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Abstract

Surface chemistry is a fundamental aspect of the development of the sensitive biosen-

sor based on microarray technology. Here, an advanced PNA-microarray system for

the detection of miRNA, composed by a multilayered Si/Al/Agarose component, is

described.A straightforwardoptical signal enhancement is achieved thanks to a combi-

nation of the Al filmmirror effect and the positive interference for the emission wave-

length of the Cy5 fluorescent label tuned by the agarose film. The PNA-microarray

was investigated for the detection of miRNA_122, resulting in a sensitivity of about

1.75 μM–1 and Limit of Detection in the range of 0.043 nM as a function of the capture

probe sequence. The contribution, in terms of H-bonds amounts at 298 and 333 K, of

the agarose coating to the dsPNA-RNA interactions was demonstrated by Molecular

Dynamic simulations. These results pave the way for advanced sensing strategies suit-

able for the environmental monitoring and the public safety.
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1 INTRODUCTION

In the last decades, molecular diagnostic techniques have increased

their utility in clinical, microbiology, and biology laboratories[1,2] for

various applications suchas genotyping, pharmacogenomics, and infec-

tious pathogen disease.[3–6] The main features requested for diag-

nostics systems are the ability to detect and identify more than one

target simultaneously, good sensitivity, easy-to-use, high accuracy in

response, cost effective analysis, and fast response time.[7] In this

scenario, the ability of nucleic acid microarrays to allow comprehen-

sive simultaneous detection of thousands of sequences has resulted

in the success of this technology in the molecular diagnostic area.

Although molecular biology techniques such as quantitative real time

polymerase chain reaction (RT-qPCR), isothermal PCR and Next Gen-

eration Sequencing are largely increasing their diffusion also in point

of care format[8,9] microarrays is still a gold technology for nucleic acid

testing.[10]

Abbreviations: Cy5, cyanine 5;MA,Microarray; miRNA, micro RNA; PNA, peptide Nucleic

acids; RT-qPCR, quantitative real time polymerase chain reaction

Themicroarray is an array of capture probes (including nucleic acids,

proteins, carbohydrates, tissues, cells, polymers, etc.) immobilized on a

chemically functionalized substrate, suitable for the detection of spe-

cific targets. The DNA-microarrays intended for nucleic acid detection

are the most common and diffused systems, where a specific nucleic

acid target can be recognized by hybridization with a DNA probe

containing complementary sequences and anchored on the substrate’s

surface.

The chemistry of surface coating is one of themost relevant key fac-

tors of effectiveness in the microarray detection methodology.[11,12]

Typically, hydroxyl-enriched surfaces such as glass, silicon oxide,

quartz, and oxidized polymeric surfaces can be successfully modified,

with carboxyl, aldehydic, amino, or epoxy terminated layers form-

ing a reactive finished layer allowing the immobilization of specific

probes at surface level, through covalently or electrostatically binding

modes.[13] The passivation step is an additional process required to

reduce the nonspecific binding of specific target with the surface,

typically introduced to increase the signal/background ratio value and,

as consequence, to improve the sensitivity. In this scenario, thanks to
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its attitude to form thermo-reversible gels in hot water and to its good

biocompatibility, the agarose is a straightforward green-chemistry can-

didate for the preparation of microarray substrates for nucleic acids

recognition,[14] protein detection,[15] and cells interrogation.[16]

MicroRNAs (miRNAs) are small noncoding RNAmolecules, consist-

ing of ≈20–22 nucleotides, involved in various cellular and physio-

logical processes. Circulating miRNAs are present in biological fluids

where their presence in variable concentration could be associated as

biomarker with various diseases including cancer,[17] cardiovascular

disease,[18] andmetabolic disorders.[19] Although this approach is lim-

ited by some crucial drawbacks including preanalysis degradation of

miRNA, matrix effects, variability in the extraction of microRNAs from

plasma or serum, the RT-qPCR is the gold standard method for circu-

latingmicroRNA quantification.[20]

ThemicroRNA-122 (miR-122andmiR-122-5p) arehighly expressed

and specific for hepatocytes (≈40,000 copies per hepatocyte), with lit-

tle or no expression in other tissues. The recognition of miR-122 is

important because it has an active role in liver inflammation, as well as

its vital role in promoting hepatitis B virus[21] and hepatitis C virus[22]

suggesting the use of miRNA as promising marker for liver injury. In

patients with acute liver injury, it was reported that the circulating

concentration of miR-122 is increased 100–1000 fold compared to

controls.[23]

