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-free ultra-sensitive
electrochemical CRISPR/Cas biosensor for drug-
resistant bacteria detection†

Akkapol Suea-Ngam, a Philip D. Howes *ab and Andrew J. deMello *a

Continued development of high-performance and cost-effective in vitro diagnostic tools is vital for

improving infectious disease treatment and transmission control. For nucleic acid diagnostics, moving

beyond enzyme-mediated amplification assays will be critical in reducing the time and complexity of

diagnostic technologies. Further, an emerging area of threat, in which in vitro diagnostics will play an

increasingly important role, is antimicrobial resistance (AMR) in bacterial infections. Herein, we present

an amplification-free electrochemical CRISPR/Cas biosensor utilizing silver metallization (termed E-Si-

CRISPR) to detect methicillin-resistant Staphylococcus aureus (MRSA). Using a custom-designed guide

RNA (gRNA) targeting the mecA gene of MRSA, the Cas12a enzyme allows highly sensitive and specific

detection when employed with silver metallization and square wave voltammetry (SWV). Our biosensor

exhibits excellent analytical performance, with detection and quantitation limits of 3.5 and 10 fM,

respectively, and linearity over five orders of magnitude (from 10 fM to 0.1 nM). Importantly, we observe

no degradation in performance when moving from buffer to human serum samples, and achieve

excellent selectivity for MRSA in human serum in the presence of other common bacteria. The E-Si-

CRISPR method shows significant promise as an ultrasensitive field-deployable device for nucleic acid-

based diagnostics, without requiring nucleic acid amplification. Finally, adjustment to a different disease

target can be achieved by simple modification of the gRNA protospacer.
1. Introduction

Clustered regularly interspaced short palindromic repeats
(CRISPR)-related technologies encompass a set of versatile and
effective enzyme-based tools in the biological sciences.1–3 The
rapid rise of CRISPR-based diagnostics has already had an
immense impact on the in vitro diagnostics and biosensors
elds, with approaches derived from these now proliferating
and beginning to have real impact.4

A key development CRISPR-based diagnostics was the
demonstration of the CRISPR/Cas-based SHERLOCK technique
by Zhang and co-workers in 2017.5,6 By leveraging the trans-
cleavage activity of Cas13, probe-modied ssRNA is cleaved only
aer Cas13 has bound to a specic recombinase polymerase
amplication (RPA) amplicon, allowing highly sensitive detec-
tion of Zika and Dengue viruses within a paper-based platform.
At the same time, Doudna and co-workers developed the
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DETECTR system, using Cas12a to cleave the probe-modied
ssDNA.7–9 Here, the trans-cleavage activity of Cas12a is acti-
vated by capturing loop-mediated isothermal amplication
(LAMP) amplicons, allowing precise and ultrasensitive uoro-
metric detection of HPV16 or HPV18 fragments. Together, these
discoveries have initiated the development of several other
CRISPR/Cas biosensor platforms, including colorimetric, uo-
rometric and electrochemical approaches with outstanding
analytical performance and selectivity down to single nucleo-
tide level.5,10–12 In particular, the electrochemical (E-CRISPR)
approach has proved adept in the highly sensitive detection of
pathogens and toxins without the need for DNA amplication,
either through use of ssDNA conjugated methylene blue (MB-
ssDNA) or enzyme-assisted signal amplication.13,14 However,
to date, E-CRISPR methods for gene-based analysis are associ-
ated with picomolar or higher limits of detection, leaving room
for improvement toward ultrasensitive analysis.

Antimicrobial-resistance (AMR) in bacterial infections has
become one of the most urgent problems in global healthcare.
The number of antibiotic resistant strains is rapidly increasing,
whilst there is a dearth of new antibiotic discoveries.15 Indeed, it
is predicted that by 2050, AMR will be the cause of up to 150
million death per year.16 Methicillin-resistant Staphylococcus
aureus (MRSA) is a prevalent AMR infection found in healthcare
settings, and causes skin and bloodstream infections that lead
Chem. Sci., 2021, 12, 12733–12743 | 12733
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to signicant mortality and morbidity.17 Culture-based assays
are the norm for AMR detection, and require from days to weeks
determine if AMR is present.18 In recent years, nucleic acid
amplication tests (NAATs) have begun to be employed for
MRSA detection, and allow for swabbing-to-result times less
than a day.19 The polymerase chain reaction (PCR) is the gold-
standard in this regard,20 however it is compromised by its
need for elaborate reaction optimization and precise tempera-
ture cycling. This is particularly problematic in resource-limited
settings, but also in many point-of-care scenarios.21 Emerging
isothermal NAATs (e.g. loop-mediated isothermal amplication,
rolling circle amplication) have shown great promise in eld-
deployable diagnostics,19 however they are typically unable to
differentiate different DNA/RNA targets down to the single
nucleotide level which can be a crucial factor in gene-based
detection (for example in the diagnosis of various cancers and
hereditary diseases).22 However genotyping of single-nucleotide
polymorphisms (SNPs) usually involves PCR and either uo-
rescence- or mass spectrometry-based detection, requiring
extensive sample processing and expensive equipment which
prevents eld-deployability.23 RegardingMRSA, SNPs play a vital
role in the dynamics of the disease and in tracking its
epidemiology.24

