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Metal ion-driven, DNA-cleaving DNAzymes are characterised by high selectivity and specificity. However,
their use for metal ion sensing remains largely unexplored due to long reaction times and poor reaction
yields relative to RNA-cleaving DNAzymes and other sensing strategies. Herein we present a study
demonstrating a significant rate enhancement of a copper-selective DNA cleaving DNAzyme by both
polydopamine (PDA) and gold (Au) nanoparticles (NPs). PDA NPs enhance the reaction through the pro-
duction of hydrogen peroxide, while for AuNPs the enhancement is aided by the presence of citrate
surface moeities, both of which drive the oxidative cleavage of the substrate. A 50-fold enhancement for
PDA NPs makes the combination of PDA and DNAzyme suitable for a practical application as a sensitive
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biosensor for Cu(i) ions. Using DNAzyme deposition onto a gold electrode followed by Polydopamine
Assisted DNA Immobilisation (PADI), we achieve a cost-effective, label-free and fast (within 15 min)
electrochemical biosensor with a limit of detection of 180 nmol (11 ppm), thus opening a route for the
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1. Introduction

DNAzymes are catalytically active sequences of single stranded
DNA (ssDNA) exhibiting a range of functions such as DNA/
RNA cleavage, ribonucleotide labelling and catalysis of click
chemistry reactions."” Most DNAzyme mediated reactions
require metal ion co-factors, and DNAzymes requiring Pb*",
Cu®, Ag", Hg*", Mn** and Zn®" ions have been identified
through in vitro selection.>® This dependency on metal ions
has been exploited in the design of sensitive metal biosensors,
mainly utilising RNA-cleaving DNAzymes, which generally
exhibit high reaction rates due to the presence of a hydroxyl
group within the RNA substrate. However, RNA degrades
easily, limiting the application of such sensors in real-life set-
tings such as environmental monitoring.

In contrast, despite their inherently higher stability, the use
of DNA-cleaving DNAzymes remains largely underexplored due
to their long reaction times and poor yields compared to RNA-
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rational design of a new generation of hybrid DNAzyme-based biosensors.

cleaving counterparts. Thus, to make DNA-cleaving DNAzymes
more useful for metal ion sensing, DNAzymes with an
improved kinetic profile need to be developed or new strategies
enhancing their activity introduced. Herewith, we present a
strategy to significantly enhance the activity of a Cu(u)-
specific DNA-cleaving DNAzyme to develop a specific and
more sensitive electrochemical platform for the detection of
Cu(u) ions.

Although in low amounts Cu(u) is beneficial and acts as a
metal cofactor of several enzyme classes,” accumulation of Cu
(1) can have numerous detrimental effects. For example,
increased amount of Cu(u) in plants due to soil contamination
from mining, pesticide production and fossil fuel burning has
been shown to have negative effects on germination, growth,
and plant development, as well as the photosynthetic
cycle.'®™ High levels of Cu(u) in oceans stemming from pollu-
tants such as marine paints and wastewater can lead to meta-
bolic changes and developmental issues in plankton and
algae, which are crucial for the health of the oceanic
ecosystem.'®'> In medicine, abnormalities in Cu(u) homeosta-
sis have been implicated in an increased risk of developing
neurological disorders such as Alzheimer’s disease.'® In
addition, a genetic disorder known as Wilson’s disease is
directly related to the inability to process Cu(u) resulting in its
accumulation in blood and tissue that can lead to severe tissue
damage and death.'” Finally, Cu(u) ingestion through tap
water contamination has been linked to increased cases of
liver cirrhosis and acute poisoning.'®

This journal is © The Royal Society of Chemistry 2023
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Clearly, detection and quantification of Cu(u) in water and
biological samples is important not only for environmental
remediation but also in diagnostics and industrial process
monitoring. Commonly, Cu(u) sensor design relies on ion
interaction with organic dyes, which is measured by monitor-
ing the resulting change in dye absorbance or emission."
However, such strategies often require extensive molecular
design and the use of components that are often sensitive to
environmental conditions.?>*!

