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Abstract

Nanoporous alumina membranes have become a ubiquitous biosensing platform for a variety of 

applications and aptamers are being increasingly utilized as recognition elements in protein 

sensing devices. Combining the advantages of the two, we report label-free sensitive detection of 

human α-thrombin by an aptamer-functionalized nanoporous alumina membrane using a four- 

electrode electrochemical cell. The sensor response to α-thrombin was determined in the presence 

of a high concentration (500 μM) of human serum albumin (HSA) as an interfering protein in the 

background. The sensor sensitivity was also characterized against γ-thrombin, which is a modified 

α-thrombin lacking the aptamer binding epitope. The detection limit, within an appreciable signal/

noise ratio, was 10 pM of α-thrombin in presence of 500 μM HSA. The proposed scheme involves 

the use of minimum reagents/sample preparation steps, has appreciable response in presence of 

high concentrations of interfering molecules and is readily amenable to miniaturization by 

association with existing-chip based electrical systems for application in point-of-care diagnostic 

devices.
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1. Introduction

Nanoporous anodized alumina or aluminum oxide (NAAO) membranes are increasingly 

assuming an important role in chemical/biological sensing due to several desirable 

properties like non-conductivity, structured nanopores, high pore density as well as surface 

to volume ratio, and ease of functionalization.1 NAAO membranes thus have exciting 

potential in biosensing devices through miniaturization and integration into lab-on-chip and 

point-of-care diagnostic systems. NAAO membranes have found application as biosensor 

platforms in several niche biosensing areas including nucleic acid sensing,2, 3 detection of 

bacteria,4, 5 virus particles,6 antibody7 and protein sensing.8

The hallmark of a good biosensor is a reliable receptor or recognition element apart from the 

robust sensing platform. In this regard, nucleic acid aptamers are prime candidates for 

recognition elements towards target analyte (e.g. proteins) in many biosensing devices.9 

Aptamers are short oligonucleotides that are being increasingly investigated for biosensing 

due to their high affinities, specificities, small sizes, robustness for handling/storage in terms 

of adaptability to a wide range of temperatures. They can potentially replace antibodies for 

analytical and therapeutic applications.10, 11 Aptamer-based sensors have been previously 

used in both labeled or label-free devices.12

Label-free biosensing techniques involve detection of target-probe binding, which can 

provide information on binding kinetics, association/dissociation rates and constants and 

determine binding/unbinding events. In particular, label-free electrochemical impedance 

spectroscopy (EIS) based characterization techniques12 offer great flexibility in the 

incorporation of NAAO membranes into existing detection schemes and could facilitate the 

realization of parallel/multiplexed assays. The issue of selective detection is of paramount 

importance for a bio-sensor devised for real-world application where the target concentration 

can be much lower than the concentrations of non-target biomolecules. This demands 

thorough consideration in improving the efficacy of such sensors.

In this study, we have determined the sensitive label-free detection of human α-thrombin 

with an aptamer modified NAAO in a custom-made four-electrode electrochemical cell (Fig. 

1C) using the EIS technique. Previously Escosura-Muniz et al.,8 achieved a low 

concentration sensing of α-thrombin in whole blood using gold nanoparticle-based aptamer 

sandwich systems in NAAO membrane pores. In their work, the NAAO membrane is the 

working electrode in the electrochemical system, in which the biomolecular complex 

attached to the surface of the NAAO membrane may be influenced due to the direct effect of 

the electric field created by the electrode. In fact, the actuation/modulation of nucleic acid 

and their ligands due to electric field has been previously reported to be capable of affecting 

the sensor response. To avoid this effect, we have devised an indirect method to measure the 

impedance changes on the membrane by using a four- electrode set-up. Recently, Zhao et al.
13 reported the label-free detection of α-thrombin by an aptamer-modified NAAO membrane 

using a two-electrode method, but they did not test the detection efficacy in the presence of 

interfering proteins. Also, in the four-electrode method the voltage-measuring electrodes are 

not under the effect of the current-carrying outer electrodes and thus have better 

