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Ph.D. course in Chemical Sciences, XXXIV cycle, III-year report,
Dr. Federica Curti

Title: DNA aptamer- and PNA-based sensory systems
Supervisors: Prof. Wolfgang Knoll, Prof. Roberto Corradini, Prof. Maria Careri

INTRODUCTION

Aptamer-based sensors have recently emerged as a novel biosensor class to cover the growing need to detect specific analytes
in fields like food safety, clinical diagnostics and forensic analysis. Aptamers are single-stranded oligonucleotides tailored
to recognize a non-nucleotide target via hydrogen bonding, van der Waals forces or electrostatic and stacking interactions.
They exhibit many advantages as recognition probes in biosensing compared to natural receptors (e.g. enzymes and
antibodies), offering high affinity binding and selectivity as they can be engineered in vial and produced by chemical
synthesis'.

During my staying at the Austrian Institute of Technology in Vienna in the research group of prof. Wolfgang Knoll, the
development of a surface plasmon resonance (SPR) sensor based on DNA aptamers for the detection of human thrombin was
carried out?. The affinity interaction of three different thrombin binding aptamers (HD1-sort, HD1 and HD22) with thrombin
was investigated, as well as changes in their performance with other abundant molecules present in human blood, like
prothrombin, human Immunoglobulin-G (h-IgG) and human serum albumin (HSA).

Driven by these results, it was evaluated the possibility of employing Peptide Nucleic Acids (PNAs) as aptamer probes. This
is a new strategy since in the literature PNAs have been poorly investigated as potential aptamer ligands for biosensing?. In
the research group of Prof. Roberto Corradini at the University of Parma, two main biosystems were interrogated: the
complex between thrombin and HD1 aptamer, and the complex between troponin and ¢Tnl aptamer. The former was analysed
via fluorescence anisotropy and Fiber-Optic SPR (FO-SPR), and the latter through Graphene Field Effect Transistor (GFET).
Moreover, an electrochemical aptasensors for fast and direct detection of spike protein (S1) of SARS-CoV-2 was developed
in the laboratory of Prof. Maria Careri at the University of Parma. The affinity interaction of a methylene blue labelled Cov2-
6C3 aptamer with S1 was investigated, as well as with other the spike proteins from MERS and influenza A HIN1.

Finally, the outstanding hybridization properties of PNAs were explored towards the identification of genes overexpression
related to microRNAs, whose dysregulation is involved in several pathologies like tumors or neurodegenerative/autoimmune
diseases. Indeed, PNAs were confirmed to function as modulator of the biological activity of microRNAs.* Three PNAs
sequences targeting microRNA-21, -146a and -155 bearing two different chelators were synthetized in order to perform a
labelling process with radio-metals. Their cellular uptake was validated in vitro.

Hereinafter a more detailed description of the work is reported.

SURFACE PLASMON RESONANCE (SPR) APTASENSOR DEVELOPMENT

www.unipr.it
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The assembly chosen is based on a sandwich architecture as presented in the scheme below (Fig. 1). The immobilization of

o ., the biological species is performed in situ on the SPR sensor chips: the
H surface architecture was obtained by modifying a gold substrate with
° mixed thiol oligo-ethylene glycol (OEG) self-assemble monolayer
(SAM) bearing biotin residues, which were used to bind a layer of

neutravidin. A solution of biotinylated aptamer in PBS was used to link
this recognition element to the layered surface. The sensor was then
used in affinity interaction experiments, where concentrations of

?O Biotinylated thrombin ranging from 5-500 nM were flowed sequentially over the

o 0 0
SE SEO Sg § aptamer
s 8 S

E H

o i
HO_HO,, ? HOHO.,  Neutravidin
Neutravidin |
NH
g
;

- @ 2 sensor surface with a NaCl 2M regeneration step in between. The same
o g \ fu';';it?;gﬁfeiﬁv"’i‘th protocol was applied to check the cross-reactivity of interferent species
Thiol-OEG SAM aptamer present in human blood with these aptamers, as prothrombin, HAS and
Figure 1. Schematic functionalization protocol for thrombin h-IgG,
detection.

