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Abstract 

The present work aims to develop an electrochemical aptamer based biosensor able to detect 

human cellular prions PrPC as a model biomarker of prion disease with high sensitivity. We 

designed the biosensor using multiwalled carbon nanotubes (MWCNTs) modified with 

polyamidoamine dendrimers of fourth generation (PAMAM G4) which in turn were coupled 

to DNA aptamers used as bioreceptors. Electrochemical signal was detected by ferrocenyl 

redox marker incorporated between dendrimers and aptamers interlayer. MWCNTs, thanks to 

their nanostructure organization and electrical properties, allow the distribution of aptamers 

and redox markers over the electrode surface. We demonstrated that the interaction between 

aptamers and prion proteins leads to variation in electrochemical signal of the ferrocenyl 

group. High sensitivity with detection limit of 0.5 pM and wide linear range of detection from 

1 pM to 10 µM has been demonstrated. Detection of PrPC in spiked blood plasma has been 

achieved in the same range of concentrations as for detection of PrPC in buffer. The sensor 

demonstrated a recovery of minimum 85% corresponding to 1 nM PrPC and a maximum of 

127% corresponding to 1 pM PrPC. 
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1. Introduction 

Prion proteins are responsible for the transmissible spongiform encephalopathies (TSEs) 

which is a group of fatal neurodegenerative diseases. This includes Creutzfeldt-Jakob disease 

in human and spongiform encephalopathy in animals1. The diseases are highly contagious 

with possible transmission from animals to humans. It is assumed, that these diseases are 

caused by transformation of cellular prions (PrPC) into their infectious isoform PrPSc2,3. PrPSc 

differs from PrPC in high content of β sheets, in resistance to protease digestion and in 

tendency to form large aggregates that cause formation of amyloid plaques in brain of 

mammals4,5. Detection of prion using immunological techniques (western blot and ELISA) is 

one of most accurate method. However, these methods are based on rather expensive 

antibody-enzyme conjugates, are time consuming and require qualified staff. Therefore the 

development of inexpensive, sensitive and easy to use method for the detection of PrPSc, is 

crucial for early diagnostics of prion diseases. Especially useful would be point-of-care assay 

that can be used even by physicians, outside of specialized clinical laboratories6. So far, 

mostly the immunodiagnostic procedure7 and post mortem histopathological identification of 

brain tissues were applied8,9. However, in contrast with cerebrospinal fluid, the concentration 

of PrPSc in the blood is down to pM which makes the measurement difficult to achieve.  

Electrochemical biosensors based on DNA or RNA aptamers (aptasensors) could 

potentially replace existing assays for prion detection. The advantage of an electrochemical 

aptasensor is the direct detection of proteins on a surface layer10. Recent trends in 

development of electrochemical aptasensors are focused on application of new transducers 

able to improve immobilization of aptamers, sensitivity, dynamic range of detection and 

allowing regenerating the sensor surface. High sensitivity detection could be achieved in 

aptasensors using nano-materials such as multiwalled carbon nanotubes (MWCNTs)11 and 

dendrimers12 which possess high surface-to-volume ratio. Nanostructures such as carbon 

nanotubes (CNTs) have been used extensively as transducers for electrochemical biosensing 

analysis13. MWCNTs are appropriate for covalent binding of proteins and mediators14. These 

nanostructures offer a large surface to volume ratio and a very high mechanical strength. 

Moreover, they have unique electronic properties in enhancement of electron transport and 

exhibit excellent chemical and thermal stability15. Recent studies have shown that carbon 

nanotubes can provide higher surface density of immobilized biomolecules in comparison 

with traditional planar surfaces16 and improve significantly the electrochemical reactivity17. In 

addition, lower overvoltage and high peak current were obtained in the redox response of 
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several molecules immobilized on CNTs-modified electrodes18. Chemical functionalization of 

CNTs is an important tool for exploiting high specific surface for biosensing applications. 

This can be achieved by oxidation of carbon nanotubes with acidic solution for creating 

negatively charged carboxyl groups at the surface, which is suitable for chemical attachment 

of molecules bearing amine groups19.  