DNAzymes recently emerged as a suitable alternative to
organic dyes, with two Cu-selective RNA-cleaving DNAzymes
reported that exhibit a reaction kinetics and sensitivity suitable
for point of care sensing.>” These systems utilise fluorescence
quenching phenomena and although a limit of detection for
Cu(u) of 1.6 nM was achieved, reliance on the use of fluo-
rescent dyes, quenchers, and unstable RNA substrates limits
the long-term stability and storage of this sensor.

In addition to RNA-cleaving DNAzymes, six Cu(u) selective
DNA-cleaving DNAzymes have been reported, with five of them
requiring ascorbate ions alongside Cu(u) for substrate cleavage
through the oxidative damage mechanism.?*** The remaining
sixth DNAzyme, named F8, required the addition of Mn(u)
ions and metal salts (Na* and K'), all of which resulted in
a low reaction rate of DNA substrate cleavage with Kyps =
0.137 h™'.%°

Herewith, we present a simple route to significant improve-
ment of the catalytical activity of Cu(u)-specific F8§ DNAzyme by
employing nanoparticles (NPs) as additives (Fig. 1a). We
further exploit this enhancement to design a new class of sen-
sitive electrochemical sensors for the rapid detection of Cu(u)
ions in solution. This was achieved through the deposition of
F8 and AuNPs followed by the production of a protective and
activity-enhancing polydopamine (PDA) coating to improve the
sensitivity, stability, and storage of the sensor (Fig. 1b). Not
only does our biosensor results in fast readout and sensitivity,
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Fig. 1 (a) DNA cleavage by DNAzyme (F8 DNAzyme) in the presence of
copper(i) ions is enhanced in the presence of polydopamine nano-
particles (PDA NPs). Design of fast and efficient electrochemical sensor
for Cu(n) based on the F8 DNAzyme exploiting both PDA and gold NP
(Au NP) enhancement is shown in (b).
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but the use of a label-free electrochemical readout instead of
fluorescent labels improves the cost-effectiveness and simpli-
city of the design. In addition, unlike other DNAzyme sensors,
our design does not require complex electrode modification,
covalent immobilisation,>® or the use of mediators®” to
improve the electrochemical readout and sensitivity.

2. Materials and methods
2.1 DNA sequences

F8 DNAzyme 5" AG TGT TCC GTG GAT GGA GCA ATA GTC TCC
CGG GTC CGT ATG GAT CGG CA 3'
5" TGC CGA TCC ATA CTG CGG AAC ACT 3’

5" AG TGT TCC GCA GTA TGG ATC GGC A 3’

F8 substrate
W38 non-enzyme
DNA

DNAzyme, substrate and controls as well as Cy3-labelled
DNAzyme were purchased from Integrated DNA Technologies
with HPLC purification. Citrate coated gold (Au, 20 nm) and
silver (Ag, 20 nm) nanoparticles, copper nano-powder (Cu,
25 nm) and iron oxide (Fe,O3/Fe;0,, 25 nm) were purchased
from Sigma Aldrich. PDA NPs were made in house following
the protocol in section 2.2. Fluorometric H,0, assay kit
(MAK165-1KT) used to assess the production of H,O, from
PDA NPs was obtained from Sigma Aldrich.

2.2 Synthesis of polydopamine nanoparticle (PDA NPs)

92 mg of dopamine hydrochloride (Sigma Aldrich) was dis-
solved in 1 mL ultra-pure water and added to 135 g of Tris
Base (Sigma Aldrich) in 200 ml of ultra-pure water. The solu-
tion was then stirred at 300 rpm for 30 min and left overnight
at room temperature. The solution was centrifuged at 25 000g,
removing the supernatant and resuspending the pellet in
water 3 times yielding the final polydopamine nanoparticles.
The nanoparticles were characterised by zeta-potential and
DLS measurements (both Malvern Zetasizer Nano ZS) giving a
zeta potential of —43.8 mV and a polydispersity index of 0.185.
SEM images (ESI, Fig. S17) were taken and demonstrated a
uniform and spherical morphology with an average diameter
of 142.4 nm.

