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Fouling and passivation are the major drawbacks for a wide applicability of electroanalytical sensors

DOI: 10.1039/X0XX00000X

based on nanomaterials, especially in biomedical and environmental fields. The production of highly

engineered devices, designed ad hoc for specific applications, is the key factor in the direction of

www.rsc.org/

overcoming the problem and accessing to effective sensors. Here, the fine tuning of the system,

composed by a highly ordered distribution of silver nanoparticles between a bottom silica and a top

titania layer, confers multifunctional properties to the device for a biomedical complex challenge: the

dopamine detection. The crucial

importance of each component towards a robust and efficient

electroanalytical system is studied. The total recovery of the electrode performance after a simple UV-A

cleaning step (self-cleaning), due to the photoactive interface and the aging resistance are deeply

investigated

I ntroduction

New types of sensing devices have been recenthactitig
tremendous attention because of environmental coscand
biomedical demands’ The fast development
nanotechnology has paved the way for the desigtaitifred
systems exhibiting superior propertfe&

Composite oxide/metal systems employing silver paniicles
(Ag NPs) have gained increasing atteritidts especially in the
case of electroanalysis for traces detection, dué\d NPs

analyte recognition. The effects described abovee a
particularly maximized in the case of well ordestdictures.

A problem often encountered during the use of tmes®sized,
complex devices, is represented by passivation fanting

of phenomena leading to a poor reusability.

Passivation and fouling are mainly due to electeocically
produced byproducts or interfering compounds preserihe
analyzed complex real matrix, chemisorbed at thectedde
surface. The conventional cleaning procedures egpb bulk
metal electrodes (mechanical or electrochemicdhietg are

unique propertied? Silver possesses the highest electricilapplicable in the case of metal nanoparticlescesithese

conductivity and a good stability at different patials and pH,
and, more relevantly, it shows large electrocaimlgtoperties
compared to other metals. For these reasonsaiwiglely used
electrode material and the advent of nanotechnotagyfurther
improved its possibilities. As a matter of facthguared to the
traditional bare noble metal electrodes, nanosiredt surface
morphologies can enhance the response of the gesgatem.
The high surface to volume ratio, proper of nanoalisions,
enormously increases the availability of interactsites for the
analyte, improving sensitivity and lowering deteatilimits,

fundamental characteristics for trace analysis. édwer, the
small dimensions may allow to control locally thensing
process, in terms of analyte diffusion mechanisnd aite-

This journal is © The Royal Society of Chemistry 2015

systems can be irreversibly modified or the nantiglas even
removed from the electrode surface. This is adalfitimitation
for a commercial sensor which, apart from high &imity, low
detection limits and high selectivity, should besaal
characterized by portability, online and onsite hiltg and
especially re-usability? In this context, self-cleaning
electrodes could represent a step beyond the ¢istate of the
art.

Self-cleaning materials mediated by UV and visiligét have
had a main role in both fundamental and applicasiwelies in
the last 30 year¥''® Self-cleaning coatind§ windows and
cements, and also self-sterilizing medical deviaed surgical
rooms are, nowadays, appealing products for thekenit
Titanium dioxide (TiQ) is the main protagonist for present and
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under development products. TLiQvas firstly investigated Results and discussion

plentifully for its highly attractive photo-oxidat and photo-

reductive power, and for its appealing band-gaj® ¢¥ for Deviceassembly and structure

anatase and 3.0eV for rutile). Besides its senuuotor The device, described in the present work, wasnemeged with
properties, the oxide shows high bio-compatibilithigh the aim of tuning its photocatalytic and electraoisal

refractive index and, above all, high availabiilyd low costs.  properties in order to obtain an electroanalytsmsor for the
A very recent work by Kamat al.'” has reported adétect and  detection of molecules with biomedical interest. @atrolled
destroy” approach for SERS analyses, in which thge synthesis in order to promote the self-clearpngperties
combination of SERS experiments supported by Ag,NR®% and tune the electocatalytic features by modulatihe

the photocatalytical degradation of the molecule T, is sandwich composition and Ag NPs organization, pxiseg the

described. film transparency. Figure 1a shows the materighigecture.
On the other hand, to the authors best knowledgestudy of

self-cleaning layers potentially applicable on vevatr a) / Tci’tiaor;i;cxlren
electrode surface to prevent passivation, causbdrddy silver

T ) Ag A —
oxidation or by interferents presence, has not lee@tored yet. 9D G FENFE

