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a  b  s  t  r  a  c  t

Biosensing  interfaces  consisting  of  linker molecules  (COOH  or NH2)  and  charged,  antifouling  moieties
((  SO3− and  N+(Me)3)  for biosensing  applications  were  prepared  for  the  first  time  by the  in situ  depo-
sition  of  mixtures  of  aryl  diazonium  cations  on  indium  tin  oxide  (ITO)  electrodes.  A linker  molecule
is  required  for the  attachment  of biorecognition  molecules  (e.g.,  antibodies,  enzymes,  DNA  chains,  and
aptamers)  close  to  the  transducer  surface.  The  attached  molecules  improve  the biosensing  sensitivity  and
also provide  a  short  response  time  for analyte  detection.  Thus,  the incorporation  of  a  linker  and  antifoul-
ing  molecules  is an  important  interfacial  design  for both  affinity  and  enzymatic  biosensors.  The  reductive
adsorption  behavior  and  electrochemical  measurement  were  studied  for  (1)  an  individual  compound  and
(2) a mixture  of  antifouling  zwitterionic  molecules  together  with  linker  molecules  [combination  1:  4-
sulfophenyl  (SP),  4-trimethylammoniophenyl  (TMAP),  and  1,4-phenylenediamine  (PPD);  combination  2:
4-sulfophenyl  (SP),  4-trimethylammoniophenyl  (TMAP),  and  4-aminobenzoic  acid  (PABA)]  of  aryl  diazo-
nium cations  grafted  onto  an  ITO  electrode.  The  mixture  ratios  of  SP:TMAP:PPD  and  SP:TMAP:PABA  that
provided  the greatest  resistance  to non-specific  protein  adsorptions  of  bovine  serum  albumin  labeled
with  fluorescein  isothiocyanate  (BSA–FITC)  and  cytochrome  c  labeled  with  rhodamine  B  isothiocyanate
(RBITC–Cyt  c) were  determined  by  confocal  laser  scanning  microscopy  (CLSM).  For the  surface  antifoul-
ing  study,  we  used  2-[2-(2-methoxyethoxy)  ethoxy]acetic  acid  (OEG)  as a standard  control  because  of
its  prominent  antifouling  properties.  Surface  compositions  of combinations  1  and  2  were  characterized
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using  X-ray  photoelectron  spectroscopy  (XPS).  Field-emission  scanning  electron  microscopy  (FE-SEM)
was  used  to  characterize  the morphology  of  the  grafted  films  to confirm  the even distribution  between
linker  and antifouling  molecules  grafted  onto  the  ITO  surfaces.  Combination  1 (SP:TMAP:PPD)  with a
ratio  of  0.5:1.5:0.37  exhibited  the  best antifouling  capability  with  respect  to resisting  the  nonspecific
adsorption  of proteins.
. Introduction

Biofouling is the accretion of proteins, cells and other biological
aterials onto a bare electrode surface. For fast clinical screening,

mmunosensors are designed to detect disease analytes such as
ucleic acids, proteins or other disease biomarkers at very low
oncentrations from complicated sample media [1–5]. Such an
ccumulation of biofouling substances leads to reduced analyte
iffusion and perfusion to the sensor interface, which eventually
auses a decrease in sensor response and sensitivity. Polymers

uch as polyurethane, polyvinyl chloride, poly(dimethylsiloxane)
nd poly(methacrylate) have been used as antifouling agents
or biosensing surfaces, where they provide selective transport

∗ Corresponding author. Tel.: +60 3 79677022x2520; fax: +60 3 9674193.
E-mail address: naomikhor@um.edu.my (S.M. Khor).

ttp://dx.doi.org/10.1016/j.apsusc.2014.10.167
of a targeted analyte to the biosensing interface while preven-
ting biofouling components from reaching the electrode surface
[6–10]. Although these polymers are exceptionally suitable in
clinical monitoring, their functional stability is greatly affected
by the biocompatibility of the biosensor materials in contact
with the biological sample [11,12]. Poly(ethylene glycol) (PEG)
and self-assembled monolayers with oligo(ethylene glycol) chains
(OEG-SAMs) have been used to reduce the non-specific adsorption
of non-desired proteins [13].

The activity of anti-biofouling coatings in complex samples, e.g.,
human sera, depends on several factors, including the concentra-
tions and chain lengths of PEG and OEG and the temperature. At
37 ◦C, the grafted surface can adsorb additional non-specific pro-

teins. Moreover, surfaces grafted with PEG and OEG are prone
to auto-oxidation in most biochemically relevant solutions for
in vivo studies [6,14,15]. Zwitterionic polymers such as phospho-
rylcholine, sulfobetaine, and carboxy betaine, which contain both
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nionic and cationic groups, have been used as non-fouling mate-
ials. Unfortunately, grafting of the long chains of zwitterionic
olymers can result in the formation of high-impedance layers
nd subsequently cause losses to electrode sensitivities. However,
hort-chain molecules exhibit poor stability [15–17]. Gooding and
o-workers investigated zwitterionic phenyl derivative layers bear-
ng charged moieties, such as SO3

− and N+(Me)3, deposited onto
lassy carbon surfaces as an alternative to OEG phenyl layers and
bserved that the grafted zwitterionic phenyl derivative layers offer
etter chemical stability and a shorter electron transfer pathway
o the transducer surface [15]. Zwitterionic phenyl layers, such as
EG alkanethiol SAMs, have been proposed as effective alternatives

o conventional antifouling molecules because of their antifouling
roperties. Such coatings do not completely passivate the electrode
urface and therefore allow Faradaic electrochemistry. Hence, they
an be utilized in biosensing applications.