2.3 Screening of F8 DNAzyme activity in presence of
nanoparticles

For all assays, 1 pM of both F8 and DNA substrate were
annealed in 15 mM NaCl and 50 mM HEPES buffer (pH
7.0-7.6) by heating to 95 °C for 5 min and allowing to cool at
room temperature for 30 min. The resulting F8-substrate
complex was then exposed to 12.5 pM copper(u) chloride in the
absence and presence of NPs (0.01 mg mL™" of 20 nm citrate
capped Au and AgNPs, 25 nm CuNP, 140 nm PDA NPs and
30 nm Fe,03/Fe;0,). All cleavage reactions were performed at
37 °C for 10 min and 1 hour. After incubation, the cleavage
reaction was quenched using 8 M urea and results were ana-
lysed using 12% Urea PAGE Gel Electrophoresis at 45 V for
120 min. The resulting gels were imaged using a Syngene
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G-Box camera and quantified using Image] gel analysis
software.

2.4 Electrochemical sensor design

Disposable screen-printed electrodes were purchased from
Metrohm UK (DRP C220AT) consisting of a gold working elec-
trode, a gold auxiliary electrode, and a silver reference elec-
trode. They were first electrochemically cleaned by cyclic vol-
tammetry from 0 to 1.5 V in 1 M sulphuric acid for 10 cycles
and dried under nitrogen gas. Pre-annealed F8-substrate
complex was added to 0.02 mg mL™" 20 nm citrate capped Au
NPs and 10 pL was drop cast onto the working electrode. The
droplet was dried over 10 min under a light stream of nitrogen
gas. 10 pL of 5 mg mL~" dopamine hydrochloride in 10 mM
Tris-buffer pH 8.5 was then drop casted onto the working
electrode containing the dried Au NP-doped F8 complex.
Dopamine was allowed to polymerise over 2 hours in 100%
humidity to prevent drying, and then washed in PBS and water
3 times.

2.5 Electrochemical measurements

All electrochemical measurements were taken using a
Palmsens 4 potentiostat in PBS. The sensor was clamped in
position fully submerged in PBS and allowed to sit for 5 min
in stirred solution (100 rpm). Three blank measurements were
then taken to generate a stable baseline measurement. The
solution was then adjusted to a desired Cu(u) concentration
using 2 mM stock solution of CuCl, solution in ultra-pure
water. Differential pulse voltammetry (DPV) measurements were
then taken after 15 min. —0.5 V to +0.2 V was used for the
voltage scan range with an increment of 0.01 V. The pulse width
was 0.02 s with an amplitude of 0.2 V. Peak currents were calcu-
lated by subtracting baseline measurement at peak voltage.

3 Results and discussion
3.1 NP-mediated rate enhancement of F8 DNAzyme

A screening assay was performed to investigate the effect of
various classes of commercially available nanoparticles on the
cleavage rate of F8 DNAzyme. Initial motivation was to design
solid platform for DNAzyme immobilisation to ease the
enzyme recovery from the solution. In short, 0.01 mg mL ™" of
copper (CuNP), iron oxide (Fe,O3/Fe;O, NP), polydopamine
(PDA NPs), gold (AuNP), or silver (AgNP) nanoparticles were
added to the solution of F8 DNAzyme hybridised with F8 DNA
sequence spiked with 12.5 pM CuCl,. The reaction was
stopped after 10 min and 60 min to assess the percentage of
cleaved substrates using gel electrophoresis. Surprisingly, a sig-
nificant amount of the cleaved substrate was observed already
after 10 min in presence of PDA (67.3%), Au (44.9%), and Ag
(13.5%) NPs when compared to the control that contain CuCl,
only (1.3%) (Fig. 2). After 60 min, 100% substrate cleavage was
obtained in the presence of PDA/AuNP, while control sample
showed only 11% (Fig. 2 and complete PAGE gel image in
Fig. S27).
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Fig. 2 Nanoparticles explored for activity enhancement of FBDNAzyme
(a). The percentage of DNA substrate cleaved after 10 min in absence
and the presence of NPs is shown in (b) and corresponding gel electro-
phoresis image (Urea PAGE 12%, F8 DNAzyme labelled with Cy3-dye. F8
Substrate labelled with 6FAM-dye) in (c).

