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Abstract

We applied a cobalt-porphyrin modified DNA as electrochemical marker, which was attached
to nanoparticles, to detect specific DNA sequences. We compare the performance of gold and
silver NPs in oligonucleotide sensors to determine if a change in metal will lead to either
higher sensitivity or different selectivity, based on the redox behaviour of silver vs. gold.
Surprisingly, we find that using either gold or silver NPs yields very similar overall
performance. The electrochemical measurements of both types of sensors show the same
redox behaviour which is dominated by the cobalt porphyrin, indicating that the electron
pathway does not include the NP, but there is direct electron transfer between the porphyrin
and the electrode. Both sensors show a linear response in the range of 5x107!7 — 1x10716 M;
the limit of detection (LOD) is 3.8x107'®* M for the AuNP sensor, and 5.0x107'® M for the
AgNP sensor, respectively, which corresponds to the detection of about 20 to 50 DNA
molecules in the analyte. Overall, the silver system results in a better DNA economy and using
cheaper starting materials for the NPs, thus shows better cost-effectivness and could be more

suitable for the mass-production of highly sensitive DNA sensors.
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1. Introduction

Considering that time and precision is always of essence in diagnostics, there is a
continuous search for improved analytical methods which are more sensitive, selective, cost
effective and easy to handle [1-5]. The current COVID-19 situation has clearly demonstrated
this need on a global scale. The use of electrochemical biosensors, which have been designed
to detect known markers such as proteins, nucleic acids and antigens, is very attractive to
rapidly diagnose diseases, including viruses. The electrochemical sensors offer advantages
such as high sensitivity, operational simplicity, short response times, cost effectiveness and
portability, allowing for point-of-care diagnostics as well as usage in the field. Different
mechanisms for signal generation are used, including direct oxidation or reduction of nucleic
acids [6], modification of the electrode with active layers which are stimulated by free
diffusion of redox markers [7-10], and — most conveniently — according to a “signal-on” or
“signal-off” mechanism [11-13].

Recently, in order to improve the sensitivity of such electrochemical sensors, the use of
gold, silver, platinum or silicate nanoparticles has been reported [14-22]. Colloidal
nanoparticles have attracted attention because they can act both as transducers and as redox
markers; examples include ultralow detection of DNA (AuNPs) [23-25] including single base
mismatches (AgNPs) [26], the detection of avian influenza virus (AIV) H7 on graphene
electrodes (AgNPs) [27], the determination of cholesterol on glassy carbon electrodes
(AgNPs) [28], nanocomposite films of CuO Honeycombs/AgNPs for glucose detection [29],
detecting tyrosine kinase-7 (methylene blue/AuNPs) [30], or porous-hollowed-silver-gold
core-shell nanoparticles for prostate cancer detection [31]. Silver deposition onto gold
nanoparticles gave signal enhancement in the range of two orders of magnitude [32].
Advantages of using NPs are in their ease of preparation, quantum characteristics, large
surface area and excellent efficiency in electron transfer [33, 34]; furthermore, they can easily
be modified with DNA, e.g. using avidin-biotin complexation [35] or via thiol-metal bond
formation [36]. Table 1 gives an overview of the current detection limits that can be achieved
with selected electrochemical sensors which contain nanoparticles for enhanced detection of

oligonucleotides (ODNSs).



Table 1. Comparison of the detection range and LOD of selected nanoparticle-based

electrochemical genosensors.

Analytical Limit of
Electrode modification . y Linear Range [M] detection Ref.
signal source M]
AuNP + ssDNA / ITOE H 1x1071 - 10x107'2 110715 [20]
AuNP-ssDNA + MCH /PSS + PAH / _ _ ~
MPA / AuE Ru(NH3)6* 1.0x107!' = 10x107 1x107!1 [21]
AuNP / TGA / MCH-hpDNA / AuE [Fe(CN)s]>" 1.0x10717 —1.0x107! 1.7x10713 [22]
hpDNA / AuNP / rpDNA / tDNA / 24 15
cpDNA / AuE [Ru(NHs)sL] - 1x10 [24]
AuNPs + ssDNA / Pt-UME H 1x10712 - 100x10~° 1x10712 [25]
ssDNA—AuNPs / aDNA / AuNPs / Nf/ MB 100x10-2 — 1x10° 370x10°15 [30]
GCE
AuNP@Ag—DNA / ssDNA / chitosan Ag 1.0x10-1° — 5.0x10° 510! [32]

