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combining with high-throughput tech-
nique as biosensor because biomarkers 
secreted by cells can be a sensitive indi-
cator of pathogenic processes and pharma-
ceutical responses. These biomarkers are 
existed with small concentration within 
complex biological environment such as 
cell culture medium, biosensor should 
have high sensitivity and selectivity. Also 
continuous and long-time monitoring to 
evaluate the physical responses is essen-
tial point as biosensor since biomarkers 
are presented at minute.

In the mean time, the various analytical 
biosensor to assess biomarker monitoring 
are primarily based on immusensing by 
conventional enzyme-linked immuno-
sorbent assay (ELISA) technology or mass 
spectroscopy.[11–14] These approaches are 
robust, standardized analytical tools that 
are difficult to integrate into cell culture 
systems. Moreover, these tools require 
time (at least few hours) to process and 

analyze biological samples from the cell culture systems. 
Recently, real-time optical methods have been developed to 
exploit fluorescence or surface-enhanced Raman spectroscopy 
and surface plasmon resonance.[14] Although the use of exog-
enous fluorescent compounds is required in the first case 
and may have potential unexpected effects on the cell culture, 

Direct electrochemical (EC) monitoring in a cell culture medium without 
electron transporter as called mediator is attractive topic in vitro organoid 
based on chip with frequently and long-time monitoring since it can avoid 
to its disadvantage as stability, toxicity. Here, direct monitoring with nonme-
diator is demonstrated based on impedance spectroscopy under the culture 
medium in order to overcome the limitation of mediator. The applicability 
of EC monitoring is shown by detecting alpha-1-anti trypsin (A1AT) which is 
known as biomarkers for cardiac damage and is widely chosen in organoid 
cardiac cell-based chip. The validity of presented EC monitoring is proved by 
observing signal processing and transduction in medium, mediator, medium–
mediator complex. After the observation of electron behavior, A1AT as target 
analyte is immobilized on the electrode and detected using antibody–antigen 
interaction. As a result, the result indicates limit of detection is 10 ng mL−1 
and linearity for the 10–1000 ng mL−1 range, with a sensitivity of 3980 nF 
(log [g mL])−1 retaining specificity. This EC monitoring is based on label-free 
and reagentless detection, will pave the way to use for continuous and simple 
monitoring of in vitro organoid platform.

Biomarker Detection

1. Introduction

In vitro cell studies represent a fundamental part of basic 
and applied research fields with large applications in health-
care, biology, and medicine.[1–10] For the last years, in vitro cell 
studies have been facilitated by biomarker detection which is 
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the latter are more focused on biomolecular interactions and 
suitable for a limited number of proteins.[15] Recently, electro-
chemical (EC) biosensors are emerged as alternative tools of 
conventional technology because they offer a convenient and 
realistic approach for the integration of analytical technology 
into cell culture systems.[16] This EC biosensor to detect bio-
marker is constituted of two major part (1) ligand layer that 
makes target biomarker can bind and (2) transducer, that is, 
converts the amount of bound biomarker into a quantitive elec-
tric signal. EC biosensor has become popular and very attractive 
in point-of-care devices due to their high sensitivity and ease of 
miniaturization.[14] They offer (i) reliability and sensitivity (e.g., 
500-fold improved) far beyond conventional ELISA tests,[17] 
(ii) large application for the detection of biomarkers (e.g., pro-
teins) in very small sample volumes (from 200 to 10 µL per 
sample in[18]), iii) multiplexing capability, and (iv) potential 
for integration with cell culture systems through microfluidic 
connections.[19–24]

Despite of considerable advantages, one of the major draw-
backs of EC biosensors is the need for an EC mediator that is 
an electrochemical active species by redox mechanism with fast 
kinetics in a simple fluid (i.e., water or buffer) to perform the 
test to enhance the signal.[25] K3Fe(CN)6, ferrocene and meth-
ylene blue are well-known medicator in electrochemical sensor 
but these compounds can be cytotoxic and/or able to modify 
cell metabolites, leading to false results. Another problem of 
mediators involves real-time measurements being impossible 
to implement due to cells or biomolecules being unable to 
retain their affinity in the mediator for a long period of time. 
Therefore, most working biosensors separate the incubating 
chamber (in buffer or medium) and the measurement (in 
mediator) chamber.[26–30]

In this present study, the signal of the specific binding of a 
biomarker to the ligand layer on the electrode was measured 
by capacitance sensing based on electrochemical impedance 
spectroscopy (EIS) without an electron mediator or proton-
exchange membrane. Since capacitance sensing based on the 
electric double layer change on the electrode by amount of 
adsorption of target biomarker, nor the redox reaction between 
electrode and biomarker, mediator’s limitation can be avoid. 

