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Abstract

Pancreatic ductal adenocarcinoma is the predominaaplastic disease of the pancreas and it
represents the fourth most frequent cause of deattancer-related disease, with only 8% of
survivors after 5-year to the diagnosis. The masues of this type of cancer rely on fast progress
(i.,e. 14 months from T1 to a T4 stage), nonspeafimptoms with delay in diagnosis, and the
absence of effective screening strategies. To addires lack of early diagnosis, we report a cost-
effective paper-based biosensor for the detectibrmdRNA-492, which is recognised as a
biomarker for pancreatic ductal adenocarcinoma.d&sign a miniaturised, sensitive, and robust
paper-based platform, an electrochemical sensoseragn-printed on office paper previously wax-
patterned via wax-printing technique. The papeedaensor was then engineered with a novel and
highly specific peptide nucleic acid (PNA) as reatign element. The formation of PNA/miRNA-
492 adduct was evaluated by monitoring the intevadtetween the positively charged ruthenium
(1) hexamine with uncharged PNA and/or negativelgarged PNA/MIRNA-492 duplex by
1



differential pulse voltammetry. The paper-basedsénsor provided a linear range up to 100 nM,
with a LOD of 6 nM. Excellent selectivity towardee> and two-base mismatches (1MM, 2MM) or
scrambled (SCR) sequences was highlighted and ghkcability for biomedical analyses was

demonstrated, measuring miRNA-492 in undiluted rsesamples.

Keywords. serum, pancreatic ductal adenocarcinoma, rutherflUjnhexamine, screen-printing,

wax-printing.



I ntroduction

In 2018 in Europe, ca. 3 million new cases of camaere forecasted, observing ca. 2 million dead.
Among several cancer types, breast, lung and peostees are the most common, and a high rate of
mortality has been observed for lung (388,000 dgatiolorectal (243,000), breast (138,000), and
pancreatic (128,000) cancer (Ferlay et al. 2018 pancreatic ones are classified in two main
groups, namely exocrine and neuroendocrine tumdums.former group originates from exocrine
cells designated to the production of key enzymas digestion; the latter one affects the
neuroendocrine cells, which produce hormones fmtroing the normal functions of the body
(Kleeff et al., 2016). Among exocrine tumours, tm@st common one is the pancreatic ductal
adenocarcinoma (PDAC), which originates in the heghial cells of glandular structures and
accounting for more than 90% of all pancreatic grances(/Adamasca et al. 2017). PDCA is
sometimes called the “silent disease” because ¢thaacterised by a silent progress of primary
cancer growth or metastatic diffusion before clhisymptoms (Vincent et al. 2011), thus early
diagnosis and treatment represent great challemgénicians (McGuigan et al. 2018; Moutinho-
Ribeiro et al. 2019). Nowadays the most commonstaol diagnose PDAC are computed
tomography or ultrasound endoscopy, but these rdstlhequire expensive instrumentation and
skilled personnel, avoiding a prompt diagnosis, dhds affecting the PDAC management.
Actually, several tumor biomarkers have been ingattd in blood for monitoring the disease
progression and therapeutic response such as TEAOR242, CA 494, CA 19-9, but only CA 19-
9 has been approved by FDA. However, its averaggitsaty (79%) and specificity (82%) are only
considered moderate for PDCA screening (Huang.e2(dl4; Poruk et al. 2013). To address the
challenge of early diagnosis, prognosis, and smmmitoring of treatment effectiveness, liquid
biopsy has paving the way for a new concept ofyamin biomedical field. Indeed, liquid biopsy
has been established as one of the top 10 emetgghgologies in 2017 by the World Economic
Forum because it canark a step forward in the fight against cancénis technology relies on the
non-invasive revealing of circulating-tumor biomark in blood/serum, e.g. circulating tumour
DNA (ctDNA), mRNA, miRNA, exosomes, and circulatiigmor cells (CTCs) (Mattox et al.
2019). It provides a wider spectrum of informatiwhen compared to tissue biopsy, as well as fast

feedback related to disease progression or resgstartreatment.

Among these biomarkers, miRNAs are non-coding RNAletules encompassing 19-25
nucleotides, which regulate gene expression attpasscriptional level (Bartel 2009). These tiny

nucleic acids are able to regulate cell differdidg development and homeostasis in health and
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pathophysiological disorder in disease (Gebert.&2049). Many researches have evidenced that an
aberrant expression of miRNA is highly correlatedhwthe development of several diseases
including cancer (Adams et al. 2014). For instarthe, overexpression of miRNA-210, miRNA-
155, miRNA-196a, and miRNA-21 has been found in ROg&tients’ serum, demonstrating their
potentiality to discriminate PDCA (Wang et al. 2@ unetti et al. 2015). Serum miRNAs are
usually measured by quantitative polymerase chaaction (QPCR) with high sensitivity and
selectivity, but it requires laboratory set-up akilled personnel. For a reliable and cost-effectiv
detection by unskilled personnel, point of careidey have opened a new route in clinical
diagnoses: several examples are present in literatniRNA-10b was detected in exosome and
residual plasma of blood samples down to 1 aM usirduplex-specific nuclease-assisted dual-
SERS biosensor based on hybridisation with the ¢emmgntary DNA probes (Pang et al. 2019).
Joshi et al. (2014) reported a solid-state locdls@face plasmon resonance sensor modified with
gold nanoprisms and single-stranded DNA probegléecting miRNA-10b and miRNA-21 down
to fM range in 40% bovine plasma and 40% humannmasBeside these biosensors based on
optical transduction, the use of electrochemicécie®n gathered huge attention by scientific and
industrial community for their capability to work icomplex matrices like blood as well as for
requiring miniaturised transducer, allowing for dhald devices. In this overall scenario, Guo et al.
developed a gold-based bulk biosensor immobili@an®NA oligonucleotide capture probe to
measure miRNA-196a. Thanks to an enzymatic cyadicad amplification, this biosensor was able
to quantify miRNA-196a with a linear range from®/ to 50 pM and a detection limit of 15 aM.
The accuracy was evaluated by measuring plasma lesingpiked with different biomarker
concentrations, namely 0.05 fM, 5 fM and 500 fM{ashing recovery values comprised between
97.6% and 102.2%, thus demonstrating the religlolithe developed biosensor (Guo et al. 2018).
To develop a miniaturised analytical tool, screentpd electrodes possess all the requirements,
being miniaturised, cost-effective and allowing #@alysis using few pL of sample. Zeng et al.
(2017) developed a 16-channel screen-printed delttrede array for the detection of miRNA-21,
MiRNA-155, miRNA-196a, and miRNA-210 by means otrdbeedral DNA nanostructures
immobilised on the gold electrode, reaching a diteclimit of 10 fM. The reliability of the
developed biosensor was assessed in serum, deatongits capability to discriminate pancreatic
cancer patients from healthy controls.

