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Abstract

This work describes further developments into tBd-gowered and self-signalled biosensing
system that merges photovoltaic cells, plastidoanlies and electrochromic cells into a single targe
Herein, the plasmonic effect is introduced to inyardhe photoanode features of the photovoltaic
cell, a dye sensitized solar cell (DSSC), and bedtectrocatalytic features are introduced in the

electrode containing the sensing element.

In brief, the DSSC had a counter-electrode of @#i{ethylenedioxythiophene) on an FTO glass
modified by a plastic antibody of 3,4-ethylenedithhgphene and pyrrol. The photoanode had dye
sensitized TiQ modified with gold nanoparticles (AuNPS) to ingedhe cell efficiency, aiming to
improve the sensitivity of the response of hybrievide for the target biomarker. The target
biomarker was carcinoembryonic antigen (CEA). Tesponse of the hybrid device evidenced a
linear trend from 0.1 ng/mL to 10 pg/mL, with anamc slope of 0.1431 per decade concentration.
The response of the plastic antibody for CEA res@@preat selectivity against other tumour markers
(CA 15-3 or CA 125). The colour response of thetetehromic cell was also CEA concentration
dependent and more sensitive when the hybrid devaseset-up with a photoanode with AuNPs. A

more intense blue colour was obtained when higbecentrations of CEA were present.

Overall, this improved version of the self-poweraaid self-signalled set-up has zero-
requirements and is particularly suitable for paficare analysis (POC). It is capable of screening
CEA in real samples and differentiating clinicaltéés of interest. This concept opens new horizons

into the current cancer screening approaches.

Keywords: Biomimetic sensor; Cancer Biomarker; Dye-senditizelar cells; Electrochromic cell;

Carcinoembryonic antigen.



1. Introduction

Cancer diseases are the second cause of deatiwidai@ayanthi et al., 2017; Nair et al., 2018),
with early screening being at the forefront of figly these diseases. Current screening and diagnosi
approaches include non-invasive methods as X-raympated tomography, resonance, and
ultrasound, or more invasive procedures as biopagq, 2008; Weissleder and Pittet, 2008). From
these, it is clear that the imaging approacheeapensive and time-consuming, and are not readily
available after a clinician appointment (Jayanthale 2017). In turn, invasive approaches aredein
hold back by the early biomarker detection in ldjliopsies that have clinical interest and may
provide valuable information. To this end, new degithat may operate in point-of-care (POC) with
low-cost, quick responses and minimal requiremanésbeing looked for (Rasooly and Jacobson,

2006; Wu and Qu, 2015).

Aiming POC applications, electrochemical biosensars leading the current commercial
approaches. Taking the glucose meter as exampdse tldevices allow real-time and-situ
measurement, along with simple, quick and low qostcedures (Grieshaber et al., 2008). In
addition, these devices have small size and allovtapility (Jayanthi et al., 2017; Selvolini and
Marrazza, 2017). Despite these beneficial featuedsctrochemical biosensors still require an
electrical power source to carry out measuremeviig;h may turn out a severe limitation in places
where electrical resources are limited. This hanbeniting several miniaturization evolvements in

electrochemical biosensing.

In terms of autonomy, electrochemical biosensoss heen recently merged with a renewable
electrical power source (Hong et al., 2015; Oregaah Gratzel, 1991; Truta et al., 2018; Moreira et
al., 2018). In this, a Dye-sensitized Solar Celb&L) is used to capture light and convert it into a

electrical energy, in a concentration dependentrmraam typical DSSC contains a photoanode that



is sensitive to light and a cathode that colleloésdlectrons arriving externally from the photoasod
and sends these back to the light sensitive elethemigh a redox electrolyte (Hagberg et al., 2008;
Rho et al., 2018; Ye et al., 2014). To confer com@ion dependence features to such hybrid
device, the cathode of the conventional DSSC wadiffrad with a biorecognition element sensitive
to a cancer biomarker, making use of natural adtés (Hong et al., 2015; Oregan and Gratzel,
1991; Truta et al., 2018) or as molecularly-imprthpolymers (MIPs), widely recognized as plastic
antibodies (Moreira et al.,, 2018). Although traafi@lly employed in membrane separation and
enrichment applications (Yoshikawa et al., 2016)P#Mhave found wide use in sensing approaches,
including for protein detection (Dabrowski et a2018). This hybrid DSSC/sensing device is
therefore considered self-powered, as no electsimailce is required and light is worldwide avakabl

through daylight.

This self-powered device was further evolved foraaditional self-signalling feature, by using
the electrical energy generated by the DSSC/sem@uge and converting it into a coloured event.
To this end, an electrochromic cell was interfagedhis hybrid system. The electrochromic cell
generates colour in an electrically dependent nrarime means of an electrochemically induced
redox reaction (Lv et al., 2017; Somani and Radebhkan, 2003). The electrochromic material is
responsible for this feature and must change itscalpproperties (transmittance, absorption or
reflectance) in a continuous but reversible marum@on the application of an external voltage
(Beaujuge and Reynolds, 2010; Fan et al., 2016;eMes$ al., 2016). An organic electrochromic
material as poly(3,4-ethylenedioxythiophene) (PEDQ3 perfectly suitable for this purpose,
because it is well tuned with the low energy geteerdy such hydride set-up (Takahashi et al.,
2008; Beaujuge and Reynolds, 2010; Lv et al., 20H@wever, several features may be evolved in

this DSSC/sensing device.

