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

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

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

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the ethical guidelines, outlined 
in our author and reviewer resource centre, still apply. In no 
event shall the Royal Society of Chemistry be held responsible 
for any errors or omissions in this Accepted Manuscript or any 
consequences arising from the use of any information it contains. 

Accepted Manuscript

rsc.li/chemcomm

ChemComm
Chemical Communications
www.rsc.org/chemcomm

ISSN 1359-7345

COMMUNICATION
Marilyn M. Olmstead, Alan L. Balch, Josep M. Poblet, Luis Echegoyen et al. 
Reactivity diff erences of Sc

3
N@C

2n
 (2n = 68 and 80). Synthesis of the 

fi rst methanofullerene derivatives of Sc
3
N@D

5h
-C

80

Volume 52 Number 1 4 January 2016 Pages 1–216

ChemComm
Chemical Communications

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  B. Kaur, K.

Malecka, C. S. Chay, D. A. Cristaldi, I. Mames, H. Radecka, J. Radecki  and E. Stulz, Chem. Commun.,

2018, DOI: 10.1039/C8CC05362F.

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c8cc05362f
https://pubs.rsc.org/en/journals/journal/CC
http://crossmark.crossref.org/dialog/?doi=10.1039/C8CC05362F&domain=pdf&date_stamp=2018-08-06


ChemComm  

COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Approaching single DNA molecule detection with an ultrasensitive 

electrochemical genosensor based on gold nanoparticles and 

Cobalt-porphyrin DNA conjugates 

Balwinder Kaur,†a Kamila Malecka,†a Domenico A. Cristaldi,†b Clarissa S. Chay,†b Iwona Mames,†b 
Hanna Radecka,a Jerzy Radecki*a and Eugen Stulz*b 

We describe an ultrasensitive electrochemical genosensor based 

on gold nanoparticles and cobalt-porphyrin functionalised ssDNA 

probes. The sensitivity at the attomolar concentration level arises 

from an increased density of redox labels on the electrode surface 

compared to sensors without NP modification. The electrode 

detects as few as 23 DNA molecules, approaching single molecule 

detection. 

There is currently a great interest in highly sensitive DNA 

biosensors due to increased risks and threats from pathogens, 

but also for early diagnostics of gene associated diseases such 

as cancer.1 The genosensors find widespread use in clinical 

diagnosis, pathogen detection, DNA sequencing and mapping, 

and in forensics.2 In particular, the detection of single 

nucleotide polymorphism (SNP) is of high importance in 

specific allele analysis, which can indicate susceptibility for 

specific diseases.3 

Generally, in genosensors the hybridisation process between 

the ssDNA probe and its complementary target is converted 

into a readable signal by appropriate transducers like 

electrochemical, optical or mass-sensitive elements. Among 

the different sensing methods, electrochemical detection 

offers one of the best options for DNA sensing due to its 

simplicity, fast response, low cost, ease of miniaturization and 

potential for multiplexing in microfluidic chips.4 To date a 

variety of electrochemical genosensors for specific ssDNA 

sequence detection have been reported in the literature.5 

These genosensors are based either on direct oxidation or 

reduction of nucleic acids, on electrodes modified with label-

free ssDNA probe and diffusional redox markers such as 

Fe[(CN)6]3-/4-, or [Ru(NH3)6]3+ in the sample solution. The 

sensors which incorporate a ssDNA probe labelled with redox 

markers, such as methylene blue or ferrocene, are often called 

signal-on or signal-off DNA sensors, depending on their 

design.
2b, 2d

 