Literature reports only few examples of self-clemnélectrodes _ —> APTES
for hydrogen detectiotf and for methanol electro-oxidation or : et
glucose determinatiol’®® These systems are based or
anodized titania nanotubes supports decorated witbhle
metals (Pt and Pd), where the titania photoeffeexiploited to b)
restore the activity of the device. In the Literatuneither a |
proper electrode design for re-usability, nor apdseudy of
fouling/cleaning effects on the electroanalyticafgmeters are
investigated. Il
In this very promising context, we propose an iratore self-
cleaning engineered device to be used as an eheethdical e
sensor. The device is composed by a transparersl-angtie ' 26(0cgree) '
composite multilayer in which Ag NPs are depositedjive a Figure 1: Device structure: a) schematic description of the
controlled and organized structure between a botiica and ~ architecture, b) X-ray diffraction pattern of the titania top layer
a top titania layer. Each component of the devies whosen 3and c) SEM cross section of the film.

for its relevant properties: the silica layer wassential t0 gach |ayer/component was finely designed in ordecdntrol
govern the distribution of silver nanoparticles,iethwere the the final performancesupport, silica layer, bifunctional
actual sensing tool, imparting electrocatalytic gendies and gjoxane ((3-Aminopropyl)triethoxysilane, APTES)Ag NPs,
conductivity between the two semiconducting oxidid& Op tjtanjia. As the support, a conductive glass, withstanding
titania film was used to confer the self-cleanimggerties, but ca|cination, FTO, was selected. The subsequenepcesof a
also to protect Ag NPs from oxidation and detetiora silica layer was chosen in order to promote the dispersion o
In order to check the applicability of the desigrilice in a the Ag NPs. The layer of silica was obtained by abating the
real, challenging and complex system, the elecalyéital FTQ surface in a non-aqueous sol, synthesized épribcedure
detection of dopamine was studiéd” Dopamine is a neuro- reported by Wanget al.?® The subsequent calcination
transmitter with great biomedical and analyticakmest, since conditions were chosen in order to decompose thyanic
the molecule anomalous levels are diagnostic foe thomponents of the sol while maintaining the filrartsparency
Parkinson’s disease and for many neurological pagfies. In  anq increasing its mechanical stability and adhesioto the
the literature, its determination has been faceddbferent gypport. The role played by time, temperature ambsphere
electrodes and strategi€s?® but, in almost all cases, foulingyere preliminarily studied to tune the reactivitytbe surface.
and passivation of the electrode surface affecté& fa caicination step of one hour at 400 °C in flow was finally
measurements. In particular, the chemisorptionagfadhine or a4opted. The calcined silica layer was further tgthfby a
of its byproducts at metal and oxide interfaces @sakhe pjfunctional siloxane in order to promote stable attachment of
reusability of the electrode generally impossii@he present Ag NPs. APTES was chosen as a coulombic binderdexivthe
self-cleaning sensor & hoc designed for the detection of suctsjgo, surface and the Ag NPs. APTES ethoxy groups gépera
critical molecules, affording a total sensitivitgcovery after react with —OH groups at the oxide surface, exmpsiNH;"
fouling and cleaning by a simple UV irradiation [ste groups at the interfad®. The negative charged Ag NPs (Z-
Moreover, aging, over-usage and environmental dmmdi did otential measurement, supporting information, FéguB1)
not introduce appreciable modifications of the @it strongly interact with —N&f groups, so that the number and the
characteristics of the electrode. arrangement of APTES molecules highly influence the
concentration and disposition of Ag NPs at theaef

EREEREE Silicon
Fridl / —>  dioxide

FTO

Intensity
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The Ag NPs, synthesized by the procedure of Panzafhsere
stabilized by PVP10 to avoid the presence of aggtates and
multilayers at the functionalized surface. The HRMW picture
(Figure 2a) shows particles of around 11 nm in @item(10.8 +
1.3 nm) with high crystallinity (the lattice spaginf ~ 230 pm
corresponds to (111) planes of silver fcc cell) aite sharp
distribution. The aqueous particle suspension prtese the
typical plasmonic resonance associated with Ag N®s
dimensions lower than 30 nm (Figure 2b ind&#\fter dipping
15 minutes in such a suspension, the material sthotlie
orange colour correlated with the spectrum repoite&figure
2b. The red-shift of the band derived from a charaje
environment, as reported by Evanetfal >

Finally, the engineered sensor is covered By@, layer with
the aim to impart photoactivity and self-cleaninmpperties.

b)

300 460 560 S(IJU 760 800
A(nm)

Figure 2: a) HR TEM picture of Ag NPs, showing high crystallinity

and lattice spacing of about 230 pm; b) UV-Vis spectrum of Ag NPs

grafted on the silica surface; inset: UV-Vis spectrum of the Ag NPs

suspension.

