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Abstract

Biosensors are becoming increasingly important in various sectors. However, choosing transducer type and
surface treatment still faces severe limitations. Indium-tin oxide is widely used in electrochemical sensing, though
surface cleaning and functionalization are not always straightforward and often poorly controlled. Here, we have
covalently immobilized a hexahistidine-tagged model protein on three different treated ITO surfaces using a Ni?*
chelator moiety. The study shows that compared to two other treatments (H,0/H,O,/NH,OH and KOH treatments),
the ITO Piranha treatment gives satisfactory results in term of yields of EC12 protein immobilized on the surface. The
study in detail of treatments effect was realized by applying a combination of local and global techniques such X-ray
photoelectron spectroscopy (XPS), atomic force microscopy (AFM), Attenuated total reflectance Fourier transform
infrared spectroscopy (FTIR-ATR), contact angle measurements, and electrochemical impedance spectroscopy (EIS).
The biofunctionalization allowed proteins to move freely around their anchoring bond. As the polyhistidine tags are
widely used in protein engineering, such substrates offer a large panel of applications. This covalent and oriented
immobilization process of recombinant proteins applied to ITO could provide transparent electroactive surfaces of high

quality for electrochemical detection of soluble compounds, as well as cells.
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Introduction

Because of its remarkable feature of associating light transparency
and electrical conductivity, ITO has been used, despite its cost, as a
transparent electrode in many technological applications such as
optoelectronic devices [1-4] and solar cells [5,6]. Device efficiency
strongly depends on ITO surface treatment and much effort has been
spent on this critical point [3,7-10]. Despite numerous attempts to
optimize ITO chemical and physical properties, especially surface
roughness, there is no general agreement on the ideal procedure to
produce the best ITO surface for sensors. Clearly, the quality of ITO
thin films strongly depends on the deposition technique [10,13], which
further influences the efficiency of post-treatments.

A number of new applications concern the development of
biological sensing technologies for environmental, food and medical
applications [14-16], with many challenges related to the proper
functionalization of ITO surfaces. The first step is to perform an ITO
pretreatment that eliminates impurities, controls surface roughness,
and creates functional groups on the surface. Both dry and wet cleaning
processes have been investigated such as argon ion bombardment,
hydroxylation in ultra-high vacuum [9], UV-ozone irradiation [17],
oxygen plasma treatment [18] and acidic or alkaline treatments [7].
Afterwards the surface is often modified through grafting of a molecular
spacer between ITO and the active layer. This provides versatility in
the surface chemistry and allows proper anchoring of proteins that
could be denatured by physisorption on ITO surface. Many studies
have used y-glycidoxypropyl-trimethoxy silane (GPTMS) as a versatile
epoxysilane coupling agent with a reactive epoxide on one end and a
hydrolysable inorganic methoxysilyl group on the other end. The dual
nature of its reactivity allows the GPTMS molecule to bind covalently
to inorganic materials (e.g. glass, metals, etc.) through the methoxysilyl
group and to organic molecules through the epoxide termination,
thus functioning as an adhesion promoter, a crosslinking agent and

a surface modifier. GPTMS has been claimed to form dense and
complete self-assembled monolayers (SAMs) [19] on various substrates
including stainless steel [20], aluminum alloy [21], electrochemically-
oxidized glassy carbon electrodes p [22], silicon [23,24] and ITO [14].
Furthermore, it has been used to crosslink different biomolecules such
as proteins [25-27], and DNA [28].