In this scenario, the microarray hybridization approach is still one

the most robust method for the detection of nucleic acids, where the

target molecules, including miRNAs, are recognized by the specific

probes. The structures of the capture probe are crucial for the assay

sensitivity. The 20–22 mer long oligonucleotides of DNA (Deoxyri-

bonucleic acid) and PNA (Peptide Nucleic Acids) are the most diffused

capture probes. PNA are synthetic oligopeptides with nucleobases

attached as sidechains, able to form stable hybrid duplex structures

with complementaryDNAorRNA sequences,[24,-25] largely for nucleic

acid detection in lab on chip format.[14] Recently, Zhang and cowork-

ers report a universal microarray platform based on DNA tetrahedral

structured probe and hybridization chain reaction for a highly speci-

ficity and ultrasensitivity DNA andmiRNA target detection.[26]

Herein we describe a novel miRNA recognition strategy based on

a PNA-microarray printed on agarose film deposed on Si-Al layers

for an effective optical signal enhancement. The use of agarose as an

eco-friendly chemical guarantees a biocompatible finishing coating, a

low cost and easy spin-coating preparation method. The coating was

fully characterized by electronmicroscopy and optical techniques. This

approach might pave the way to future developments of advanced

miniaturizedmiRNA biosensor devices.

2 EXPERIMENTAL SECTION

2.1 Chemicals and materials

The agarose, periodic acid, sodium borohydride, saline disodium phos-

phate, SDS, and deionizedwater were purchased by Sigma-Aldrich and

used as received. The substrates for microarray have been prepared

by STMicroelectronics in clean room environment. The substrate was

manufactured by standard VLSI technology and consists of a silicon 8′
wafer support and a mirror layer made of Al layer deposed by CVD

methodwith thickness of about 700–800 nm.

The 5′ aminomodified PNA probe, was purchased by MWG (Ger-

many) and used as received, at final concentration of 10 μM in 0.15 M

phosphate buffer at pH 9.2 adding 0.01% w/v of SDS as printing addi-

tive. The reagents for passivation process and hybridization reaction

were purchased by Sigma Aldrich and used as received. The Nexterion

Aldehydesilane glass slides were purchased by Schott.

2.2 Agarose coating preparation

The substrates were dipped in ethanol and cleaned in ultrawave bath

at room temperature per 10 min, then rinsed in ethanol and dried by

nitrogen flow. After that, a volume of 500 μl of preheated (65◦C) aque-
ousagarose solution (1%w/v)was spread-outonto substrate surface to

form the agarose coating, by spin-coatingmethodwith a speed ranging

from 300 to 1000 rpm for 60 s. The agarose thickness was measured

by SEM analysis of the cross-profile section. The agarose coated sub-

strates were dried under vacuum overnight and stored at room tem-

perature before the use.

2.3 PNA microarray fabrication

Before PNA-microarray printing, the agarose coated substrates were

activated by immersion in 10mmol L–1 NaIO4 in 0.1mol L–1 phosphate

buffer (pH7.2) for 30min at room temperature, then thoroughly rinsed

with deionized distilled water and dried. The microarray was stored

under nitrogen at 4◦C before the use.

A 6 row × 4 column PNA-microarray (24 spots with size ≈150 μm)

was printed on the activated agarose surface. After spotting the sub-

strates were incubated for 4 h at 40◦C and relative humidity of 90%.

Later, the substrates have been immersed in aqueous NaBH4 solution

(1mM), to chemically reduce theSchiff’s base to amine group. Then, the

slideswere rinsedwith distilledwater and driedwith nitrogen flow and

ready for hybridization tests.

ThePNAmicroarrayprobe sequences (specific formiRNA_122, pos-

itive and negative controls) are reported in table 1.

2.4 Hybridization experiments

The microarray hybridization reactions were performed at 55◦C for

60 min, using Cy5 labeled perfect matches specific for miRNA_122, at

various target concentrations (0, 0.1, 0.5, 5, 10, 25, 50, and200nM) and

perfect-match positive control at concentrations of 50 and 200 nM.