In this work, we report a new sensing strategy that incorpo-
rates silver metallization into an electrochemical CRISPR-based
biosensor (which we term E-Si-CRISPR) and achieves
amplication-free gene-based detection down to the femtomo-
lar level. Specically, we target the detection of MRSA bacteria
via themecA gene, as it is common amongst the different strains
and contains a protospacer adjacent motif (PAM) for the
enzyme Cas12a. The developed E-Si-CRISPR platform achieves
excellent analytical performance, with selectivity down to the
single nucleotide level in both PAM and protospacer-binding
regimes, and highly specic detection of MRSA in human
serum against common bacteria. Accordingly, we believe this
ultrasensitive gene-based detection platform has signicant
promise in eld-deployable diagnostics.

2. Methodology
2.1 Materials and methods

DNA and RNA (sequences shown in Table S1†) were purchased
from Microsynth (Balgach, Switzerland).25 AgNO3, NaBH4,
HEPES, EDTA, Trizma® base, NaNO3, CaCl2, 6-mercapto-1-
hexanol (MCH), K3[Fe(CN)6], K4[Fe(CN)6], PBS tablets, NaOH,
H2SO4, NaCl, and KCl (all analytical grade) were purchased from
Sigma Aldrich (Buchs, Switzerland). All other reagents, TCEP
(Alfa Aesar, Karlsruhe, Germany), HCl (Fluka, Buchs, Switzer-
land), MgCl2 (Acros Organics, Geel, Belgium) were analytical
reagent grade and used as received. Cas12a and its working
buffer (50�) were purchased from New England Biolabs
(Frankfurt am Main, Germany). All aqueous solutions were
prepared with DNase and RNase free water (Invitrogen/Thermo
Fisher, Reinach, Switzerland). Electrochemical measurements
were performed with a PGSTAT204 AutoLab (Metrohm, Zon-
gen, Switzerland). Screen-printed gold electrodes (SPGE) were
purchased from Dropsens (Metrohm, Zongen, Switzerland).
12734 | Chem. Sci., 2021, 12, 12733–12743
Cyclic voltammetry (CV) data for conductivity characterization
were collected at 100 mV s�1 in 10 mM K3[Fe(CN)6], 1 M KCl,
and 100 mM PBS (pH 7.42), unless otherwise indicated. Elec-
trochemical impedance spectroscopy (EIS) was performed using
an Impedance Analyzer SP-300 (Bio-Logic, Seyssinet-Pariset,
France) in 0.1 M PBS containing 10 mM K3[Fe(CN)6]/K4

[Fe(CN)6] (1 : 1) with 1 M KCl as the supporting electrolyte.
Impedance spectra were recorded within the frequency range of
10�2 to 105 Hz. The amplitude of the applied sine wave potential
in each case was 5 mV. Curves were tted in Origin2018 (64-bit)
using the nonlinear curve t function. Further, coulometric
measurements were performed aer silver metallization using
0.5 V applied potential for 60 seconds to evaluate the total
amount of Ag deposited on the electrodes, by applying Q¼ nFNA

(n is the number of electrons per mole of analyte, F is Faraday's
constant (96 487 C mol�1) and NA is the number of moles of
analyte).
2.2 MecA gene preparation

A synthetic mecA gene fragment of length of 28 bp was used in
a uorometric assay to test the CRISPR/Cas approach for this
gene. Next, the full mecA gene (685 bp) was amplied from
a lysed MRSA solution by PCR, as described previously.26 Briey,
1 mL of lysed MRSA solution was added into the PCRmaster mix
with the forward and backward primers. PCR was then per-
formed by preheating the reaction mixture at 95 �C for 5
minutes, before thermocycling through 55 �C (30 seconds),
72 �C (1 minute) and 95 �C (30 seconds) for 30 repeats. Aer
this, the reaction was held at 72 �C for 10 minutes for the post-
PCR extension step to complete the amplication of incomplete
amplicons, yielding a 2 mMmecA gene stock solution, which was
stored at �20 �C before use. DNA reactions were analyzed using
both a Quanstudio Real-time PCR machine (Thermo Fisher
Scientic, Reinach, Switzerland) and gel electrophoresis (85 V
applied potential for 75 minutes in TBE buffer) using a 1%
agarose gel (Sigma-Aldrich, Buchs, Switzerland) prepared in
TBE buffer.
2.3 Electrochemical detection

