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Abstract

:

We report the preparation of poly (propylene imine) dendrimer (PPI) and CdTe/CdSe/ZnSe quantum dots (QDs) as a suitable platform for the development of an enzyme-based electrochemical cholesterol biosensor with enhanced analytical performance. The mercaptopropionic acid (MPA)-capped CdTe/CdSe/ZnSe QDs was synthesized in an aqueous phase and characterized using photoluminescence (PL) spectroscopy, ultraviolet-visible (UV-Vis) spectroscopy, transmission electron microscopy (TEM), X-ray power diffraction (XRD), energy dispersive X-ray (EDX) spectroscopy. The absorption and emission maxima of the QDs red shifted as the reaction time and shell growth increased, indicating the formation of CdTe/CdSe/ZnSe QDs. PPI was electrodeposited on a glassy carbon electrode followed by the deposition (by deep coating) attachment of the QDs onto the PPI dendrimer modified electrode using 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), and N-hydroxysuccinimide (NHS) as a coupling agent. The biosensor was prepared by incubating the PPI/QDs modified electrode into a solution of cholesterol oxidase (ChOx) for 6 h. The modified electrodes were characterized by voltammetry and impedance spectroscopy. Since efficient electron transfer process between the enzyme cholesterol oxidase (ChOx) and the PPI/QDs-modified electrode was achieved, the cholesterol biosensor (GCE/PPI/QDs/ChOx) was able to detect cholesterol in the range 0.1–10 mM with a detection limit (LOD) of 0.075 mM and sensitivity of 111.16 μA mM−1 cm−2. The biosensor was stable for over a month and had greater selectivity towards the cholesterol molecule.
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1. Introduction


Cholesterol ((3β)-cholest-5-en-3-ol) is a fat-like organic biomolecule found in all cells and that is naturally produced by the liver and the intestines. It plays an important role in the production of vitamin D, steroid hormones, and bile acid which assist in lipid digestion and also in maintaining the cell membrane [1,2,3,4]. Most food such as fatty red meat, eggs, cream, burgers, and animal fats contain high levels of cholesterol, which can lead to increase in the blood cholesterol level when consumed [3,4,5]. As important as cholesterol is for the body, it may cause health problems when it exists at a concentration higher than 5.2 mM (200 mg·dL−1) [5,6,7,8]. A high level of cholesterol can cause atherosclerosis, which is the hardening and narrowing of the heart arteries leading to an increased risk of cardiovascular diseases (CVDs) such as hypertension, stroke and heart attack [9,10,11]. CVDs are amongst the top three diseases that cause mortality and affect mobility in South Africa and the rest of the world [9,10,12]. Therefore, early detection, prevention and effective management of cholesterol level are of importance to human health and in diagnosis. Techniques such as high-pressure liquid chromatography (HPLC), mass spectroscopy, calorimetry, spectrophotometry, fluorimetry, electrochemistry and polarography have been used to analyze cholesterols and many other small biomolecules [7,13,14,15,16,17]. Among these methods, electrochemical detection methods, which include biosensors, have shown high potential owing to their high sensitivity, specificity and stability, rapid response time, cost-effectiveness, use of small sample volumes, miniaturisability and their good compatibility with advanced micromachining technologies [16,18,19,20,21]. Biosensors are analytical devices that incorporate a bioreceptor onto an electrochemical transducer for the purpose of measuring the biorecognition event between the bioreceptor and the target analyte. Biosensors have been used in the detection of many other biologically relevant analytes such as glucose, urea, thrombin etc. Despite the success recorded by biosensors, there is still a quest for improvement through the use of immobilization matrix and immobilization chemistry that will provide a biocompatible environment with good orientation for the enzyme [19,22,23,24,25].



The integration of biomolecules with nanomaterials to develop various types of electrochemical biosensors with amplified signals has stimulated a lot of attention. In the case of biosensors for cholesterol, Umar et al., design a cholesterol biosensor based on magnetic α-Fe2O3 micro-pine shaped hierarchical nanostructures, co-immobilized with cholesterol oxidase (ChOx) with a sensitivity of 78.56 μA μM−1 cm−2, a detection limit of 0.08 mM and a linearity of 0.1–8.0 mM [2]. Lata and co-workers also reported the development of an amperometric cholesterol biosensor based on on gold nanocomposites. The resultant biosensor had a detection limit of 0.01 mM and used a low potential of 0.27 V. Their report also showed that the biosensor can be reused more than 45 times and is highly stable for 60 days [26]. In another development, Li et al. fabricated ChOx/CS-GR/GCE cholesterol biosensor by covalently immobilising ChOx on chitosan-graphene (CS-GR) nanocomposite-modified GCE [27]. The presence of the nanocomposite did not only increase the electron transfer, but also enhanced the amount of ChOx immobilised [27]. Functionalised graphene and graphene nanocomposites have also been used in the development of cholesterol biosensors [28,29].