The oxide external layer was demonstrated to coffgher
crucial properties to the material, such as praiacfor the
Ag NPs from unavoidable oxidation/deactivation engurom
the contact with the environment. The Fifdm was obtained
by dip-coating the multilayer device in a non-aquecsol,
synthesized following a procedure previously depetbby our
group®® Temperature and, particularly, the atmosphere
calcination were chosen in order to prevent Ag atia@h. In the
absence of the protective TiOlayer, Ag degradation is
generally observed after few days of environmentaidition
exposure, dramatically changing both the chemiealne and
the morphology of such particles. We tested difietenes and
conditions for the TiQ@ crystallization and growth. A fast
calcination of 1 hour at 400 °C under, Now allowed the
organic compounds mineralization and the growtlthefoxide
crystallinity, without altering the film transpargn (supporting
information, Figure S2).

The XRD
predominance of the anatase polymorph, with tracés
brookite. The peaks of cassiterite (ShQproper of the FTO
support are also appreciable. The size of anatassatites
was evaluated to be 17 nm. The cross-section SEMurgi
reported in Figure 1c, reveals two distinct and bgemous
layers, 550 nm and 150 nm in thickness, for ,S&ad TiQ,

lines (Figure 1b) of the sandwich show the

Analyst

reflectance spectrum with a calculated one (suppprt
information, Figure S3), showing reproducible valuén
different areas of the film. The SEM top picturagplementary
information, Figure S4) shows good homogeneity bé t
surface.

The role of silver in electrocatalysis both as meselectrodes
and as nanoparticles has been amply discussed én th
literaturé?=3* also for sensing applicatiofi$® where Ag can
change favourably the potential of redox reactioatso
allowing interferences management.

The actual presence of Ag in the device was shoyoyalic
voltammetry performed in the absence of an electioa
probe. Electrodes without Ag behaved similarly eoeb FTO,
showing completely capacitive voltammograms withpetk
formation (Figure 3a, curve 1), typical of oxideteréals. In the
presence of Ag (Figure 3a, curve 2 and 3), oxidatamd
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Figure 3: Cyclic voltammograms in the a,b) absence or c) presence

respectively. Thickness data  were confirmed b)rf K4[I(=e(CN6)]1 p;:_‘:;?g'i:fge‘ Study ;f ?lr(;'l‘;,;ff:t of t'ta";a
. . . ayer (curve 1: i0,+TiO,; curve 2: i0,+Ag; curve 3:
FILMETRICS®  analysis, comparing the experimental FTO+SiO,+Ag+TiO,), b) the effect of silica layer (curve 1:

This journal is © The Royal Society of Chemistry 2015

FTO+SiO,+Ag+TiO,, curve 2: FTO+Ag+TiO,), c) the distribution of
Ag NPs (curve 1: FTO+SiO,+Ag; curve 2: FTO+Ag).

J. Name., 2015, 00, 1-3 | 3
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reduction peaks around + 0.25V (SCE) and + 0.1SCH)
appeared, as generally repoffed

Moreover, silver, due to its reactive nature, carokidized by
oxygen present in the air, with passivation effe€tsavoid this

Page 4 of 9

result in the overlapping of the diffusion layecharacterized
by the loss of convergent diffusion. The nearesgm®ours
NPs minimum distance of 1@ required for diffusional
independency, although debaféd®is assumed to be a good

phenomenon, protective oxides are often used onalméndicative valué

surfaces?® In our case, the titania layer provided a protecti
action for Ag NPs. This effect can be proved by panng the
final electrode (Figure 3a, curve 3) with a devjprepared in
the same manner, but without the final Ti@yer (Figure 3a,
curve 2). In the case of titania covered silver apatticles,

higher Ag peak currents were observed, reflectigpresence
of more active and non-oxidized silver nanoparticle

A key point to take into consideration in the udenwdified

electrodes supporting silver for sensor applicatide the
density, distribution and organization of nanomdes on the

Moreover, the NPs array is characterized by a fasgeface
area-to-volume ratio of the electrocatalytic matlerirhis fact
lowers the costs of the electrodes and, increasiegactive
sites, enhances the signal-to-noise ratio, paditubbating the
capacitive background currents, which are depernigetiite real
active surface aréh.