/ GCE

AuNP-c-ssDNA) / SH-ssDNA + MCH | (o peny e | 0.51x10712-8.58x102 | 0.51x1012 | [37]

/ AuE

ssDNA / Av/ PAMAM / MPA / AuE Ru(NH3)6** 1.4x10° 1 —2.7x10714 1.4x10°1 [38]

(ss-DNA) / AgNP / PPAA / . . 1 9 1
MWCNTs-COOH / GCE adriamycin 9.0x107'*-9.0x10 3.2x10 [39]
ssSDNA-S-AgNP / Pdop@Gr / GCE MB 1.0x1071 — 1.0x1078 3.2x1071 [40]
triplex-Ag/PtNCs / LNA / GCE [Fe(CN)s]*"*+ 1.0x10°15 - 1x108 0.8x10°13 [41]

AuNP-P-ssDNA (1:200) / SH-ssDNA 17 16 s
+ MCH / AuE CoP 5x1071 = 1x10 3.8x10 [42]
AgNP-P-ssDNA (1:10) / SH-ssDNA + 17 16 18 this
MCH / AuE CoP 5x107" = 1x10 5.0x10 work

Abbreviations: Pt UME: Platinum ultramicroelectrode, AuNPs: Gold nanoparticles, ssDNA:
single stranded DNA, ITOE: Indium Tin oxide electrode, Nf: nafion, GCE: Glassy carbon
electrode, hpDNA: Hairpin DNA, rpDNA: reporter DNA, tDNA: target DNA, cpDNA:
capture DNA, aDNA: DNA aptamer, TGA: thioglycolic acid, MCH: 6-Mercapto-1-hexanol,
AuE: Gold electrode, PAMAM: polyamidoamine, MPA: 3-mercaptopropionic acid, Av:
avidin, MB: methylene blue, H: hydrazine, PSS: poly(styrene sulfonate), PAH:
poly(allylamine hydrochloride), CoP: cobalt (II) porphyrin, Gr: graphene, AgNPs: silver

nanoparticles, NCs: nanoclusters.



We have recently devised electrochemical genosensors that work on the basis of redox
active cobalt porphyrins (CoP), which are attached to single stranded DNA probes and placed
close to the gold electrode surface. The changes in the Co(Il)/Co(IIl) Faradic current upon
hybridisation with the complementary DNA can easily be measured, and a signal-off
mechanism has been established [43]. The indications are that the CoP is placed in a more
hydrophobic environment upon DNA hybridisation (major groove) and is thus not accessible
to the electrolyte, giving a distinct drop in current. The limit of detection (LOD) was found to
be in the femtomolar range and amounts to around 1000 DNA molecules in the analyte; the
sensor showed excellent selectivity by detecting triple (non-adjacent) and single base-pair
mismatches in the target sequence. By introducing 13 nm gold nanoparticles (AuNP) in-
between the DNA probe and the gold electrode, the system could be improved to a LOD 3.8
attomolar and detecting as few as 23 DNA molecules [42]. The signal amplification was
shown to arise from a higher loading of redox marker modified DNA on the gold electrode,
and its performance is superior to most other electrochemical sensors (see Table 1). Scheme
1 shows the general procedure for the formation of the sensor system.

Whilst this is truly approaching single molecule detection using a simple analytical setup,
we asked ourselves the questions whether changing the AuNP to the silver analogue (AgNP)
would 1) improve the detection limit, ii) influence the redox behaviour of the sensor and
potentially leading to multiplexing on the same electrode, and iii) lead to a much cheaper
manufacturing method compared to AuNP. Despite only very small quantities of the noble
metal being used in the fabrication of the NP for one sensor, the price of NaAuCls vs AgNO3
differs by a factor of ~20, which has a significant impact in large-scale production. AgNPs
have only rarely been used in the electrochemical detection of DNA, with significantly higher
LODs than our system (Table 1); to our knowledge, AgNPs have not been attached to gold
electrodes directly for the purpose of DNA detection but for general improvement of electron
transfer at the interface of the gold electrode [44, 45]. The aim of this study was to specifically
answer the questions set out above, which will help researchers to make a rational choice
between AgNP or AuNP, based on their needs and resources.