Indium tin oxide (ITO) is a biosensing substrate of increasing
mportance in the field of biomaterials because of its combined
roperties of transparency, conductivity and biocompatibility [18].
ery few studies have examined the use of antifouling molecules
n ITO for bioassay contexts. To date, only hydrophilic polyacrylic
cid brushes [19] and zwitterionic polymer brushes [20] have been
nvestigated as antifouling agents. However, in these studies, only
SA–FITC was used to evaluate the antifouling capability. The use of
nly a single protein may  not be representative of complex media,
uch as blood plasma and serum that contain a variety of proteins.
oreover, a different study grafted zwitterionic polymers onto the

TO using surface-initiated atom transfer radical polymerization
SI-ATRP). Although the obtained organic coatings were considered
table in aqueous solution, the technique was time consuming and
ad moderate throughput [21]. The literature contains no accounts
f research related to the capability of these antifouling moi-
ties after they have been modified with linker molecules, such as
,4-phenylenediamine or 4-aminobenzoic acid. A linker molecule

s required for the attachment of biorecognition molecules (e.g.,
ntibodies, enzymes, DNA, or aptamers) close to the transducer
urface.

The incorporation of zwitterionic phenyl layers with a linker
olecule is useful for improving the selectivity of the biosens-

ng interface, which is resistant to the nonspecific adsorption of
roteins, and for providing a shorter response time for specific
nalyte detection (e.g., low impedance due to a shorter electron
athway). Therefore, one objective of this study was to analyze the
lectrochemical deposition behavior of OEG when deposited onto
TO electrodes compared with the behaviors of a single molecule
nd two mixed layer coatings comprising 4-sulfophenyl (SP), 4-
rimethylammoniophenyl (TMAP), 1,4-phenylenediamine (PPD),
nd 4-aminobenzoic acid (BAPA): mixed layers 1 (SP:TMAP:PPD)
nd mixed layers 2 (SP:TMAP:BAPA). The second objective of
his study was to investigate the capability of an ITO surface

odified with the aforementioned molecules to repel both a nega-
ively charged protein (BSA–FITC) and a positively charged protein
RBITC–Cyt c). These example proteins were used to represent pro-
eins contained in real samples. ITO was modified using different
atios of antifouling molecules (SP or TMAP) to linker molecules
PPD or BAPA). We  examined the antifouling properties toward the
onspecific absorption of fluorescently labeled proteins using con-

ocal laser scanning microscopy (CLSM). The third objective of this
tudy was to characterize the modified surface with the lowest pro-
ein adsorption level to both BSA–FITC and RBITC–Cyt c by using
-ray photoelectron spectroscopy (XPS) to confirm the existence
f SP, TMAP, PPD or PABA moieties on the grafted ITO. The final

bjective of this study was to examine the surface morphology of
he grafted films, where the surface distribution of SP:TMAP:PPD
ould be indicated by NH-gold nanoparticles and characterized
sing field-emission scanning electron microscopy (FE-SEM).
2. Experimental methods

2.1. Reagents and materials

ITO coated glass slide (surface resistivity ≤7 �/sq, L × W ×
thickness 406 mm × 355 mm × 0.7 mm,  sheet) was  purchased
from (Sanyo, Japan). 4-sulfophenyl, 1,4-phenylenediamine, 4-
aminobenzoic acid, sodium nitrite (NaNO2), potassium chloride
(KCl), potassium dihydrogen phosphate (KH2PO4), potassium
phosphate dibasic (K2HPO4), hydrochloric acid (HCl), potas-
sium ferricyanide (K3Fe(CN)6), hexamine ruthenium(III) chloride
(Ru(NH3)6Cl3), sodium carbonate (Na2CO3) with 99% purity,
20 nm gold nanoparticles, sodium bicarbonate (NaHCO3), rho-
damine B isothiocyanate, bovine serum albumin-fluorescein
isothiocyanate, cytochrome c (from bovine heart) and 2-[2-(2-
methoxyethoxy)ethoxy]acetic acid (OEG) were purchased from
Sigma-Aldrich (USA). 4-Trimethylammoniophenyl (TMAP) was
obtained from Acros (USA). All solutions were prepared using Milli-
Q water (18 M�/  cm)  (Purelab, US).