In order to assess the performance of the sensor chip to enable direct detection of thrombin, a regular mixed thiol-OEG SAM
was incubated on the surface, which exposed OEG-OH and OEG-Biotin headgroups. This biointerface is highly suitable to
minimize the blocking of the sensor surface when model biological matrices are used’. The immobilisation of the three
biotinylated aptamers - HD1-short, HD1 and HD22 - was monitored by SPR and both reflectivity curves R(#) and the signal
kinetics R(z) upon the surface reaction were acquired. These results lead to a surface density of I/MW= 0.013 pmol mm~,
0.020 pmol mm™ and 0.022 pmol mm™ for HD1 short, HD1 and HD22 respectively. Interestingly, the density ratio of the
aptamer to the tetrafunctional neutravidin, which served as a linker between the biotin groups in the SAM and aptamer biotin
terminal group, was in all cases close to one. This confirms that the density of these bioreceptors was controlled by the
density of immobilized neutravidin linker.

The affinity interactions between the immobilised aptamers and thrombin were evaluated via SPR: the kinetic data R(?) are

" i L gk tPBS membin ~ Teported in  Fig. 3b), c¢), d). Different thrombin
shor . . :
K, ' _"™ B crelM - concentrations in PBS ranging from 5 to 500 nM were
Thrombin | Prothrombin 2 400+ \ A

[nM] 3 =l flowed over the sensor surface and the measured curves
:,llljrli 12 i -y :gg were fitted assuming 1:1 interaction model. The longer
HD1 <5 399 gmu- g —% HDI and HD22 aptamer sequences exhibited higher
HD22 <5 | >1000 o D"" — affinity, leading to an equilibrium dissociation constants K4
2 Tire [rio] <5 nM (Tab. 3a). Indeed, upon interaction with thrombin
HD1  PBS they fold into a rigid G-quadruplex configuration, resulting
into a stable complex thanks to their longer binding site

with respect to that of HD1-short aptamer.

Furthermore, specificity of HD1 and HD22 was evaluated

SPR signal AR [uRIU]
SPR signal AR [uRIU]

against some biomolecules that are present in human blood
T at high concentration. These include prothrombin (the
Time [min] Tmefmin direct precursor of thrombin), HSA and h-IgG. The

Figure 2. Global affinity binding measurements of thrombin with three measured curves revealed a high affinity of HD1 aptamer
aptamer ligands: (b) HD1 short, (c) HD1 and (d) HD22.

for prothrombin at concentration below 100 nM with K;=
39 + 9 nM nM, while HD22 did not manifest interactions
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up to 1 uM (Fig.4a). Indeed, the HD1 aptamer is known to predominantly interact with thrombin exosite I, which is located

on the surface of prothrombin as well, while HD22 a) b)
recognizes the binding exosite II that is hidden inside this ~ _ ¢ HD22 = HD1 4 HD1scrambled
2 3504 Thrombin 50nM —e— —=— —a—
prothrombin®. Concerning HSA and h-IgG interaction, % 300 i S B ol e
both aptamers revealed a negligible response for r§25°' ;1500
. . . 2 2004 3
concentrations over the micromolar range (Fig. 4b). gm_ = 1000
Moreover, performing the same experiments on the éwo- Eﬁ 500
surface with a scrambled sequence of HD1 aptamer, the  * 52' Mﬂ“"";—: ? %
0 200 400 600 800 1000

response suggests that the measured negligible change in
SPR signal is attributed to unspecific sorption to the
thiol SAM-based biointerface.

Prothrombin ¢ [nM] 0 5 Tine :[Omin] 15 20

Figure 3. Specificity binding measurements of prothrombin, HSA and h-IgG.

The performances of this binding system were further interrogated for analysis in 10% blood. Daria Kotlarek in the research
group of Prof. Jakub Dostalek, developed a sensing architecture where the mixed thiol-OEG-SAM was replaced by
poly(HPMA-co-CBMAA) brushes, in order to increase the antifouling properties to assess thrombin detection at clinically
relevant level in real matrix. The LOD of 0.7 nM achieved with HD1 aptamer was sufficient to predict a thrombotic in time.