Given that we have already produced a sensitive DNA sensor [42], we chose the same
system but manufactured with AgNPs instead of AuNPs. We report the characterisation of the
novel AgNP modified sensor and discuss the analogy and differences between the AuNP and
AgNP systems in terms of electrochemical performance and DNA detection. For consistency
with our previous work, we have chosen a sequence relevant to the detection of avian

influenza virus H5N1, but the system would equally work with any other DNA sequence.
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AuNP

MYV (cp-DNA) 5'—SH-(CH3)s-AAC CTG CTATAG CTC CAAAT-3 vy (c-DNA) - 5-AAC CTG CTATAG CTC CAAAT-3’
v (P-DNA) 5-(SS-HEG), AT P TGG AGC TAT AGC AGG TT-3’ AMWY  (nc-DNA) 5-TTG GAC GAT ATC GAG GTT TA-3

Scheme 1. Schematic representation of the general genosensor fabrication. (I) Synthesis of
the DNA using standard phosphoramidite chemistry leads to the cobalt-porphyrin modified
probe strand (P-DNA); DMT = dimethoxy trityl, CEP = 3-cyano ethoxy phosphoramidite. (II)
Attachment of the P-DNA to either AgNPs or AuNPs. (III) Partial hybridisation of the probe
strands with the capture strands (cp-DNA, on gold surface within an MCH monolayer) to
attach the NPs to the surface. (III) Hybridisation of the probe and complementary strands (c-
DNA) for target detection; non-complementary DNA (nc-DNA) will not bind.

2. Experimental Section
2.1. Reagents and materials

6-Mercaptohexan-1-ol (MCH), Cyclohexane, buffer components: sodium chloride (NaCl),
sodium phosphate monobasic (NaH2PO4) and sodium phosphate dibasic (NaxHPO4) were purchased
from Sigma-Aldrich (Poznan, Poland). Potassium hydroxide (KOH), sulphuric acid (H2SO4), ethanol
(EtOH) and methanol (MeOH) were obtained from Avantor Performance Materials (Gliwice,
Poland). Trisodium citrate dihydrate, povidone (PVP), silver nitrate (AgNO3), sodium borohydride
(NaBH4) were obtained from Sigma-Aldich (UK). Oligonucleotides apart from the cobalt-porphyrin
(P-DNA), see below, were purchased from Biomers (Germany). The oligonucleotide tethered with a

thiol linker abbreviated as cp-DNA (5’-SH-(CH2)s-AAC CTG CTA TAG CTC CAA AT-3’) was



used as capturing probe for the immobilization of AgNP functionalised with DNA on the surface of
gold electrodes via hybridisation. The oligonucleotide abbreviated as P-DNA (5’—(SH-HEG),-AT P
TGG AGC TAT AGC AGG TT-3) was used as the detection probe, modified with CoP, and then
immobilised on the surface of AgNP; this DNA was synthesized according to previously published
methods [43]. Two unmodified oligonucleotides served as analytes, a complementary c-DNA (5°—
AAC CTG CTA TAG CTC CAA AT-3’) and a non-complementary nc-DNA (5’-TTG GAC GAT
ATC GAG GTT TA-3’), respectively. All aqueous solutions were prepared with deionized and
charcoal-treated water (resistivity of 18.2 MQ-cm™!) purified with a Milli-Q reagent grade water
system (Millipore, Bedford, MA). All solutions were deoxygenated by purging with nitrogen (ultra-
pure 6.0, Air Products, Poland) for 15 minutes. Each step of modification and hybridisation processes
were performed in phosphate buffer (PB) containing 2.5 mM NaH>POg, 2.5 mM NaxHPO4 and 50
mM NaCl, pH 7.0. The concentrations of the DNA dilutions were verified using UV absorption
(NanoDrop).

