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Abstract
A major societal challenge is the development of the necessary tools for early diagnosis of diseases such as cancer and sep-
sis. Consequently, there is a concerted push to develop low-cost and non-invasive methods of analysis with high sensitivity 
and selectivity. A notable trend is the development of highly sensitive methods that are not only amenable for point-of-care 
(POC) testing, but also for wearable devices allowing continuous monitoring of biomarkers. In this context, a non-invasive 
test for the detection of a promising biomarker, the protein Interleukin-6 (IL-6), could represent a significant advance in 
the clinical management of cancer, in monitoring the chemotherapy response, or for prompt diagnosis of sepsis. This work 
reports a capacitive electrochemical impedance spectroscopy sensing platform tailored towards POC detection and treatment 
monitoring in human serum. The specific recognition of IL-6 was achieved employing gold surfaces modified with an anti-
IL6 nanobody (anti-IL-6 VHH) or a specific IL-6 aptamer. In the first system, the anti-IL-6 VHH was covalently attached 
to the gold surface using a binary self-assembled-monolayer (SAM) of 6-mercapto-1-hexanol (MCH) and 11-mercaptound-
ecanoic acid. In the second system, the aptamer was chemisorbed onto the surface in a mixed SAM layer with MCH. The 
analytical performance for each label-free sensor was evaluated in buffer and 10% human serum samples and then compared. 
The results of this work were generated using a low-cost, thin film eight-channel gold sensor array produced on a flexible 
substrate providing useful information on the future design of POC and wearable impedance biomarker detection platforms.
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Introduction

Currently, one of the major goals in healthcare research is 
the improvement of diagnosis, prognosis, and monitoring 
of diseases that have large social impact, often with poor 
patient outcomes such as cancer and sepsis. As a result of 
this, it is no surprising that development of efficient, high-
performance analysis methods to improve existing diagnos-
tic pathways and patient management systems is one of the 

main goals in the diagnostics research space. The need for 
efficient and early diagnosis has led researchers to evaluate 
different proteins as potential biomarkers for unregulated 
physiological states and a range of diseases. One promising 
category of biomarkers is the group of small and soluble 
proteins known as cytokines, which are released from cells 
of the immune system and influenced by acute inflammatory 
processes, infection, trauma, immune response, or the evolu-
tion of particular diseases [1]. Cytokines can act as pro- or 
anti-inflammatory molecules and play an important role in 
cell replication, in cell apoptosis, and in the repair of chemi-
cally induced tissue damage. Hence, in the biomedical field, 
cytokines are considered valuable markers for diagnosing 
disease or monitoring treatment response [2].

Among all cytokines, interleukin-6 or IL-6, a single 
chain phosphorylated 21-kDa glycoprotein composed of 184 
amino acids [3] and one of the key pro-inflammatory pro-
teins produced by many different cell types, including cells 
of the immune system, has been studied since its discovery 
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in 1986 by Hirano et al. [4]. IL-6 can mediate both inflam-
matory and stress-induced responses. Moreover, it has been 
reported that elevated levels of this protein in the human 
body indicate activation of the cytokine pathway related to 
acute inflammatory processes (such as those seen in sepsis 
and brain injuries) or chronic activation leading to disease 
progression, including cancer or cardiological pathologies 
[5, 6]. In abnormal states, which are brought about by the 
inflammatory response, IL-6 levels in human fluids can rise 
into the range of 100 pg/mL to 1 ng/mL compared to the 
clinically normal levels in serum or blood of 5 pg/mL [7]. 
When specifically considering cancer, elevated IL-6 effects 
lead to proliferation, invasion, and metastasis of tumour 
cells, as well as suppression of antitumor immunity. Changes 
in IL-6 levels have been also observed after tumour removal 
surgery or during chemotherapy, which might be an indica-
tor of therapy response. In addition, there is some evidence 
that suggests IL-6 concentration could be related to tumour 
size, recurrence, or disease stage [8].

