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ABSTRACT  
Cysteine (CSH) readily stabilizes CdS quantum dots (QDs) growing in aqueous buffered solutions. Oxidation 

of CSH by hydrogen peroxide (H2O2) at room temperature yields cystine (CSSC) which does not stabilize CdS 

QDs so efficiently as CSH does. Here we demonstrate that such oxidation causes the decrease in the rate of the 

formation of CSH‐capped CdS QDs from Cd2+ and S2- ions. For the first time, we combined the oxidation of 

CSH with biocatalytic oxidation of D-glucose catalyzed by glucose oxidase (GOx) leading to the buildup of 

hydrogen peroxide in the reaction mixture. Enzymatically modulated growth of CdS QDs in situ was 

monitored by two techniques: fluorescence spectroscopy and photoelectrochemical (PEC) analysis. This system 

allowed quantification of GOx and glucose in human serum. 

 

KEYWORDS  
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1. Instruction 

The unstoppable development of 

nanotechnology during the last decades has 

allowed for the fabrication of new materials and 

design of novel biosensing methods. One of the 

valuable tools employed in biosensing are inorganic 

nanoparticles (NPs). NPs of noble metals like gold 

and silver exhibit high extinction coefficients due to 

surface plasma resonance [1]. The optical properties 

of metal NPs depend on their shape and size [2]. 

Traditionally metal NPs were used in bioanalysis as 

labels in affinity assays [3-5]; enhancers of raman 

scattering [6-9]; quenchers of fluorescence [10, 11] 

and scaffolds for assembling of biorecognition 

elements [12, 13]. Metal NPs can be produced in 
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situ with biocatalytic processes catalyzed by 

different enzymes, for instance, glucose oxidase 

(GOx), alkaline phosphatase (ALP), and alcohol 

dehydrogenase (AlcDH) [14-16]. Metal NPs 

generated in situ by enzymes usually are not 

fluorescence and hardly demonstrate photocatalitic 

activities. This feature limits their employment in 

bioassays. 

NPs composed of semiconductor materials 

demonstrate quantum effects and can be 

photoexcited emitting photons during the 

relaxation process. Therefore, those particles are 

referred to in the literature as quantum dots (QDs). 

They find broad application in nanotechnology, 

diagnostics and therapy [1, 17-20]. The energy of 

the emitted photons and consequently the intensity 

and the wavelength of the observed fluorescence 

depend on the nature and the shape of QDs, the 

environment and capping agents (stabilizers).  

Cysteine (CSH), which carries thiol functional 

group for binding at CdS interface and hydrophilic 

amino and carboxylic groups, is an efficient 

stabilizer of CdS NPs [21, 22]. On the other hand, 

CSH can be easily oxidized to form a dimer 

containing disulfide bridge between two CSHs, 

known as cystine (CSSC). Oxidation of CSH with 

hydrogen peroxide (H2O2) in aqueous buffers can 

be described by the two-step nucleophilic reaction 

model [23-25]. This process is initiated by 

rate-determining nucleophilic attack of thiolate 

anion (CS-) on unionized H2O2 to generate sulfenic 

acid (CSOH) as an intermediate product (Equation 

1). The latter interacts with CS- ions to yield CSSC 

as shown in equation 2.  

  (1) 

  (2) 

For the first time, we combined this reaction 

with biocatalytic oxidation of D-glucose (glucose) 

catalyzed by GOx leading to the buildup of H2O2 in 

the reaction mixture. GOx is the protein composed 

of two identical 80 kDa subunits containing two 

bound FAD coenzymes. Chemical, pharmaceutical, 

food, beverage, clinical chemistry, biotechnology 

and other industries broadly employ GOx [26]. The 

determination of GOx enzymatic activity is quite 

important in industry. The standard assay for GOx 

activity relies on the reaction mixture containing the 

additional enzyme horseradish peroxidase (HRP) 

that is used for detection of H2O2 produced by GOx 

(enzymatic assay of GOx from Sigma-Aldrich). 