Improving the sensitivity and detection limit are two of the 

major challenges in the preparation of genosensors, and 

particularly the amount of immobilised ssDNA probe on the 

biosensor interface further determines its recognition 

capability towards complementary ssDNA. In order to increase 

the immobilisation amount of the ssDNA probe and improve 

its hybridisation efficiency, different nanomaterials have been 

investigated for electrode surface modification to increase 

their surface areas.
6
 In recent years, DNA genosensors based 

on metal nanoparticles (Pt, Au and Ag) for signal amplification 

have been developed with substantial improvement in 

sensitivity.
7
 DNA-gold nanoparticle conjugates have been 

explored as one of the most attractive nanomaterials because 

of their unique chemical and physical properties and ease of 

formation.7d, 7e, 8 The reported sensors with nanoparticle 

modification generally exhibit detection limits (LODs) in the 

range of 10-9 to 10-15 M;7e, 8a, 8b, 9 one report describes a LOD of 

1.7 × 10−18 M where a AuNP was attached to the end of a 

hairpin loop and acts as mediator for the [Fe(CN)6]3−/4−
 redox 

couple detection.10 

Here we report a new strategy to prepare DNA biosensors 

based on gold nanoparticles (AuNPs) combined with cobalt-

porphyrin (CoP) labelled ssDNA probes,11 which are 

immobilized on the gold electrode surface. The CoP acts as 

redox marker for the sensitive detection of the target ssDNA 

derived from Avian Influenza Virus (AIV); this marker has 

previously shown to be very sensitive and selective, allowing 

efficiently discrimination of single base pair mismatches in the 

femtomolar range and does not require an externally added 

redox mediator, which is a great advantage.11a AIV, especially 

the type H5N1, is a highly contagious, poultry threatening 

pathogen which can also infect humans. Thus, there is a 

requirement for highly sensitive, accurate and rapid tests for 

diagnosis of AIV infection which would allow early antiviral 

therapy.12 In recent years, our laboratories have developed 

DNA biosensors towards the detection of H5N1.2b, 11a, 13 Using 
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AuNPs, an increase of ssDNA probe molecules and with it the 

number of redox centres responsible for the analytical signal 

generation was achieved on an electrode, resulting in a 

genosensor with greatly improved sensitivity. A detailed study 

to determine the effect of AuNPs surface functionalization 

with different amounts of CoP-ssDNA on the detection of DNA 

targets is presented. 

The steps in the genosensor fabrication and the working 

principle are depicted in Scheme 1 (details of the procedures 

can be found in the electronic supporting information). The 

first step involves modification of the gold electrode surface 

with a thiol-DNA capture strand, which is complementary to 

the CoP-ssDNA probe; the capture strand is embedded in a 

self-assembled monolayer (SAM) of mercaptohexanol (MCH). 

In a separate step, AuNPs (13 nm, Fig. S4) were functionalised 

with CoP-DNA (probe strand)11b through covalent Au-thiol 

bonding; as in our previous sensor, three dithiol serinol units 

at the 5’-end were used to ensure stability of the conjugate.11a 

Different ratios of AuNPs to ssDNA at 1:10, 1:100 and 1:200 

were used (by virtue of concentration); no MCH filler was used 

on the NPs. The AuNP–CoP-ssDNA conjugates were then 

attached to the gold electrode surface via hybridisation of the 

two complementary strands. In this respect, some of the 

ssDNA probe is used to bind the NPs to the gold surface and 

burying this amount of the porphyrin markers; however, since 

not all probe strands are used in this process it leaves enough 

CoP-ssDNA strands for capturing the target strands in solution. 

 
Scheme 1. Schematic representation of the genosensor fabrication. The blue capture 

strand is attached via single thiol modification; the black probe strand containing the 

porphyrin (P) is anchored by two repeating disulfide and hexaethylene glycol spacer 

units (see ESI). 

To visualise the adsorption of the modified AuNPs onto the 

substrate, AFM images were recorded using a gold layered 

mica substrate which was prepared in an identical way to the 

electrodes. The images were recorded using non-contact mode 

in air, and representative images are shown in Fig. 1a. The 

bare gold surface shows a high degree of structural 

homogeneity with well-defined terraces and a root mean 

squared (RMS) roughness of 3.27 ± 0.17 nm, which was 

determined over an area of 0.50 µm
2
. The topography of the 

AuNP modified gold surface is shown in Fig. 1b, and well 

separated NPs are visible. The RMS roughness, determined 

over the same area as before, was equal to 7.49 ± 0.45 nm. 

The size of the observed AuNPs was found to be 46.6 ± 1.7 nm, 

which is larger than the AuNPs themselves (13 nm). Similar size 

increase in AuNP-DNA conjugates with a comparable DNA 

length (from 17 nm NP to 69.8 nm NP-DNA conjugate with an 

18 bp DNA) have been reported,14 therefore the increase can 

be accounted for by the ssDNA layer. The dispersion of the NPs 

on the gold surface also indicates that no aggregation occurs, 

which would show substantially larger sizes.14 

 

Figure 1. AFM images of: (a) Au(111) thin film on mica substrate and (b) Au(111) 

substrate modified with SH-ssDNA+MCH/AuNPs-CoP-ssDNA (1:200). 