It is therefore clear that the development of analytical 
methods capable of fast, reliable, specific, and highly sensi-
tive determination of IL-6 concentration would be of great 
interest and represent a significant advance for the early 
diagnosis of a variety of conditions, including cancer, poten-
tially leading to improved survival and outcome rates for 
patients. With this in mind, biosensors have gained popular-
ity over the last 15 years due to their advantages of ease of 
handling, high analytical sensitivity, potential for multiple 
and parallel detection and connectedness [9], manufactur-
ability, and suitability for POC use. Electrochemical bio-
sensors represent a powerful strategy for low-cost, rapid, 
highly sensitive POC detection of clinically relevant markers 
[10, 11]. Furthermore, their applicability to liquid biopsy 
and adaptability to wearable devices make them particularly 
appealing [12, 13]. Among all electrochemical measurement 
techniques, electrochemical impedance spectroscopy (EIS) 
is the most sensitive with respect to surface-constrained 
processes, but compared to amperometric and potentio-
metric techniques has not yet led to as many applications 
in real-world use [14]. The EIS technique can be further 
distinguished into two modes of measurement: faradaic and 
non-faradaic mode. While faradaic measurements rely on 
the presence of a redox probe in solution, non-faradaic or 
capacitive mode gives the opportunity to perform reagent-
less, label-free, real-time, and non-invasive determination 
of receptor-ligand interactions [15]. Therefore, non-faradaic 
mode has the advantage of allowing direct measurements 
(e.g. in a wearable format) and overall a simplified practi-
cal implementation [14, 16]. However, the capacitive meas-
urement mode has been less studied with fewer capacitive 
biosensors reported to date [17]. Beyond the measurement 
itself, a crucial aspect of developing a new electrochemical 
detection technology is the nature of the surface, the ionic 

strength of the media, and the choice of the bioreceptor for 
recognition of the target [18, 19]. Different natural and syn-
thetic molecular recognition elements, such as antibodies 
[20], IL-6 receptors [21], aptamers [22], and molecularly 
imprinted polymers (MIPs) [23], have proven to be useful 
for the development of electrochemical biosensors [24], 
using various conductive substrates for their immobiliza-
tion. In this study, we proposed the use of gold surfaces 
that contribute to the simplicity of functionalization and the 
attachment of the molecular receptors [25, 26]. In the field 
of clinical analysis, antibodies (Ab) are considered the gold 
standard for immunoassays and, as such, most of the IL-6 
sensors developed so far are immunosensors. However, the 
variability between different batches, the difficult process 
and high costs of obtaining monoclonal Abs [27], and their 
large relative molecular weight serving as a limiting factor of 
sensitivity in impedance assays make it necessary to explore 
alternative bioreceptors.

Nanobodies (VHHs) and aptamers are receptor molecules 
that could replace the traditional Ab [28] as currently used 
in electrochemical POC technologies. Single-domain Abs 
called nanobodies (VHHs) are recombinant fragments of 
an approximate weight of 15 kDa containing the variable 
chain of a subtype of Ab that appear in camelids and do 
not have light chains. They have some advantages such as 
simple engineering, lower price production, better stability, 
high solubility, and the possibility to obtain higher density 
onto the surfaces and greater analytical signal gain. Their 
sequence can be transferred to bacterial expression systems 
for their production [29, 30]. Aptamers are synthetic sin-
gle-stranded oligonucleotides which are currently gaining 
in popularity in bioanalysis because of advantages such as 
easy chemical manufacturing processes, thermal and chemi-
cal stability, and simple modification with different labels 
or marker molecules. They can be selected to recognize a 
wide range of targets including toxic compounds or non-
immunogenic molecules [31, 32]. An in vitro process called 
SELEX (Systematic Evolution of Ligand by EXponential 
enrichment) is generally used for their selection. This pro-
cess mimics the natural selection process [33, 34], leading 
to sequences capable of recognizing specific targets typically 
through a conformational change on binding [28, 35].

Another type of synthetic receptors for the efficient cap-
ture of IL-6 is MIPs, which are obtained by polymeriza-
tion of a monomer in the presence of the target. After target 
removal, the specific binding sites are revealed. MIPs are 
resistant to harsh conditions, but the accessibility of the 
binding sites to proteins can be rather limited [23, 24].

In this work, a low-cost, flexible, eight-channel gold bio-
sensor chip was used to assess the relative performance of 
two sensing platforms for detection of IL-6 protein in both 
buffer and spiked 10% human serum. The first platform uti-
lizes an anti-IL-6-VHH nanobody receptor and the second 
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one employs an IL-6-aptamer, with both systems running in 
a label-free impedimetric format on the gold eight-channel 
multi-electrodes. The assay, which employs capacitive meas-
urements in the absence of a soluble redox marker, is appeal-
ing because it makes the devices suitable for future use in a 
wearable device. The direct comparison of the nanobody and 
aptamer receptors is highly informative because it provides 
performance data on the analytical response of each receptor 
and again points to the best use case for eventual wearable 
use. The conceptual basis of the study is shown in Fig. 1.