Devices based on ordered arrays are normally pemtuc
lithographically by long, difficult and costly predures and
only few papers rely on simple and effective teghes? since
simpler methodologies usually produce random or

electrode surfackln electroanalysis, the analyte reacts on thacontrollable distributions. The preparation meitipresented

surface of the electrode, generating an increaseeomeasured
current. The resulting signhal is the sum of the acitjve
background current and of the reaction current,ctvhis the
sole related to the analyte concentration. Theanothograms
shape is related to the NPs size and den$ffya steady-state
sigmoidal step can be registered for convergenéepeddent
diffusion at NPs low coverage (Figure 3c, Schemenlile a
peak is obtained in the case of planar diffusiagime at high
NPs coverage (Figure 3c, Scheme 2).

In order to obtain high sensitivity and low deteatiimits, high
faradaic and low capacitive currents have to bdepred. An
optimal disposition for this purpose is an ordeaedyy of well
isolated nanoparticles, where the convergent memsssport
must be predominait=*?In this case, the current response
greater with respect to that of a macroelectroddatt, while
the current at a macroelectrode follows the Ran8ksik
equation (Equation 1}

Lpear = 2.69 x 10°n3/2DY/2Cy,  v/24 (1)

(where lyeq¢ is the current in amperes, is the number of
electrons involved in the reactioD, is the diffusion coefficient

in this work allows the obtainment of organized ardularly
distributed arrays of Ag NPs by a simple and lowstco
procedure. The key factor is represented by theraction sites
for silver, produced by —NHI APTES groups, in terms of
quantity and distribution. We carefully tuned thenditions of
APTES deposition and silica calcination in orderptmduce
well-organized and separated sites. With the metepdrted
by Moon et al.,*® we collected evidence that the concentratior.
of amino groups at the surface was almost doublédoe FTO
(10 (NH, nm?)) compared to FTO covered by silica (5 (NH
nm?) in the same conditions. In the latter case, welo
quantity of silver nanoparticles was expected @nditica layer.
Figure 3b shows voltammograms registered for theeAy NPs
mlectrodes, differing only for the presence or abseof the
silica layer. When Ag nanoparticles are deposited sdica
(Figure 3b, curve 1), a lower quantity of metalpiesent, as
demonstrated by the above considerations, and arl@sak
current is registered in comparison with Ag NPsedily
deposited on bare FTO (Figure 3b, curve 2). Inmipartant to
say that the current registered in the presencehef non-

in (cn? s1), Cyuk is the bulk concentration of active species iconductive silica layer is, anyway, really high asfdthe same

(mol cm?®), v is the potential scan rate in (V)sandA is the

order of magnitude of the electrode without silicRhe

surface area in cfjy in the case of a nanoparticle array of theontribution brought by the distribution (array) isblated NPs
same macrodimensions of the previous macroelectriode (convergent diffusion) is evident and will be ofraaount

which the nanoparticles are at a distance of @®herer is the
radius of the nanoparticle), the limiting current a@ach
nanoparticle and the total array current are glwef®4144

Liim = 8.71nF D Cpyuer (2)

Itor = Iim[A/(107)?] = (8.71 n F D Cpyye A)/(1007) (3)

In Equation 3, it is evident the current dependefioen the
particle radius (the smaller, the better) and thdependence
from the potential scan rate, since a convergerthan@sm is
attained.

Using typical values for the parameters and a valfue= 10
nm, a current increase of seven hundred times easbtainefi
with respect to the macroelectrode.

It is worthwhile noticing that the above considevas are valid
assuming that the nanoparticles are sufficienttyafaart as to
be diffusionally independent. Too closely packedcebdes

4 | J. Name., 2015, 00, 1-3

importance in the detection of analyte at tracelevas already
explained.

The distribution of silver nanoparticles on silwas studied by
registering cyclic voltammograms, this time in firesence of a
redox probe (K[Fe(CN)]), before TiQ deposition (Figure 3c).
Only in the presence of a redox reaction the diffus
mechanism and, as a consequence, the distributibn o
nanoparticles can be studied. Figure 3c curve shm step-
shaped voltammogram typical of a convergent diffnsi
mechanism on isolated ordered nanoparticles (sclig¢rmethe
case of Ag NPs anchored on silica. On the othed harpeak-
shaped voltammogram (Figure 3c, curve 2), reflgctgemi-
infinite diffusion on non isolated particles (sche®), was
observed in the case of silver directly deposited~©O.