2.2 Synthesis of silver nanoparticles functionalised with P-DNA

A trisodium citrate dihydrate solution (1.8 mL, 0.25 M) and PVP solution (1.8 mL, 0.25 M) were
added to a solution of AgNO; (30 mL, 1.1 mM) and left stirring for 10 minutes. NaBH4 solution (1.0
mL, 0.1 M) was added and the solution turned a dark yellow colour. This was repeated using a further
2 mL NaBHj4 solution to give a darker yellow solution. This solution was centrifuged for ten minutes
and the clear supernatant removed. The AgNPs were re-dispersed in water and diluted to give a
concentration of 0.2 pM.

P-DNA was attached to the AgNPs using the ratios of AgNP:P-DNA 1:10 and 1:200. AgNP
solution (100 pL, 0.2 uM) was added to two vials, followed by P-DNA (100 pL) at 2 uM or 40 uM
separately, to give two final concentrations of 1 pM and 20 pM for the DNA, and 0.1 pM for the
AgNP. NaCl solution (200 pL, 0.125 M) and sodium phosphate buffer (100 pL, 25 mM, pH 7.0) were
added to the AgNP—P-DNA solutions so that the total volume of each was increased to 500 pL. The
solutions were then left for two hours, then their volume was slowly reduced to ~100 puL by vacuum
centrifugation, to gradually increase the ionic strength and concentration of DNA.

The samples were then purified by centrifugation (13000 rpm, 15 minutes) and the supernatant
removed. This purification step was repeated, and the solutions then stored at 4°C in a solution of 6
mM phosphate buffer containing 0.2 M NacCl, at a concentration of 0.1 uM AgNP.

The AgNP showed a range in size of the NPs from 5 — 25 nm according to TEM (see supporting

information, Fig. S1) with smaller sizes dominating. Therefore, the reported value of £=5.56 x 10®



(Amax = 392 nm) was used for an average size of 11 nm AgNP, which also corresponds to the Aax of

395 nm measured here, to calculate the concentration of the AgNP [46].

2.3 Preparation of genosensor: successive steps of the gold electrode modification

Gold disk electrodes with a radius of 1 mm (Bioanalytical Systems (BASi), West Lafayette, IN)
were used for all experiments. The electrode preparation was performed according to already
published protocol [42]. Briefly, the electrodes were polished with 0.3 pm and 0.05 um alumina slurry
(Buehler, Lake Bluff, IL USA) on a flat pads (BAS) for 5 min each and rinsed with Milli-Q water.
They were further cleaned electrochemically by cyclic voltammetry (CV). At first, the electrodes
were dipped in 0.5 M KOH solution and the potential was cycled between -0.4 V and -1.2 V (versus
Ag/AgCl reference electrode) with a scan rate of 0.1 V/s and the number of cycles 6, 100 and 20.
Subsequently, electrodes were cleaned in 0.5 M H>SOs solution in the potential window between -
0.3 Vand +1.5 V (versus Ag/AgCl reference electrode) with a scan rate of 0.1 V/s and number of
cycles 6, 20 and 6. After cleaning, the surfaces of gold electrodes were refreshed in 0.5 M KOH
solution for 20 cycles. Before modification they were rinsed with Milli-Q water followed by PB
solution (pH 7.0). Afterwards 10 pL of the following solution was dropped on each gold electrode
surface: 0.1 uM cp-DNA and 10 uM MCH in PB for 3h at room temperature (RT). Then the
electrodes were rinsed with the same buffer. In the second step of modification, 10 pL of 6 pM AgNP—
P-DNA (1:10 or 1:200) dissolved in PB solution were dropped on the gold electrodes surfaces for 2h
at RT. Finally, they were washed with the PB solution and stored in this buffer overnight at RT.