Recently, dendrimers have been exploited as a matrix or immobilisation layer to provide a biocompatible environment for biomolecules in biosensors. This is due to their unique properties such as: Analogues to small enzymes in terms of their size, functional complexity and structural precision, biocompatibility, cationic nature and multiple attachment sites [25,30,31]. Dendrimers such as poly (propylene imine dendrimer) dendrimer (PPI) and poly (amido amine) have been used as immobilisation layer in different types of biosensors for DNA, toxins, cholera, cancer biomarker etc. [25,31,32,33,34,35,36,37].



Another group of nanomaterials of interest in biosensor design are quantum dots (QDs) [18,38,39]. Owing to their nanoscopic size similar to proteins, they can be used to improve the surface area of the electrode leading to increase in electrochemical response and bio-receptor loading [38,40,41,42,43]. QDs have found application in photoelectrochemical biosensors where their unique responses in the presence of light is explored [44,45,46,47].



In this work, poly (propylene imine) dendrimer (PPI) and CdTe/CdSe/ZnSe core-multishell quantum dots are used as nanocomposite platform for a cholesterol oxidase (ChOx) based biosensor. Biomimicry, an important philosophy in biosensor design, demands the use of biocompatible materials with low toxicity. This motivates the use of core-multishell CdTe/CdSe/ZnSe quantum dots (QDs). We have earlier demonstrated that this QDs have low toxicity and are biocompatible [48]. Furthermore, the QD is expected to improve enzyme loading while the dendrimer provides a platform for biocompatibility and immobilization chemistry suitable for the enzyme attachment.




2. Experimental Details


2.1. Material


Cadmium acetate, potassium tellurite, zinc acetate, 3-mercaptopropionic acid (MPA), sodium borohydride, sodium hydroxide, selenium powder (Se), sodium sulphite, potassium ferrocyanide, potassium ferricyanide. Potassium chloride, 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), phosphate buffer (PBS) components (K2HPO4, KH2PO4), cholesterol oxidase (36 U·mg−1) from Streptomyces species, Enzyme Commission Number 1.1.3.6, cholesterol 1 × 1 mL chloroform 10 mg·mL−1, and platinum wire (Pt) were all purchased from Sigma Aldrich (Johannesburg, South Africa). Generation 2 (G2) (propylene imine) dendrimer (777.3 g·mol−1) from SyMO-Chem (Netherlands) and glassy carbon electrode (GCE) and Ag/AgCl (3 M Cl−) electrode were both from BASi (West Lafayette, IN, USA). All chemicals were of analytical grade and used as purchased. Deionized water was used throughout the synthesis and biosensor design. Cholesterol solution (10 mM) was prepared in the following manner: Triton-X 100 (5 mL) and isopropanol (5 mL) were mixed and heated at 50 °C, then 0.193 g of cholesterol was slowly added to the solution until fully dissolved. Thereafter, 40 mL of 10 mM PBS (pH 7.2) was added with continuous stirring to produce 10 mM stock solution of cholesterol. Different concentrations of cholesterol were prepared by proper dilution of the stock solution using the ratio 1:1:8 triton-X 100: isopropanol: PBS.




2.2. Instrumentation


UV-Vis absorption spectra were recorded on a PerkinElmer Lambda 25 UV-Vis spectrophotometer in the 200–900 nm wavelength range at room temperature with a resolution of 1 nm and scanning speed of 480 nm/min. Shimadzu RF-6000 photoluminescence spectrophotometer was used to monitor the photoluminescence properties. X-ray diffraction (XRD) measurements were performed with X’Pert Philips X-ray diffractometer equipped with monochromatic Cu K α  (0.1540 nm). Scanning electron microscopy (SEM) measurements were carried out using TESCAN Vega TC instrument (VEGA 3 TESCAN software) SEM instrument coupled with energy dispersive X-ray (EDX) at a voltage of 8.0 kV. Transmission electron microscopy (TEM) (JEOL 2100 HRTEM 200 kV, Tokyo, Japan) was used to carry out TEM measurements. All electrochemical measurements were carried out using three electrodes system made of GCE (working electrode), Ag/AgCl (3 M Cl−) (reference electrode) and Pt wire (counter electrode) in probes such as PBS and [Fe(CN)6 ]3−/4− (in 0.1 M KCl).