The sequence of perfect matches target are reported in Table 1. After

that, the substrateswerewashedby2XSSC0.2XSSCsolution for 5min

under stirring at 40◦C. Hybridization image acquisition and image

analysis were performed by Scan-express instrument and software
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TABLE 1 Microarray probe and perfect-match target sequences

Type Name Sequence 5t’-3t’

Probe/Specific PNA Probe PNA_miRNA_122 NH2-C6-CAAACACCA TTG TCACAC TCCA

Probe/Specific DNAProbe DNA_miRNA_122 NH2-C6-CAAACACCA TTG TCACAC TCCA

Probe/PNA Positive controls Pos_CTRL NH2-C6-GCAGAGCCA TCTATTGCT TAC

Probe/PNANegative controls Neg_CTRL NH2-C6-AAAAAAAAAAAAAAAAAAAAA

Target/DNAPositive control PM_Pos_CTRL Cy5-GTAAGCAATAGA TGGCTC TGC

Target/Perfect-MatchmiRNA_122 PM_miRNA_122 Cy5-UGGAGUGUGACAAUGGUGUUUG

Mismatch target Mis-target Cy5-CACCACCACCACCACCACCAC

supplied both by Perkin Elmer. The specificity tests were per-

formed interrogating the microarray using specific target (pos_CTRL,

miRNA_122) and unspecific targets (Mis-target) at concentration of

200 nM.

2.5 Statistical analysis

Statistical analyseswere performedbySPSS, IBMstatistic subscription

(Statistical Program for Social Science). The level of significant was set

at p<0.05. Themeasurement datawere expressed asmean± standard

deviation (SD).

2.6 Association constant (Kass) assessment

The Kass between the miRNA_122 target and the specific PNA probe

was calculated by Langmuir isothermmodel using Equation (1).

I
Imax − I

= Ct x Kass. (1)

where I is the signal intensity, Imax is the maximum intensity at sat-

uration condition, Ct is the miRNA molar concentration, and Kass is

the association constant. This standard model is valid for low tar-

get concentration, in the presence of impenetrable surface and in the

absenceof hybridizationonbulk.[27] TheKass assessment has beenper-

formed recording the fluorescence signal after miRNA_122 recogni-

tion experiments with various target concentration (0.0, 0.1, 0.5, 5.0,

and 10.0 nM).

2.7 Molecular Dynamic (MD) simulations

The structure of agarose was built starting from the disaccharide

agarobiose, which was replicated by means of Build polymer tools

included in the Biovia Material Studio 2017 package, setting the chain

length and the number of chains to 20, so that the dimensions of the

obtained 3D structure were 7.30 × 4.49 × 2.01 nm. Double strands

consisted of PNA-RNA and DNA-RNA models were built employing

the Discovery Studio 2019 package by using the PM_ miRNA_122

sequence reported inTable1. The complementaryPNA (DNA)microar-

ray probe was 5′ terminated with the spacer (NH2-C6) and anchored

to the agarose substrate by means of the N (amine group of spacer)

and C (carbon of agarose) bond; the obtained systems were solvated

by adding water molecules.

The simulations were performed employing the Amber 99 Parmbsc

force field,[28] the treatment of solvent molecules and the equilibra-

tion procedure adopted were reported in Ref.[29] All the simulations

were run with Gromacs 2020 series under Periodic Boundary Con-

dition using the NPT ensamble (P = 1 atm) at 298 and 333 K and a

time step of 1 fs was applied to integrate the equation of motion. We

have used the following geometric criteria for the definition of a hydro-

gen bond: a) the hydrogen-acceptor distance < 2.5 Å, b) the donor-

hydrogen-acceptor angle> 90◦.

3 RESULTS AND DISCUSSIONS

3.1 Substrate preparation and characterization

The proposed microarray system consists of a hybridization micro

reactor with a multilayer components Si/Al/agarose, properly con-

ceived to anchor PNA microarray probes on agarose layer and to

achieve fluorescence enhancement by constructive interference of flu-

orophore emission (Cy5). Themicroarray substrate was composed of a

multilayer structure comprising a silicon support, a mirror layer (Al-Si-

Cu) producedbyCVDmethod and spin-coated agarose layer (Figure 1).

The agarose thickness was properly tuned by tuning the coating depo-

sition speed, as showed in Figure 1, varying the deposition speed from

300 to 1000 rpm for 60 s at temperature of about 75◦C, to obtain a

uniform coating with the follow thickness values: 800 ± 15 nm, 830 ±

20 nm, 900± 22 nm, and 1000± 25 nm.

