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Abstract
In this work, non-faradaic impedimetric biosensor was developed for the direct detection of low-density lipoprotein (LDL-
cholesterol). Unlike other electrochemical techniques, non-faradaic electrochemical impedance spectroscopy (EIS) does not 
require the use of redox probes which denatures targeted biomarkers. Furthermore, no reference electrode is required for 
detection which is commercially viable. The biosensor reported here consists of LDL-antibodies attached to interdigitated 
gold electrodes via standard chemical functionalization. The biosensor demonstrated a sensitivity and limit of detection 
(LoD) of 70 nF/log(ng/mL) and 120 pg/mL, respectively, where the LoD is well below the recommended LDL level in blood. 
The biosensor also demonstrated good selectivity toward LDL. Thereafter we utilized, for the first time, the non-faradaic 
impedimetric biosensor for the continuous monitoring of LDL in phosphate buffer saline (PBS). The biosensor showed rapid 
responses to LDL injections. Such an approach is essential for the development of low-cost and scalable wearable biosensors 
for the direct real-time monitoring of chronic diseases and hence allows early medical interventions in cases where sudden 
increases in LDL or other biomarkers are deadly.
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1 Introduction

Cholesterol is an important source of bioactive molecules 
such as steroid hormones, vitamin D and bile acids, which 
can regulate cellular metabolism and both intracellular and 
extracellular communication [1]. Furthermore, the human 
body requires cholesterol to build the structure of cell mem-
branes for the nervous system, peripheral nerves and the 
brain [1]. There are five major groups of lipoproteins respon-
sible for the transport of different fat molecules such as cho-
lesterol around the body where it is demanded [2, 3]. Out of 
these major groups, low-density lipoprotein (LDL) which 
is composed of 75–80% lipid and 20–25% apolipoprotein 

B-100 (apo B-100), can be recognized by specific receptors 
on cells’ surfaces. During cholesterol transport, apo B-100 
of LDL can interact with sulphated glycosaminoglycans 
resulting in the accumulation of cholesterol at the arterial 
walls leading to plaque formation and eventually blood clot-
ting [4]. Therefore, excessive amounts of LDL cholesterol in 
the bloodstream may eventually lead to vascular diseases [5]. 
Hence, LDL is sometimes referred to as “bad cholesterol”. 
According to the National Cholesterol Education Program 
(NCEP, USA), optimal LDL and total cholesterol concentra-
tions are < 1000 mg/L and < 2000 mg/L, respectively [3, 6]. 
In this regard, accurate quantification of LDL is important. 
There are multiple conventional analytical methods which 
have been used for the analysis of LDL, such as ultracen-
trifugation and NMR spectroscopy. However, for general 
clinical use, these methods are tedious and time-consuming. 
Therefore, label free, direct and simple detection techniques 
of high LDL levels is essential.

Biosensors are more promising for the direct and easy 
detection of LDL without complicated steps. Researchers 
have attempted the detection of LDL using sensors based on 
quartz crystal microbalance (QCM) [7], optical [8, 9], enzy-
matic [10], fluorescence [11] and electrochemical biosensors 
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[12]. Despite the sensitivity of the abovementioned tech-
niques, they can be bulky, tedious, time consuming and 
require highly trained individuals.

Electrochemical biosensors have gained a lot of interest 
due to their low cost, ease-of-use and label-free detection. 
In addition, they are not composed of bulky components like 
the other transduction techniques, hence facilitating the pro-
duction of portable devices for the monitoring of chronic dis-
eases in the future. However, for LDL detection, the majority 
of reported electrochemical techniques are based on cyclic 
voltammetry (CV) [13], square-wave voltammetry (SWV) 
[14] and faradaic impedimetric detection which require the 
use of redox probes and/or reference electrodes during detec-
tion. Therefore, there is still limitations regarding the use 
of miniaturized and simple electrochemical biosensors for 
label-free and direct LDL detection. Non-faradaic impedi-
metric biosensors are an emerging electrochemical detection 
technique. Unlike other electrochemical biosensors which 
rely on oxidation/reduction reactions, non-faradaic sensors 
do not require the use of redox probes, nor the involvement 
of reference electrodes during detection, hence, even simpler 
and lower-in cost LDL detection. The use of a non-faradaic 
technique avoids biomolecules denaturation since no redox 
probe is used. The commonly used redox probe (Ferro/Fer-
ricyanide [Fe(CN)6]3−/4−) can denature biomolecules due to 
its toxic nature [15]. Furthermore, the use of a redox probe 
would add an additional step to LDL detection and hence 
non-faradaic sensors can be more suitable for point-of-care 
diagnostics. Additionally, non-faradaic sensors are operated 
at small AC voltages which preserve the biomolecular layers 
at the electrode/electrolyte interface. conductive electrodes 
for non-faradaic biosensing are usually fabricated on top of 
the flexible plastic substrate which allows them to be worn 
on the skin and integrated more easily with sampling plat-
forms. In addition, the ability to perform biosensing with-
out reference electrodes encourages the miniaturization of 
electronics at low-cost. The technique is based on capacitive 
changes at the electrode/electrolyte interface. Upon receptor/