2.2. ITO electrode surface modification

ITO substrates were soaked and cleaned in an ultrasonicator
using dichloromethane and then 99% methanol for 10 min  each,
followed by treatment with 0.5 M K2CO3 in a 3:1 methanol:Milli-Q
water mixture for 30 min  under sonication to remove any residual
organic contaminants. The ITO substrates were then rinsed with
copious amounts of Milli-Q water, dried and stored in an nitrogen-
filled container [22]. In the first experiment, the ITO electrodes
were modified with only a single compound: SP, PPD, BAPA, or
TMAP. In the second experiment, the ITO electrodes were modi-
fied with a combination of SP:TMAP:PPD at different molar ratios:
1:1:0.37 (mix 1), 1.5:0.5:0.37 (mix 2) and 0.5:1.5:0.37 (mix 3). In the
third experiment, the ITO electrodes were modified with a combi-
nation of SP:TMAP:PABA at different molar ratios: 0.8:1:0.2 (mix 1),
1:1:0.1 (mix 2) and 0.5:1:0.2 (mix 3). For the control experiment,
OEG was  used as the antifouling molecule on the ITO slides. The
OEG was  prepared by the electrodeposition of a mixed layer of 4-
aminobenzoic acid (8 mM)  and 1,4-phenyldiamine (2 mM)  on ITO
slides. The electrode interface was fabricated using carbodiimide
chemistry: we  linked the OEG to the COOH moieties of PPD amine
groups by incubating the modified surface in an ethanol solution
containing 10 mM OEG and 40 mM DCC for 6 h at room temper-
ature. In all of the aforementioned experiments, in situ methods
were used in which aryl diazonium cations were electrochemically
reduced with two times the molar amount of NaNO2 in 0.05 M HCl.
The solution was  purged with nitrogen gas for 20 min  before the
surface modification. The electrodeposition was performed using
cyclic voltammetry at −0.6 V to 0.2 V; the electrodes were scanned
for 5 cycles at 100 mV  s−1 [23–25].

2.3. Surface passivation study via electrochemical measurements

All voltammetry measurements were performed using an
AutoLabIII potentiostat (Metrohm AutoLab, Netherlands) and a
conventional three-electrode system comprising an ITO working
electrode, a platinum wire as the auxiliary electrode, and Ag/AgCl
(3.0 M NaCl) as the reference electrode. All potentials were reported
relative to the Ag/AgCl reference electrode at room temperature.
The surface blocking studies on the modified sensing interface were
performed in two aqueous solutions containing different redox
probes. [Fe(CN)6]4−/3−, [Ru(NH3)6]3+ and CV were used to probe the

integrity of the functionalized layers on the electrode surfaces. The
respective redox-active solution (1 mM)  was  composed of 0.05 M
KCl, 0.05 M K2HPO4, and 0.05 M KH2PO4 and was  adjusted to pH 7.0.
ITOs modified with SP:TMAP:PPD (mix 3) or SP:TMAP:PABA (mix
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) were characterized using XPS. The XPS spectra were analyzed
sing the Casa XPS software (version 2.3.15).

.4. Conjugation of cytochrome c to rhodamine B isothiocyanate

The fluorescent dye rhodamine B was conjugated with Cyt c
ccording to the method reported by Gui et al. [26]. Ten milligrams
f Cyt c was dissolved in 1 mL  of 0.1 M sodium carbonate-
icarbonate buffer (pH 9.05), and 0.25 mL  of 10 mg/mL RBITC in
MSO was subsequently added to obtain a fivefold molar excess
f Cyt c relative to RBITC. The tube containing the mixture solu-
ion was wrapped with aluminum foil and incubated in the dark
or 1 h under continuous magnetic stirring. The mixture was  fil-
ered through a 0.22 �m pore size syringe filter (non-sterile, 13 mm
iameter; Merck Millipore, Germany), and the clear conjugated
olution was subsequently transferred to an Amicon Ultra-15 cen-
rifugal filter device (3 kDa MW cut-off, EMD  Millipore, USA). The
apped filter device was placed in the swinging bucket rotor of a
entrifuge and spun for 10 min  at 4000 rpm. The separated solu-
ion in the upper reservoir of the filter device contained RBITC–Cyt
, which was then characterized by UV–vis and fluorescence spec-
roscopy. The RBITC–Cyt c solution was stored at −20 ◦C until use.
he functionalized ITO slides were stored in clean Petri dishes
efore the antifouling study.

For the antifouling study, the modified ITO electrode was
mmersed in an adequate amount of either 1 mg/mL BSA–FITC (an
xample of a negatively charged protein) or 2 mg/mL  RBITC–Cyt

 (an example of a positively charged protein); both immersion
olutions were prepared using PBS buffer, pH 7.4. The Petri dishes
ere kept in darkness for 1 h, and the slides were subsequently

ransferred to another Petri dish that contained only PBS. The ITO
lides were soaked for 7 min  to remove weakly adsorbed pro-
eins from the surfaces of the slides. Afterward, the slides were
ashed with Milli-Q water to remove any remaining residues. The
uorescent-labeled-protein-adsorbed surfaces were dried under
owing nitrogen. The samples were mounted with 50% aqueous
lycerol solution and covered with 22 × 60 mm2 microscope cover
lides (Superior Marienfeld, Germany). The dried samples were
ounted face-down onto a cover glass (22 × 60 mm2, No. 1, Paul
arienfeld, GmbH & Co. KG, Germany) with 50% aqueous glyc-

rol solution as the mounting agent. For each type of modified
urface, three replicates were tested. Five images were captured
nder 10× magnification for survey studies. Fifteen images were
aptured under 63× magnification, and their mean gray values
ere calculated to determine the fluorescence of the adsorbed pro-

eins. The mean gray values were compared with different surface
ypes.

