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Abstract

:

Functional nanomaterials have attracted significant attention in a variety of research fields (in particular, in the healthcare system) because of the easily controllable morphology, their high chemical and environmental stability, biocompatibility, and unique optoelectronic and sensing properties. The sensing properties of nanomaterials can be used to detect biomolecules such as cholesterol. Over the past few decades, remarkable progress has been made in the production of cholesterol biosensors that contain nanomaterials as the key component. In this article, various nanomaterials for the electrochemical sensing of cholesterol were reviewed. Cholesterol biosensors are recognized tools in the clinical diagnosis of cardiovascular diseases (CVDs). The function of nanomaterials in cholesterol biosensors were thoroughly discussed. In this study, different pathways for the sensing of cholesterol with functional nanomaterials were investigated.
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1. Introduction


Cardiovascular diseases (CVDs) are the number one cause of death worldwide. Almost 17.9 million people globally die each year from CVD, according to the world health organization [1,2]. In 2001, approximately 13 million deaths occurred in low-income and developing countries such as China and India, and 23 million deaths have been predicted for 2030 [3]. Public awareness toward the risk of high blood cholesterol levels has increased since the 1980s. Several researchers have demonstrated that high cholesterol levels increase the risk of CVDs. More specifically, the accumulation of cholesterol in the arteries causes atherosclerosis [4]. Cholesterol has become one of the main analytes in laboratory tests in primary care facilities. This has increased the demand for effective cholesterol-sensing technology.



Cholesterol and other fatty acids are important components of the human body. Cholesterol helps the body produce cell membranes, many hormones, and vitamin D. Cholesterol originates from the diet and liver. Cholesterol and other fats are carried in the bloodstream as spherical particles (i.e., lipoproteins) [5]. The normal total cholesterol level in healthy human serum is approximately 200 mg dL−1 (or 5.17 mM) [6,7].



Lipoprotein is biochemical responsible for the movement of cholesterol in the blood. Human serum comprises of different lipoproteins such as chylomicrons (CMs), very low-density cholesterol (VLDL), low density lipoproteins (LDL), and high-density lipoproteins (HDL) [8,9]. Total cholesterol is the sum of fats in blood. Cholesterol is found in foods from animals, and the cholesterol intake of 300 mg per day for adults is recommended by the food safety authorities [8,10].



Although it is an important component of the human body, an abnormal cholesterol level (above 240 mg dL−1 or 6.21 mM) may damage the blood vessels and cause CVDs and brain vascular diseases such as hypertension, arteriosclerosis, coronary heart disease, lipid metabolism dysfunction, and brain thrombosis [11,12]. High levels of cholesterol can cause nephrosis, diabetes, jaundice, and cancer, while too low levels may cause hyperthyroidism, anemia, and malabsorption.



Assessing the cholesterol level in blood is important for the early prevention of CVDs. Conventional methods such as colorimetry, spectrophotometry, fluorimetry, polarography, thin-layer chromatography, gas chromatography, and high-performance liquid chromatography are used to determine the cholesterol level [13,14]. Most of the existing sensors detect free and esterified cholesterol sufficiently [7]. However, they exhibit poor specificity and are complex, expensive, labor intensive, and time consuming.



Over the past decade, various cholesterol sensors have been developed, including enzymatic, nonenzymatic, and redox mediator-based sensors. In enzymatic systems, enzymes such as cholesterol oxidase (ChOx) or cholesterol esterase (CE) catalyze the hydrolysis of cholesterol ester, which leads to the creation of fatty acids and free cholesterol. Enzymatic sensors exhibit high sensitivity and selectivity. Enzymes have short lives and are easily denatured during the immobilization. In addition, their activity is affected by the temperature, pH value, and toxic chemicals [15,16]. Nonenzymatic cholesterol sensors overcome the limitations of enzymatic cholesterol sensors. Their electrode surfaces modified with metals, metal oxides, or composites act as electrocatalysts. The main characteristic of nonenzymatic electrodes is the introduction of nanomaterials with high surface-to-volume ratios, which lead to good interaction with external reagents, high conductivity, and excellent biocompatibility; thus, they are interesting components for the miniaturization of electrochemical devices [17]. Redox mediator-based sensors are classified into two types: Redox mediator enzymatic and redox mediator non-enzymatic. Redox mediator enzymatic sensors are composed of a combination of both enzymes and chemical redox mediators, and involve indirect electron transfer between the enzymes and electrode occurs via redox species. Redox mediator nonenzymatic sensors involve direct electron transfer between redox species such as Prussian blue (PB), methylene blue (MB), ferrocene (FC), poly(o-phenylenediamine), and hydroquinone (HQ) and surface of electrode. The mediator improves the sensitivity and selectivity of the biosensor; however, some mediators encounter leakage, which can lead to complications in in-vivo detection systems [11,18].



The importance of cholesterol biosensors have been demonstrated by different researchers and they reviewed methods for enzyme immobilization and the role of mediators [19], design and construction [18,20], and the principle of different cholesterol biosensors [21]. Therefore, it is crucial to understand the recent advancements of nanomaterial-based electrochemical cholesterol sensors and provide an outlook on the future improvement. Electrochemical sensors are an interesting alternative to conventional methods because of their low cost, low detection limit, portability, high sensitivity, wide linear response, stability, and reproducibility [22]. The enzymatic, nonenzymatic, and redox mediator enzymatic and nonenzymatic electrochemical cholesterol sensors with various nanomaterials are schematically depicted in Figure 1.