biomarker interaction, the interfacial capacitance is altered 
due to changes in the charges, area, thickness or dielectric at 
the biosensor surface [16, 17]. Non-faradaic biosensors are 
very promising for the rapid and direct detection of diseases 
where any individual can use them. The technique has been 
recently used for the direct detection of viruses [18], water 
contaminants [19] and different diseases [20, 21].

Herein, we report a simple non-faradaic biosensor for 
the direct detection of LDL cholesterol. The biosensor con-
sists of interdigitated gold electrodes functionalized with 
cysteamine and glutaraldehyde as the molecular linkers. 
Then, LDL-antibodies were attached to the surface fol-
lowed by blocking with bovine serum albumin (BSA) to 
enhance the stability and selectivity of the biosensors. We 
investigated the sensitivity, LoD and selectivity of the bio-
sensors. The biosensors showed good responses against 
different LDL concentrations injections and reasonable 
stability against blank samples. Thereafter, we introduced 
the utilization of non-faradaic biosensors for the continuous 
monitoring of LDL-cholesterol. This continuous monitoring 
platform is promising for monitoring patients in intensive 
care units or who require continuous check-up of dangerous 
biomarkers. It also allows clinicians to notice any changes 
and to see if treatments for chronic diseases are working. 
This approach can be implemented for other chronic diseases 
which require real-time monitoring.

2  Experimental Details

2.1  Materials

Interdigitated gold electrodes (Au-IDEs) on top of the plastic 
substrate (Fig. 1) were purchased from Metrohm-Dropsense 
(ref. PW-IDEAU100), Oviedo, Spain. The dimensions for 
bands and gaps of the Au-IDEs are 100 µm. Cysteamine, 
glutaraldehyde (25% in  H2O), bovine serum albumin (BSA) 
and ethanol absolute were procured from Sigma Aldrich, 

Fig. 1  Biofunctionalization of Au-IDEs with LDL-antibodies
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USA. phosphate buffer silane (PBS) (pH 7.4) was supplied 
by Fisher Scientific, USA. LDL-antibodies and LDL-anti-
gens were purchased from Sino Biological, China. UL83 
proteins were purchased from Virusys-corporation, USA. 
Pepsin was obtained from SrL, India. Escherichia coli (E. 
coli) bacteria, which is a routine lab strain, was propagated 
in luria bertani (LB) media at 37 °C according to standard 
procedures.

2.2  Biofunctionalization

Figure 1 illustrates the biofunctionalization steps of the 
LDL non-faradaic biosensor. First, the sensing window of 
Au-IDEs was incubated with an ethanolic solution of 1 mM 
cysteamine for one hour in darkness at room temperature. 
The sensing window was then rinsed with ethanol and blown 
dried with nitrogen. Then, 50 µL of 2.5% glutaraldehyde 
in PBS was incubated in the sensing window for one hour. 
This was followed by rinsing with deionized water and blow-
drying with nitrogen. LDL-antibodies were then attached to 
the surface by incubating the sensing window with 50 µL of 
1 µg/mL LDL-antibody in DI water for one hour. Rinsing 
with deionized water was then carried out. Finally, blocking 
was performed by introducing 5% of 50 µL BSA in PBS for 
30 min. The sensing window was then rinsed with deionized 
water and blown dried with nitrogen for sensor testing.