2.3. Synthesis of CdTe/CdSe/ZnSe QDs


CdTe/CdSe/ZnSe core/multishell QDs were synthesized using the reflux method reported by Ncapayi et al. [48] with slight modification. In a typical experiment, 0.051 g (0.2 mmol) of cadmium acetate dihydrate was dissolved in 50 mL of deionized water in a beaker containing a magnetic stirring bar. Then 17 µL (0.2 mmol) of 3-mercaptopropanoic acid (MPA) was added under continuous stirring. The pH of the Cd-MPA complex solution was adjusted from pH 3.67 to 12.01 using 1 M NaOH. The solution was then transferred into a 100 mL round bottom-three necked flask on a heating mantle and continuously stirred at a speed of 400 rpm. After 5 min of stirring, potassium tellurite (K2O3Te) solution prepared by dissolving 0.0103 g (0.04 mmol) K2O3Te in 50 mL deionized water was added to the Cd-MPA complex solution. The mixture was allowed to react for a further 5 min under continuous stirring, followed by addition of solid 0.08 g (2.0 mmol) NaBH4. This was also allowed to react for 5 min, followed by refluxing at 98 °C. The molar ratio of Cd:Te:MPA:NaBH4 was fixed at 1:0.2:1:10. Aliquots were taken at different time intervals to monitor the growth of CdTe core. After an hour of refluxing the above solution, 0.5 mL (1.8 mmol) sodium selenosulfate (Na2SeSO3) solution was swiftly injected into it. The solution was further refluxed for an hour while taking aliquots at different time intervals to monitor the formation of the CdTe/CdSe core/shell. The molar ratio of Cd:Te:Se was 1:0.2:9. In another flask, zinc (Zn) precursor solution was prepared by dissolving 0.043899 g (0.2 mmol) zinc acetate in 50 mL of deionized water followed by addition of 17 µL (0.2 mmol) mercaptopropionic acid (3-MPA) and pH optimization to pH 12.02 using 1M NaOH. After an hour of refluxing the above core/shell solution, Zn-MPA complex solution was swiftly added under continuous stirring. The molar ratio of Cd:Te:Se:Zn was 1:0.2:9:1. The prepared core/shell/shell was further stirred and refluxed for 7 h at 98 °C. Aliquots were taken at different time intervals to monitor the growth of CdTe/CdSe/ZnSe core/multi shell nanoparticles. Scheme 1 depicts the schematic representation involving the synthesis of the CdTe/CdSe/ZnSe QDs.




2.4. Fabrication of GCE/PPI/QDs/ChOx Biosensor


Prior to electrode modification, the working glassy carbon electrode (GCE, 3 mm diameter) was cleaned consecutively with aqueous slurries of 1.0, 0.3 and 0.05 µm alumina powders, respectively on a micro-cloth pad and then rinsed thoroughly with double distilled water between each polishing step. The residual polishing materials on the electrode was removed by washing successively with a solution of ethanol and distilled water (1:1) in an ultrasonic bath, air-dried and then used immediately for measurements. The cleanliness of the electrode surface was confirmed by running cyclic voltammetry (CV) measurements in PBS solution (pH 7.2) from −0.3 V to 1.0 V at a scan rate of 50 mV·s−1. The GCE was modified with PPI by electrodepositing 10 mM PPI solution on the electrode surface using 10 cycles at 50 mV·s−1 from −0.5 V to 1.2 V. The electrode was left to dry at room temperature overnight and then washed with PBS to remove the unbound PPI. The PPI modified electrode (GCE/PPI) was modified with the as-synthesized QDs as follows: A 1 mL volume of MPA-capped QDs was first activated with 0.1 M EDC (200  μ L) and 0.025 M NHS (200  μ L) solution for 1 h with gentle stirring at room temperature. Then the GCE/PPI electrode was immersed into QDs solution and incubated for 2 h to allow the QDs to attach to the amine groups of the dendrimer through Schiff base method. The GCE/PPI/QDs electrode was allowed to dry at room temperature and then washed with PBS to remove any unbounded QDs. Finally, the GCE/PPI/QDs electrode was incubated in a solution of ChOx (2.0 mg·mL−1) for 6 h at 4 °C to allow the enzyme to immobilize on the electrode. The GCE/PPI/QDs/ChOx bio-nanoelectrode was allowed to dry and was used for the detection of cholesterol. The scheme that highlights the experimental protocol for the biosensor is depicted in Scheme 2.