In the present work we demonstrate that the 

oxidation of the stabilizing agent CSH by H2O2 

produced by GOx causes the decrease in the rate of 

the formation of CSH-capped CdS QDs from Cd2+ 

and S2- ions. This process allows relating the 

enzymatic activity of GOx and glucose 

concentration with amount of CdS QDs produced 

in situ which defines the emission spectrum of the 

assay mixture followed by the fluorescence 

spectroscopy, the extremely sensitive laboratory 

technique for detection of the fluorescence readout 

signal. 

We also used the powerful alternative to 

fluorometry, the photoelectrochemical (PEC) 

analysis [27, 28]. PEC sensors are becoming a 

promising low cost approach for the detection of 

light responsive chemical and biochemical 

molecules [29-31]. The process of PEC detection 

converts luminous energy into electrochemical 

energy at the surface of the electrode, generating 

electrical readout signal. The photocurrent intensity 

is defined by the characteristics of excitation light, 

applied potential and the rate of the electron 

transfer between the electron surface and QDs. A 

number of electrocatalysts have been applied to 

facilitate the electron transfer to the electrode 

surface in PEC analysis, such as microporous 

carbon including carbon nanotubes and grapheme 

[32], small organic molecules like methyl viologen 

immobilized on polymeric nafion matrix [33], 
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semiconductor metal oxides like TiO2 [34]. Usually 

electrocatalysts were immobilized on expensive 

gold and indium tin oxide (ITO) electrodes using 

anchoring thiol and silane groups [35]. 

Screen-printed carbon electrodes (SPCE) are 

significantly cheaper but their modification with 

electrocatalysts is quite difficult due to the absence 

of anchoring functional groups on the surface of the 

carbon material of the working electrode. In the 

present work we employ the complex of 

poly(vinylpyridine) with Os(bipyridine)2Cl2 

(Os-PVP complex) as the electrocatalyst to facilitate 

the electron exchange. Previously, the redox 

polymer of this structure was applied to wire redox 

enzymes, for instance, glucose-6-phosphate 

dehydrogenase [36] and HRP [37]. 

In this article we present a new strategy for 

detection of enzymatic activities using the 

fluorescent spectroscopy and PEC. We offer a quite 

universal bioanalytical platform relying on the 

enzymatically modulated growth of CdS QDs in 

situ followed by two techniques which finally will 

be applicable to the range of detection systems 

spanning from optical laboratory equipment to low 

power mobile fast point of care (POC) analytical 

systems. 

2. Experimental  

Materials. Sodium sulfide (Na2S), cadmium nitrate 

Cd(NO3)2, glucose oxidase type VII from 

Aspergillus niger and other chemicals were 

purchased from Sigma Aldrich. Anhydrous 

ß-D-glucose and hydrogen peroxide (30% v/v) were 

purchased from Panreac.  

Characterisation. Spectroscopy. Transmission 

electron miscroscopy (TEM) images were collected 

with a JEOL JEM 2100F operating at 120 kV. 

Optical methods. Fluorescence measurements were 

performed on a Varioskan Flash microplate reader 

(Thermo Scientific) using black microwell plates at 

room temperature. The system was controlled by 

SkanIt Software 2.4.3. RE for Varioskan Flash. 

Photoelectrochemistry. All electrochemical 

experiments were conducted in the Autolab 

Electrochemical Workstation (Model: PGSTAT302N, 

Metrohm Autolab, The Netherlands) equipped with 

NOVA 1.10 software. Disposable screen-printed 

carbon electrodes (SCPEs) were purchased from 

DropSens (model DRP-110, 4 mm diameter). 

Electrical contact to workstation was done with a 

special boxed connector supplied by DropSens. The 

illumination source was a compact UV illuminator 

(UVP, Analytik Jena AG). All PECs were performed 

at room temperature. All the potentials reported in 

our work were against Ag/AgCl. Unless mentioned 

otherwise, all experimental results presented here 

are averaged from three independent 

measurements (n = 3). 

Methods CdS QD-mediated determination of 

H2O2. Different concentrations of H2O2 were 

incubated with 0.075 mM of CSH in 

citrate-phosphate buffer (pH 7.5) for 40 min at room 

temperature. After that, Na2S (10 μL , 1 mM) and 

Cd(NO3)2 (2.5 μL , 50 mM ) were added to the 

samples (87.5 μL). The emission spectra of the 

resulting suspensions were recorded after 5 min at 

λexc = 300 nm. 