2.3  Biosensor Testing

2.3.1  Non‑faradaic Biosensor Performance

Non-faradaic EIS measurements were carried out using 
GAMRY (interface 1000™) potentiostat. Prior to LDL 
detection, the baseline was measured as the following; the 
sensing window shown in Fig. 1 was introduced with 50 µL 
PBS. Before non-faradaic detection, the open circuit poten-
tial (OCP) is measured between the two electrodes to ensure 
that the system is at equilibrium by setting the VDC to zero 
with respect to OCP, it will offset the potential bias between 
the two electrodes. Then, OCP measurement was carried out 
for 100 s, followed by EIS measurements in the frequency 
range 200 mHz to 100 kHz with an applied sinusoidal per-
turbation of 10 mV. EIS measurements were repeated three 
times until a stable baseline was achieved. After extract-
ing the baseline, the PBS droplet was rinsed with deionized 
water followed by nitrogen blow-drying. Different concen-
trations of LDL-antigen in PBS were then introduced onto 
the sensing window (from 50 pg/mL to 5 µg/mL) followed 
by EIS measurements. Rinsing with deionized water was 
performed after each LDL-antigen concentration incubation. 
Each concentration incubation lasted for 5 min and changes 
in capacitance were normalized to the baseline of the bio-
sensor. Similar EIS measurements were performed against 

successive PBS (blank) incubations. These steps are impor-
tant to evaluate the biosensor performance (i.e. sensitivity 
and limit of detection (LoD)) of the biosensor. Changes in 
real impedance (Zreal), imaginary impedance (Zimag), capaci-
tance, impedance magnitude (|Z|) and phase were normal-
ized to the baseline of the biosensor. All experiments were 
repeated three times against LDL-antigen and against the 
blank samples. Another important factor of the biosensors 
is selectivity, we tested the biosensors against positive sam-
ples containing a mixture of LDL-antigen, UL83-antigen, 
pepsin and E. coli. Additionally, the biosensors were tested 
against negative samples which contain UL83-antigen, pep-
sin and E. coli only. UL83-antigen, pepsin and E. coli can be 
available in blood samples and may interfere in real samples 
testing [22–24].

2.3.2  Continuous Monitoring

EIS runs the experiments within a wide range of frequency. 
It takes around 3 min to run a complete EIS cycle if the 
frequency range is set to 200 mHz to 100 kHz. To perform 
EIS continuous monitoring, EIS cycle has to be limited to 
only a single frequency to speed up the measurement. In our 
work, maximum capacitive changes upon LDL-antibody/
LDL-antigen binding were observed at 398 mHz. There-
fore, for the continuous monitoring of LDL, we narrowed 
the frequency range to only 398 mHz. Measurements were 
performed with an applied sinusoidal perturbation of 10 mV. 
Firstly, the sensing window was introduced with 50 µL PBS, 
then EIS measurements at only 398 mHz were carried out. 
The next EIS cycle, 500 pg/mL of LDL was injected into 
the PBS droplet and EIS cycles were repeated until no sig-
nificant change in capacitance was observed. Then, 5 ng/mL 
LDL was injected into the PBS droplet and EIS measure-
ments were repeated until we observed no significant change 
in capacitance. The same procedure was repeated for LDL 
concentrations of 50 ng/mL, 500 ng/mL 0 and 5 µg/mL. 
Each EIS cycle lasted for around 15 s. Similar experiment 
was carried out against only PBS (blank) without inject-
ing any molecules to observe the changes in capacitance 
against blank samples and to understand the behaviour of 
the biosensors.

