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Abstract: Biomolecule immobilization on bulk silicon dioxide (SiOz) is an important aspect in the
field of Si-based interfaces for biosensing. The approach used for surface preparation should
guarantee not only the stable anchoring of biomolecules but also their structural integrity and
biological functioning. In this paper, we review our findings on the SiO: functionalization process
to immobilize a variety of biomolecules, including glucose oxidase, horseradish peroxide,
metallothionein, and DNA molecules. Morphological and chemical characterization of SiO2 surfaces
after biomolecule immobilization using techniques already employed in the microelectronic
industry are presented and discussed. Optical and spectrophotometric analysis revealed the
preservation of biomolecules’ activity once they are anchored on the biointerface.

Keywords: biointerface; silicon; ssDNA; glucose oxidase; horseradish peroxide; metallothionein;
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1. Introduction

The biointerface is the region in which the biological element (biomolecule, cell, tissue or living
organism) interacts with an inorganic/organic material to generate a bioactive smart surface, suitable
for different applications such as neural interfaces, engineered microenvironments, regenerative
medicine, nanotube/nanoparticle drug delivery, and, especially, biosensing [1-5]. The biointerface
plays a key role in the transduction process of a biosensor; it is the gate by which a biological event,
coming from a reaction between the sensing element and the target, is converted into a qualitative
and quantitative signal.

Biomolecules, such as DNA and proteins (especially enzymes), are widely used as sensing
probes in biosensors. DNA chips, glucose sensors, and immunochips are some of the countless
sensors based on biomolecules, in which the probe activity is critical for triggering the sensing
reaction [6,7]. For example, DNA sensors are based on the hybridization between a ssDNA probe,
anchored on the surface, and the complementary ssDNA target. The signal of the recognition event
can be detected with optical, electrical, or electrochemical transduction mechanisms [8-12].
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The bioactivity of the sensing element at the biointerface, however, is quite sensitive to both the
surface physical-chemical properties and the immobilization method used for the biointerface
development. In this sense, several materials have been fully tested and characterized and, among
them, silicon dioxide (SiO2) was found to be a very appealing material [13-16]. Silicon dioxide is
widely diffused in nature, where it can be found in both amorphous and crystalline forms and in a
variety of living organisms. Many natural and synthetic compounds such as sandstone, silica sand,
quartzite, and aerogels are made of SiO: and it is also suitable for silicate glasses and ceramics
production, and as a component in the pharmaceutical industries and microelectronics, as an
electrical insulator [17,18]. Compared to more conventional plastic materials, SiO2 properties
perfectly match with the derivatization process required for biointerface development, providing the
possibility of miniaturization and integration for the so-called “intelligence on board”.

The other big challenge in biosensor development is the biomolecule immobilization process.
Actually, the immobilization protocol must not affect the surface and the anchoring of biomolecules
must prevent their denaturation or loss of activity. Additionally, the probe orientation should be
well-defined and readily accessible to the target. A crucial point to be addressed is the approach used
to covalently bind the molecule to the solid surface. The approach used and the strategy applied are
finalized to obtain the maximum surface coverage, avoiding the loss of biomolecule activity [19-25]
and preventing inorganic material deterioration due either to the immobilization reagents used or to
the biomolecule net charge (as in the case of DNA), which may affect the SiO: integrity. This is
especially true for porous Si, where material corrosion has been reported [26].

Over the years, many different biomolecules have been covalently anchored on SiO: [27]: DNA
strands [28,29], enzymes [14,30], and even whole cells [31].

Methods for covalent immobilization share a common procedure and are generally composed
of three steps: modification of the surface to add specific functional groups, covalent attachment of a
cross-linker through one of its reactive moieties, and covalent linking of the biomolecule.

The two mostly used approaches in this field are based on the use of 3-
aminopropyltriethoxysilane (APTES) and 3-glycidoxypropyltrimethoxysilane (GOPS). The APTES
approach, widely used [25] and fully described elsewhere [21-24], is in four steps: (i) oxide surface
cleaning and activation; (ii) silanization, carried out using APTES solution or vapors to obtain an
amino finished surface; (iii) glutaraldehyde (GA) derivatization, used as a linker molecule, in order
to anchor the biomolecules by amino groups. The GOPS protocol, instead, consists of: (i) surface
cleaning by oxidation and hydroxyl activation; (ii) silanization; (iii) deposition and anchoring of
biomolecule; and (iv) blocking of the active surface.