We systematically investigated the binding of a specific bio-
marker to a ligand layer in cell culture medium by choosing 
A1AT which is known as biomarker for cardiac damage to pro-
vide an opportunity to further apply organoid cardiac cell cul-
ture system. As Table 1 shows, most of sensor for detection of 
cardiac biomarker need mediator such as hydroquinone (HQ), 
TMB, H2O2.[31–38] From now, result in this manuscript is first 
attempt to detect cardiac marker A1AT without mediator.

Although the signal change in cell culture medium was 
small compared to that in a mediator, this change is sufficient 
for the detection of biomarkers in wider range from 10 to 
10 000 ng mL−1. We believed that this technique can be applied 
to biosensors for long-term monitoring with simplicity and 
high efficiency due to electron mediators not being required.

2. Results and Discussion

The SPE (screen printed electrode) consists of three electrodes 
(i.e., working (WE) and counter (CE) and reference (RE)). The 
WE and CE were deposited Au, and the RE consisted of depos-
ited silver/silver chloride. Figure 1 shows the impedance Bode/
Nyquist plots after antibody attaching, blocking, and antigen 
binding in different electrolytes based on SPE. As previously 
mentioned, the medium contains many impurities, including 
bovine serum albumin. Therefore, the blocking step to pro-
hibit nonspecific binding is performed using this medium. 
The Nyquist (x-coordinate: real component, y-coordinate: 
imaginary component) and Bode plots (x-coordinate: frequency, 
y-coordinate: magnitude of impedance) were expressed for 
sensing. The charge transfer resistance (Rct expressed in 
Figure 1a) and magnitude (Figure 1b) below 100 Hz increased 
when Ag was bound to the immunolayer on the electrode. The 
impedance was used for observing the interfacial mechanism of 
the electrode. The signal in the low frequency region (<100 Hz) 
was dominated by the dielectric behavior of the electrode, and 
the resistance in solution dominated in the high frequency 
region.[39] Therefore, when Ag was bound to the electrode, a 
denser and thicker isolation layer was created, which increased 
the double layer resistive property.[40,41] This result is shown in 
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Table 1.  Electrochemical immunosensors reported in the literature for the determination of cardiac biomarkers (CRP, c-reactive protein; CK-MB: 
creatine kinase-MB, TF, transferrin; Myo, myoglobin; cTnI, cardiac troponin I; cTnT: cardiac troponin T; A1AT, alpha-1-antitrypsin; PS, polystyrene; Au, 
gold; MWCNTs, multiwalled carbon nanotubes; SU-8, photoresist; MB, magnetic bead; NP, nanoparticle; SPE, screen printed electrode; GNP, gold 
nanoparticle; ITO, indium tin oxide; EIS, electrochemical impedance spectroscopy; CV, cyclic voltammetry; DPV, differential pulse voltammetry; SWV, 
square wave voltammetry; PPY, polypyrrole; TMB, 3,3′,5,5′-tetramethylbenzidine; DDAB, didodecyldimethylammonium bromide; HQ, hydroquinone).

Biomarker Electrode Technique L,R LOD Mediator Ref.