One of these features is the sensitivity by whith device acts in a concentration dependent

manner. The presence of the biorecognition elemerihe counter electrode decreases significantly



the energy output of the DSSC, thereby decreasiagénsitivity of the overall response. This may
be improved by tailoring the biorecognition elemetth a material that offers better electrocatalyti
features to the counter electrode of the photomoltall. One possibility herein includes using
poly(3,4-ethylenedioxythiophene) (PEDOT), whichwkaood conductivity, excellent stability, and
low cost (Hong et al., 2015; Yoo et al., 2014), andy be employed in the assembly of the MIP

material.

In another perspective, changes in the photoanbtlee dSSC may also contribute to produce a
more efficient hybrid device. According to litere#tta DSSC with plasmonic nanostructures on the
photoanode allows the dye molecules to increasghbén absorption from sunlight (Brown et al.,
2011; Guldin et al., 2010; Rho et al., 2018). Cousatly, this approach shall enhance an electron
flow from the dye towards the surface of the semdtwtor (TiQ), thereby increasing the

photocurrent generation inside of DSSC and itsggnpower conversion efficiency.

Thus, the current work describes the preparatica obre efficient DSSC/hybrid device (Figure
1), monitoring the impact of an increased poweregation on the rebinding abilities of its self-
powered and the self-signalled versions, by cdiifigathe system and retrieving both electrical and
coloured data. To allow a suitable comparison &vipus works, the self-powered and self-signalled
device was designed to determine carcinoembryantigen (CEA), an important cancer biomarker
in colorectal cancer (Gugov, 2005; Menaker et 2009). The biorecognition element is a plastic
antibody, also known as a MIP material and asseinbl@ copolymer that also contained PEDOT.
The photoanode is produced by doping the, M@h gold nanoparticles (AuNPSs) in order to explor
their plasmonic effect. Critical variables in thientext are optimized and the final system is
evaluated in both buffered solutions and urine hureamples, with regard to the electrical and

optical output signal.
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Figure 1 —Schematic representation of the several stagésedfiybrid/DSSC sensor set-up with optical detectio
namely the photoanode with plasmonic enhancemertid)the biosensing counter electrode (C) combiméige DSSC

cell (B), and their interface of the electrochroméd! (D).



2. Materials and methods

2.1 Apparatus and materials

The general electrochemical assays were conducted potentiostat/galvanostat, Autolab
PGSTAT302N, from Methrom, with a FRA module andenfdced in a computer by means of
NOVA 1.9. Electrochemical impedance analysis (EM&)s performed in a frequency range 0.1-
100000 Hz. The DSSC assays in particular also tlseddutolab potentiostat, coupled to a LED
driver operating with 450 mA output of a warm whlt&D. The photoanode was sintered in a

Nabertherm GmbH P330 oven.

Solid materials were characterized by a DXR Rampectsoscope from Thermo-scientific;
spectra were collected with a 785 nm excitatioerasom 47 to 3000 cih for 1 mW power, with a
confocal aperture was set to 50 um slit. The mdggyoof the films was followed by scanning
electron microscopy (SEM). The digital image of #lectrochromic materials was acquired by a
smartphone Cink peax 2. The colour coordinateh®filnages belonged to the HSL colour system

(Hue, Saturation and Luminousness, of the HSL 9peu@ were collected by using the ImageJ.

The conductive glass substrates used throughoutaheohductive film of fluoride-doped tin
oxide (FTO, sheet resistance 18%q), and were acquired to Sigma-Aldrich. The etdyte used
in Electrochromic device was a commercial Nafionuson, 20 wt% (contains alcohols) from

QUINTECH.

2.2Reagents and solutions

Ultrapure Milli-Q water was used throughout. Thi®rw required several reagents, namely
potassium hexacyanoferrate Il {Ke(CN)], Riedel-de-Haén); potassium hexacyanoferrate I
(K4[Fe(CN)], Riedel-de-Haén); phosphate buffered saline (PB&jlets (Amresco); sodium

hydrogen phosphate dihydrate ¢N®O,-2H,0, Riedel-de-Haen); sodium dihydrogen phosphate



dihidrate, (NaHPQOy- 2H,0, Scharlau); 3,4-Ethylenedioxythiophene (EDOT aAffesar); potassium
chloride (KCI, Merck), CEA (EastCoast Bio); protage k (Sigma); titanium(lV) oxide (THD
nanopowder anatase phase (Sigma-Aldrich); hydrogetrachloroaurate (lll) trihydrate
(HAUCl4.3H,0, Sigma-Aldrich); ditetrabutylammoniuneis-bis(isothiocyanato)bis(2,2’-bipyridyl-
4.,4’-dicarboxylato) ruthenium (1) (N719 dye, Sigmddrich); lithium iodide (Lil, Sigma-Aldrich);
ethanol absolute (EtOH, Sigma-Aldrich); ioding, Riedel-de-H&en); sodium borohydrate (NaBH
Riedel-de-Haen); toluene (TCI); 3-Mercaptopropylnytdimethoxysilane (Si-SH, TCI); acetonitrile
(ACN, Carlo Erba); acetone (Sigma Aldrich); pyr(®ly, Sigma Aldrich); and glacial acetic acid

(AA, Analar Normapur).