In this paper, we report our findings using APTES and GOPS bio-derivatization of the bulk SiO2
surface, showing a series of results obtained with the most representative molecules in biosensing;:
glucose oxidase, horseradish peroxide, metallothionein, and ssDNA. The idea was to use techniques
commonly employed in the microelectronics field in order to reduce the gap in the technological
transfer toward the industry. To this end, we focused our work on Transmission Electron Microscopy
(TEM) and X-ray Photoelectron Spectroscopy (XPS) analysis of the SiO: surface after the
immobilization process and spectrophotometric and optical analysis of biomolecule activity once
they are immobilized, proving high performance of SiO: as a surface for biointerfaces.

2. Biomolecule Immobilization

2.1. 5iOz Preparation

For all functionalizations, a bulk SiO: surface was prepared by thermal growth at 850 °C for 70
min in an oxygen environment on a silicon wafer (20 pm epitaxial Si layers with a resistivity of ~2 ()
cm, 7 um thick, grown on heavily doped CZ substrates, ~1 m{) cm, B doped). The final sample was
cut into 25 mm x 75 mm slides. They were washed in deionized water for 20 min and then used for
the immobilization step.
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2.2. Quality Check of Immobilization Process

Transmission Electron Microscopy (TEM) and X-ray Photoelectron Spectroscopy (XPS) are two
useful analysis tools to characterize the SiO: surface after the immobilization process.

In this work, TEM analysis was performed by using Jeol (Akishima, Tokyo, Japan) Jem 2010 F
and Jeol Jem 2010 microscopes. The first exploits a thermionic source of lanthanum hexaboride
(LaB6), while the second has a thermionic tungsten filament and is assisted in the electric field by a
GIF (Gatan Imaging Filter) that allows us to obtain TEM images and related chemical maps’ filtering
energy; this was obtained by using the three-window method on the k edges of the element. Samples
were observed in cross section, prepared by mechanical thinning and argon ion milling. To avoid
mixing between the epoxy glue and the surface organic layer, each sample was covered with a thin
aluminum layer (~50 nm).

XPS characterizations were performed using a Kratos (Manchester, UK) AXIS-HS spectrometer.
The Mg Kau2 of 1253.6 eV was used at the conditions of 10 mA and 15 keV with a pass energy of 40
eV. During the analysis, the residual pressure in the chamber was 107 Pa.

2.3. SiO: Biointerfaces

2.3.1. Protein Immobilization

We performed a series of immobilizations using both APTES- and GOPS-based methods with
three types of proteins that are widely used as probes in biosensing, glucose oxidase, horseradish
peroxide, and metallothionein, as reported in [32]. The complete protocols and schemes are reported
in Appendix A.

Glucose oxidase is a 160 kDa homodimer globular enzyme that catalyzes the oxidation of 3-D-
glucose to a-gluconolactone in order to regulate the glucose concentration in blood, and is typically
used in glucose biomedical sensors. Horseradish peroxide is a 44 kDa enzyme that catalyzes the
oxidation of various organic substrates, including luminol in forensic applications. Metallothionein
is a 7 kDa cysteine-rich protein that binds heavy metals such as silver (Ag), cadmium (Cd), zinc (Zn),
copper (Cu), and mercury (Hg), useful in environmental contamination sensing.

We employed different types of proteins, in terms of biological activity (catalysis vs.
homeostasis) and dimensions, proving the versatility of SiO: towards the biological functionalization.

Moreover, the two approaches we used furnished information that will help us find the best
compromise between procedural complexity and immobilization yield. Both methods, in fact, have
some common steps but, also, some differences such as the silane group used for the surface
derivatization. The APTES leaves an amino-terminated surface, which is not suitable for the direct
binding of the biomolecules” amino groups. For this reason, the introduction of the GA bridging
molecule is needed. The second protocol, instead, uses the GOPS silane, which leaves the epoxide
terminal functional group ready to open and react directly with the amines of the biomolecules,
leading to a savings in time and cost.

The success of protein immobilization has been fully characterized.

The XPS analysis of both APTES- and GOPS-based derivatization is reported in Figures 1 and 2,
focusing on Cls and N1s peaks, respectively. The study of these peaks provides information on the
presence of organic and biological molecules on the SiO:z surface. The atomic relative abundance of
the observed atoms is reported in Table 1. The elements reported are those detected in a suitable
concentration compared to the overall composition of biomolecules.