2. Principle


Electrochemical cholesterol sensors consist of electrochemical transducers. The quantitative analytical information from these devices can be obtained with the help of bioreceptors. An electrical signal change caused by the redox reaction of an analyte can be detected in various ways. In electrochemical sensors, a change in the analyte properties due to the gain or loss of electrons is detected based on a reference electrode. Some electrochemical devices are based on the indirect or mediated electron transfer process instead of direct redox reactions. The mediators help the movement of electrons between the electrode surface and reaction site. The electrochemical reactions happening at the surface of the electrode have an important effect on the performance of electrochemical cholesterol sensors. Therefore, the properties of the electrode material have a key influence on the electrochemical-sensing characteristics for cholesterol [23].



Cholesterol biosensors are mainly classified into enzymatic, nonenzymatic, and redox mediator enzymatic or nonenzymatic sensors. In enzymatic biosensors, when an enzyme is stacked to the working electrode, the hydrogen peroxide is formed by the enzyme reaction, and analyte leads to electron transfer between the enzyme and electrode [18]. The amount of analyte is related to the generated electric current. ChOx is a flavin–adenine dinucleotide (FAD)-containing enzyme that catalyzes the oxidation of cholesterol with molecular oxygen [24]. ChE is a steroidal enzyme which first hydrolyzes many fatty acid esters of cholesterol and helps to determine the total cholesterol. Then ChOx oxidizes cholesterol to produce cholest-4-en-3-one and hydrogen peroxide (H2O2). Generally, cholesterol biosensors are based on the electrochemical reduction or oxidation of hydrogen peroxide (H2O2) and this helps to eliminate the use of horseradish peroxidase (HRP) or redox mediators [25,26]. The amperometric determination of the cholesterol level is based on the following reaction:
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Nonenzymatic electrochemical sensors have attracted much attention in the research field owing to the limitations of conventional enzymatic sensors (e.g., the low stability and storage problems). The commonly used electrochemical methods for cholesterol sensing are amperometry and voltammetry including cyclic voltammetry (CV), differential pulse voltammetry (DPV), and linear sweep voltammetry (LSV) [8].



Electroactive molecules (MB, FC, and HQ) are used as mediators in the development of mediator-based enzymatic or nonenzymatic electrodes. These redox species act as electron mediators and form adducts with cholesterol. The reduced species generated in this process can be electrochemically regenerated, as shown in the following mechanism [8]. The displacement between the analyte and mediator changes the electrochemical signal, which can be detected with electrochemical techniques.


Mred → Mox + ne–,



(1)






Mox + Cholesterol → Mox • Cholesterol,



(2)






Mox • Cholesterol → Mred + Product,



(3)




where Mred and Mox are the redox species in the reduced and oxidized form, respectively.




3. Nanomaterials for Cholesterol Sensing


Engineered materials with nanoscale structures with a size below hundred nanometers in at least one dimension are cited as nanomaterials [27,28,29]. The nanomaterials own extraordinary physiochemical and electronic properties such as high surface area-to-volume ratios, good thermal and electrical properties, and high conductivities, which distinguish them from their bulk counterparts [30]. In addition, several nanomaterials are biocompatible and can be functionalized such that they conjugate with biomolecules. Different functional nanomaterials with tunable sizes and shapes such as nanoparticles (NPs), nanotubes, and nanorods have been widely included in biosensors [18]. They exhibit excellent catalytic, electrocatalytic, and optical properties, which amplify the signals and selectivity of cholesterol biosensors. The amalgamation of nanomaterials and electrochemistry has introduced several outstanding opportunities in the development of novel cholesterol biosensors. Various nanomaterials and other matrix materials including polymers, chitosan, electroactive molecules, and composites have been integrated in cholesterol biosensors. These materials are also reviewed as they improved efficiency of cholesterol biosensors. Figure 2 shows several nanomaterials that are applied in cholesterol sensing. Electrochemical biosensing systems exhibit high sensitivity, require inexpensive instrumentation, and are suitable for real-time analysis [31]. This review presents the most recent applications of nanomaterials in electrochemical cholesterol sensing. Table 1 lists nanomaterial-based electrochemical cholesterol sensors that have been presented in the last five years.



3.1. Nanomaterials for Enzymatic Electrochemical Sensing of Cholesterol


Enzymes such as ChOx and CE are extensively used in enzymatic cholesterol sensing because they provide greater sensitivity and selectivity. In general, enzymes provide higher catalytic activity than chemical catalysts; the former can be easily immobilized and applied in the biosensor fabrication process.



Au NPs are the most used metal NP in biosensor applications. They have been used in several studies for the immobilization of different biomolecules because they can be easily conjugated and because they maintain the biochemical activity of tagged biomolecules such as hemoglobin, DNAHRP, and tyrosinase [11,32]. Other NPs (such as Ag and Pt) have been used to develop cholesterol biosensors [33,34]. Enzymatic deposition of Ag has shown outstanding characteristics such as reducing the background, decreasing the limit of detection (LOD), and increasing conductivity while preserving to the high catalytic action in biochemical reactions [14,35]. Huang et al. [35] developed an enzymatic sensor by depositing Ag and immobilizing ChOx and CE on Au NP-modified screen-printed carbon electrode (SPCE); ChOx and CE were immobilized on Au to hydrolyze the cholesterol in order to generate H2O2, which can reduce the Ag ions in the solution for the deposition of metallic Ag on the Au NP surface (Figure 3A). The linear relationship between the current and cholesterol concentrations exceeded the range 5.0–5000 μg mL−1 with a readily achievable detection limit of 3.0 μg mL−1. The sensing of cholesterol was attained with anodic stripping voltammetry (ASV) via LSV (Figure 3B). A high concentration of Ag ions causes the inactivation and poisoning of enzymes and ultimately degenerates the sensor performance.
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Table 1. Nanomaterials Based Cholesterol Biosensors.