Beside DNA oligonucleotide capture probes, receatigther biocomponent has been exploited in
the design of smart biosensor, thanks to its ihdigaffinity/specificity between PNA and RNA
when compared to DNA and RNA, ii) higher thermaldiity than DNA/RNA (PNA is uncharged),

iii) higher chemical stability, and iv) resistant® enzymatic cleavage in serum and in cellular
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extracts (Demidov et al. 1994). In details, PNA® arucleic acid analogues able to bind
complementary DNA/RNA sequences following WatsomrekCbase pairing (Nielsen et al. 1991).
PNA has an uncharged backbone composed of N-(2emthyl)glycine motif éeg where the four
natural nucleobases are linked through a methylmrbonyl group (Figure S1). The neutral
backbone confers a greater stability to the PNA-RM® PNA-DNA complexes in respect to the
natural counterparts (Nielsen 2004, Nielsen 200xddition, a single mismatch in the middle of a
PNA/DNA complex causes a higher drop of melting gemature compared to DNA/DNA one
(15°C instead of 4°C), thus demonstrating an imedogelectivity of PNA in respect to DNA
(Ratilainen et al. 2000). All these features mak¢APan outstanding candidate as antisense,
antigene (Saarbach et al. 2019), miRNA targetindemudes (Moccia et al., 2016; Piacenti et al.,
2019), as well as capture probe in diagnostic apftins (Saadati et al. 2019). For instance, Fu et
al. developed a biosensor based on a gold electnodiied with PNA and target-catalysed hairpin
assembly with redox tags for simultaneous detectibmiRNA-21 and miRNA-155 in human
cancer cells, with detection limits of 2.48d 11.63M, respectively (Fu et al. 2020). Jolly et al.
reported the development of a PNA based biosemsdhé detection of miRNA-145 using a gold
electrode as platform to immobilise a thiolated PNAe electrochemical detection of miRNA-145
following the duplex formation allowed to reach aetettion limit down to 0.37 fM (Jolly et al.
2016).

In this work, we reported the first paper-baseatedehemical PNA biosensor for the detection of
MiRNA-492, which is suggested as biomarker for PDQAn et al. 2014; Pei et al. 2017).
Compared to the polyester and alumina-based sqnésied electrodes, paper-based electrodes
have numerous advantages such as the sustainamlitythe capability to be used for a cost-
effective fabrication of microfluidic pattern. Inelé, the paper is an ecofriendly material that is
incinerated after the measurement, reducing theéewaanagement (Cinti et al. 2019). In addition,
the use of paper as support to print the electratlews for a cheap fabrication microfluidic patter
thanks to management of the flow without externamps, delivering a device that match the
ASSURED criteria (Affordable, Sensitive, Specifidser-friendly, Rapid and robust, Equipment-
free and Deliverable to end-users) established b{OWKosack et al. 2017).

Materials and Methods

2.1 Reagents and Equipment

Chloroauric acid (HAuG), sodium borohydride, sodium citrate, sodium ddier sodium

dihydrogen phosphate idrate (N#D, H,O), sodium hydrogen phosphate {N&QO;), 6-mercapto-
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1-hexanol (C6-0OH), and tris(2-carboxyethyl)phosghin hydrochloride (TCEP),
hexaammineruthenium(lll) chloride Ru(N}gCl; were purchased from Sigma-Aldrich (St.Louis,
MO, USA). All the electrochemical measurements weaeried out using a portable potentiostat

(PalmSens, Netherlands) equipped with a multipléxe8 cells and connected to a laptop.

2.2 Synthesis of PNA

For the synthesis of PNA, Fmoc-PAL-PEG-PS resirpbeg by Applied Biosystem was used. The
HOBT activators and HBTU were purchased from Nowabém, while piperidine, DIPEA, acetic
anhydride, and TFA were purchased from Biosolvee Wh Methyl-morpholine and Fmoc-Ahx-OH
were purchased from Sigma-Aldrich company. The drdys solvents for the synthesis of PNAs
(DCM, DMF) were provided by the J.T.Baker compahRymoc-PNA-cytosine(Bhoc)-OH, Fmoc-
PNA-thymine-OH, Fmoc-PNA-guanine-(Bhoc)-OH, FmocAbdenine(Bhoc)-OH were provided
by Panagene while Fmoc-Cys (trt)-OH from Iris Bieoh The analyses and purification of the
products were carried out by high pressure revetsgse liquid chromatography (RP-HPLC).
Analytical analyses and purification of PNA oligomevere performed on HPLC equipped with
UV detector and autosampler, Agilent 1100 Hewlettkard. A Phenomenex Jupiterufn C18
300A (4.6 x 250 mm) column was used at a flow @hl/min. LC-MS analyses were conducted
using a Phenomenex Jupiten® C18 300A column (150x460 nm) Surveyor series HRidDipled
with a Thermo Finnigan mass spectrometer equippéud an electrospray source (MSQ model).
Solid phase synthesis of PNA oligomers was perfdrmme a Fmoc-Pal-Peg-PS resin, with a
functionalisation degree of 0.16 mmol/g on qu#ol scale, employing a protocol reported in
literature (Avitabile et al. 2010). The synthesisnsists of repetitive cycles of deprotection,
coupling and acetylation, at room temperature.rmprove the efficiency of the coupling reaction,
double couplings were performed on G and A monomiées the removal of Fmoc group, a
solution of 20% piperidine in DMF was employed fominutes, followed by a wash in DMF for 50
seconds. The coupling was carried out using a Bl.2Blution of PNA monomer (5 eq.) in DMF, a
solution 0,20 M of HOBt/HBTU in DMF (5 eq.) and 1@0 of a mixture of NMM (N-N-methyl
morpholine, 5 eq.) in pyridine for 20 minutes. 1@0of monomer were activated with 1QQ of