GOx assay. Varying amounts of glucose were 

incubated with different amounts of GOx in 

citrate-phosphate buffer (pH 7.5) for 40 min at room 

temperature, in the presence of CSH (0.075 mM). 

After that, Na2S (10 μL, 1 mM) and Cd(NO3)2 (2.5 

μL, 50 mM ) were added to the samples (87.5 μL). 

The emission spectra of the resulting CdS QDs were 

recorded after 5 min at λexc = 300 nm. 

Quantification of glucose in human serum. 

Quantification of glucose in human serum was 

performed by the standard edition method. 

Samples of pooled human serum (Sigma-Aldrich) 

were spiked with known different concentrations of 

glucose and the glucose concentration of the 
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mixtures was determined. The dilution factor of 

plasma in the assay was 1:100. 

Photoelectrochemical detection. SPCEs were 

initially pretreated electrochemically by cyclic 

voltammetry (CV) at a potential range of 0 – 0.8 V in 

citrate-phosphate buffer (pH 7.5). Subsequently, a 

40 µL drop of Os-PVP complex (1.375 mg mL-1) was 

placed on the SPEs and deposited by CV scanning 

(2 cycles, 50 mV  s-1). Later, SPCEs were rinsed out 

with ultrapure water and dried under argon 

atmosphere. Finally, a 40 µL of samples were 

dropped on the SPCE and PEC measurements were 

carried out with UV illuminator at 365 nm and a 

controlled potential of 0.3 V. The dependence of 

photocurrent on time was measured at 5 minutes 

during 10 seconds. 1-thioglycerol (TG) was added 

to the samples to amplify the signal. 

3. Results and discussion 

3.1. CdS QD-mediated determination of H2O2 and 

optimization of the system 

The ability of CSH to stabilize CdS QDs was 

studied. Cadmium nitrate (Cd(NO3)2) was 

interacted with sodium sulfide (Na2S), in citrate 

phosphate buffer (pH 7.5) in the presence of CSH or 

CSSC, which is the oxidized form of CSH. The 

formation of fluorescent CdS QDs was followed by 

fluorescence spectroscopy. As one can see in Fig. 1 

reaction mixture containing CSH, Cd2+ and S2- ions 

demonstrated high emission peak (curve a). No 

significant fluorescence was observed in the 

presence of CSSC (curve b) or without any CSH and 

CSSC (curve c). This finding proves that CSSC does 

not stabilize fluorescent QDs so efficiently as CSH 

(Figure 1, curve b). In order to increase the yield of 

CSH-stabilized CdS NPs the effect of CSH 

concentration on fluorescence spectrum of the 

reaction mixtures containing Cd2+ and S2- ions was 

investigated. According to Fig. S-1 Electronic 

Supplementary Material (ESM) optimum 

concentration of CSH was 0.075 mM, which was 

used in all subsequent experiments. 

 

Figure 1. Fluorescence emission spectra of the system 

containing (a) CSH (0.5 mM), Na2S (0.1 mM), Cd(NO3)2 (1.25 

mM); (b) CSSC (0.5 mM), Na2S (0.1 mM), Cd(NO3)2 (1.25 

mM); (c) only Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM) 

Thus, CSH is able to stabilize CdS NPs formed  

in situ from S2- and Cd2+ ions in aqueous solutions 

within the incubation time of 5 min at room 

temperature (Scheme 1). The previously published 

procedures for the synthesis of CSH-stabilized CdS 

QDs required much longer incubation times (over 1 

hour) and very harsh experimental conditions like 

high temperatures (over 80 oC) [22] or irradiation 

with γ-rays [21]. The process of CdS QDs formation 

under physiological conditions, optimized by us, 

was very rapid and compatible with natural 

biochemical pathways leading to oxidation of CSH 

for modulation of QDs’ growth. 

It was found out that the treatment of CSH with 

varying concentrations of H2O2 leads to the 

decrease in the rate of formation of CdS NPs due to
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Scheme 1. Modulation of CdS QDs growth with cysteine. 

oxidation of CSH into CSSC. As one can see in Fig. 

