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We describe the application of poly(propylene imine) dendrimer in the preparation of a simple DNA 

biosensor. Generation one PPI was electrodeposited via cyclic voltammetry on glassy carbon electrode 

using a potential range of -100 to 1100 mV for 10 cycles at 50 mV/s scan rate.  A single strand probe 

DNA (21 mer) of 2 M concentration was immobilised by electrostatic attraction on the PPI layer via 

deep coating in a 500 L solution for 3 hr at 25 C to form the biosensor (GCE/G1PPI/ssDNA). 

Hybridisations were carried out at 38 C using blank buffer solutions and target DNA solutions 

comprising of complementary, non complementary and 3 base mismatch DNA strands. 

Electrochemical impedance spectroscopy presented as Nyquist, impedance and phase angle plots, was 

used to interrogate each stage of the biosensor preparation with Fe(CN)6]
3-/4- 

as the redox probe. The 

biosensor hybridisation performance was monitored using charge transfer resistance data obtained after 

fitting the impedance plot. The DNA biosensor was able to detect complementary DNA target to the 

limit of 9.43 x 10
-12

 M with a linear range of 1 x 10
-11

 M to 5 x 10
-9

 M. The biosensor was also 

selective towards mismatch and non complementary target DNA. 
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1. INTRODUCTION 

Electrochemical DNA biosensors (EDB) are a class of affinity sensors which can be further 

divided into label and label free [1-4]. The major principle of biorecognition in electrochemical DNA 

biosensor is based on hybridisation. The fact that hybridisation is not intrinsically an electroactive 

process favours the label free electrochemical DNA biosensor design. In label free approach, changes 

in the electrical and surface properties at the interface of the electrode are exploited. These interfacial 
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changes make electrochemical impedance spectroscopy (EIS) a technique of choice [5-6]. Though 

most of the works on EDB are still at the research level, few products can now be found in the market 

and some on the way. For example, Osmetech has received FDA clearance for eSensors assays for 

detecting cystic fibrosis carriers, and for identifying single-nucleotide polymorphisms (SNPs) as 

relates to warfarin.  Warfarin is the most widely prescribed oral anticoagulant in North America and 

Europe with an estimated 2 million new patients in the US each year [7-8]. 

One of the philosophies of biosensor is biomimicry. Thus, biosensor development necessitates 

working within the biomolecular ‘convenience’ of the bioreceptors. This means keeping the 

biomolecule or bioreceptors (DNA or enzyme) in its natural (physiological) structural conformation 

and environment as much as possible. Thus the key step in the design of EDB is the immobilisation of 

the DNA probe. The success of immobilisation lies on the immobilisation layer or platform and the 

chemistries of immobilisation.  Myriads of immobilisation layer which are usually polymeric or 

polymer composites [9-11] and nanomaterials [12] such as gold nanoparticle [13], carbon nanotubes 

[14-15], quantum dots [16] etc., have been reported. The application of these materials sometimes 

necessitates multiple stages of immobilisation layer preparations such as layer by layer covalent 

attachment via carbodimide bonds at stringent conditions. These approaches are plausible and have 

birthed lower detection limits, but complex protocols and chemistries may often be difficult to 

reproduce or produce commercially. Hence we quest for materials and approaches which are simple 

and DNA friendly – keeping things simple (if possible) may be a key to bigger breakthroughs and thus 

herald more commercially available DNA biosensors.  

Dendrimers are a new class of highly branched globular polymers [17] with biocompatible 

properties. The dendritic architecture actually originated from nature [18] and the degree of control 

that exists within dendrimers and biological molecules make them a good candidate for biomimicry, 

hence biosensors [19]. The exploit of dendrimers in biomedical applications especially in gene 

delivery where it is being used as a non viral vector, is a proof of DNA-dendrimer biocompatibility 

[20-22].  

A comprehensive report on the synthesis of the two most popular dendrimers - 

poly(amidoamine) (PAMAM) and poly(propylene imine) dendrimer (PPI) - have been reported by 

Newkome and  Shreiner [23]. PPI, typical of dendrimers, is nanoscopic in size, has highly controllable 

molecular weight with large number of readily accessible terminal primary amine functional groups. It 

is cationic in nature and through its nanocavities, has the ability to host anionic molecules like DNA. 