Table 1. Nanomaterials Based Cholesterol Biosensors.





	
Material

	
Substrate

	
Linear Range (μM)

	
LOD (μM)

	
Sensitivity(μA mM−1 cm−2)

	
KM (μM)

	
Stability

	
Potential (V)

	
Reference Electrode

	
pH

	
Response Time (s)

	
Electrolyte

	
Detection Method

	
Enzyme/Redox Agent

	
Ref.




	
%

	
Days

	
Temp. (°C)






	
Enzymatic




	
Pt

	
Si

	
2–486

	
2

	
132

	
–

	
79

	
21

	
–

	
0.3

	
Ag/AgCl

	
7.4

	
–

	
1 M PBS

	

	
CE,

ChOx, peroxidase

	
[34]




	
Pt-PANI

	
Polyimide

	
1000–12,000

	
440

	
–

	
–

	
93

	
7

	
4

	
0.425

	
Ag/AgCl

	
7.0

	
~4

	
0.1 M PBS

	
A

	
ChOx

	
[36]




	
Pt/rGO/PABA

	
SPCE

	
250–400

	
40.5

	
15.94

	
3820

	
88

	
7

	
4

	
+0.50

	
Ag/AgCl

	
7.4

	

	
0.1 M PBS

	
A

	
ChOx

	
[30]




	
Ag

	
GCE

	
100–20,000

	
25.8

	
–

	
1660

	
–

	
–

	
–

	
−0.5

	
Ag/AgCl ink

	
7.4

	
–

	
0.05 M PBS

	
A

	
ChOx

	
[37]




	
Au

	
SPCE

	
0.013–12.950

	
0.0078

	
–

	
–

	
75

	
5 min

	
4

	
−0.5

	
Ag/AgCl

	
8.6

	
300

	
0.1 M HNO3 + 0.6 M KNO3

	
LSV

	
ChOx, CE

	
[35]




	
Au-PPy

	
Pt

	
5–25

	
25

	
1.6 

	
–

	
30

	
30

	
4

	
−0.2

	
Ag/AgCl

	
7.0

	
–

	
0.05 M PBS

	
A

	
ChOx, CE

	
[32]




	
Bi2O2CO3

	
Au-glass

	
50–7400

	
10

	
139.5

	
190

	
94

	
42

	
–

	
0.25

	
Ag/AgCl (Sat. KCl)

	
7.4

	
4

	
0.1 M PBS

	
A

	
ChOx

	
[38]




	
NiO

	
Si

	
120–10,230

	
100

	
45

	
–

	
–

	
–

	
–

	
0.5

	
Ag/AgCl

	
7.0

	
–

	
0.05 M PBS

	
A

	
ChOx

	
[39]




	
Ag-B-Diamond

	
Paper

	
10–700

	
6.4

	
49.61

	
6480

	
–

	

	

	
−0.7

	
Ag/AgCl (Sat. KCl)

	
7.4

	
–

	
0.05 M PBS

	
A

	
ChOx

	
[31]




	
MoS2-Au

	
GCE

	
0.5–48

	
0.26

	
4460

	
0.325

	
92.1

	
15

	
–

	
0.3

	
SCE

	
7.0

	
–

	
0.05 M PBS

	
A

	
ChOx

	
[40]




	
Au-GO

	
SPCE

	
0.000026–12.95

	
0.0000026

	
0.084

	
–

	
86

	
15

	

	
0.2

	
Ag/AgCl

	
8.6

	
120

	
0.1 M HNO3 + 0.6 M KNO3 + 0.1 M KCl

	
LSV

	
ChOx, CE

	
[14]




	
Ag-GO-CS

	
ITO

	
10,340

	
11

	
13.628

	
2813

	
–

	
–

	
–

	
−0.45

	
Ag/AgCl (Sat. KCl)

	
7.0

	

	
0.01 MPBS

	
A

	
ChOx

	
[41]




	
Graphene/PVP/PANI

	
Paper

	
50–100

	
1

	
34.77

	
–

	
89.1

	
14

	
–

	
0.6

	
Ag/AgCl (Ink)

	
7.0

	
–

	
0.1 M PBS

	
A

	
ChOx

	
[42]




	
G-C3N4H+–PPy

	
GCE

	
20–5000

	
8.0

	
645.7

	
52

	
94

	
45

	
4

	
+0.17

	
SCE

	
7.4

	
~3

	
0.1 M PBS

	
A

	
ChOx

	
[43]




	
PTBA

	
PGE

	
0.8–4.8

	
0.22

	
0.21

	
–

	
90

	
35

	

	
−0.7

	
Ag/AgCl

	
7.4

	
2

	
0.05 M PBS

	
A

	
FAD, ChOx

	
[44]




	
Prussian blue

	
SPCE

	
0–15,000

	
0.2

	
2.1

	
–

	
–

	
–

	
–

	
0

	
Ag/AgCl

	
7.0

	
200

	
0.05 M PBS + 0.1 M KCl

	
A

	
ChOx

	
[3]