2, the decrease in the fluorescence signal was 

directly related to the quantity of the H2O2 in the 

reaction mixture. Calibration curve shown in Figure 

2 inset demonstrated linearity from 0.0 to 0.045 mM 

and saturation starting from 0.15 mM H2O2 

concentration. In accordance with the calibration 

curve the limit of H2O2 detection (LOD) was 

calculated to be 12.6 µM by UPAC definition [38]. 

This LOD is 4 times lower than that of the reported 

most relevant fluorogenic assay for detection of 

H2O2 using the enzymatic growth of CdS NPs [39]. 

It is important to note that after addition of H2O2 

(0.1 mM) to the pre-prepared CdS NPs stabilized 

with CSH no changes in the emission spectra of 

CdS NPs were noticed (Fig. S-2, curve b ESM). So, 

the decrease in the fluorescence was not caused by 

the possible quenching effect of H2O2. Transmission 

electron microscopy (TEM) was applied to confirm 

the existence of CSH stabilized CdS QDs in the 

reaction mixture at three different concentration of 

H2O2 (Fig. S-3 in the ESM). Analysis of the TEM 

images of CdS QDs revealed that the medium 

diameter of the produced NPs was 2.03 ± 0.32 nm in 

the absence of H2O2. When the concentration of 

H2O2 was 0.03 nm the observed CdS QDs exhibited 

the medium diameter of 1.29 ± 0.26 nm. In the 

presence of saturating concentration of H2O2 equal 

to 0.3 mM the absence of CdS QDs were confirmed 

by TEM. 

 

Figure 2. Calibration curve of H2O2 obtained using the 

intensity if the emission peak at 534 nm (F534) The system 

containing of CSH (0.075 mM), Na2S (0.1 mM) and Cd(NO3)2 

(1.25 mM), and different concentrations of H2O2: a) 0 mM; b) 

0.01 mM; c) 0.02 mM; d) 0.03 mM; e) 0.04 mM; f) 0.06 mM; 

g) 0.08 mM; h) 0.1 mM; i) 0.2 mM; j) 0.3 mM. Inset: linear 

part of the calibration plot. 

3.2. Glucose oxidase assay 

The above mentioned fluorogenic method for 

H2O2 detection can be readily combined with 

enzymatic reactions resulting in the formation of 

H2O2, for example oxidation of enzymatic substrates 

by oxidases. The operation principle of the 

fluorogenic assay for evaluation of enzymatic 

activity of GOx is represented in Scheme 2.  

Oxidation of glucose with oxygen catalyzed 

by GOx ends up in the final products D-glucono 

1,5-lactone and H2O2. Enzymatically produced H2O2 

is able to oxidize CSH preventing stabilization and 

rapid formation of CdS QDs. Fig. 3 shows the 

emission spectra of CdS QDs formed in the 

presence of the fixed 1 mM glucose concentration 

and different concentrations of GOx. As one can see 

in Figure 3B, the increase in the amount of GOx 

leads to the decrease in the fluorescence signal as 

expected for this biocatalytic reaction. We 

calculated that the LOD of the system was 0.1 µg of 

GOx per mL. This assay showed 5 times better 
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Scheme 2. Fluorometric assay for glucose oxidase activity.  

sensitivity that that of the previous published 

CdS-based fluorogenic assay for GOx [39]. 

Moreover, this fluorogenic GOx assay is much more 

sensitive than the colorimetric test for GOx based 

on CdS NPs [40].  

 

Figure 3. (A) Fluorescence emission spectra of the system 

containing glucose (1 mM), CSH (0.075 mM), Na2S (0.1 mM) 

and Cd(NO3)2 (1.25 mM) and different concentrations of GOx: 

a) 0 µg mL-1; b) 0.1 µg mL-1; c) 0.25 µg mL-1; d) 0.5 µg mL-1; 

e) 0.75 µg mL-1; f) 1 µg mL-1; g) 5 µg mL-1; (B) Calibration 

curve of GOx obtained using, F534.  

We also studied the influence of varying 

glucose concentrations on the response of our 

flourogenic assay. Figure 4 shows emission spectra 

of assay mixtures containing increasing 

concentrations of glucose and fixed amounts of 

GOx, CSH, Cd(NO3)2 and Na2S. On the basis of the 

calibration curve in Figure 4.B the LOD of glucose 

was calculated to be 0.1 mM by UPAC definition 

[38]. According to the calibration curve (Fig. 4.B) the 

response to the increasing amounts of glucose was 

linear within the range from 0 mM to 0.3 mM. 