Materials and methods

Reagents

N-(3-Dimethylaminopropyl)-N′-ethyl-carbodiimide hydro-
chloride (EDC), 6-mercapto-1-hexanol (MCH), N-hydroxy-
succinimide (NHS), ethanolamine, 11-mercaptoundecanoic 
acid (MUA), Tris-(2-carboxyethyl)phosphine hydrochloride 
(TCEP), dithiothreitol (DTT), sodium acetate, C-reactive 
protein (ref 236,606), and human serum (H4522) were pur-
chased from Sigma-Aldrich (Poole, Dorset). Potassium fer-
ricyanide and potassium ferrocyanide were obtained from 
Fisher Scientific (Loughborough, UK). Phosphate buffer 
saline 10 × concentrate pH 7.4 (10 × PBS) and deionized 
water were purchased from Scientific Laboratory Sup-
plies Limited (Nottingham, UK). Proteintech supplied the 

recombinant human IL-6 (HZ-1019) and the monoclonal 
single-domain antibody or nanobody (anti-IL-6 VHH) was 
supplied by QVQ (Utrecht, The Netherlands). Recombinant 
human MMP3 protein (513-MP) was acquired from R%D 
Systems. The aptamer was supplied by CreativeBiolabs 
(Shirley, NY, USA). As electrodes, surface flexible thin film 
gold arrays (TFGAs) were used and obtained from Flex-
Medical Solutions (Livingston, UK).

Cleaning process

A Zepto plasma asher from Diener electronic was used to 
clean the TFGAs under an oxygen plasma flow of 0.7 mbar 
of pressure and 50% of power. For that, the electrodes were 
placed in the vacuum chamber and one pulse of 1 min was 
applied.

Electrode functionalization

IL‑6 VHH immunosensor

Prior to the modification of the surface, the specific IL-6 
nanobody (VHH) was treated for 3 h at 37 °C in a thermal 
cycler from miniPCRbio™ with 2.5 molar excess of TCEP 
to reduce disulphide bonds of the cysteine amino acid.

Immediately after the oxygen plasma treatment, a 1:3 
mixture of MUA and MCH was dropped to the TFGA sur-
face for an overnight incubation at 4 °C in a water-saturated 

Fig. 1   Schematic drawing of conceptual basis of the work. Gold elec-
trodes are modified with a nanobody or an aptamer specifically rec-
ognizing IL-6. There is a change in the non-faradaic impedance spec-

tra when these surfaces are challenged in serum samples containing 
IL-6, which can be observed in both impedance (a) and capacitance 
planes (b)
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atmosphere. For that, stock solutions of 100 mM of MCH 
and 100 mM of MUA were first prepared in absolute etha-
nol, and then diluted to 1 mM in NaAc pH 5.5. After over-
night incubation, the carboxylic groups of the SAM were 
activated with a mixture of 100 mM EDC/25 mM NHS in 
NaAc pH 5.5 for 30 min, and a solution of 30 µg/mL of IL-
6-VHH in NaAc was then added to the surface for 30 min 
for covalent binding. The remaining unreacted carboxylic 
groups were blocked with 1 M of ethanolamine in 1 × PBS 
for 15 min. Volumes of 15 µL were used for covering the 
TGFA and incubations were performed at room temperature 
(RT) unless otherwise stated.

IL6 aptasensor

Before using the commercially supplied specific IL-6 
aptamer, the oxidized disulphide form was chemically 
reduced with 125 µL of 0.1 M DTT for 2 h at RT protected 
from the light, and then purified by elution through a Sepha-
dex G25 column (NAP-10, GE Healthcare). Afterwards, the 
cleaned TFGAs were incubated for 1 h at RT with 15 µL of 
a mix Aptamer:MCH (1:100) being the final thiol concen-
tration 100 µM. The resulting binary SAM was additionally 
blocked by incubation with MCH 1 mM for 40 min at RT.

Assay protocol

The functionalised electrodes were incubated with solu-
tions of IL-6 in 1 × PBS, concentrations ranging from 5 to 
10,000 pg/mL, for 30 min at RT. The intended target was 
substituted by C-reactive protein (CRP) or metalloprotein-
ase-3 (MMP-3) in the negative controls. Following each 
incubation and before the EIS measurement, a rinse with 
1 × PBS was performed.