2.3.1 Electrode fabrication. SPGEs were electrochemically
cleaned using a series of oxidation and reduction cycles in 0.5 M
NaOH, 0.5 M H2SO4, 0.01 M KCl with 0.1 M H2SO4 and 0.05 M
H2SO4, using cyclic voltammetry (100 mV s�1, from�1 V to 1 V),
before modication with a thiolated ssDNA probe (either 10, 20,
30 or 40 nucleotides long). For sample analysis, different
concentrations of the thiolated ssDNA probe were pretreated
with 10 mM TCEP in buffer (10 mM Tris–HCl, 1 mM EDTA,
0.1 M NaCl, pH 7.4) for 30 minutes to reduce the thiol–thiol
bonds. Next, 10 mL of the reduced aptamer solution was added
onto the functionalized electrode surface and kept in a humid
atmosphere in the dark at room temperature for 12 hours.
Subsequently, the modied surface was rinsed with buffer
solution and then passivated with MCH in Tris–HCl buffer (pH
8.3) for 30 minutes. Aer washing, the electrode was dried and
stored in the dark under nitrogen.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.3.2 Electrochemical detection. For electrochemical
detection, 25 mL of Cas12a enzyme was incubated with 25 mL
gRNA at an equimolar ratio (50 nM) for 30 minutes in the 1�
Cas working buffer. Next, this solution was applied to the
functionalized SPGE along with 1 mL of the target gene, the
solution was mixed well then le for 30 minutes. Aer washing,
the electrode was immersed in 100 mM AgNO3 in 20 mM HEPES
and 100 mM NaNO3 (pH 7.4) for 30 minutes, then washed with
water. Next, the modied electrode was dipped into a freshly
prepared 10 mM solution of NaBH4 (in 20 mM HEPES buffer,
immersing for 10 minutes), washed with water, and then placed
in an electrolyte (0.1 M NaCl and 0.1 M NaNO3) for the elec-
trochemical measurement. Electrochemical deposition with
�0.5 V applied potential was performed, before square wave
voltammetry (SWV) from �0.3 V to 0.5 V versus Ag/AgCl.
2.4 Fluorometric assay

The uorometric assay was performed according to the protocol
of Zhang and co-workers.5 Briey, Cas12a was incubated with
the gRNA at an equimolar ratio, followed by a ssDNA reporter (1
mM) modied with a 50 dye (FAM) and 30 quencher (BHQ1). The
mecA gene was introduced into this solution, mixed well, at
room temperature and allowed to incubate for 30 minutes.
During this period, the evolution of uorescence was monitored
using a real-time PCR machine.
2.5 Mismatch analysis

For mismatch analysis, the mismatch ssDNA of the mecA gene
was inserted into the target DNA strand. Mismatched nucleo-
tide positions were assigned to the second position of the pro-
tospacer adjacent motif, and the rst, h and tenth position
on the upper DNA target strand. Electrochemical detection was
then performed to assess Cas selectivity.
2.6 Human sample and bacterial sample analyses

All lysed bacteria solutions were prepared by dissolving bacte-
rial colonies in TE buffer (Fischer Scientic, Reinach, Switzer-
land), with incubation at 95 �C for 5 minutes, and storage at
�20 �C before use. All bacteria were obtained as a gi from
Professor Mathias Schmelcher, University of Zurich, including,
MRSA strain (Staphylococcus aureus USA300 JE2; source: Anne-
lies Zinkernagel, Division of Infectious Diseases and Hospital
Epidemiology, University Hospital Zurich, University of Zurich,
Zurich, Switzerland; properties: methicillin-resistant S. aureus),
E. coli (Escherichia coli JM109; source: Stratagene, San Diego, CA,
USA; properties: E. coli lab strain, non-pathogenic), E. faecalis
(Enterococcus faecalis ATCC 19433; source: ATCC 19433; prop-
erties: type strain), L. monocytogenes (Listeria monocytogenes
Scott A; source: Weihenstephan Listeria Collection; properties:
clinical isolate, serovar 4b), S. epidermidis (Staphylococcus epi-
dermidis MP04; source: Max Paape, ARS, USDA, Beltsville, MD,
USA; properties: bovine mastitis isolate) and methicillin-
sensitive S. aureus (MSSA) (Staphylococcus aureus Newman;
source: NCTC 8178, Annelies Zinkernagel, Division of Infectious
© 2021 The Author(s). Published by the Royal Society of Chemistry
Diseases and Hospital Epidemiology, University Hospital Zur-
ich, University of Zurich, Zurich, Switzerland).

Human serum (Sigma Aldrich, Buchs, Switzerland) was
employed to prepare a dilution series of the mecA gene from the
stock amplicon solution. In order to construct a calibration
curve against the clean buffer solution. Briey, the PCR ampli-
con of mecA at 1 mM was prepared in human serum (1 : 10),
yielding a 100 nM stock solution which was then used to
prepare the mecA concentration series from 10�7 to 10 nM. For
the bacterial sample analyses, each lysed bacterial solution was
prepared by 1 : 1 dilution with the human serum before use.
Here, 1 mL lysate was added into the Cas–gRNA complex solu-
tion on the electrode, incubated for 60 minutes, and followed by
electrochemical analysis.

3. Results and discussion
3.1 Electrode characterization

As previously noted, we chose the mecA gene as the target for
detection of MRSA as it is common across many MRSA strains.26

To detect mecA using a CRISPR/Cas biosensor, a protospacer
adjacent motif (PAM) is required on a specic site of the mecA
gene.27 To initially test our CRISPR/Cas biosensor, we used
a synthetic DNA analog oligo (50-TTT ACG ATA AAA AGC TCC
AAC ATG AAG A-30), containing the “TTTA” sequence, with its
complement. To design the protospacer binding sequence, we
searched for the segment “TTTA” in the mecA gene, and used
the adjacent sequence to construct the full protospacer. Then,
the protospacer sequence was analyzed using the internet-
based basic local alignment search tool (BLAST, National
Center for Biotechnology Information), which revealed that the
full sequence is specic to the mecA gene. Thus, the sequence
was validated for mecA detection.

