M) Checs tor updates View Article Online

View Journal

Analyst

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: S. Petralia, E. L. L.
Sciuto, M. L. Di Pietro, M. Zimbone, M. G. Grimaldi and S. Conoci, Analyst, 2017, DOI:
10.1039/C7ANO0202E.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

Analyst

You can find more information about Accepted Manuscripts in the
author guidelines.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the ethical guidelines, outlined
‘175 in our author and reviewer resource centre, still apply. In no

. event shall the Royal Society of Chemistry be held responsible
for any errors or omissions in this Accepted Manuscript or any
consequences arising from the use of any information it contains.

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY .
OF CHEMISTRY rsc.li/analyst


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c7an00202e
http://pubs.rsc.org/en/journals/journal/AN
http://crossmark.crossref.org/dialog/?doi=10.1039/C7AN00202E&domain=pdf&date_stamp=2017-04-06

Page 1 of 4 Analyst

View Article Online
DOI: 10.1039/C7AN00202E

1

é OF CHEMISTRY

4 Journal Name

5

6

7

8

9

10

11 Innovative Chemical Strategy for PCR-free Genetic Detection of
2 . .

33 Pathogens by an Integrated Electrochemical Biosensor

34 Received 00th January 20xx, L at . b L. ¢ . b X b a*

55 Accepted 00th January 20xx S. Petralia,” E. L. Sciuto ", M. L. Di Pietro -, M.Zimbone °, M G Grimaldi " and S.Conoci

%6 DOI: 10.1039/x0xx00000x

%g www.rsc.org/
9 An innovative chemical strategy integrated in a miniaturized Their clinical utility will be much more relevant in the developing
0 electrochemical device was developed for sensitive detection of countries where infectious disease diagnosis are still a challenge
1 pathogen genome (HBV virus) without any amplification step. due to poor clinical laboratory infrastructures and cost constraints
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Results show a Limit of Detection comparable to the standard
gRT-PCR method (20 copies/reaction), paving the way to future
development of genetic PoC devices addressing automatized and
low-cost molecular diagnostics.

Genetic detection of pathogens is critical for a wide range of
applications, including environmental monitoring [1], food control
[2], homeland security[3] and, above all, clinical diagnostics'[4].
Traditional methods commonly used in the laboratory involve plate
counting [5] or detection via antibody recognition. They are very
laborious, time consuming (48 hours to have a result in case of
plate counting) and, often, lack in sensitivity (antibody methods). In
the last years, molecular methodologies based on Polymerase Chain
Reaction (PCR) [6] have made a real revolution in the diagnosis of
infectious microorganisms thanks their ability to combine high
specificity and sensitivity with precise quantification and fast

[11].

Based on the above considerations, multidisciplinary research
teams have spent great efforts over the world to develop
miniaturized biosensors based on innovative technologies and new
chemical strategies for molecular detection of pathogens. Almost all
proposed assays include PCR amplification. In fact, year-to-date PCR
is the only biotechnology possible for genetic detection able to
guarantee high sensitivity and specificity starting from samples
where the DNA target from virus or bacteria is in a very low
concentration (LoD < 100 copies/ml of the pathogen). In literature,
various PCR-based biosensors have been reported for DNA
detection of different pathogen microorganisms. Fernandez-
Carballo et al in 2016 presented a portable and low cost point-of-
care (POC) system based on continuous flow PCR for quantitative
detection of Chlamydia trachomatis and Escherichia coli [12]. Hsien
et al described a sequence-specific electrochemical DNA technology
(E-DNA) able to detect up to 100 copies/ml of S. Typhimurium by