measurement accuracy than with a two-electrode system.
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Under physiological conditions in human blood, the α-thrombin concentration can range 

from a few nanomolar (nM) (unperturbed blood) to a few hundred nM (when the clotting 

cascade is activated).14 The sensitivity of the proposed sensor has been rigorously 

investigated for physiologically relevant α-thrombin concentrations in presence of a high 

background of 500 micromolar (µM) human serum albumin (HSA) (the physiological 

concentration of HSA ~ 500– 700 µM15). HSA is the most abundant protein in human 

serum, makes up close to 60% of blood plasma proteins and is a major contributor to non-

specific interactions for biosensors. We also utilized γ-thrombin as a negative control, which 

is analogous in structure to α-thrombin but lacks the residues for selective binding to the 

aptamer.

By testing our aptamer-based sensor in presence of high concentration HSA we can 

effectively establish the specifity and selectivity of the proposed sensing scheme. The 

novelty of our design scheme lies in label-free detection using minimal sample preparation 

steps and the ease of miniaturization for integration with point-of-care diagnostic devices 

focusing on improved specificty and selectivity.

2. Experimental methods

2.1 Materials

The NAAO (Sigma Aldrich, Whatman), having nominal pore diameters of 20 nm and 

membrane thickness of 50 µm, were used for the experiments. This membrane was chosen 

based on earlier reports and with respect to the sizes of the biomolecules involved.16–18 

Thiolated thrombin-binding aptamer (TBA) was obtained from Integrated DNA 

Technologies (IDT) with the sequence 5’-/5ThioMC6-D/

GCCTTAACTGTAGTACTGGTGAAATTGCTGCCATTGGTT GGTGTGGTTGG-3’. 

The bold letters denote the aptamer sequence that binds selectively to human α-thrombin.
19, 20 Human α-thrombin, γ-thrombin, serum albumin (HSA), lysozyme, and 6-mercapto-1-

hexanol (MCH) were procured from Thermo-Fisher Scientific. The electrolyte used for 

sensing experiments was 1 mM Fe(CN)6
4-/Fe(CN)6

3-redox couple in PBS (137 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 5 mM MgCl2, pH 7.4 at room 

temperature). All the chemicals used for electrolyte were purchased from Sigma-Aldrich. 

All solutions were prepared with double distilled water (ddH2O) produced by a Corning 

Mega-Pure system.

2.2 Preparing membranes for experimentation

The NAAO membranes were cleaned/sonicated with isopropanol, ethanol and ddH2O. 

Afterwards, one side of the membranes was sputter-coated with 60 nm of gold, followed by 

washing with isopropanol, ethanol and ddH2O. Gold coated NAAO membranes have been 

utilized previously in several studies discussing biosensing applications 21–25 and can be 

readily functionalized by thiolated receptors through chemical self-assembly. 26 The TBA 

received from IDT was brought to 1 µM in PS buffer (PBS without MgCl2) and stored 

refrigerated. Before an experiment an aliquot was heated to 90°C, MgCl2 was added and the 

solution was allowed to slowly cool down to room temperature before being put on the gold 

coated NAAO membrane, which was then left at 4°C for 12 h to immobilize the TBA. The 
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NAAO membrane was washed with PBS and further incubated for 1 h at room temperature 

with 3 mM MCH in ddH2O to passivate the surface followed by washing with PBS. These 

steps are represented graphically in Fig. 1A.

2.3 Electrochemical sensing

For all electrochemical experiments a custom-made Teflon cell (Fig. 1C) was used. The 

four-electrode method was utilized to measure the impedance changes for the NAAO 

membrane (represented in Fig. 1B). Platinum wires were used for the working (WE) and 

counter electrodes (CE) whereas Ag/AgCl wires (Invivometric) were used as the two 

reference electrodes (RE). EIS was carried out with an AC perturbation signal of 5 mV over 

a DC potential equal to the open circuit potential of the system, within the frequency range 

of 10 kHz-0.1 Hz. Equal volumes of protein solution (α-thrombin as analyte and other 