To investigate the optical performance of microarray substrate,

samples consisting of Cy5-target spot (at final concentration of 50 nM)

were printed on substrates with agarose thicknesses values of from

800 to 1000 nm, the fluorescence signals at 650 nm were acquired

immediately after spotting process, obtaining the following values:

9000 ± 300 a.u. (800 nm), 10,000 ± 400 (830 nm), 15,000 ± 500 a.u.

(900 nm), and 7000 ± 500 a.u. (1000 nm). The fluorescence signals

(15,000 ± 500 a.u.) show a maximum of emission corresponding to an

agarose thickness value of about 900 nm (Figure 1B). At this value of

agarose thickness a fluorescence probe density value of 2.500 PNA

μm–2 was calculated.
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F IGURE 1 Agarose coating thickness versus spin coating speed (insets the representative SEMmicrographs for cross profile of the layered
Si/Al/Agarose substrate (A) and Cy5 emission signal versus agarose thickness (B)

3.2 PNA Microarray preparation

In order to link the amino-terminated PNA probes to the agarose sur-

face, a multi-step steps approach based on oxidation-Schiff’s base-

reduction was used. In details, to promote the oxidation of two vicinal

hydroxyl groups of agarose layers to form reactive aldehydes termina-

tions, an activation reaction in HIO4 for 30 min at room temperature

was performed. The FTIR investigation for untreated agarose coating

shown the bands at 3350 cm–1 (O-H_stretch band) and at 1050 cm–1

(C-O_stretch band), while the FTIR spectrum for the activated agarose

coating shows the typical bands of aldehydes termination, in particular

a sharp band at 1738 cm–1 (C = O stretch,) and at 2967 cm–1 ( = C-

H_stretch band), see figure ESI.

The effectiveness of the agarose film formation and the activation

process was also confirmed by the water contact anglemeasurements.

After cleaning process, contact angle values of about 10◦ was mea-

sured on Al surface, as expected for a hydrophilic surface. After spin

coating deposition of the agarose film, a contact angle value of 27.5
◦
± 1.0 was recorded, then a change of wettability surface property

was obtained after oxidation with NaIO4 (21.5
◦
±1.1), to demonstrate

the effectiveness of the activation reaction. The agarose activation is

aimed to improve the covalently reaction between the oligonucleotide

amino termination with agarose aldehyde groups to form the Schiff’s

base. A 4 × 6 PNA-microarray was printed on activated agarose sur-

face and then the substrate was incubated for 4 h at 30◦C and relative

humidity 90%. Then, the substrateswere immersed in reducingNaBH4

solution, rinsed with deionized water and dried. The PNA microarray

fabrication and testing is schemed in SI section.

3.3 miRNA recognition

In order to assess the performance of the PNA-microarray system

on miRNA122 recognition, ten replicates were tested for each target

amount (0.1, 0.5, 5.0, 10.0, 25.0, and 50.0 nM). In Figure 2A and 2B

the representative microarray-spots optical image and fluorescence

hybridization images are reported. The fluorescence signal profile for

the hybridized positive control (CTRL+), negative control (CTRL-) and

specificmiRNA_122 spots is depicted in Figure2C.All probe sequences

are reported in Section 2.

In order to evaluate the limit of detection (LoD) and the limit of

background (LoB) values formiRNA-122, the linear regressionmethod

has been applied. The LoB value has been obtained by equation

LoB= [NB(p/100)+ 0.5], in which NB is number of background replica

and estimating the 95% percentile p = (100-α) = 95. From this proce-

dure was obtained a LoB values of about 25 The LoD was estimated

set to four times the LoB signal intensity value in the regression lin-

ear Equation Y = 25+1750X, obtaining a LoD value of about 43 pM.

Regarding the sensitivity, it was defined as the slope of the regression

linear equation a value of about 1.75 μM–1. To ascertain a good probe

immobilization efficiency, the hybridized-site density value was cal-

culated by fluorescence signals at various labeled probe amount. The

value calculated was about 800±20U μm–2.

The second part of our experimental investigation was focused on

the calculation of association constant Kass, between the PNA-probe

and the miRNA122 target. This was calculated by means of the Lang-

muir isothermmodel. Figure 2D reports the linear plot of ratio I/(Imax-I)

versus themolar concentration of miRNA_122 target.

