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ABSTRACT

The rapid and selective identification in the clinical setting of pathogenic bacteria causing healthcare asso-
ciated infections (HAIs) and in particular blood stream infections (BSIs) is a major challenge, as the number
of people affected worldwide and the associated mortality are on the rise. In fact, traditional laboratory
techniques such culture and polymerase chain reaction (PCR)-based methodologies are often associated
to long turnaround times, which justify the pressing need for the development of rapid, specific and
portable point of care devices. The recently discovered clustered regularly interspaced short palindromic
repeat loci (CRISPR) and the new class of programmable endonuclease enzymes called CRISPR associated
proteins (Cas) have revolutionised molecular diagnostics. The use of Cas proteins in optical and electro-
chemical biosensing devices has significantly improved the detection of nucleic acids in clinical samples.
In this study, a CRISPR/Cas12a system was coupled with electrochemical impedance spectroscopy (EIS)
measurements to develop a label-free biosensing assay for the detection of Escherichia coli and Staphy-
lococcus aureus, two bacterial species commonly associated to BSI infections. The programmable Cas12a
endonuclease activity, induced by a specific guide RNA (gRNA), and the triggered collateral activity were
assessed in in vitro restriction analyses, and evaluated thanks to impedance measurements using a modi-
fied gold electrode. The Cas12a/gRNA system was able to specifically recognize amplicons from different
clinical isolates of E. coli and S. aureus with a limit of detection of 3 nM and a short turnaround time approx-
imately of 1.5 h. To the best of our knowledge, this is the first biosensing device based on CRISPR/Cas12a
label free impedance assay.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

mortality in internal medicine wards worldwide [1]. BSIs can result
from surgery, the use of intravascular devices such as catheters or

The rapid detection of pathogenic agents involved in HAIs rep-
resents today one of the main challenges for an efficient disease
control in the clinical setting. These infections, and in particular
BSIs, are on the rise and cause a heavy burden of morbidity and
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the migration of pathogens from other infected tissues or organs.
Pathogens responsible for BSI include bacteria, viruses and fungi
[2], but bacteria are the most common causative agents of dissemi-
nated infections (over 90 %) leading to sepsis. Sepsis is defined as “a
life-threatening organ dysfunction caused by a dysregulated host
response to infection”, a condition that can result in the death of the
patient if not promptly diagnosticated and adequately treated [3].
According to the World Health Organization, more than 30 million
cases of sepsis are estimated to occur annually worldwide, with a
mortality rate of 33-35 % and an incidence increasing 9-13 % annu-
ally [4]. Unfortunately, these numbers are destinated to increase
with the exponential growth of hospitalized patients due to the
actual COVID-19 pandemic and other comorbidities [5]. In addi-
tion, the rise of antibiotic resistance in clinically relevant bacteria
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is particularly alarming [6]. Conventional blood culture techniques,
flanked by molecular techniques based PCR), are considered the
reference method for the identification of pathogenic bacteria from
BSIs [7]. However, blood culture is a time consuming procedure, and
PCR-molecular approaches require trained personnel, dedicated
instrumentation and expensive reagents [8]. Furthermore, due to
the low concentration of bacteria in bloodstream infections, an
amplification step is always required. Unfortunately, PCR methods
are not easily implemented in portable biosensing devices. Despite
the recent development of many alternative isothermal amplifi-
cation methods such as loop-mediated isothermal amplification
(LAMP), rolling circle amplification (RCA), strand displacement
amplification (SDA), exponential amplification reaction (EXPAR)
recombinase polymerase amplification (RPA) the situation has not
been improved [9]. The detrimental impact on social and eco-
nomic costs of congested laboratory routines for the detection
of pathogenic agents dramatically spurs companies and scientific
community to conceive new detection strategies to be imple-
mented in portable devices allowing a rapid, specific and selective
identification at the clinic. Biosensor devices and technology may
play an important role in such innovation in the near future [10].

Several affinity biosensors for the detection of whole bacteria
have been developed, but unfortunately these systems have lim-
itations. Indeed, it display low selectivity and specificity against
their bacterial target, providing such systems with low flexibility
and making them useful only towards a limited number of bacteria
[11]. These limitations make these systems not attractive for the
routine detection of microorganisms involved in BSIs.