proteins for negative controls) prepared in PBS were injected onto the port of the Teflon cell 

containing the TBA functionalized side of the membrane (Fig. 1B). The concentration of 

each injection was determined to achieve the desired target concentration inside the 

electrochemical cell to obtain a calibration curve for the titration experiment. EIS was 

carried out after 30 minutes to provide ample time for diffusion of protein based on the 

reported association constant of α-thrombin and its aptamer.27 The system was tested 

separately for selectivity for α-thrombin compared with γ-thrombin and HSA as negative 

controls. It was also tested for specificity for α-thrombin over γ-thrombin and lysozyme in 

the presence of 500 µM HSA as the interfering protein.

3. Experimental results and discussion

3.1 Characterization of impedance change

Figs. 2A and 2B show the frequency responses i.e. the Bode plot and the Nyquist plots of the 

system, respectively, where the responses to different proteins at 10 nM were determined for 

separate experiments. The data in Fig. 2A contains a significant contribution from the 

solution resistance, which is influenced by the different charges on the proteins. This 

solution impedance dominates more at the higher frequencies of the AC perturbation voltage 

used in EIS. The system impedance Zsystem does not explicitly capture the effect of aptamer-

protein impedance occurring on the membrane surface. To better understand the changes 

occurring on the membrane it is useful to analyze the Nyquist plots in Fig. 2B in which the 

solution impedance is subtracted from the real axis of the Nyquist plot. From Fig. 2B it is 

observed that the shape of the Nyquist plot for α-thrombin (analyte) was appreciably 

different from the shape with no protein, whereas those for γ-thrombin and HSA (negative 

controls) were more closely aligned with the latter plot. The EIS data, in the form of Bode 

plots (Fig. 2A) and Nyquist plots (Fig. 2B), were fit to the modified Randle’s circuit 

(explained in supplementary information S1) and the relevant membrane parameters, namely 

pore resistance Rp and membrane capacitance Cmem were extracted. Supplementary Figs. 

S3A and S3B show the Rp and Cmem for the α-thrombin, γ- thrombin and HSA titrations. It 

is observed that, at lower protein concentrations, the data for Rp and particularly that for 

Cmem had less resolution. As the titration progressed, Rp decreased appreciably with the 

selective and specific binding of α-thrombin to TBA. Due to more charges accumulating on 

the membrane resulting from the α-thrombin-TBA complex, Cmem increased progressively. 
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The response for the negative controls did not scale to the same extent. The membrane 

impedance Zmem (depicted in Fig. 2C) was calculated for a frequency f = 100 Hz (chosen 

from Fig. 2A as an inflection point of the frequency response curve) and this data, as plotted 

in Fig. 2C shows better resolution compared to the separate Rp and Cmem data.

Zmem was calculated as below:

Zmem = 1

( 1
Rp

)
2

+ 2π f Cmem
2

To further resolve the response, the difference in impedance (Zmem)final-
(Zmem)zero concentration = ΔZmem was calculated for each of the concentrations of protein and 

plotted against protein concentration (Fig. 2D). This plot improved the distinction of the 

response at lower α-thrombin concentrations (i.e. 0.1 nM and 0.5 nM) compared with the 

negative controls.

As a further test, ΔZmem was monitored over time for certain concentrations of α-thrombin 

injected into the system for three different cases: (i) system without any membrane (ii) gold 

coated membrane functionalized with only MCH and (iii) gold coated membrane 

functionalized with TBA and later passivated with MCH. The results from the experiments 

with 5 nM of α- thrombin injection into the system suggest that only the TBA functionalized 

membrane responds appreciably (supplementary information S2), thus validating the proper 

functionalization of TBA on the membrane.

3.2 Sensitivity in presence of a high concentration of interfering protein

The system was further tested in presence of a high concentration of HSA (500 µM), the 

most abundant blood protein, as an interfering protein. In absence of whole blood, this is 

deemed as a rigorous test for the sensor with a focus to real world applications. With HSA 

present as an interfering protein, human lysozyme (also positively charged like α-thrombin) 

was chosen as another negative control. Thus, we have tested for both structural and charge 

similarities by using γ-thrombin and lysozyme respectively. In Fig. 3A, the membrane 

impedance Zmem is plotted for the different proteins tested and it may be observed that 

below 2 nM, the error bars for the responses from α-thrombin and γ-thrombin overlap. 