The association constant was obtained from the slope of the lin-

ear region 0.1–10 nM according to the equation reported in Section

2.6. The Fluorescence intensity values obtained were: 0.035 ± 0.1

(0.1 nM), 0.177 ± 0.1 (0.5 nM), 0.507 ± 0.12 (5 nM), 0.935 ± 0.13

(10 M). The value of the association constant was found 8 × 107 M–1.

This result is in accordance to the typical Kass reported in literature for

hybrid PNA-RNA duplex (ranging from 106 to 109 M–1, depending on

the target sequence and substrates).

In order to investigate the specificity of the assay, hybridization

experiments were carried out interrogating the microarray with
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F IGURE 2 PNA-microarray experiments: A) representative PNA-microarray spots optical images, B) representative fluorescence
hybridization images, C) hybridization plot profile signal of hybridized spots andD) Langmuir isotherm plot for PNA-miRNA_122 duplex (Inserted
the linear regression for the calculation of Kass = 8.0× 107 M–1, R2

= 0.997)

F IGURE 3 Hybridization experiments: A) specificity tests performedwith specific target Pos_CTRL (signal 3925±207) and unspecific targets
(Neg CTRL 48±14, p-value 3.7× 10–8) andmiRNA122 (49±17, p-value 3.7× 10–8), B) specificity tests performedwith specific target miRNA_122
(2980± 192,) and unspecific targets CTRLNeg (64±12, p-value 1.4× 10–7) and Pos_CTRL (44±8, p-value 1.4× 10–7)C) hybridization responses
for various coated substrates: Si/Al/agarose 100% (3100 a.u.) silicon 62± 5.6%, 1920 a.u. (p-value 2.09× 10–4) and aldehyde-coating glass slide
38± 4.6%, 1178 a.u. (p-value 1.29× 10–5)

specific and unspecific targets. The results, summarized in Figure 3A

and B. In detail, the specificity tests were performed interrogating

the PNA-microarray with specific targets (pos_CTRL, miRNA_122)

and unspecific targets (Mis-target). The results clearly confirm a good

specificity for the PNAmicroarray assay.

In order to demonstrate the improvement effect of agarose

coating hybridization experiments using specific miRNA_122 target

(200 nM) were performed on agarose-free substrates such as silicon

and aldehyde-coating glass slide. The results depicted in Figure 3C

showed that the hybridization signal for silicon substrate was just

the 62 ± 5.6% respect the value for the agarose signal (100% while

the hybridization signal measured on aldehyde-coating glass slide was

lower (about 38± 4.6%..).

The third part of our experiments was intended to assess the

capability of our PNA microarray system to detect the miRNA-122

directly on biological samples. At this regard, human serum samples
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F IGURE 4 miRNA_122 recognition in human serum samples:
microarray hybridization signals for positive CTRL (5998± 436 a.u.),
negative CTRL (258± 329 a.u.), and specific miRNA_122 target at
10 nM (2151± 252 a.u.; p-value 1.71*10–7) and 50 nM (460± 472 a.u.;
p-value 3.60*10–7)

TABLE 2 mainmiRNA-assays

miRNA detection assay LoD Refs.

Dynamic Chemical Labeling 1.32 pM [30]

PNA-RNA hybridization 100 pM [31]

Single molecule array 500 fM [32]

SplintR Ligase. 2-4pgr [33]

miR-122: TaqManMicroRNAAssay(LIFE technololy) 1-10 ngr [34]

were spiked with various amounts of miRNA-122 (10 and 50 nM)

and tested, each sample was replicated five times. The hybridiza-

tion signals for miRNA specific probes, at concentration of 10 nM,

was 2151±252 a.u. (p-value 1.71*10–7), 50 nM, 3460 ± 472 a.u. (p-

value 3.60*10–7), while for the positive and negative hybridization con-

trols were 5998±436 a.u. and 258±329 a.u., respectively. These data

demonstrated that our PNA-microarray system can successful detect

miRNA122 targets in human serum sample (Figure 4).