the HOBt and HBTU solutions and at this solutiof0 &L of a solution of NMM in pyridine was
added. The mixture was added to the resin for 2utes at room temperature and then removed by
filtration. The resin was washed with DMF twice. €M) the acetylation of the unreacted amino
groups by treatment with a mixture of acetic antdel®,6, Lutidine/DMF 5/6/89 v/v/v for 5
minutes was carried out, followed by two washeBMF. At the end of the synthesis, the resin was

washed with DMF, DCM, RO and dried under vacuum. The conjugate Cys-AhxmiR492 was
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obtained adding Fmoc-Ahx-OH and Fmoc-Cys (trt)-GHh& N terminus of PNA oligomers still
immobilised on the resin. Fmoc-Ahx-OH (2.5 eq) vpsactivated for 5 min with a solution of
HOBt and HBTU (2.49 eq.) 0.45 M in DMF and NMM (3§.). The solution was incubated on the
resin for 45 min under stirring at room temperatame the coupling was repeated twice to assure a
complete functionalization. After acetylation anepdotection of the Fmoc group, the amino acid
Fmoc-Cys (trt)-OH was anchored with the same proeed2.5 eq. of Fmoc-Cys(trt)-OH was
preactivated for 5 min with a solution of HOBT aH®8TU (2.49 eq) 0.45 M in DMF and NMM
(3.5 eq). The solution was incubated on the resiftb min under stirring at room temperature and
the coupling was repeated twice to assure a complectionalisation. At the end of the synthesis,
the resin was washed with DMF, DCM 8tand dried under vacuum. The conjugates were etkav
from the resin and deprotected treating the resih v TFA/HO/EDT/TIS solution (94/2.5/2.5/1)
for 90 minutes at room temperature and under sgirriTFA was removed from samples under
nitrogen flow and the oligomers were precipitateithveold ethyl ether, washed three times with
ethyl ether, vacuum-dried, and lyophilised. Theifmation of the conjugates was carried out
through reverse phase HPLC on a semi-preparativgncy using a gradient of acetonitrile (0.1%
TFA) in HO (0.1% TFA) from 5 to 50% in 30 minutes. The piedfproducts by characterised by
ESI-TOF mass spectrometry. Cys-Ahx-AntimiR-PNA 48¥s-Ahx-aagaatcttgtcccgcaggtcct (Da):
Found: 6421.6224; [M+3H]: 2142.5408; [M+4H]": 1606,4056; [M+5H]":
1285.3244;Calculated: 6421.3286; [M+3H] 2142.4429; [M+4H": 1606,3321; [M+5H]"
1285.2657 (Figure S2). RNA sequences were purcHasedBiomers.net the polymer factory Ulm

(Germany).

2.3 Circular dichroism and circular dichroism thermal denaturation experiments

Circular dichroism (CD) experiments were carriedt am a Jasco J-810 Spectropolarimeter
equipped with a NesLab RTE111 peltier. CD spec&eewecorded in a 1 cm cuvette (Hellma) at 5
°C and 95 °C in the 320-200 nm range using dupl&x@e¥ concentration in phosphate buffer 10
mM pH=7, 100 mM NacCl. Duplexes were annealed bymwag up at 90 °C for 5 minutes and

slowly cooling down to 5 °C and kept at least 1aththis temperature. Thermal denaturation
experiments were carried out using 3 UM duplexephosphate buffer 10 mM pH=7, 100 mM

NaCl at a 1 °C/min scanning speed and recordingsitpeal at 260 nm. The other experimental

parameters were 100 nm rifstanning speed, 50 mdeg sensitivity, 16 s time taahs1l nm



bandwidth. Each spectrum was obtained from an geech three accumulations, subtracting the

spectrum of the solvent. The spectra were rep@seaptical density (mdeg).

2.4 Synthesis of gold nanoparticles (AuNPs) dispersion

First of all, glassware and magnetic stir bar usedhis synthesis were cleaned in aqua regia
(HCI/HNO3 3:1 (v/v)), rinsed in distilled water, and subsewaly cleaned with piranha solution
(H2SO/H20, 7:3 (viv)), and rinsed again with distilled wateefore use. Then, AuNPs were
obtained in a round flask at room temperature (RTixing 9 mL of distilled water with 1 mL of
0.01 g/mL HAuCj and 2 mL of 0.01 g/mL sodium citrate. After 1-mti@stirring, 0.5 mL of 20
mM sodium borohydride were added drop-by-drop. 3dletion was left under stirring and in dark

condition for 24 h. The gold nanoparticles dispmrsivas then stored at 4 °C.

2.5 Production of the paper-based SPEs

The first step in the production of paper-based SW&s the design of the pattern using a drawing
software (Adobe lllustrator). The pattern was m@ihon office paper sheet (80 g/rrabriano Copy

2) using a wax printer (ColorQube 8580 Xerox). Pager-based substrate was patterned with two
layers of wax. The first layer, the green one, waated in oven at 100 °C for 2 min. The wax
penetrated the paper structure producing hydroghataas. Then, a second wax layer was printed
(black layer) without being cured in the oven. Ttap layer aims at delimitating the testing area.
This configuration was previously optimised for @bing a more durable platform during the
measurement (Cinti et al. 2018). After that, thpgravas ready to manually screen-print the three-
electrode system (screen-printed electrodes, SPEs)lver/silver chloride ink (Electrodag 4038
SS) was used to print the pseudo-reference elextrotile a graphite ink (Electrodag 421) was
used to print the counter and working electrodd® d@onductive inks were applied through masks

with the desired patterns and they were all puretidiom Acheson (Italy).