When the mecA gene is bound to Cas12a and the gRNA, cis-
cleavage (where the Cas enzyme cleaves the target gene bound
to the protospacer regime specically) is initiated. This activates
trans-cleavage activity (random cleavage of ssDNA), leading to
degradation of the FAM-ssDNA-BQ1 oligos and evolution of
a uorometric signal (Scheme S1†). This method was used to
test our system using the PCR-derived mecA gene amplicon (685
bp). We observed that the negative control (no mecA target)
yielded no uorescence, whilst the positive controls (50 pM and
1 nM mecA) both exhibited signicant uorescence (Fig. S1†).
This result demonstrated that the designed sequences work in
combination with the Cas12a for mecA gene detection.

We have previously demonstrated the utility of silver metalli-
zation in enhancing the sensitivity of enzyme-assisted aptamer-
based electrochemical biosensors.28 In the current work, we
coupled this technique with the CRISPR/Cas method to produce
a new silver-enhanced E-CRISPR biosensor (E-Si-CRISPR) to
detect MRSA. Scheme 1 illustrates the sensing mechanism. In the
presence of mecA, the Cas12a–gRNA complex rst cleaves the
target gene via cis-cleavage. This initiates trans-cleavage activity,
which sees the enzyme cleave ssDNA at random locations, thus
degrading the electrode surface of its ssDNA surface layer.
Conversely, when no mecA target is present, the trans-cleavage
mechanism is not activated and the ssDNA remains intact. When
Chem. Sci., 2021, 12, 12733–12743 | 12735
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Scheme 1 Schematic of the E-Si-CRISPR technique. ssDNA immobilized on the electrode are removed by the triplex Cas, only in the presence of
a target gene. Subsequent addition of Ag+ and NaBH4 seeds the silver metallization, and an applied potential of �0.5 V initiates ‘double
metallization’, yielding a minimized SWV signal (i.e. target positive result). In the absence of the target gene, ssDNA cannot be removed, yielding
a higher electrochemical signal (i.e. target negative result).
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the subsequent silver metallization step is performed, the degree
of silver deposition will be proportional to the amount of ssDNA
remaining, and thus proportional to the starting amount ofmecA.
The nal electrochemical signal is simply read via square wave
voltammetry.

The assay was characterized using cyclic voltammetry,
square wave voltammetry, electrochemical impedance spec-
troscopy and coulometry. To analyze the DNA metallization, CV
was used to compare the redox signal before and aer DNA
metallization on the electrode (Fig. 1a). The oxidation and
reduction peaks of silver on 30 nt ssDNA were observed at 0.16 V
and �0.06 V, respectively. Signal reversibility of a 10 mM
K3[Fe(CN)6]/K4[Fe(CN)6] solution was observed for both the
ssDNA-SPGE and silver-metallized ssDNA-SPGE, suggesting an
increase in the electroactive surface area.29 CV analysis indi-
cated an increased electroactive area in the case of the silver-
metalized electrode due to the reversible system relationship
of the cyclic voltammogram, inferred from the Randle–Sevcik
equation (ip ¼ 2.69 � 105ACn3/2D1/2n1/2, where ip is the peak
current; A is the electrode surface area; C is the bulk concen-
tration of analyte; D is the diffusion coefficient of the analyte; n
is the scan rate).30 With all parameters xed, the increased peak
current conrms an increased electroactive area. Next, the
cleaved and non-cleaved ssDNA signals on the electrode were
measured by SWV (Fig. 1b). A larger current is observed for the
non-cleaved ssDNA on the SPGE (i.e. target negative), while the
cleaved ssDNA showed only 30% of the original signal (i.e. target
positive). This provides for greater sensitivity than previous
methylene blue-based methods,13 as silver is a more sensitive
electroactive species and highly resilient once deposited on
ssDNA. Importantly, these results were in good agreement with
previous reports,13,14 and explained by the strong electrostatic
12736 | Chem. Sci., 2021, 12, 12733–12743
attraction between the negatively-charged ssDNA and positively-
charged Ag+.31

Electrochemical impedance spectroscopy was used to study
the DNA cleavage/Cas activity and silver metallization on the
electrode surface. EIS is highly effective for evaluating the inter-
facial electron transfer efficiency at different stages of biosensor
preparation, as each step can be readily evaluated by monitoring
the change in electron transfer resistance (Rct, whose value equals
the radius of the semicircular response measured on the Z0 axis),
allowing electrode activities to be monitored.32 As shown in
Fig. 1c, the MCH/SPGE exhibited smaller Rct, indicating that the
electroactive ions of [Fe(CN)6]

3�/4� are rapidly transported to the
electrode interface. Aer the thiolated ssDNA was self-assembled
onto the electrode surface, the Rct increased signicantly as the
oligonucleotides are non-electroactive, and yield a strong resis-
tance to electron transfer. Aer digestion of the ssDNA by Cas12a,
the electrode showed an Rct value only slightly different from the
MCH-modied electrode, indicating successful trans-cleavage of
the ssDNA, leaving MCH and remnant ssDNA on the electrode
surface. Importantly, we observed that the semicircular domain
was absent aer silver metallization of the ssDNA-SPGE, sug-
gesting full silver metallization of the ssDNA structure. These EIS
results conrm that ssDNA modication, ssDNA silver metalli-
zation, and trans-cleavage of triplex Cas12a on the SPGE were
successful.