In this work, we used nitrilotriacetic acid (NTA), a widely used
metal chelator complex, to provide efficient oriented binding of
hexahistidine-tagged proteins. NTA was attached to the ITO surface
through a GPTMS linkage. The chelation of the hexahistidine sequence
to the Ni**-NTA complex is reversible, depending on ionic strength, pH
and media conditions. In order to ensure a stable functionalization, we
performed an amide linkage between the amino groups of the histidine
lateral chains and the carboxylated groups of the NTA moiety [25,29].
We adapted the protocol described for coverslips by Chevalier et al.
[25]. As in (Chevalier et al. [25] the prototypic protein was a bimodular
recombinant fragment of E-cadherin (E/EC12). Cadherins, expressed
in various tissues, are a superfamily of adhesive receptors involved
in Ca**-dependent cell-cell interactions [30]. The epithelial cadherin
(E-cadherin) is a transmembrane glycoprotein whose extracellular
segment contains five modules involved in homophilic interactions
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leading to cell adhesion (binding to identical molecules on adjacent
cells) [31-34]. Cadherin E/EC12 fragments have been used to create
very efficient biomimetic surfaces for studying cell signaling [35,36].

In order to improve the quality of ITO and increase E/EC12
fragments grafting on the surface, a combination of different
cleaning procedures was used. The substrates were characterized to
follow the efficiency of the post-treatment electrodes using several
techniques: X-ray photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), contact angle measurements, Attenuated total
reflectance Fourier transform infrared spectroscopy (FTIR-ATR) and
electrochemical impedance spectroscopy (EIS).

Experimental
Materials

Acetone, sulfuric acid (ACS reagent, 95-98%), hydrogen peroxide
(30%), N-(5-amino-1-carboxypentyl) iminodiacetic acid (297%)
(NTA-NH,), sodium carbonate (>99%) and sodium bicarbonate
(99.7%), nickel II chloride hexahydrate, Hepes (299.5%), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride crystalline
(EDC), N-hydroxysuccinimide (=97%) (NHS), imidazole (ACS reagent,
299%), ethylenediaminetetraacetic (EDTA, 299%), and ammonium
hydroxide (28-33%) were purchased from Sigma-Aldrich, France. Dry
toluene (99.8%) and an epoxysilane compound, (3-glycidyloxypropyl)
trimethoxysilane (=298%) (GPTMS) (Sigma-Aldrich, France) were
employed for the monolayer film formation. For electrochemical
experiments, potassium ferrocyanide and potassium ferricyanide were
purchased from Sigma-Aldrich, France. ITO coated glass, which has
a surface resistance <200 ), was cut into small pieces of predefined
geometric area (1 cm x 1.5 cm) to be used as working electrodes. All
the chemicals were used as received. Ultrapure water obtained from
a water purification system MILLI-Q A10 was used to prepare all the
aqueous solutions.

Cleaning and pretreatment of ITO substrates

First, a general cleaning process was used for all ITO substrates.
Samples were soaked 15 min in ultrasonic acetone bath, cleaned using
the RCA process, which involves heating the ITO in a 20:4:1 solution
of H,O:H,0,:NH OH for 20 min at 60°C, rinsed thoroughly with
water, and again immersed into acetone for 10 min and dried with a
stream of nitrogen gas. These samples were named “bare ITO”. Second,
ITO samples, named “KOH-treated ITO”, went through a chemical
etching process in saturated KOH/isopropanol solution for 24h at
room temperature (Bazin et al., 2012; Liu et al., 2004). After 15 min
of isopropanol bath, the etched ITO glass samples went through three
cleaning steps: 15 min in ultrasonic acetone bath, RCA treatment,
rinsing in water, then again immersed into acetone bath for 10 min and
finally dried with a stream of nitrogen gas. Final ITO substrates, noted
“Piranha-treated ITO”, were prepared as described before, and then
soaked in piranha solution (1:4/H,0,:H,SO,) for 1 min, thoroughly
washed with deionized water, and then dried under N, gas.

GPTMS functionalization of ITO substrates

We used the same protocol as in our previous work on glass [25],
with slight modification for the final treatment. ITO substrates were
immersed in a dry toluene solution of GPTMS (2%) overnight at 60°C.
Afterwards the substrate was thoroughly rinsed with toluene and
finally, substrates were immersed again in toluene and heated for 10
min at 100°C. All samples were then dried under N, gas.