2.6 Preparation of the paper-based sensor

8 uL of AuNPs were drop-cast onto the working elmbt, and after drying, the probe was
immobilised following a protocol reported in littwae (Xiao et al. 2007). The first step is the
reduction of 10uM PNA (50 mM phosphate buffer pH=7, 150 mM NaCRNase free water) in
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presence of 10 mM TCEP for 1 h. The resulting sotutwas then diluted to the selected
concentration (in the range of nanomolar) to be abitised onto the AUNPs-SPEs. g0 drop of

the probe was placed onto the working electroda #rmel h at RT in a humid chamber. SPEs were
gently washed with distilled water and incubatedairhumid chamber with 2 mM C6-OH to
passivate the empty spaces onto the working ebbetrdhe last step was washing away with
distilled water the unbound C6-OH from the SPEgntkthey were left overnight at 4 °C in the
working buffer solution (50 mM phosphate buffer toning 150 mM NaCl, pH=7). The entire
platform was conceived as disposable sensor, dlseircase of glucose strip used every day by
diabetic patients at worldwide level, especiallgdugse of the choice of paper as support, in oaler t
develop an eco-friendly and sustainable device lwhen be easily disposed after its use (e.g. by

incineration), reducing the environmental impacpohted electrochemical sensors.

2.7 Measurement of miRNA target

For the measurement of miRNA target, eight SPE®wegerted into the multiplexer connected to
the portable potentiostat. 10@. of working buffer, prepared in RNase free wat&0 (mM
phosphate buffer containing 150 mM NaCl, pH 7) wasilded onto the electrochemical cells. Then,
the concentration of the target to be analysedh@grange of nM) was added into the 100of
buffer. After 20 minutes, pL of the redox mediator, Ru(N##Cls, were added to the working
solution and the current was recorded after furtB@rminutes (Cinti et al., 2020) using as
electrochemical technique Differential Pulse Voltaetry (DPV) (E begin = -0.1 V, E end = -0.5
V, E step = 0.005 V, E pulse = 0.05 V, T pulse 850V and Scan rate = 0.05 V/s (vs. Ag/AgCl as
reference electrode).

For the optimisation experiments and response sube signal change was plotted against the
concentration of the target analysed using theasigi paper-based SPE modified with gold
nanoparticles and PNA in presence of RugNH as background current, which was subtracted to

the signal of the sensor in presence of the target.

Result and Discussions
3.1 PNA/miRNA-492 binding characterisation in solution

The binding of PNAs with DNA and RNA targets is ostger compared to DNA/DNA or
RNA/RNA binding (Nielsen et al. 1991, Chakrabattaé 1999). This enhanced binding affinity is
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partially ascribed to the uncharged nature of PNAdeed, the duplexes formed by PNA/DNA or
PNA/RNA hybrids lack the electrostatic repulsioregent in DNA/DNA or RNA/DNA duplexes,
delivering a very stable complex with high bindedgnity (Jensen et al. 1997, Schwarz et al. 1999,
Chakrabarti et al. 1999). Before immobilising theAPbioreceptor on the electrode surface, the
interaction between thed hocsynthesised PNA sequence and the target miRNAxERassessed
by CD, obtaining information about affinity of PNRINA hetero duplex and secondary structure of
the duplex. In Figure S3, the overlayed CD proiilecase of single strand miRNA-492 (red line)
and the complex PNA/mIRNA-492 (1:1) (blue line) waported. In case of duplex PNA/MiRNA-
492, a positive maxima ab. 260 and 220 nm together with negative minimurmaa40 nm and a
small negative band between 290 and 300 nm wasw@sseemonstrating the binding between
PNA/mMIRNA-492, being this CD profile typical of PMRNA heteroduplex (Corradini et al. 2012).
Furthermore, the position of the peaks suggestprimence of a helical structure resembling the A-
form RNA (Gray et al. 1981). In addition, the stapiof the duplex was measured by CD melting
denaturation experiment for 1:1 complex, after aheealing procedure, which revealed a melting
temperature () of 92 °C. On the contrary,,ylof the native duplex RNA-miRNA-492, which was
estimated by Oligo-Calculator software (http://bmis.nubic.northwestern.edu/OligoCalc.html),
was 59.2 °C (salt adjusted) and 78.4 (Nearest beigmethod), thus lower when compared to
PNA/MIRNA492 duplex, confirming the higher affinitpf PNA sequences than the natural
counterparts (Nielsen et al. 1991, Jensen et 8If,19chwarz et al. 1999, Chakrabarti et al. 1999).

3.2 Paper-based PNA configuration and detection mechanism

The paper-based device was conceived by combiningustomised PNA probe and a
nanostructured working electrode surface on a waxeqa layer on paper for delivering an eco-
designed electrochemical paper-based platform.pBper was modified with two layers of wax to
delimitate a testing zone where the reaction betwbe PNA probe immobilised onto working
electrode surface and miRNA-492 in 100 pL solutiweppened, delivering a drop sensitive
measurement. To tailor the orientation of PNA, ¢ginephite-based working electrode surface was
modified with gold nanoparticles for supplying galdchor points and control PNA immobilisation
through the thiol tail ohd hocsynthesised PNA. For an effective duplex formatietween PNA
and miRNA-492, PNA probe was designed to be fubdynplementary to miRNA-492 with anti-
parallel orientation (37end RNA facing the PNA Nterm) (Figure S1), because this configuration
confers an improved stability of the duplex compate the parallel orientation (Nielsen et al.
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1999). After the synthesis of the PNA portion, amireohexanoic acid (Ahx) was introduced as
spacer between the PNA and the successive cysesitkie. A thiol group, employing a cysteine
residue was introduced at the N terminus of the RiNgomer and used to anchor the PNA to
AuNP-SPE. For the detection of miRNA-492signal onstrategy was selected (Das et al. 2016),
allowing for a more sensitive quantification in pest to thesignal off due to an increase of the
output when an input is produced, namely currerd target concentration. The principle of
detection relies on the use of an external posjtiekarged redox mediator, i.e. Ru(yf*, that is
added to the working solution to monitor the forimatof PNA/MIRNA-492 duplex. Indeed, the
redox mediator (positively charged) accumulatestre working electrode because of the
electrostatic attraction to the negatively charB&tA/miRNA-492 adduct. Thus, in presence of the
target analyte (negatively charged), an increassigsfal is observed as shown in Figure 1. To
evaluate the suitability of this method, a firspesiment was carried out usisBgmM Ru(NHy)e*