From Fig. 3B we observe that the sensor functions well for both the higher and lower 

concentration zones. In fact, an appreciable response was achieved for 10 pM α-thrombin 

considering signal/noise ratio as described in the following section. When ΔZmem is 

considered as the sensor response it is observed from Fig. 3 B that, below 3 nM 

concentration, the error bars for the response from γ-thrombin still overlap with the 

confidence interval for α-thrombin titration. Hence it may be claimed that the sensor is able 

to detect α-thrombin over 2 nM concentration with 95% confidence in presence of high 

albumin concentration. The relative standard deviations (RSD) for the mean Zmem in case of 

α-thrombin titration in presence of 500 µM HSA background is provided in Table 1. This 

parameter is a measure of reproducibility of the sensor and it is seen that the RSD lies in the 

range of 9–13 %. One possible cause of the RSD could be the error associated with the Ag/
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AgCl reference electrodes which leech and turn blackish after repeated use of more than 2–3 

times. Hence it is advisable to use fresh electrodes and other reference electrode materials 

may be explored.

3.3 Sensor parameters

The response of the sensor ΔZmem is proportional to the number of aptamer-protein 

complexes formed at each concentration of α-thrombin. The response or calibration curve 

for α- thrombin in Fig. 3 is fitted to the following 1:1 Langmuir isotherm equation:

Δ Ζ ∝ Θ = α − thrombin
α − thrombin + KD

1

where, Θ = fraction of bound TBA and KD = dissociation constant for the aptamer-protein 

complex. The KD for the TBA/α-thrombin complex in the presence of 500 µM HSA was 

calculated as 0.18 nM by the Langmuir isotherm fit according to eqn. (1) (shown in Fig. 3B 

along with confidence interval of 95%). The reported solution KD for this complex is ~ 3 

nM.28 The calculated KD in the present study is probably lower due to molecular 

crowding29 of the aptamer immobilized on the membrane surface. For characterization of 

the sensor, we denote the absolute value of ΔZmem as the signal S, whereas the response due 

to blank injections (devoid of any protein) is considered as noise N. The signal to noise ratio 

is thus defined as S/N = Smean/σnoise, where, Smean is the mean signal and σnoise is the 

standard deviation of the noise N, following the discussions established in previous reports.
30–32 The values of S/N obtained for some of the relevant cases are presented in Table 2.

According to Currie et al.32 and other reports30, 31 on electrochemical sensors, an 

appreciable S/N ratio is 3, which was satisfied by the α-thrombin titration but not satisfied 

by the γ-thrombin titration, both in the presence of 500 µM HSA. These results are 

consistent with the selectivity of the sensor towards α-thrombin over other proteins. Also, 

the S/N ratios for 0.1 nM and 500 nM α-thrombin were higher in the presence of 500 µM 

HSA compared 0 and 5 µM HSA. It may be noted that the concentration of α-thrombin in a 

sample could be determined by comparing the sensor response from different dilutions of an 

α-thrombin solution of unknown concentration against a calibration curve such the 

Langmuir fit of Fig. 3B.

Table 3 shows how the proposed sensor compares with some other reported approaches/

designs. It may be observed that NAAO membrane based impedimetric aptasensors are 

particularly sensitive to low concentrations of target analyte. The results reported in this 

study also demonstrate that our approach can be a viable alternative for label-free portable 

biosensors with minimum requirement of reagents. An aptamer-modified NAAO membrane 

can also be reused for a second titration of α-thrombin as shown in supplementary 

information Fig. S4.

3.4 Discussion of membrane impedance change

Figure 4A shows the comparison for Zmem during α-thrombin titrations for varying 

concentrations of HSA (0, 5, and 500 µM) in the electrolyte. It is observed that, in the 
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presence of 0 and 5 µM HSA, the impedance value reached a minimum as the α-thrombin 

concentration increased and then increased as the concentration was raised beyond 10 nM. 