Biofunctionalization with polyhistidine-tagged proteins

The E/EC12 recombinant proteins were expressed and purified
according to Perret et al. [33]. To immobilize these fragments on
silanized ITO, we adapted the protocol described in [25]. First, ITO-
GPTMS substrates, after rinsing with 10 mM carbonate buffer pH 10.8,
were incubated overnight with 25 mM NTA-NH, in carbonate buffer
(pH 10.8), washed and dried. Then, the substrates were incubated
with a 100 mM aqueous solution of NiCl, to form the complexation
environment for the hexahistidine motif. The samples were incubated
in the presence of 6His-tagged EC12 fragments (0.1 mg/mL) for 1 h
at room temperature (RT), and then extensively washed with 20 mM
Hepes/150 mM NaCl pH=7.0. The covalent cross-linking between
carboxylic groups of the NTA moiety and amino groups of the protein
fragments was performed by incubating the supports for 45 min at RT
in 50 mM EDC, 75 mM NHS in 20 mM Hepes (pH 7.0) solution. The
non-covalently linked proteins were removed by 1 M imidazole, 10
mM EDTA in Hepes/NaCl buffer at pH=7.0. Finally, all samples were
extensively rinsed with 20 mM Hepes 150 mM NaCl buffer pH=7.0.
The complete protocol is sketched Figure 1.

Optical properties of treated ITO surfaces were monitored by
FTIR-ATR measurements carried out on a ZnSe disk by use of a
Perkin-Elmer FTIR spectrophotometer in a wave number range of 4000
to 650 cm™. The data extraction was done using the Spectrum v5.3.1
software. Electronic properties of these surfaces were controlled by
conductivity measurements using conductive sensing AFM for current
sensing measurements, which also provides an idea about surface
topography. The apparatus (Agilent 5500 AFM) is equipped with a
ResiScope Module, a silicon cantilever and a tip coated with polycrystalline
diamond. AFM images (5 um x 5 pum area) were collected simultaneously
and analyzed using Mountain Map 6 software (Digital Surf).

Bare and modified ITO electrodes were characterized by their
contact angles with water using the static sessile drop method. A
deionized water droplet (3 pl) was made on the tip of a syringe and
placed on the ITO surface by manually moving the substrate vertically
until contact was made. An image sequence was taken through a CCD
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Figure 1: Schematic illustration of the various steps leading to oriented and
covalent ITO biofunctionalization: (1) epoxysilane layer anchoring on KOH-
treated ITO surfaces, (2) NTA-Ni?* grafting, (3) oriented binding through chelation
of hexahistidine-tagged recombinant cadherin fragments (E/EC12), (4) covalent
E/EC12 binding.
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camera of a goniometer (GBX Scientific Instruments, Romans France)
connected to a PC computer and interfaced to image capture software
(Windrop). The values reported were the average of contact angles
measured at three different locations of three samples.

XPS was carried out on a Thermo-VG Scientific ESCALAB 220 iXL
spectrometer, equipped with a monochromatic Al Ka X-ray source
(1486.6 €V). The spectra were collected with 20 eV constant pass energy.
The sample was perpendicular to the detector axis. The collected XPS
data were fitted with a combination of Gaussian-Lorentzian line shapes,
after correction for the Shirley background, by using the Avantage
software from Thermofisher Scientific. Curve fitting procedure was
performed according to criteria described by Briggs for surface analysis
of polymers (Briggs, 1998).

The electrochemical behavior was studied by impedance
spectroscopy (EIS). Measurements were carried out using a Voltalab
40 PGZ 301 analyzer in a Faraday cage at ambient temperature using
a three-electrode electrochemical cell with a saturated calomel (Hg/
Hg,CL/KClI) electrode as a reference electrode and a platinum counter
electrode. The experiments were performed in phosphate buffer
solution (PBS, pH 7.4) containing 5 mM K,Fe(CN) /K ,Fe(CN), (1:1)
redox couple. Real and imaginary parts of impedance were measured
in a frequency range between 10 mHz and 100 kHz using sinusoidal
voltage of 5.0 mV amplitude. Zview modeling software was used to
analyze data.