The recently discovered CRISPR/Cas system represented a major
breakthrough in the portfolio of biorecognition elements useful to
develop new nucleic acid biosensing strategies [12]. The CRISPR/Cas
system is a nucleic acid based adaptive immune system against
the viral infection discovered in Archaea and Bacteria [12]. The
Cas proteins associated to the CRISPR loci are a family of pro-
grammable endonuclease enzymes (Cas9, dCas9, Cas13a, Cas12a),
which are highly selective and specific when guided by a spe-
cific gRNA complementary to the recognition site on the target
DNA/RNA [13]. The use of programmable Cas proteins in the devel-
opment of optical biosensing devices has been demonstrated by
several authors [12]. In these systems, the coupling of Cas proteins
with isothermal amplification techniques has successfully over-
come usual disadvantages of conventional amplification methods
[12]. Recently, electrochemical biosensors based on Cas13a [14]
and dCas9 [15] proteins were also developed, and in particular
the Cas12a endonuclease activities against the target DNA encom-
passing a programmable activity (cis-activity) and an aspecific
collateral activity (trans-activity) were investigated. In this respect,
the Cas12a trans activity was recently validated using methylene
blue tagged single strand DNA (MB-ssDNA) on a gold electrode sur-
face [16]. This sensor, called E-CRISPR, exploited the Cas12/gRNA
capability to specifically recognize the double strand DNA (dsDNA)
of HPV-16 virus in solution, which triggers its collateral activ-
ity cutting the MB-ssDNA on the electrode surface. The E-CRISPR
performance was subsequently improved using a methylene blue
tagged hairpin DNA immobilized on gold electrode surface [17],
while Xu and coworkers [18] demonstrated that the use of cis-
activity to directly cleave the probe and the target dSDNA complex
on the electrode surface was more effective than trans collateral
activity in detecting the targeted Parvovirus B19 sequence.

In a scenario where most electrochemical biosensors employ a
labelled MB-ssDNA on the electrode surface for the detection of an
amplified target DNA, we propose an easy use, rapid and low cost
detection system based on a label free ssDNA immobilized on a
gold electrode. Our electrochemical impedance biosensor based on
a Cas12a protein was tested for the detection of elected bacterial
pathogens (E. coli and S. aureus) often associated to BSIs infections.
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EIS is a sensitive and powerful technique detecting subtle physical
and chemical changes occurring at the electrode surface [19]. It can
be easily implemented in low cost, portable, easy to miniaturize
devices and has an inherent potential for label-free analysis. Due to
these characteristics, impedance based devices have attracted lots
of attention in the field of clinical diagnosis [20]. A recent study by
Uygun [21] describes the development of an impedimetric biosen-
sor for detection of circulating tumour DNAs using dCas9. Here, we
report a new label-free biosensing assay based on the specific, and
collateral activity of Cas12a endonuclease, thus expanding the use
of the EIS technique to other enzymes of the Cas family.

2. Material and methods
2.1. Bacteria strains and growth conditions

Gram-negative (Escherichia coli ATCC25922) and Gram-positive
(Staphylococcus aureus ATCC6538) reference laboratory strains
were selected as model organisms to study the Cas12a/gRNA activ-
ities and in EIS based biosensor development. Reference strains
were purchased from the American Type Culture Collection (ATCC,
Manassas, Virginia, USA). Moreover, a panel of clinical isolates,
selected from a collection of bacterial strains stored at the Depart-
ment of Biology, Microbiology section, University of Pisa (see Table
1 supplementary information), was also used to evaluate the spe-
cific Cas12a/gRNA system activities.

All strains were stored at —80 °C in fresh Luria Bertani broth (LB,
ThermoFisher Scientific, Waltham, Massachusetts, USA) supple-
mented with 30 % glycerol. Bacteria were growth on LB agar/broth
(PanReac AppliChem GmbH, Darmstadt, Germany) at 37 °C for 18
h.

2.2. Gene selection and amplification

From each bacterial species a species-specific gene was selected
and used as a target for Cas12a/gRNA system. The malate dehydro-
genase (mdh, GenBank GenelD: 947854) and thermonuclease (nuc,
GenBank GenelD: 45574557) encoding genes were selected for E.
coli and S. aureus, respectively.