The poly (amidoamine) dendrimers of fourth generation (PAMAM G4) have been 

successfully applied in the fabrication of biosensors20. They could be covalently attached to 

the MWCNTs through amide link. PAMAM G4 has globular structure with diameter of about 

4.5 nm and possesses 64 primary amine groups on the surface21. The amino groups with high 

density in PAMAM are easily functionalized by other substances, greatly extending their 

applications in biosensors22. PAMAM dendrimers in connection with MWCNTs have been 

successfully applied in the fabrication of electrochemical biosensors of glucose using layer-by 

layer methods where immobilization was performed with ionic interactions23.  

In the present paper, electrochemical biosensor for real time detection of cellular prion 

proteins (PrPC) is described. Biosensor is based on covalent attachment of PAMAM G4 to the 

MWCNTs adsorbed at the surface of gold electrode. High number of functional groups on the 

surface of MWCNTs has been exploited for covalent attachment of ferrocenyl group (Fc) as 

redox markers. Aptamers have been selected due to their sensitivity to prion proteins24 and 

were immobilized on the PAMAM layer. The aptamer sequence used in this work was 

selected from Takemura et al.25 and it was extended by 15-mer thymine spacer in order to 

provide more flexibility of the aptamers after their anchoring to the supporting layer. This 

aptamer is part of a stem loop-like structure where the GTGGGGCA sequence is involved in 

binding to human recombinant PrPC and does not exhibit binding activity to PrPSc. This DNA 

aptamers bind human recombinant PrPC 103-231 and exhibited a reduced affinity to the N-

terminal residues 23-124 as was demonstrated previously with surface plasmon resonance 

detection method26. Analytical performance of such aptasensors towards prion protein was 

analyzed by means of redox signal of Fc. The result shows that MWCNTs-PAMAM-Fc can 

be used for determination of prion proteins at pM concentrations in a blood plasma sample.  

 

2. Experimental   

2.1. Reagents 

The recombinant human cellular prion protein, PrPC (Human PrPC (103-230), molecular 

weight 15.1 kDa) and PrPC (23-124) (molecular weight 11 kDa, used for study of non-specific 
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interactions) were purified in INRA Jouy-en-Josas in France by Dr Human Rezaei and 

JasminaVidic. The aptamers specific for PrPC (103-230) with dT15 spacer and biotinylated on 

3’ phosphoryl terminus were designed based on the Takemura et al work and have the 

following nucleotide composition: (5’-CGG TGG GGC AAT TTC TCC TAC TGT dT15-3`-

Biotin). Aptamers were purchased from Thermo Fisher Scientific (Germany) and dissolved in 

TE buffer consisting on 10 mM tris(hydroxymethyl)aminomethane (Tris) and 1 mM ethylene 

di-amine tetra-acetic acid (EDTA) at pH 7.6 in double distilled water and filtered by 0.22 µM 

membrane filters. Tris and EDTA were provided by Sigma-Aldrich (USA). The synthesis of 

1,1’-(phtalimidebutanoate) ferrocene Fc(NHP)2 was described previously27. MWCNTs purity 

85 % (diameter ~20-25 nm and length ~1-5 µm) were purchased from Strem Chemicals 

(France). The polyamidoamine dendrimers of fourth generation (PAMAM G4) were provided 

by Sigma-Aldrich and filtered by 0.22 µM membrane filters before use.  

 

2.2. Modification of MWCNTs 

Preparation of MWCNTs modified by COOH groups (MWCNTs-COOH) and their activation 

by N-hydroxysuccimide (MWCNTs-COONHS) were performed by their oxidation in mixture 

of acids and the reaction with coupling agent following the known procedure28 (see SI, 

Section S-1).  

 

 2.3. Construction of biosensor 

First step of the construction of the biosensor was the deposition on the gold surface of 5 µl 

MWCNTs modified by activated ester (MWCNTs-COONHS) dissolved in DMF. After 

solvent evaporation, the modified MWCNTs-COONHS electrode was immersed in a solution 

of 70 µM (1 mg/mL) PAMAM G4 for 2 h at room temperature for enabling covalent binding 

between dendrimers and nanotubes. This reaction was studied by varying the time from 1h, 

2h, 4h and overnight. 2h was found to be the optimum time. The excess of non-reacted 

dendrimers were eliminated by washing the electrode several times with double distilled 

water and PBS buffer. Subsequently, the redox marker ferrocene modified by two phtalamido 

groups Fc(NHP)2 was covalently attached to the PAMAM G4 by the amide link. Various 

experimental conditions were tested such as concentration of ferrocene and time of reaction. 