The iron redox probe solution contained 5.00%Xfol/L Ks[Fe(CN)] and 5.00x13 mol/L
K4[Fe(CN)], and was prepared in phosphate buffer (PB). PEsontained 0.03 mol/L of NAPO,
and 0.02 mol/L of NakPOy, (pH of 7.0). A stock standard solution of 1@@mL CEA was prepared
in PB buffer and the less concentrated CEA standalttions were prepared by dilution of the stock
standard solution in the same buffer. The sampdesl lnerein were urine form healthy individual,
with 1000x dilution in PB buffer and spiked with &FEor concentrations ranging from 0.1 ng/mL to

100pug/mL.

2.3Assembly of the counter electrode

The FTO glass was successively washed with acesétin@nol and water. Then, it was immersed
in a thiol solution of Si-SH, 0.01 mol/L, prepanedtoluene) to improve the adhesion of the PEDOT
film to the metal oxide layer (Ouyang et al., 20IIMis was made for 30 min, at 50°C, washing after

the FTO glass with ACN (Carli et al., 2014).

The next stage was the formation of a poly(EDOTm fon top (Figure 1C), made by applying

1.10V, for 15s, in a 3-electrodes cell dipped iscdution of 0.01 mol/L EDOT, prepared in 0.1



mol/L KCI. The final electrode (FTO/PEDOT) was al@shed with ACN, to remove unreacted

reagents and small oligomers.

2.4 Assembly of the imprinted film on the countecteode.

The imprinted polymer film (Figure 1C) was asserdida top of the FTO/PEDOT glass by co-
polymerizing a solution containing EDOT (0.010 mpland Py (0.0020 mol/L), and alsoug/mL
CEA, prepared in PBS (pH 7.4), by cyclic voltamm€V), from -0.30V to 0.95V, with a scan-rate
of 50 mV/s, and for 10 cycles. This was done ina@e®trodes cell, yielding an electrode that was
assigned as FTO/PEDOT/MIP-CEA. After this, the CwAs extracted from the polymer using a
solution of Proteinase k (500 pg/mL) overnight (FPEDOT/MIP). The non-imprinted film was

prepared the same way, but without CEA in the pelyning solution (FTO/PEDOT/NIP).

2.5 Rebinding assays on the imprinted film.

The rebinding of CEA (Figure 1C) was tested in MiP NIP films on the FTO/PEDOT
electrodes. It was done by incubating buffer, siamdolutions or samples in the MIP/NIP area for
20 minutes. First, the buffer solution was incubdatensecutively until a stable signal was reached.
Calibrations started by incubating the CEA standadtion of lower concentration in the surface of
the material, followed by a washing step with buffeEA concentrations ranged from 0.1 ng/mL to

100pg/mL, and were prepared in PB buffer, pH 7.0, adilated urine.

After each rebinding stage, the electrode was coetbin a 3-electrodes cell to monitor the EIS
data changes of a standard iron redox probe, oa IDBSSC set-up to monitor the resulting
photovoltaic performance. The data reported hecemesponded to a minimum of 3 independent

evaluations.



2.4 Assembly of the Photoanode electrode

The first step for preparing the photoanode eleleroonsisted in applying a homogeneous
suspension of 6.0 g of Tkanatase nanopowder in 10 mL of EtOH:AAMH(8:1:1), on a circular
area of 0.20 cf placed in a clean FTO glass, via doctor bladehotet The electrode was then
annealed at 450 °C for 30 min. After cooled, tleetebde was immersed in a dye solution of 5.0x10
“M mol/L N719 prepared in ethanol) for 18 h, at rommperature, in the dark (Chander et al., 2014;
Dembele et al., 2013; Hong et al., 2015; Mehmood Reddy, 2014; Truta et al., 2018). Non-
adsorbed dye was removed by successive washe&i#@th. The electrode was finally dried at room

temperature.

Another photoanode was prepared in parallel toustalthe plasmonic effect of AuNPs in the
DSSCs (Figure 1A). The procedure followed for thigspose was the same, but a weight ratio of
23.9% of a colloidal AUNPs was added into the ;JJ$0spension. The AuNPs solution was prepared
by the Martin method, for which 30 mL of a 2.0 mMaBH, solution were added to 10 mL of an
agueous solutions containing 1 mM HAwWGH,O solution, under stirring and in an ice bath (&rut
et al., 2019). The AuNPs were isolated from theeeding reagents by annealing at 450 °C for 30

min, cooled down to 80°C.

2.5 Assembly of the DSSC

The DSSC was set-up by placing photoanode (witlithrout AUNPs) and CE (with or without
MIP/NIP films) face-to-face, in a sandwich configtion, with a spacer in-between made from

scotch magic tape (double-sided, 19 mm thickn&3. electrical circuit was closed by placing an

10



iodide-based electrolyte in the middle (Figure 1B)e electrolyte solution contained 0.05 M gf |

0.1 M of Lil, 0.6 M of HMIIl and 0.5 M of TBP, dispsed in ACN.

2.5 Assembly of the electrochromic cell

The electrochromic material was a PEDOT-based filpyoduced in-situ by
electropolymerization of EDOT of an FTO-glass suppo a 3-electrodes set-up. To improve the
colour change features of the final electrochromaterial, 4-[2,5-Di(thiophen-2-yl)-1H-pyrrol-1-
yllaniline (SNS-NHB) was added to the EDOT solution. SNS-NBlynthesis consisted of an

adaptation of the procedure made by (Ayranci e28all5).