The rate enhancement of Au and Ag NPs is attributed to the
citrate-coating, with citrate ions directly contributing to the
improved cleavage rate as demonstrated by the effect of the
citrate ions alone (ESI, Fig. S3 and S4t). On the other hand, we
hypothesised that PDA NP-mediated enhancement stems from
the direct generation of hydrogen peroxide (H,O,) by PDA NPs
in solution. Previously, it was shown that the activity of F8
DNAzyme can be increased by addition of H,O, to Cu(u)
ions.?® In addition, we knew from previous studies that PDA
structures can generate H,O, from molecular oxygen present
in water.”® To test our hypothesis that indeed PDA-mediated
production of H,0, impacts the oxidative cleavage of DNA sub-
strate, we measured the concentration of H,0, generated by
PDA NPs. Employing H,0, screening assay we found that
0.01 mg mL™" of PDA NPs, the amount used in DNAzyme
studies, generates 1.7 pM H,0, (ESI, Fig. S51). Due to the
smaller enhancement rate, we did not look deeper into the
mechanism of IONPs and CuNPs. However, as IONPs can
generate H,0, >’ this is a likely reason for observed cleavage
enhancement, while in case of CuNPs, the enhancement effect
could stem from increased concentration of Cu(u) available to
the enzyme through a leaching effect.*’

3.2 Design of the DNAzyme-based Cu(u) sensor

Considering the remarkable enhancement of the Cu(u)-
mediated DNA cleavage in the presence of NPs, we considered
potential ways to exploit this effect in the design of an afford-
able and simple-to-fabricate biosensor for Cu(u) detection. In
terms of sensing, electrochemical sensors have numerous
advantages such as cost-effectiveness and ease of detection,
and we aimed to focus on design of DNAzyme based electro-
chemical sensing. One of the major challenges in design of
electrochemical biosensors is ensuring the deposition and
immobilisation of active elements onto electrode surface. To
avoid complex immobilisation strategies that would involve
additional DNAzyme modifications, we decided to exploit PDA

This journal is © The Royal Society of Chemistry 2023
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and use it as a protective and activity-enhancing coating.
Similar strategy was recently demonstrated in design of electro-
chemical H,0, biosensor using heme G-quadruplex DNAzyme,
which was entrapped within PDA layer.*'

Polydopamine assisted DNA immobilisation (PADI) is a
simple and effective strategy that does not require any covalent
attachment of DNAzymes onto the electrode. However, as PDA
is an electrical insulator, it is crucial that the coating step is
performed after drop casting of DNAzyme to ensure the
current flow to the electrode.

As shown in Fig. 3, the fabrication of our biosensor consists
of two steps: (i) drop-casting of DNAzyme/substrate complex
onto a gold electrode followed by formation of PDA layer
(PADI, ii). PADI proceeds through self-polymerisation of dopa-
mine precursor on top of the deposited biomolecules and any
rate-enhancing additives such as NPs.