XPS high-resolution Cls spectrum from APTES derivatization, in Figure 1, on the surface after
GA addition (blue line), exhibits a peak centered at 284.8 eV, assigned to C—C and C-H bonds, which
is assumed as a reference for the binding energy scale. Quite different is the Cls spectrum shape for
samples fully processed with biological molecules. Samples after GOx, HRP, and MT anchoring
(green, red, and black lines) exhibit a C1s spectrum with more features, with a component centered
at 284.8-285 eV, assigned to C-C and C-H bonds far from functional groups. Moreover, two
additional components can be observed at 286.3-286.5 eV and 288.3-288.6 eV, assigned to R-CHx*-
NH—(CO)- and R-CH>-NH-(C*=O)-chemical groups, respectively, which are typical of the



Chemosensors 2018, 6, 59 4 of 15

immobilized proteins [22]. The three different components were simulated for all spectra and the
results are plotted as black dashed lines in the same figure.
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Figure 1. XPS Cls spectral regions of the samples after the various protocol steps: after GA anchoring
(blue line); after binding of GOx (green line), HRP (red line) and MT (black line) proteins.
Simulation of C1s components (black dashed line).

The relative atomic concentrations for the measured samples are reported in Table 1.

Table 1. Relative abundance (% of atoms) of the measured elements (C, O, N, Si) after each step of the
immobilization protocol.

Sample C (0) N Si
Reference 7.7 63 - 29.3
After GA 51.2 26.5 - 22.3
After GOx 34.9 40.4 5.9 18.8
After HRP 29.1 50.7 45 15.7
After MT 35.5 41.5 4.3 18.7

% atoms.

In Figure 2 the data after GOPS polymerization and GOx/HRP/MT binding are reported. In this
case, the N1s peak is detected only in fully processed surfaces, as expected if proteins were present
on SiOz, while a surface without biomolecules does not exhibit any signal due to nitrogen.
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Figure 2. XPS N1s spectral regions of the samples after the various GOPS derivatization steps: after
GOPS (blue line) addition; after binding of GOx (green line); HRP (red line) and MT (black line).

2.3.2. DNA Immobilization

The SiO: surface must be properly functionalized to anchor a pool of ssDNA oligonucleotide
probes for microarray preparation [33]. A different approach considers the possibility to “grow” the
DNA strand directly on the surface by a base-by-base immobilization [25]. This last method has the
advantage of having a DNA strand immobilized for each silane molecule. The results shown in [25]
indicate enhancement in the DNA-strand presence of a factor 5.

To perform DNA immobilization, we adopted the GOPS derivatization protocol and a specific
spotting layout reported in Appendixes A.2 and A.3, respectively. Also in this case, the effectiveness
of DNA immobilization was investigated by TEM and XPS analysis.

For the TEM observations of DNA-coated SiOz, cross sections were prepared as described in
Section 2.2 and the results are reported in Figure 3. In more detail, in Figure 3a the bright field image
of the sample cross section is shown, while in Figure 3b we observed a clear thin C layer through the
filtered energy map, which further confirmed the ssDNA successful immobilization.

(b)

Figure 3. DNA-coated SiO:z cross section (a) in bright field, (b) carbon map. Detail of carbon signal
from immobilized ssDNA (white lines).



Chemosensors 2018, 6, 59 6 of 15

The C map of the reference sample (not shown) revealed no carbon signal, since no DNA
molecule was fixed on the surface.

The XPS high-resolution Cls spectra of SiO2 surface before and after ssDNA immobilization are
reported inFigure 4. The ssDNA-coated silicon sample (Figure 4b) showed an increase of C1s spectra
components 2 and 3 with respect to the reference SiO2 sample (Figure 4a), while component 1 did not
change. The spectral features are attributed to the presence of ssDNA, since component 2 is associated
with a C=OH-N type structure, related to the hydrogen interactions of GC bases and AT. The
component 3 with N-(CO)-N type structures of G, C, and T bases. Component 1, instead, is related
to the C=C and C-C bond, and thus a common feature to both DNA and BSA-passivated SiO2.

2500 : : : : : T . 2000 T T T T T T T

SiO, (BSA) SiO, + DNA

2000 - 4

1500

1500
1000

Intensity (cps)

1000

Intensity (cps)

a
S
3

500

Binding Energy(eV)
Binding Energy(eV)

(a) (b)

Figure 4. XPS high-resolution Cls spectra of SiO: surface before (a) and after (b) ssDNA
immobilization (black line). Details of Cls peak components (blue dashed lines) and their
convolution (red dashed line) are also shown.