Results and Discussion

The immobilized protein amount on the modified surfaces is related
to the quality of GPTMS SAMs, which is known to depend strongly on
the surface state of the supporting material. The roughness state and
the coverage of hydroxide at the ITO surface are important points
that should be considered. Various surface etching and bioactivation
approaches have been reported [37-39]. For this reason, we decided
to treat ITO with KOH as it was already shown to decrease surface
roughness [39]. And then, we treated ITO with piranha solution as it
was demonstrated to increase the hydroxide species concentration on
ITO [37].

Pretreatment and cleaning of ITO

ITO substrate has been chosen in this study especially for its optical
transparence, so the first point we studied was the pretreatments effect
on the ITO transmission by FTIR-ATR (Figure 2). The IR spectra of
different ITO substrates showed that with different treatments we have
an almost stable transmission (=100%).

The current sensing atomic force microscopy (CSAFM) was
used to examine simultaneously the conductivity and topology of the
different pretreated ITO surfaces (Figure 3). The non-homogeneity
of surface state can arise because of some surfaces imperfections
(dust particles, scratches, pits, polishing spots or granularity in layers
deposited on the surface). The electrical property was affected by the
different treatments. It was obvious that KOH-treatment led to an
increase of current conductivity (Figure 3b). We may suggest that
the surface flattening by KOH treatment may lead to an increased
AFM tip-ITO surface contact area that could be responsible for the
conductance increase. However, the piranha-treatment showed a
slight decrease of conductivity. This electric conductivity deviation
could be explained by the variation of the metal species (In, Sn) on
the ITO surfaces [38]. The piranha solution, used to remove the ITO
coating thin films by [40], was always avoided as a treatment for ITO
because of its probable aggressive reaction that could dissolve organic

and inorganic materials. Except that Armstrong et al., [38] showed that
the highest concentration of hydroxide species on the ITO surface was
obtained after piranha solution treatment which is an important point
for further functionalization.

The topography also changed after both treatments. First, the
“bare ITO” showed a moderately flat substrate with some dark areas
referring to a probable difference of ITO heights (a peak-to-peak height
variation of about 5 nm). However, after KOH and Piranha treatments,
the substrate showed better homogeneity with decreased roughness,
and lower pinhole density that remains smooth at the sub-nanometer
scale (RMS < 0.4 nm) as estimated by [3]. The chemical polishing effect
of KOH seems to depend on the ITO quality since it was observed by
Liu et al. [3] but not by Gardonio et al. [7].

In order to verify these results, we investigate the hydrophilic/
hydrophobic nature of the substrate by measuring the contact angle
(Figure 4). Bare ITO (Figure 4a), moderately hydrophobic (54.90° +
0.7), showed a slightly decrease of contact angle (45.29° + 0.5) upon
KOH-pretreatment (Figure 4b). But after piranha-treatment (Figure
4c), contact angle decreased drastically (15.38 + 0.5) showing a highly
hydrophilic surface. We could suggest that the piranha-treatment leads
to an increase in hydroxyl group density, which is in accordance with
(Armstrong et al., 2003), as well as a decrease in roughness despite the
decrease of conductivity.

To deepen the study of treatment impacts on ITO, XPS, which
is a priori the perfect tool to characterize the surface chemistry was
used. The surface elemental composition (C, O, In, Sn, Si, K and N)
has been obtained and reported in Table 1. The absence of any trace of
potassium on both KOH and Piranha-treated ITO means that alkaline
treatment did not modify the overall surface composition on the depth
investigated by XPS (<10 nm). Moreover, Piranha-treatment, showing
the same (Sn/In) ratio for all the treated surfaces (=0.08), did not
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Figure 2: ATR-FTIR spectra of different ITO treatments.
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Figure 3: Current sensing atomic force microscopy images (CSAFM) of
different bare ITO surfaces: (a) Native ITO, (b) ITO with KOH treatment, (c)
ITO with Piranha treatment.
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Figure 4: Surface wettability measurement of the modified ITO shows the water
static contact angles of bare ITO (a), KOH-treated ITO (b), Piranha-treated ITO
(c), bare ITO/GPTMS (d), KOH-treated ITO/GPTMS (e) Piranha-treated 1TO/
GPTMS (f), Piranha-treated ITO/NTA-NH, (g).