This response of the system resulted in the loss of sensing performance. Particularly, at 0 µM 

HSA, for very high α- thrombin concentration (e.g. 300 and 500 nM), the impedance is 

equal/greater than that at the start of the titration. This is because Cmem decreased (as it 

scales inversely with double layer thickness) and Rp increased compared to the value at zero 

concentration (Figs. 4B and 4C). However, this problem was mostly mitigated with a high 

concentration (500 µM) of HSA present in the system from the start of titration. The 

baseline, corresponding to the zero- concentration of titrated α-thrombin, was shifted to a 

higher value in the presence of 500 µM HSA (Fig. 4A). The average baseline impedances at 

the start of the experiments were ~16 Ohm for 500 µM HSA and ~12–11 Ohm for 0 and 5 

µM HSA. It is hypothesized that, in the presence of high HSA (500 µM), non-specific 

adsorption is maximized at the start of the experiment, which increases the baseline. Hence, 

the sensor can achieve a greater dynamic range and resolution in the presence of high HSA.

NAAO membrane impedance depends on several factors including surface charge density 

due to the nucleic acids and attached or adsorbed proteins, which is influenced by 

electrostatic and non-electrostatic interactions.18, 38, 39 At low bulk salt concentrations, 

Cbulk , compared to the surface charge concentration ΔC on inner nanopore walls and/or on 

outer surface,18, 39 pore conductance is enhanced (which reduces the impedance) due to a 

local increase in the counterion concentration required to balance the charges on the grafted 

biomolecules. The membrane impedance Zmem for pore radius a, porosity α, ion diffusion 

coefficient D, membrane channel length L, and cross-sectional area A can be expressed by 

the following expression.39,40

Zmem =
KBT

e2αD ΔC2 + 4Cbulk
2

L
A

where e = electron charge, kB = Boltzmann constant, T = system temperature. For this study, 

ΔC =
NS
a 10 4M ≫ Cbulk = 0.1 Mwhere Ns = the surface grafting density of nucleic 

acids,26,41 (~ 1012 cm−2), a =membrane pore radius (~ 10−9 m), each of the 50 bases of the 

TBA has 1 e- negative charge, and we hypothesize that ΔC increases to a greater extent in 

response to α- thrombin due to its high affinity for TBA in comparison to the low affinity 

non-specific interactions with other proteins that bind to a lesser degree. Thus, the pore 

impedance decreases much more with increasing α-thrombin concentrations compared with 

proteins with low or no affinity for the aptamer.

In a previous study, Rotem et al.42 observed an increase in current through a TBA- modified 

single nanopore on binding with α-thrombin, suggesting a concomitant decrease in the pore 

impedance, which supports our observation. They argued that ion flow through the 

nanopores could be affected due to the biomolecular surface charge as well as by the 

configurational change of aptamer at the pore entrance due to binding with α-thrombin. 

However, with increasing numbers of α-thrombin-TBA complexes, giving rise to greater 

steric hindrance to ion flow across the nanochannels of the membrane, the mechanism of 
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“volume exclusion” 43 will dominate over the “surface-charge” mechanism.39 The result will 

be a decrease in conductance and thus an increase in membrane impedance. In the event of 

membrane impedance being dictated by volume exclusion the pore resistance Rp increases 

and can be expressed as below,17, 44

Rp = L

πΛ a2

where Λ is the specific conductivity of the electrolyte in the nanochannel. If we consider 

that Λ is unchanged, then the abundance of protein-aptamer complexes can reduce the 

effective pore radius and thus increase Rp. This could explain the increase in Rp , which in 

turn increases Zmem, at very high concentrations of α-thrombin. We observed more of this 

effect (Figs. 4B and 4C) in the presence of 0 and 5 µM HSA at 300 and 500 nM α-thrombin. 

Karnik et al.45, 46 also showed that, with increasing complex formation, the conductance 

decreases after a certain point and impedance starts increasing due to larger steric effects.