Next, coulometry was employed to analyze the amount of Ag0

on the electrode surface (using Faraday's law, Q¼ nFNA, where n
is the number of electrons per mole of analyte, F is Faraday's
constant ¼ 96 487 C mol�1, and NA is the number of moles of
analyte). Silver metallization of the ssDNA-SPGEs (with and
without Cas12a treatment) were investigated using controlled
potential coulometry, and compared to the MCH/SPGE. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Comparison of MCH-modified, ssDNA-modified and Cas-treated electrodes (with 10 nM target gene) using (a) cyclic voltammetry (CV),
(b) square wave voltammetry (SWV), (c) electrochemical impedance spectroscopy (EIS) and (d) controlled potential coulometry. For cyclic
voltammograms and Nyquist plots, 10 mM [Fe(CN)6]3�/4� in 0.1 M PBS was used as the working solution, and 0.1 M PBS was used as the
background electrolyte. Square wave voltammograms of silver-metallized electrodes were carried out using a step potential of 0.01 V, an
amplitude of 60 mV, and a frequency of 200 Hz. The reversible cyclic voltammograms were carried out using a scan rate of 100 mV s�1, while
Nyquist plots were obtained by applying a 5 mV sine wave potential within a frequency range of 10�2 to 105 Hz. For coulometry, silver was
deposited using a similar protocol as SWV, then applying 0.5 V potential for 30 seconds to collect the silver metallization amount on the
electrode.
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data, as shown in Fig. 1d, indicates high integrated charge of
the un-treated ssDNA-SPGE (�40 ng of Ag0) and much lower
integrated charge for the Cas12a-treated ssDNA-SPGE (�10 ng
of Ag0), suggesting that the Cas12a removes �70% of the
oligonucleotides on the electrode surface.

3.2 Method optimization

SWV is especially useful in the current work as it allows back-
ground signal subtraction and gives well-dened redox peaks,
yielding excellent sensitivity.33 To optimize the SWV protocol
used in our study, we considered three key output variables,
namely the peak full-width half maximum (FWHM), peak
position (oxidative potential), and peak height (current),
changing as a function of pulse amplitude, pulse frequency and
step potential. According to SWV theory, the ideal parameters
for an Ag+/Ag0 system (having only one electroactive species, an
electron) would be a 90.5 mV FWHM, 0 mV oxidative potential,
and maximum peak current.34 Following the recommendation
of Osteryoung and O'Dea,35 we applied a 0.01 V step potential to
obtain an approximately 90.5 mV FWHM. We then studied an
amplitude range of 10–100 mV, and a frequency range of 100–
500 Hz, to nd the optimal values. Fig. 2a–c presents heat maps
describing the parameter space, with FWHM, peak current and
peak position varying as a function of amplitude and frequency.
The regions dening optimal parameter combinations are
indicated with a mesh. From this analysis, we estimate the
optimal parameter values to be a 10 mV step potential, 200 Hz
© 2021 The Author(s). Published by the Royal Society of Chemistry
frequency, and 60 mV amplitude (noting that although a higher
amplitude could provide a higher current, an amplitude of
60 mV yields a result closer the FWHM target value of 90.5 mV).

Rather than using direct electrochemical measurements, the
percentage difference in the electrochemical signal between the
metallized ssDNA and triplex Cas12a-treated ssDNA,�
DIð%Þ ¼ ðuntreated ssDNA � treated ssDNAÞ