	
Nonenzymatic




	
ZnO

	
Si

	
1000–9000

	
1780

	
4.2

	
–

	
95.3

	
21

	
–

	
–

	
Ag/AgCl

	
7.4

	
–

	
20 M PBS

	
A

	
–

	
[45]




	
Ag-ZnO

	
Si

	
1000–9000

	
184

	
135.5

	
–

	
95.3

	
21

	
–

	
–

	
Ag/AgCl

	
7.4

	
–

	
0.02 M PBS

	
CV

	
–

	
[45]




	
Cu2O-TiO2

	
Ti

	
24.4–622

	
0.05

	
6034.04

	
–

	
95

	
21

	
–

	
−0.46

	
Ag/AgCl

	
7.0

	
3

	
0.1 M PBS

	
A

	
–

	
[46]




	
NiO/graphene

	
GCE

	
2–40

	
0.13

	
40.6

	
–

	
–

	
–

	
–

	
–

	
Ag/AgCl

	
–

	
5

	
1 MKOH

	
A

	
–

	
[47]




	
GO-MIP

	
GCE

	
0.0001–10

	
0.0001

	
–

	
–

	
–

	
–

	
–

	

	
Ag/AgCl (Sat. KCl)

	
5.0

	
2

	
0.1 M PBS

	
CV

	
–

	
[48]




	
PANI/MWCNTs/Starch

	
CPE

	
32–5000

	
10

	
800

	
–

	
–

	
–

	
–

	
–

	
Ag/AgCl (Sat. KCl)

	
–

	
4–6

	
0.1 M PBS

	
A

	
–

	
[49]




	
Redox mediator nonenzymatic




	
MWCNTs- β-CD

	
SPCE

	
0.001–3

	
0.0005

	
–

	
–

	
–

	
–

	
–

	
−0.23–0.53

	
Ag/AgCl

	
7.4

	
–

	
PBS

	
DPV

	
Ferricyanide

	
[22]




	
Β-CD@N-GQD

	
GCE

	
0.5–100

	
0.08

	
–

	
–

	
87

	
21

	
–

	
0–0.4

	
Ag/AgCl

	
7.0

	
600

	
0.01 M PBS

	
DPV

	
Ferrocene

	
[50]




	
β-CD-PNAANI-GO

	
GCE

	
1.0–50

	
0.50

	
–

	
–

	
85.6

	
30

	
4

	
−0.7–0.7

	
SCE

	
7.0

	
–

	
0.1 M PBS

	
DPV

	
MB

	
[51]




	
Redox mediator enzymatic




	
Au/rGO-PAMAM

	
Au

	
0.4–15,360

	
0.002

	
–

	
–

	
80

	
–

	
–

	
0.2

	
SCE

	
8.0

	
–

	
0.1 M HNO3 + 0.6 M KNO3

	
LSV

	
ChOx, CE, Ferrocene

	
[52]




	
PTH

	
GCE

	
25–125

	
6.3

	
0.00018

	
–

	
90

	
30

	
4

	
−0.4–0.4

	
Ag/AgCl (Sat. KCl)

	
7.0

	
–

	
0.05 M PBS

	
DPV

	
ChOx/HRP/HQ

	
[53]








Michaelis constant (KM), polyaniline (PANI), poly(3-aminobenzoic acid) (PABA), polypyrrole (PPy), graphene oxide (GO), chitosan (CS), polyvinylpyrrolidone (PVP), poly(thiophen–3–boronic acid (PTBA), Prussian blue (PB), β-cyclodextrins (β-CD), graphene oxide-based molecular imprinted polymer (GO–MIP), methylene blue (MB), graphene quantum dot (GQD), poly(N-acetylaniline) (PNAANI), reduced graphene oxide (rGO), polyamide amine (PAMAM), poly(thionine) (PTH), screen-printed carbon electrode (SPCE), pencil graphite electrode (PGE), glassy carbon electrode (GCE), saturated calomel electrode (SCE), amperometry (A), cyclic voltammetry (CV), linear sweep voltammetry (LSV), differential pulse voltammetry (DPV), cholesterol oxidase (ChOx), cholesterol esterase (CE), horseradish peroxidase (HRP), flavin–adenine dinucleotide (FAD), hydroquinone (HQ).











Ag nanowires (NWs) have many extraordinary characteristics such as high conductivities, high catalytic activity, high surface-to-volume ratios, and excellent surface reaction [25]. The overpotential of electrochemical reactions can be reduced owing to the catalytic nature of metal NPs. For example, Ag NP exhibit good catalytic activity toward the reduction of H2O2 at a low overpotential [37]. An Ag NP-modified glassy carbon electrode (AgNPs/GCE) was fabricated with electrochemical deposition [37]. The electrochemical characteristics were investigated with CV and chronoamperometry by mixing ChOx in the electrolyte. According to the results, the applied potential alters the sensitivity and selectivity of the sensor. Amperometric measurements were performed with different concentrations of cholesterol as shown in Figure 3C. Under optimized conditions, the reduction current and cholesterol concentration exhibited a linear relationship in the range of 3.9–773.4 mg dL−1 with a detection limit of 0.99 mg dL−1 (Figure 3C,D). The cholesterol level in bovine serum can be detected by this method; the recovery rate was between 99.6% and 100.7%.