SYNTHESIS OF PNAs AS POTENTIAL APTAMERS

In a further development of this research, a similar binding system was designed by replacing the DNA thrombin aptamer
backbone with a DNA-mimic probe based on PNAs. PNAs are well known ligands that offer enhanced base pairing binding
properties compared to DNA/RNA system, can be easily synthetized in
laboratory, and are very resistant to both chemical and enzymatic

white light source spectrometer
www.ocBaninsight.com; www oceannsight com .

degradation. A biotin-labelled PNA with HD1 aptamer-like sequences was
synthesized following the standard Fmoc-based solid phase synthesis (SPS)
strategy, purified with HPLC and fully characterised using UPLC-MS. The
affinity interactions were first analysed through FO-SPR in the research
group of Prof. Wolfgang Knoll. In figure 4 is reported the home-made setup
developed by Roger Hasler. A sputtered-gold fiber tip was functionalized
with the biotinylated HD1-PNA aptamer (1 uM in PBS) after the deposition

incident light

of a mixed thiol-OEG SAM architecture, as previously described in figure 1. FO tip g2 ll .
Then, the modified fiber tip was immersed in different concentration of Gere e e
thrombin in PBS (50-500 nM), each of them followed by a rinsing step with Lot ke K e | o

PBS, and changes of resonance wavelength were observed as a function of

time. Unfortunately, an extremely week interaction was observed at high Figure 4.FO-SPR setup

concentrations (Fig. 5a), which is probably related to bulk

changes/unspecific binding. It is worth mentioning that the DNA-HD1 aptamer interaction with thrombin exosite I is also
driven by electrostatic forces, as it is an anion binding site, and the G-quadruplex structure is highly stabilized by Na* and
K" ions. Conversely, PNA single strands are known and employed as biosensing probes for their reduced dependence on
changes of ionic strength in solution. As a result, the secondary G-quadruplex structure may not occur with HDI1-PNA
aptamer. A comparative analysis employing HD1-DNA aptamer was performed on the FO-SPR system as well. As shown
in figure 5b, increasing concentration of thrombin led to a shift of the resonance wavelength as expected, with Kp comparable
to that found in the literature.

www.unipr.it
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Figure 5. Affinity binding experiments with PNA (a) and DNA (b) aptamers in a FO-SPR setup.

Secondly, TAMRA-labelled-PNA sequences were also synthesised in order to perform interaction studies with thrombin via
fluorescence anisotropy (FA). Specifically, a completely neutral PNA-HD1 sequence and a PNA-HDI1 bearing glutamic acid
residues, synthesized in order to introduce negatively charges into the probe, were compared. The aim was to further
investigate the effect of the electrostatic vs protein-nucleobase interactions on protein binding. Before FA analysis, both
PNAs and DNA aptamers were mixed with increasing concentrations of human thrombin, using ammonium formate buffer
at pH=6.8 with different ionic strength. The DNA aptamer-thrombin complex revealed a significant change in its behavior
when exposed to different ion strength solutions, leading to a destabilization of the complex by increasing the ionic strength
from 2 to 200 mM. Conversely, a weak signal was observed when the PNA aptamer was used, highlighting the predominant
electrostatic nature of this aptamer-protein system. Moreover, neither the PNA HD1 modified with glutamic acid units
showed improved interactions with thrombin, suggesting that the key factor is not only the presence of charges in the aptamer
sequence, but also that they require to be placed in the near proximity of the binding site.

5 I ONA HD1 I DNA HD1 [ DNA HD1
£ 020 HEE PNAHD1 0204 [ PNA HD1 0.204 M PNA HD1
g I PNA HD1-Glu : [ PNA HD1-Glu I PNA HD1-Glu

Fluorescence Anisotropy Fess

‘Ammonium Formate Concentration

Figure 6. Binding interaction of thrombin (c= 0.5, 1 an 2 uM) with DNA HD1, PNA HD1 and PNA HD1 modified with glutamic acids residues analysed
with fluorescence anisotropy at different ionic strength values: 2 mM (blue), 20 mM (green) and 200 mM (red).