The relative atom concentrations for the measured samples are reported in Table 2.

Table 2. Relative abundance (% of atoms) of the measured elements (C, O, N, Si) after each step of the
immobilization protocol.

Sample C O N Si

Reference 7 642 - 288
After DNA 356 40 3.1 21.3
% atoms.

The effectiveness of covalent anchoring is clearly visible by TEM inspection. In fact, the later
immobilization using van der Waals forces caused a rapid deterioration of the biological layer during
TEM analysis. It is clearly visible by inspecting a bacteriorhodopsin membrane anchored on a SiO:
surface (Figure 5a). Even if the TEM plan view shows a nice ordinated structure, clearly visible by
the selected area electron diffraction (SAED) pattern (Figure 5b), after 2 min the long-range order is
lost (Figure 6b) and the bright-field (BF) image (Figure 6a) shows the membrane is wrapped up on
itself.
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@ ' (b)
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Figure 6. BF (a) and SAED pattern (b) of bacteriorhodopsin membrane after 2 min of observation.

3. Bioactivity Test

Once immobilized, the biomolecules’ activities were tested using different approaches. This
phase is essential since the derivatization protocol must ensure the structural and functional
preservation of molecules and, at the same time, the functioning of the final biointerface.

An example of validation was performed for the glucose oxidase activity [32]; this was
determined by analyzing the concentration of H2O: released in presence of glucose, using a
commercial spectrophotometric glucose assay kit, available from Megazyme (Bray, County Wicklow,
Ireland). In the presence of peroxidase, H2O: trigs a reaction involving p-hydroxybenzoic acid and 4-
aminoantipyrine resulting in the production of a quinoneimine dye complex, measured at 510 nm.
This spectrophotometric analysis was performed for both an APTES-immobilized (red triangles) and
a 0.002 U/mL aqueous solution of GOx (blue diamonds) as shown in Figure 7a.
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Figure 7. (a) GOx activity as a function of time for a SiO2 sample fully processed (red triangles) and
in solution (blue diamonds). (b) Effect of storage conditions on enzymatic activity of GOx coated SiO2
samples stored (2 days) in air (blue triangles) or in PBS (red squares) and stored in PBS for 3 months
(green circles).

The immobilized GOx perfectly reproduces the behavior of GOx solution, thus proving that the
molecule preserved its biological activity during the immobilization process and that the biointerface
with SiOz is fully functioning.

Moreover, the immobilized GOx bioactivity was characterized by changing both the time and
the conditions of storage. Figure 7b reports the monitoring of enzymatic activity for up to three
months of GOx-coated SiO2 samples stored in PBS at 4 °C (red squares) and in air (blue triangles) at
room temperature and then measured by spectrophotometry analysis.

Results show that samples stored in air exhibit an enzymatic activity much lower than that of
the samples stored in PBS at 4 °C. More interesting is the comparison with samples stored for three
months (green circles in Figure 7), which clearly show the long-term stability of the sensing element.

The results above reported were obtained after an optimization of the protocol, performed by
adding a first step of oxide activation; modifying the sample exposure to APTES and changing the
immobilization times from 1 h up to 24 h. The protocol effectiveness was tested with respect to the
application, i.e., the immobilized biomolecule activity. As an example in Figure 8§ we summarize some
of the results obtained by monitoring the immobilized GOx activity as a function of the various
protocol modification. The importance of oxide activation (the first immobilization step reported
above) was evaluated by comparing the same immobilization procedure with and without this step
(all the other steps were identical and performed at the same time). The results, summarized in Figure
8, clearly indicate that the oxide activation step (black squares) has an influence in the final number
of bioactive molecules. In fact, an increase in activity of more than 20% is observed if the oxide is
activated (optimized process green triangles). This is due to the fact the SiO2 growth takes place in a
dry ambient (O2) hence a higher percentage of bonds on the surface is passivated with respect to a
SiO2 grown in a wet ambient (H20). In addition, the biomolecule immobilization time was changed
and the results varied from 2 h (red dots) up to 24 h. The bioactive molecules on the surface increases
by increasing the immobilization time reaching a maximum at 12 h (time used in the optimized
process). A longer exposure to the GOx solution does not produce any increase in the bioactivity per
square millimeter. Finally, we also tested the unspecific bonds to the SiO: surface by dipping an
unfunctionalized sample in the GOx solution for 12 h (blue triangles). Part of the GOx bind to the
surface with unspecific bonds but, after a prolonged washing procedure, introduced at the end of the
optimized protocol, no activity is observed (data not shown). Moreover, we tested different
approaches to derivatize the surface with APTES. We started with a 1% APTES solution in an
ethylene solution [25,26] but we found diffused silane polymerization and a reduced biomolecule
activity (quite close to the only GOx sample of Figure 8). A better result was obtained by immersing
the sample in an undiluted APTES solution, with a reduction of about 30% in the GOx activity with
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respect to the optimized immobilization protocol (data not shown). The best result (reported in Figure
8) was obtained by exposing the sample to APTES vapors in a homemade chamber. APTES was
evaporated on the sample surface placed directly on top of the APTES dish.