3. Results and Discussions


3.1. Characterization of CdTe/CdSe/ZnSe Quantum Dots


The optical properties of CdTe/CdSe/ZnSe core/shell/shell QDs at different growth stages and reaction time is shown in Figure 1A,B. All the nanoparticles emit from light yellow to brown (Figure 1C) and from yellow to deep red (Figure 1D) under UV light of 250 nm and 350 nm respectively. The average particle sizes of the QDs as calculated using Yu et al. method [49] ranges from 3.75–4.28 nm. The absorption wavelength of the CdTe core and CdTe/CdSe core/shell becomes red shift with an increase in absorbance and intensities as the reaction time increased (Figure 1A,B), indicating growth of the nanoparticles and shell formation [50]. The absorption spectra (Figure 1A) of the QDs show three stages of growth indicating the formation of three layers, which are CdTe core (502 to 610 nm, 0 min–1 h), CdTe/CdSe core/shell (602 to 626 nm, 0 min–2 h) and CdTe/CdSe/ZnSe core multishell (630 to 647 nm, 0 min–7 h). The significant red-shifts of about 24 nm and 17 nm, an hour after adding selenium and zinc precursors into the CdTe core and CdTe/CdSe core/shell solutions, respectively, confirm the formation of CdSe shell around the CdTe core (CdTe/CdSe) and ZnSe shell around the CdTe/CdSe core/shell (CdTe/CdSe/ZnSe) respectively. This red-shift shows that there is an increased leakage of excitons into the shells and formation of the core/shell and core/multishell QDs rather than formation of alloyed QDs [50,51,52]. The emission spectra (Figure 1B) of the QDs also show three stages of growth as reaction time increased and after the addition of both Se and Zn precursor respectively with band edge luminescence at an excitation wavelength of 450 nm. The narrowing of the emission peaks and high intensities are indicative of particles with focused size distribution [50]. This can be attributed to proper passivation by the shell formation via reduction of the electronic defects at the surface of the QDs [53,54]. The reduction in the absorption and PL intensities immediately after the addition of Zn precursor (during the formation of CdTe/CdSe/ZnSe QDs), can be attributed to the increase in the particle size, a high concentration of the unreacted Zn precursor and the formation of excess layers of ZnSe shell [48,52,55]. However, after 5 h of synthesis, the intensity of CdTe/CdSe/ZnSe core/shell/shell increased again. This increase is attributed to proper passivation of the QDs and depletion of excess precursor concentration as reaction time increased [50]. This following motivates for the synthesis of the CdTe/CdSe/ZnSe core mutlishell quantum dots: The ZnSe shell in CdTe/CdSe/ZnSe core multishell QDs was employed to provide perfect passivation of CdTe core and to reduce the toxicity of the cadmium based QDs via inhibiting the release of Cd2+ [56]. However, the lattice mismatch between CdTe and ZnSe is large and can cause strains between the CdTe core and ZnSe shell [50,56,57,58]. The defects caused by ZnSe shell have negative influences on both the photoluminescence quantum yield (PLQY) and the stability of the core/shell. Due to this lattice mismatch and defects, the CdTe core was first coated with CdSe shell because its band gap and lattice spacing lies at an intermediate level between those of the CdTe core and the ZnSe shell. This synthesis approach decreases toxicity, improves the PLQY and the photostability of the quantum dot.