CRP Nanotextured PS electrode EIS 1 pg–10 ng mL−1 1 pg mL−1 Electroactive polymer-PPY [31]

CRP Au film array electrode Amperometry 5–48 ng mL−1 1 ng mL−1 TMB [32]

CK-MB MWCNTs embedded SU-8 hybrid nanofiber EIS 10 ng–10 µg mL−1 5 ng mL−1 K3Fe(CN)6 [33]

TF Au-MB based microfluidic sensor Amperometry 10–4000 ng mL−1 0.03 ng mL−1 TMB [34]

Myo NP modified graphite SPE CV, DPV, SWV 17.8–1780 ng mL−1 4.4 ng mL−1 Myo reduction by DDAB/Au [35]

Myo NP modified graphite SPE SWV 10–400 ng mL−1 5 ng mL−1 Myo reduction by DDAB/Au [36]

cTnI GNP-ITO Amperometry 1–100 ng mL−1 1 ng mL−1 HQ [37]

cTnT Graphite SPE Amperometry 0.1–10 ng mL−1 0.2 ng mL−1 H2O2 [38]

A1AT Au SPE EIS 10–1000 ng mL−1 10 ng mL−1 No need mediator This work



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700231  (3 of 7)

www.advancedsciencenews.com www.advhealthmat.de

Figure 1c, which shows that as the Ag concentration increases, 
the thickness of the isolation layer also increases. However, the 
opposite result was observed in the electrolyte medium. In the 
electrolyte medium, the mediator was not included. Therefore, 
no component is available to participate in the redox reaction or 
aid the rapid electron transfer.[42] In addition, the semisphere in 
the Nyquist plot was not clearly observed in medium because 
the charge transfer by the redox reaction is difficult compared 
to that in the K3Fe(CN)6 electrolyte (Figure 1d). However, some 
direction is shown in the Bode plot, and the magnitude of the 
impedance decreased when Ag is bound to the electrode below 
1 kHz (Figure 1e). This result was observed when Ag was 
bound to the electrode at a high concentration (Figure 1f).

To fully understand the difference in the mechanism in the 
electrolyte medium, a set of experiments to compare the sig-
nals obtained using medium as the electrolyte solution rather 
than K3Fe(CN)6. The impedance Bode plot from 0.1 to 20 Hz 
is shown in Figure 2a–c. In this set of tests, different combi-
nations were tested. First, the electrodes were tested in “pure” 
5 × 10−3 m K3Fe(CN)6. Next, we characterized other sets of 
samples in pure medium and in mixtures of K3Fe(CN)6 and 
medium at various concentrations. Specific information of type 
of solution is explained in the Experimental Section. Interest-
ingly, as shown in Figure 2, the trend is reversed at a higher 
medium concentration. For the 5 × 10−3 m K3Fe(CN)6 + 0.1× 
medium case, the impedance increased as the Ag concentration 
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Figure 1.  a,d) Impedance Nyquist and b,c,e,f) Bode plots after anti-A1AT immobilization, medium blocking, and A1AT antigen binding in 5 × 10−3 m 
K3Fe(CN)6 (a–c) and medium (d–f) as the electrolytes. (c) and (f) are the Bode plots after antigen immobilization with different concentrations (10, 50, 
and 100 ng mL−1) (frequency range: (b) and (e) 0.1–1000 Hz, (c) 0.1–10 Hz, (f) 0.1–1 Hz, respectively).

Figure 2.  Bode magnitude plots after binding with A1AT (100, 300, 1000 ng mL−1) in a) 5 × 10−3 m K3Fe(CN)6 + 0.1× medium, b) 5 × 10−3 m K3Fe(CN)6 
+ 0.5X medium, and c) 5 × 10−3 m K3Fe(CN)6 + 1× medium. The impedance was measured in a frequency range from 15 to 0.1 Hz.
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increased at a specific frequency, and this trend is in agreement 
with the results shown in Figure 1a–c. However, the impedance 
started to decrease as the Ag concentration increased in the 
5 × 10−3 m K3Fe(CN)6 + 0.5X medium case, and this trend was 
the same in 5 × 10−3 m K3Fe(CN)6 + 1× medium, although the 
difference was reduced. We assumed this difference was due 
to faradaic (redox mechanism) and non-Faradaic (charge–dis-
charge mechanism) currents. For the sensitivity of the system, 
the absolute value that can be read, the higher is K3Fe(CN)6, 
the higher are the values due to the redox current, which 
enhances these results. However, if the medium concentration 
is increased, this redox current decreases, which facilitates the 
charge/discharge current. To confirm the redox current of each 
case, square wave voltammetry (SWV) and the entire range of 
the impedance graph are shown in Figure 3.