2.4 Electrochemical measurements

All electrochemical measurements were performed with a potentiostat-galvanostat AutoLab (Eco
Chemie, Utrecht, The Netherlands) with a three-electrode configuration. Potentials were measured
vs. the Ag/AgCl electrode, and a platinum wire was used as an auxiliary electrode. CV measurements
were performed in the potential range from -0.100 V to +0.750 V for the modified gold electrodes.
square wave voltammetry (SWV) was performed with a potential from -0.100 V to +0.750 V for the
modified gold electrodes with a step potential of 0.001 V, a square-wave frequency of 50 Hz, and an
amplitude of 0.050 V. Differential pulse voltammetry (DPV) was performed with a potential scanned
in the potential window: -0.100 V to +0.750 V (oxidation) or +0.750 V to -0.100 V (reduction), with

a step potential of 0.001 V, and an amplitude of 0.025 V. All measurements were carried out in the



presence of PB purged with nitrogen for 15 min. A gentle nitrogen flow was used over the sample

solution during all measurements.

2.5 Hybridisation processes of the AgNP—P-DNA probe and the target sequences

The target oligonucleotides (c-DNA and nc-DNA) were diluted with the PB solution to the
concentrations of 0.05, 0.075, 0.1 and 0.2 fM. Hybridisation reactions were performed by dropping
10 puL of the PB solution containing analytes c-DNA or nc-DNA on the modified gold electrode
surface for 1 h at RT. After hybridisation with the particular concentration of targets, the electrodes
were rinsed thoroughly with PB solution and placed into the cell for electrochemical measurements.
The hybridisation processes were monitored using SWV. The electrode responses were expressed as:
(In—10)/10x 100%, where I, is the peak current measured in the presence of the analyte and /o the peak
current before applying the analyte i.e. in pure buffer.

In addition, before starting each experiment the stability of the genosensor was checked by
dropping pure PB buffer solution and equilibrating for 1 h on the modified gold electrode surfaces
and after that the current responses were measured by means of SWV before starting each experiment.

The results confirmed the stability of all tested systems.

2.6 Atomic Force Microscopy measurements

Gold substrates modified with Au/SH-DNA+MCH/AgNP-P-DNA (1:10) were characterised by
atomic force microscope (AFM) system from Universal SPM Quesant (Agoura Hills, CA, USA). As
gold substrates mica plates coated with 10 nm thick titanium under layer and 100 nm thick gold (Imec,
Belgium) were used. Before experiments, the gold substrates were rinsed with cyclohexane and
cleaned using a UV/ozone chamber (Novascan Technologies, USA) for 20 min. Next, they were
annealed by hydrogen flame. Modification layers were formed by immersion of the Au substrate in
PB solution containing a mixture of 0.1 uM SH-DNA and 10 uM MCH (3h, RT). Then the substrate
was rinsed with PB and dipped in the same buffer but containing 6 pM AgNP-P-DNA (1:10) for 2h
at RT. Finally, it was washed with PB and stored in this buffer overnight at RT. The modification on
gold plates proceeded analogously to that on the gold electrodes.

The AFM images were obtained using non-contact mode with NPC16 tip (W2C, Si3Ny), which
oscillates at ca. 170 kHz resonance frequency above the sample surface. The nominal spring constant
of these cantilevers was equal to 45 N/m. The radius of tip curvature was ca. 10 nm. Images were

recorded in air with pixel resolution of 300 % 300.



3. Results

3.1 Genosensor fabrication

The steps for the genosensor fabrication are shown in Scheme 1. In the first step (I), the gold electrode
surface is modified with a thiol modified DNA capture probe (cp-DNA) embedded in 6-mercaptohexan-1-
ol (MCH) self-assembled monolayer (SAM). The cp-DNA is complementary to the P-DNA. In the second
step (II), AgNPs functionalised with P-DNA are immobilised on the gold electrode by hybridisation with
the cp-DNA. As a consequence, some of P-DNA strands are used for binding of AgNP to the electrode
surface, but most of them are not involved in this hybridisation and remain able to interact with target
strands in the sample solution. During the last step (II1), hybridisation between the P-DNA and target DNA
(c-DNA) is carried out for signal generation. The non-complementary strand (nc-DNA) serves as negative
control. To compare the influence of surface coverage of the AgNP with the probe — and of redox centres
CoP — on the sensitivity of the sensor, we employed two different sensors, where a ratio of AgNP:P-DNA
of 1:10 or 1:200 was used during the synthesis. This method to produce sensors with nanoparticle
modification works very well for both gold and silver NPs and should be applicable to other types of

nanoparticles or quantum dots, thus making it a very general approach.