Internal primers were designed for each gene (see Table 2
supplementary information) and purchased in lyophilizate form
(Merck KGaA, Darmstadt, Germany). Primers were resuspended in
nuclease free water (100 wM solution) and diluted to 10 wM, then
stored at —20 °C.

Abacterial pellet was boiled in sterile water for 1 min in order to
achieve thermal lysis. 932 bp-mdh and 689 bp-nuc gene fragments
were amplified from E. coli and S. aureus genomic DNA, respectively,
using: DreamTaq DNA polymerase (0.025 U/mL ThermoFisher Sci-
entific, Waltham, Massachusetts, USA), dNTPS (0.2 mM), primers
forward and reverse (0.2 wM) and DreamTaq buffer (1X) contain-
ing MgCl, (2.5 mM). Amplification conditions were: Tqenaturation_start
=95 °C for 2 s; Tgenaturation =95 °C for 30 s; Typneating=54 °C for 30 s;
Telongation = 72 °C for 60 s; number of cycles = 35; Tejongation_final =
72 °C, for 10 s. Amplified fragments were run in 1 % agarose gel and
visualised by Biodoc-H Imaging System transilluminator (Somatco,
Riyadh, Saudi Arabia) in combination with TS Software.

The amplicons obtained were purified with QIAquick PCR
purification Kit (Qiagen, Venlo, Netherlands), following the man-
ufacturer’s instruction and quantified by using an UV spectroscopy
(BioPhotometer, Eppendorf). Amplified DNA was stored at —20 °C
in nuclease free water.

The presence of polymorphisms among clinical strains (EC.3,
EC.5, EC.6, SA.1, SA.6, SA.10) amplicons was verified by sequenc-
ing (Mix2seq kit, Eurofin, Nantes, France) the 932 bp-mdh and 689
bp-nuc genes using the primers mentioned in table S.2.
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Fig. 1. Schematic representation of the proposed biosensing assay. The ssDNA on the sensor surface hinders the exchange of electrons between the electrode and the solution.
Once the Cas12/gRNA system binds and cuts the target DNA, the Cas12 collateral activity is triggered, so that the ssDNA on the electrode surface gets cleaved resulting in a

decrease of the charge transfer resistance.

2.3. Evaluation of Cas12a/gRNA activities

2.3.1. RNA guide (gRNA) design

A specific PAM sequence (5’ - TTTN- 3’) was selected within
each selected gene sequence. RNA guides were designed using
SnapGene software to have a complementary sequence of 20
nucleotides after the PAM plus a crRNA scaffold (see supple-
mentary table 3). Selected gRNA sequences were compared with
an online tool (Eukaryotic Pathogen CRISPR Guide RNA/DNA
Design Tool, EuPaGDT). The gRNA sequences were purchased
by ThermoFisher scientific (Waltham, Massachussets, USA) in
lyophilizate form and resuspended in nuclease free watertoa 1 uM
solution.

2.3.2. Digestion trial: evaluation of Cas 12a primary activity

Digestion trials were performed on mdh- and nuc- gene
fragments amplified from E. coli and S. aureus genomic DNAs,
respectively. The digestion reactions were performed in 30 pL
with a molar ratio LbaCas12a (purchased by New England Bio-
labs, Ipswich, MA, USA):gRNA:amplified target DNA of 10:10:1, in
RNase-free H,O. The reactions were prepared as follows: 20 L of
nuclease free water, 3 L of 10X NEB buffer 2.1, 1 wL of 1 wM Lba-
Cas12a(final concentration: 30 nM) and 3 L of 300 nM gRNA (final
concentration: 30 nM). The Cas12a:gRNA complex was allowed to
form for 20 min at room temperature, then 3 pL of 30 nM tar-
get DNA (final concentration: 3 nM) were added and the solution
was incubated at 37 °C for 1 h [22]. Finally, the Cas12 enzyme was
inactivated by heating the digestion mixture at 65 °C for 10 min.
Results were checked on 2 % agarose gels, using GeneRuler 1 kb
DNA (ThermoFisher Scientific, Waltham, Massachussets, USA) as
molecular weight marker.