Given the fact that the normal level of glucose in 

human serum published by World Health 

Organization is < 6.1 mM [41] our assay is even 

applicable to quantification of glucose in medical 

laboratories. Therefore, we applied our assay to 

detection of glucose in human serum employing the 

standard addition method. In this method several 

serum sample of the same volume were distributed 

between different 0.5 mL tubes. The standard 

known varying amounts of glucose were injected 

into the samples with human serum. The 

fluorescence of the samples was measured. The 

experimental data were plotted with the 

concentration standards showed in the x-axis and 

the obtained fluorescence signals in the y-axis of the 

plot.  

 

Figure 4. (A) Fluorescence emission spectra of the system 

containing GOx (5 µg mL-1), CSH (0.075 mM), Na2S (0.1 mM) 

and Cd(NO3)2 (1.25 mM) and different concentrations of 

glucose: a) 0 mM; b) 0.04 mM; c) 0.06 mM; d) 0.1 mM; e) 0.2 

mM; f) 0.3 mM; g) 0.4 mM; h) 0.6 mM; i) 0.8 mM; (B) 

Calibration curve of glucose obtained using, F534.  
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The linear regression analysis was performed to 

calculate the position of the intercept of the 

calibration line with x-axis, which showed the 

concentration of glucose in human serum samples 

(Fig. 5). Taking into consideration all dilutions of 

the samples, the found concentration of glucose was 

6.01 mM. It lies within the limits of normal level of 

glucose in human serum [41]. 

 

Figure 5. Quantification of glucose in human serum with the 

method of standard addition. The system contained GOx (5 µg 

mL-1), CSH (0.075 mM), Na2S (0.1 mM) and Cd(NO3)2 (1.25 

mM) and various known amounts of added glucose standards. 

3.3. Photoelectrochemical detection of glucose 

The developed QDs-based PEC system is 

depicted in Scheme 3. GOx catalyzes oxidation of 

glucose with oxygen to D-glucono-1,5-lactone and 

H2O2. The former decreases the concentration of 

CSH modulating the growth of CdS QDs in situ. 

When the assay solution containing produced CdS 

QDs is placed over the surface of a SPCE and 

irradiated with UV light, photons are absorbed by 

CdS QDs and excite electrons from the occupied 

valence band (VB) to the empty conduction band 

(CB) forming electron-hole pairs. CB electrons are 

transferred from surface of CdS QDs to the 

electroconductive polymer immobilized on the 

surface of the SPCE when the positive potential is 

applied to generate anodic photocurrent. This 

polymeric electrocatalyst is composed of 

poly(vinylpyridine) complexed with 

Os(bipyridine)2Cl2 (Os–PVP polymer depicted in 

Fig. S-4 ESM). Holes from VB of CdS QDs are 

neutralized by the electron donor 1-thioglycerol 

(TG) which is oxidized to bis(1-thio-2,3 propanediol) 

at the surface of QDs.  

 

Scheme 3. Electrochemical detection of CdS QDs “wired” by 

Os-PVP complex to the surface of a SPCE. 

In order to photosensitize the surface of SPCE, 

Os-PVP complex was deposited by cyclic 

voltammetry (CV) during two cycles in the range 

from 0 to 0.6 V. After the electrochemical deposition 

of Os-PVP complex the electrode was washed with 

water and CV was performed to evaluate the 

surface coverage of osmium moieties (Table S-1). 

Two redox waves were revealed, confirming that 

the redox process involves only the central osmium 

atom (Fig. S-5 ESM). Furthermore, the possible 

interference from Os-PVP complex with the 

photocurrent background was assessed at different 

potentials. The effect of applied potential on the 

anodic photocurrent is shown in Fig. S-6 (A) ESM. 

The working potential of 0.3 V vs. Ag/AgCl was 

selected to avoid nonspecific oxidation of TG at the 

electrode surface. It should be taken into account 
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that the best ratio of photocurrents registered in the 

presence and in the absence of CdS QDs (IQDs/IOs) 

was also achieved at 0.3V vs. Ag/AgCl (data not 

shown)with the signal-to-noise ratio of 3 (S/N = 3).  