The TEM image and corresponding selected area electron diffraction (SAED) patterns of the as-synthesized CdTe/CdSe/ZnSe QDs are shown in Figure 2A,B. The TEM micrograph (Figure 2A) shows that the as-synthesized materials are small, monodispersed and spherical in shape with an average particle size of 4.08 nm. The SAED pattern in Figure 2B shows a diffused rings pattern corresponding to (111), (220) and (311) reflections of a cubic crystal structure of Zn-blended phase. The elemental composition of the as-synthesized CdTe/CdSe/ZnSe QDs obtained using EDX (Figure 2C) confirms the presence of Cd, Te, Se, and Zn in the CdTe/CdSe/ZnSe QDs. The higher percentage of oxygen in the EDX spectrum of the QDs is due to the oxygen groups present in the capping agent, MPA. One is from the carbonyl (−C=O) group and the other from the hydroxyl (−OH) group. The crystallinity of the as-synthesized quantum dots was confirmed by XRD as as shown in Figure 2D. The XRD patterns of CdTe, CdTe/CdSe and CdTe/CdSe/ZnSe QDs consist of three diffraction peaks corresponding to (111), (220) and (311) cubic zinc blended structures [59]. For CdTe core, the diffraction peaks were located at 25.25 ° , 41.88 °  and 49.23 °  whereas for CdTe/CdSe and CdTe/CdSe/ZnSe the diffraction peaks were located at 25.73 ° , 42.38 ° , 50.38 °  and at 26.04 ° , 43.97 °  and 51.09 ° , respectively. After growing the CdSe and ZnSe shells on to the CdTe core, the diffraction peaks shifted to higher angles with broaden peak width. The shifting of the diffraction peaks to higher angles confirms the formation of the core/shell and core/shell/shell structure rather than an alloyed structure [60,61]. The average crystallite size of the CdTe/CdSe/ZnSe QDs as calculated using Scherrer’s equation is 4.32 nm—this agrees with TEM result. The stronger and narrower (111) peak in Figure 2D indicates that the nanocrystals were elongated along the c-axis. Furthermore, the broad nature of the XRD peaks is attributed to the nano-crystalline nature of the as-synthesized QDs, which is also consistent with the result from the optical spectroscopy.




3.2. Electrochemical Impedance Spectroscopy (EIS) Analysis


To verify the successful fabrication of the bioelectrode (sensing platform), EIS was used to monitor the interfacial properties of the prepared electrodes after every modification step (Figure 3). The measurements were carried out at a potential of 0.2 V and a frequency 103 Hz to 1 Hz using 10 mM [Fe(CN)6]3−/4] redox couple (1:1) with 0.1 M KCl as the supporting electrolyte. The value of the charge transfer resistance of the modified electrode was estimated by the semicircle diameter (charge transfer resistance, R2). Compared to bare GCE (Figure 3i), the diameter of the semicircle increased after modifying the GCE with MPA-capped CdTe/CdSe/ZnSe QDs (Figure 3ii) and this could be due to the electrostatic repulsion between the negatively charged [Fe(CN)6]3−/4− redox couple and the negative charge on the MPA-capped QDs. A similar increase in EIS response after modification with an MPA capped ZnSe QDs in [Fe(CN)6]3−/4− redox probe has been reported [62]. The change in R2 confirms that the QDs were successfully attached on the electrode surface. On the other hand, a reduction in R2 from 450 Ω (bare GCE) to 61 Ω (GCE/PPI) was observed after the electrodeposition of PPI on GCE (Figure 3iii and Table 1). This reduction suggests that PPI facilitated electron transfer rate at the interface of the electrode and [Fe(CN)6]3−/4− owing it electrostatic attraction between the cationic PPI and the anionic redox probe [31,32,63]. Furthermore, the nanometric dimension of the PPI increased the electroactive surface area of the electrode for higher rate of electron transfer (reduced R2) [31,32,63]. The nanocomposite of the PPI and QDs on the GCE electrode resulted in further decrease in R2 (42 Ω). This marked reduction is a synergic effect resulting from the effect of the PPI and QDs. Firstly, the presence of both nanomaterials must have increased the surface area of the electrode than the individual nanomaterial. Secondly, the repulsion effect of the MPA capped QDs as observed in the R2 increase in Figure 3ii has been reduced markedly by the incorporation of the QDs into the PPI matrix. In the nanocomposite of PPI/QD, the negatively charged carboxylic group of the MPA capping agent has been linked to the amino group of the PPI using the crosslinking agents—EDC and NHS. The carbodiimide bond formed therefore reduced the negative charge density of the QDs thus negating the effect of repulsion (against FECN) observed in GCE/QDs. This counteracted repulsive force further enhanced the interfacial electron transfer leading to the observed R2 value of 42 Ω (Figure 3iv). A marked reduction in charge transfer resistance has also been observed through a synergic combination of PPI and gold nanoparticle [31]. When the GCE/PPI/QDs electrode was modified with 50 µL of ChOx (Figure 3v), an increase in electron transfer resistance was observed and this can be due to the poor conducting nature of the enzyme and also a possible electrostatic repulsion of the [Fe(CN)6]3−/4− owing to the negatively charged enzyme. This increase in resistance shows that the enzyme was successfully immobilized on the platform. Table 1 shows the EIS circuit parameters obtained by fitting with Randle’s equivalent circuit.