2.3.3. Digestion trial: assessment of Cas12a collateral activity
Single strand DNA probes (ssDNA) were designed by using
the NUPAK and mFold Web Server online software tools, and

purchased in lyophilizate form from Merck KGaA, Darmstadt,
Germany, (see table 3, supporting information). 3 pL of ssDNA
solution (16 ng/uL in RNAse free water) were added to the 30 pL
LbCas12a/gRNA digestion mixture described in Section 2.3.2 and
incubated for 1 h at 37 °C. The Cas12a collateral activity against
E. coli and S. aureus DNA amplicons was checked by 10 % polyacry-
lamide gel electrophoresis (Invitrogen, ThermoFisher Scientific,
Carlsbad, California, USA), performed at 200 V for 40 min in a Cell
SureLock Mini-cell chamber (ThermoFisher Scientific, Waltham,
Massachusetts, USA). GeneRuler Ultra Low Range was used as DNA
Ladder (ThermoScientific, Waltham, Massachussets, USA). The DNA
digestion products were thus visualized by staining with SYBR
Gold for 30 min (Thermo Fisher Scientific, Waltham, Massachusetts
, USA).

2.4. Electrode fabrication

2.4.1. Electrode cleaning and functionalization

A gold disk electrode (¢ =1 mm, eDAQ, Sydney, Australia) was
first polished with slurry alumina (0.3 pm and 0.05 wm for 2 min
each), then sonicated in a 3:1 v/v mixture of ethanol and water for
2 min. Next, the electrode was electrochemically cleaned (2 V for
55s,-0.35V for 10 s and then 20 scans of cyclic voltammetry (CV)
between -0.3 V and 1.55 V with a scan rate of 4 V/s in HSO4 0.5
M, all potentials were referenced vs. Ag/AgCl reference electrode),
then rinsed with MilliQ water and dried under a gentle nitrogen
flow [23].

The clean electrode was functionalized as follows: a 10 uM
SH-(CH> )g-ssDNA (Biomers; see supplementary information) solu-
tion was treated for 1 h with 0.4 mM TCEP (ThermoFischer
Scientific, Waltham, Massachusetts, USA) MilliQ water solu-
tion. The electrode was incubated with 1 wM SH-(CH;)s-ssDNA
in phosphate buffer (PB; pH 7.0, 0.1 M) for 3 h. After that,
the surface was rinsed with MilliQ water and passivated with
2 mM 6-mercaptohexanol (Merck KGaA, Darmstadt, Germany)
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Fig. 2. a) Visualization of the cleavage specificity on a 1 agarose gel. 1) FastRuler middle range DNA 5000-100 bp (ThermoScientific, Waltham, Massachussets, USA); 2) Cas12a
+ E. coli gRNA + E. coli target amplicon; 3) Cas12a + E. coli gRNA + S. aureus target; 4) Cas12a + E. coli gRNA + E. coli target + S. aureus target; 5) E. coli Target; 6) Cas12a +S.
aureus gRNA + S. aureus target; 7) Cas12a + S. aureus gRNA + E. coli target; 8) Cas12a + S. aureus gRNA + S. aureus target + E. coli; 9) S. aureus Target; 10) Trackit DNA ladder
100bp Invitrogen. b) 10 % PAGE in TBE 1 x . The gel shows Cas12a collateral activity upon cleavage of a 50 or 100 nucleotides ssDNA reporter. 1) GeneRuler Ultra Low Range
DNA Ladder (ThermoScientific, Waltham, Massachussets, USA); 2) Cas12a + E. coli gRNA + E. coli target + ssDNA 50 bp; 3) Cas12a + E. coli gRNA + E. coli target + ssDNA 100
bp; 4) Cas12a +S. aureus gRNA + target + S. aureus ssDNA 50 bp; 5) Cas12a + S. aureus gRNA + S. aureus target + ssSDNA 100 bp; 6) ssDNA 50 bp room temperature; 7) ssDNA
50 bp 37 °C; 8) ssDNA 100 bp room temperature; 9) ssDNA 100 bp 37 °C; 10) GeneRuler Ultra Low Range DNA Ladder.

MilliQ water solution for 2 h to guarantee the ssDNA organized
orientation [24].

CV and EIS were performed in 10 mM [Fe(CN)g]>~/4~(Merck
KGaA, Darmstadt, Germany), phosphate buffer saline (PBS, pH 7 (25
°C),0.01 M). The electroactive area and DNA density were estimated
[25] (S2.2 and S2.2.1).