3  Results and Discussion

3.1  Sensor Testing Performance

Figure 2a and b represent the Nyquist plots for the non-
faradaic sensors tested against LDL-antigen and PBS (blank) 
samples, respectively. The large incomplete semi-circle 
shown in Fig. 2a and b is due to the slow electron trans-
fer since no redox probe is used. The semi-circle shown is 
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a characteristic of non-faradaic impedimetric biosensors 
where the charge transfer resistance and Warburg impedance 
(Wz) are infinite [25, 26]. Figure 2a is the Nyquist plot for 
the non-faradaic biosensors tested against LDL-antigen con-
centrations. After 6 incubations with LDL-concentrations 
(from 50 pg/mL to 5 µg/mL), Zimag decreased from 214.4 to 
190.7 kΩ at 398 mHz. Similarly, Zreal decreased from 43.7 
kΩ (for the baseline) to 29.26 kΩ (for the largest LDL-anti-
gen concentration). This indicates that both capacitive and 
resistive components are being affected. This was observed 
in previous literature for non-faradaic sensors using gold as 
electrodes [20]. Testing the biosensors against PBS samples 

resulted in a decrease of around 4 kΩ and 3 kΩ for Zimag and 
Zreal, respectively (see Fig. 2b).

Different parameters such as capacitance, phase and 
impedance magnitude (|Z|) were investigated. Firstly, the 
change in capacitance is discussed since it showed the best 
limit of detection (LoD) as compared to that of phase and |Z|. 
Figure 3a and b show typical Bode plots for the non-faradaic 
biosensors against LDL-antigen and PBS (blank), respec-
tively. Changes in capacitance were observed in a wide fre-
quency range. However, the maximum change in capacitance 
was observed at 398 mHz. According to Fig. 3a, as the LDL 
concentration increases, the capacitance increases until it 

Fig. 2  Nyquist plot for a non-faradaic biosensor tested against different concentrations of LDL-antigen and b against successive PBS (blank) 
sample incubations

Fig. 3  Typical Bode plots representing change in capacitance for a non-faradaic biosensor tested against different concentrations of LDL-antigen 
and b against successive incubations of PBS (blank)
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reaches saturation at 500 ng/mL LDL-antigen concentra-
tion. No significant increase in capacitance was observed 
against the blank sample (Fig. 3b). This illustrates that the 
biosensor is responding to LDL-antigen concentrations and 
has acceptable stability behaviour against the blank samples.

Figure 4a shows the change in capacitance at 398 mHz 
when biosensors were tested against LDL-antigen and blank 
samples. The change in capacitance increased as the LDL-
antigen concentration increased from 50 pg/mL to 500 ng/
mL. Further increasing the LDL concentration resulted in no 
capacitive changes since the biosensor saturated after incu-
bating it with 500 ng/mL LDL. First, an average change in 
capacitance of around 22 nF was observed when incubating 
the biosensor with 50 pg/mL LDL. The biosensors dem-
onstrated an average change in capacitance of 75 nF when 
incubated with 500 pg/mL LDL. Then, the average change in 
capacitance increased to 160 nF when sensors were incubated 
with 5 ng/mL LDL. The average change in capacitance as a 
result of incubating the biosensors with 50 ng/mL and 500 ng/
mL increased to 222 nF and 285 nF, respectively. No further 
changes in capacitance were observed when incubating the 
biosensors with higher LDL concentrations due to saturation. 
To explain the increase in capacitance, when the conductive 
Au electrodes come in contact with the ionic PBS solution, 
an interfacial capacitance forms between the electrode/elec-
trolyte interface. This capacitance can be altered by changes 
in surface roughness, permittivity, charge carried density and 
double layer thickness. When there are large concentrations of 
the antigen, there will be large molecular interaction with the 
antibody at the sensitive interfacial capacitance. The increase 
in capacitance in this work can be due to the increased charge 

carrier density accumulation and changes in relative dielectric 
permittivity at the interfacial capacitance which have resulted 
in an increase in capacitance [16, 21]. Changes in capacitance 
as a result of successive PBS incubations were not as signifi-
cant as changes in capacitance with LDL incubations. After 
6 PBS incubations, with each having an incubation time of 
5 min, the change in capacitance was around 50 nF. The results 
observed here show that the biosensors are sensitive towards 
LDL. Although, with successive incubations with PBS, the 
change in capacitance increases almost linearly, the change in 
capacitance as a result of incubating the biosensor with any 
LDL-antigen concentration reported here is, at least, 5 times 
larger than the change in capacitance due to incubating with 
the blank sample. The increasing change in capacitance due 
to incubating with PBS can be related to salt concentrations in 
PBS which affect the interfacial capacitance or other environ-
mental factors such as temperature and humidity [25, 27, 28].