3.3. Cyclic Voltammetric Behaviour of the GCE/PPI/QDs/ChOx Biosensor


The cyclic voltammetric behavior of each step of the biosensor development was investigated in 10 mM PBS (pH 7.2) at 50 mV·s−1. For the bare GCE (Figure 4i), as expected, no redox peaks were observed because there was no electroactive species on the electrode. The presence of CdTe/CdSe/ZnSe QDs on the electrode resulted in a small irreversible cathodic peak, which may be attributed to an electrochemical reaction on the electrode as a result of the presence of the QDs (Figure 4ii). For the dendrimer modified electrode (Figure 4iii), i.e., the GCE/PPI, a redox pair emerges at 0.295 V and 0.213 V (versus Ag/AgCl (3 M Cl−)). This redox couples can be attributed to the presence of the PPI dendrimer on the electrode surface. Similar electrochemical signatures have been reported by Arotiba [24,31,32] after the electrodeposition of PPI on carbon electrodes. The presence of QDs on the GCE/PPI/QDs (Figure 4iv) amplified the current observed in the redox couple attributed to PPI earlier (Figure 4iii). This amplification is a favorable property that may enhance the performance of the biosensor. It is interesting to note that after modification of the GCE/PPI/QDs with the enzyme, the redox peak due to the dendrimer and QDs was not quenched (Figure 4v). This shows that the PPI/QDs platform is able to act as molecular wire that permits redox signal and thus a suitable platform for the immobilization of the ChOx. Figure 4v inset resulted from scan rate study of the GCE/PPI/QDs/ChOx. It can be observed that there was no apparent shifting of the potential of the anodic or cathodic peak currents. This phenomenon can be used to infer the stability of the enzyme on the GCE/PPI/QDs platform. Again, this shows the suitability of the platform as an immobilization layer in the biosensor development.




3.4. Optimization Studies of the Designed Biosensor


Figure 5 shows the optimization studies carried out on the biosensor. Figure 5A shows the response of the GCE/PPI/QDs/ChOx biosensor in PBS (i) and in PBS + Cholesterol (ii). The biosensor made of GCE/PPI/QDs/ChOx was able to detect the cholesterol in the solution and this is shown by the higher current redox peaks in Figure 5Aii. In the absence of the analyte, the response was poor and negligible (Figure 5Ai). CV was also used to study the effect of different modifiers on the electrocatalytic reaction between the biosensor and 10 mM cholesterol solution. The GCE modified with QDs (Figure 5Bi) and PPI (Figure 5Bii) did not show any significant redox current because there was no electrocatalytic reaction with the cholesterol due to the absence of the enzyme (ChOx). However, when ChOx was immobilized on the electrodes (Figure 5Biii,iv), some redox peaks were observed. Obviously, these peaks are from the enzymatic catalytic oxidation of cholesterol in the solution. The GCE/PPI/ChOx electrode shows a higher redox peak than that of GCE/QDs/ChOx. This suggests the biocompatible nature of dendrimer and a better immobilization ability than QDs. This is expected for the following reasons: 1. Electrostatic attraction between the positively charged PPI and the negatively charged enzyme. 2. The presence of amino groups on the PPI which could interact with the acidic group of the enzyme. 3. The nano-voids and opposite charge would have facilitated enzyme entrapment, host-guest chemistry or supramolecular chemistry [25]. Figure 5Bv, shows the highest redox current. This must have resulted from a synergic combination of PPI and QDs which enhanced the ChOx catalytic reduction of the cholesterol. Furthermore, the presence of QDs must have enhanced the enzyme wiring, thereby facilitating the exchange or flow of electron from the redox center of ChOx to the analyte (Cholesterol). The pH and temperature of PBS strongly affected the electrocatalytic activity of the developed biosensor. The effect of pH on the biosensor response was studied over a pH range of 2.0–10.0. Figure 5C shows that the peak current increased from pH 4.0 to pH 7.2 and then gradually decreased until pH 10.0. The decrease in the peak current after pH 7.2 can be attributed to poor enzymatic activity in basic medium. Therefore, the optimum pH used was 7.2 as expected. Figure 5D shows the effect of temperature on the developed biosensor (10–50 °C). Enzymes tend to denature and lose their bioactivity at temperature higher than 37 °C. However, for this work, a temperature of 40 °C was optimum.



After optimization, the biosensor was used to detect different concentrations of cholesterol standards using square wave voltammetry (SWV). Figure 6 shows the linear relationship between the current response and cholesterol concentrations during the bio-recognition process. When cholesterol is oxidized in the presence of the enzyme cholesterol oxidase and oxygen, it produces cholestenone and hydrogen peroxide (H2O2) [64,65]. The produced H2O2 is further reduced at the electrode surface producing electrons which increase the current of the solution being detected by the electrode (biosensor). According to stoichiometric ratios in Equations (1) and (2), one can conclude that the concentration of the analyte (cholesterol) is directly proportional to the hydrogen peroxide (H2O2) produced and also to the current produced [65]. Therefore, the higher the concentration, the higher the peak current produced.