response. These advantages make these methods as the prince
7 Th dvant ke th thod th i - ) R
38 technologies for molecular diagnostic. However, they are quite Loop—Medl;'ated |sotherma| 'Ampl|f|cat|on, 10 TClD;’O for HIN1
39 complexes needing specialized laboratories and personnel to be Influenza virus, 300 copies ('m' SOU'I) Salmo:.vella Enterica [13] Other
10 execute and rather expensive (20-80% per test) to be used for research teams repo.rted miniaturized devices bas'ed on PCR using
massively screening. Therefore, there is a huge demand for '””°Yat"’e transduct|o.n methgds for the detfecnon. of pathogen
41 methods and systems able to perform analysis of pathogens in species such as Escherlchm coli ('by'p'|ezoelect!'|c-exuted cantlle.ver
42 sample-in-answer-out format with sensitivity comparable to PCR sensors) [14]; Neisseria meningitides (using electrochemical
43 technologies (LoD 10 copies/reaction) at cost competitive with tra'nsductlon) [15]; Staphylococcus aureus (by me'ans of graphen'e
44 traditional methods (few $ per test) [7,8]. These are the so-called oxu':le—based fluorescent probe) [16], Mycobacterium tuber'cuI05|s
45 “genetic Point-of-Care” (PoC), identified by National Institute of (u§|ng Surface F’Iasmon Resor?ance) [17J' ahd also for genetic SNPs
46 Health (NIH) as one of the major priorities for diagnosing of (Smgl'e Nucleotide Polymorphisms) applications [18]. ) )
47 infectious diseases [9]. Genetic PoC will have a relevant world-wide Pesplte.the'relevant advantages of PCR-basgd t?ChHOIOg'eS’ their
48 impact. In the developed world they will help the decentralization |ntegrat|on !n easy-to-use portable-d-ewces is still a challenge. In
49 of diagnostics from the hospital core laboratory to physician office. fact, it requ.lres to 'manage some cr.|t.|cal'drawbac.ks mainly related
50 This would allows massive diagnostic screening and a better facing to the (a) biochemistry of t.he ampln.’lc.a.non reaction (th.e preser}ce
the threat of pandemics due to the remerging of infectious diseases of en.zyme needs surface b!oc9rT1pat|b|I|ty [19], approprlate storing
51 from globalization [10] and current uncontrolled migration flows. cond.|t|ons and absence of inhibitors) and (b) compIeX|ty.of system
52 architecture that needs accurate thermal control and cycling as well
53 as microfluidic, signal detection and stability of reagent-on-board
54 ® STMicroelectronics Stradale Primosole, 50 - 95121 Catania (lItaly) [20'2.1]' . . .
55 b Department of Physics and Astronomy University of Catania, viaS.Sofia 64, 95123 In this scenario the discovery of PCR-free assay methods suitable to
56 Catania, Italy be integrated in miniaturized devices is of fundamental importance
“ Dept. Chemical Science University of Messina — Messina (Italy) . .
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possible transduction methods for PoC devices, electrical detection
is the most preferred since it can be easily interfaced with
microelectronic word allowing the integration in smart devices
plugged by battery such as mobile phones. In this context,
electrochemical detection is the most appealing methodology
exhibiting fast response, full compatibility with saline buffer and
simple architectures to be designed. Although electrochemical-
based DNA sensors exploit a range of several chemical strategies,
including redox intercalating molecules [22] or redox-labeled
probes [13], the probe immobilization at electrode surface and
appropriate surface passivation play a key role in the enhancement
of the assay sensitivity and specificity [23].

Motivated by the above considerations, we have developed an
innovative chemical strategy able to directly detect pathogen
genome without any amplification step with electrochemical
signal transduction. As a model, we demonstrate the genetic
detection of Hepatitis B virus (HBV) from both analytical
sample (synthetic clone) and real sample extracted from
human blood.
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Figure 1 Operating principle of PCR-free electrochemical pathogen
system assay (a) planar biosensor microelectrodes (WE= working
electrode, RE= reference electrode, CE= counter electrode) (top-
left); WE modified with two specific ss-DNA probes (top-right); HBV
genome cooperative hybridization at modified WE with
[Os(bpy),DPPZ]Cl, intercalator (bottom-right); observed redox
current in presence of hybridised genome (DNA target) or in
absence of target (buffer) (bottom-left); (b) P1 and P2 probes
design for cooperative hybridization.

Our strategy has been conceived to employ a chemical
approach combining (i) a cooperative in situ hybridization[24]
with two specific probes (P1 and P2) chemically-grafted to a
miniaturised Pt-working electrode (WE) surface and (ii) a
electrochemical transduction by a redox intercalative Os-
complex, [0s(2,20-bipyridine)(dipyrido[3,2-a:2’,3’-c]
phenazine)]Cl, ([Os(bpy),DPPZ]Cl,) (Fig. 1a). The Os-complex
[Os(bpy),DPPZ]Cl, (Supporting Information, Figure S1) has been
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selected since strongly and specifically intercalates to double
stranded DNA with a K, of 5 x 10°m™ [22,23]. This complex gives
a Square Wave (SW) electrochemical response at about 0.46 V
(Supporting Information, Figure S2). P1 and P2 probes were
properly designed to recognize specific genetic sequences on both
parallel and anti-parallel strands of the same target genome.
Moreover, to guarantee the simultaneous hybridization with the
two strands of genome target, a sequence gap of 138 bps between
the two probes was maintained (Fig 1b) to permit an efficiently
genome folding on electrode surface, increasing the hybridization
product stability.