The previous discussion considers surface charge effects on nanochannels but in the real 

scenario the nucleic acid-protein complex is, in effect, a polyelectrolyte layer and thus the 

sizes and shapes of the biomolecules must be considered to provide a thorough explanation 

for the conductance change. Tagliazuchhi et al.47 reported that polyelectrolytes on the outer 

surface of the nanopores, compared to those on inner walls, can lead to equal or better 

rectification of ionic current, depending on biomolecules charge and ionic concentration. 

The NAAO membrane used in this study were sputter coated with a ~60 nm thick film of 

gold. Due to the physical deposition process most of the gold was accumulated on the mouth 

of the nanopores, with much less penetration into the nanochannels. Thus, the thiolated 

aptamers were likely aggregated around and closer to the mouth of the pore.

Interestingly, Zhao et al.13 immobilized aptamers throughout the inner surface of the 

nanopores and demonstrated an increase in impedance with formation of α-thrombin-

aptamer complexes inside the NAAO membrane, for their scheme of sensor arrangement. 

However, they did not report the detection of the analyte/target in presence of high 

concentrations of other proteins of low affinity for the aptamer such as HSA, which we have 

demonstrated in the present study. The nature of the impedance change described in the 

present study is opposite of that discussed in the work by Zhao et al.13 Though previous 

literature,40, 42, 44–47 as described above, support our observations, it is to be noted that these 

authors only considered the instance of receptor-target interaction. Thus, it is still not clear 

how the presence of high concentrations of HSA improves the sensitivity in our study. This 

effect of HSA demands greater inspection of the interaction of proteins with aptamers 

grafted to nanoporous membranes and to other exposed portions of the membranes, such as 

the hexanol-modified gold surface. Computational modeling considering buffer composition, 

biomolecule configurations and charge might reveal the exact physics of the system.

4. Conclusion

In this study we have established a sensitive and selective aptamer-functionalized NAAO 

membrane sensor for α-thrombin detection. We have shown that it is possible to detect α- 
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thrombin in presence of high concentration HSA by using aptamers functionalized on gold 

coated NAAO membranes and the four-electrode impedance spectroscopy. We also found 

that increasing the HSA background in the electrolyte increased the baseline impedance, 

possibly through the saturation of the available sites for non-specific adsorption, which in 

turn improved the S/N ratio and enabled low concentration analyte detection. It may be seen 

from the results that even though the sensor has a detection limit of 10 pM ( based on S/N 

ratio > 3 ), the error bars due to the negative control γ-thrombin overlap with the confidence 

interval for α-thrombin, below 2 nM titrations, and the RSD for α-thrombin varies between 

9–13%. This scheme of detection may be extended to other protein-ligand systems to further 

establish its efficacy with tests carried out in serum samples. The sensor could also be 

utilized in point-of-care diagnostics development due to the advantages offered by portable 

impedance analyzers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Nanoporous alumina membrane having one side coated with thin gold film 

used as a transducer for 4-electrode impedance based aptasensor towards 

protein detection

• The sensor response to α-thrombin is determined in the presence of high 

concentration (500 µM) of human serum albumin (HSA) and a detection limit 

of 10 pM of α-thrombin is obtained

• The sensor shows minimum response to the structurally similar γ-thrombin 

and lysozyme which has similar positive charges like α-thrombin at pH 7.4
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Figure 1: 
(A) Schematic showing membrane immobilization steps (B) The four-electrode scheme is 

shown (C) the Teflon cell as used in the electrochemical experiments with the NAAO 

membrane and the four-electrode set-up
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Figure 2. 
(A) A representative frequency response (Bode plot) and (B) a representative Nyquist plot, 

at 10 nM concentration of different proteins. The black curve on the Nyquist plot is the 

modified Randle’s circuit fit for α-thrombin; (C) the membrane impedance Zmem and (D) 

ΔZmem is plotted of the aptamer functionalized membrane for different protein 

concentrations. Each titration experiment was repeated at least 3 times. The error bars 

correspond to standard deviation of the mean.
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Figure 3: 
(A) Zmem and (B) ΔZmem are plotted for the protein titration in presence of 500 µM HSA as 

a background in the electrolyte. Impedance is calculated at f = 100 Hz. ΔZmem for the α-

thrombin titration is fitted to a Langmuir isotherm to calculate dissociation constant KD. 