Finally, this reaction was performed by immersing the electrode in 1 mM solution of 

Fc(NHP)2 in acetonitrile for two hours at room temperature. The electrode was then washed 

by acetonitrile to eliminate the excess of ferrocene. The stability of the layer was studied by 
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following the electrochemical signal of immobilized ferrocene. The deposition of this two 

steps: bonding of PAMAM and ferrocene on electrode, was optimized in order to obtain a 

redox peak of ferrocene with current oxidation at around 100 μA. The next step was the 

covalent bonding of biotin hydrazide (2 mg/mL) on the surface, followed by immobilization 

of streptavidin dissolved in PBS solution at concentration 100 µg/mL,  and the subsequently 

immobilization of biotinylated aptamers (dissolved in TE buffer in a concentration 2 µM). 

After each step the electrode was washed with distilled water. The modified electrode was 

stored in PBS solution at 4°C until use.  According to these parameters and by applying the 

optimum of conditions mentioned above, reproducibility was tested for more than 20 

biosensors with the same response. 

 

2.4. PrPC detection  

Human cellular prion protein (PrPC) was detected in the range of concentration from 1 pM to 

10 µM. All solutions were prepared in 10 mM PBS buffer pH 7.4. The 40 µL of PrPC solution 

in desired concentration has been added as drop on the sensor surface and incubated during 40 

min at room temperature. The sensor was then washed in PBS buffer solution. The 

regeneration of the biosensor was performed by immersing the electrode in 100 mM HCl 

during 30 seconds, which resulted in removal of PrPC from aptamers and destroy the 

interactions between aptamer and prion protein. The modified sensor was then rinsed by PBS 

solution. 

Detection of prion protein in human blood plasma was performed in the same range of 

concentrations (1 pM to 10 µM) like in a buffer (more details in preparation of samples are in 

SI, section S-7). The instrumentation used is described in supporting information, section S-2. 

 

3. Results and Discussion 

3.1. Modification of MWCNTs and covalent binding of PAMAM G4 dendrimers 

Chemical modification of MWCNTs includes oxidation of the nanotubes by mixture of 

H2SO4 and HNO3 acids in the ratio 3:1 according to the procedure described above (see SI, 

Section S-1). As a result of oxidation, nanotubes were modified by –COOH groups. The 

attachment of modified MWCNT by –COOH groups is obtained by physical adsorption of 

carbon nanotubes on the gold electrode. The structure of this surface has been examined by 

SEM imaging. As it can be seen from Figure 1A, before functionalization by carboxylic 
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groups, MWCNTs are entangled and randomly oriented on the gold surface. After the 

carboxylic modification obtained by oxidative treatment of MWCNTs, oxygen-containing 

functional groups produced in the surface of MWCNTs, make the nanotubes shortened and 

less tangled over the gold surface were they are adsorbed by sides (Figure 1B). This method 

of casting of modified MWCNTs layer on electrode has been generally employed for their 

immobilization on the gold surface 13, 26, 29.  The attachment of the PAMAM dendrimers to the 

MWCNTs-COOH resulted in formation of globular nanoparticles on the surface of carbon 

nanotubes (Figure 1B). The functionalization of MWCNTs was studied by FT-IR 

spectroscopy (see SI, Section S-3 and Figure S-1). Modification of MWCNTs by carboxyl 

groups and their conjugation with PAMAM were also studied by Dynamic Light Scattering 

(DLS) and Laser Doppler Velocimetry (LDV) which allows measuring average size (average 

diameter, d) of the respective nanoparticles and the ζ potential of surface (for more details see 

SI, Section S-4). 

 

3.2. Ferrocene immobilization and their electrochemical characterization  

The covalent binding of ferrocenyl groups as redox marker to the electrode surface modified 

by MWCNTs-PAMAM conjugates was obtained by reaction of this surface with ferrocene 

group modified by two active phtalimido ester groups30. This reaction allows the covalent 

attachment of ferrocene on MWCNTs-PAMAM, by the reaction of amine groups of 

dendrimers with activated ester group of ferrocene. In addition to the redox function, the 

ferrocene will also serve for attachment of aptamer through the biotin-streptavidin system 

according to the procedure described in experimental part. The performance of biosensor is 

related to the signal response of the ferrocene where aptamers are attached and should lead to 

the large variation after prion interaction. For this purpose, the immobilization of ferrocene 