Dendrimers should therefore be a material of interest in the design of EDB. The use of dendrimers, 

dendrimer composites and metallodendrimer in DNA biosensor and DNA microarrays is successfully 

emerging [24-29].  

As a sequel to our earlier work on the electrodeposition and characterisation of PPI on glassy 

carbon electrode [30], we present the development of a label free EDB using PPI as immobilisation 

layer. The biosensor is developed via a simple one-step immobilisation layer synthesis and 

immobilisation of DNA probe. An unmodified probe ssDNA was immobilised on the PPI using 

electrostatic attraction and host-guest chemistry through the dendrimer nanocavities. This 

immobilisation approach yielded a stable biosensor with good detection limit and selectivity. Cyclic 

voltammetry and EIS were used as the electro-analytical tool in this work.  
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2. EXPERIMENTAL 

2.1. Reagents and apparatus 

All reagents used are of analytical grade and were purchased from Sigma Aldrich (South 

Africa) except stated otherwise. Ultra pure water from Millipore was used throughout the experiment. 

100 mM phosphate buffer solution and 10 mM phosphate buffer saline solution (PBS) with pH 7.2 

were prepared from Na2HPO4, KH2PO4 and 0.3 mM KCl (for PBS only). 5 mM (1:1) solution of 

K3Fe(CN)6 and K4Fe(CN)6 ([Fe(CN)6]
3-/4-

) was prepared in 100 mL of 10 mM PBS pH 7.2.  DNA 

sequences of 21 mer were purchased from Inqaba biotec, Pretoria, South Africa and shown below:  

 

Probe: 5′-GAGGAGTTGGGGGAGCACATT-3′ 

 

Complementary: 5′-AATGTGCTCCCCCAACTCCTC-3′ 

 

Non complementary: 5′-AACGTGTGAATGACCCAGTAT-3′ 

 

3 base mismatch: 5′-AATGTGGTCGCCCTACTCCTC-3′ 

 

100 M of DNA stock was prepared in Tris-EDTA buffer (pH 8.0) and stored at -20 C. 

Working DNA solutions were prepared by diluting the stock solution to the desired concentrations in 

phosphate buffer solution, stored at 4 C and not used when older than 4 weeks. Hybridisation was 

done in phosphate buffer saline (PBS). Generation one G1 poly(propylene imine) dendrimer (used as 

received) were purchased from SyMO-Chem, Eindhoven, Netherlands.  

A three electrode system was used to perform all electrochemical experiments with glassy 

carbon electrode (diameter 0.3 cm), Ag/AgCl (3M Cl
-
) and platinum wire used as working, reference 

and counter electrodes respectively.  All solutions were de-aerated by bubbling argon through it for 5 

minutes. All voltammetric experiments were performed on an Epsilon (BASi) electrochemical 

workstation (LaFayette) with oxidative scan direction except stated otherwise. Square wave 

voltammetry (SWV) measurements were performed by applying amplitude of 25 mV and frequency of 

15 Hz. electrochemical impedance spectroscopy (EIS) measurements were recorded with Zahner 

IM6ex Germany and Autolab PGSTAT 302N, at perturbation amplitude of 10 mV within the frequency 

range of 100 kHz to 100 mHz.  

 

2.2. Electrodeposition of G1 PPI  

The method of electrodeposition and characterisation of G1PPI onto the surface of glassy 

carbon electrode (GCE) has been reported in our earlier work [30]. Briefly, generation one PPI was 

deposited onto the glassy carbon electrode from a solution of 10 mM G1PPI in 0.1 M phosphate buffer 

solution using cyclic voltammetry.  The electrode potential was cycled from -100 mV to 1100 mV for 
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10 cycles at 50 mV/s scan rate. The resulting modified electrode was labelled GCE/G1PPI. After 

electrodeposition, the GCE/G1PPI electrode was stored either at room temperature or at 4 °C.  