2.4.2. EIS Cas12a/gRNA investigation

EIS measurements were performed under conditions allowing
optimal enzymatic activity in (pH 7.9; 10 mM Tris; 10 mM MgCl,;
50 mM Nacl; at 37 °C), in presence of 10 mM [Fe(CN)g]*~/4~ and
with the following parameters (0.22 V DC; 10 mV AC voltage Vs.
Ag/AgCl; between 0,1—-50%103 Hz). Measurements were carried out
before and after the Cas12a/gRNA collateral activity action on the
electrode modified surface by using a temperature control chamber
(ICN 55, ArgoLab). This procedure was also followed for the evalua-
tion of the DNase I (Merck KGaA, Darmstadt, Germany; Lyophilized
form) activity.

All electrochemical measurements were performed by the
potentiostat/galvanostat/impedance analyser PalmSens4 (Palm-
Sens BV, Houten, Utrecht, Netherlands) in combination with the
software PSTrace 5.7.

The impedance spectra were fitted using a Randles equivalent
circuit by the PSTrace 5.7. software analyser to obtain charge trans-
fer resistance (Rc¢) values.

3. Results and discussion
3.1. Assay biosensing principle

The biosensing principle is illustrated in Fig. 1. Upon specific
Cas12a/gRNAbinding and cleavage of a target dsDNA, ssDNAimmo-
bilized on electrode surface are cleaved by the enzyme’s trans
collateral activity leading to a change in charge transfer resistance,
measured by EIS in presence of [Fe(CN)g]>~/4~ redox couple.

3.2. Evaluation of Cas12a/gRNA activities versus E. coli and S.
aureus amplified DNAs

A preliminary in vitro evaluation of Cas12a/gRNA endonucle-
ase activities was performed on reference strains ATCC25922 and
ATCC6538 for E. coli and S. aureus, respectively. Internal frag-
ment of mdh (E. coli) and nuc (S. aureus) genes (Fig. S.1) were
amplified, purified and used to assess the ability of the corre-
sponding Cas12a/gRNA complexes to specifically cut the amplicons
and to trigger the aspecific collateral activity of the enzyme.
Each Cas12a/gRNA complex showed a programmable and specific
dsDNA target cleavage activity (Fig. 2a), as well as an indiscrim-
inate collateral activity on ssDNA (Fig. 2b). As shown in Fig. 1a,
the ability of the designed E. coli and S. aureus Cas12a/gRNA com-
plexes to specifically cleave the corresponding dsDNA target was
observed only in the presence of the corresponding dsDNA ampli-
con (Lanes 2,4,6,8). Notably, such cleaving activity was not affected
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Fig. 3. a) Cas12a/gRNA cleavage of mdh gene fragment amplified from E. coli clinical isolates. 1) GeneRuler 1 kb ladder; 2) Cas12a + gRNA + ATCC25922 target; 3) ATCC25922
target; 4) Cas12a + gRNA + EC3 target; 5) EC3 target; 6) Cas12a + gRNA + EC5 target; 7) EC5 target; 8) Cas12a + gRNA + EC6 target; 9) EC6 target. b) Cas12a/gRNA cleavage
on S. aureus clinical isolates PCR products. 1) GeneRuler 1 kb ladder; 2) Cas12a + gRNA + SA1 target; 3) SA1 target; 4) Cas12a + gRNA + SAG6 target; 5) SAG6 target; 6) Cas12a
+ gRNA + SA10 target; 7) SA10 target. c) Collateral activity triggered by clinical isolates PCR products. 1) Ultra Low Range Ladder; 2) Cas12a/gRNA + EC3 target + ssSDNA50;
3) Cas12a/gRNA + EC5 target + ssDNA50; 4) Cas12a/gRNA + EC6 target + ssDNA50; 5) Cas12a/gRNA + SA1 target + ssDNA50; 6) Cas12a/gRNA + SA6 target + ssDNA50; 7)

Cas12a/gRNA + SA10 target + ssDNA50; 8) ssDNA50.

by the simultaneous presence of non-specific dSDNA obtained from
a different bacterial species (Lanes 4 and 8). Conversely, each
E. coli and S. aureus gRNA-complexed enzyme was not able to
digest a dsDNA target amplified from a different bacterial species
(Lanes 3,7), thus confirming the specificity of the cleaving activity.
The endonuclease activity was only exhibited from Cas12a/gRNA
complex, while the Cas12a protein alone was not able to cleave
the target DNA (Fig. S.2). The programmable activity was only
driven by the specific gRNA sequence, and this triggered a multi
turnover collateral activity against ssDNA sequences, as previously
demonstrated [26].