was optimized to avoid the steric hindrance due to the large size of biomolecules. The 

covalent attachment of ferrocene on PAMAM was subsequently performed in order to 

increase the ratio between aptamer attached and redox ferrocene immobilized. The 

characterization of covalent binding of ferrocene group to MWCNTs-PAMAM modified 

electrode was analyzed by cyclic voltammetry. Figure 2A shows the CV plot of modified gold 

electrode by MWCNTs-PAMAM before and after covalent attachment of ferrocene. Once the 

covalent attachment of redox marker was performed, the appearance of characteristic, 

reversible redox signal of ferrocene was obtained (Figure 2A, curve b), with oxidation and 

reduction peaks at 0.250 V and 0.180 V (vs. Ag/AgCl), respectively. At relatively low scan 
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rate, the difference between potentials of anodic and cathodic peaks was approx. 30 mV 

which suggests reversible redox process. The variation of the redox signal with the scan rate 

was analyzed by varying the scan rate from 0.005 V/s to 0.5 V/s (see SI, Figure S-3). The 

dependence of the anodic and cathodic current on scan rate was linear. This demonstrates that 

the ferrocene is attached to the surface layer and the kinetic of redox reaction is controlled by 

diffusion. The relatively large current corresponding to the electron transfer from the 

ferrocene to the surface is observed thanks to high conductivity of carbon nanotubes. Similar 

behavior was obtained when redox protein such as cytochrome or hemin was immobilized on 

MWCNTs-PAMAM, which was attributed to the favored electron transfer31. The charge 

exchanged during redox process allows calculation of the surface coverage of the modified 

surface of MWCNTs-PAMAM by ferrocenyl groups following the equation 

nFA
Q

=Γ  

where Q is the charge under the cathodic or anodic waves, n is number of electrons involved 

in the redox process, F is the Faraday constant, and A is the area of the electrode. We 

estimated that the average coverage of the surface by ferrocene was 40 nmole/cm2.  

PAMAM dendrimers allow to increase the number of amine groups on the surface of 

MWCNTs, and thus to bind large number of redox markers. In order to demonstrate 

advantage of MWCNTs-PAMAM, we compared the redox properties of this system with that 

of the MWCNTs modified by ethylene diamine (EDA). In contrast with PAMAM, EDA 

allows to bond only one ferrocene.  Figure 2B compares the redox signal of the MWCNTs-

EDA-Fc layer with that of MWCNTs-PAMAM-Fc. It can be seen that the amplitude of redox 

peaks for MWCNTs-PAMAM-Fc (Figure 2B, solid plot) is larger in comparison with that for 

MWCNTs-EDA-Fc (Figure 2B, dash plot). The charge exchanged during redox waves allows 

calculating an average coverage of 15 nmole/cm2 of Fc group at EDA. This result clearly 

demonstrates higher coverage of Fc on dendrimers surface in comparison with EDA 

containing only single amino group. However, the signal provided by the PAMAM system is 

not at least 3-fold larger than that by the EDA layer as it could be expected. This low level of 

MWCNTs-PAMAM surface coverage could be explained by the attachment of dendrimers to 

MWCNTs just on their external wall-sides contained activated carboxylic functions groups 

and not on all surface of MWCNTs. 

 In order to analyze the kinetic of electron transfer of the ferrocene immobilized on the 

surface, a heterogeneous electron transfer rate (ks) was determined following Laviron’s 

treatment32 based on cyclic voltammogram obtained at higher scan rate of 0.5 V/s. 
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The variation in anodic potential (Epa) and cathodic potential (Epc) versus logarithm of the 

scan rate allows to calculate the coefficient of electron transfer, α, from the slope of the 

straight line obtained (see SI, Figure S-3, lower inset). The slope corresponds to 2.3RT/(1-α) 

nF for anodic potential and -2.3RT/αnF for cathodic potential. The ks value could be obtained 

from the equation (1) following Laviron model. 

 

RT
E

nF
nF
RTk p

S 3.2
)1()log(log)1()1log(log

∆
−−−−+−= αα

ν
αααα  (1) 

 

The values of α and ks obtained for ferrocene immobilized on the EDA and PAMAM 

surfaces are summarized in Table 1. The values of α  were around 0.5 and ks varied from 1 to 

2 s-1, for EDA and PAMAM surfaces respectively. The values of ks were of the same order of 

magnitude for EDA (1.48±0.40) and PAMAM (1.90±0.15) based surfaces. This suggests that 

immobilization of ferrocenyl group at PAMAM doesn’t disturb the kinetic of electron 

transfer. This agrees well with previous work that demonstrated that when ferrocenyl is 

attached to PAMAM the polymer chain does not disturb the electron transfer33. 