 

2.3. Immobilisation of probe DNA, stability, hybridisation and denaturation 

Immobilisation of the single strand probe DNA (or probe ssDNA) onto the GCE/G1PPI 

nanoelectrode was carried out by dipping a previously argon-dried GCE/G1PPI into a 500 L solution 

of 2 M probe ssDNA for 3 hr at 25 C. Followed by successive rinsing with water and phosphate 

buffer solution to remove any unbound or weakly bound probe ssDNA. The biosensor was stored at 4 

C when not in use. The biosensor was characterised by voltammetry in PBS and by EIS in 5 mM 

[Fe(CN)6]
3-/4-

. The biosensor was labelled GCE/G1PPI/ssDNA. For stability studies of the biosensor as 

a result of storage,  impedance measurements of the GCE/G1PPI/ssDNA were carried out at various 

time intervals in the presence of [Fe(CN)6]
3-/4- 

redox probe.  

Hybridisation was carried out by immersing GCE/G1PPI/ssDNA in either blank solution or in 

target ssDNA solutions for 45 min at 38 C. Blank measurements were carried out in a 1 mL solution 

of 10 mM PBS void of DNA. For target ssDNA, a 1 mL solution of 10 mM PBS containing different 

concentrations of complementary ssDNA (target ssDNA) ranging from 0.01 to 5 nM was used for the 

hybridisation (labelled GCE/G1PPI/dsDNA). For each hybridisation step, the hybridised biosensor was 

washed with water and phosphate buffer solution respectively to remove unbound target ssDNA before 

taking measurements. The EIS responses of the biosensor to the target ssDNA were measured in PBS 

and [Fe(CN)6]
3-/4-

 redox probe.  

For denaturation the hybridised biosensor (GCE/G1PPI/dsDNA) was immersed into a 6 M urea 

solution with gentle stirring for 25 minutes in total. The denatured electrode (GCE/G1PPI/den) was 

then characterised by EIS.  

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Immobilisation of probe ssDNA  

After electrodeposition of the G1 PPI, similar characterisation and results consistent with our 

previous report were obtained [30]. The probe ssDNA was immobilised on the GCE/G1PPI platform 

via physical and electrostatic adsorption. The cationic and anionic nature of PPI and DNA respectively 

created the electrostatic attraction. Dendrimers have been shown to encapsulate or bind effectively 

with DNA or gene in the biomedical field of gene and drug delivery [21]. This ability to encapsulate 

DNA was exploited in the immobilisation step coupled with the electrostatic force of attraction. The 

impedance data of the various steps in the biosensor development using [Fe(CN)6]
3-/4-

 redox probe are 

presented as Nyquist plot, phase angle plot and impedance plot in Fig. 1a-c respectively. All the data 

obtained were verified using Z-HIT plot (see supplementary data of ref [30] for a  typical plot) and the 

observed good correlation substantiated the reliability of the impedance data [30-31]. The Z-HIT test is 

a mathematical equation that derives a theoretical (or calculated) impedance data from the 
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experimental phase angle data and then correlates this calculated impedance with experimentally 

obtained impedance data. It is another way of testing the reliability of impedance data apart from the 

more popular Kramers - Kronig check. After the electrodeposition, there was a marked reduction in the 

charge transfer resistance from 1865 Ω for bare GCE to 165 Ω for the GCE/G1PPI. This is because the 

dendrimer layer enhanced the interfacial electron transfer of the [Fe(CN)6]
3-/4-

 redox probe [30]. 

Electrostatic attraction between PPI (cationic) and [Fe(CN)6]
3-/4-

 (anionic) also contributed to this Rct 

decrease.  

Impedance parameters such as maximum frequency (ωmax), time constant (τ) and Rct are 

indicators of the interfacial kinetics of a reaction [30, 32]. The phase angle is a very sensitive 

impedance data and it can also be related to the kinetics of a reaction using equation 1 and 2. If we take 

the frequency at which we have the maximum phase angle as fф, and rewrite ωmax as ωф (from ω = 2πf), 

equation 1 shows how phase angle relates the charge transfer resistance denoted as R in the equation. 