The specificity of these systems was monitored with human serum albumin and no significant interactions were observed in
both complexes. The intramolecular G-quartet structure of both DNA and PNA systems was monitored with UV-melting
profiles, which can reveal the presence of quadruplex structures. The DNA HD1 showed the typical sigmoidal curve, as a
result of a transition phase phenomenon after the G-quadruplex formation. The PNA HD1 revealed a more complex behavior,
as the significant decrease of the absorbance value at A= 290 nm denotes the predominant presence of intermolecular

interactions occurring among the single strands in solution.

www.unipr.it
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In collaboration with the research group of Prof. Sabine Szunerits at the University of Lille, the troponin I (¢Tnl)-aptamer
binding complex was interrogated as well. The research group had previously developed a GFET biosensor where the azido-
modified ¢cTnI-DNA aptamer was tethered at the sensing surface via “click-chemistry”.” More interestingly, they recently
observed an almost negligible dependence of the complex formation from charges in buffer solution. Therefore, a 41-mer
PNA probe with ¢cTnl-DNA aptamer-like sequence was synthetized via Boc-SPS. A preliminary amino-modification was
left at the C-term, as the strong acidic conditions necessary to cleave the Boc-protected PNA from the resin are not compatible
with azide groups. Then, the cTnl-PNA aptamer was immobilized on the carboxy-modified GFET via EDC/NHS (Fig. 7a).
The exposed carboxylic terminations were previously inserted by adsorption of 1-pyrene butyric N-hydrosuccinimide ester
(PBSE) on the graphene electrode. Different concentrations of troponin were deposited on the modified electrode (5-800
pg/mL) and IpVg curves were collected. A
cathodic shift in the Dirac point was observed
by increasing the protein concentration,
without any changes in the ambipolar shape.
A Kp of 155 pg/mL was estimated with LOD
of 6 pg/mL, revealing an incredible sensitivity
(relevant concentration of troponin is 26

pg/mL for human without heart damage
: ; tissue), together with a good selectivity
300| @ oA IKervEEDCAHS L against another cardiac-related biomarker
BNP-32. This is an amazing step forward in

b) PBA linker via EDCANHS

< the design of new synthetic probe aimed to
Fla assess biologically relevant detection. Hence,
e an azido-modified cTnl-PNA aptamer was
L synthetized to fully compare the two receptor

800 F —eno :;:L

f o) binding systems. The synthesis was carried
02 00 02 04 06 08 600 800
VeIV [eTnl] / pg mL™"

out as follows: after the solid-phase synthesis
the Boc-protected PNA aptamer was firstly
cleaved from the resin and then a NHS-
azidoacetic acid was linked to the PNA C-
term in solution at 37°C overnight. The performance related to this binding probe are currently under investigation.

Figure 7. (a) Schematic illustration of surface functionalization with cTnl PNA-aptamer on
GFET. (b) IpVs curves of the troponin-cTnl aptamer complex and its global fitting (c).

ELECTROCHEMICAL APTASENSOR DEVELOPMENT

Finally, the potentiality offered by aptamer receptors were further evaluated for the detection of S1 Sars-CoV-2 protein virus
with an electrochemical readout based on Differential Pulse
Voltammetry (DPV). Carbon Screen Printed Electrodes
(CSPEs) modified with carboxylate carbon nanotubes (CNTs)
were employed as the binding substrates, owing their enhanced
electron transfer properties and easy functionalization protocols.
The amino-modified Cov2-6C3 aptamer with nucleobase
sequence developed by Sun et al.,® was tethered on pre-activated
CNTs substrate via EDC/NHS coupling. The flexible structure
of the 51-mer Cov2-6C3 aptamer allowed the methylene blue
Figure 8. Schematic working principle of the electrochemical (MB) redox mediator, placed at the 5’-term, to easily interact
biosensor for S1 detection. with the sensing substrate giving rise to a certain