3.2  AFM characterization of SH-DNA+MCH/AgNPs—P-DNA (1:10) layer

To visualise the topology of the gold surfaces after modification with the AgNP—P-DNA
(1:10), non-contact mode of AFM in air was used. The topography of the AgNP—P-DNA layer
deposited on the Au substrate (Fig. 1A) showed well-formed objects over the entire scanned
range. The surface displays an RMS roughness equal to 67.9 + 5.1 nm over 5x5 pm?. The size
of the objects was found to be 172.5 = 9.2 nm. It should be noted that this is significantly
larger than what would be expected from the AgNP coated with a single layer of DNA. The
AgNP themselves show some fluctuation in size, ranging from 5 nm to 25 nm (Fig. S1);
adding a 20-mer DNA would account for an additional 5 to 6 nm, thus an estimated radius
range of 15 to 37 nm could be expected.

Compared to the AuNP surface (Fig. 1B), there are clear differences. Firstly, the AgNP
surface shows a much larger RMS roughness compared to the AuNP surface, which showed
a roughness of 48.7 = 7.4 nm. Secondly, while the AuNP surface shows better separated NPs
with little to no aggregation, the AgNP surface reveals a high level of coverage with AgNP.
The average size of the AuNP was 85.7 + 4.2 nm where the increase in size can be explained

by the attachment of DNA [42]; in the AgNP surface, however, the increase in particle size
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far exceeds the size of the DNA. Therefore, it can be assumed that a significant amount of

clustering is present in the AgNP system.
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Fig. 1. AFM images gold Au(111) thin film on mica substrate modified with (A) AgNP-P-DNA
(1:10), and (B) with AuNP-P-DNA (1:200).

3.3 Electrochemical characterisation of the redox-active layers consisting of AgNPs-P-DNA

with different ratios (1:10 and 1: 200)

To fully characterise the electrochemical properties of the sensors with either AgNP—P-
DNA = 1:10 or 1:200, they were analysed using CV, SWV and DPV. Both sensors exhibited
well-defined quasi-reversible Co(II)/Co(I1l) redox peaks (Fig. S2, S3). Slightly higher current
intensities were obtained for the system incorporated AgNP—P-DNA at a ratio of 1:10, and
the peak potentials for this system were fractionally shifted towards positive values in
comparison to that which incorporated the AgNP-P-DNA (1:200) system. The
electrochemical parameters (peak positions and current values) obtained are summarised in
Table S1 and reveal that they are essentially the same as previously measured with the AuNP-
system [42]. Therefore, the change from gold to silver does not affect the redox behaviour of
the cobalt porphyrin, confirming that the electron transfer reaction does not involve the
nanoparticle.

Confirmation that the redox centres are located on the electrode surface was obtained
from measuring the peak currents at different scan rates. Both AgNP sensors become more
irreversible with increasing scan rates and exhibit a linear relationship between scan rate and
peak current (anodic or cathodic), showing that the redox process is not diffusion controlled

[47, 48] (see ESI). From these data, the density of redox active layers (7)), the electron transfer

11



coefficient (o) and the electrode reaction standard rate constant (ks) were calculated (Table 2)
[49]. For the AgNP—P-DNA (1:10) sensor, the data show lower 7', higher & and lower ks values
than for the AgNP—P-DNA (1:200) sensor, as expected. The redox centre density increases
with increasing DNA loading on the AgNP, and the values of 8.51 + 0.21 x 10!2 (1:10) and
1.03 £0.142 x 107! (1:200) mol/cm? are slightly lower than the AuNP system (/"= 2.9 x 10~
""'mol/cm?). The a-values of 0.62 and 0.81 are in the same range as for the AuNP modified
electrodes (a = 0.66 — 0.74), but the kg-values (0.8 — 0.9 s7!) are slightly higher than in the
AUuNP electrodes (ks = 0.7 s7!), thus the AgNP seems to induce a slightly faster redox reaction.
Whether this is due to the slightly smaller size of the AgNPs is difficult to assess but could

provide an explanation.