The detection of cholesterol in saliva with nanomaterials is possible. Saliva contains small amounts of cholesterol (from 10 to 320 μM). The detection of these low concentrations in healthcare is challenging. Eom et al. [34] developed a Pt nanocluster-based cholesterol sensor to detect low cholesterol concentrations in saliva by immobilizing mixture of ChOx, CE, and HRP (Figure 4A). The performance of the sensor was tested with an amperometric method at a potential of 0.3 V (Figure 4B). According to the results, the biosensor exhibited a linear range at 2–486 μM, the LOD was approximately 2 μM, and the calculated sensitivity was 132 μA mM−1 cm−2. The cholesterol levels detected in the saliva of three patients with hyperlipidemia were 520, 460, and 290 μM, respectively.



Furthermore, the application of metal oxide NPs for the improvement of the electron transfer among redox proteins and electrode surfaces has been studied. For instance, Kaur et al. [39] developed a microfluidic electrochemical biosensor with polydimethylsiloxane microchannels and photolithography on Pt sputtered glass substrate. They sputtered the working electrode of the nickel oxide (NiO) thin film onto the device; ChOx enzyme loaded on the NiO thin film detected a wide range of cholesterol concentrations (0.12–10.23 mM) with a low detection limit of 0.10 mM with the amperometric method. The maximum oxidation peak current of 30 µA was displayed by the device due to the outstanding charge transfer property of NiO. The performance of the biosensor chip was confirmed with blood serum samples after the dilution with phosphate buffer saline (PBS). These results confirmed that the biosensor was accurate; its performance was comparable with that of commercially available sensors. However, the researchers did not investigate the stability and reproducibility of the sensing chip.



Carbon nanostructures including graphene and single/multi-walled carbon nanotubes (MWCNTs) are attractive nanomaterials that facilitate the electron transfer to the transducer surface [22]. The high surface area, sensitivity, resistance to fouling, and capability of rapid electron transfer are the key features of CNTs [54]. Furthermore, the easy functionalization of CNTs causes them to attach to variety of organic and biomolecules such as nucleic acids and proteins [22]. Graphene is better than CNTs because it does not contain metallic impurities that interfere with the material electrochemistry. In addition, the large quantity production of graphene from graphite is easy and less expensive [55,56]. These carbonaceous materials are mainly used in electrochemical cholesterol sensors owing to their large accessible surface area, high electrical conductivity, high electron transfer rate, and the possibility to immobilize the enzymes.



The most recent progress in the field of electrochemical cholesterol sensors is the synthesis of nanocomposites combining polymers, graphene, and other nanoparticle; this enables the fabrication of sensors with improved analytical characteristics. The combination of selected materials with nanocomposite constituents with special electrical and catalytic properties promote their application in sensor devices.



Huang et al. [14] developed an ultrasensitive cholesterol sensor using graphene oxide (GO) and Au NPs co-mediated enzymatic Ag deposition by loading ChOx, CE, and GO with Au NPs-modified SPCE. The harmonious impact of CE, ChOx, and GO, the cholesterol was hydrolyzed to hydrogen peroxide, which reduced the Ag ions in the solution to metallic Ag; these deposited on the surface of the Au NPs-modified SPCE. An ASV measurement of the enzymatically deposited Ag was used for the sensing of cholesterol. Under optimal conditions, the anodic stripping peak current of Ag increases with increasing cholesterol concentration from 0.01 to 5000 μg mL−1 with a detection limit of 0.001 μg mL−1 (S/N = 3). The developed sensor could not produce H2O2 in the absence of cholesterol. The impact of amount of GO (125–470 μg mL−1) in enzyme solutions on the current response was noticeable. The highest current response was observed with the 200 μg mL−1 of GO while it was decreased when the amount GO increased above 200 μg mL−1 due to decrease in the concentration of enzyme. A negligible signal was observed without cholesterol, whereas it was significant with cholesterol. In addition, the current response was linearly proportional to the cholesterol concentration.



Similarly, Phetsang et al. [30] reported a ChOx-immobilized sensor based on a platinum/reduced GO/poly(3-aminobenzoic acid) (Pt/rGO/P3ABA) nanocomposite-modified electrode. The chronoamperometry was carried out at a potential of +0.50 V to detect cholesterol. The current response of H2O2 produced by enzymatic oxidation of cholesterol. This sensor showed excellent linear responses in the concentration range of 0.25–4.00 mM with a high sensitivity of 15.94 μA mM−1 cm−2 and detection limit of 40.5 μM; the apparent Michaelis constant (Km) of ChOx was 3.82 mM.



Xu et al. [41] fabricated a cholesterol sensor with an Ag NW–GO–chitosan (Ag NW/GO/CS) composition and found outstanding properties of catalytic Ag NWs such as reduces the enzyme consumption (ChOx), enhances the detection sensitivity, selectivity, and H2O2 reduction, which occurs at low potential. The high surface area of Ag NW/GO/CS facilitates the adsorption of enzymes and the electronic transfer rate. Owing to the excellent biocompatibility, hypotoxicity, and biodegradability of CS, the fabricated cholesterol biosensor was free of toxic materials. ZnO is a semiconducting material with the potential to improve sensitivity towards cholesterol detection. Wu et al. [25] incorporated ZnO nanocrystals onto Ag NWs and a GO–CS membrane and noticed that the ZnO and Ag NW combination maintained the size of the surface area and improved sensitivity of the ChOx/ZnO/Ag/GO–CS/ITO electrode.