This journal is © The Royal Society of Chemistry 2015
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Figure 4 shows electrochemical impedance spectpys@elS)
measurements in the presence of the redox proiee(CN)].
The analyses were performed on different electrodés
different steps of preparation and at different positions of
the sandwich.
response of the device to an external potentialatian and
allows modelling the systems by an electrical dircln the
complex plane plots (Figure 4, Bode plots showslpporting
information, Figure S5), the semicircle shape comrnwoall the
combinations can be represented by the same eqnoivaltcuit
(Figure 4, inset), composed by the solution restaR,) in
series with a parallel formed by the charge transésistance
(Rct) and the double layer capacitance (GHEThis trend of
experimental data and circuits derived from modglliare
typical for a redox reaction of a model probe & #tectrode.
From the diameter of the semicircle, we obtained\thlues of
the charge transfer resistance (Figure 4, Tablsg)ical to
describe the electron transfer between the moddigoand the
electrode. As expected, these values increase einigathe
number of layers, while the introduction of Ag NPf®duces a
drastic decrease of resistance in otherwise idantienditions.
We demonstrated the crucial presence of Ag nanicfestin
order to enhance the electrode conductivity inaheshitecture
of our final device, since electrons of the prokaction can
more easily pass throughout the two semiconduei@rk.

40

® FTO A FTO+SIO+TIO,

A FTO+Ag A FTO+AE+TIO, Samples I(kgc:mz)
| W FTO4SI0, O FTO+SI0 tAg d }
Mo FTOSTIO. @ FTOFSIO +Ag+TiO, FTO 0.29

9 FTO+Ag 0.02
é . FTO+SIO> 4.48
E FTO+TiO, 7.87
FTO+SiOz+TiO; 4412

10+ FTO+Ag+TiO; 11.62

— 5 FTO+SiO+Ag 15.74

T,,:r FTO+SiO+Ag+TiOz 23.78

T
0 10 20 30 40

Z' (k2 cm:l

Figure 4: Complex plane plot spectra for all the electrode
architectures, registered at +0.1V (SCE) in the presence of the
model probe molecule K,;[Fe(CNg)]; inset: equivalent circuit used to
fit data. Table: charge transfer resistance (R¢r) values calculated
from the fitting.

Top layer photoactivity

Impedance analysis measures the nturre <°

Analyst
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Chemisorption of Photo - Total
siloxane molecules degradation mineralization

Figure 5. Kinetic of 6, decrease of the device covered by a
chemisorbed siloxane layer under UV irradiation; scheme of the
siloxane chemisor ption and degradation.

400 °C in an inert atmosphere not only assured hign
photoactivity under UV-A irradiation, but also peeged the
transparency of the film. The photoactivity was yao by
degradation of chemisorbed hydrophobic organic rchai
(SILRES 1701) monitoring the water contact anglerdase by

a procedure previously reported in literature fog simulation
of finger print / oily stain self-cleaniny:*® The presence of
silane molecules chemisorbed at the electrode cairfRigure
5, scheme), shifted th&, value from hydrophilic (30 - 0°) to
~ 110°. Under irradiation in the UV region, electfoole pairs
were created at the TjQOinterface. That makes the surface
reactive. Peroxide and superoxide radicals wereemead-*
reacting and oxidizing the organic chains of themtsorbed
siloxane, bringing back thé,, to the hydrophilic value.

Figure 5 shows the degradation kinetic of the sitoex chains
on the device, monitored W8, decrease, compared to the bare
silica. Whilst the water contact angle of the baiéca was
almost constant upon irradiation, the device, cedeby the
titania layer, showed fast kinetics of contact andkcrease.
That proves that the organic chains mineralizati@s carried
out by the radicals produced by the active titaami@a not by
simple photolytic degradation of the molecule. Bually, we
proved the high activity of the interface as a -s#dfning

The role played by Ti® more external layer in protectingelectrode.

Ag NPs from oxidation has already been discussed.
The self-cleaning properties of the final device b& achieved

Deter mination of dopamine

by the presence of TiOon the top of the sandwich. Thepopamine, an important molecule of biomedical iestf"?>

accurate engineering of the final layer had the @nimpart
photoactivity at the interface without altering nsparency,
mechanical properties and the state of Ag NPs. Asater of
fact, the crystallinity growth (and the degradatairihe organic
components) promoted by the calcination step aveialr in

order to impart photoactivity Here, the careful modulation ofgptained in

the sol composition associated with a rapid catoina at

This journal is © The Royal Society of Chemistry 2015

was chosen for testing the electroanalytical perforces of the
optimized multilayer electrodes. After an extensliterature
research and experimental investigation, diffeedntpulse
voltammetry (DPV) was chosen as the best technfquehe
detection of dopamine. Figure 6a shows the calidmmaplot,
the case of the final device
(FTO+SiO+AgNP+TIiO,, empty circles) in the 5— 35 ppm