Equation 2 also relates the phase angle to charge transfer resistance. Thus equations 1 and 2 [33] show 

that fф is inversely proportional to Rct and phase angle (ф) is directly proportional to Rct respectively. 

These equations explain what we observed at each stage of the biosensor development. Thus, the phase 

angle plot can be used to monitor various stages of electrode modifications aside the commonly used 

Nyquist plot. After electrodeposition, fф shifted to a higher frequency and the phase angle decreased 

(Fig. 1b and table 1). Our data thus validates this equation. A similar trend is seen in the impedance 

plot (Fig. 1c). More detailed discussions on the electrodeposition have been reported [30]. 

As regards the immobilisation of the 2 μM probe ssDNA, charge transfer resistance increased 

by about 290% in the presence [Fe(CN)6]
3-/4-

 redox probe (Fig. 1a). The Rct increased after 

immobilisation because of the repulsion between the anionic ssDNA and anionic [Fe(CN)6]
3-/4-

 which 

hinders the flow of charge or ion onto the platform  [25-27, 34-35]. The presence of ssDNA slows 

down the interfacial electron kinetics of the [Fe(CN)6]
3-/4-

. This phenomenon also resulted in the 

decrease in fф, the increase in phase angle (Fig. 1b and table 1) and the increase in impedance (Fig. 1c). 

Square wave voltammogram (Fig. 1d) after immobilisation, also showed reduced cathodic and anodic 

peak currents of the PPI in PBS. This peak reduction resulted from the poor conductivity of ssDNA 

which deterred the flow of charged into the PPI matrix. The reduced peak currents are observed in EIS 

as increased Rct.  

The impedance parameters in table 1 were obtained from the fitting of the data in Fig. 1a and b 

using the common Randles equivalent circuit (Fig. 1a inset).  The biosensor was stored with the 

surface moist at 4 °C. There was only about 10% reduction in the Rct signal of the GCE/PPI/ssDNA 

upon storage for 2 months depicting good sensor stability.  
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Equation (1) can be rewritten as  
sR

R

f
 1

4

1


  or  

sR

R
 1

2

1


  so as to relate it to 

time constant τ.  

 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

Figure 1. EIS plots in [Fe(CN)6]
3-/4-

 redox probe showing: (a) Nyquist plot of the bare electrode 

(GCE), the electrodeposited PPI (GCE/G1PPI) and the immobilised DNA probe 

(GCE/G1PPI/ssDNA). (b) Phase angle plot corresponding to the Nyquist but includes 

hybridisation with different DNA target concentration. (c) Impedance plot of the EIS data in b. 

(d) Anodic and cathodic square wave voltammograms in 10 mM PBS showing the effect of 

probe immobilisation (GCE/G1PPIssDNA) on the dendrimer immobilisation layer 

(GCE/G1PPI)  
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Table 1 Electrochemical impedance spectroscopy fitting parameters obtained from Fig. 1a and b 

 

Circuit element GCE GCE/G1PPI GCE/G1PPI/ssDNA 

Rs (Ω) 254.8 217 293.5 

Rct (Ω) 1865 165.4 643 

CPE (nF) 460.7 335.3 354.6 

Zw (k/s
1/2

) 928.1 593.3 617.9 

Phase shift   41.2 12.9 24.3 

fф 419 5160 1189 

 

3.2 Single stranded DNA target Hybridisation 

Electrochemical impedance spectroscopy was used to monitor the hybridisation with Rct as the 

analytical parameter. The average error for Rct was less than 2% in all cases from the fitting results 

Charge transfer resistance increased with increase in the concentration of the target ssDNA (Fig. 2). 

This is due to the increase in the density of the anionic charge of the DNA at the DNA/[Fe(CN)6]
3-/4-

 

interface. The more the dsDNA formed as a result of hybridisation, the more the density of the anionic 

phosphate backbone. This increases the barrier for interfacial electron transfer of the anionic reporter 

(i.e. the [Fe(CN)6]
3-/4-

 redox probe) onto the electrode surface [25-26, 36]. To obtain a calibration curve 

(Fig. 2 inset), the Rct (quadruplet measurements) was normalised by subtracting 28 Ω (the noise due to 

first blank measurement) from each hybridisation value and plotted against the log of concentration. A 

linear range of 0.01 to 5 nM and a regression equation of ( ) 117.04(log ) 2139y x    with a 

correlation coefficient of 0.993 were obtained. The detection limit was calculated using 3σ and a value 

of 9.43 x 10
-12

 M was obtained (where σ is the standard deviation of the blank, n=6).   