.5. Surface antifouling study via confocal laser fluorescent
icroscope imaging

BSA–FITC and RBITC–Cyt c proteins adsorbed onto function-
lized electrode surfaces were measured using a confocal laser
uorescence microscope (Leica Microsystems Pty, Ltd., USA)
quipped with an argon laser (at 29% power) and operated in
he xyz scan mode (step size 0.04 �m).  Images (1024 × 1024 px2)
ere captured at 8-bit resolution using the Las AF software (Ori-

in). The imaging was carried out using two objective lenses: an
CX PL APO CS 10.0 × 0.40 Dry UV and an HCX PL APO lambda
lue 63.0 × 1.40 OIL UV. The gray value represents the fluorescence
ntensity. Captured TIF-format images were further analyzed using
mageJ (IJ-1.48g. jar) software to determine the mean gray value
fter background subtraction. For reference, the emission band-
idth of BSA–FITC ranges from 506 nm to 575 nm.  In the case of
BITC–Cyt c, the bandwidth ranges from 524 nm to 594 nm.
2.6. ITO surface characterization via XPS analysis

Spectra were obtained using XPS (AXIS Ultra DLD spectrome-
ter with a hemispherical analyzer, a multichannel detector and a
monochromatic Al-K� source; 1486.6 eV). Spectra were accumu-
lated at a take-off angle of 90◦ with a 0.9 mm2 spot size at a pressure
of less than 1 × 10−8 mbar. Survey scans (0–1000 eV) were carried
out at a 1.0 eV step size, 100 ms  dwell time, and 100 eV analyzer
pass energy. High-resolution scans (S2p, C1s, N1s) were performed
using a 0.1 eV step size, 100 ms  dwell time, and 20 eV pass energy.
Binding energies of elements were corrected with reference to the
C1s peak of graphitic carbon (284.4 eV).

2.7. ITO surface characterization via FE-SEM analysis

Four different types of surfaces were morphologically charac-
terized using a Hitachi SU8000 field-emission scanning electron
microscope (Tokyo, Japan): (1) bare ITO, (2) ITO/gold nanoparticles
(GNPs), (3) ITO/SP:TMAP:PPD/GNPs, and (4) ITO/SP:TMAP:PABA.
The slides were tested at slow scan speeds less than 2 kV and at
50,000× magnification. The work destination was 2.1 mm at an
accelerating voltage of 2 kV. GNPs were used to indicate the pres-
ence of PPD terminal amine groups. GNPs were immobilized by
immersing ITO/SP:TMAP:PPD and bare ITO in a GNP solution for
3 h at room temperature [24]. Energy-dispersive X-ray (EDX) was
used to characterize the grafted GNPs.

3. Results and discussion

3.1. Reductive adsorption and electrochemical measurement of
individual aryl diazonium cations and their mixtures

The reductive adsorption peaks of SP (10 mM)  and PABA
(10 mM)  appeared at −0.473 V and −0.10 V, respectively. A cyclic
voltammogram of SP diazonium cation solution exhibited an
irreversible cathodic peak located at −0.47 V (Fig. 1(1a)), similar
to the CV results previously reported for glassy carbon surfaces
[27,28]. A typical cyclic voltammogram of PABA diazonium cation
solution showed a single irreversible cathodic peak at −0.10 V
(Fig. 1(1d)). The cyclic voltammograms for bare ITO in 1 mM
[Fe(CN)6]4−/3− showed a pair of well-defined redox peaks. Elec-
trode surfaces modified with aryl diazonium cations, SP and PABA
showed good passivation toward the penetration of negatively
charged redox-active species when the modified surface was tested
in [Fe(CN)6]4−/3−. However, these surfaces showed weak pas-
sivation properties toward the penetration of positively charged
redox active species when the surfaces were tested in 1 mM
[Ru(NH3)]6

3+. This weak passivation was  likely a consequence of
the negatively charged layer that formed on the ITO electrode sur-
face, which repelled [Fe(CN)6]4−/3− but allowed the penetration of
[Ru(NH3)]6