Figure 4b shows the calibration curve of the biosensor. The 
blue solid line is the linear fitting of the data shown in Fig. 4a 
(i.e. from 50 pg/mL to 500 ng/mL LDL concentration). The 
sensitivity of the biosensors, found from the slope of the cali-
bration curve, is 70 nF/log(ng/mL) and the limit of detection 
(LoD) of the biosensor is 120 pg/mL. LoD was calaculated 
using Eq. (1) depicted from previous studies [29, 30]:

where f−1 represents the inverse function of the linear fit-
ting curve in Fig. 4b. yblank represents the mean value of 
the readout of the blank sample (PBS) and σ represents the 
standard deviation of the PBS (or blank) sample. The LoD 

(1)X
LoD

= f −1(yblank + 3�)

Fig. 4  a Average change in capacitance against LDL-spiked PBS and only PBS (blank) samples. b Calibration curve of the LDL non-faradaic 
biosensor
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can be found through the intersection between the linear 
fitting line and yblank + 3σ as seen in Fig. 4b. The limit of 
detection reported here is well below the recommended limit 
of LDL.

The changes in impedance magnitude (|Z|) and phase at 
398 mHz as a result of testing the LDL-antigen with the non-
faradaic sensors were also investigated. Figure 5 illustrates 
the change in |Z| and phase. As can be seen in Fig. 5a and b, 
as the LDL-antigen concentration increases, |Z| decreases 
which is expected since both Zimag and Zreal represented 
in Fig. 2 above decreased [31]. A change in impedance of 
around 45 kΩ and 20 kΩ was observed when testing the sen-
sors against LDL-concentrations and PBS samples, respec-
tively. Furthermore, the change in phase was investigated at 

398 mHz (see Fig. 5c and d). As the LDL-antigen concen-
tration increased, the phase increased from 78.47° for the 
baseline to 81.28° for the highest LDL-antigen concentra-
tion (i.e. 5 µg/mL). The average change in phase as a result 
of testing against PBS samples is 0.69°. Likewise, the LoD 
was calculated for both |Z| and phase. The LoD for |Z| and 
phase is 300 pg/mL and 500 pg/mL, respectively. Although 
the change in phase at 200 mHz is larger than the change in 
phase at 398 mHz, the LoD at 398 mHz is better than that at 
200 mHz. To summarize, the change in capacitance showed 
a better LoD than the LoD calculated for the change in |Z| 
and the change in phase.

The selectivity of the biosensors was also investi-
gated in this study. The biosensor was tested against two 

Fig. 5  Bode plot representing |Z| as a result of testing the sensors 
against a different concentrations of LDL-antigen and b successive 
PBS (blank) incubations. Bode plot representing phase when testing 

the sensors against a different concentrations of LDL-antigen and b 
successive PBS (blank) incubations



203BioChip Journal (2022) 16:197–206 

1 3

different samples. One sample consists of LDL-antigen, 
pepsin, UL83-antigen and E. coli (positive sample). The 
other sample consists of all the antigens except LDL-anti-
gen (negative sample). The concentration of each antigen 
was 500 pg/mL. Figure 6a and b show typical Bode plots 
in the frequency range 200 mHz to 1 Hz of the biosen-
sors tested against positive and negative samples, respec-
tively. The resultant change in capacitance at 398 mHz 
due to incubating the biosensor with the positive sample 
is around 100 nF, whereas the change in capacitance due 
to incubating the biosensor with the negative sample is 
around 25 nF. The results here demonstrate the selectivity 
of the biosensor towards LDL. More importantly, testing 
was done against a mixture of proteins, bacteria, viral pro-
teins which mimics real samples testing.

The binding affinity and dissociation constant (KD) were 
also investigated. The dissociation constant (KD) parame-
ter was used to describe the binding affinity between LDL-
antibody and LDL-antigen. The smaller the value of KD 
the better the binding affinity between the antibody and the 
antigen. The larger the value of KD the weaker the affin-
ity between the antibody and the antigen. KD is expressed 
using a Langmuir adsorption model-based approach [15, 
32, 33]. The equilibrium of the LDL-antigen (M) and LDL 
antibody (N) can be represented as:

The surface coverage of the LDL-antibody-antigen 
complex (MN) was adopted as Ø and the surface coverage 