This strategy was integrated in a miniaturized silicon
electrochemical device composed by an hybridization
microchamber (total volume about 20 ul) containing on the bottom
surface three planar metal microelectrodes (Pt-Working Electrode
(WE) 1000x2000 um; Au-Reference Electrode (RE) and Au-Counter
Electrodes (CE) 800x500 and 800x1250um; electrode-to-electrode
distance 100um) and resistors for the heating and temperature
control during the denaturation and hybridization steps
(Supporting Information, Figure S3).

A mixture of two specific thyol 5’-terminated hybridization probes
P1 and P2, were immobilized on the Pt working electrode (WE)
surface, according to the thiol-Pt chemistry [25]. Then, the WE was
passivated by 1l-mercaptoundecane to form a self-assembled
protective alkyl layer. The success of surface modification via Pt-S-
bonds was demonstrated by X-ray photoelectron spectroscopy
(XPS) analysis and water contact angle measurements (Supporting
Information, Table S1).

The passivation step was found to be fundamental to reduce the
electrochemical signal background before target hybridization.
SquareWave voltammetry experiments carried out at different
[Os(bpy),DPPZ]CIl, concentrations (0.1-10uM) revealed that the best
compromise between lowest signal background and highest Os-
complex concentration to increase sensitivity was an
[Os(bpy),DPPZ]Cl, amount of 5uM (Supporting Information,
Figure S4).

Firstly, we demonstrated the validity of the proposed system assay
to directly detect pathogen genome, using various amount of
synthetic HBV-clone target as analyte, in a concentration range
typical for RT-PCR calibrators before amplification (2, 20 200 and
2000 copies/reaction). We chose to start with 2000 copies being a
value in the low concentration range of RT-PCR calibrators
(typically from 1x10%- 1x10? copies/reaction). The experiments
were carried out into the miniaturized electrochemical cell above
described making firstly a denaturation (at 90°C for 5 min) and then
hybridization (30 minutes at 50 °C) in phosphate buffer conditions
at pH ~ 7.4 (See Supporting Information). It is has been
demonstrated [26, 27] this pH value optimally affects the
hybridization. A SW voltammogram was then recorded after
hybridization in presence of a solution containing the
[Os(bpy),DPPZ]Cl, at concentration of 5 uM. The results gave
current density values of 2.6%0.3 |.1A/t:m2 for 2000
copies/reaction, 1.4+0.2 uA/cm2 for 200 copies/reaction and
0.8+0.2 uA/cm2 for 20 copies/reaction, whereas no significant
signal was detected for the sample containing 2
copies/reaction (Fig.2a). These data prove a Limit of Detection
(LoD) for HBV synthetic genome of 20 copies/reaction. Note
that it corresponds to the same order of magnitude for
standard real time PCR LoD as illustrated in Figure 2b (right y-
axe) (real time PCR details are in SI).

This journal is © The Royal Society of Chemistry 20xx
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1
3 The cross-reactivity of our biosensor system was tested with comparison, the unmodified Pt-electrode surface. The remarkable
4 an unspecific target, the Mycobacterium tuberculosis (MTB) finding was the clear presence of HBV-clone structures on modified
synthetic clone at concentration of ~2000 copies/reaction. The WE surface, without any sign of aggregation. This can be
5 electrochemical results showed that there is no any encouraged by the cooperative hybridization of double strand with
6 electrochemical signal when an unspecific target is hybridised the specific P1 and P2 probes. Indeed all clones appear as a single
7 on WE modified to HBV probes (Supporting Information, units well separated each other. This is well-supported by the AFM
8 Figure S5). section profile (Fig. 2c) showing a width average value of about 1.5
9 pum and a height average value ranging from 20 to 40 nm, according
10 to the expected value for a single ds HBV-clone sized 7144 bps.
11 . 30 In contrast, the unmodified WE surface induces the formation of
e 2000 cps/reaction (b). o ; g;r:;r; a:g;_w-, 40 . .
8-2 /\ 25 ooy | HBV-clone aggregates, to indicate the prevalence of target-to-target
43 g 20 / Ezo / 1% interactions, mainly caused by the absences of specific P1 and P2
< 3 . .
S4 % . / . ;Zu /»):/ ses probes interaction. . .
5-5 g 2 %10 N - Encouraged from these results, we investigated our system assay
%.6 § 08 Apir Sos / 32 with real samples, testing an extracted HBV sample from human
04 ool blood. This sample bearing a starting concentration of 10’
. 430
gj 00 2cpejraaction 05 cps/reaction (quantified by real time PCR) was diluted to obtain
8-8 0.35 0.40 045 0.50 055 0.0 05 1.0 13 20 25 30 33 . . .
Votage (V) log(copies) testing solutions containing total DNA amount of 2, 20 200 and
9 2000 cps/reaction, respectively. Electrochemical experiments were
0 performed according to the previous test with synthetic clone and
1 the results are reported in Figure 3. In this case the positive