Each titration experiment was repeated at least 3 times. The error bars correspond to 

standard deviation of the mean.
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Figure 4: 
(A) The membrane impedance Z is plotted for an α-thrombin titration in the presence of 0, 

5, and 500 µM HSA. The mean value for each case of background is shown. Impedance is 

calculated at f = 100 Hz. (C) The resistance Rp and (D) capacitance Cmem for different 

backgrounds are shown. Each titration experiment was repeated at least 3 times. The error 

bars correspond to standard deviation of the mean.
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Table 1

Standard deviation (SD) and relative standard deviation (RSD) for the mean Zmem for α-thrombin titration in a 

background of 500 µM HSA

α-thrombin
(nM)

 Mean
 Zmem
 (Ω)

 SD (Ω)  RSD

 0  16.21  1.64  0.10

 0.01  14.43  1.54  0.11

 0.05  13.41  1.21  0.09

 0.1  13.16  1.63  0.12

 0.5  12.11  1.43  0.12

 1  11.87  1.4  0.12

 3  11.01  1.4  0.13

 5  9.21  0.84  0.09

 10  9.26  1.06  0.11

 30  8.31  0.88  0.11

 100  9.97  1.08  0.11

 300  8.85  1.38  0.16

 500  11.41  1.41  0.12
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Table 2

Sensor parameters for different test cases

HSA
Background Test protein  Concentration

 (nM)
Smean

(Ohm)
σnoise

(Ohm)
S/N

500 μM α-thrombin

0.1 3.05

0.98

3.12

30 7.89 7.85

500 5.08 5.11

500 μM γ-thrombin

0.1 1.38

0.98

1.41

30 1.37 1.41

500 0.98 1.00

5 μM α-thrombin

0.1 0.4

1.003

0.41

30 7.8 7.76

500 1.01 3.98

0 μM α-thrombin

0.1 0.56

0.37

1.51

30 3.46 9.24

500 1.01 2.67
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Table 3

Comparison between different sensors for detection of human thrombin

Sl.
No.

Reference Method Platform Detection limit

1 Allsop T. et al. 33,
2017

Optical / Surface Plasmon Aptamer modified
metal/semiconductor
optic fiber; label free

100 pM in 4.5 % w/v
Bovine Serum Albumin

2 Lin K. et al. 34,
2017

Electrochemical
(impedance) / 3-electrode

Aptamer-functionalized
MoS2 nanosheet

53 pM in 1% human
serum

3 Zhao X. et al. 13,
2017

Electrochemical
(impedance) / 2-electrode
/ NAAO membrane

Aminated aptamers
grafted on inner wall;
label free

1 pM in PBS

3 Goda T. et al. 35,
2015

Electrochemical
(potentiometry) / 3-
electrode / gold
microelectrode array

Bivalent aptamer
system; label free

5.5 nM in 10 mM MES
buffer, pH 6.0

4 Jiang Z. et al. 36,
2014

Optical / UV-Vis Aptamer -antibody
sandwich ; ELISA type
sensor

80 pM in PBS

5 Escosura-Muniz
A. et al. 8, 2013

Electrochemical
(voltammetry) / 3-
electrode / NAAO
membrane

Aptamer-antibody
sandwich assay with
AuNP tags + silver

5 pM in whole blood
(membrane rinsed with
PBS after incubation
with blood)

6 Xiao Y. et al.37,
2005

Electrochemical / 3-
electrode / gold disk
electrode

Aptamer based using
methylene-blue label

64 nM in diluted 50 %
calf serum

7 This work Electrochemical
(impedance) / 4-electrode
/ NAAO membrane

Thiolated aptamers; gold
coated NAAO; label
free

10 pM in presence of
500 µM HSA in PBS
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