The ks value obtained in our work has the same order of magnitude like those determined 

in the case of ferrocene immobilized on gold surface through self-assembled monolayer 

(SAMs) or on mixed SAMs and single walled carbon nanotube. It has been shown that ks 

varied from 1 to 0.8 s-1 depending on the chemical nature of the surface, onto which the 

ferrocene was immobilized34. 

3.3.  The formation and characterization of sensing layer 

The first step in formation of sensing layer consists in the covalent binding of biotin to the 

ferrocenyl group, followed by addition of streptavidin. DNA aptamers bearing biotin in their 

supporting part have been then attached to the streptavidin due to high affinity of biotin to the 

streptavidin. Further characterization of the sensing layer formation has been performed by 

CV and electrochemical impedance spectroscopy methods (Figure 3). Figure 3A shows 

electrochemical signal of ferrocenyl groups after sensing layer’s formation. A decrease in 

current was observed after immobilization of aptamers. The electron transport properties 

through sensing layer were studied by electrochemical impedance spectroscopy (EIS) in PBS 

solution containing redox probe [Fe(CN)6]4-/[Fe(CN)6]3-  at pH 7. EIS measurement provides 

details in the kinetics of charge transfer through the sensing layer occurring at the electrodes. 

Figure 3B shows the Nyquist plots obtained for the sensing layer after ferrocene 
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immobilization and then after layer formation. The EIS data were fitted by Randles equivalent 

circuit model where Rs is the electrolyte resistance, Rct is the electron transfer resistance, Zw 

is the Warburg impedance, while the double layer capacitance (Cdl) is replaced by constant 

phase element (CPE). The EIS data were satisfactory fitted by the modified equivalent circuit 

model shown in inset of Figure 3B as demonstrated by error value, and allows determining 

electron transfer resistance Rct  for each layer formation (see SI, Section S-5 and Table S-1). 

The Rct value decreases when ferrocene is immobilized on modified surface with PAMAM 

G4. This happens when ferrocene is immobilized on the surface, which permits a permeation 

of redox probe and enhance the faradaic response of [Fe(CN)6]4-/[Fe(CN)6]3- species. The 

formation of sensing layer (biotin-streptavidin-aptamer) on the surface leads to an increase in 

Rct value. This could be related to the blocking effect of the sensing layer to the permeation of 

redox species to the surface of electrode when such large molecules were immobilized on the 

surface. 

As the experiment is performed in formal potential of redox species [Fe(CN)6]4-

/[Fe(CN)6]3-, the apparent heterogeneous electron transfer rate constant (kapp) could be 

calculated from equation (2)35 

 

CARFn
RTk

ct
app 22=     (2) 

 

where n is the number of electrons transferred in redox process, F is Faraday constant, R is the 

gas constant, T is the temperature in Kelvin, A is the area of the electrode, Rct is the charge 

transfer resistance obtained from the fitted parameters of Nyquist plot. From Table 1 it 

appears that kapp increases after ferrocene immobilization on PAMAM surface and is in the 

same order of magnitude as determined previously for surface modified with ferrocene 

attached to the carbon nanotube. When the sensing layer is formed the kapp decreases and this 

indicates that electrochemical reaction of redox species is slower as electron transfer is 

difficult to be performed through the layer.  

 

3.4. Electrochemical detection of prion  

The detection of PrPC was performed in the range of concentrations from 1 pM to 10 µM. For 

this purpose the biosensor was dipped into the buffer containing various concentrations of 

prions. The formation of the aptamer-PrPC complexes was analyzed by CV. Figure 4A shows 
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the CV signals obtained for biosensors after association of aptamers with PrPC in various 

concentrations. It can be seen that with increasing the concentration of PrPC, the peak current 

corresponding to the redox signal of ferrocene decreased.  This decrease could be related to 

the low electron transfer from the ferrocenyl group to the surface due to the changes of the 

sensor properties caused by attachment of the prions and also to a decrease of permeability of 

the sensing layer after the attachment of a large molecule to the surface. In order to analyze 

the effect of aptamer-PrPC interaction on redox signal of ferrocene, a heterogeneous transfer 

constant ks was calculated using Laviron model for sensor surface saturated by addition of 

large amount of PrPC (see section 3.2). The obtained ks values are summarized in Table 1. It 

can be seen that ks values decreased after addition of the prion, but this decrease is not 

statistically significant according to the Student's t-test in comparison with surfaces prior 

addition of prions. The rate constant, kapp, related to the electron transfer of redox species 