As depicted in Fig. 2b, ssDNA indiscriminate cleavage activ-
ity was observed with 50- (Lanes 6-7) and 100- (Lanes 8-9)
nucleotide ssDNA probes, both at 25 °C (Lanes 6,8) and 37 °C (Lanes
7,9). The absence of a band corresponding to the 50- and 100-
nucleotide ssDNA in lanes 2,3,4 and 5 was indeed the consequence
of collateral activity triggered upon the specific DNA target cleav-
age by the Cas12a enzyme. The specific activity observed for the
designed Cas12/gRNA complexes against the target gene fragments
amplified from genomic DNAs of E. coli and S. aureus reference
strains was also evaluated against DNA targets amplified from the
genomic DNAs of a panel of E. coli and S. aureus clinical isolates
(Fig. S.3).

This step was important since other studies report that both
E. coli and S. aureus strains responsible for bloodstream infections
display genetic heterogeneity, with the presence of several poly-
morphisms in target genes used in molecular identification studies
[27]. These polymorphisms could interfere with the gRNA recog-
nition process, as gRNAs were designed using as template the

genome sequence of E. coli and S. aureus refence strains. Fig. 3
shows specific endonuclease activity of Cas12a/gRNA against a
panel of clinical isolates of both bacterial species, obtained from
different geographical areas and body sites. Fig. 3 a, b show that
the expected cleavage occurred with all E. coli (Lanes 2,4,6,8) and
S. aureus (Lanes 2,4,6) amplified fragments, while Fig. 2c indi-
cates the relative collateral ssDNA activity. Sequencing analysis of
the amplified fragment from E. coli and S. aureus clinical isolates
(Fig. S.4) revealed that only one E. coli isolate carried a polymor-
phism in the gRNA target region, but this did not prevent the
recognition process and the successive specific cleavage at the
desired location. This finding supports the hypothesis that each
of the selected gRNA/endonuclease complex is able to selectively
and specifically recognize different clinical isolates of E. coli and
S. aureus.

3.3. DNA sensor characterization

The cleaned gold disk electrodes (Fig. S.5) were functionalized
with a self-assembled monolayer composed by linear SH-(CH,)-
ssDNA and 6-mercaptohexanol acid (MCH). An optimal length of 20
nucleotide was chosen for the ssDNA probe to obtain a stable and
reproducible functionalized layer [24]. In fact, as reported by [17]
the 20 nt ssDNA probes had the ideal length to observe the trans-
activity of Cas12a/gRNA complex on functionalized electrode. After
the functionalization process, the electrodes were characterized
electrochemically. Fig. 4a displays results of the chronocoulomet-
ric measurements used to estimate the total charge building on the
probes upon the interaction of Ru(NHj3)gCl3 with the phosphate
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groups of the negatively charged ssDNA, and hence the number of
probes and their surface density. Noticeably, a much higher charge
gathered on the ssDNA/MCH layer than on the MCH layer, and a
value of (5 + 2) x 10'2 molecules/cm? (n = 5) was estimated for the
density, which is comparable to what reported in literature for sim-
ilar functionalization procedures [25]. According to [28], a proper
density is utterly important for the nuclease to access the ssDNA
probes protruding from the monolayer. Indeed, the endonuclease
activity is only possible when the lateral distance (d) between the
probes is equal or higher than the enzyme radius. From the calcu-
lated density, we estimated a d value of 5 + 1 nm, so higher than
the Cas12a radius (R, = 3.7 nm), that made us choose this func-
tionalization procedure to develop the biosensor (S2.2.1). The use
of EIS as electrochemical transduction technique with this kind of
dynamic self-assembled monolayer requires a careful control of the
measurement conditions [29]. Indeed, EIS measurements involv-
ing ssDNA functionalized electrodes are influenced both from the
composition of the solution (pH, ionic strength) and external con-
ditions such as temperature [30].To avoid uncontrolled variations
of Ret, we decided to use the same solution (pH 7.9; 10 mM Tris;
10 mM MgCl,; 50 mM NaCl; 10 mM [Fe(CN)g]*~/4-) and ambient
conditions (37 °C) for all the experiments. The solution was cho-
sen to allow optimal conditions for the endonuclease activity and
guarantee a linear ssDNA conformation, whereas temperature was
set at the optimal value for the endonuclease activity and carefully
controlled. Fig. 4b and ¢ show results of CV and EIS measurements
at each functionalization step, i. e. clean, MCH functionalized and
ssDNA/MCH functionalized electrode. Short peak to peak distances
in cyclic voltammograms and low R (obtained from fitting of