The electrochromic cell was set-up by placing faecéace the FTO-glass with the
electrochromic material and a second FTO-glass) avibolymeric electrolyte (Nafifh in-between
(Figure 1D). It was further interfaced in the extdrcircuit of the DSSC/sensor set-up (Figure 1D),
after ensuring that the electrochromic material a&at 0.0 V. Under working operation, the light hi
the DSSC/sensor and the current generated floweddh this electrochromic cell and promoted a

colour change.

2.6 Electrochemical assays

The 3-electrodes cell set-up used the previouscriteed CEs (modified or not) as working
electrode (WE), a platinum wire as auxiliary eled# (AE) and an Ag/AgCl electrode (3.4 mol/L)
as reference electrode (RE). The electrochemicaksarements monitored the EIS response for the
redox probe [Fe(CN)*™*, under a standard potential of 0.22 V (+ 0.01 W)th 50 scans of
frequencies, and a sinusoidal potential peak-td-meth amplitude 0.01 V in the 0.01 Hz—10000 Hz
frequency range. This was done to follow-up theseglient modifications made in the FTO glass

and evaluate the impact of CEA binding on the imigd films.
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In the DSSC set-up, th&-V features of the cells were recorded in the patetdt/galvanostat
and used to calculate relevant photovoltaic datar@l power efficiency conversion; open-circuit

potential,Voc; short-circuit voltagelsc and fill factor,FF).

The chromatic features of the electrochromic matesiere evaluated in a 3-electrode set-up,
using 0.1 mol/L of KCI as supporting electrolytedaampplying specific external potentials ranging

from 0.00 V to 0.80 V.

3 Results and Discussions

3.1 Assembly of sensing element on the counter electrode

3.1.1 Design of the imprinted film

The sensing film was prepared as shown in FigureFiGt, the FTO glass was covered by a
PEDOT layer (FTO/EDOT), produced by electropolymation at a fixed potential (1.10 V). This
PEDOT layer is a suitable material to act as a €& conventional DSSC (Chen et al., 2007; Li et
al., 2017; Song et al., 2014), and thereby shdjl tiee interface between the photovoltaic cell and
the sensing film. The imprinted film was assembiedt, in a mixed solution containing EDOT, Py
and CEA. The presence of EDOT in this stage is eelhapproach and aim to improve the
electrocatalytic features of the final electrodes #he copolymer was being formed (PEDOT and
polypyrrole, PPy), the protein was entrapped withie polymeric network, yielding the formation of
polymeric cavities of complementary size and shipé¢he template. These cavities were made
accessible for rebinding of other CEA proteinsgmaftemoval of the protein template. This was

successfully achieved by incubating the film intpnoase k overnight.

12



In order the monitor the non-specific binding apilof the polymeric network, a non-imprinted
polymer (NIP) was prepared the same way, but witlBitA. Such polymeric layer shall play a non-
specific interaction with CEA, as there are no meing sites. Thus, it allows evaluating the degree
of non-specific interaction established betweenpiblgmeric network and the protein itself, thereby

monitoring its contribution to the overall electh@enical response.

3.1.2 SEM and Raman analysis

The modification of the CE in its several stages Walowed by SEM (Figure S1), addressing
the morphological changes occurring at the surfadee presence of the PEDOT layer in the
FTO/PEDOT electrode was evident, when compared thighelectrode with only FTO. The overall
structure seemed less rough, with denser area&DOF located in the deepest sites of the FTO
structure. This was also confirmed by Raman spedti@de to both materials (Figure S2). The
spectra of FTO/PEDOT material evidenced an obvichemical modification, signalled by three
additional peaks when compared to the FTO surfdde367.96,(2) 1437.86 and3) 1506.75 crit.
These peaks are typical from PEDOT and signal thesence (Garreau et al., 199@)) was
assigned to the @Cs stretching(2) was assigned to,£C; (-O) symmetric stretching vibration; and
(3) was assigned to the C=C asymmetric stretchingp@foblymeric network. Moreover, the peaks
signalling the FTO surface at 559.95 tr{Sn-O stretching vibration) and 1094.51 ti{8i-O-Si
stretching vibration and C-F stretching vibratiae@emed less intense in the FTO/PEDOT material

(Kumar et al., 2011; Truta et al., 2018).

The presence of additional polymer in both MIPNdP-based materials was also clear from the
SEM images (Figure S1). Their overall surface sekftater, accounting the formation of these
additional polymeric layers, made of PEDOT/PPy.sTias especially evident in the NIP layer,
which suggested that the amount of polymer formetthé NIP structure was higher than in the MIP.