as redox probe with the following platforms i) papased SPE modified with only gold
nanopatrticles, ii) paper-based SPE modified witld g@noparticles and PNA, iii) paper-based SPE
modified with gold nanoparticles, PNA, and tardataddition, a paper-based SPE modified with
gold nanoparticles and PNA in buffer solution wasted in absence of Ru(M&f". The
measurement in presence of Ru@\f using paper-based SPE modified with only gold
nanoparticles did not give any response (Figureggeen line) because Ru(Nif* is not able to
be adsorbed in quantitative way on this surfacee blank signal was also observed in case of
paper-based SPE modified with gold nanoparticles RNA (Figure S4, black line), but tested in
buffer solution in absence of Ru(Mjs". However, the experiment with Ru(Njsf* and paper-
based SPE modified with gold nanoparticles and Rjdfe a defined peak ascribed to aspecific
adsorption process of Ru(Ni* on PNA (Figure S4, blue line). Moreover, in praseif paper-
based SPE modified with gold nanoparticles, PNAI tamget, a higher signal was observed due to
the additional electrostatic interaction of Ru@4" with negatively charged RNA-based target
strand (Figure S4, red line), demonstrating theadffeness of the principle for the detection of
MiRNA target.

3.3 Optimisation of PNA probe

A relevant step in the fabrication of the sensaef@esented by the probe immobilization because
an ordered layer allows a homogenous surface iigatoves the target recognition, and the signal

intensity is proportional to the amount of the inbiliged probe. Briefly, high probe density allows
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for a high signal output but low sensitivity, whike low probe density allows for a higher
probability of binding but low signal output; thuscompromise between signal output and binding
moiety was evaluated. In our format, the densitynoigation was carried out evaluating different
concentrations of PNA solution as well as the imiigdtion time of the probe on working
electrode surface. The first study was focusedwvatuating the response of sensors modified with
25, 50, 100 and 200 nM PNA probe, in presence ohBOmiRNA-492 as target (Fig. 2). As
reported in Figure 2A, the concentration of 100 g&we the highest signal variation (33%) and the
lowest RSD (18%), thus this value was selectedfddher studies. Once identified the optimal
probe concentration, the effect of the immobilisatiime was investigated by evaluating the
response of the sensor after the exposure to 1006fiNNA solution for 0.5, 1, 2 and 4 h. As shown
by the experimental results, the maximum signalngkais observed when 1 h is chosen for
immobilising PNA probe. The use of longer timesglaet produce better results in terms of signal,
while a slight decrease of the resulting signaleigealed. Moreover, the chosen time allowed the
obtainment of the best RSD of 11%, compared toother conditions, thus it was chosen as the
optimal time (Fig. 2B).

3.4 pH effect

The PNA/MIRNA-492 interactions are based on hydndgends thus the evaluation of the optimal
working solution pH is necessary. In addition, timal application in physiological matrices of this
platform makes necessary the study of pH effecttran signal output investigating the range
between pH 7 and pH 8. As reported in Figure 2thoalgh the intensity of pH 7.4 was consistent
with the highest signal variation, its repeatapiwas ca. 2-fold worse than the one obtained
working with pH 7. For this reason, pH 7 was chossnthe optimal pH for carrying out the

detection.

3.5 Selection of hexamine ruthenium concentration

The concentration of the redox mediator is alsottarocrucial parameter able to affect the
sensitivity of the measurement. In this case, am@b concentration of redox mediator should be
identified because a lower concentration could &fected in a low amount of the mediator

electrostatically attracted by PNA/RNA probe, résgl in low recorded current. On the contrary, a
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too high redox probe could arise in issue during ttmoval of its excess, thus increasing the
background signal at low target concentration. ®tigly was carried out by varying the redox
mediator from 1.25 to 10 mM, as shown in Figure 285 highlighted in Figure 2D, both 2.5 and

10 mM concentrations produced a signal variatianydver 5 mM gave the highest signal variation
(43%) and the lowest RSD% (ca. 8%), thus this cotmagon was selected for the further studies.

3.6 Study of thetime and temper atur e effect on PNA/miRNA-492 binding

Considering the final development of a point ofecéest for miRNA-492 detection, the binding
process between probe and target represents dficaghi step. Compared to the time for
immobilising the probe, the study of the bindingei has a direct implication towards the effective
duration of the test. Specifically, the time redadsto form the probe-target adduct is strictly
dependent on the nature and length of sequencdsprartheprobe + target «> probe-target
equilibrium, and in literature is reported that tbemation of duplex structures foa. 20 bp targets
requires about 15-20 min (Patterson et al. 2016ati @t al. 2018). Thus, after having covered the
strip with the sample, the probe-target interactiore needs to be carefully optimised to obtain the
best compromise in term of sensitivity, repeatahiland time of analysis. This optimisation was
performed by waiting for 10, 15, 20, 40 and 60 rafter applying 100 nM target, as reported in
Figure 3A. According with the experimental obseiwas, a time of 20 min gave the maximum
signal variation (40%) with the lowest RSD% assda7%), and this value was selected for the
rest of the work. Following this study, the lagitimisation regarded the evaluation of the
temperature on the ability of forming the probeg&radduct. Considering the thermodynamic
nature of the binding, the temperature could impletfinal detection. The effect of temperature
was evaluated between 4 and 37 °C in presence@®hliiDtarget, as shown in Figure 3B. Results
suggested that the optimal temperature for theitgndvent between probe and target is 25 °C in
terms of intensity of the signal and repeatabi(lRSD % equal to 10 %), thus this value was

selected.