www.unipr.it
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electrochemical current (Fig. 1). Then, the aptamer conformational change induced upon binding of S1 protein moved the
MB tag far from the electrode surface, resulting into a a) b)

reduction of the current upon increasing concentration of S1. 54 Dynamic range
The biosensor performances were tested in a range between
0.3-500 nM in PBS buffer, and the fitted data showed a LOD
=52+13nM and LOQ =17.5 £ 3.4 nM (Fig. 8b), with a
dissociation constant Kp = 57.5 £ 7.3 nM (Fig. 8a).
Furthermore, the specificity of the aptamer was evaluated

against other coronavirus-related protein: the spike protein 10" 16{;1 1p6r2te;rc;);(rvl1)é-ﬁ 10° 20 [48'01 pr:gm] (?;?\n) 100
of MERS (S1-MERS) and Influenza A HIN1 protein. Both

proteins were tested at 100 nM concentration in PBS, owing the

saturation state reached at that value with S1-Sars-CoV2. The data showed a signal suppression of 14.8% and 19.2%,
respectively, suggesting a promising application in real

4004

300

Response current (nA)

Response current (nA

Figure 9. Performances of the biosensor for S1 detection.

- a) sequence specificity Target specificity samples (Fig. 10b). Moreover, the specificity of this
= 1.0] = binding system was tested with other two aptamer
g sequences, which are widely known to undergo a
E conformational modification after binding with their target
ié €.5] protein: thrombin aptamer and Platelet-Derived Growth
1 3 Factor (PDGF) aptamer. Both aptamers were incubated
;% 0.0 i _ ! i . with a concentration of S1 Sars-CoV-2 set at 100 nM in
2 9%;* Qofjg@‘ ‘o{%‘ marelova MERe  HiN PBS. Also in this case, a good specificity was obtained

SR R resulting into a signal suppression of 15% with thrombin

Figure 10. Specificity interaction depending on the aptamer sequence (a) aptamer and 21% with PDGF aptamer (Fig. 10a)
and target analyte (b). ) )

PNA RADIOLABELLED PROBES FOR IN VIVO STUDIES

In the last decade, radiolabelled probes (peptides or nucleic acids) have gained considerable attention for their specific and
non-invasive application as Positron Emission Tomography (PET) tracers for the detection of microRNA levels in tumour
cells. In this context, three microRNA target sequences were selected, microRNA-155, -146a and -21, which are
overexpressed in lung cancers, and PNAs were chosen as targeting probes for their chemical stability and selectivity towards,
together with their inhibitory activity of the target microRNA, achieving potential therapeutic effects. The anti-microRNA
PNA sequences were synthetised via Boc-based SPS and each of them linked with NODAGA and DOTA chelators. Then,
the labelling with the radio-metals **Cu and ®*Ga was performed by Dr. Mattia Asti at the Nuclear Medicine Unit in AUSL-
IRCCS Reggio Emilia, being the most common radiometals used for NODAGA and DOTA chelators, respectively. The
radiolabelling selectivity of **Cu with NODAGA- and DOTA-antimiR-PNA-146a was assessed as a function of the PNA
amount (Fig. 11a): the radiochemical yield (%) was optimal after 5 min of incubation at 95°C with 1 nmol of PNA and the
higher selectivity towards NODAGA chelator was observed as expected. Moreover, the complexes showed a stability > 95%
until 18h after radiolabelling in PBS buffer as well as in human serum. These tests were carried out with NODAGA- and
DOTA-antimiR-PNA-155 and NODAGA- and DOTA-antimiR-PNA-21, leading to the same selectivity and stability. The
cellular uptake of labelled PNAs were measured in A549 cells (adenocarcinoma) expressing normal levels or overexpressing
the target miRs (Fig. 11b)
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Figure 11. (a) Radiolabelling of NODAGA- and DOTA-antimiR-PNA-146a with %*Cu at different PNA concentrations. (b) Cellular uptake of labelled PNAs
in A549 cells.
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