   Cholesterol   +    O 2   →  C h O x   Cholestenone   +    H 2   O 2    
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    H 2   O 2    →   2  H +    +    O 2    +   2  e −    



(2)





Prior to the detection of cholesterol, the initial blank was run 8 times using the GCE/PPI/QDs/ChOx bioelectrode so as to obtain a uniform steady current and then calculate the standard deviation which was used in determining the limit of detection (LOD). In Figure 6, the SWV plot and the corresponding calibration curve shows that the current of the biosensor increases steadily as cholesterol was added to the 10 mM PBS solution from 0.1 to 10 mM. The calibration plot shows a linear relationship from 0.5 to 10 mM with a correlation coefficient (R2) of 0.9754, LOD of 0.075 mM and sensitivity of 111.16 μA·mM−1 cm−2. The limit of detection was determining using the formula LOD = 3(S/m), where S is the standard deviation of the blank (PBS) before addition of cholesterol and m is the slope obtained from the calibration curve. The sensitivity was obtained by dividing the slope of the calibration curve by the active surface area of the GCE/PPI/QDs/ChOx biosensor. The analytical performance of the developed biosensor compared to those reported for cholesterol is shown in Table 2. Though reports on lower detection limit are in the literature (Table 2), the biosensor developed here still has a clinically relevant detection limit [52,53]. Furthermore, the method reported herein has a wide dynamic range with good stability. We have also demonstrated its selectivity such as glucose and ascorbic acid. The novel concept of dendrimer—QDs can form the basis for the preparation of other biosensors.




3.5. Selectivity, Stability and Reproducibility of Cholesterol Biosensor


The selectivity of the biosensor was evaluated in the presence of interferents, such as glucose (Glu), ascorbic acid (AA) and uric acid (UA) which co-exist with cholesterol in the serum. The effect of interferences was determined by adding the interference species (e.g., Glu) in the reaction mixture containing cholesterol (Figure 7A). The response of these interferents at the prepared electrode were 6.16%, 7.31% and 8.71% for UA, AA and Glu respectively. For cholesterol, the current produced was about 78% high than the interferents. Thus, the biosensor (GCE/PPI/QDs/ChOx) shows good selectivity and therefore has the potential to be used in real samples. For stability study, the biosensor was stored in the refrigerator at 4 °C when not in use and cleaned using 10 mM PBS (pH 7.2) before utilization. The stability of the working electrode was investigated for over four weeks in 5 mM cholesterol at 25 °C. After a month of storage at 4 °C, the biosensor retained 97% of its original response in the same sample, indicating that the biosensor had good stability when stored correctly (Figure 7B).





