined in the case of nZnO-F and nZnO, respectively. The result
suggested that about 37% as much protein was immobilized on the surface of nZnO-F sample with
respect to nZnO one; this value, calculated as the percentage difference between the two maxima AOT,
was in agreement with that calculated by fluorescence imaging. Fitting AOT data with a dose-response
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curve, the PrA concentration useful for surface saturation was estimated to be 4 mg/mL for both
samples (Figure 5E).
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Figure 5. Reflectivity spectra of nZnOF (A) and nZnO (C) before and after modification with different
concentrations of PrA; corresponding Fourier transforms (B,D). AOT as function of PrA concentrations,
calculated for nZnO-F and nZnO; experimental data were fitted by using a dose-response curve (E).

The PL emission of the nanostructured ZnO is sensitive to the chemical modification of the
material surface and it can be used for monitoring the biomolecular interactions in the experiments of
label-free optical sensing [14]. For this reason, the interaction between the nZnO-F and nZnO samples
and the PrA was also investigated measuring their PL spectra. Figure 6A,B report the PL spectra of
the nZnO-F and nZnO0, respectively, after the surface functionalization with 2 mg/mL, 4 mg/mL and 6
mg/mL of PrA; the spectra of functionalized samples were compared with the spectra acquired before
the functionalization. For both the materials, any variation of the peak at 380 nm ascribed to near
band edge excitonic transitions, was not observed. On the contrary, the intensity of the broad visible
band, included between 500 and 800 nm and mainly related to the surface defects, decreased at the
increasing of protein concentration. By calculating the integrated PL (IPL) intensities and plotting
them as a function of the PrA concentration (Figure 6B,D), a variation of 20% was obtained for the
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fluorine doped sample and only 5% for the undoped sample. The integrated PL intensity variations

were calculated as:
Al — (IPL(O) —1Ip.(6)
Ip..(0)

The results of the optical investigations, i.e., the spectroscopic reflectometry and the
photoluminescence spectroscopy, clearly demonstrated that nZnO-F could be functionalized with a
higher efficiency with respect to the undoped nZnO. This effect was mainly ascribed to the peculiar
flake-like morphology of the fluorine-doped material, made of nanograins much larger than the nZnO
nanocolumns and with a more exposed area that could sustain a stronger surface interaction with the
PrA biomolecules.

The silanization procedure for the functionalization of nanostructured zinc oxide, undoped
and fluorine doped, with protein A was already successfully used in the case of porous silicon [23].
Since silanization was well established in the substitution of Si-OH bonds by Si-C ones, which were
much more stable from the thermodynamic point of view, we firstly verified that silanization was able to
substitute Zn-OH bonds by Zn-Si-C ones by grafting FITC-labelled protein A to both surfaces. Then, we
exploited the amount of protein A that could be covalently linked to the semiconductors surface. Even if
the porous silicon had a greater surface area, that could reach hundreds of m?/gr, the nanostructured
fluorine doped zinc oxide could be surface modified with a very similar concentration of protein A,
from about 50 uM up to 140 uM.
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Figure 6. PL spectra of nZnO-F (A) and nZnO (C) measured after incubation with different concentrations
of PrA; corresponding values of integrated PL as function of PrA concentration (B,D).

4. Conclusions

In this study, nZnO-F was synthesized on a silicon substrate by a hydrothermal process performed
in presence of ammonium hydrogen fluoride. Compared to the undoped nZnO, nZnO-F was
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characterized by a rougher morphology constituted by nanograins of about 600 nm with a flake-like
shape. A mild chemical procedure based on the aminosilane modification followed by a cross-linker
(bis-sulfosuccinimidyl suberate) immobilization was used to covalently bind a model biomolecule,
fluorescein-labeled protein A, on the nZnO-F surface. All the FTIR, WCA and fluorescence microscopy
characterizations revealed a successful functionalization of the surface. The interaction between
nZnO-F and increasing concentrations of unlabeled PrA was also characterized by two label-free optical
techniques, i.e., the spectroscopic reflectometry and the photoluminescence analysis. The results of
the optical characterizations demonstrated that the fluorine doped nZnO-F matrix could be better
functionalized with respect to the undoped one, nZnO; the effect was attributed to the wrinkled
flake-like morphology, which allowed the immobilization of a higher percentage of the biomolecule
under investigation compared to the highly packed hexagonal nanocolumns of the undoped sample.
The data reported in this study also highlighted that nZnO-F could be effectively modified in order to
fabricate a useful platform for label-free optical sensing.
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