the Randles equivalent circuit on the EIS spectra) were observed
with clean electrodes (ACV =99 &+ 1 mV; Rt =2.1 £ 0.2 k2; n =
5), which increased significantly upon functionalization with MCH
(ACV =110+ 3V; Rt =5+ 1K®; n=5) and ssDNA/MCH (ACV
=200 + 10 mV; R¢t = 24 + 4 k2; n = 5). The negative charge of
ssDNA and its steric hindrance modified the rate constant of the
[Fe(CN)g]3~/4~ redox couple in solution, leading to increased peak
to peak distance and R¢; value. These increments and results of
chronocoulometry confirmed the successful functionalization of
the electrode. The dynamism of the ssDNA/MCH functional layer
required a stabilization after dipping the electrode in a specific
solution [30]. For this reason, we used EIS to measure the R
hourly for 5 h and verified that 3 h were the optimal time to com-
plete the reorganization process and stabilize the sensitive layer
(Fig. 4d). After this time, the biosensor was ready for the addition
of the endonuclease enzyme and dsDNA target, and performance of
measurements.

3.4. Preliminary measurements with model enzyme

DNase I was chosen as a model enzyme in preliminary EIS mea-
surements for its demonstrated ability to cleave any double or
single strand DNA filament [31]. Fig. 5a and b show the Nyquist plot
obtained after incubating the sensor for 1 h in active (1.0 mg/mL)
and inactive DNase I (1.0 mg/mL of deactivated enzyme at 75 °C
for 20 min) solutions, respectively. In the former case, the sSDNA
cleavage caused a marked decrease of the overall impedance at
every frequency investigated and R¢ value due the increased acces-
sibility of the electrode surface from the redox probe [32], which
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was not observed with the inactive enzyme. The impedance vari-
ation is better seen in Fig. 5¢, which shows that the two sets of
measurements are significantly different (p < 0.05; o = 0.05). To
check the activity of DNase I, the E. coli DNA target was also incu-
bated in the same solution and the cleavage activity was verified
by gel electrophoresis (Fig. 5d). The activity of DNase I was con-
firmed by the degradation of DNA and the lack of observable bands
inlanes 1,2 and 3 (n = 3), whereas lane 4 only contained the control
intact DNA target. The experiments with DNase  demonstrated that
the enzyme could access and cut the ssDNA on the sensor surface,
paving the way to the Cas12a/gRNA biosensor.

3.5. Cas12a/gRNA biosensing assay performances

Preliminary tests showed that Bovine Serum Albumin (BSA)
and glycerol contained in the commercial buffer by NEB (pH 7.9;
10 mM Tris; 10 mM MgCl,; 50 mM NaCl; 100 wg/wL BSA) and
in the Cas12a solution, respectively, interfered with impedance
signal, likely by inducing conformational changes on the ssDNA
monolayer. The functionalized biosensor was incubated with and
without the Cas12a protein both in the commercial buffer and in
a laboratory optimized solution without BSA and glycerol (pH 7.9;
10 mM Tris; 10 mM MgCl,; 50 mM NaCl) (Fig. 6a and b). The com-
parison of Fig. 6a and b shows how the interaction of BSA with
the sensitive layer affected the R¢ value. This protein assumes, at
pH values higher than the isoelectric point (pH 4.7), an unfolded
conformation preventing the aggregation [33]. We speculate that
this fosters the interaction with the sensitive layer and induces the
formation of preferential paths enhancing the exchange of elec-
trons between the electrode and the redox probe. Glycerol in the

Cas12a 1 pM stock solution also interfered with the impedance
signal (Fig. 6¢), so that the 100 M stock enzymatic solution had
to be diluted 100 times to avoid the problem. A concentration of
Cas12a/gRNA enzyme complex of 30 nM was chosen as the opti-
mal value for the endonuclease activities [16]. Fig. 6d shows the
stable impedance values obtained by incubating the biosensor in
the solution containing the Cas12a enzyme under the optimal con-
ditions.