Various technologies have been recently proposed for miRNA

detection (Table 2). Recently, Dynamic Chemical Labeling for

miRNA_122 detection has been proposed by Diaz–Mochon and

coworkers.[30] This assay specifically measured miR-122 directly from

human serum or plasma without extraction and amplification steps,

with a limit of detection of 1.32 pM for the identification of drug-

induced liver injury. The same research team has developed a simple

method for detection of miRNA_122 in human serum without PCR

amplification, achieving a limit of detection of 100 pM. The method is

based on hybridization of miRNA target with PNA probe and detec-

tion using fluorescence measurements.[31] An analogous PCR-free

approach based on Single-Molecule array based on PNA-probe was

proposed for directlymiRNA_122 detection on human serum, reaching

a limit of detection of 500fM.[32] Jin et al. proposed the SplintR Ligase

method based on a two-step approach which involves a ligation of

F IGURE 5 (A) Time fluctuation of the backbone distance for free
PNA-RNA and Agarose-PNA-RNA at 298 and 333 K and (B) Temporal
profiles of number of H-bonds between the strands at 298 and 333 K

miRNA target byDNAprobe followed by optical real-time quantitative

PCR quantification, reaching a limit of detection of 2–4 pg.[33] The

TaqManMicroRNAAssay (LIFe technology) is a commercially available

kit for miRNA_122 detetction based on microRNA Reverse Transcrip-

tion Kit for miR-122 and TaqMan Universal qPCR reaching a limit of

detection of 1–10 pg.[34]

3.4 MD simulation of probe-target interaction on
agarose substrate

The initial structures of free and agarose-linked dsPNA-RNA and

dsDNA-RNA, obtained as reported in the methods, were equilibrated

at 298 K (room temperature) and 333 K (hybridization temperature)

running, respectively, 3 and 5 ns NPT molecular dynamics. Hence,

200 ns productive run was performed maintaining the NPT ensem-

ble at different temperature. In Figure 5A we report the backbone

 18607314, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/biot.202100587 by U

niversity O
f A

thens, W
iley O

nline L
ibrary on [03/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FORTE ET AL. 7 of 9

distance, bd, between dsPNA-RNA at 298 and 333 K with agarose

and without agarose (free). The average trend shows, for the lowest

temperature (298 K), a bd value of about 1.45 nm for the free-agarose

system and a value of 1.52 nm for the agarose-dsPNA-RNA suggesting

a contribute due to the agarose structure to the dsPNA-RNA duplex

interaction. While, at higher temperature (333 K), the double strand

dissociation takes place as indicated by the increase of the bd values

(especially after 100 ns): here the role of agarose on chain separation

is more evident with higher bd values, of about 0.1 nm (Figure 4A blue

line).

Similar results were found in the analysis of DNA–RNA systems;

in these cases, however, the values of the reference parameter bd

indicate that the PNA tends to stabilize the double strand; indeed

the values obtained in the DNA–RNA duplex are significantly greater

than those evaluated for ds–PNA–RNA (ESI). Such findings indicate

the higher stability of the PNA–RNA hybrids compared to DNA–

RNA double strand that is negatively charged, as widely reported in

literature[34] and as confirmed by our previous hybridization experi-

ments conducted interrogating PNA and DNA probes with RNA tar-

get amount of 15 nM. We obtained a fluorescence signal value for the

hybridization PNA-RNA (2200 ± 150 a.u.) higher than those obtained

for the DNA-RNA hybridization (1800 ± 100 a.u.). PNA lacks charges

and consequently during hybridization with RNA or DNA strands lacks

electrostatic repulsion offering a greater affinity toward the comple-

mentary target. The PNA recognizes complementary sequences of

RNA (or DNA) following the Watson–Crick base-pairing. As showed

above, the increasing of temperature induces the duplex dissociation

due to the loss of hydrogen bonds. Such effect is reported in Figure 5B

which shows the amount of hydrogen bonds for both systems at 298

and 333 K from 0 to 200 ns. At lower temperature (298 K) the H-bond

average value decrease reaching a final value of 40 ±2 U, after 25 ns,

for the agarose-PNA-RNAsystemandabout 44±2U for the free-PNA-

RNA.