0.014 Optimized process 7
= No SiO, activation 1

0.012 ®— Immobilization for 2h
—4— No protocol

m
o
o
=
o

T

Absorbance/m
o o o
o o o
(] o o
S ()] [o¢]
T

0 50 100 150 200 250 300 350
time (min)

Figure 8. GOx activity as a function of time for a SiO2 samples fully processed with a protocol:
optimized (green triangles); not including the oxide activation (black squares); with a GOx
immobilization time of 2 h (red dots). The comparison with a sample that underwent only to the GOx
immobilization step (blue triangles) is also shown for comparison.

MT activity on immobilized SiO2 was also tested. In this case, we performed XPS measurements
(Figure 9) of a clean and MT-coated SiO2 sample after soaking in 100 ug/mL Ag salts solution.

Ag3d

M

Full MT after Ag soaking

Reference after Ag soaking

Intensity (arbitrary units)

380 375 370 365
Binding energy (eV)

Figure 9. XPS spectra of Ag3d peak of the MT-coated SiO: after Ag soaking (red line) compared to
the clean SiO:z reference sample (blue line).

XPS analyses revealed the presence of silver on the MT-coated surface, while the reference
sample does not exhibit traces of Ag after soaking in the same solution. This proves that the protein
maintained its typical structure and biological activity after the immobilization process, binding and
keeping a heavy metal trace in solution.

Further functioning tests were performed on ssDNA-immobilized molecules. In this case, the
molecule bioactivity consists of the ability of ssDNA to hybridize the complementary strand in a
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typical microarray system. To verify the process, a standard microarray hybridization experiment
was executed on SiO:2 using a DNA perfect match as the target (the procedure is fully described in
Appendix A.3). Subsequently, we performed an optical characterization of the sensitive layer before
and after hybridization. The images of the printed array were collected by an In-check® optical reader,
developed by STMicroelectronics (Geneva, Switzerland), using 60 ms as exposure time [34]. Data of
fluorescence images and the related intensities are reported in Figure 10.

Pl P2 P3 P4
300
(N N N0 C
(N N NO i
(N N N0 200\
A B

100

0 1 | 1 ——
P1 P2 P3 P4

Probe

Figure 10. Microarray hybridization experiment: (A) microarray layout; (B) SiO: fluorescence images
after hybridization with Cy5-labed DNA PM targets; (C) fluorescence intensity analysis for P1, P2, P3,
and P4 probes for the SiO2 surface.

It can be noticed that DNA-coated SiO: exhibits for all probes a specific trend of fluorescence
intensities, as expected considering the types of probes anchored on the surface (CV% values are 10%
for P1, 17% for P2 and 27% for P3). These results prove that DNA molecules maintained their
hybridization ability, so the immobilization procedure does not affect the biointerface functioning.

We also proved DNA bioactivity preservation by an electrical characterization in a MOS-like
device (data not shown).

4. Discussion

We reported some advancements in SiOz-based biointerface preparation and characterization
using techniques typically employed in microelectronic device characterization. In particular, we
focused on: (i) SiO: functionalization, (ii) quality of biomolecule immobilization, (iii) biomolecule
activity. In biointerfaces it is essential that the sensing element maintain its specific activity in order
to guarantee the transduction process in biosensing. In this sense, the binding must be controlled,
since if the biomolecule is anchored too tightly its flexibility may be reduced, thus reducing the
functionality. Moreover, the biomolecule must be correctly oriented and not too crowded, so that the
active site can be exposed, allowing biological interactions with targets.