Graphitic carbon nitride (g-C3N4) has emerged as a metal-free semiconductor and is able to detect cholesterol. Shrestha et al. [43] demonstrated cholesterol-sensing properties of polypyrrole (PPy) doped with g–C3N4H+ nanosheets functionalized with ChOx. The large surface area and strong electrostatic force between composite and enzyme resulted into more stable electrode.



Recently, a 2D molybdenum disulfide (MoS2) has proved its suitability in amperometric cholesterol sensing due to its large surface-to-volume ratio, high capacity to adsorb enzymes, and strong interaction of sulfur with Au [40]. MoS2-Au nanocomposite generated a high catalytic current during the cholesterol detection.




3.2. Nanomaterials in Nonenzymatic Electrochemical Cholesterol Sensing


Over the past few years, nonenzymatic cholesterol sensors with different nanomaterials have been developed; they exhibit good analytical characteristics such as high sensing power and detection limit. Furthermore, nonenzymatic cholesterol sensors are less expensive than enzymatic sensors owing to the expensive and time-consuming preparation and processing of enzymes [49].



Rengaraj et al. [47] proposed a redox agent-based mechanism for NiO/graphene nanocomposite electrodes as nonenzymatic cholesterol sensors (Figure 5A). Cholesterol electrooxidation in a NiO/graphene nanocomposite electrode occurs as follows:


NiO + OH– → NiOOH + e–,



(4)






Ni3+ + Cholesterol → Ni2+ + Cholestenone.



(5)







Initially, NiO electrochemically oxidizes to NiOOH (Equation (4)); thus, an electron is released. Subsequently, cholesterol oxidizes to cholestenone with the help of NiOOH, which is simultaneously reduced to NiO. The sensing of cholesterol in milk samples with the amperometric method was performed with this electrode.



Khaliq et al. developed an amperometric nonenzymatic cholesterol biosensor based on Cu2O–TiO2 hybrid nanostructures (Figure 5B) [46]. The TiO2 nanotubes (TNTs) were synthesized by anodizing titanium (Ti) foil. These TNTs were decorated with Cu2O NPs via chemical bath deposition. The presence of Cu2O on TNTs has improved the electron transfer rate due to the high electroactive surface area. The oxidation of cholesterol oxidation was monitored by a CV and amperometric technique. The hybrid electrode displayed a five-fold increase in sensitivity (approximately 6034.04 μAmM−1 cm−2) compared to that of pristine TNTs with a low detection limit (approximately 0.05 μM) and fast response time (3 s). The researchers proposed the sensing mechanism of a nonenzymatic cholesterol biosensor composed of Cu2O on TNTs (Figure 5B). Cu2O NPs on the surface of the modified electrode produce •O2− at an applied potential of −0.46 V; •O2− reacts with water, which results in hydrogen peroxide and hydroxyl radicals (•OH). These •OH radicals begin the auto-oxidation of cholesterol and result in oxysterols (7b-ketocholesterol, 7a-hydroxycholesterol, and 7b-hydroxycholesterol). The generated electrons are transferred to the external circuit by the working electrode, which generates a current signal.


Cu2O + O2 + e– → Cu2O + •O2−



(6)






•O2− + 2H2O → H2O2 + •OH + OH–



(7)






•O2− + H2O2 → •OH + OH– + O2



(8)






•OH + Cholesterol → Oxysterols



(9)







Anh et al. [45] designed a nonenzymatic biosensor with ZnO nanorods to monitor the cholesterol concentration. The electrochemical properties of this sensor were studied with the CV, electrochemical impedance spectroscopy, and amperometric techniques in a 20-mM PBS including cholesterol. This ZnO sensor indicated a linear response in the range 1–9 mM and a sensitivity of 4.2 μA mM−1 cm−2.



Furthermore, Alexander et al. prepared a GO-based molecular imprinted polymer (GO–MIP) nonenzymatic cholesterol sensor [48]. The functionalized GO was modified with glycidyl methacrylate with N,N′-dicyclohexylcarbodiimide, dimethylaminopyridine, and dimethyl sulfoxide to obtain GO–CH = CH2. Subsequently, it was molecularly imprinted with methacrylic acid, ethylene glycol dimethacrylate, α, α’-azobisisobutyronitrile, and cholesterol as the monomer, cross-linker, initiator, and template molecule, respectively. The redox current increased with the increase in concentration (10−10 to 10−3 M), thereby suggesting a homogeneous charge transfer in the GO–MIP-based sensor; the electrochemical reaction between the electrode and cholesterol was a diffusion-controlled process (Figure 6). The recovery of 98.45% for a blood serum sample proves that the applicability of this sensor towards the analysis of blood samples.



Moreover, Gautam et al. developed a novel cholesterol sensor for cow milk by using a polyaniline/multi-walled carbon nanotubes/starch (PANI/MWCNT/starch)-modified carbon paste electrode (CPE) [49]. The polyaniline effectively interacted with the MWCNTs and starch by π–π stacking and covalent bonding, respectively. The specific binding sites (sugar chains), better electrocatalytic properties, and fast electron transfer facilitate the oxidation of cholesterol. The chronocoulometric response of cholesterol was measured at 250 mV. The charge transfer improved at higher cholesterol concentrations, which implies effective electrocatalytic oxidation. Moreover, the researchers determined the cholesterol levels of milk samples with CV; the sensor exhibited a linear response over a wide cholesterol concentration range. The measured concentration was 0.6 mM (or 23.2 mg 100 mL−1). The sensor sensitivity was lower for cow milk sample than that recorded for cholesterol dissolved in PBS owing to the difficulty in analyzing real sample. Hence, its performance must be improved.