The functional electrode was next fully characterised using 

electrochemical methods. The presence of the redox active 

probe (CoP) on the electrode surface was confirmed by cyclic 

voltammetry (CV), Osteryoung square wave voltammetry 

(OSWV) and differential pulse voltammetry (DPV). 

Representative voltammograms for all systems are shown in 

Fig. S6 (supporting information). The gold electrodes, which 

were modified with AuNPs-CoP–ssDNA using 1:10, 1:100 and 

1:200 ratio, all exhibited well defined quasi-reversible 

Co(II)/Co(III) redox peaks. The electrochemical parameters 

(peak positions and peak current values) obtained for this 

study are summarised in Table S1, and the redox potentials 

generally centre around +300 mV. The Co(II)/Co(III) redox 

peaks are also clearly visible in the representative OSWV (Fig. 

S6b), and DPV confirmed well-defined oxidation Co(II)/Co(III) 

and reduction Co(III)/Co(II) peaks for the redox processes (Fig. 

S6c,d). The current intensity as well as the peak potential for 

the Co(II)/Co(III) redox process resulted in the same potential 

position for all systems studied (Table S1) and does not vary 

greatly for the different loadings. Therefore, the sensors show 

good consistency in their redox behaviour. 

To confirm that the redox centres are located at the electrode 

surface, the effect of the scan rate on the peak currents was 

investigated. Fig. S7 shows that all systems exhibit a linear 

relationship between the scan rate and the anodic or cathodic 

peak currents. This indicates that the redox process is not 

diffusion controlled and the redox centres are indeed located 

on the surface of the gold electrode. The relationship between 

scan rate vs anodic and cathodic peak currents was used to 

calculate the density of redox active layer (Γ). The density Γ for 
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all systems was found to be similar at around 2.9 × 10
-11

 

mol/cm
2
 (Table S2), which is a factor of 2.5 higher than 

without NPs.
11a

 In addition, the data presented in Fig. S7 also 

confirms that the anodic peak shifts towards positive potential 

values, whereas the cathodic peak shifts in the direction of 

negative potential with increasing scan rate. Electrochemical 

parameters such as the electron transfer coefficient (α) and 

the electrode reaction standard rate constant (ks) were 

calculated from the relationship between the natural 

logarithm of the scan rate vs the anodic or cathodic peak 

potential using Laviron’s equation (Table S2).
15

 The electron 

transfer coefficient values calculated for the modified gold 

electrodes are very similar in the range of α = 0.66 – 0.74. For 

all systems, and similar values of ks = 0.7 s-1 were observed. 

 

Figure 2. Representative Osteryoung square-wave voltammograms recorded using gold 

electrodes modified with SH-ssDNA+MCH/AuNPs-CoP-ssDNA (1:200) upon 

hybridization with 20-mer (a) c-ssDNA (complementary) and (b) nc-ssDNA (non-

complementary) at concentrations (i) 0, (ii) 0.05, (iii) 0.075, (iv) 0.1 and (v) 0.2 fM 

(buffer composition: 2.5 mM NaH2PO4, 2.5 mM Na2HPO4 and 50 mM NaCl, pH 7.0). (c) 

Relative intensity of redox couple Co(II)/Co(III) current vs. concentration of (●) c-ssDNA 

and (■) nc-ssDNA. 

Overall, the data suggest that a similar number of CoP redox 

centres are “seen” on the electrode surface, irrespective of the 

original loading of the AuNPs with the CoP–DNA. We 

determined that the saturation loading of ssDNA on the AuNP 

is around 160 molecules per AuNP (see ESI, Fig. S5), therefore 

the 1:200 system should represent a fully covered AuNP, 

whereas at lower ratios the AuNPs are expected to be loaded 

with fewer redox centres. Since the AuNPs show some 

variation in size, the saturation number represents an average 

value, and we will refer to this system still as 1:200, 

acknowledging that some deviation from this number is 

present. The reduced loading in the lower ratios is clearly 

visible in the hybridisation tests (vide infra), even though it 

may not be reflected in the characterisation of the ssDNA 

electrode. 

Before applying the genosensors for the detection of target 

ssDNA, one of the important parameters, namely the 

hybridisation time between the target ssDNA and ssDNA probe 

required for maximum target detection, was optimized (Fig. 

S8). The maximum decrease in the current intensity was 

obtained after 2 h of hybridisation time; the decrease in 

current corresponds perfectly to what we had observed in our 

sensor without NP modification and is indicative of the 

hybridisation event.
11a

 Therefore, a hybridisation time of 2 h 

was used for all further experiments involving complementary 

as well as non-complementary ssDNA. In addition, before 

starting each experiment the stability of the DNA biosensor 

was checked by adding pure PB buffer solution and 

equilibrated for 2 h on the modified gold electrodes surfaces. 