Faradaic and non‑faradaic EIS measurements

TFGAs from FlexMedical, 8-gold sputtered working elec-
trodes along with a common gold counter electrode and 
a Ag|AgCl printed common pseudo-reference electrode, 
were used to perform all the impedance measurements. The 
characterization of the functionalization of the electrode 
was carried out in faradaic mode in 5 mM [Fe(CN)4]3−/4− in 
1 × PBS and the measurements with the affinity sensors 
were performed in non-faradaic mode in 1 × PBS. EIS was 
measured against an open-circuit potential from 10 kHz to 
0.1 Hz. Eac (potential amplitude) was set at 0.01 Vrms and 
Edc (potential during measurement) at 0 V. Fifty frequencies 
were recorded for all the experiments. A PalmSens4 potenti-
ostat and PSTrace 5.9 software from Palmsens BV (Houten, 
The Netherlands) were used to perform all electrochemical 
measurements. Capacitance values were obtained for each 
frequency and subsequently analysed.

Storage protocol

Once generated, the sensing layers were properly treated 
before being stored [36]. They were incubated with a 
solution of 2.5% of glucose and BSA as preservatives in 
1 × PBS for 30 min at RT. Afterwards, they were dried under 
an argon stream and stored in Petri dishes in a dry atmos-
phere at 4 °C until 2 weeks. After the storage period, prior 
to being used, the electrodes were washed with 1 × PBS and 
then rehydrated with the same buffer for 2 h. The sensor 
surface stability was evaluated by measuring the capacitance 
of 50 pg/mL of IL6.

Results and discussion

Monitoring sensors fabrication

The thin film gold arrays (TFGAs) contained eight 1-mm 
disc Au working electrodes with combined counter (Au) and 
reference electrode (Ag/AgCl) all designed to interface with 
a potentiostat and multiplexer unit (see Fig. 2a). The TFGA 
electrodes were subjected to an oxygen plasma treatment 
to obtain gold surfaces suitably clean for the subsequent 
formation of the sensing layers and attachment of biorecep-
tor probes. Faradaic EIS measurements were performed to 
verify electrode cleanliness and to sequentially monitor the 
functionalization process. To analyse the data, the Nyquist 
plots for the TFGAs at each stage were fitted to a standard 
Randles equivalent circuit, obtaining the charge-transfer 
resistance (Rct) from the semicircle diameter. Low Rct val-
ues (1313 ± 143 Ω) for the bare electrode after the oxygen 
plasma treatment were observed, which indicated the redox 
couple could freely participate in electron transfer reactions, 
ensuring that the electrodes were appropriately clean prior 
to functionalization. Having established a cleaning process 
and benchmarked the impedance values associated with the 
cleaned state, the next aim was to characterize the forma-
tion of various receptor-alkanethiol SAM layers following 
functionalization.

Electrodes modified with the anti-IL-6 VHH, conjugated 
to the mixed SAM through EDC/NHS coupling, gave a 
marked increase in Rct, quantitatively seen as a percentage 
change of 702% with the clean electrodes having a mean 
Rct of 11,380 ± 1100 Ω. That suggested [Fe(CN)6]−3/4 ions 
had reduced their ability to participate in electron transfer 
due to nanobody attachment. After blocking the free car-
boxylic groups of the SAM with ethanolamine, Rct gave a 
similar value of 11,550 ± 1737 Ω (Fig. 2b, c). Afterwards, 
an increase in resistance was observed again for the recogni-
tion of the IL-6 protein (100 pg/mL) with a mean Rct value 
of 13,930 ± 973 Ω, seen as a percentage change of 23.9%. 
Meanwhile, the starting Rct measured for the aptasensor 



7039Comparing nanobody and aptamer‑based capacitive sensing for detection of interleukin‑6 (IL‑6)…

1 3

sensing platform was 28,614 ± 1006 Ω (Fig. 2c), increasing 
with the recognition of the protein to a mean Rct value of 
53,070 ± 1702 Ω which corresponds to a percentage change 
of 85.6%.