ðuntreated ssDNA signalÞ � 100
�
; was

used for quantitative analysis. This approach is preferable as it
negates possible inconsistencies in equipment and consum-
ables, e.g. variations in SPGE performance. Next, the silver
metallization process was investigated. As described previ-
ously,28 combining electrochemical and chemical reduction of
silver on ssDNA can provide a two-fold increase in oxidative
signal. Here, electrostatic attraction between the Ag+ and the
negatively-charged DNA allows the Ag+ to bind to the DNA,
whilst the application of the reducing potential allows the
formation of solid Ag0. It has previously been reported, however,
that it is not only the electrostatics at play, but also an affinity
bond between the Ag+ and the DNA bases.36 Here, a study of the
reducing potential and electrochemical deposition time
revealed signal plateaus at �0.5 V (Fig. S2a†) and 3 minutes
(Fig. S2b†), respectively. The observed plateau points represent
maximum values beyond which further silver deposition is
negligible, thus we carried forward these values into the
subsequent system development.
Chem. Sci., 2021, 12, 12733–12743 | 12737
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Fig. 2 Heat maps of SWV optimization for (a) full width half maximum (FWHM), (b) peak current and (c) peak position, with meshed regions
showing the preferred value ranges. SWV optimization was carried out by varying frequency from 100 to 500 Hz and amplitude from 0.01 to
0.1 V. The CRISPR/Cas systemwas optimized for the percentage difference between the treated and untreated electrode current as a function of
(d) MgSO4 concentration, (e) trans-cleavage period, and (f) Cas–gRNA complex concentration (N ¼ 3).
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The CRISPR/Cas system was optimized by considering ve
parameters: MgSO4 concentration, triplex Cas12a concentra-
tion, trans-cleavage incubation time, ssDNA length and ssDNA
concentration. The Mg2+ divalent cation concentration is
important as the Cas12a RuvC domain (the Cas12a active
pocket) cleaves ssDNA through a two metal ion mechanism, in
which the Mg2+ ions induce conformational coordination of the
RuvC domain and the ssDNA by shiing the spatial distribution
of ssDNA around the RuvC active cutting center.37 Thus, we
studied the Mg2+ concentration with a view to promoting the
trans-cleavage activity of Cas12a, and observed that Cas12a
trans-cleavage is only activated in the presence of the Mg2+, and
that the signal plateaus at an MgSO4 concentration of 20 mM
(Fig. 2d). For the Cas12a incubation time, we observed a signal
plateau at 45 minutes (Fig. 2e). Finally, by varying the Cas12a–
RNA complex concentration, we observed a signal plateau at
50 nM (Fig. 2f). Therefore, we carried forward values of 20 mM
Mg2+, 45 minutes incubation time and 50 nM enzyme
concentration.
12738 | Chem. Sci., 2021, 12, 12733–12743
Given the role of the Cas12a in degrading electrode surface-
bound ssDNA, it was important to understand the effect of
oligonucleotide length on the DI (%). From the perspective of
silver metallization, a longer DNA length will yield a greater
signal. However, this must be balanced against how much
ssDNA remains aer Cas12a trans-cleavage, given that we want
to minimize remnant DNA to maximize DI (%). We studied
ssDNA lengths of 10, 20, 30 and 40 bases (Fig. S3†). The DI (%)
was lowest for the 10 nt ssDNA, followed by the 20 nt. The 30
and 40 nt oligos yielded very similar DI (%) values, however the
error was larger for the 40 nt DNA. Therefore, we chose the 30 nt
length to carry forward. Finally, we studied the effect ssDNA
concentration (at incubation and before MCH addition) on DI
(%), in the range of 0.01 to 50 mM, and observed that 1 mM
yielded the highest signal (Fig. S4†).
3.3 Analytical performance

3.3.1 Linearity, LoD, and LoQ. Having optimized the
different system processes independently, we combined them
to realize the E-Si-CRISPR biosensor for mecA detection. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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mecA amplicon was used for system optimization in various
dilutions. Fig. 3a shows the square wave voltammograms of the
E-Si-CRISPR system over a mecA range of 100 fM to 10 nM, with
the electrochemical signal decreasing with increasing mecA
concentration, as expected. Next, a calibration curve was con-
structed (Fig. 3b). From this, we observed a broad dynamic
range (fM to nM). Linearity was observed over ve orders of
magnitude (10 fM to 0.1 nM, R2 ¼ 0.988, Fig. 3b inset), yielding
a limit of detection of 3.5 fM (LoD ¼ 3SD/slope), and a limit of
quantication of 10 fM (LoQ ¼ 10SD/slope). To compare our
data with previously published electrochemical-based CRISPR/
Cas biosensors, we present a table in the ESI (Table S2).† Even
though our assay does not require signal amplication, it
compares favorably with previous amplication-based works.
Signicantly, our LoD surpasses previously published values for
non-enzymatically amplied nucleic-acid detections,13,14 indi-
cating that silver metallization indeed improves sensitivity for
electrochemical-based CRISPR analysis.

As a comparison, the gold-standard PCR approach, which
requires ca. 2–4 hours total operation time, requires sophisti-
cated instrumentation to perform thermocycling, and oen
cannot achieve single-nucleotide mismatch discrimination. In
contrast, the E-Si-CRISPR technique achieves its excellent
analytical performance in less time (90 minutes), without
nucleic acid amplication, and uses portable instrumentation,
whilst achieving excellent mismatch discrimination. These
attributes would facilitate its use as a eld-deployable diag-
nostic tool. Further, as can be seen in Table S2†, the 90 minute
Fig. 3 (a) Square wave voltammograms of a series of mecA concentra
concentration ¼ 1 mM, ssDNA length ¼ 30 nt, applied potential ¼ �0.5
concentration ¼ 50 nM, a trans-cleavage period ¼ 45 min, MgSO4 conc
frequency¼ 200Hz. (b) Calibration curve of anodic current (N¼ 3) obtain
and 100 pM is shown in the inset). (c) Comparison of the calibration curv
series of mecA (as in (b)) and (d) detection of the mecA gene in both me

© 2021 The Author(s). Published by the Royal Society of Chemistry
assay time is equal to or faster than comparable E-CRISPR
assays published to date.