Table 2. Electrochemical parameters and limit of detection (LOD) of the modified gold

electrodes (n=4) with either AuNPs or AgNPs.

Modifier '/ mol/cm?* o’ k/ste LOD /M
AgNP—P-DNA (1:10) 8.51+021x10" | 0.81+£0.02| 0.81+0.06 5.03x10°'®
AuNP-P-DNA (1:10) ¢ 3.0+£02x 10 0.74 £0.15 0.70 £0.13 4.8x107"
AgNP-P-DNA (1:200) | 1.03£0.142x 10| 0.62+0.03| 0.91=0.02 8.72x10°'®

AuNP-P-DNA (1:200) ¢ 29+0.5x10™" 0.68 + 0.04 0.71+0.02 3.8x107"8

¢ Density of redox active layer; ? electron transfer coefficient; ¢ electrode reaction standard

rate constant; ¢ data taken from ref [42].

3.4 Detection of 20-mer DNA sequences

The detection of complementary c-DNA was done in the range of 0.05 — 0.20 fM after
incubation for one hour and using SWV (Fig. 2A, B). Hybridisation with the target c-DNA
caused a decrease in the Co(II)/Co(IIl) Faradic current for both biosensors, analogous as was
observed for the AuNP-system [42]. The nc-DNA induced only small changes in the current,
showing good selectivity for the complementary DNA (Fig. S4). For both AgNP sensors, a
linear range for the concentration dependent response to c-DNA was observed from 50 x 10!®
to 100 x 107" M (Fig. 2C), where a lower loading (1:10) seems to be beneficiary to obtain
more sensitive genosensors as the response was more reproducible. The limit of detection
(LOD) was calculated according to LOD = 3.3 o/S, where o is the standard deviation of the
response and S is the slope of the calibration curve [50]. The LODs for AgNP—-P-DNA (1:10)
and AgNP-P-DNA (1:200) were found to be 5.03x10'¥ M and 8.72x107'® M, respectively,

12



which are only slightly higher than for the AuNP sensors (Table 2). For the incubation we
used 10 puL of the DNA target. Thus, taking into account sample volume and LOD, we can
conclude that we are able to detect a minimum of 30 and 52 DNA molecules, using AgNP—P-
DNA (1:10) or AgNP-P-DNA (1:200) system, respectively. This again compares well to the
AuNP system with detection numbers of 290 (1:10) and 23 (1:200) molecules [42].

13



(A) 14 —0fM (B) 14

12 ——0.05fM 12
' ——0.075fM '
< 10 —o1m 10
Zo0s8 ——0.2fM Zo0s8
5 06 5 06
3 04 304
02 1:10 02 1:200
00 AgNP:P-DNA 00 AgNP:P-DNA
02— . : : 02— : . :
00 02 04 06 00 02 04 06
Potential /V Potential /V
(C) -10
= 110 AuNP; R =0.839
-15 m  1:10 AgNP; R2 = 0.991
O 1:200 AuNP: R? = 0.996
o O 1:200 AgNP; R2 = 0.895
< 20
>
‘B
c
g . ‘
£ 25
E N\
-30
35 %
0.05 0.10 0.15 0.20
conc. DNA / fM

Fig. 2. Representative square-wave voltammograms recorded in PB buffer using gold
electrodes modified with (A) AgNP-P-DNA (1:10); (B) AgNP-P-DNA (1:200). The
responses were recorded before (black lines) and after hybridisation in PB buffer with
complementary c-DNA. (C) Comparison of the relative intensity of /=[(/x-10)/1o]*100% for
the redox couple Co(II)/Co(II) current vs. concentration of AgNP (black) and AuNP (red
[42]) modified electrodes; (l) NP-P-DNA (1:10), (O) NP-P-DNA (1:200).