3+ from the solution to the ITO electrode surface. An
opposite effect was observed when the ITO was modified with
TMAP (Fig. 1(1b)). This positively charged aryl diazonium cation
with a reductive adsorption peak at −0.26 V allowed [Fe(CN)6]4−/3−

to penetrate through the layer but prevented [Ru(NH3)6]3+ from
diffusing closer to the ITO electrode surface. The modification of
the ITO surface with TMAP aryl diazonium cation required a high
concentration (10 mM)  and up to 10 CV scan cycles to passivate the
ITO electrode surface. The difficulty in forming a close-packed layer
at a low concentration (1 mM)  may  be a consequence of the steric
hindrance caused by three methyl groups of TMAP, which hinders

the possibility of a densely packed structure between the TMAP
molecules [29]. The electrodeposition of PPD(5 mM;  Fig. 1(1c)) indi-
cated a densely packed surface coverage even after two cycles, and
the reductive adsorption peak was  observed at –0.36 V. An efficient



Fig. 1. Cyclic voltammograms of (1) reductive adsorption; (2) surface passivation study tested in 1 mM [Fe(CN)6]3−/4− before (blue) and after (red) surface modification;
(3)  surface passivation study tested in 1 mM [Ru(NH3)6]3+ before and after surface modification for (a) SP; (b) TMAP; (c) PPD; (d) BAPA; (e) mixed layer of SP:TMAP:PPD;
(f)  mixed layer of SP:TMAP:PABA; (g) mixed layer of 4-aminobenzoic acid and 2-[2-(2-methoxyethoxy)ethoxy) acetic acid (OEG). (Note: the condition used for ITO surface
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odification was  10 mM aryl diazonium cation, 20 mM NaNO2, 0.5 M HCl, 10 cycle s
he  reader is referred to the web  version of this article.)

PD attachment on the glassy carbon surface has also been reported
30]. This observation may  be due to PPD having the fastest diffu-
ion rate and having the lowest molecular weight among the aryl
iazonium cations used in this study [31].

The reductive-adsorption cyclic voltammograms of the mix-
ure of SP, TMAP and PPD showed reductive adsorption peaks at
pproximately −0.35 V and −0.1 V. The peak potential for the mix-
ure (SP:TMAP:PPD is more positive than that required for the
dsorption of an individual aryl diazonium cation: SP (−0.47 V),
MAP (−0.26 V) and PPD (−0.36 V). This shift in the peak potential
uggests that, in mixed layers, the energy barriers for reduc-
ng diazonium cations may  have decreased. A decrease in the
nergy barrier likely occurred between TMAP and PPD reductive
eaks to yield a single peak at −0.1 V. The first peak at −0.35 V
ay  be attributed to SP diazonium with a small positive shift.

maller reductive peak sizes with better passivation properties
ere observed for this mixture on the ITO surface compared with

urfaces modified with either SP or TMAP alone. Similar results
ere also reported by authors of other studies of glassy carbon

urfaces [26,27] (Fig. 1(1e)).
The reductive-adsorption cyclic voltammograms of the mix-

ure of SP:TMAP:PABA showed a single reductive adsorption peak
t approximately −0.13 V, which was likely associated with the
eduction of PABA (Fig. 1(1f)). The dominance of PABA on the
TO surface is attributed to its lower negative reductive potential
−0.1 V) compared to those of SP (−0.47 V) and TMAP (−0.26 V).
he passivation of the modified electrode surface (from the sec-
nd cycle of modifications) may  indicate that the rate of radical
eposition on the ITO surface was much higher in this mixture
ompared with that on ITO surfaces modified with single species
f radicals [27]. The reductive-adsorption voltammograms of the

ixture of PABA and PPD showed single reductive adsorption peaks

t approximately −0.5 V. The passivation of the ITO electrode sur-
ace was achieved after 5 cycles of surface modification. The mixed
ayer of the PABA- and PPD-modified ITO surface was further linked
f CV at 100 mV/s). (For interpretation of the references to color in this figure legend,

with the OEG aryl diazonium cation (Fig. 1(1g)). The PABA- and
PPD/OEG-modified ITO surface was  tested in both [Fe (CN)6]4−/3−

and [Ru(NH3)6]3+ redox-active solutions (1 mM,  pH 7). A mod-
erate reduction in the cathodic and anodic peaks, respectively,
was observed. This reduction may  be due to the passivation effect
of OEG, which is used in biomedical applications to provide an
inert surface [32] (Fig. 1((2g) and (3g)). We  expected that grafted
ITO surfaces with SP:TMAP:PPD would repel both [Fe(CN)6]4−/3−

and [Ru(NH3)6]3+ because of the overall neutral charge of these
mixtures on ITO surfaces. In the case of SP:TMAP:PABA mixtures,
moderate passivation of the ITO electrode and reduced intensities
of cathodic and anodic peaks were observed in the voltammograms
of the [Fe(CN)6]4−/3− test solutions. However, no such effects were
observed in the voltammograms of [Ru(NH3)6]3+ test solutions.
These results are attributable to the coating of ITO with a thin
SP:TMAP:PABA layer, which has a moderate resistance to inner-
sphere electron-transferring redox probes (e.g., resistance to the
transfer of an electron through the formation of significant cova-
lent bonding between the two species in a redox chemical reaction),
such as [Fe(CN)6]4−/3− but a minimal barrier effect to redox probes
that perform outer-sphere electron transfers (e.g., without covalent
bonding), such as [Ru(NH3)6]3+. Therefore, outer-sphere electron
transfers are not affected.