This was observed before, as the presence of theiprseemed to hinder the progress of the

13



polymerization, including when electropolymerizaticc employed (Moreira et al., 2014). In the
particular case of the MIP-based structures, auldolshape was also observed, which could signal
the presence of the protein (several moleculesappéd within the polymeric network. The are no
differences evidenced between MIP after or befde& @Cemoval, but this was likely to happen, as
the magnification of the images is too little t@mdify the exit of the protein. In some studies ACE
has been visualized by electron microscopy anckeéins like a rod shaped macromolecule with
dimensions of 9 nm x 40 nm (Slayter and Coligan/51Boehm et al., 1996; Schumann et al.,

2004).

3.1.3 Electrochemical follow-up

The modification of the CEs for the hybrid devicasnfollowed by monitoring the charge
transfer resistance {frof an iron redox probe in a 3-electrodes celle Dlest electrical fit along the
different stages of electrode modification was woi#d for an equivalent Randles circiRQ), in
which all elements showed < 5% errors. This circainbined the resistance of the solution, Rs,
between WE (chemosensor) and RE and the Rct itlgdarith a constant phase eleme, felated
with double layer). This constant phase elemenabeth as a pseudo-capacitance, because the value

of Q exponent was higher than 0.50 (Ana Maria Oliv8iratt, 1993; Piratoba Morales et al., 2010).

In general, the FTO/PEDOT glass was a highly cotideisurface, but the co-polymerization of
EDOT and Py on top of it led to a less conductiaaral, with a much higher Rct value. This was
particularly evident for the NIP material (FTO/PED@MIP), as shown in Figure 2A. In turn, the Rct
value of the MIP material obtained after finishithg polymerization (FTO/PEDOT/MIP-CEA) also
increased when compared to the FTO/PEDOT surfagejtlwas lower than that of the NIP in
absolute values. As the copolymer of PEDOT/PPy aar conductivity features and the protein
CEA is a non-conductive material, it became clbat the lower Rct from the MIP film was justified

by the lower amount of polymer formed, which wasoatonsistent with the SEM images obtained

14



(Figure S1). After template removal, an increas®at was observed for the MIP, which was not
expected (Figure 2B). There is no explanation licg bbservation, but it was a consistent behaviour,
also reproducible in several assays. Remotely,cibigd be an outcome of the charge of the surface
in the different stages; the presence of CEA onpiblgmeric network may have generated some
positively charged locations that would attract tegatively charged iron redox probe. Upon
removal of CEA, these charges would no longer exist the redox probe would have no opposite
charge interaction with the polymeric network. Thigrease was also partially linked to the
treatment with proteinase K, as the NIP surface th@dsame tendency, but is a smaller extent

(Figure 2C).
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Figure 2 — Electrochemical EIS data of different steps Iagd in the construction of the different electred@?)
FTO/PEDOT glass with or without NIP. (B) MIP elemdles with or without CEA. (C) NIP electrodes withwithout

proteinase K treatment. Data corresponding to B0:M K[Fe(CN)]** readings in PB buffer, pH 7.0.

3.2 Rebinding features of theimprinted film

The rebinding features of the imprinted film wess@ssed by incubating first a blank solution
and CEA standard solutions of increasing conceatraton the FTO/PEDOT/MIP surface. Each

incubation was made for the same time. After tthse, surface was washed with PBS buffer, and
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incubated in the iron redox probe to check thetedebemical features on the 3-electrodes cell. As
different electrodes could be used along a singldrmation, the Rct signals were considered after
this point as relative values (Rct’) to the blan&lculated as Rct’ = Rct (CEA sample)/Rct (blank).

This approach was taken in assays made in a bagkgymedium of buffer or diluted urine.

The results obtained in buffer are shown in Figde evidencing that the increasing of CEA
concentration yielded an increase in the Rct valuthe iron redox probe and that this increase was
CEA concentration dependent (against log[CEA])isliikely that the overall negatively charged
species of CEA standing at the imprinted surfasegxpected for a pH of 7.0 (Casey and Kofinas,
2008), in an increasing amount, could be incredgiagoiding the presence of the negatively

charged redox probe, [Fe(Ci&™.
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Figure 3 — Nyquist plots (top) of the FTO/PEDOT/MIP electroite a 3-eletrodes cell, with a 5.0xiav
[Fe(CN)]**" redox probe, prepared in PB buffer, pH 7.0, dfteubation of increasing concentrations of CEA tohs
prepared in buffer (A) or in diluted sample solati@), and the corresponding calibration curvessaloas relative Rct

versus log[CEA], also including the average valoletsined for the FTO/PEDOT/NIP electrode.

In terms of analytical performance, it was cleatttne MIP film was able to quantify very low
CEA concentrations in buffered medium. The FTO/PHIMIP electrode responded with a linear
trend from 100 pg/mL to 1Qg/mL, showing a typical linear regression of Rc0883 x Log[CEA,
ng/mL] +1.22 and a squared correlation coefficiei®.9941; the limit of detection (LOD) was ~10
pg/mL. In contrast, the response of the correspanblilP in the same concentration range presented
a small tendency to increase, but in an unconttddehaviour. As shown in Figure S3 the average
data obtained corresponded to a slope of 0.01d@emde concentration and a squared correlation
coefficient of 0.88. Moreover, the imprinted maaérshowed very reproducible calibration curves
evaluated from independent MIP units, with the egponding data leading to standard deviations
<7%. Consistently, the NIP showed lower reprodlityhiin comparison with the MIP (also as

shown in Figure S3).