SWV was used to observe only the redox current that per-
fectly removes the charge/discharge current by a square 
wave potential step. The redox current was maximized in the 
5 × 10−3 m K3Fe(CN)6 + 1× medium because this medium 
contains more cations/anions than phosphate buffered saline 
(PBS), which results in better facilitation of the electron move-
ment. Therefore, the peak current gradually decreased as the 
concentration of the medium increased. However, no peak cur-
rent was observed in pure 1× medium with no K3Fe(CN)6. This 
result indicates that this signal is not based on a redox reac-
tion. Figure 3b–d shows the impedance data from 0.1 MHz to 
0.1 Hz. The 1× medium result exhibits a trend/mechanism that 
differ from that of the other results. For the 1× medium, the 
magnitude of the impedance substantially increased compared 
to that of the other case. As shown in Figure 3d, the phase of 
the 1× medium was nearly −80° below 100 Hz. However, in the 

other graph phase, the phase is less than −40°, indicating that 
the impedance data in 1× medium is due to the double layer 
capacitance.[39,43]

Figure 4a,b is the capacitor behavior of the immunosensor 
in the K3Fe(CN)6 electrolyte and cell culture medium without 
K3Fe(CN)6. As shown in Figure 3, the oxidation and reduction 
is facilitated in K3Fe(CN)6, and the double layer capacitance was 
due to this redox reaction. In this model, K3Fe(CN)6 is used for 
enhancing the electron transfer because the electron transfer 
occurs far from the electrode surface. In addition, their rates 
decrease exponentially with distance.[44] If antigen was bound 
to the immunoaffinity layer on the electrode, their thickness 
(Ag–Ab complex) is changed so electron transfer of mediator 
is far from electrode before antigen binding. However, the 
capacitor behavior in cell culture medium was different com-
pared to that with K3Fe(CN)6. We assumed that this behavior 
is similar to an electric double layer capacitor. In this model, 
the capacitance value is due to separation of charge in a Helm-
holtz double layer at the interface between the electrode and the 
electrolyte. The decrease in the capacitance can be explained by 
this model. The isoelectric point of anti-A1AT is 4.5–5.5, and 
this antibody is negatively charged in neutral medium. There-
fore, the electrode surface is negatively charged, and the nega-
tively charged medium is not attracted to the surface. If antigen 
bound to the immunoaffinity layer, more denser and negative 
charged layer is constructed, so charge distribution is more 
facilitated when we applied potential to the electrode. There-
fore, the capacitance increased, and the impedance, which 
can be expressed as the barrier to pass through the electrode, 
decreased. To confirm this assumption, the same experiment 
was performed using PBS without K3Fe(CN)6. Figure 4c shows 
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Figure 3.  a) Square wave voltammetry (SWV) result. b) Impedance Nyquist plot. c) Impedance Bode plot. d) Phase diagram from the Bode plot. 5 × 10−3 m 
K3Fe(CN)6 + 0.1× medium, 5 × 10−3 m K3Fe(CN)6 + 0.5X medium, and 5 × 10−3 m K3Fe(CN)6 + 1× medium, 1× medium were used as the electrolytes.
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the result after immobilizing 0.1, 1, and 10 µg mL−1 A1AT. In 
this graph, the binding signal was calculated from ZAg to Z0, 
where ZAg is the impedance value after specific binding of 
A1AT and Z0 is the measured value prior to specific binding. 
Surprisingly, the impedance decreased in PBS after specific 
binding of A1AT. However, this difference is smaller than that 
in the electrolyte medium because the medium contains more 
cations/anions than PBS due to its higher KCl concentration 
(PBS: 2.7 × 10−3 m KCl, medium: 75 × 10−3 m KCl).