3.2. Antifouling study by CLSM

3.2.1. ITO surface modified with a mixture of SP:TMAP:PPD
Comparisons between ITO surfaces functionalized with

widely used antifouling molecules, OEG (ITO modified
with PPD:PABA/OEG), and ITO surfaces functionalized with
SP:TMAP:PPD at different molarity ratios of 1:1:0.37 (mix 1),

1.5:0.5:0.37 (mix 2) and 0.5:1.5:0.37 (mix 3) were conducted in
this study. An obviously lower fluorescence intensity was observed
for SP:TMAP:PPD mixtures; the lowest fluorescence intensity was
observed for a layer of mix  3 (Fig. 2). The important finding in this



F  from (a) FITC–BSA and (b) RBITC–Cyt c adsorbed on different surfaces. (c) Comparison of
i  RBITC–Cyt c adsorbed on different surfaces.

s
c
b
o
t
t

o
w
H
a
c
t
w
(
a
t
t
R
s
c
w
(

B
m
I

Table 1
The percentage of BSA–FITC and RBITC–Cyt c adsorption at different surfaces repre-
sented by the normalized fluorescence intensities relative to ITO electrode modified
with PPD:PABA/OEG.

Surface type The percentage of the
fluorescent intensity
for adsorbed BSA–FITC

The percentage of the
fluorescent intensity for
adsorbed RBITC–Cyt c

Bare ITO 35.68 87.89
ITO/PPD 109.54 16.45
ITO/SP:TMAP:PPD with

molarity ratio of
1:1:0.37 (mix 1)

75.94 16.10

ITO/SP:TMAP:PPD with
molarity ratio of
1.5:0.5:0.37 (mix 2)

95.62 15.86

ITO/SP:TMAP:PPD with
molarity ratio of
0.5:1.5:0.37 (mix 3)

63.33 6.99

ITO/PABA 175.64 42.68
ITO/SP:TMAP:PABA

with molarity ratio of
0.8:1:0.2 (mix 1)

132.14 64.82

ITO/SP:TMAP:PABA
with molarity ratio of
1:1:0.1 (mix 2)

104.58 68.45
ig. 2. Confocal laser scanning microscopy (CLSM) image under 63× magnification
ntensity of FITC–BSA adsorbed on different surfaces. (d) Comparison of intensity of

tudy was that the ITO surface modified with SP:TMAP:PPD was
apable of repelling both BSA–FITC and RBITC–Cyt c, as indicated
y the low fluorescence intensities. (Note that percentages of flu-
rescent adsorptions for different ITO surfaces were calculated on
he basis of the mean gray value, where all values were normalized
o the ITO electrode modified with PPD:PABA/OEG.)

The fluorescence intensity percentage for adsorbed BSA–FITC
n SP:TMAP:PPD-modified ITO surfaces for mixtures 1, 2 and 3
ere lower than that for ITO functionalized with PPD:PABA/OEG.
owever, mix  3 exhibited the greatest resistance to BSA–FITC
dsorption at 63% (a mean gray value of 1.4, s = 0.7 and n = 3)
ompared with the 100% absorption of BSA–FITC in the con-
rol experiment (a mean gray value of 2.2, s = 0.3 and n = 3),
hich involved an ITO surface functionalized with PPD:PABA/OEG

Table 1). The ITO modified with SP:TMAP:PPD mixtures 1, 2 or 3
lso exhibited excellent resistance to nonspecific protein adsorp-
ion. In this study, mixture 3 exhibited the best resistance because
he fluorescence intensity percentage for the amount of adsorbed
BITC–Cyt c on mix  3 was only 6.9% (a mean gray value of 0.15,

 = 0.05 and n = 3) compared with the 100% absorption of RBITC–Cyt
 of the control experiment (a mean gray value 2.1, s = 0.4 and n = 3),
hich involved functionalized ITO modified with PPD:PABA/OEG

Fig. 2).

Interestingly, the bare ITO exhibited the best capability to repel

SA–FITC, with a fluorescence intensity percentage of 35.6% and a
ean gray value of only 0.81 (s = 0.2, n = 3). In contrast, the bare

TO exhibited a high fluorescence intensity of 1.9 (s = 0.3, n = 3)

ITO/SP:TMAP:PABA
with molarity ratio of
0.5:1:0.2 (mix 3)

86.72 50.52

ITO/PPD:PABA/OEG 100.0 100.0



Table  2
XPS atomic ratio comparison of S, C, N between SP:TMAP:PPD–ITO and SP:TMAP:PABA–ITO.

Core level peaks S2p C1s N1s

S1 C1 C2 C3 N1 N2

SP: TMAP:PPD 3.43 12.1 25.7 – 0.64 2.75
SP:  MAP:PABA 0.41 18.9 8.5 2.9 1.0 0.6

F ith m
S

a
c
a
o
n
o

l
B
T

F

ig. 3. X-ray photoelectron spectra (XPS) of SP:TMAP:PPD modified ITO surfaces w
2p,  C1s and N1s core-level spectra.

fter adsorbing RBITC–Cyt c. This observation is explained by the
hemical composition of the ITO surfaces, which consist of neg-
tively charged complexes of stoichiometric oxide, hydroxides,
xyhydroxides, and physisorbed indium hydroxides. Hence, these
egative charges may  repel BSA–FITC but increase the adsorption
f positively charge proteins such as RBITC–Cyt c [22].