To ensure that drop casting results in a homogenous and
reproducible electrode coating, we investigated drop casting
and drying using Cy3-labelled F8 DNAzyme. The coffee ring
effect® was observed when the droplet of DNAzyme/substrate
solution was allowed to dry on the electrode under atmos-
pheric conditions causing most of the F8 DNAzyme complex to
concentrate in a ring around the edge of the sensing electrode
(ESI, Fig. S6at). Such an effect impairs the reproducibility of
the sensor production, and we explored different strategies to
avoid it. Finally, homogenous deposition of DNAzyme was
achieved by drying deposited solution under a steady stream of
nitrogen for 60 seconds (ESI, Fig. S6bt). Such uniform layer of
DNAzyme was coated with PDA by exposing the surface to a
basic solution of dopamine (5 mg mL™' Dopamine HCI,
10 mM Tris, pH 8.5).*>** Significant darkening of the surface
was observed after 120 min, which is attributed to the success-
ful formation of a polydopamine film (ESI, Fig. S7).

—/ —) ——
Dropcast F8 Dry under
& 20nm AuNP Nitrogen
- ~
ii)

Self Polymerisation
over 2 hours

Dropcast Dopamine
in Tris buffer pH8.5

| |
8 I

A A
(Y

Take DPV
MeasurememsJ

Expose to Cu(ll)

Fig. 3 DNAzyme based electrochemical biosensor for Cu(i) is prepared
by drop casting DNAzyme/substrate complex and rate enhancing Au
NPs to the surface of electrode (i) followed by addition of dopamine and
self-polymerisation resulting in PDA coating. (i) Sensor is prepared
within 2 hours after which Cu(i) detection can be performed using
differential pulse voltammetry (DPV).
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To confirm the formation of the coating, impedance spec-
troscopy measurements of the electrode were taken. Namely,
PDA is known to be an electrical insulator and can cause the
fouling of electrodes,*® which results in increased impedance
as observed with PDA-coated electrodes (ESI, Fig. S87).

Once the deposition and coating were optimised, the
electrochemical performance of the sensor was investigated
using differential pulse voltammetry (DPV) before and 15 min
after the exposure to Cu(u). DPV was chosen as a read-out
method due to its ability to perform fast measurements with
high sensitivity.*®

3.3 DNAzyme-based electrochemical detection of Cu(u)

The performance of the biosensor was first explored with F8
DNAzyme and two controls, using DPV measurements before
and 15 min after exposure to 10 pM Cu(u) solution (Fig. 4a).
The first control comprised of a non-enzymatic, linear strand
W8, which was complementary to F8 substrate but did not
contain DNAzyme features. The second control was simply an
electrode coated with a PDA layer in the absence of F8
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Fig. 4 DPV response curves of polydopamine entrapped F8-DNAzyme
electrode, polydopamine entrapped W8-DNA (non-enzymatic) elec-
trode and polydopamine only electrode (a) in PBS with 10 pM Cu(n) after
15 min. (b) Peak current of DPV response curves for polydopamine
entrapped F8-DNAzyme electrochemical sensor in 1 times PBS with
10 pM of Cu(n), Mg, Mn(u), K@), and Zn(i), Ag(), Fe(m), and Pb(i) after
15 min.
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DNAzyme. As it can be seen in Fig. 4a, two new cathodic
current peaks are observed between —0.2 to 0 V with DNAzyme
coated electrode, which are not observed with control samples.

To explore the selectivity of F8-DNAzyme electrode towards
Cu(n), the electrode was exposed to solutions of other common
ions such as Mg(u), Mn(u), Zn(u), and K(1), as well as the pollu-
tants commonly found in soil and water such as Fe(ur), Pb(u)
and Ag(1) (Fig. 4b). No significant response was observed with
those ions indicating high selectivity of our sensor towards
Cu(u).

Concerning the mechanism, we hypothesise that Cu(u) ions
diffuse through the PDA layer into the active site of the
DNAzyme (Fig. 5). The first cathodic peak can be attributed to
the reduction of Cu(u) ions into Cu(i), and the second one to
H,0, produced by the PDA layer reacting with Cu(r) causing
the cleavage of the substrate via an oxidative radical pathway.
Such a mechanism is in line with the results presented here,
although there is a possibility that other pathways might be
involved.