Silicon dioxide surface and covalent immobilization are the best compromise to solve all of the
above issues. Other types of material and interactions could cause a possible gradual deterioration of
the biological layer once fixed. For example, the van der Waals forces immobilization we used for the
deposition of bacteriorhodopsin caused its wrapping after only 2 min of exposure to the TEM electron
beam, for the observation.

In this sense, we performed a complete and exhaustive series of functionalizations of SiO: with
glucose oxidase, horseradish peroxide, metallothionein, and ssDNA using both APTES and GOPS
covalent immobilization. These protocols differ mainly for the residual group exposed before the
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immobilization. The APTES leaves an amino-terminated surface, which is not suitable for the direct
binding of the biological molecules” amino groups. The introduction of a bridging molecule, GA, is
needed. The second protocol uses the GOPS silane, which leaves the epoxide terminal functional
group ready to open and react directly with the amines of the biomolecules [35-38]. This
methodological divergence allowed us to prove the versatility of SiO: as a surface material for
covalent immobilization. For DNA immobilization, we would like to point out that the use of
previously prepared sequences reduces the possibility of errors in the final gene, more frequent if an
in situ growth procedure for DNA probe formation is used, and is time-saving with respect to other
methods.

The XPS high-resolution Cls and N1s spectra, coming from the chemical bonds of biomolecules
and TEM characterization, allowed us to confirm the persistence of sensing elements on SiO: at the
end of the immobilization protocols.

Once we proved their fixing, we tested the functionality of biomolecules by spectrophotometric
measurements for GOx enzymatic activity, XPS for MT ability of interaction with heavy ions, and
optical microarray measurements for DNA hybridization.

GOx fixed on SiO:2 reproduces well the behavior of GOx in solution. The quinoneimine dye
absorbance at 510 nm, triggered by the GOx activity in the presence of glucose, increases as a function
of time in the same way for both samples, confirming that the enzyme did not lose its activity during
the immobilization process.

MT bioactivity was also confirmed. In this case, we tested the protein ability to bind heavy metals
by submerging samples of MT-coated SiO:2 and clean SiO:2 (as a reference) in an Ag solution. The XPS
Ag 3d spectrum of the MT-coated surface and the negative signal from the reference sample proved
that MT maintained its typical structure and biological activity after the immobilization process,
binding and keeping the Ag in solution.

DNA-coated SiO2 samples exhibit unchanged bioactivity of immobilized ssDNA. The P2 and P3
probes in microarray, in fact, showed a fluorescent signal that only the hybridization with the specific
labeled targets could provide. Moreover, fluorescence intensity perfectly reproduced the expected
trend, which was a decrease passing from the P1 positive control to the P4 negative.

5. Conclusions

A complete study of SiO:z functionalization for biointerface development has been reported by
using techniques normally employed in the microelectronics industry. The results confirm the
effectiveness of using SiO2 to accomplish the assembly and preserve the functionality of biointerfaces.
All issues in biofunctionalization in terms of probes’ flexibility, orientation, and integrity have been
solved so that the immobilization strategy, together with the physical and chemical properties of
Si0z, could extend the range of applications of Si-based biointerfaces into new frontiers of biosensing,
paving the way for future integrations in smart devices and mobile systems.

Author Contributions: Conceptualization, S.L. and E.L.S.; formal analysis, investigation and data curation,
E.LS, T.C, SLL., CB. and A.S,; writing—original draft preparation, E.L.S.; writing—review and editing, E.L.S.
and S.L.; supervision, S.P., S.C., E.S. and S.L.; project administration, S.L.

Funding: This research received no external funding.

Acknowledgments: E.L.S. acknowledges the regional project “Sviluppo ed applicazione di tecnologie
biosensoristiche in genomica” [CIP 2014.IT.05.SFOP.014/3/10.4/9.2.10/0008, CUP G67B17000170009] for funding
the time spent on this activity.

Conflicts of Interest: The authors declare no conflict of interest.



Chemosensors 2018, 6, 59 12 of 15
Appendix A.