To demonstrate the selectivity of the measurement in cell 
culture medium, different concentrations of other biomarkers 
were added to the electrode surface to capture A1AT, which 
is a biomarker for cardiovascular disease. In this experiment, 
leptin was used as a nonspecific biomarker. In addition, we 
performed the EC measurement using 
medium because medium contains many 
other impurities, such as albumin, glucose, 
and other inorganic salts, that may interfere 
with obtaining an accurate binding signal 
for A1AT. We measured the impedance after 
immobilizing leptin (nonspecific) in medium 
(zero concentration), and the results are 
shown in Figure S1a,b (Supporting Informa-
tion). Zero and nonspecific binding were not 
significantly different compared to the spe-
cific binding of A1AT. Figure S1c (Supporting 
Information) shows the signal change before 
and after immobilization of each sample 
(ΔZ). In this graph, the impedance signal at 
a frequency of 1 Hz was selected for detec-
tion, and the specific binding signal (red) was 
much larger than nonspecific binding (blue) 

and zero (black) at concentrations of 100 and 1000 ng mL−1. 
This result indicates that our EC measurement for the immu-
nosensor exhibits selectivity in cell culture medium without 
K3Fe(CN)6.

Figure 5a shows the impedance signal in cell culture 
medium using A1AT as specific binding for Ag. A change in 
the magnitude of the impedance (|Z|) was observed below 1 Hz. 
As shown in Figure 5a, |Z| decreased as the A1AT concentra-
tion increased. In addition, this difference is larger than the 
nonspecific binding signal (leptin) and zero signal, as shown 
in Figure S1 (Supporting Information). After the measurement, 
we applied the modified Randles circuit ((Rsol)(Cdl[(Rct)(W)])
(CPE)) to the experimental data using an impedance analysis 
program (Z-plot), and the graph was fitted, and each value 
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Figure 4.  a) Capacitor behavior before and after attaching antigen to the immunoaffinity layer in cell culture medim + K3Fe(CN)6. b) same as (a) but 
capacitor behavior in cell culture medium only. c) Comparison of the relative change of the signal difference as a function of the A1AT concentration in 
PBS and medium as electrolyte. Both of electrolyte contain no K3Fe(CN)6. The impedance was measured at 1 Hz (n = 5). The self-assembled monolayer 
(SAM) and immunoaffinity layer act as the dielectric layer in the capacitor.

Figure 5.  Bode magnitude plot after the addition of the A1AT specific antigen (from 10 to 
10 000 ng mL−1) to the medium. b) A1AT detection standard curve shows the relative change 
in capacitance as a function of the A1AT concentration. The capacitance was calculated at a 
frequency of 1 Hz (n = 3).
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including the solution resistance (Rsol), double layer capacitance 
(Cdl), charge transfer resistance (Rct), Warburg constant (W), 
and constant phase element (CPE) was calculated (Figure S2 
and Table S1, Supporting Information).[45,46] Figure 5b shows 
the change in the capacitance at 1 Hz calculated from the 
Z-plot before and after the addition of A1AT. The equations 
obtained for the respective calibration graphs were as follows: 
ΔCdl (µF) = (5.01 ± 0.32) log [A1AT] (g mL−1) + (42.23 ± 2.01), 
(r2 = 0.9762). In this graph, the capacitance gradually increased 
as the A1AT concentration increased, and a detection limit of 
10 ng mL−1 was obtained for this nonmediator system.

Two important conclusions can be drawn from the results 
shown in Figure 5. As previously mentioned, the cell culture 
medium does not contain a mediator. Therefore, no compo-
nent is present to enhance the electron transfer, and the imped-
ance should be high at the interface between the electrode and 
the electrolyte.[43] In addition, in the absence of a mediator, 
the movement of polarized ions is dominated by the double 
layer capacitance rather than the electron redox reaction. This 
behavior was observed in the phase plot of the impedance (data 
not shown) because all phase degrees are nearly −90° as the 
A1AT concentration increased. In addition, the double layer 
capacitance would provide another potential avenue for detec-
tion of Ag because the Ab-Ag binding layer on the electrode will 
be thicker when a higher concentration of Ag is added.