4. Conclusions


Highly fluorescent water-soluble MPA-capped CdTe/CdSe/ZnSe core/multishell quantum dots were successfully synthesized in aqueous phase and characterized using various analytical techniques. UV-vis, PL and XRD confirmed the growth and the core-multishell properties of the as-synthesized QDs. The as-synthesized CdTe/CdSe/ZnSe QDs and PPI nanocomposite was used as a platform for the development of GCE/PPI/QDs/ChOx-based cholesterol biosensor. The nanoplatform exhibited reversible electrochemistry, excellent catalytic properties towards [Fe(CN)6]3−/4− probe and good electron transportation. The biosensor performance was greatly improved on the GCE/PPI/QDs/ChOx nanoplatform than in GCE/PPI/ChOx or GCE/QDs/ChOx nanoplatform alone. The biosensor had good sensitivity and selectivity, detection limit of 0.075 mM and a dynamic linearity of 0.1 mM–10 mM for cholesterol. Thus, this novel quantum dot-dendrimer platform lends itself to applications in other types of enzyme-based biosensors.
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Scheme 1. Schematic representation for the synthesis of CdTe/CdSe/ZnSe quantum dots. 
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Scheme 2. Schematic representation for the fabrication of GCE/PPI/QDs/ChOx biosensor. 
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Figure 1. (A) UV-Vis absorption. (B) photoluminescence. (C) spectra of MPA-capped CdTe/CdSe/ZnSe core-multishell quantum dots at different growth stages and reaction time. Digital images of the as-synthesized CdTe/CdSe/ZnSe QDs (at different reaction time) under UV-lamp at an excitation wavelength of 250 nm. (D) 350 nm. 
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Figure 2. TEM image (A). SAED (B), EDX spectrum (C) and XRD spectra (D) of the as-synthesized MPA-capped CdTe/CdSe/ZnSe quantum dots. 
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Figure 3. Nyquist plot of GCE (i); GCE/QDs (ii); GCE/PPI (iii), GCE/PPI/QDs (iv); and GCE/PPI/QDs/ChOx (v) in 10 mM [Fe (CN)6 ]3−/4−/0.1 M KCl redox probe in the frequency range of 103 Hz to 1 Hz. Insert: Corresponding equivalent circuit obtained from the Nyquist plot. 
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Figure 4. Cyclic voltammograms of GCE (i), GCE/QDs (ii), GCE/PPI (iii), GCE/PPI/QDs (iv), in 10 mM PBS (pH 7.2) at 50 mV.s−1. Insert: PPI/QDs/ChOx (v) in 10 mM PBS (pH 7.2) at different scan rates (10–150 mV.s−1). 
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Figure 5. Cyclic voltammograms of GCE/PPI/QDs/ChOx in PBS (i) and in 10 mM cholesterol solution (ii) (A); Cyclic voltammograms of GCE/QDs (i), GCE/PPI (ii), GCE/PPI/ChOx (iii) GCE/QDs/ChOx (iv) and GCE/PPI/QDs/ChOx (v) in 10 mM cholesterol solution at 50 mV.s−1 (B); Effect of pH (C); and temperature (D) on the developed biosensor.3.5. Electrochemical Detection of Cholesterol Solution. 
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Figure 6. Square wave voltammetry (SWV) of GCE/PPI/QDs/ChOx biosensor upon successive addition of cholesterol (0.1–10 mM) in 10 mM PBS (pH 7.2) (A). Calibration plot of cholesterol at different concentrations (B). 
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Figure 7. Selectivity of the biosensor (GCE/PPI/QDs/ChOx) in the presence of 5 mM cholesterol and interferents—10 mM uric acid (UA), 10 mM ascorbic acid (AA) and 10 mM glucose in PBS (pH 7.2) solution (A). Stability studies of the biosensor at day 1 and day 30 in 5 mM cholesterol solution at pH 7.2 (B). 
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Table 1. Impedance parameters obtained from circuit fitting of Nyquist plots (Figure 3) during electrode modification and biosensor design. R1 = solution resistance, R2 = charge transfer resistance, CPE = constant phase element, Ws = Warburg impedance.
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	Electrode Material
	R1 (Ω)
	R2 (Ω)
	CPE (nF)
	Ws (Ω)





	Bare GCE
	124
	450
	136
	326



	GCE/QDs
	110
	658
	140
	333



	GCE/PPI
	101
	61
	43
	314



	GCE/PPI/QDs
	98
	42
	49
	283



	GCE/PPI/QDs/ChOx
	103
	256
	112
	321
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Table 2. Comparison of analytical performance of some cholesterol biosensors constructed based on different modified electrode materials.
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	Electrode Material
	Linear Range
	Detection Limit
	Sensitivity
	Ref.





	Nafion/ChOx/α-Fe2O3/Ag
	0.1–8.0 mM
	0.018 mM
	78.56 μA μM−1 cm−2
	[2]



	ChOx-SCCPPy-g-C3NH4+/GCE
	0.02–5.0 mM
	8.0 μM
	645.7 μA mM−1 cm−2
	[66]



	ZnO/ChOx
	0.2–15.6 mM
	0.4 mM
	99.8 μA mM−1 cm−2
	[67]



	Si/Ag/ZNT/ChOx
	1.0 μM–13.0 mM
	0.5 nM
	79.40 μA mM−1 cm−2
	[68]



	ChOx/PANI/PVP/Graphene
	50 μM–10 mM
	1.0 μM
	34.77 μA μM−1 cm−2
	[69]



	ChOx/Chit./ZnO@ZnS/GCE
	0.4–4.0 mM
	0.02 mM
	52.67 mA M−1 cm−2
	[70]



	ChOx-PB-modified SPE
	0.05–0.30 mM
	3.7 μM
	26.0 mA M−1 cm−2
	[71]



	GCE/PTH/ChOx/HRP
	0.025–0.125 mM
	6.3 μM
	0.18 μA μM−1 cm−2
	[72]



	GCE/PPI/QDs/ChOx
	0.1–10 mM
	0.075 mM
	111.16 μA mM−1 cm−2
	This work
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