A.1. APTES Protocol for Biomolecule Immobilization

APTES immobilization protocol consists of four steps [21-24]; the complete protocol is
schematized in Figure Al. The first is an oxide activation through a process in SSC solution
(H20:H202:NH4OH with the ratio 10:1:1), which cleans it of any contaminants and leaves the surface
with OH-terminated groups. The second step is silanization, carried out using 3-
aminopropyltriethoxysilane (APTES), which terminates the surface with -NH: groups. It can be
performed in two ways: either by dipping the sample in an undiluted APTES solution for 20 min, or
exposing the sample to APTES vapors for the same amount of time. We found the second method to
be the best for SiO: functionalization. In fact, silane polymerization was completely avoided by using
APTES vapors. The third step is the anchoring of the linker molecule glutaraldehyde (GA) 2.5% in
phosphate buffer solution (PBS), which is used to bind the biomolecule amino groups, allowing
interaction and immobilization on the SiOzsurface. Finally, the last step is performed by keeping the
substrate overnight (from 10 to 12 h) in a solution at room temperature containing the biomolecule
to a concentration in the range 500 pug—2 mg/mL and 0.1 M of PBS (pH 6.5-RT). The same active
biomolecule concentration per square millimeter was found in the range indicated. The
functionalized biointerface is then washed three times in water and stored in PBS solution at 4 °C if
not immediately used.

Oxide APTES GA Biomolecule
Activation
= EtO 5 @
} I \
| OH + EtO —Si— Et0 NH, + ' ©~Cy +  NH,-
|
EtO
EtO o @
; [
| OH + EtO —Si— Et0O ~NH, + &Gy +  NHy
|

EtO

Figure Al. Schematic view of APTES protocol for biomolecule immobilization.

A.2. GOPS Protocol for Biomolecule Immobilization

The process, schematized in Figure A2, starts with a surface cleaning step (SC1), performed
using an oxidizing solution (H20:H202:NH4OH, 5:1:1) at 80 °C for 5 min. After that, the surface is
rinsed with deionized water and activated by treatment in an acid solution (HCl:H20, 1:7.5) at room
temperature for 10 min (SC2). After a drying step, a silanization reaction (SIL) is carried out by
immersion for 4 h in toluene and 1% GOPS, under a nitrogen atmosphere. This step is performed
using Glovebox equipment (MBraun, Garching, Germany) under controlled humidity and oxygen
levels. The substrate is then rinsed with toluene and dried. A final curing process is performed at 120
°C for 30 min. Subsequently, biomolecules are fixed on the surface by an anchoring step (4 h at 30 °C,
90% RH) followed by a passivation process in BSA 1%, SDS 0.1%, and SSC 20x (15 h at 55 °C). Then,
the functionalized biointerface is rinsed in deionized water, dried, and stored.
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Oxide GOPS Biomolecule
Activation
] ?CH3
— OH + H3CO—S‘i/\\/\O/\O7 + NH,-
OCH,
CRCH_,)
D + H3CO—§i/\\/\O/\C)7 + NH,-
OCH;,

Figure A2. Schematic view of GOPS protocol optimized for biomolecule immobilization.

A.3. Microarray Preparation

The microarray was prepared using 25 bp 5'-amino-derivatized single-strand DNA (ssDNA)
designed as follows: (P1) NH2-C6-5-CACAACACAGTACCTGACATGGCG-3-CY5 (printing
control), (P2) NH2-C6-5-AGTGAGGGAGGAGATGGAACCATCT-3' (hybridization control), (P3)
NH:-C6-5'-GCAGAGCCATCTATTGCTTAC-3' (PCR product), (P4) NH:-C6-5'-
AAAAAAAAAAAAAAAAAAAC-3  (negative control) and (T1) 3-Cy5 labeled-
TCACTCCCTCCTCTACCTTGGTAGA-5' (complementary to P2). These probes were spotted on the
SiO: surface following the layout reported in Figure A3. After the immobilization, a hybridization
reaction was performed using Cy5-labeled perfect-match oligonucleotides, complementary to the P2
and P3 probes, at concentrations of 15 nM at 55 °C for 50 min, spotted as specified in Figure A3. The
DNA hybridization temperature used (55 °C) is the optimum annealing temperature to guarantee the
minimum value of free energy (AG) for the hybridized double-strand product, considering also the
effect of the surface, as determined by free simulation software [39].

Pl P2 P3 P4

@0 0O
@0 00

@0 00

Figure A3. Spotting layout of DNA microarray: Cy5-labeled P1 probe, positive control (green circles);
P2 probe + Cy5-labeled P2 target, hybridization control (blue circles); P3 probe + Cy5-labeled P3
target, PCR product (red circles); P4 probe, negative control (grey circles).
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