3. Conclusion

A highly sensitive capacitance sensing has been developed to 
detect the A1AT cardiac marker. In particular, this method does 
not require an electron transfer mediator. Impedance spectros-
copy was employed for analysis, and the double layer capaci-
tance was calculated in this experiment. The electrical circuit 
model was set up in electrolyte medium, and the change in 
the capacitance was primarily due to charge separation in the 
Helmholtz layer rather than to a redox mechanism. Finally, 
the binding signal due to an immunological interaction with 
a surface-immobilized anti-A1AT antibody can be directly 
measured in cell medium containing various concentrations. 
This immune-response sensing method exhibited high sensi-
tivity, good reproducibility, and excellent specificity. We expect 
that the results from this study will provide new avenues for 
the development of highly sensitive electrochemical sensors 
without redox mediators.

4. Experimental Section
Reagents and Chemicals: Potassium ferricyanide [K3Fe(CN)6] 

as the mediator, 11-mercaptoundecanoic acid (MUA), N-(3-
dimethylaminopropyl)-N′-ethylcarbodimide hydrochloride (EDC), 
N-hydroxysuccinimide (NHS), and streptavidin from Streptomyces 
(SAv) were purchased from Sigma-Aldrich (St. Louis, USA). Dulbecco’s 
phosphate buffered saline (DPBS) and Dulbecco’s modified eagle 
medium (DMEM) were purchased from Life Technologies Co. (New 
York, USA). Active human alpha-1-antitrypsin full length protein (A1AT) 
as the antigen and biotinylated anti-alpha-1-antitrypsin (anti-A1AT) were 
provided by Abcam (Cambridge, USA).

Apparatus and Electrode: The commercial SPE (Model no: DRP-
220 AT, Φ = 4 mm) were purchased from DROPSENS Co. (Kianera, 

Spain). It consisted of Au WE with surface area of 12.56 mm2. This 
electrode includes an Au CE, and a silver pseudo-RE. All electrochemical 
measurements were carried out with a potentiostat/galvanostat that was 
obtained from CH instruments (Texas, USA, Model no: CHI 660E) at 
room temperature.

Preparation of the Immunoaffinity Layer: Prior to the assembly, the SPE 
was pretreated by placing a 50 µL drop of a 10 × 10−3 m H2SO4 solution, 
and cyclic voltammetry was performed from 0 to 1.8 V at a scan rate of 
100 mV s−1 to remove dust. Next, SPE was washed with deionized (DI) 
water and dried with nitrogen. After drying in a stream of N2, the self-
assembled monolayers (SAMs) were prepared on the SPE by incubating 
the electrodes in 10 × 10−3 m MUA dissolved in anhydrous ethanol for 
1 h at room temperature. Next, 50 × 10−3 m EDC and 50 × 10−3 m NHS in 
pH 5.5 sodium acetate buffer were used to activate the ester functional 
groups. Then, SAv (10 µg mL−1 in PBS) was immobilized on the SAM for 
1 h at room temperature. The unreacted functional ester groups were 
blocked with 1 m ethanolamine for 30 min. Finally, a solution consisting 
of 10 µg mL−1 biotinylated anti-ALP was immobilized via the biotin–
streptavidin affinity.

Preparation of the Electrolyte: In this study, medium and K3Fe(CN)6 
were used as the electrolyte. In addition, different combinations of 
electrolytes were prepared to validate the capacitance calculations 
(i.e., (1) Pure 5 × 10−3 m K3Fe(CN)6, (2) a combination with 5 × 10−3 m  
K3Fe(CN)6 + 0.1× medium (40 mL of DI water, 5 mL of 50 × 10−3 m 
K3Fe(CN)6, and 5 mL medium), (3) 5 × 10−3 m K3Fe(CN)6 + 0.5X medium 
(20 mL DI water, 5 mL of 50 × 10−3 m K3Fe(CN)6, and 25 mL medium), 
(4) 5 × 10−3 m K3Fe(CN)6 + 1× medium (5 × 10−3 m K3Fe(CN)6 in 50 mL 
medium), and only (5) with 1× medium with nonmediator).

Electrochemical Impedimetric Characterization: The impedance spectra 
were recorded from 1 MHz to 0.1 Hz at 50 mV AC signal amplitudes. In 
addition, the DC potential was the same as the open circuit potential. 
Each decade of frequency contained 10 points. After the impedance 
measurement, the data were fitted for the capacitance calculation using 
the Z-view software from Scribner Associates Inc. (North Carolina, USA).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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