J. Name., 2015, 00, 1-3 | 5
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Figure 6. a) DPV calibration plots obtained for dopamine detection
on two different electrode architectures (FTO+Ag+TiO, (e);
FTO+SiO,+Ag+TiO,(0)); inset: differential pulse voltammograms
referred to (o) data; b) differential pulse voltammograms,
showing electrocatalytic peak displacement caused by Ag NPs
(curve 1: FTO+SiO,+TiO,; curve 2: FTO+SiO,+Ag+TiO,).

dopamine concentration range, and, as inset, thresgonding
differential pulse voltammograms.

Dopamine can be detected with a good sensitivép @n the
device without the silica layer (FTO+Ag+TiOFigure 6a, full
circles; corresponding voltammograms in
information Figure S6), although the calibrationtmbtained is
not linear and a strong saturation effect is olegrvThis

problem was overcome when the silica layer was gmes
obtaining a linear range. Moreover, it is worthwhslaying that,
in the case of the presence of silica, the converdiéfusion on

silver NPs can be reached (see paragraph 2.1),imjbortant

advantages at trace level of analyte concentrapartjcularly

in terms of lower limits of detection. Preliminamgsults in this
sense are validating this conclusions.

In dopamine detection, silver has the double fumciof both

facilitating the electron transfer through the sswnductor

layers, in order to provide the required conduttivisee

previously reported impedance discussion, Figureashd of

allowing metal electrocatalytic effect on the analyThe latter
is demonstrated in Figure 6b, showing a decreastpamine
peak potential from + 0.26 V (curve 1) to + 0.15(8CE)

(curve 2) in the case of presence of Ag in the wa@rtd As

discussed in the introduction, chemisorption andseguent
fouling of the electrode surface is a general comcien
electroanalysis, particularly in the detection ajamic analytes
at trace level$?! This affects the analytical sensitivity and
requires strong surface polishing treatments ornevee
complete replacement of the electrode. In the ptesase, the
fouling phenomenon was significant, causing an \ditall
sensitivity decrease (evaluated by the decreateeinalibration
plot slope in Figure 7a, triangles, compared to filesh one,
circles) for consecutive analysis performed usihg same
electrode.

In order to “clean” the surface, removing all thghoducts and
the residues of dopamine detection, after the diegrof a
complete calibration curve, the electrode was synipadiated
with UV-A light for one hour, exploiting the photcévity of
the external titania layer. The sensitivity was ptately
recovered as revealed in Figure 7 (squares), whbe
recovered electrode calibration plot completely rams the
pristine electrode ones (circles).

For a better understanding of the phenomenon, ifresh

SlJpportir%Iution of electrolyte (in the absence of doparinee

recorded cyclic voltammograms of the same electrade
different moments of the fouling-cleaning proceBgy(re 7b).
Line 1 corresponds to the clean electrode beforsisg and
shows the presence of Ag NPs peak around + 0.2sV, 2
expected ; line 2 represents the voltammogram texgid at the
electrode, washed with water, after one dopamiridration

experiment (ten additions TOM dopamine). Line 3 was
acquired on the washed electrode after
calibration analyses. The voltammograms 2 and 3 a':
significatively different compared to curve 1, shiogv a clear
evidence of progressive fouling at the sandwictasgr. Both
voltammograms show peak shoulders (around + 0.3&M) a
narrowing of the accessible potential window, pldpadue to
the presence of adsorbed dopamine or other foblpgoducts
derived by the reaction. Line 4 shows the voltamraogafter
one hour of UV-A irradiation and 24 h of storagehe dark. In
this case, the electrode completely recovers tiitalirshape

a) b);
/] 3
124 ; 3.0 2
104 2.5
I 2.0
g s =
° S 154
< <
= 61 = 104
= =
© 054 4
49 1
0.0
24 3
0.5 4
0 T T T T -1.0 T T v T v T . : .
0 10 20 30 40 50 0.1 0.0 0.1 0.2 0.3 0.4