 
Figure 2. Hybridisation response of the biosensor (GCE/G1PPI/ssDNA) to target DNA concentrations. 

The Inset is the linear plot of normalised Rct versus log of target ssDNA concentration 
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It is interesting to know that concentration of target DNA is also directly proportional to phase 

shift (ф) and maximum phase frequency (fф) as seen in Fig 1b with a correlation coefficient of 0.925 

and 0.986 respectively.  Also, at a chosen frequency below 400 Hz (Fig. 1c) the impedance change due 

to hybridisation is well resolved and hence can be used to monitor the effect of hybridisation. The 

phase angle plot may therefore be exploited for sensor calibration apart from the more common 

Nyquist plot.  

 

3.3 Denaturation of the hybridised biosensor 

Ideally after denaturation, the Rct should return to a value very close to that of the biosensor 

(GCE/G1PPI/ssDNA) because denaturation is just a process of unwinding the double stranded DNA 

that was formed during the biorecognition event. At high pH, the hydrogen bond between the target 

ssDNA and probe ssDNA (the dsDNA) is broken leaving the anchored probe ssDNA on the electrode 

surface. 

 A 0.5 nM complementary ssDNA hybridised electrode was immersed in the 6 M urea solution 

with gentle stirring firstly for 10 minutes and then for another after 15 minutes. The measured Rct after 

denaturation in both cases were inconsistent and both were inaccurate when compared to the expected 

initial Rct due to probe ssDNA only.  

Series of denaturation using freshly prepared biosensors also yielded inconsistent results 

indicating that the biosensor may be more suitable for single use. The failure to regenerate the 

biosensor, from the authors’ perspective, is not really a disadvantage if the electrochemical DNA 

biosensor is seen from the view point of commercialisation and the end user.  

Firstly, if saving cost is the challenge, a cheap material such as screen printed carbon electrode 

which can be disposed after use is envisaged and thus regeneration is not necessary. Secondly, 

regeneration opens door to the contamination of the biosensor.  

Thirdly, regeneration takes the user back to the time consuming experimental routine and 

expertise, which defeats the purpose of the biosensor. Attempts to regenerate DNA biosensors may be 

more of academic than commercial practicability. However the GCE/G1PPI [30] and the biosensor 

responses to hybridisation show good reproducibility as denoted by the error bars in the calibration 

plot (Fig. 2). 

 

3.4 Selectivity of the biosensor 

The biosensor’s responses to 0.5 nM concentration of i) non complementary, ii) three base 

mismatch and iii) fully complementary target ssDNA are presented in Fig. 3. Percentage increase in 

charge transfer resistance was calculated using 

 

100

PROBE

ct

PROBE

ct

HYB

ct

R

RR
    (3) 
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PROBE

ctR  is the charge transfer response of the probe before hybridisation and HYB

ctR  after 

hybridisation. The biosensor showed good selectivity as seen from the marked difference between the 

percentage Rct increase of the complementary strands and the other two. 

 

 

 

Figure 3. A bar chart showing the selectivity of the biosensor by comparing the response of 

GCE/G1PPI/ssDNA to different DNA targets sequences 

 

 

 

4. CONCLUSION 

A simple DNA biosensor based on the application of dendrimer is developed. This work shows 

that the dendrimer – DNA compatibility, which is being exploited in the field of gene delivery, can be 

applied in the development of DNA biosensors. The rigorous chemistries and processes of electrode 

preparation and immobilisation have been simplified by the use of dendrimer. The biosensor stability 

is promising with remarkable detection limit and good selectivity. We have used this study as a proof 

of concept for the feasibility of DNA biosensors on dendrimer platform. It is envisaged that DNA 

biosensor for specific biomedical (or otherwise) application will stem from this work. 
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