Element (%)
Substrate Treatment Cc (o] In Sn Si K N
ITO Bare 25.03 41.62 30.04 2.55 - - 0.76
ITO/GPTMS 55.81 2834 38 034 112 - 0.51
ITO 27.74 1 40.39 29.39 2.48 - - -
ITO/GPTMS KOH-treated 42.65 36.76|12.08 1.06 | 6.93 - 0.52
ITO Piranha- 3452 4142 2193 2.13 - - -
ITO/GPTMS treated 49.71 3425/ 1.28 0.12 |[14.64 - -

Table 1: XPS surface composition of bare, KOH and Piranha treated ITO, and after
GPTMS deposition (Atomic %).

damage the ITO surfaces as mentioned by [40]. However, similar low
carbonaceous contamination layers were observed on both bare and
KOH-treated ITO, contrary to Piranha-treated ITO which is slightly
higher. These results are consistent with the CS-AFM results. The
contaminating layer prevents the creation of an ohmic contact between
the ITO surface and the conducting cantilever as demonstrated by [41].

GPTMS deposition on ITO

The GPTMS was used as a coupling agent. The formation of a
homogeneous monolayer of GPTMS cannot be taken as granted on
every oxide surface, since it has been shown that multilayers can form
and that the molecules can be oriented in various manners to the
surface (Kinloch 2006 and ref. therein). For the three kinds of surfaces,
we noted homogenous topography of GPTMS films on ITO similar to
a surface covered by nanoparticles (Supplementary Figure A2) with
higher RMS deviation (=1.6 nm) compared to non silanized ITO (RMS
< 0.4 nm). In addition, as shown on the graph (Figure 4), the contact
angle showed hydrophobic values for all the treated surfaces (= 50 °).
These results are in agreement with those found by [19,42-47].

The surface topology resemblance between the different treated
surfaces may suggest that the GPTMS deposition was not affected with
the surface variation. To verify this, surface chemistry was evaluated by
XPS to determine the degree of silane surface coverage (Table 1). Our first
observation is the high concentration of silicium detected on ITO after
GPTMS adsorption. XPS data suggests that the GPTMS molecules attached
better at the piranha-treated surface with 14.6% of total Si compared to
bare and KOH-treated (6.9%). With XPS, the surface composition can
be quantified in a range thickness of 20-30 Angstrom depth. Taking into
account that the extended length of the epoxysilane molecule (9.5A) [19],
we may confirm that with the Piranha treatment we obtain higher covered

ITO surface with superposed GPTMS layers. Altogether, the obtained
results, applying a combination of local and global techniques, suggest that
the use of piranha treatment is not damaging the surface and may offer
stable starting substrate for protein immobilization.

Biofunctionalization by 6His-tagged proteins

The following step was the grafting of NTA, a chelating molecule,
to the epoxy groups on the Piranha-treated ITO/GPTMS surface. The
presence of the NTA moieties on the surface was confirmed by the
slight increase of the N 1s component in the XPS spectra (Table 2), and
by an extra peak in C 1s at 289.5 eV due to the NTA carboxyl groups
(data not shown). As expected, grafting of these carboxyl groups
induced a decrease in contact angle (=8¢, Figure 4). The final step of
this biofunctionalization was the grafting of a hexahistidine-tagged
protein, here the two outermost extracellular modules of E-cadherin,
E/EC12. These fragments were synthesized as described by Perret et al.
[34]. A genetically engineered 6His-tag was added to the C-terminal
pair modules to specifically bind with a defined orientation to Ni*-
NTA moieties, consequently forming a 6His-Ni-NTA complex. This
chelation cage was stabilized by covalent binding performed using
EDC/NHS. Residual non covalently linked E/EC12 proteins were
removed with an EDTA/imidazole mixture as described in [25]. XPS
data confirmed the grafting of the protein (Table 2). The N 1s signal
increased about five times after E/EC12 immobilization (0.6 vs. 3.8 and
0.6 vs. 3 at% for bare and KOH-treated ITO, respectively). However,
E/EC12 immobilization on Piranha-treated ITO was three times more
important (0.4 vs. 6.0 at%), which confirmed our previous suggestions
about the efficiency of the Piranha treatment (Supplementary Figure Al).