Assay performance using the anti‑IL‑6 VHH

After characterizing the functionalization and sensor assem-
bly steps with faradaic EIS as a benchmarking method, the 
focus of the study switched to non-faradaic measurements, 
recording the change in the capacitance due to binding 
between target and receptor. The rationale for focusing on 
capacitive measurements was that this approach negates 
the requirement for a redox mediator in solution to sustain 
the measurement like in faradaic mode. Demonstrating the 
sensitivity of the measurement in simple 1 × PBS is fairly 
representative of human interstitial fluid (ISF) [37, 38]. The 
applicability of the measurement in human serum samples 
is also shown because the development of a wearable IL-6 
measurement is a key aim of this research.

There is no consensus in the method of presenting imped-
ance data for capacitive measurements related to the dif-
ferent plots used. In this work, the impedance data in the 
absence of redox probe in solution was represented as the 
imaginary part of the capacitance C″ (µF) against the real 
part C′ (µF), leading to a complex-plane capacitance plot. In 
this plot, and assuming a blocking electrode, the C′ values 
at the minimum value of C″, corresponding roughly to the 
double-layer capacitance (Cdl), were obtained as the final 
readout. These Cdl values were used to analyse the perfor-
mance of the biosensors. For comparison, data were also 
analysed in terms of %∆C [(C − Co)/Co] × 100, where C and 
Co represent the Cdl value after and before incubation with 
IL-6 solutions.

The first sensing strategy evaluated was the anti-IL-6 
VHH-modified sensor. A SAM-based immunosensor was 
designed by following the well-established process of 
overnight assembling of a mixture of two alkanethiols on 
clean gold surfaces. In this approach, a mixture of 1 mM 
MUA:MCH (1:3) was used to form a well-ordered layer at 

Fig. 2   (a) TFGAs experimental setup including potentiostat, multi-
channel unit, bespoke connector, and TFGA chips. Characterization 
of functionalization steps of the immunosensor by faradaic EIS. (b) 

Nyquist plots at different modification steps and (c) charge transfer 
resistance for pre-cleaning, post-cleaning TGFAs, and for the VHH 
and aptamer modified sensing surfaces



7040	 Sánchez‑Salcedo R. et al.

1 3

the interface, which through the use of the EDC molecule, a 
zero-length cross-linker, allowed covalent binding between 
terminal carboxyl groups on the SAM layer and primary 
amines on the bioreceptor with a good orientation, increas-
ing likelihood of receptor-target recognition. To improve the 
performance and efficiency of this coupling method, NHS 
was introduced to increase the stability of the active ester 
converting it to an active NHS-ester [39].

The Cdl value originated from the sensing layer increased 
significantly upon exposure to an IL-6 concentration of 
1000 pg/mL for 30 min (from 0.189 ± 0.008 to 0.217 ± 0.006 
µF). To assess the inter- and intra-chip reproducibility of the 
immunosensor, we analysed the response of three different 
TFGAs chips. Capacitive signal changes of similar magni-
tudes were obtained, leading to a 12.6% of RSD for inter-
chip and a 7.2% for intra-chip measurements. Therefore, it 
was concluded that the reproducibility of the electrochemi-
cal surface was adequate and acceptable for further assay 
development activity.

After verifying consistent behaviour and a positive 
response of the developed immunosensor, negative control 
experiments were performed by challenging the immunosen-
sor with C-reactive protein (CRP), a protein that commonly 
appears in bodily fluids such as human serum, with increased 
abundance as a result of acute inflammation or tissue dam-
age. Using 50 pM concentration for IL-6 and CRP (1000 pg/
mL and 5700 pg/mL, respectively), all the negative control 
responses were found to be significantly lower compared to 
the positive signal. We observed a percentage of change with 
respect to the blank (∆C (%)) of − 1.1 ± 1.9 and 12.8 ± 2.2 for 
CRP and IL-6, respectively (Fig. 3a). Considering this evi-
dence, it is concluded that IL-6 successfully and specifically 

bound to the anti-IL6 VHH while CRP did not, denoting not 
only the specificity of the VHH but also the effectiveness of 
the blocking process during sensor construction.

Once the efficiency and reproducibility of the functionaliza-
tion of the electrodes and the specificity for IL-6 have been dem-
onstrated, it is important to evaluate the dose–response effects. 
In these experiments, the capacitance consistently increased for 
additions of 5, 10, 100, 1000, and 10,000 pg/mL of IL-6, dem-
onstrating a dose-dependent behaviour (Fig. 3b). The response 
of the immunosensor was fitted to a semi-logarithmic regression 
(C (µF) = (0.202 ± 0.003) + (0.005 ± 0.001) log [IL6] (pg/mL), 
R = 0.96) in the range between 10 pg/mL and 10 ng/mL.