Calibrations were also made in a background ofteldwrine human sample, aiming to evaluate
the impact of a real (complex) sample upon thetelebemical response. The typical Nyquist plots
obtained under this condition are shown in FiguBs 8nd confirm a similar behaviour to that
obtained in buffered solutions. The concentratibtirear response was the same (0.10 ng/mL-10
ug/mL) and the slope was slightly higher, 0.1048 gecade concentration, than that of the buffer
medium, which has been a typical behaviour in theéseé of sensing systems (Moreira et al., 2015;
Moreira et al., 2018). Most likely, this reflectgethigher ionic content of urine samples. In pafall

the control material (NIP) was also calibrated fime dilute samples for comparison purposes. The
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average response so obtained is plotted in Figuf@o@n) and evidenced little sensitivity when

compared to the NIP, thereby confirming the goaalydital features of the device.

Overall, the sensitivity of the MIP response wasmgreater than that of the NIP, for which the
response was typically random. This suggested ttieatrebinding of CEA was controlled by the
rebinding sites and that the non-specific adsonptibprotein by the polymer had little impact upon
the electrochemical response. Moreover, the coretémt response range was within the
physiological levels of interest for CEA (2.5 ng/mabd 10 ng/mL) (Duffy, 2001; Margalit et al.,

2018; Nicholson et al., 2016).

3.3 Integrating the imprinted film on the DSSC

3.3.1 The set-up
The impact of the imprinted film upon the DSSC wasenitored by evaluating the photovoltaic
features of DSSCs assembled with CEs of FTO/PED®GTO/PEDOT/MIP-CEA and

FTO/PEDOT/MIP (Figure 4A).
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Figure 4 —Photocurrent density-photovoltagkV) and power conversion efficiency characteristioves of DSSCs
assembled (A) with different CEs (FTO/PEDOT, FTQIRH/MIP-CEA or FTO/PEDOT/MIP) and a photoanode of
TiO, sensitized with N719; or assembled (B) with difer photoanodes, with or without AuNPs, and a CE of

FTO/PEDOT/MIP. Studies made with an electrolyté bf .

The main features of the DSSC operating with a eatisnal FTO/PEDOT CE included an
efficiency @) of 2.80%, a density short circuits@) of 5.93 mA/cni and a fill factor (FF) value of
66.90%. The preparation of the imprinted materrakap of this electrode, also including the CEA
protein within the polymeric network, was respoftesitor a ~63% decrease in the overall efficiency
of the DSSC cell down to 1.0285 which was also consistent with the data in Fidifke The other
photovoltaic parametersss) FF and Rax also decreased to 4.79, 32.40 and 0.65, resplctidter
template removal (FOT/PEDOT/MIP), the efficiencycmased again, down to 0.55%, a behaviour
that was also consistent with the results showRigire 2B, in which the exit of the protein almost
doubled the Rct value obtained. Yet, the overatpouof the cell was however better than that
obtained with a CE having only PPy and MIP matef&lere was a slightly lower LOD presented
herein (0.11 ng/mL), comparing with LOD of PPy MII14 ng/mL); moreover, a wider linear range
was observed in this work, 0.1 ng/mL until 4J0/mL, against a narrower linear range of PPy MIP

(2100 ng/mL to 10Gug/mL).

3.3.2 Rebinding features on the hybrid set-up

The MIP electrode operating as the CE of a DSSE getontact with an iodide redox probe
prepared in ACN, which is quite different from ttypical iron redox probe prepared buffer, used in
the 3-electrodes cell evaluation. The impact of tiew electrolyte in the rebinding of CEA in terms

of photovoltaic operation should therefore be numeil. As in previous studies, these rebinding
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studies were made in both buffered solutions amatedi urine samples, for CEA concentrations

ranging from 0.1 ng/mL to 10@g/mL.

The power curves obtained for each incubated cdraten level are shown in Figure 5, and
revealed a decreased performance of the photovaddli for increasing amounts of CEA adsorbed
to the MIP film. This was consistent with the datewn in Figure 3, in which the Rct increased for
increasing concentrations of CEA. Moreover, the DS$8t-up was also sensitive to CEA within the
same concentration range as the MIP film, evaluateatie 3-electrodes cell. In buffered solutions
(Figure 5A), the linear behaviour observed for te&an (' = Nsampidnolank) against log[CEA]
showed a typical anionic slope of 0.0757 per decedecentration and a square correlation
coefficient >0.995. Other photovoltaic parametefghis system (as &, Jkc and FF) were also
plotted against the log[CEA], but a lower qualityelar trend was obtained. The LOD of this system
was 0.11 ng/mL. In diluted urine solutions (FigusB), the photovoltaic parameters presented
similar changes when compared to the assays irethufhe typical anionic slope for against

log[CEA] was 0.519 per decade concentration angdugre correlation coefficients were >0.992.
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Figure 5 — Power curves and the corresponding calibratiowesu(inset, as relativg versus log[CEA]) of the
FTO/PEDOT/MIP electrode in the DSSC set-up, afteubating increasing concentrations of CEA soljqrepared

in buffer (A) or in diluted sample solution (B). BE with a photoanode of Ti@&nd an electrolyte of/l;".