(2)(MN) → (M) + (N)

(3)K
D
= (M) (N) ∕(MN)

of the unbound LDL-antibody was 1-Ø; therefore, KD was 
determined from:

Change in capacitance (∆C) is assumed from the Lang-
muir adsorption model and is directly connected to LDL-
antibody-antigen binding as:

where ∆Cmax is the maximum biosensor response and 
equals to (CLDLmax  −  Co)/Co. CLDLmax is the maximum 
capacitance of our biosensor toward LDL-antigen and Co 
is the capacitance of the Au-IDEs-anti-LDL biosensor (i.e. 
baseline capacitance). From Eqs. (4) and (5) a linearized 
form of the Langmuir-isotherm equation can be written as:

where (M) represents the concentration of LDL-antigen 
 (ConcLDL [pg/mL]). From Eq.  (6), a linear regression 
curve (with a correlation coefficient of 0.96) of  ConcLDL 
against  ConcLDL/∆C was plotted as seen in Fig. 7. KD can 
be obtained by dividing the y-intercept by the slope of the 
linear. Using this method we obtained a KD of 4.3 pg/mL 
which corresponds to 39.09 pM. The dissociation constant 
(KD) reported here is smaller than that of other LDL–binding 
partner interactions, which suggests that the LDL-antibody 
reported here has a high affinity towards the LDL-antigen 
and that the reported sensor is suitable for LDL-cholesterol 
detection [34, 35].

Table 1 shows a comparison of different LDL biosensors. 
The non-faradaic biosensor reported here shows comparable 

(4)K
D
= ((1 − ∞)∕∞)(M)

(5)ΔC = ∞
(

ΔC
max

)

(6)(M)∕ΔC = (M)∕ΔCmax
+ K

D
∕ΔC

max

Fig. 6  Selectivity behavior of the biosensors against a positive samples (containing LDL-antigen) and b negative samples (without LDL-anti-
gen)
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and sometimes superior LDL-detection performances. The 
non-faradaic biosensor reported here is simple and does not 
require the use of redox mediators or reference electrodes 
during detection which makes them more desirable for mass 
production and individual use.

3.2  Continuous Monitoring

In this section, we investigated the ability of the biosensor 
to continuously monitor the level of LDL in PBS. Such an 
approach is promising for detecting chronic diseases bio-
markers on-site and at intensive care units so that LDL (or 
other biomarkers) levels can be rapidly measured and early 
interventions by clinicians can be taken. In this approach, 
we set the EIS to run at a single frequency (i.e. 398 mHz). 
Initially, the biosensor was introduced with 50 µL PBS to 
measure the baseline as seen in Fig. 8 (black solid line). 
Then, 500 pg/mL LDL was injected into the PBS drop-
let while the EIS is running (the arrow indicates where 
the LDL injection was performed). Each EIS cycle lasted 
for 15 s. The injection of 500 pg/mL LDL resulted in an 
increase in capacitance of around 50 nF. After 4 EIS cycles 
(i.e. after 1 min) the biosensor appears to be settled. Then 
a higher concentration (5 ng/mL) of LDL was injected 
and resulted in a further increase in capacitance of around 
50 nF and the measurement was left to run for 1 min until 
it settled. Then a higher LDL concentration of 50 ng/mL 
was added and the capacitance increased by around 50 
nF. Again, the EIS measurement was repeated four times 
until there is no significant change in capacitance. An 
increase in capacitance of around 50 nF was observed 
when injecting 500 ng/mL LDL. Further increasing the 

Fig. 7  Plot of  ConcLDL/ΔC fitted with Eq. (6) to determine KD

Table 1  List of different LDL biosensors

LDL biosensor type Electrode matrix Sensitivity Detection limit Detection range References

Electrochemiluminescence Au/AuNPs/RSH-CdS – 0.006 ng/mL 0.10–10.34 mmol/L [36]
Gravimetric MIP/ZnO NPs 19.285 Hz  ng−1  mL−1 – – [37]
ELISA N-CDs/Ni-MnFe-LDHs – 0.0051 mg/dL 0.0625–0.750 mg/dL [38]
Faradaic EIS rGO-CdSe QDs/ITO 3.76 md/dL – 2 mg  dL−1–125 mg  dL−1 [4]
Protein profiling AuNPs 0.490 nM 0.05–37.5 μg/mL [39]
Electrochemiluminescence Au–Co NPs 0.256 pg  mL−1 0.420 to 100 pg  mL−1 [40]
Faradaic EIS Au NPs/β-CDs 978 kΩ μM−1 – 2.5–20 μg/mL [12]
Square-wave voltammetry 