Achieving good sensitivity is very important as the con-
centration of IL-6 in normal blood levels ranges from 2 to 
10 pg/mL with elevations to 100–1000 pg/mL in the presence 
of trauma or pathological states [7]. With the designed immu-
nosensor using the VHH, it is possible to achieve signals 
significantly different from the background for 10 pg/mL of 
IL6 which is in the pathological range. One important factor 
in impedimetric sensors is the fluctuation or change in the 
recorded capacitance, attributable to changes in the electrode 
surface or movement of ionic species in the measurement 
media, generating variations in double-layer capacitance 
[40, 41]. For this reason, a series of experiments designed 
to evaluate the signal drift were performed in buffer for the 
developed device. When the TFGAs were incubated in buffer 
over long periods of time, an obvious monotonic drift in the 
Cdl value was observed. Therefore, the specific response 
might be masked by the amplitude of this background drift, 
especially in a wearable format where long measurement 
times are employed. The large drift increase observed from 
PBS may be explained by a gradual reorganization of the 
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Fig. 3   (a) Comparing positive (1000  pg/mL IL-6) and negative con-
trol (5700 pg/mL CRP) responses for the anti-IL-6 VHH. Error bars 
represent the standard deviation (SD) of 12 replicates (n = 12). (b) 

Dose–response curve for the IL-6 immunosensor in buffer. The inset 
represents the range of concentrations where the response is correlated 
with the concentration in a log scale. Error bars denote SD for n = 15
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SAM when applying the repetitive electrical inputs for EIS 
measurement. For this reason, we evaluate a new bioreceptor 
and strategy for the determination of this protein.

Assay performance using the anti‑IL‑6 aptamer

We tested a label-free and reagentless impedimetric sen-
sor targeting IL-6 employing a specific thiolated aptamer 
sequence as bioreceptor. Functionalization of the gold sur-
face was possible using a simple chemisorption process from 
a mixed solution of Apt:MCH (1:100) with a final concen-
tration of 100 µM MCH, allowing the formation of a strong 
bond to the gold surface as well as an organized monolayer 
with a defined (upright) orientation of the bioreceptor owing 
to the contribution of the MCH in SAM formation [42].

As we highlighted, the changes in the signal in buffer 
over time had a large impact on the performance of the 
immunosensor. Therefore, an equivalent experiment was 
performed to first characterize the drift for the aptasensor. 
Moreover, to minimize the non-specific component of the 
response, additional experiments using an extra backfill-
ing step consisting in the incubation of the sensing layer 
with MCH 1 mM for 40 min at RT were performed. The 
aptasensor exhibited a significantly lower baseline drift 
than the immunosensor. Over the course of 150 min of 
measurement in buffer, the capacitance arises from the 
aptasensor drift by 38%. This effect is further improved 
by the use of MCH in an extra backfilling step. The drift 
in this case is less than 14% after 90 min, and then, it 
leveled off (Fig. 4a). These results demonstrated that the 
aptasensor was less prone to baseline drift, outperforming 
the immunosensor in this regard. This may be explained 
by taking into account that the aptasensor showed higher 

initial charge transfer resistance values, pointing to the 
formation of a more ordered SAM layer that underwent 
lower levels of reorganization upon sensor electrification 
and repetitive EIS measurement.

To assess the response of the sensor after the recogni-
tion of IL-6 by the aptamer and to verify the selectivity of 
the aptamer, we conducted capacitive impedance meas-
urements with the aptasensor. The TFGA electrodes were 
incubated with 1000 pg/mL of IL-6 for the positive control 
and with an equimolar concentration of MMP3 (2700 pg/
mL) [43], a clinically relevant protein present in human 
fluids [38], for the negative control. We found a percent-
age of capacitance change of 3.3 ± 5.1 and 26.5 ± 7.1 for 
the negative and positive controls, respectively (Fig. 4b).

Having achieved satisfactory selectivity and baseline 
drift, we next investigated the influence of IL-6 concen-
tration on the response. Upon challenging the aptasensor 
in 1 × PBS buffer with increasing concentrations of IL-6 
in the range of 10 to 10,000 pg/mL for 30 min at RT, the 
electrodes were washed, and the capacitive measurements 
were acquired. We obtained an increasing signal with a 
dose–response curve behaviour as shown in Fig. 5. The 
aptasensor dose–response curve fitted to a semi-logarith-
mic regression (C (µF) = (0.0427 ± 0.0006) + (0.0073 ± 
0.0002) log[IL6] (pg/mL), R = 0.999) over the clinically 
relevant 10–10,000 pg/mL range.