Overall, the analytical response of the MIP filnside the DSSC was observed from 0.1 ng/mL
to 100ug/mL, the same concentration range of linear respon the 3-electrodes cell and using a
different redox probe. In general, the system redpd with a reasonable sensitivity. The slope
generated by CEA solutions in urine was howevghdly smaller than the one observed in buffered
solutions. This was an outcome of the decreasedlbspower promoted by the blank urine
samples. Although not questioning the analyticafuisess of this set-up, this decreased sensitivity
revealed the great impact generated by the abseffiteency of the cell when in the blank solution.
This value was interfering with the overall sendiyi of the analytical system, being therefore

important to identify a strategy that would increasich efficiency value.

3.4 Enhancing the DSSC/chemosensor efficiency

The addition of plasmonic nanomaterials to the panobde has been identified as a way to
improve the energy generated by DSSCs (Brown e2@l1; Guldin et al., 2010; Rho et al., 2018;
Truta et al., 2019). For this purpose, a novel paonbde was prepared by adding metal nanoparticles
of gold (AuNPSs) into the conventional semicondugiO,) support, while keeping the same active
area of the photoactive layer in the previous ebelets (0.7 cif). The presence of Au in the TiO
photoanode was confirmed by SEM analysis (Figurg @ith a backscattered electron detector,
ensuring different intensities and contrasts adogrdo the atomic number of Ti and Au (Lloyd,
1987), and by the EDS analysis. The set-up maeéedtuate this feature used the FTO/PEDOT/MIP

material as CE.
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The J-V measurements made are shown in Figure 4B and wsed to calculate the
corresponding photovoltaic performance, expresseiaVoc, FF, andn. This data is summarized
in Table S.1. An increase insglfrom 3.10 to 3.80 mA/cfwas observed, when DSSC was
assembled with photoanode of piénd AuNPs, which corresponded to a 22.3% incrédsesover,
the photoanode with AuNPs displayed a better efficy ¢ = 0.504%) than the photoanode with
only semiconductor. Overall, it was possible toayle that the performance of DSSCs improved
when the Au nanoparticles were introduced in th@, paste. This derived from the plasmonic effect
of such NPs, which enhance the light absorption hita the cell according to (Brown et al., 2011,

Guldin et al., 2010; Rho et al., 2018)

The impact of this power increase on the analytieatures of the DSSC/sensor hybrid device
was also monitored by re-evaluating the rebindeatures in diluted urine samples, using this set-
up. TheJ-V measurements obtained under this condition are shaowFigure 6A. Overall, the
average anionic slope obtained by using a photeaneith AuNPs was 0.1431 per decade
concentration, corresponding to a higher value thiaat without AuNPs (Figure 6B). The
calibrations made were also linked to a wige(relativen (%) (' = nsampidnuiank) change; it varied
from 0.9 to 0.2, from the lowest to the highest camtration, meaning that the range of the
operational useful analytical signal was also afgliby using a photoanode with AuNPs. Similar
to previous experiences, the photovoltaic parammettso decreased when the concentration of CEA
increased along the calibration procedure, but threzar fit with the log[CEA] was not as eviders a
then’. A control material was also evaluated againstAGEbncentration in DSSC/sensor hybrid
device using a photoanode with AuNPs. It showedredsingrn’ values along the calibration
procedure, when exposed to the same conditionbead/tP. Yet, the sensitivity of the NIP was
lower than that of the MIP, evidencing an aniorlaps of 0.069, with a correlation coefficient of

0.9287 (Figure S5).
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Overall, the DSSC/sensor hybrid system operatirt aiplasmonic effect from AuNPs favoured
the sensitivity of response against CEA concemtnatiirst, the power of the blank signal increased
and, second, the value aof before saturation was lower than that with phatm#es without
plasmonic nanostructures. This wider range of etattresponse would most certainly favour the

response of the signalling element, another agpesented next.

3.5 Selectivity of DSSC/sensor

The selectivity test evaluated the effect of cheniompounds that could be potential interfering
compounds in biological fluids. This was achievgdalbcompeting test between CEA (in 50 ng/mL)
and other interfering species selected for thigppse. Herein, the tumour biomarkers, CA 15.3 and
CA 125 and urea, the most abundant compound ire uwere selected. The concentrations used for
this purpose were 1.6 U/mL, 2.5 U/mL, and 1.2 mg/rekpectively, considering a possible 10x

dilution of an original serum sample.

Selectivity studies were evaluated in two differeanditions, using binary (CEA + interfering
species) or single component (only interfering sggcsolutions. Each solution was incubated in the
sensing layer (CE) for 20 min, the same period usethe calibration procedure. The results
obtained with the binary solutions were comparethtse of a single component CEA solution. The
data obtained is shown in Figure S6, evidencing tha tested compounds did not interfere
significantly with the CEA readings, changing tihgnal from 4.1 to 15.5% (Figure S6). Using single
component solutions, each compound was incubatpdrately and the results indicated a low
rebinding ability for CA 15.3 (15.3%), CA 125 (3.4%r urea (23%), when compared to CEA
(Figures S7 and S8). These values are corresponditite worst scenario, because there was no
other ion competing for the sensing layer with theerfering compound, which may allow a

significant non-specific rebinding response.
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Overall, the results obtained evidenced the verydgselectivity features of the MIP sensing

layer, confirming that the chemosensor had a hifghity for the target molecule.