The term “response ratio” was recommended for the selectivity determination of
amperometric sensors, which is calculated from the ratio of the slopes of the calibration curves
(sensitivities) of target and interfering compounds (nc-DNA) as the measure of selectivity
(Rij=Si/Si) [31,32]. The parameters for our sensors are given in Table 3, together with the
values calculated for the previous DNA sensors based on AuNPs [42]. The slopes of the

calibration curves for c-DNA for the sensing system based on AgNP as well as AuNP are very
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similar with a drop in relative intensity of ~15 % in all cases, confirming the comparable
detection limits in the attomolar range (Fig. 2C). The slopes concerning nc-DNA were
substantially lower, and the sensing systems show values of Rj; < 1.0, indicating very good
selectivity. The lack of selectivity was only observed in the case of electrodes which
incorporated AuNP-P-DNA (1:10) [42]. Also, the sensors based on AgNP-P-DNA (1:10) and
AuNP-P-DNA (1:200) showed a better linear response (Fig. 2C).

Table 3. Selectivity comparing AgNP and AuNP modified sensors.

Sensor c-DNA nc-DNA

Slope S; [%/fM] Slope S; [%/tM] Response ratio R;;=Si/S;
AgNP—P-DNA (1:10) -260.00 -115.20 0.44
AgNP—P-DNA (1:200) -287.80 -144.59 0.50
AuNP—P-DNA (1:10)¥ -298.60 -338.60 1.13
AuNP-P-DNA (1:200)? -276.80 -116.00 0.42

3 data taken from ref [42].

4. Discussion

Here we have prepared a DNA sensor which contains silver nanoparticles as a means to
improve the sensitivity compared to unmodified gold electrodes. The system is analogous to our
previously described sensor containing gold nanoparticles. The fabrication of both AuNP and AgNP
sensors follows a general scheme, which demonstrates the versatility of the approach. The AgNP
system proved to be slightly trickier to manufacture due to the instability of the AgNPs when exposed
to light, but with careful handling this can easily be overcome. A direct comparison of the AgNP and
AuNP systems allows for the first time to get an insight into sensors where the NPs are attached to
the electrode surface as close as possible, but not in direct contact, and where the NPs are not part of
a hybridisation process with either probe or target DNA strand.

We have set out to answer some basic questions regarding sensitivity, multiplexing and
economics comparing both AgNP and AuNP modified sensors. With regards to performance, is there
any benefit for using either gold or silver? The short answer is No. Both types of sensors show a
response that it dominated by the cobalt-porphyrin redox marker, and the electron transfer does not

involve either type of NP. They all show a linear response in the attomolar concentration range of
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target DNA, very good selectivity towards complementary DNA vs non-complementary DNA, and
detection limits that are approaching single molecule detection. This leads to the second question:
can a mixture of AgNPs and AuNPs on the same electrode lead to the detection of different DNA
sequences on the same electrode? The answer again is No, at least not with our system. In this respect,
gold and silver are equal; whether this holds true for other nanoparticles and quantum dots, other
attachment technologies, or ratiometric detection [51] remains to be seen.

Differences in the two systems arise from the coverage of the electrode surface. In case of
gold NPs, the particles are better separated, and no aggregation is observed. This is not only the case
for the saturated NPs in terms of DNA loading, which we determined to be around 160 DNA
molecules per NP [42], but for lower loadings as well. The silver NP system, on the other hand, shows
a substantial amount of aggregation on the surface, irrespective of DNA loading on the NP. Since the
detection of the redox signal arises from the cobalt-porphyrin and does not seem to involve the NPs,
we conclude that the aggregation itself does not impact the performance of the sensor. The best
performing systems contain either AuNPs with a high loading of DNA, or AgNPs with a low loading
of DNA. It is not quite clear why the lower loading of DNA on the AgNPs is beneficiary. From an
economic point-of-view, this means that the AgNP modified electrode benefits from the use of a
much lower loading of DNA probe on the nanoparticles which is compensated by a higher coverage
of the electrode with the NP, which results in a much better DNA economy, and from cheaper starting
materials (Ag vs. Au), thus leads to more affordable yet highly sensitive sensors.

Taking reproducibility, selectivity and LOD into account, in the case of AgNPs the loading of
1:10 gives the best results, whereas in the case of AuNP the loading of 1:200 gives the most successful
electrode. Our recommendation therefore is to use AgNPs if an easy-to-setup system for testing in

the laboratory is required, but to consider AgNPs is upscaling is the aim.
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