¢/ ppm

LEvsSCE/V

Figure 7. a) Dopamine calibration plots obtained at different analytical steps [squares (o): first calibration plot;
triangles (A): calibration plot after fouling; circles (0): calibration plot after UV cleaning]; b) Cyclic voltammograms
registered at 0.1V s* at different analytical steps during the fouling/cleaning procedure and relevant scheme.
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(line 1), demonstrating the high efficiency of tleeeaning and 0.25 g of poly(vinylpyrrolidone) (PVP10, M 10000 (g
process; the removal of adsorbed species was achimwd the mol ™) in 125 mL of water. The resulting solution wasuped
possibility of electrode reuse was proved. in a three-necked, round-bottomed 250 mL flask goed with
Finally, the robustness of the optimized deviceaging and a mechanical stirrer and a dropping funnel. Theitem was
wear was considered. The sensor has maintainedsdh®ee cooled in an ice bath and an ice-cooled solutionrsafium
sensitivity and behaviour after many months, déast and borohydride, obtained by dissolving 12 mg of satid80 mL of

irradiations without adopting any specific caresiarage. water, was added dropwise under stirring. The tiesuldark
brown suspension was left under stirring for 5 neésuafter the
Experimental addition, aged at + 4 °C for 24 hours before use stored at

] ) this temperature.
All chemicals were of reagent grade purity and used

received. Distilled water purified with a Millipordilli-Q
apparatus (resistivity 18.2 MQ cm’) was used to prepare
solutions and sols. An UV iron halogenide lamp Jigld G500
with an effective power density, measured usingharlBbs
S314C radiometer, of 23 (mW &fn emitting between 280 and
400 nm (emission spectrum in supporting informatibigure
S7) was used for the photocatalytic tests andHerifradiation

Film characterization: room-temperature X-ray diffraction
(XRD) patterns were collected between 5° and 90th va
powders diffractometer Philips X'Pef/20 in grazing angle
geometry,o = 1.0°, utilizing X Cu K radiation A = 1.5416 A
and power 1.6 kW). The results were obtain on thsis of
Hanawalt method on the data set of PDF-2 (Powd#rdation
) } ) ) File, ICDD). Scanning electron microscopy (SEM) gea
steps included in the device synthesis. were obtained by a Zeiss LEO 1430 working at 30 .kERR
TEM images were acquired using a JAM 2010 equippitid a

Device synthesis: the fluorine doped tin oxide coated glaSEAB6 electron gun (beam energy 200 keV) and a GEaD
slides (FTO, Sigma-Aldrich ~7 @ sq), 2x3 cm) adopted 3Scamera allowing high resolution imaging. Film trpasency

conductive supports were previously sonicated ioleaning and plasmonic resonance were evaluated by UV-\sibi

solution (HO : acetone : propanol = 1:1:1) and irradiated:h‘orSpectroscopy (Beckman DUG640). Z-potential was deitezd
hour Lfr_]der UV light. by a Malvern Zetasizer Nano-ZS equipped with a ers&l dip
The silica sol was prepared by the procedure regdsy Wang cell (Malvern) and standard polystyrene cuvetteatdi/contact

26 H . .
o aj'_ _Brlefly, 10g of TEOS was added into the Sf)l_unoangles were measured by a Kriss Easydrop. Filnkrtb&ses
conta_unlng 259 of ethanol and 4_'59 of hydrocitoscid were evaluated using a FilmetffcsF20 reflectometer
solution (0.1 M). The mixture was stirred at lainfeerature for (Filmetrics)

2 hours and then refluxed at 60 °C for 60 min. Evally, 25 g

of an ethano! solutlon_ of CTAB catl.onlc surfgcta(ﬁtg N v and EIS experiments were carried out with anof

25 mL) was dissolved in the as-obtained solutionshywly PGStat30 (Ecochemie The Netherlands:
stirring at lab temperature for 1 hour. The FTO wigzped in potentiostat/galvanostat equipped with FRA moduled a

such a sol and quickly calcinated at 500 °C footrfunder N controlled by GPES and FRA softwares. Impedanca datre
flow. The functionalization by (3-aminopropyl)trieixysilane processed with Z-View 3.1 software.

(APTES) was performed by irradiating for 1 hour dusorbent Cyclic voltammetric characterization was perforniedd.1 M

(either the silica layer or the baore FTO Iayer)erﬂdlpplng in NaClO, aqueous solution at room temperature, in a thre -
anhydrous toluene undep bt 70 °C. After 1 hour, a solution Ofelectrode conventional cell, with a saturated calomnd a