3.3.2 Sensor performance with human serum. Since the
MRSA is a bacterium that causes skin infection in wounds, and
can ultimately infect the bloodstream, the ability to detect it in
human serum is vital. Therefore, a concentration series of the
mecA amplicon diluted in human serum was prepared, with
a nal serum concentration of 99.55%. The assay was per-
formed in parallel with a clean buffer-based sample series for
direct comparison (Fig. 3c). The calibration curve for serum-
based measurements exhibits only a small differences when
compared to the buffer-based calibration curve, with a slight
decrease in the electrochemical signal. As the slope of the linear
portion of the curves reports the sensitivity of a system, we
compared the slopes from the linear range in both media. The
slope of the human serum curve was 15.5 DI (%)/log nM (R2 ¼
0.946), which was only slightly less than the buffer curve at 17.1
DI (%)/log nM (R2 ¼ 0.988). To assess the repeatability of results
in human serum we again chose three mecA gene concentra-
tions (1, 10, and 100 nM) from both media and compared the
results. Fig. 3d shows that no signicant difference was
observable between the two approaches, judged by a paired t-
test (tvalue¼ 0.94 < tcritical ¼ 1.86, 95% condence level, a¼ 0.05,
N ¼ 9), with the excellent correlation between the clean and
serum samples being aided by the electrode washing step
between the enzyme incubation and the silver metallization.
The marginal drop in performance for the serum sample is
likely due to reaction inhibition during the Cas12a incubation
tions (10�7 to 10 nM) using previously optimized conditions: ssDNA
V, electrochemical deposition time ¼ 3 minutes, Cas–gRNA complex
entration ¼ 20 mM, step potential ¼ 0.01 V, amplitude ¼ 0.06 V, and
ed from (a), versusmecA concentration (the linear range between 10 fM
es for buffer- and human serum-based tests, using the concentration
dia, at 1, 10 and 100 pM (N ¼ 3).
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Fig. 4 (a) Target strands with mismatches at different positions,
including in the PAM region and crRNA complement at different
positions (1, 5, and 10). (b) Evaluation of the influence of mismatches at
different positions on the E-CRISPR signal. A target concentration of 1
pM was applied for all the targets (wild type (WT) and mismatched
targets).
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step, where electrode fouling can be expected when using
a biological uid.38 Overall, these results showed that the E-Si-
CRISPR approach is capable of operation in human serum,
with excellent analytical performance.

3.3.3. Cas selectivity. A distinct advantage of the CRISPR
system compared to the other biosensing approaches is the
excellent selectivity achieved when detecting nucleic acids, with
excellent mismatch sensitivity down to a single nucleotide
level.27 We studied the selectivity of our E-Si-CRISPR technique
by investigating the Cas12a enzyme selectivity. Mismatches
were introduced in the upper strand of the synthetic targets, as
shown in red in Fig. 4a. These were added to the second posi-
tion of the PAM, and the rst, h and tenth positions of the
target molecule, denoted as mmTPAM, mmT1, mmA5, and
mmG10, respectively. Although the PAM is not a complemen-
tary part of the protospacer, it is a crucial sequence which
activates Cas12a cleavage activity. Unsurprisingly, the lowest DI
(%) was observed when the mismatch was placed in the PAM
(Fig. 4b). We then observed that the further away from the PAM
that themismatches in the protospacer are, the higher DI (%) is.
For the mismatch in the tenth position (mmG10), there was no
signicant difference versus the wild type (WT) sequence. These
results conrm the vital role of the consistent PAM sequence for
Cas12 activity, and indicate the excellent selectivity of the
Cas12a in cleaving target genes selectively down to single
nucleotide level.

3.3.4 Accuracy and precision. To test the accuracy of the E-
Si-CRISPR technique, we chose three concentrations of themecA
gene (i.e. 0.1, 1, and 10 pM) and compared it directly with the
PCR method. As shown in Fig. 5a, there is no signicant
difference between the methods, judged by a paired t-test (tvalue
¼ 0.92 < tcritical ¼ 1.86; N ¼ 9; 95% condence; a ¼ 0.05),
indicating that E-Si-CRISPR provides reliable accuracy for mecA
12740 | Chem. Sci., 2021, 12, 12733–12743
gene analysis. Further, precision was tested by running 10 test
repeats with the 10 pM sample. The calculated % RSD (100 �
SD/mean) was 4.3%, which is below the generally considered
acceptable level of 5%.39 These accuracy and precision tests
demonstrate the excellent analytical performance of E-Si-
CRISPR for gene analysis.

3.3.5 Real bacteria detection and selectivity. A robust
diagnostic test for MRSA must be able to differentiate the
bacterium from other common bacteria commonly found in the
same vicinity. To test the selectivity of the E-Si-CRISPR tech-
nique, we selected a panel of such bacteria, namely E. coli, E.
faecalis, L. monocytogenes, S. epidermidis, and methicillin-
sensitive S. aureus (MSSA), to test alongside MRSA. Colonies
of all bacteria were collected in TE buffer and incubated at 95 �C
for 5 minutes, then prepared at a 1 : 1 volume dilution in
human serum before application to the E-Si-CRISPR electrode.