In conclusion, a surface modified with zwitterionic or simi-

ar molecules exhibited better antifouling properties in repelling
SA–FITC and RBITC–Cyt c compared with ITO/PPD:PABA/OEG.
his better antifouling behavior may  be due to good packing

ig. 4. X-ray photoelectron spectra of SP:TMAP:BAPA (0.5:1:0.2) modified on ITO surface.
olarity ratio of 0.5:1.5:0.37 (mix 3). The survey spectra with molecular structure of

and charge balancing of zwitterionic groups on the ITO modi-
fied with SP:TMAP:PPD mixtures. The ITO surface modified with
SP:TMAP:PPD (mix 3) showed the best resistance to nonspecific
adsorptions of BSA–FITC and RBITC–Cyt c compared with mix  1 and
mix  2. We  attribute the differences in the antifouling capability of
SP:TMAP:PPD mixtures to the electrostatic interaction between the
three molecules used to fabricate the inert surfaces. At this ratio, the

electrostatic interaction between the positively charged tail group
(TMAP:PPD) and the negatively charged tail group (SP) appear to
provide the best electrically neutral electronic structure.

 The survey spectra with molecular structure of S2p, C1s and N1s core-level spectra.
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ig. 5. E-SEM image of (a) ITO/GNP. (b) ITO/SP:TMAP:PPD/GNP with molarity ratio 

0  K. (d) ITO/SP:TMAP:PABA and bare ITO surface under magnification 1.5 K. (e) ED

.2.2. ITO surface modified with a mixture of SP:TMAP:PABA
ITO surfaces were modified with SP:TMAP:PABA at different

olarity ratios of 0.8:1:0.2 (mix 1), 1:1:0.1 (mix 2) and 0.5:1:0.2
mix 3). Mix  3 exhibited the best antifouling capabilities among
he three combinations against both BSA–FITC (86.7% fluorescent
ntensity, a mean gray value of 1.96; s = 0.5, n = 3) and RBITC–Cyt

 (50.5% fluorescent intensity, a mean gray value of 1.1; s = 0.4,
 = 3) and compared with the ITO surface functionalized with
PD:PABA/OEG (100% BSA–FITC fluorescent intensity, a mean gray
alue of 2.2; s = 0.3, n = 3; 100% RBITC–Cyt c fluorescent intensity, a
ean gray value of 2.1; s = 0.4, n = 3; Fig. 2; Table 1).
The ITO electrode modified with PPD:PABA/OEG accumulated

 significant amount of RBITC–Cyt c. It exhibited the highest fluo-
escence intensity among the investigated surface types (Fig. 2(d)).
BITC–Cyt c has the ability to change its conformation upon adsorp-
ion onto a wide range of interfaces [33,34]. Furthermore, the failure
f OEG moieties to resist the nonspecific adsorption of undesired
roteins may  be due to the auto-oxidation of OEG moieties [15,35],
hich makes the PPD:PABA/OEG layer unable to repel BSA–FITC

nd RBITC–Cyt c. Antifouling coating alternatives that are more
ffective than OEG should therefore be identified.

ITO modified with SP:TMAP:PPD mixtures exhibited better
esistance to the nonspecific adsorption of BSA–FITC and RBITC–Cyt

 compared with SP:TMAP:PABA. This better resistance may  be due
o the domination of PABA molecules in SP:TMAP:PABA mixtures
Fig. 1(1f)). The adsorption of aryl diazonium cation mixtures was
ominated by the aryl diazonium cation, which was  easier to reduce
e.g., having a less negative potential) [36]; such behavior subse-
uently reduced adsorptions of the other two molecules (e.g., SP
nd TMAP, which were necessary for a neutral charge interface. In
he SP:TMAP:PPD mixture, no such domination was  observed for
he PPD molecule. XPS analysis showed that the atomic ratio for
P and TMAP was higher in SP:TMAP:PPD than in SP:TMAP:PABA
ixtures (Table 2).
In contrast to PABA, PPD could be used as a linker molecule and

e incorporated with zwitterionic molecules (e.g., SP and TMAP)

o resist the nonspecific adsorption of BSA–FITC and RBITC–Cyt
. PPD was more readily deposited onto the ITO surface, and the
omplete passivation of the electrode surface required only two
ycles (Fig. 1(1c)). With PABA, the passivation was significantly less
.5:0.37). (c) ITO/SP:TMAP:PABA with molarity ratio (0.5:1:0.2) under magnification
tra ITO/SP:TMAP:PPD/GNP.

efficient, requiring 10 cycles (Fig. 1(1d)). PPD alone can resist the
nonspecific adsorption of BSA–FITC and RBITC–Cyt c (Fig. 1, Table 1).
Such behavior enhanced the antifouling efficiency of zwitterionic
molecules (e.g., SP and TMAP). Moreover, the reductive adsorption
potential for PPD was  −0.36 V, which, in comparison to the poten-
tial for PABA (−0.1 V), was  closer to reductive adsorptions of SP
(−0.473 V) and TMAP (−0.26 V). Therefore, aryl diazonium cations
with similar reductive adsorption potentials prevented the domi-
nation of one aryl diazonium cation over the other, which aided the
fabrication of a neutrally charged antifouling coating.