[Fe(CN)6]4-/[Fe(CN)6]3- through the sensing layer after prion interaction was also calculated 

using the  data of EIS measurements (see Figure 3B and Table 1). The kapp decreases after 

prion immobilization. This suggests that the prion interaction affects the diffusion process 

related to the permeability of the layer. The electron transfer between immobilized ferrocene 

and the nanostructured surface was not varied thanks to high conductivity of the MWCNTs. 

Similar behavior was observed earlier for antibody-antigen complexes at MWCNTs surface 

through electroactive copper complex.   

The decrease in the ferrocenyl signal during PrPC detection is probably attributed to the 

fact that the redox marker is directly attached to the sensing layer and to the aptamers. This 

approach allows detecting the surface events more directly than those where the redox probe 

was in solution. Detection of prion protein is based on the lower permeation of the redox 

markers which detect the obstruction of the electronic communication due to the species 

immobilized on the sensing layer. If the sensing layer is satisfactory assembled for allowing 

the signal amplification, this biosensor could be used for detection of various proteins by 

means of specific aptamers. Apart from size dependence of the analyte, it is also important 

that the aptamers binding sites maintain sufficient affinity to the target. If the binding sites are 

located in the surface of the protein, its detection by specific aptamers can be successfully 

obtained. Aptamer linkers through double strand spacers could also contribute to enhancing 

the aptamers mobility and their immobilization. Additionally, changes in conformation of 

aptamers after binding the protein ensure a selective detection even for low molecular weight 

proteins.  

 

Page 10 of 23

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11 
 

3.5. Analysis of analytical performance of biosensors 

Using the cyclic voltammograms obtained at various concentrations of PrPC, the calibration 

curve presenting the plot of the relative changes of the peak current versus PrPC concentration 

was prepared (Figure 4B). This calibration curve shows variation of relative changes of the 

current in rather large concentration range (1 pM to 10 µM) without saturation. The detection 

limit was calculated based on the signal to noise ratio of 3 and by determining the standard 

deviation from 3 measurements. A detection limit of 0.5 pM was obtained. After aptamers 

immobilization, the sensors revealed similar properties toward detection of prions with a 

reproducibility better than 1 % according to standard deviation (S.D.) calculated for sensor 

response after addition of the same concentration of PrPC. In order to compare the response of 

the biosensor based on PAMAM dendrimers with that based on MWCNTs-EDA-Fc, we 

constructed the calibration plot also for the latter system (see SI, Figure S-4). MWCNTs-

EDA-Fc based biosensor shows lower sensitivity to prion protein than MWCNTs-PAMAM-

Fc. EDA based biosensor also revealed the saturation of the signal at relatively low 

concentration of PrPC. Thus, replacement of PAMAM by EDA causes a reduction of the 

active surface and a decrease of the sensitivity of the biosensor. This approves the interest of 

PAMAM as platform for receptor immobilization. Comparing the result obtained with this 

biosensor to those reported in literature (Table 2), we could conclude that the electrochemical 

biosensors formed with MWCNTs and PAMAM connected to ferrocenyl group as redox 

marker, allows measuring the prion protein with highest sensitivity.  

We also performed the studies of the stability of biosensor. After attachment of biotin on 

the surface, biosensor was stored at 4 oC during three nights. Small decrease of the current 

from 101 µA to 95 µA according to CV data was observed which indicate a good stability of 

the biosensor.  

Effect of non-specific interactions of biosensor was analyzed using linear N-terminal part 

of PrPC (23-124) which has been previously demonstrated not being complementary to the 

DNA aptamer used .  BSA has also been applied as a non-specific protein. These proteins 

were analyzed in the same range of concentration as prion protein PrPC (103-231) from 1 pM 

to 10 µM and in the same conditions.  