For the MRSA sample, we observed a drop in the DI (%) of ca.
10% (with a 45 minute incubation) versus our previous testing
with the mecA amplicon. The mecA gene amplicon is 685 bp,
whereas the real genomic material is far longer. Thus, the
Cas12a takes longer to ‘nd’ its specic binding site. Jeon and
coworkers reported that Cas enzymes use a ‘walking’ mecha-
nism, where dsDNA is randomly captured before the enzyme
then moves along to nd the target gene.40 Therefore, we expect
that the longer the target sequence, the longer the required
incubation time will be. Accordingly, we decided to study DI (%)
signal evolution over time as a function of the Cas12a incuba-
tion time for the lysate/serum sample (Fig. S5†). We observed
that, compared to operation in clean buffer (Fig. 2e), the signal
plateaus slightly later, at approximately 60 minutes (compared
to 45 minutes). Thus, for the following selectivity study, we
carried forward an incubation time of 60 minutes.

For the full selectivity test, we tested all lysate/serum samples
using the optimized E-Si-CRISPR technique. The results shown
in Fig. 5b clearly demonstrate excellent selectivity for MRSA in
the current conguration, proving that the chosen protospacer
binding with the PAM sequence is highly selective for MRSA,
and that the cleavage activity of the chosen Cas system is still
excellent, even in a complex matrix. Further, in order to study
whether the E-Si-CRISPR technique could feasibly detect MRSA
in a real sample at a concentration similar to that obtainable
with PCR, we tested a spiked serum sample containing ca. 102

cells per mL, which is representative of the amount in a clinical
sample of human serum,41 and compared it to the results ob-
tained with 103 cells. Detection at 102 copies of MRSA shows
that the assay signal is still ca. 30 DI (%) (compared to ca. 65 DI
(%) for 103 copies), whilst all of the non-MRSA targets in Fig. 5b
exhibited signals below 15 DI (%). This result demonstrates the
feasibility for detecting MRSA at clinically relevant levels using
the E-Si-CRISPR technique.

3.3.6 Stability testing. The possibility of storing in vitro
diagnostic devices for extended time periods is critical for real-
world applications. To test the stability of the E-Si-CRISPR
technique, we prepared a large set of ssDNA-modied elec-
trodes and stored them in a dry box under nitrogen at 4 �C. As
shown in Fig. 5c, E-Si-CRISPR data were collected every ve days
for three sample concentrations (0.1 pM, 1 pM, and 10 pM in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Comparison ofmecA concentrations between the E-Si-CRISPR and PCR at 1, 10 and 100 pM. (b) Specificity test for MRSA versus other
bacteria for the E-Si-CRISPR technique, revealing excellent specificity (N ¼ 3). (c and d) Stability of the ssDNA-immobilized electrode for
detecting mecA (1, 10 and 100 pM) over 30 days (N ¼ 3).
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clean buffer) over a period of 30 days. Fig. 5d shows that %
efficiency (normalized to day 0) decreased over the trial, but by
less than 10%. We hypothesize that this decrease is due to
partial decomposition or deconjugation of the ssDNA from the
electrode surface, which could be solved by a more specialized
storage technique e.g. vacuum packing. Further, the electro-
chemical signals between the fresh and stored electrodes were
compared (using the data in Fig. 5c), with no signicant
difference evident according to a paired t-test (tvalue ¼ 0.37 <
tcritical ¼ 1.86; N ¼ 9, 95% condence, a ¼ 0.05). Based on this
evidence, we can conclude that the E-Si-CRISPR technique
shows potential as a stable and reproducible means of quanti-
fying genetic materials for eld-deployable diagnostics.
4. Conclusions

We have presented a novel ultra-sensitive electrochemical
CRISPR/Cas biosensor using silver metallization to enable high-
sensitivity detection of drug-resistant bacteria, without the need
for DNA amplication. The E-Si-CRISPR technique exhibited
excellent specicity for the mecA gene, activating the cis- and
trans-cleavage activities of Cas12a. Removal of immobilized
ssDNA was performed on the electrode surface aer trans-
cleavage activation in the presence of the target gene. The
addition of Ag+ followed by a double reduction metallized the
remaining ssDNA, yielding a signicant signal enhancement in
square wave voltammetry-based measurements. CRISPR/Cas
and square wave voltammetry were optimized carefully to ach-
ieve an excellent analytical performance for the E-Si-CRISPR
technique, with an LoD of 3.5 fM, an LoQ of 10 fM, and
© 2021 The Author(s). Published by the Royal Society of Chemistry
linearity between 10 fM to 100 pM (ve orders of magnitude)
against themecA amplicon (685 bp). E-Si-CRISPR was compared
to the gold-standard PCR analysis, and showed excellent
agreement in terms of accuracy. Signicantly, E-Si-CRISPR
analytical performance was maintained even in human
serum. Furthermore, mismatch analysis was performed to
study the Cas12a selectivity, providing excellent selectivity down
to the single nucleotide level. The selectivity of the E-Si-CRISPR
technique was demonstrated using a panel of common bacteria,
yielding excellent selectivity in the detection of specic genes. It
should be noted that the use of an enzyme in such a sensor
could pose potential complications for eld-deployable appli-
cations, however we expect that careful freeze-drying of enzymes
will be useful in extending the system shelf life.42 To conclude,
the developed E-Si-CRISPR technique allows the detection of
MRSA with high sensitivity, selectivity, accuracy, precision, and
robustness even in lysed bacteria solution, and should be
further developed for real samples in the near future.
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