3.7 Analytical features

Once optimised all main parameters affecting thesisigity of the paper-based strip, the analytical
characterisation was performed measuring the sdpmato different concentrations of miRNA-492
in standard solution. The optimised platform waaleated with 100 nM of probe in presence of
target concentrations ranging from 10 to 1000 nNyyFe 4A). In detail, the response curve

13



obtained in buffer solution was characterised lipear range between 50 to 100 nM, described by
the following equation y = (-0.40 + 0.05) + (0.0122.0006) x, B=0.987 (Figure 4A, inset). The
detection limit was calculated as the concentrabbrmiRNA-492 able to give a signal change
equal to 3 times the standard deviation of thekb{absence of the target) and it was found equal to
19 nM.

3.8 Selectivity study

Successively, the platform selectivity was testeg@resence of sequences differing from the target
even for a single base. The sequences tested tgdsdnmismatch in the central zone of the
sequence, (5-AGGACCUGCGGUACAAGAUUCUU-3’, 1IMM); 2iematch in the central zone of
the sequence, (5-AGGACCUGCGGUCCAAGAUUCUU-3’, 2MM) mismatch in the 5’ end of
the sequence, (5-UGGACCUGCGGGACAAGAUUCUU-3’, IMM)51 mismatch in the 3’ end

of the sequence, (5-AGGACCUGCGGGACAAGAUUCUC-3’, MM3’), and a fully random
sequence (5-CAAU UUCAUAAAGUGGAGCCUCC-3, RNA-SCR)AIl the selectivity
experiments were carried out in presence of 80 hith® above described sequences, and all the
results were compared to the detection of 80 nihefnative fully complementary miRNA target
(5-AGGA CCUGCGGGACAAGAUUCUU-3). The results repged in Figure 5A demonstrated
that the presence of mismatches had not a signifeféect on the signal variation. In fact, whiket
presence of miRNA-492 produced a variation of 70#h wespect to the blank, the occurrence of
interferences was only responsible of a 5-15% tiarialn addition, to underline the selectivity of
the biosensor proposed, the platform was testedifi@rent concentrations of these interfering
sequences. The following sequences 1MM, 2MM, 1IMMWM-3' and RNA-SCR were tested in
the concentration range comprised between 10 aff® b®A. The biosensor showed excellent
selectivity towards the target analyte miRNA-498céuse no signal change in presence of other
sequences even at higher concentrations, chassddny one mismatch or fully random sequence
was observed (Fig. 5A, inset). Moreover, interfeeestudies regarding substances present in the
serum were performed. 100 nM miRNA-492 were meakumepresence of different interferent
compounds namely albumin, urea, glucose, and arica level of 0.435 mM, 16.7 mM, 27.8 mM,
and 0.595 mM, respectively. The concentrations wdresen in agreement with the literature
(Osawa et al. 2005). The results showed that tingpoands have slight interfering effects (Fig.
5B), demonstrating satisfactory selectivity consig that this device was conceived as point of

care and not as reference method.

3.9 Serum analyses
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The suitability of this platform for measurements bodily fluids, such as blood serum, is
guaranteed by the “blindness” of electroanalysipriesence of coloured matrices that often limits
the application of colorimetric assays. For thigdgt blood serum was chosen as the real matrix to
evaluate the real application of the platform. $emas provided by volunteers, and after having
confirmed the absence of miRNA-492 target (wittie tletection limit of the method), undiluted
serum was spiked with different levels of target.e8ponse curve was obtained in undiluted serum
in presence of MiRNA-492 in the 10-100 nM rangg(BB) and it was characterised by a linearity
between 50 to 100 nM described by the followingatigun y = (-0.30 + 0.05) + (0.0116 £+ 0.0007)
x, R?=0.993 (Fig. 4B, inset). It is interesting to oh&ehow even in presence of serum (complex
matrix) the electrochemical platform is able toegsatisfactory results in term of detection lin2i2 (
nM). These features are consistent with the pdagibf this platform to be adopted as a potent too

for rapid pancreatic cancer screening at the padinare.

4. Conclusion

In this work, the first satisfactory application af fully-paper based electrochemical strip for
pancreatic ductal adenoma carcinoma (PDCA) deteeti@ms described. In particular, the detection
of mMIRNA-492 was optimised through a multi-disanary perspective including the selection of a
sustainable substrate (office paper), the engingesf the probe, and the evaluation of the target-
probe binding. The adoption of PNA probes, in cambon with a “signal on” architecture for the
sensing mechanism, allowed for avoiding issuestael@o stability and pH effect, which often
represent the bottle-neck when DNA/RNA are adopaedthe probes. In less than 1 h, the
electrochemical strip was able to detect miRNA-48%n to 10 nM in few microliters of sample,
and it has displayed a good selectivity in presesfcaterfering species with only one mismatch
along the sequence. The sensing tool was positagblied in spiked undiluted serum samples with
satisfactory results. The features of this sensoterms of easiness to use, time of production,
sensitivity, and applicability in complex matrixmaly serum, demonstrated the suitability of this
sensor when compared with other electrochemica@sneported in literature (Table 1) as well as
its promising application for future clinical agsés. The preliminary results reported in this work
open to a plethora of applications, not only in¢hiical field: in fact, the strategy of couplithgw-
cost materials and specific engineered probegisyextendible to other matrices. In particular, i
the rising field of liquid biopsy, the ultimate eteochemical paper-based tool could represent a
potent instrument to give rapid answers to bothep& and physicians, reducing the time gap
between disease and treatment.
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Figure captions

Figure 1. Schematic representation of the paper-based etbetnoical PNA platform for the
detection of miRNA-492.