Indeed, the smaller number of H-bonds observed in the case of

agarose complex still suggests that the surface influences the duplex

stability by weakening the interstrand hydrogen bonds. The degree of

-OH coverage of a surface has been showed to influence the hydro-

gen bond strength of substrate interacting with the surface itself,[38]

thus we consider that such effect can be invoked to explain the role of

the highly OH covered agarose surface in the ds PNA-RNA stabiliza-

tion. At higher temperature, the number of bonds decreases from the

starting value of 54± 2 Uwith a Kdec value of 0.013± 0.0013 ns–1 for

agarose-ds-PNA-RNA system and Kdec value of 0.0056 ± 0.0019 ns–1

for free ds-PNA-RNA, reaching the final values of 13 and 16 U, respec-

tively, at the end of the simulation (ESI). Noteworthy, in all cases (298

and 333 K), the amount of hydrogen bond starts to decrease from the

beginning of the simulation and is faster in the DNA-RNA cases com-

pared to the hybrid-PNA analogs (ESI). Whereas, consistently, lower

values are found for agarose dsDNA-RNA.Moreover, in order to evalu-

ate the contribution of each base pairing to the double strand stability

wehave considered the fractionof the simulation time (%)duringwhich

the base pairs remain H-bonded at different temperatures (Figure 6A

and B).

F IGURE 6 Fraction of theMD simulation time (measured at
200ns) during which individual base pairs remainedWC hydrogen
bonded in the duplex PNA-RNAmodels at (A) 298 K and (B) 333 K

At lower temperature, excluding terminal residues, the fraction time

calculated for each base pair of free-ds PNA-RNA remains over 60%

during the simulation time. Slight lower values of this parameter were

instead calculated in the agarose-dsPNA-RNA system (Figure 6A). In

particular, it has to be emphasized that in the near 3′ terminal UUU

triplet the fraction time drops below55%. In general A:U base pairs are

more loosely bound than G:C base pairs as the form only two H-bonds

whereas guanine and cytosine form three H-bonds, furthermore near

terminal position H-bonds are easily broken compared to central

H-bonds. In any case, at 298 K the H-bonds between base pairs are

persistent and stabilize the double stranded structure. At higher

temperature (333 K) we observe that mostly H-bonds are broken after
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F IGURE 7 PNA-RNA duplex de-hybridization process on agarose
surface after 10, 100, and 200 ns at 333K

200 ns, the fraction time decreases at less than 50% for all the strands;

remarkably H-bonds involved in G8G9 duplet are more persistent

showing the higher values of the parameter (about 45%). Moreover, in

this case the fraction time for the agarose-dsPNA-RNA system is lower

than for the free system to indicate a clear contribution of the agarose

substrate on dsPNA-RNA interaction. Recently, we have shown that

the presence of central triplets, or doublets, featured by a consecutive

sequence of guanine or cytosine, gives rise to a cooperative effect that

contributes to the stabilization of a duplex as temperatures rises. In

the studied sequence, the only contribution of the G8G9 duplet is too

weak to stabilize the double strand at higher temperature.

Figure 7 reports the simulation of PNA-RNA duplex de-

hybridization process on agarose surface after 10 ns, 100 ns, and

200 ns at temperature of 333 K. Undoubtedly, it indicates that the

double stranded PNA-RNA starts the denaturation at 100 ns while

after 200 ns it could be considered abundantly dehybridized.

Finally, themodeling simulations showed that the agarose substrate

gives a contribution to the ds PNA–RNA interactions either for the

lower temperature (298 K), either for the hybridization condition (333

K), resulting on a decrease of H-bonds amount for the ds PNA–RNA

system on the agarose surface. These data suggest that the nature

of the substrate can influence the hybridization efficiency and can

increase it by tuning the amount of H-bond unit between the double

strands.

4 CONCLUSIONS

In this work, a novel PNA–microarray substrate based on multilayers

for miRNA recognition has been proposed. The substrate contains a

multilayer structure consisting of a silicon support, an aluminum film

acting as a light mirror and a finishing agarose layer. The effective-

ness of the proposed system in regard to the hybridization processes

and signal acquisition was investigated in the detection of miRNA tar-

get showing a sensitivity of about 1750 nM–1, and a LoD of about

0.043 nM, as a function of the capture probe sequence.

Theevaluationof the couplingprocess effectivenessbymeansof the

Langmuir isotherm model gave an association constant (Kass) value of

about 8.0× 107 M–1.

Modeling simulations indicate that the agarose substrate gives a

remarkable positive contribution to the ds PNA–RNA interactions,

especially in the direction to avoid any potential nonspecific interac-

tion.

All these results clearly show that this substrate is very promising in

the development of new microarray platforms for the next generation

of molecular diagnostic devices. Further studies will include additional

substrates and surface chemistry to better represent the effect of the

agarose on PNA–RNA hybridization (see Supporting Informartion).
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