The current responses were then measured using OSWV. 

Based on the obtained results it can be confidently stated that 

all systems are stable with a relative standard deviation (RSD) 

of less than 5%. 

The electrodes were applied for the detection of fully 

complementary (c-ssDNA) and non-complementary (nc-ssDNA) 

sequences to the ssDNA probe using OSWV which  eliminates 

the capacitive current. Representative OSWV curves registered 

after incubation with the 20-mer complementary c-ssDNA with 

the various modified gold electrodes are shown in Fig. 2a, Fig. 

S9a and Fig. S10a. The addition of target c-ssDNA produced a 

decrease in the Co(II)/Co(III) faradic current for all of the 

modified gold electrodes, as described previously.11a The 

decrease in the current is proportional to the concentration of 

the c-ssDNA. The non-complementary nc-ssDNA induced much 

smaller changes in the current (Fig. 2b, Fig. S9b and Fig. S10b). 

A linear range was obtained from 5.0 × 10-17 – 1.0 × 10-16 M for 

all gold electrodes (Fig. 2c, Fig. S9c and Fig. S10c, Table S3). 

The ratio of the slopes of the linear regressions of c-DNA and 

nc-DNA gives the response ratio Ri,j and is a measure for the 

selectivity of the electrode;16 for 1:100 and 1:200 this is 0.50 

and 0.43, respectively, and indicates very good selectivity, 

whereas for 1:10 the ratio of 1.13 indicates poor selectivity. 

The detection limits (LODs) were calculated using IUPAC 

definitions and applying equation (1):17 

 

LOD= 3.3 σ/q     (1) 

 

where σ is the standard deviation of the response and q is the 

slope of the calibration curve. The limit of detections for the 

sensors at ratio 1:10, 1:100 and 1:200 were found to be 4.8 × 

10-17 M, 2.6 × 10-17 M, and 3.8 × 10-18 M, respectively; this is 

directly correlated with the relative number and density of the 

CoP-DNA probe on the AuNP surface. This shows that 

saturating the AuNPs with the CoP-DNA probe gives the sensor 

with the highest sensitivity and lowest LOD, while lower 

loadings yield LODs which are a factor of 10 less sensitive. 

Compared to the electrodes without AuNPs, which have a LOD 

of 21 fM,11a the decrease in LOD to 3.8 aM means a gain factor 

of >1000.  

Given that for the incubation we used 10 µl of the target 

ssDNA solution, the effective detection limit of ssDNA at ratio 

1:10, 1:100 and 1:200 is 4.8×10-22, 2.6×10-22 and 3.8×10-23 mol 

and amounts to 290, 160 and 23 DNA molecules, respectively, 

thus approaching single molecule detection of complementary 

DNA. The electrode has a surface area of 0.0314 cm
2
 and 

contains about 1.75×10
13

 detectable CoP-ssDNA molecules for 
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each sample (1:10, 1:100 and 1:200). A comparison with 

systems reported in the literature (Table S3) shows that our 

approach is superior to most reported sensors in terms of LOD, 

apart from the sensor by Li et al.
10

 who reported a LOD of 1.7 

aM. However, their system involved attachment of the AuNP 

to the end of a hairpin loop, which is removed from the 

electrode surface upon target binding and hairpin loop 

opening; no information is given on the effective numbers of 

detected DNA molecules. 

In summary, we demonstrate that a stable genosensor can be 

prepared which shows a greatly improved LOD for 

complementary ssDNA strands by inclusion of AuNPs on the 

electrode surface. The use of the probe strand to both capture 

the AuNPs onto the surface as well as for the detection of the 

target ssDNA simplifies the system greatly. This avoids the use 

of either different DNA strands for the two purposes or using 

more elaborate systems such as based on biotin–streptavidin 

binding. The data suggest that the system improvements are 

primarily due to an increased number of redox markers close 

to the electrode surface, and no evidence of electron transfer 

through the nanoparticles could be observed. This system 

could very well be implemented in multiplexing devices, 

including those based on microfluidic setup, and thus be 

adapted to a variety of different target DNA sequences such as 

for viral infections, cancer or inherited genetic disorders, 

where rapid detection and high sensitivity are of highest 

importance. 
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