Figure 2. A) Optimisation of the PNA concentration. Concentnasi tested in the range 25-200
nM. Immobilisation time of probe = 1 h. Inset: ant signal at the paper-based SPE in absence
(black dashed line) and in presence (blue solid)liof 50 nM mIRNA-492 with 100 nM PNA
immobilised on the working electrode surfaBg.Optimisation of the PNA immobilisation time. 30
min, 1, 2, 4 h were tested using 100 nM PNA, 100 mNRNA-492. Inset: current signal at the
paper-based SPE in absence (black dashed line)napesence (orange solid line) of 100 nM
MiRNA-492 with 100 nM PNA immobilised on the workirelectrode surface at 1 h of PNA
immobilisation time.C) Study of pH effect. pH values tested were 6.87.4, 8 using 100 nM
PNA, 1 h PNA immobilisation time, 100 nM miRNA-49hset: current signal at the paper-based
SPE in absence (black dashed line) and in preggmneen solid line) of 100 nM miRNA-492 with
100 nM PNA immobilised on the working electrodefaoe, pH = 7.D) Optimisation of the
Ru(NHs)e>" concentration. Concentration tested in the rargye/den 1.25 to 10 mM using 100 nM
PNA, 1 h PNA immobilisation time, 100 nM miRNA-498inding time 20 minutes. Inset: current
signal at the paper-based SPE in absence (blatleddi®e) and in presence (yellow solid line) of
100 nM miRNA-492 with 100 nM PNA immobilised on thrking electrode surface using 5 mM
Ru(NHs)e*. All the optimisations were carried out with reatgeprepared in phosphate buffer
solution 50 mM + 100 mM NaCl, pH = 7 (n=3), using 21M Ru(NH)s>" and 50 nM miRNA-492,
binding time = 20 minutes. All measurements wergi®@a out using paper-based SPE with printed
Ag/AgCI pseudoreference.

Figure 3. A) Study of the time effect on the PNA/miIRNA-492 bimgl Different binding times
were tested in the range between 10 min to 2 gusd® nM PNA, 1 h PNA immobilisation time,
100 nM miRNA-492, 5 mM Ru(NBJs>". Inset: current signal at the paper-based SPthserae
(black dashed line) and in presence (purple salig) lof 2100 nM miIRNA-492 with 100 nM PNA
immobilised on the working electrode surface, higditime = 20 minutesB) Study of the
temperature effect on the PNA/MiIRNA-492 binding.rdén different binding temperatures were
tested: 4, 25, 37 °C using 100 nM PNA, 1 h PNA irbitisation time, 100 nM miRNA-492, 5 mM
Ru(NHs)e®*, binding time = 20 minutes. Inset: current sigatithe paper-based SPE in absence
(black dashed line) and in presence (cyan solid) lof 100 nM miRNA-492 with 100 nM PNA
immobilised on the working electrode surface, higdiemperature = 25 °C. All the optimisations
were carried out with reagents prepared in phospbatfer solution 50 mM + 100 mM NaCl, pH =
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7 (n=3). All measurements were carried out usingepdased SPE with printed Ag/AgCI
pseudoreference.

Figure 4. A) Response curve obtained testing different conagotrs of miRNA-492 in the range
between 10 and 1000 nM prepared in phosphate bsdlation 50 mM + 100 mM NaCl, pH =7
using 100 nM PNA, 1 h PNA immobilisation time, 5 mRU(NHs)s>*, binding time = 20 minutes
(n=3). Inset: response curve in the linear rangapsed between 50 and 100 nM using 100 nM
PNA, 1 h PNA immobilisation time, 5 mM Ru(N)¢**, binding time = 20 minutes (n=3R)
Response curve obtained testing different conceortiaof miRNA-492 in the range between 10
and 1000 nM prepared in un-diluted serum using AOPNA, 1 h PNA immobilisation time, 5
mM Ru(NH)e>*, binding time = 20 minutes (n=3). Inset: respomseve in the linear range
comprised between 50 and 100 nM using 100 nM PNA, BRNA immobilisation time, 5 mM
Ru(NHs)e®*, binding time = 20 minutes (n=3). All measuremewese carried out using paper-
based SPE with printed Ag/AgCI pseudoreference.

Figure 5. A) 80 nM of different sequences were tested to etaltiee selectivity of the platform:
native fully complementary miRNA target (NS), 1 match in the central zone of the sequence
(IMM), 2 mismatch in the central zone of the segeef2MM), 1 mismatch in the 5’ zone of the
sequence (1MM-5’), 1 mismatch in the 3’ zone of seguence (LMM-3’), and a fully random
sequence (RNA-SCR). All the experiments were cadroigt in presence of 100 nM PNA, 1 h PNA
immobilisation time, 5 mM Ru(NEs>", binding time = 20 minutes (n=3). Inset: 10, 500,11000
nM of NS, 1MM, 2MM, 1MM-3’, IMM-5" and RNA-SCR seance were tested using 100 nM
PNA, 1 h PNA immobilisation time, 5 mM Ru(N}4**, binding time = 20 minutes (n=33) The
effect of 0.435 mM albumin, 16.7 mM urea, 27.8 mMogse, and 0.595 mM uric acid was tested
using 100 nM PNA, 1 h PNA immobilisation time, 160 miRNA-492, 5 mM Ru(NH)s*",
binding time = 20 minutes (n=3).

Table 1. Some examples of electrochemical sensors for mildist&ction.
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Electrode

: Working Reagents needed for the . - .
Type of sensor Technique Signal detection Principle of method preparation Comments

electrode measurement .
time

After hybridisation
with periodate-treated
Oxidation of miRNA, the
Isoniazid-capped . . .
) . o hydrazine nanoparticle tags were 12-13h The method requires a
0sO; Oligonuclectide PBS (pH 8.0) containing -
. Amperometry ITO electrode . catalysed by brought to the 80 fM - chemical ligation- Gao and Y ang, 200¢
nanoparticles- probe hydrazine .
0s0, electrode based miRNA assay

based sensor .
through a condensation

reaction to chemically
amplify the signal

T The method requires
The hybridisation

o ) the generation of a
Oxidation of pAP, assay requires the

continuous base

Gap the product of immobilized capture o )
. . stacking, in a coaxial .
hybridization Gold PAPB (enzymatic hydrolysis of ODN, . Pohlmann and Sprinzl
Amperometry RNA probe . 20h 2pM - helix formed by four
assay-based €electrode substrate) pAPB catalysed miRNA (target), PR 2010
ridisation
sensor by reporter EST2-ODN conjugate, i

components, for
enzyme EST2 and complementary e

RNA probe )
signal
After hybridisation
between MB probe and The method requires a
thetarget and functional
functional probe, the oligonucleotide probe
_ oligonucleotide consisting of
Oligonucleotide Ag-NCs . Reduction of H,O, -
o PBS (pH 7.0) containing encapsulated Ag-NCs recognition sequence
encapsulated Ag- DPV modified Au MB probe catalysed by 18h 67 fM - Dong et a., 2012
H20, are brought to the for
NCs-based senso electrode AgNCs L
electrode surface and hybridization and
produce a template sequence for
detection signal, in in situ synthesis of Ag-
response to H;O, NCs
reduction