For the purpose of this study, we performed an AFM analysis using
the contact mode in liquid (20 mM Hepes, pH 7.0) with soft Si,N,
cantilevers to characterize the oriented grafting of protein fragments on
one of these surfaces. We clearly visualized the 10-nm length cadherin
fragments that were free to move around their covalent anchoring bond
(Supplementary Figure A2b). To support our statement, we carried out
the following experiment: during image acquisition, the applied force
was alternately increased then decreased every 20 lines of scan. When
the net force exceeded a critical threshold of about 100 pN, we observed
a flattening of the globular topography shown in Supplementary Figure
A2b, from 10 nm to 3 nm average heights. The initial globular structure
was restored when the force was reduced below 100 pN. We also recovered
the globular topography in the backward image of the same area. We could
thus exclude artifacts due to irreversible scratching of the molecular layer.

Electroactivity

We investigated the ITO electrochemical response by EIS
(Supplementary Figure A3). EIS allows determination of the charge
transfer resistance, R =RT/(Fi)), where i=FAK’C is the exchange
current, with F the Faraday constant, T the temperature, A the

Element (%)

Substrate Treatment C (o] Si N
ITO/..INTA Bare 39.5 37.8 6.6 0.6
ITO/../EC12 49 31 6.8 3.8
ITO/../INTA 38 37 4 0.6
KOH-treated
ITO/../EC12 40 35.5 4 3
ITO/..INTA ) 36.1 45.7 9 0.4
Piranha-treated
ITO/../EC12 39.4 35.7 45 6.0

*ITO/../NTA: ITO/GPTMS/NTA,; ITO/../EC12: ITO/GPTMS/NTA/EC12

Table 2: XPS surface composition of bare, KOH and Piranha treated ITO, and after
NTA and EC12 molecules grafting (C, O, Si and N atomic %).
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electroactive surface area, k° the standard rate constant, and C the
bulk concentration of the redox species at equilibrium [41,42]. R is
thus inversely proportional to the electroactive surface area A and
the standard rate constant k° in the formalism of Butler-Volmer. By
covering the electrode with a molecular layer, we expect a decrease
of A and k°, hence an increase of R . The Fe(CN)'* redox couple
was used as an electrochemical probe to monitor the heterogeneous
charge transfer efficiency, which is modified depending upon the
nature and density of molecules covering the surface [43]. We found
R =165 Q.cm? for Piranha-treated ITO. After GPTMS deposition, R,
reached 2830 Q.cm?, and the electrochemical response was typical of a
strongly blocked electrode [42]. The low frequency response showed
that the electrochemical reaction was irreversible and not limited by
mass transport. This suggests that the GPTMS layer covered the whole
surface and that redox species diffusion occurred through microscopic
pores, pinholes or cracks. Our result agrees with previous works
showing that GPTMS coating prevents diffusion and charge transfer
of the redox probe to the electrode surface [22,44]. At the end of the
biofunctionalization treatment, we observed a decrease in Rct (280
Q.cm?) and a behavior consistent with diffusion-limited process,
probably due to the oxido-reduction process at the electrode interface
involving amino acids and functional groups present in the proteins’
side chains [45-47].

Conclusion

We have presented a comparative study of surface treatments with
focus on surface state. The study involved three chemical treatments
that affected the final hexahistidine tag protein yields on the top of
the ITO. The surface obtained was presented an oriented grafting
of globular proteins via NTA-terminated GPTMS molecules. Such
an immobilization strategy of recombinant proteins integrated in a
microfluidic system equipped for electrochemical detection could
provide versatile surfaces of high quality for electrochemical detection
of soluble compounds, as well as cells.
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