Evaluating aptasensor performance in complex 
sample

Once it was established that IL-6 could be detected with 
suitable sensitivity and selectivity in buffer using the IL-6 
aptamer-based sensor, and keeping in mind that one of the 
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goals of this research was to develop a device with POC 
testing application and compatible with wearable deploy-
ment, we next set out to characterize the performance of this 
device in complex media. Thus, the aptasensor was applied 
to IL-6 detection in filter-sterilized human serum samples 
spiked with 10,000 pg/mL IL-6. We recorded the device 
capacitive readout after challenging in the complex media 
(undiluted human serum) over 2 h, then adding 10,000 pg/
mL IL-6. We obtained a slight change in the capacitance of 
2.5 ± 0.4%, which is masked by the background drift. This 
presumably arises due to a hindered receptor-target interac-
tion as a consequence of the high concentration of other 
proteins and the additional complexity of the medium. To 
further characterize the performance of the sensor, we per-
formed the same experiment in 10% diluted human serum. 
In this medium, we observed a baseline drift similar to that 
in buffer, leading to a stabilization from 90 min, allowing to 
get a specific signal of IL-6 clearly different.

This finding prompted the construction of a dose–response 
curve with IL-6 spiked into 10% diluted human serum ranging 
from 5 to 10,000 pg/mL. Figure 6 shows the capacitive signal 
calculated after subtraction of the baseline drift in the same 
medium. A dose-dependent response is observed for IL-6, 
which fitted to a semi-logarithmic scale (C (µF) = (0.0141 ± 0
.0007) + (0.0040 ± 0.0005) log [IL6] (pg/mL), R = 0.98) over 
the whole range of IL-6 concentrations tested.

Altogether, these results demonstrate that it was possible 
to construct sensitive biosensors for IL-6 using the TFGA 
chip. Being based on capacitive impedance measurements 
that do not require the presence of a soluble redox probe, the 
aptamer-based devices support specific signaling towards 
IL-6 in the range between 10 and 10,000 pg/mL and, unlike 
nanobody-based platform, the aptasensor was less influenced 

by the background drift, which becomes stable after 90 min. 
This is most likely due to a more tightly packed SAM layer 
(as evidenced by faradaic EIS experiments). Moreover, the 
aptasensor retained much of its response when challenged 
with complex samples (10% human serum). Comparable 
analytical performance to previously reported for microe-
lectrode-based IL-6 immunosensors [1] as well as to some 
other electrochemical sensing platforms using antibodies as 
bioreceptor has been reached [24]. Besides, the developed 
aptasensor is competitive both in terms of sensitivity and 
detection range with the commercial methods used in clini-
cal laboratories [3]. Although electrochemical biosensors for 
IL-6 with LODs lower than 1 pg/mL have been described 
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[24], the results presented herein were generated using a 
low-cost eight-channel thin film gold capable of being pro-
duced in mass at ultra-low cost (< $ 2 US per strip). Future 
directions for this work include evaluation of sensor per-
formance and stability in interstitial fluid (ISF) because we 
envisage skin-based testing of the immune component of 
ISF as a major area for wearable sensing and continuous 
monitoring in future years.

Conclusions

In this work, a simple, label-free, capacitive-based method 
for the determination of IL-6, a protein biomarker with high 
relevance in the clinical field, is reported. The assay is imple-
mented on a low-cost sensor array compatible with high-vol-
ume manufacturing techniques. We developed two systems, 
each using a different bioreceptor for the same biological tar-
get, an anti-IL-6 VHH and a thiolated IL-6 aptamer. When 
characterized by faradaic EIS, the expected chemical func-
tionalization response and assay development were observed 
from the flexible TFGAs. Furthermore, they showed a good 
performance without a redox marker, thus pointing the way 
to the suitability and compatibility of the designs with POC 
or wearable devices. When evaluated in buffer, 10% human 
serum, human serum and with respect to baseline drift, the 
aptasensor was found to be the superior system. This is likely 
due to the formation of a more ordered and tightly packed 
SAM with this particular receptor and immobilization strat-
egy, which also confers the advantages typically attributed to 
the aptamer-based devices such as low reagent costs, high-
volume production potential, and good storage stability.
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