DPV Gold DNA probe a-naphtyl phosphate Oxidation of After the hybridisation 13h 99.2 fM - The method requires a Peng et al., 2014



gold €electrode (enzymatic substrate) naphtol, the between miRNA and primer extension

nanoparticles product of DNA probe, biotin reaction carried out by
and enzymatic reaction group was introduced DNA polymerase and
amplification- between biotin- into the duplex by the dNTPs

based biosensor

ALPand 1-NP  incorporation of biotin-
11-dUTP. SA-AuNPs

are used aslinker to

bind Biotin-ALP to

duplex
After hybridisation
between miRNA and The SPEsrequirea
Electrochemical Graphite Oxidation of inosine substitute pretreatment before .
DPV DNA probe - _ _ 3h 5nM - o Lusi et a., 2009
genosensor €electrode guanine capture probe, guanine probe electrodeposition
is oxidised on WE onto electrodes surface
surface
After hybridisation
AuNPs The method does not
o . between PNA probe .
Paper-based modified Reduction of . require any pre- .
: DPV . PNA probe Ru(NHz)s>" 3+ and miRNA, 4h 22 nM Serum This work
PNA biosensor graphite Ru(NH3)e . treament steps of
RU(NHg)e isadded to
€electrode

) . electrodes
the working solution

Table 1. OsO,: osmium dioxide; ITO: indium tin oxide; PBS: phosphate buffer solution; Au: gold; p-Aminophenyl butyrate; EST2: esterase 2
enzyme; pAP: p-aminophenol; ODN: oligodeoxynucleotide; AgNCs:. silver nanoclusters, DPV: differential pulse voltammetry; MB: molecular
beacon; H,O,: hydrogen peroxide; Biotin-ALP: biotinylated alkaline phosphatase; 1-NAP: 1-naphthyl phosphate; SA-AuNPs: streptavidin-gold
nanoparticles; PNA: peptide nucleic acid; AuNPs: gold nanoparticles; Ru(NHs)e>": hexaammineruthenium(l11) chloride.



Figures

Figurel

AntimiR-PNA-492 AntimiR-PNA-492
microRNA-492

Current / nA

Current / LA

Potential / V

Potential / V

Sy
e A‘F
(=

= AntimiR-PNA-492
— microRNA-492 -

- microRNA-492 o
= AntimiR-PNA-492 - = AntimiR-PNA-492

= microRNA-492

Figure2
A 230, 100 nM PNA B 1 h PNA immobilization time
50 < 50 <™
220 = g
. Ei 5 |
= 40 €10 =40 5 10/
- = — »
) (&} @ o — 100 nM Target
2 30 B D 30 | = Buffer
& 0.1 c 05 -03 -01
© : © : : :
= Potential / V 5 Potential / V
— 20 (vs. Ag/AgCI) — 20 ‘|‘ (vs. Ag/AgCl)
© (0]
5 5
@ 10 » 10
0 0
25 50 100 200 30 min 1h 2h 4h
[PNAT/nM PNA immobilization time
C 40 PH=7 D -30,5 mM Hexamine ruthenium
< <
50 Z-30 50, 220
 rerg -—
[ = / 7 \
o 40/ 5-20 it L Ban <t
e O — 100 nM Targst 53 8 100 nM Targetl\‘\
o -1Q|--Buffer - = o <
o 30/ 05 -03 -0 S =0/ 05 03 -01
% Potential / vV g Potential / V
JL:) (vs. AgfAgCl) = T vs. Ag/AgCl)
2 20/ © 20]
i £
2 o
0 10 w 10-
0l 0 ;
1.25 25 5 10

pH [ Hexamine ruthenium ]/ mM




Figure3

A 40, 20 min Binding time
50 $-30
% 20
2 40 50| _
o
2 30 05 03 -01
E Potential / vV
] 20 (vs. Ag/AgCl)
©
c
=}
v 10
0
10 min 15 min 20 min 1h 2h
Binding time
Figure4
A 100 nM PNA
5 mM Hexamine ruthenium
o Buffer
S—
3 © 0.8 lﬁ )
» 8‘) 1.0
T © 0.6 z
£5 ig
£S04 |
2 © Eo
c ©
0.2 i ¥ 25
7 E Yoz
07 [Targatl/om 0
10 100 1000

log [ Target ]/ nM

o
i

Signal change / %

Normalised
signal change / %

&
S

©
@

N
o
L

-
o
N

25 °C Binding temperature

' '
e w
[==) [==]

Curlrent ! uA
=

(=]

05 -03 -01
Potential / V
(vs. Ag/AgCl)

4 25 37
Binding temperature / °C

100 nM PNA
5 mM Hexamine ruthenium
1.0
s vt
0.8 - : ‘o
[
0.6 - s 1
} )
0.4 Egos ) .
02 L 2g
[} ®
0- E 02 75 100
[ Target]/nM

10 100 1000

log [ Target ]/ nM



Figure5
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Highlights
» Paper-based eectrochemical peptide nucleic acid (PNA) biosensor for the detection of
mMiRNA-492
*  mMiRNA-492 detection in undiluted serum samples by signal on strategy using charged
redox mediator

»  Wax/screen-printing, paper and nanomaterials for alaboratory-free platform
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