Based on the changes of current corresponding to ferrocene during detection of these proteins, 

the calibration curves were plotted. Figure 4B shows a small response during detection of 

PrPC (23-124) and BSA, which may result from non-specific adsorption on the surface of the 

biosensor.  This is related to the effect of BSA protein which can interact with the surface of 
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biosensor layer not covered by the aptamers as this protein is usually used as blocking agent 

during biosensor construction. Some improvement could be realized to avoid this non-specific 

interaction. Previous studies on the interaction between dendrimers with different terminal 

groups (–COOH, –NH2, –OH) and proteins revealed that G4-dendrimers terminated by OH 

groups showed minimal interactions with proteins36. Hydroxyl-functionalized dendrimer was 

expected to be more effective in reducing non-specific adsorption of proteins, while retaining 

the unique structural features of the dendrimer molecule. One strategy which could be 

performed in the future work to reduce the effect of non-specific interactions and 

simultaneously maintain the signal amplification given by dendrimers is their modification by 

hydroxyl groups as terminal functions. 

 

3.6. Detection of PrPC in human blood plasma 

For validating the practical application of the biosensor, 10-times diluted human blood plasma 

was spiked by PrPC (103-231) in the same range of concentrations as used in PBS buffer (1 

pM to 10 µM). Once prion was added, biosensor was immersed into the spiked serum during 

40 min. at room temperature, rinsed in PBS buffer and subsequently cyclic voltammograms 

were recorded. Three independent measurements were performed. The response of the sensor 

measured after incubation in plasma samples which did not contain PrPC, was used as 

reference signal (I0), Then the sensor response (I) was measured at certain PrPC concentration 

of spiked plasma and the relative value ΔI/I0, has been calculated (ΔI = I0-I). Detection of 

PrPC in spiked blood plasma has been achieved in the same range of concentrations as for 

incubation of PrPC in buffer.  The results are presented in Fig. 4B. It can be seen that the 

sensor response in spiked plasma agrees well with response in PBS. The sensor demonstrated 

a recovery of minimum 85% corresponding to 1 nM PrPC and a maximum of 127% 

corresponding to 1 pM PrPC that in PBS. The sensor recovery has been calculated as a ratio of 

sensor response for spiked plasma and that obtained in buffer for identical prion 

concentrations. This ratio has been multiplied by 100 to obtain the recovery in %. The results 

are presented in Table S-2 of SI. Evidently, some fraction of plasma covering the free sites of 

the electrode especially at the lowest prion concentrations: 1 pM, 10 pM and 100 pM, leads to 

the sensor recovery values of 127%, 107% and 108% respectively. From spiked samples that 

contained 1 nM-100 nM of prion, the sensor response was much better presenting recoveries 

between 85% and 96% respectively. For the micromolar range of PrPC concentrations (1 μM 
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and10 μM) range, the sensor recovery reached 101% and 98% of detection in plasma 

respectively. 

4. Conclusion 

In this work we report novel approach for high sensitivity amperometric aptamer-based 

biosensor for detection cellular prion proteins (PrPC) in pM concentration level. For this 

purpose, polyamidoamine dendrimers (PAMAM) of fourth generation (G4) were immobilized 

onto the multiwalled carbon nanotubes (MWCNTs). The advantage of this step consisted in 

providing higher surface for immobilization of the aptamers. We approved this by comparing 

the sensor properties with flat construction using ethylene diamine (EDA) instead of 

PAMAM. The high sensitivity of amperometric detection was provided by immobilisation of 

ferrocene redox label between the dendrimer surface and aptamer receptors. We have shown 

that the binding of prions to the surface resulted in decrease of redox current probably due to 

the disturbance of electron transfer caused by conformational changes in the surface layer. 

The sensor was validated in real samples of spiked human blood plasma. The results of 

validation approved possibility of application of the developed platform for practical detection 

of PrPC. High sensitivity detection of PrPC by the developed aptamer based biosensor is 

highly promising also for the application of the reported approach for determination of 

pathological prions (PrPSc). The approach proposed in this work can be applied for detection 

of other proteins using corresponding specific aptamers. 
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Figure Captions 

Scheme 1: Schematic representation of biosensor based on MWCNTs-PAMAM-Fc- Biotin-

Strepatavidin and Aptamer 

Figure 1: SEM images of gold surface covered by: (A) non-modified MWCNTs, (B) 

MWCNTs-PAMAM 

Figure 2: (A) Cyclic voltammogram of electrochemical signal of ferrocenyl group (Fc) linked 

to carbon nanotubes modified with dendrimers PAMAM G4 (curve b) and compared to 

MWCNTs before modification by Fc (curve a); (B) CV comparison of the redox signal of 

ferrocenyl for gold electrode covered by (a) MWCNT-EDA-Fc and (b) MWCNT-PAMAM-

Fc. All CV are recorded in same condition in 10 mM PBS pH 7.4 at 100 mV/s scan rate. 