3.6 Inclusion of the self-signalling element

3.6.1 Interface with the electrochromic cell

The self-signalling element consisted of an elattromic cell (Figure 1D) linked to the external
circuit of the DSSC/sensor. This cell was set-ugpoeding with an organic electrochromic material
of PEDOT and SNS-N§ and changed its colour in agreement with the ggnarriving from the
hybrid device. As the energy produced by the hylmidtovoltaic cell was CEA concentration
dependent, it was reasonable to assume that tletroeleromic material would yield colour

differences under increasing CEA concentrations.

For this purpose, rebinding studies were made egqusly on the FTO/PEDOT/MIP electrode,
which was handled after as the CE of a DSSC celippgd with a photoanode containing AUNPs.
The concentrations selected for this purpose wdi@ ®g/mL, 10 ng/mL, 1.0 pg/mL and 100 pg/mL,
the same concentration range tested before. Adtending, each MIP electrode was combined with
the photoanode and the necessary electrolyte terggna given current that should be in agreement
with the CEA concentration. This current flowedaihgh the electrochromic cell (Figure 1), and a

total of 12 min was given to reach a stable colour.

The colours obtained for the different concentraion urine sample solutions are shown in
Figure 6C. The blank signal corresponds to thebhation of diluted urine sample with no CEA, and
yielded the highest power produced by the hybridadeand feeding the electrochromic cell. The
corresponding colour was typical light blue, whigdems to correspond to the colour promoted by
potentiostatic response under 0.7 V applied ine8tebde cell configuration (Figure S9). Increasing

CEA concentrations incubated in the MIP CE up ® jig/mL yielded decreasing currents, which
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were linked to the formation of a darker blue colon the electrochromic cell. The highest

concentration of all, 100 pg/mL, led to no coloarigation, meaning that the current arriving at this
point at the electrochromic cell was insignificamd unable to promote additional colour changes.
Overall, the colours observed for increasing CEAcemtrations were in a clear gradient change

(original pictures in Figure S10), which was vidyglerceptible.
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Figure 6 —Power curves (A) of the FTO/PEDOT/MIP electroddhia DSSC set-up containing a photoanode with

AuUNPs, after incubation in increasing concentratiohCEA solutions, prepared in diluted urine sagmlution, (B) the
corresponding calibration plots g5 versus log[CEA], along with the colour generatadthe electrochromic cell (C)

and the corresponding saturation coordinate oHBE colour system against log[CEA].
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The direct impact of using a more efficient hybddvice upon the colour change was also
assessed, by carrying out the same assays in a BBISE photoanode without AUNPs. The colours
produced were less intense and tended to purpleahof a dark blue colour (Figure S11). The
saturation was not reached in the complete coretgmir range, probably because in this
configuration the power decrease for CEA increastogcentrations was less intense, thereby
reaching less quickly a near close-to-zero powaditmn. Overall, this data confirmed the great

relevance of using a more efficient cell in theocwed transduction of the rebinding event.

The gradient observed was also used to extractitgiare data, in a similar way to the approach
reported by (Gomes and Sales, 2015). To this emel,cblour coordinates of the HSL (Hue,
Saturation and lightness) colour system were etedaby the ImageJ. The collected values were
tested against the log CEA concentration, to fimel possibility of having a linear trend between
these. The best mathematical fit plotted y-axissasuration (Figure S12), against the log CEA

concentration, yielding the linear trend observe#igure 6D.

Overall, it was evidenced that the visual inspecod the colour changes in the electrochromic
cell provided semi-quantitative data (Figure 6C &mlre S11) and that this data could be further
refined to generate quantitative evidence. In gdneatl data produced was clinically relevant, but
the use of the DSSC with AUNPs may clearly bertagt generation of more accurate data, as the

colour change was more intense.

4 Conclusions

This work confirmed the possibility of producingfestive self-powered and self-signalled
sensing devices for CEA, by merging different teslbgies. Photovoltaic cells, plastic antibodies (or

MIP technology), plasmonic nanomaterials and ebetiromic cells were combined to target an
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electrochemical detection system that retrievesouced response. In this new format, the
photovoltaic cell was responsible to generate powethe electrochemical device and acted in a
concentration dependent manner, when one of itdrelles was modified with plastic antibodies.
This power crossed the electrochromic cell thatveaied this energy into a coloured event; as the
intensity of the formed colour was power dependtrd,observed colour was is turn concentration
dependent, thereby enabling visual detection. Tagnponic nanomaterials were tested herein as an
additional element into this system that could ioverthe performance of the photovoltaic cell and

contributed to an increased sensitivity, interggyimevealed by an improved coloured detection.

From a practical perspective, the hybrid device alale to respond to CEA concentrations between
0.1 ng/mL-1@g/mL, which is an important range for disease surgg diagnosis or progression,

and the use of plasmonic AuNPs yielded an impreestitivity. It generated semi-quantitative data
by simple visual inspection of the colour gradiemit the colour coordinates could be used to
generate quantitative information. Moreover, therent device has a single light requirement and
offers the potential to generate relevant datacfmical decision, in a fully independent manner,

everywhere. In principle, the concept behind thibrld device may eventually be extended to any

other target biomolecule.
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