The Cas12a/gRNA activity in this condition was evaluated in par-
allel by using gel electrophoresis to visualize the cleavage products
of PCR amplicons from E. coli and S. aureus (Fig. S.7). The system was
able to recognize and cleave the dsDNA target and the biosensing
performances were evaluated against the E. coli reference strain.
The system was calibrated with different concentrations of dsDNA
amplicons in the range 3-18 nM, and signal approached saturation
at 9 nM (Fig. 7e and see Table S.4. for EIS parameters assessment).
The 3 nM concentration was chosen as the threshold value to dis-
tinguish the bacterial amplicon presence. Fig. 7a and b demonstrate
the Cas12a/gRNA trans-cleavage activity against 3 nM dsDNA gene
target of E. coli and S. aureus, respectively. Fig. 7c and d show that the
EIS signal of active (Cas12a/gRNA in presence of 3 nM of target) and
inactive enzyme (Cas12a/gRNA without target) are significantly
different (p < 0.05; a = 0.05), for both E. coli and S. aureus. The
Cas12/gRNA cleavage activity against the incubated dsDNA target
in the same solution was also confirmed by gel electrophoresis (Fig.
S.8). The same behaviour previously described with DNase I was
observed after the Cas12a/gRNA cleavage activity of ssDNA on elec-
trode surface. Therefore, the ability of the Cas12a/gRNA system to
access the ssDNA monolayer and exhibit its trans-collateral activity
was confirmed on the sensor surface. The use of EIS technique cou-
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pled with programmable Cas12a/gRNA system could permit the
development of a portable and low-cost biosensing device able
to discriminate the presence of bacterial specific genes in solu-
tion [20,34]. The programmability of the system allows to perform
a portable and reproducible identification of pathogenic bacterial
species that could also be easily implemented to tackle the antimi-
crobial resistance issue, a growing concern in the clinical setting
[35]. A major limitation of our assay relies in the response time
(around 2 h), since it was not possible to avoid an amplification
step from bacterial genomic DNA. However, the implementation of
the biosensing assay with an isothermal amplification technique
could shorten the time required for the experimental procedure
and make it a rapid, specific and portable test for the diagno-
sis of nosocomial infection. In this case, isothermal amplification
(about 20—30 min) and the electrochemical measurement (about
1 h) could reduce the response time to less than 1.3 h, resulting
competitive in comparison to traditional laboratory techniques [7].
E. coli and S. aureus DNA concentrations during BSI infections have
been estimated to be about 103-10* bacterial genome copies/mL
[7]. The 3 nM threshold biosensing value used in this study to detect
amplified targets represent approximately 5.42 x 1010 gene copies,
which could be reached after 15-20 amplification cycles.

4. Conclusions

In this paper, we describe the development of a CRISPR/Cas-
based biosensing assay using EIS as electrochemical transduction.
The Cas12a/gRNA system combined with a label free ssSDNA coated
electrode showed a limit of detection of 3 nM for bacterial DNA
from E. coli and S. aureus. Noticeably, the Cas12a/gRNA system
selectively and specifically recognized different clinical isolates,
demonstrating the biosensor ability to detect different microbial
strains and opening the way for its use in diagnostic applications.
Currently, the main limitation of this system lies in the response
time, which could be reduced by implementing the EIS biosens-
ing assay in a portable, isothermal amplification device avoiding
the use of PCR. In fact, despite its outstanding performances, PCR
needs costly reagents and a strict temperature control very difficult
to obtain in a portable system. Due to the high specificity of the
CRISPR/Cas system, we consider that the integration of our system
with an isothermal amplification method would not only reduce
the analysis time but also the number of false positives commonly
affecting isothermal amplification methods. For this purpose, all
set up steps of this EIS biosensing assay were presented in detail, to
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permit the system implementation and its applicability in further
point of care platforms.
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