The nonenzymatic sensors have lower sensitivity, higher overpotential, and poor stability in air. The use of novel nanomaterials and their composites would be a promising for the achievement of sensitive, stable, and affordable nonenzymatic cholesterol sensor devices.




3.3. Nanomaterials in Electrochemical Cholesterol Sensing with Redox Mediators


Nanomaterial-based cholesterol sensors have been used directly or modified with enzymes or redox mediators or both. Redox mediators are used in the preparation of nonenzymatic and enzymatic electrodes to facilitate the electron transfer process between electrode and target, to minimize interference, and to enhance stability and selectivity of nanomaterial-based cholesterol sensors Cholesterol reacts with redox agents by forming an intermediate product. The reduced forms of the redox agents produced in these processes are electrochemically regenerated [8]. Rahman et al. [53] presented HQ-mediated ChOx and HRP-based poly(thionine)-modified GCE for cholesterol detection with a linear response at 25–125 μM. The schematic of the directly deposited poly(thionine) on the GCE and the reaction mechanism are shown in Figure 7. The electron transfer between enzyme and the electrode was facilitated by HQ. The existence of HRP and HQ increases the selectivity of the sensor by decreasing the reduction potential of H2O2. The sensor showed 90% stability after its storage at 4 °C for one month.



Cyclodextrins (CDs) contains 6–8 glucopyranoside components attached in a conical mode (named α-, β-, and γ-CD, respectively); β-CD binds better to cholesterol than other sterols; thus, it is a suitable alternative to ChOx. However, the interaction between cholesterol and β-CD does not change the electrochemical response. Furthermore, cholesterol is a non-electroactive molecule, and its electrochemical detection is very difficult [22,51]. Nawaz et al. [22] developed an electrochemical sensor with a SPCE, MWCNTs, and β-CD to detect cholesterol. Figure 8A shows the schematic representation of the sensor. Benzoic acid modified MWCNTs were obtained by using a diazonium salt chemistry. A thin coating of CNTs was applied onto the SPCE, and the β-CD was loaded on the functionalized MWCNT-modified SPCE, which acted as a host that recognizes guest (cholesterol) molecules. MWCNT helps to shuttle electrons between redox probe and electrode. The sensor could detect cholesterol levels from 1 nM to 3 μM with a detection limit of 0.5 nM by DPV after modification in presence of redox probe (Figure 8B).



The combination of nitrogen-doped graphene quantum dots (N-GQD) with β-CD was reported for a cholesterol biosensor [50]. This electrode detects cholesterol with the DPV method and selective host–guest recognition based on FC as the redox mediator. Cholesterol has a higher affinity than FC for β-CD. It forms a strong host–guest complex with β-CD and can replace FC in the cavity of β-CD. The amount of cholesterol was related to the released FC and its subsequent oxidation at the electrode.



A redox mediator-based electrochemical cholesterol sensor based on competitive host–guest recognition between β-CD and signal probe/target molecules with a β-CD/poly(N-acetylaniline)/graphene (β-CD/PNAANI/graphene)-modified electrode was developed by Yang et al. [51]. Methylene blue (MB) as a redox probe can be simply sensed with DPV. In addition, PNAANI film was used to immobilize β-CD and to avoid the non-specific adsorption of MB on graphene via π–π stacking interaction (Figure 9). The response range was linear for 1.00–50.00 mM cholesterol with a detection limit of 0.50 mM (S/N = 3) with the indirect method. In the case of above discussed N-GQD with β-CD-based cholesterol sensors, the released mediator is detected (high current signal with high cholesterol), whereas in the case of β-CD/PNAANI/graphene sensor the bound mediator is detected (high current signal with low cholesterol). Both sensors rely on host–guest chemistry and the competition between cholesterol and the redox mediator for β-CD.





4. Challenges


Highly accurate, specific, sensitive, cost-effective, scalable, biocompatible, and eco-friendly cholesterol biosensors with fast response times must be developed to replace the commonly used time-consuming and costly devices [43].



Sensitivity is a key parameter in the development of sensor systems for any analyte [22]. The sensitivity of nanomaterials based electrochemical cholesterol sensors is consistent (Figure 10). Although enzyme-based sensors show high selectivity and excellent sensitivity, the activity of enzymes decreases with the prolonged use of the sensor; enzymes become easily denatured during immobilization owing to their intrinsic nature [33]. The activity of enzymes is also affected by the temperature, pH value, and harmful chemicals [48]. The sensitivity of a biosensor is determined by the amplification platform and amplification process. In general, amplification processes include NPs as labels for signal amplification because of their unique electronic, catalytic, and optical properties [57].



The low stability is one of the many deficiencies in the development of operational cholesterol biosensors. Most reported cholesterol sensors are stable for less than three weeks and require storage at low temperature. Moreover, developing biocompatible electrodes is crucial for the fabrication of stable and biocompatible biosensors.



There are several obstacles in the commercialization of electrochemical cholesterol sensors based on nanomaterials, which includes technical issues, lack of academic–industry collaboration, and cost of fabrication of sensing system. Alternative technologies and nanomaterials for disposable and cost-effective sensors for daily use must be developed. The determination of cholesterol from food using nonenzymatic approach is still challenging due to interference of several components. The direct detection approaches require more energy for transferring technology to health care applications.