3.3. ITO surface characterization via XPS analysis

For ITO surfaces modified with SP:TMAP:PPD (mix 3), the pres-
ence of SP was confirmed by a signal peak indicative of sulfur (S2p)
at 167.9 eV [27,28]. This signal peak was absent in the narrow scan
of the S2p region for bare ITO (Fig. 3). TMAP was detected by the
presence of a C-N linkage peak, which represents the link between
nitrogen and 4-methyl groups, at a binding energy of 285.0 eV (C2).
Another peak (C1) centered at 284.4 eV in a narrow scan of the
carbon region represented aromatic carbons in SP, PPD and TMAP
moieties [27,30]. PPD was  characterized by the N1 399.5 eV peak
observed in the narrow scan of the N1s region, which is attributed
to H2N C [23–25,37]. In contrast, XPS survey spectra for the mixed
SP:TMAP:PABA layer (Fig. 4) revealed a peak at 167.8 eV corre-
sponding to S2p, which indicated an SP graft [23,27,28]. A narrow
scan of the carbon C1s region revealed three peaks centered at
284.7 eV (C1), 286.1 eV (C2), and 288.5 eV (C3). The C1 and C2 peaks
were attributed to aromatic carbon atoms and to N (CH3)3 in the
trimethylammonio group, respectively. The C3 peak corresponded
to COO-; the presence of this peak indicates the successful grafting
of PABA molecules onto the ITO substrate [23,38,39].

3.3.1. ITO surface characterization via FE-SEM analysis
An FE-SEM image of the bare ITO electrode showed the absence

of GNP (Fig. 5(a)). However when the ITO was  modified with

SP:TMAP:PPD, a uniform and homogenous distribution of GNPs
was observed (Fig. 5(b)). The bare ITO/GNP experiment as shown
in Fig. 5(a) served as a control experiment. The objective was to
demonstrate that the attachment of GNPs onto the ITO surface
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nly formed with the present of PPD. The EDX results confirmed
he deposition of GNPs onto modified ITO electrode surfaces at an
tomic ratio of 2.11 (Fig. 5(e)). The linkage of amines in the mixture
f SP:TMAP:PPD to GNPs was more likely to occur by dehydrogena-
ion from NH-GNP because of its stronger covalent bond [24,40].
uch observations confirmed the homogenous grafting of the linker
olecule (PPD) onto the ITO surface, unlike the SP:TMAP:PABA
ixture, which was dominated with PABA molecule (XPS results

re shown in Table 2). The image of an SP:TMAP:PABA-modified
TO electrode showed a thin, smooth and featureless morphology
ndicates that no GNPs could be deposited onto this type of surface
Fig. 5(c)). An obvious difference was noticed in images between
he bare and SP:TMAP:PABA modified ITO surfaces which captured
t 1500× magnification (Fig. 5(d)).

. Conclusions

A biosensing interface consisting of antifouling and linker
olecules based on in-situ-generated aryl diazonium cations was

escribed. The differences in electrochemical behaviors among all
ypes of modified surfaces (either with the individual compound
r a mixed layer of aryl diazonium cations) were investigated
nd evaluated. An antifouling study using confocal laser scan-
ing microscopy showed that ITO surfaces coated with mixed

ayers of SP:TMAP:PPD 0.5:1.5:0.37 (mix 3) or SP:TMAP:PABA
.5:1:0.2 (mix 3) exhibited better antifouling capabilities against
oth BSA–FITC and RBITC–Cyt c compared to ITO surfaces coated
ith PPD:PABA/OEG. However, PPD:PABA/OEG-coated ITO sur-

aces showed lower amounts of BSA–FITC adsorbed compared to
P:TMAP:PABA-coated ITO surfaces. The mixture of SP:TMAP:PPD
howed better resistance to nonspecific adsorptions of BSA–FITC
nd RBITC–Cyt c compared to SP:TMAP:PABA. Analyses of XPS
urvey spectra further confirmed the deposition of SP:TMAP:PPD
nd SP:TMAP:PABA onto ITO surfaces. FE-SEM and EDX analyses
howed dense and homogenous distributions of GNPs, which indi-
ated a good distribution of linker and antifouling molecules on
he ITO sensing interfaces. This study highlights the prospective
se of aryl-diazonium-cation-derived zwitterionic compounds and

inker molecules for the easy fabrication of ITO biosensing inter-
aces. These interfaces can repel undesirable anionic and cationic
roteins and detect target analytes in highly complicated biological
atrices, such as blood, serum, and urine.
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