(SWV)
Au – 0.25 ng/mL 0.01 ng/mL to 1.0 ng/mL [14]

Faradaic EIS NiO 12 kΩ μM−1 0.015 mM 0.018–0.5 μM [41]
Faradaic EIS PANI 11.25 kΩ μM−1 – 018–0.39 μM [42]
Cyclic voltammetry (CV) CdS QDs/NiO nanorods 32.08 μA (mg/dL)−1  cm−2 0.05 mg/dL 5–120 mg/dL [13]
Faradaic EIS ITO/CNT 0.953 Ω/(mg/dL)/cm2 12.5 mg/dL 0–120 mg/dL [43]
Faradaic EIS AuNPs−AgCl@PANI on 

GCE
– 0.34 pg/mL – [44]

QCM MIP 10 μg/mL 4–400 mg/dL [45]
SWV Fe3O4@SiO2 – 0.3 ng/mL 1.0 ng/mL–100 μg/mL [46]
Faradaic EIS Au/ CdS QDs 32.8 kΩ μM-1/cm2 – 5–120 mg/dL [47]
ELISA assay kit – – 0.144 μg/mL 0.312–20 μg/mL [46]
QCM Au-NPs/MIP – 1.5 mg/dL 2.5 mg/dL – 100 mg/ dL [7]
Optical Optical fiber 0.0004 mV/ppm – – [48]
Non-faradaic EIS Au-IDEs 70 nF/log(ng/mL) 120 pg/mL 500 pg/mL – 500 ng/mL Present work
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LDL concentration (i.e. to 5 µg/mL) resulted in no sig-
nificant increase in capacitance which suggests that the 
biosensor saturated after injecting 500 ng/mL LDL. As can 
be seen, the binding rate of LDL-antigen to LDL-antibody 
is relatively fast and occurs at an average time of around 
1 min. As the LDL concentration increases, the error bar 
starts to increase which suggests that a few phenomena 
might have happened at higher concentrations such as 
agglomeration and steric hindrance. This is due to the fact 
that rinsing with DI water was not performed after each 
LDL-antigen injection which have eventually resulted in a 
large LDL-antigen load at the sensing window and eventu-
ally large agglomeration and steric hindrance. The sizes of 
agglomerations may have interrupted the capture of LDL-
antigens by LDL-antibodies. Hence, this resulting in some 
variations at high LDL concentrations. We also tested our 
biosensors against PBS (blank samples) to investigate the 
stability of the biosensors. In this experiment, the sensing 
window was introduced with 50 µL PBS and EIS measure-
ments were left running for around 350 s. The increase in 
capacitance is not as significant as the increase in capaci-
tance when injecting LDL concentrations. In addition, 
there is an increasing shift in capacitance over time. This 
can be attributed to the content inside the PBS solution 
being deposited on the biosensor surface over time. This 
explains the shift in the measured capacitance observed 
when testing the positive samples. The increase in capaci-
tance due to injecting LDL-concentration is much higher 
than the increase in capacitance while only testing the neg-
ative sample which is very promising. The data reported 
here is very promising for the development of non-faradaic 
biosensors for the continuous monitoring of vital biomark-
ers of chronic diseases on-site and in intensive care units.

4  Conclusion

High cholesterol levels in the blood are a warning sign 
that the human body is prone to cardiovascular diseases. 
Current detection techniques are expensive and tedious. 
In this work, we presented a simple detection method of 
LDL-cholesterol using non-faradaic impedimetric biosen-
sors. The reported biosensors do not require the use of 
redox probes or reference electrodes during detection like 
other electrochemical biosensors. In addition, real-time 
monitoring of LDL is presented for the first time using the 
non-faradaic biosensors. The proof of concept presented 
here is promising for the future development of simple and 
low-cost devices for the monitoring of dangerous chronic 
diseases and other diseases.
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