5. Summary and Outlook


This review summarized several nanomaterials used in cholesterol biosensors. Accordingly, many nanomaterials can electrochemically detect cholesterol with a wide detection range, high stability, and high sensitivity. Particularly, Au-based electrodes showed higher sensitivity, lower LOD, and better reproducibility towards enzymatic cholesterol sensing. However, the practical application is still challenging as the cost of manufacturing should be minimized; a simple, affordable, stable, and reproducible non-enzymatic approach should be explored for better analytical performance. The electrochemical properties of nanomaterials play a key role in cholesterol sensing. NPs facilitate the immobilization of biomolecules, catalysis of electrochemical reactions, and electron transfer. Most researchers have not studied the biocompatibility characteristics of nanomaterial-based cholesterol sensors. Therefore, the systematic production of simplified cholesterol biosensors and analysis of biocompatibility of nanomaterials is crucial for developing novel cholesterol sensors. In addition, cholesterol biosensors with compact sizes and tunable analytical characteristics should be developed.
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Figure 1. Schematic of electrochemical cholesterol sensors. 
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Figure 2. Nanomaterials for cholesterol sensing application. 
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Figure 3. (A) Schematic for the principle of the developed biosensor for cholesterol detection, (B) LSV curves of the Ag/CE&ChOx/Au NPs/SPCE in the presence of cholesterol (a), the Ag/CE&ChOx/Au NPs/SPCE without the presence of cholesterol (b), and the Ag/Au NPs/SPCE in the presence of cholesterol (c). The concentration of cholesterol was 5.0 mg mL−1 and the current signal was obtained by the LSV which was carried out in 0.1 mol/L HNO3 solution containing 0.6 mol/L of KNO3 from −0.1 to 0.6 V with a 100 mV/s scanning rate [35]. Reprinted with permission from ref. [35]. Copyright 2017 Elsevier (C) Chronoamperograms of 0–773.4 mg/dL of cholesterol determination at −0.5 V versus Ag/AgCl. (D) The calibration graph of cholesterol over the concentration range of 3.9 to 773.4 mg/dL [37]. Reprinted with permission from ref. [37]. Copyright 2015 Elsevier. 
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Figure 4. (A) A schematic for an electrochemical biosensor with a Pt nanocluster and the strategic approach for improving sensor’s performance by optimizing between the effective surface area and enzyme volume, (B) amperometric response for sensors with Pt nanocluster/enzyme/Nafion to the consecutive addition of total cholesterol under the conditions of continuous stirring in 0.1 M PBS buffer. (C) Calibration curve fitting [34]. Reprinted with permission from ref. [34]. Copyright 2020 Royal Society of Chemistry. 
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Figure 5. (A) The schematic of non-enzymatic biosensor preparation and the proposed mechanism for cholesterol oxidation on the modified electrode [47]. Reprinted with permission from ref. [47]. Copyright 2013 Royal Society of Chemistry. (B) Schematic of electrochemical oxidation of cholesterol at the surface of Cu2O NP-decorated TNT electrode [46]. Reprinted with permission from ref. [46]. Copyright 2020 Elsevier. 
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Figure 6. (A) Schematic representation of the formation of GO–MIP, (B) cyclic voltammogram of GO–MIP for different concentration of cholesterol [48]. Reprinted with permission from ref. [48]. Copyright 2017 Elsevier. 
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Figure 7. Schematic representation for the fabrication of GCE/PTH/ChOx/HRP biosensor (A) and the reaction processes at the GCE/PTH/ChOx/HRP biosensor (B). The crystal structures of cholesterol oxidase (ChOx) and horseradish peroxidase (HRP) enzyme was obtained from Protein Data Bank (ID: 2IOK.pdb and IHCH.pdb, respectively) [53]. Reprinted with permission from ref. [53]. Copyright 2014 Elsevier. 
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Figure 8. (A) schematic illustration of the designed electrochemical sensor for the detection of cholesterol, DPV response curves (B) of 2.0 mM [Fe(CN)6]4–/3– redox probe at a scan rate of 100 mV s−1 for bare SPCE (a), MWCNTs/SPCE (b), MWCNTs/β–CD (80 mg mL−1) immobilized–SPCE (c), and MWCNTs–β–CD/SPCE incubated with cholesterol (0.01 μM) (d). (C) The calibration curve corresponding to the detection of cholesterol based on the Δratio, where Δratio was calculated as a function of current before and after incubation of cholesterol [22]. Reprinted with permission from ref. [22]. Copyright 2018 Elsevier. 






Figure 8. (A) schematic illustration of the designed electrochemical sensor for the detection of cholesterol, DPV response curves (B) of 2.0 mM [Fe(CN)6]4–/3– redox probe at a scan rate of 100 mV s−1 for bare SPCE (a), MWCNTs/SPCE (b), MWCNTs/β–CD (80 mg mL−1) immobilized–SPCE (c), and MWCNTs–β–CD/SPCE incubated with cholesterol (0.01 μM) (d). (C) The calibration curve corresponding to the detection of cholesterol based on the Δratio, where Δratio was calculated as a function of current before and after incubation of cholesterol [22]. Reprinted with permission from ref. [22]. Copyright 2018 Elsevier.
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Figure 9. Electrochemical sensor based on the competitive host–guest interaction between β–CD and MB (signal probe)/cholesterol (target) [51]. Reprinted with permission from ref. [51]. Copyright 2011 Royal Society of Chemistry. 
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Figure 10. Comparison of sensitivity and limit of detection (LOD) of nanomaterial-based cholesterol sensors. (Note: More details about the various sensors can be found in Table 1). 
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