Publighegr96A pil 201 LDRloadedNay (Universisyef
COBROMNROO®~NO® A WN

response is observed up to 200 copies/reaction (LoD) with a
current density value of 0.5+0.1 uA/cmZ. This LoD value is one
order of magnitude lower than that of the analytical sample
(synthetic HBV clone) and it should be probably attributed to
the presence of interfering species in the extracted sample.
Further experiments to gain insights in this point are currently
on the way in our laboratories.

2000 cps/reaction
121
b=
3 oof
>
[2}
7 Figure. 2 — (a) Current density versus Voltage for the testing of HBV- § 06}
38 synthetic clone (the hybridization was transduced by 5 puM of i~ 200 cps/reaction
39 [Os(byp),(dppz)]Cl,. All measurements performed with scan rate 5
40 10mV/sec.); (b) Comparison with standard real time PCR detection; © 03
(c) SEM (5.00 kV) and AFM images with cross section profile of
41 hybridized HBV-clone target (2000 copies/reaction) on P1-P2 20¢psfreacton
42 modified WE electrode; and (d) on unmodified WE surface. 00 L . 1 . 1 . 1 . L
43 0.35 0.40 0.45 0.50 055
44 These results prove that our chemical strategy fully reaches the goal Voltage (V)
45 to achieve pathogen genetic detection without any amplification Figure. 3 - Current density versus Voltage for the testing of HBV
46 step of specific target sequence. We ascribe this outstanding result extract.ed sample from human blood (the hybridization was
47 to an electrical signal amplification due to the presence, at the transduced by 5 M of [Os(byp)a(dppz)]Cl. All measurements
48 electrode surface, of long double strand (ds) DNA (a complete performed with scan rate 10mV/sec.)
49 genome) captured by two parallel and anti-parallel complementary
50 P1 and P2 probes. In this case, the ds-genome presence Interestingly, the current density values for analytical samples
51 .considera.bly increases the amount of the redox [Os(bpy)zDPP'Z]CIZ are always higher than those of the extracted ones at the same
52 intercalating .prob.e very close to the electrode surf?ce pro.ducmg a  HBv genome concentrations (Fig 2a-c). This difference is in
53 :]tr;)r?g.ele_ctrlc::)(s)l(;gnal. .The WE Zlecr;crsode s.urfaFjes |nspeMc'F|on after excellent agreement with the different chain lengths of the
54 (gEh;:)Zzgc,:]ccgmic F;(:felel\s/:iggscom (Ai?\;l])munngdosg'::jrl‘ |crosc<:Ey two tested samples. In fact, the analytical sample HBV-clone
55 ) py. Y Proves the 4 nsists in the genome (3.3kbps) cloned into a plasmid PBR322
presence of this ds-HBV genome. Figure 2c,d report the SEM and vector (3.8 kbps) corresponding to a final circular structure of
g? AFM images for the Pt-WE modified with P1 and P2 and, for 7144 bps. On the other hand, the extracted sample does not
58
59
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include any vector having then the size of HBV genome,
corresponding to 3300 bps. This difference results in a higher
amount of [Os(bpy),DPPZ]Cl, intercalating into the ds HBV
clone, with a consequent higher redox signal.

Conclusions

In conclusion, to the best of our knowledges, this is the first
example reporting a PCR-free assay integrated in a
miniaturized electrochemical device, able to detect pathogen
genomes without any amplification step with LoD comparable
to the standard real-time PCR method. This chemical approach
can be easily integrated in portable devices, paving the way to
future development of genetic PoC devices addressing
automatized and low-cost molecular diagnostics analyses.
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