Figure 3: (A) CV data obtained after each step of biosensor formation. The CV is recorded in 

10 mM PBS solution at pH 7.4 with scan rate 100 mV.s-1: MWCNT-PAMAM-Fc (solid line), 

MWCNT-PAMAM-Fc-Biot (dash line), MWCNT-PAMAM-Fc-Biot-Strept (dot line), 

MWCNT-PAMAM-Fc-Biot-Strept-Apt (dash dot line). (B) Nyquist plot obtained in 5 

mM/5mM [Fe(CN)6]4-/[Fe(CN)6]3- in PBS, pH 7. The measurement was obtained in 

frequency range from 0.1Hz to 100 kHz at 0.3 V vs. Ag/AgCl by applying DC potential of 10 

mV. The symbols are the experimental data and the solid are the fitted curves using the 

equivalent circuit showed in inset. 

Figure 4: (A) CV of biosensors after prion protein association with aptamer at various 

concentration of PrPC (curve a)  0, (curve b)  1 nM, (curve c)  10 µM . CVs were recorded in 

PBS solution at pH 7.4 with scan rate 100 mV/s; (B) The plot of the relative changes of the 

current peak versus concentration of  PrPC (103-231),  PrPC (23-124) and BSA. ∆I = (I0-I), 

where I0 is the peak current prior addition of protein and I after incubation of the sensor with 

certain concentration of protein tested. 
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Table 1: Electrochemical parameters obtained from electrodes of various modifications 

Table 2. Comparison of the sensitivity of various biosensors for detection of cellular prions.
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Scheme 1. 
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Figure 2. 
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Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
-1.2x10-4

-1.0x10-4

-8.0x10-5

-6.0x10-5

-4.0x10-5

-2.0x10-5

0.0
2.0x10-5

4.0x10-5

6.0x10-5

8.0x10-5

1.0x10-4

1.2x10-4

I (
A)

E (V vs. Ag/AgCl)

A

0 500 1000 1500 2000

0

400

800

1200

1600

2000

B MWCNTs-PAMAM-Fc
 MWCNTs-PAMAM-Fc-Apt
 MWCNTs-PAMAM-Fc-Apt-PrP

37 Hz

0.2 Hz

1.6 Hz

-Z
'' (

Ω
)

Z' (Ω)

Page 21 of 23

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22 
 

Figure 4. 
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Table 1. 

 Electrochemical parameters   

Biosensors E1/2 
(mV)a 

ΔEp 
(mV)a 

Γ (10-9 
mol/cm2) α ks 

(s-1) 
103kapp 
(cm/s) 

 
MWCNTs-EDA-Fc 112±6 7±2 15 ±3 0.55 1.48±0.40 7.6±1.9 
 
MWCNTs-PAMAM-Fc 189±1 31±0 38±8 0.65 1.90±0.15 8.6±1.7 
 
MWCNTs-EDA-Fc-Apt-PrP 
 

101±2 9±1 - 0.50 1.1±0.35 3.0±0.3 

MWCNTs-PAMAM-Fc-Apt-PrP 188±2 28±1 - 0.60 1.88±0.35 2.8±0.3 
a) Value determined at scan rate of 5 mV/s, the SD was determined with three 

independent measurements 

 

Table 2. 

Receptor Method LOD Reference 

Aptamer Cyclic Voltammetry 0.5 pM (this work) 

Aptamer SPR 4 nM 26 

Aptamer EQCM 50 pM 28 

Aptamer Fluorescence 20 pM 38 

Monoclonal (MAb) and 
fragments(FAb)antibodies Fluorescence nanomolar 39 

Monoclonal antibody, PBS buffer Fluorescence 8 nM 40 

Monoclonal antibodies, serum SPR 1.4 nM 41 

Monoclonal antibdies, HEPES SPR 0.57 nM 42 

Antibody BAR 223 or PRI 308 EQCM 20 pM, 48 pM 42 
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