In addition, the effect of Au NPs on the cleavage rate
was evaluated first in the presence of small amount
(0.01 mg mL™") of 20 nm Au NPs. DPV measurements employ-
ing PDA entrapped DNAzyme complex with and without citrate
capped 20 nm Au NPs in Cu(u) solution are shown in ESI,
Fig. S9.7 It can be seen that inclusion of the Au NPs resulted
in an increase of the peak current. In addition, there is no
effect of Au NPs in absence of copper ions. This initial study
clearly indicates that the addition of Au NPs to the DNAzyme
solution further improves the performance of the sensor
without impairing the Cu(u) selectivity. Current work is
focused on exploiting this phenomenon further for the design
of a sensitive Cu(u) sensor for blood screening.

Next, we investigated dependence of the peak current signal
between the sensing range of —0.2 to 0.1 V on the Cu(u) con-
centration. A clear increase in the peak current between a

o°
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Fig. 5 The proposed mechanism of action of the F8 DNAzyme-PDA
electrode. Copper ions diffuse through PDA layer to the active site of F8
DNAzyme. Electron transfer occurs for the reduction reaction of Cuf(i) to
Cu()), which together with H,O, generated by PDA layer, results in oxi-
dative cleavage of the substrate enabling further electron transfer to the
electrode.
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Fig. 6 (a) DPV response curves for polydopamine entrapped F8 sensor
in increasing concentrations of copper from 0 to 100 pM. All measure-
ments were taken in PBS after 15 min with stirring (100 rpm). (b) Peak
current measured in sensing range of —0.4 V to 0.1 V for different
copper concentrations with a linear fit after subtracting a baseline taken
in PBS only.

region of interest of —0.2 to 0.1 V in presence of increasing
concentration of Cu(u) was observed (Fig. 6a). The linear range
of detection was found to be 1 uM to 100 pM copper over a
sensing time of 15 min (Fig. 6b). The limit of detection was
determined to be 180 nM (11 ppm) Cu(u) using the slope of
the concentration curve and a protocol reported by Armbruster
etal’’

Finally, an often neglected but important factor when pro-
posing a new biosensor devise is its long-term stability. The
stability of our PDA entrapped DNAzyme-based sensor was inves-
tigated over two months with the sensor stored under atmos-
pheric conditions (ESI, Fig. S101). A decay in the peak current
was observed after two months, however, this could be improved
by storage under dry and/or cold conditions and in the absence
of light to minimise PDA and/or electrode degradation.

4. Conclusions

We have shown that the cleavage rate of a Cu(u)-specific DNA-
cleaving DNAzyme can be significantly increased in the pres-

This journal is © The Royal Society of Chemistry 2023
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ence of citrate coated Au (5-fold enhancement in cleavage over
10 min) and polydopamine (PDA) nanoparticles (50-fold
enhancement in cleavage over 10 min). Such an increase is
directly related to the reducing potential of citrate ions in case
the of Au NPs, and intrinsic H,O, production by PDA.
Although their potential was acknowledged, DNAzymes were
generally considered too slow to have a huge practical value for
metal sensor design. We have shown that nanoparticle addi-
tives have significant effect on the rate enhancement making
DNAzymes suitable for Cu(u) sensor design. Our electro-
chemical sensor is cost-effective and simple-to-make with
Cu(u) limit of detection of 180 nM (11 ppm). The WHO guide-
line on the limit of Cu(u) in drinking water is given as 20 pM
(1.3 mg ml™") and the safe limit of copper in serum is regarded
to be 2.4 pM.*® As such, our sensor provides a cost effective
and efficient alternative to other strategies for monitoring
Cu(u) levels in drinking water and agricultural soil, as well as
detection of Cu(u) in serum, and continuous monitoring of
Cu(u) levels in large bioreactors.
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