APTES |n. anhydrous toluene was add(:::d to obtainnal fi platinum wire as reference and counter electrodspectively.
concentration OT 5"\_/" After 3 hou_rs at 7_0 C the sample WaRio N, degassing of the solution was necessary, sinceldiad
cleaned by sonication for few minutes in toluen®arol and 0, did not affect the measurements. The potential veaid
water in order to eliminate the un-grafted siland aventually bétween ~0.1V and + 0.4 V (SCE) z;lt 0.1 & scan rate. The
dried under a nitrogen _stream. . . potential window was chosen considering the Pourbai
The sample was then immersed in a solution of Ag ki 15 diagram$* for TiO, and metallic Ag. Electrochemical
minutes and dried under,Nlux. The final titania layer was impedance spectra were registered at — 0.1, +r@i1+20.25 V

obtained by dipping the sample in a titania sol ealdinating it (SCE), with a range of frequencies between 650@Dah Hz
under N flow for 1 hour at 400 °C. The titania sol has bee

’ ) ) and an amplitude of 10 mV in the same experimergaditions
developed in our group and was prewous!y repéh_e&hefly, of cyclic voltammetry. The behaviour of the eledies was
0.9 mL of HCI 37 _% was added to a S(_)Il_mon of TigB1g), in studied both in the presence or in the absence ofdax
ethanol (0.1 mol in 100 mL) under stirring. Then4® g of reaction, using {Fe(CN)] as model probe molecule.
Lutensol ON70 (BASF) was added to the sol afterntpei
dissolved in 100 mL of ethanol.

Silver nanoparticles (Ag NPs) were synthesized dgpéing the
procedure reported by Panzard$ariefly, 0.15¢g of silver
nitrate were dissolved in 25 mL of water and tlokison was

Photoactivity test: the photocatalytic activity of the device was
tested by following in time the degradation of an
hydrophobizing organic molecule deposited onto ti@nia
o ) ) . layer. The adopted hydrophobizing/staining moleddkRES
added under stirring to a solution of 0.5 g ofddimm citrate BS 1701) is produced and commercialized by Wackesndte

This journal is © The Royal Society of Chemistry 2015 J. Name., 2015, 00, 1-3 | 7
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AG. It is a mixture of isomeric octyltriethoxysilas with iso-
octyltriethoxysilane as the main component. The andles
were chemisorbed at the tested surface by the caemapor
deposition protocol previously reported by*us The device
was placed in a glass container together with dom&fcup
filled with the siloxane. The container was plade@n oven at
100 °C for 3 hours to vaporize the siloxane. Evalyu the
substrate was sonicated in toluene and dried.

The degradation of the organic moieties was moaitoby
measuring the water contact angle as a functiotheftime of
UV irradiation.
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Dopamine detection: the dopamine hydrochloride was of Consorzio Interuniversitario Nazionale per la 8z e Tecnologia dei

analytical purity and purchased by Sigma-Aldridh.was

detected using Differential Pulse Voltammetry, siag the

potential between —-0.1V and +0.4V (SCE), withet
following parameters: modulation time 0.05 s, in&trtime

0.5 s, step potential 0.005 V, modulation amplit@da5 V, in a
three electrodes cell. Three voltammograms at eagamine
concentration were recorded. The calibration cumvas

repeated three times, with comparable results. rSti

calomel, Pt wire and the modified FTO were usedefsrence,
counter and working electrodes, respectively. Phatgp buffer
(pH 7.4, 0.1 M) was used as the supporting elegeol

Conclusions

Fouling and fragility of complex engineered electremical
devices for the detection of biomolecules are sblby the
development of sandwich structured electrodes erdomith a
photoactive top layer. The lack of investigation this field
caused the scarce applicability of many specifitsees for the
detection of highly relevant molecules in biomedi@nd
environmental protection fields. Here, we engindemesimple
system with the purpose to detect an organic biemubé with
absolute relevance in the medical context, dopamive
solved the problem of chemisorption and fouling safch
molecules by covering the sandwich with a photoactixternal
top layer. We proved the total recovery of sensitiafter
irradiating the device by UV-A lamp for a short &nfl hour).
No change in the electrode signhal was observed aftieerous
usages and irradiations. Silver nanoparticles, sigpd in a
controlled manner inside the sandwich, not only aitcal for
the detection of dopamine, but were demonstratemhamtain
their structure and metallic nature. We proved tffier first time
in the sensing field, the protective effect of thania top layer
on nanoparticles modified electrodes, making thmghavior
unchanged in time. Hence, the proof of concepeofers with
highly applicative and commercial appealing, relsaand
potentially not affected by aging, was demonstratéte
described know-how, deriving from the ability toeate such
transparent, photoactive, multilayer structures,n cée
potentially employed on other electrode supportd tailored
on different target molecules, solving, one for #ile problem
of the “cleaning” process.
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