According to the plot representing the effect of 

different excitation wavelengths on the fluorescence 

signal (Fig. S-7 ESM), the intensity of the emission 

peak registered using the excitation wavelength of 

365 nm is still higher than 80 % of the maximum 

emission peak registered using the excitation 

wavelength of 300 nm. The standard UV 

illuminator with the maximum output at 365 nm is 

the most available and inexpensive source of the 

intense light with the emission peak close to 300 nm 

therefore it was employed for the 

photoelectrochemical measurements. All 

photocurrent responses are presented with the 

background subtracted at this potential. To estimate 

the importance of photosensitizing the electrode 

surface with Os-PVP polymer the control 

experiment was performed in which non modified 

SPCE was used for the detection of anodic 

photocurrent in the presence of CdS QDs and TG in 

the assay mixture. No significant photocurrent was 

observed in the absence of Os-PVP polymer on the 

electrode surface (Fig. S-8 ESM). Thus, Os-PVP 

polymer is the crucial electrocatalyst mediating the 

electron transfer of CB electrons from CdS QDs to 

the SPCE. The photocatalytic oxidation of TG at 

saturating concentration of 20 mM (Fig. S-9 ESM), 

which still does not favor its nonspecific 

electrochemical oxidation, provides the electrons 

transferred to the surface of the photosensitized 

SPCEs during quantification of CdS QDs. In the 

absence of CdS QDs, no significant photocurrent 

was observed (Figure S-6(B) curve 2). 

The influence of the different amounts of 

glucose on photocurrent is shown in Fig. 6. The 

decrease in photocurrent is directly related to the 

increase in the concentration of glucose added to 

the system. The response shows linearity from 0 to 

0.2 mM and saturation starting from 0.4 mM 

glucose concentration. The LOD was found to be 20 

μM (3σ). The average relative standard deviation 

(RSD) calculated from the glucose calibration plot 

(obtained using at least three independent SPCEs 

modified by Os-PVP) was 8%. We also evaluated 

the response of the system varying the 

concentration of GOx in the reaction mixture in the 

presence of 1 mM glucose (Fig. S-10 ESM). 

According to the calibration curve the LOD was 

equal to 0.05 µg mL-1 (RSD = 4.6%). The control 

experiments performed in the presence and absence 

of GOx and glucose showed no significant variation 

of photocurrent (data no shown). 

Comparing with the performance of the 

fluorogenic method, the PEC system is 5 times more 

sensitive. Furthermore, the obtained result is also 

much better than previously published works based 

on electrochemical detection of glucose, which 

show worse LODs [42-44]. 

The standard chromogenic assay for 

detection of GOx is based on the method 

previously described in the literature [45]. The 

chemical interactions employed in the standard 

commercially available assays: 

 

     

 

As one can see, this method requires the 

additional enzyme horseradish peroxidase and 

very cancerogenic chromogenic dye 

o-Dianisidine to detect hydrogen peroxide 

produced by GOx. The commercially available 

fluorometric kits for detection of GOx (Sigma 

Aldrich, AbCam) employ fluorogenic substrate of 

peroxidase  10-acetil-3,7-dihidroxifenoxacina, 

(AmplexRed®, AbRed®) instead of o-Dianisidine 

to follow the formation of hydrogen peroxide 

and require expensive fluorimeters. The 

dependence of GOx assay on the second enzyme 

makes the assay prone to errors due to inevitable 

deactivation of peroxidase even if the 

components of kits are stored at low temperature. 
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The photoelectrochemical assay for detection of 

GOx activity developed by us does require 

neither expensive fluorogenic dyes nor 

fluorimeters nor the second enzyme. 

 

 
Figure 6. (A) Photocurrent responses of CdS QDs in the 

system containing GOx (5 µg mL-1), CSH (0.075 mM), TG (20 

mM), Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM) and different 

concentrations of glucose: a) 0 mM; b) 0.04 mM; c) 0.06 mM; 

d) 0.1 mM; e) 0.2 mM; f) 0.3 mM; g) 0.4 mM; h) 0.6 mM; i) 

0.8 mM; (B) Calibration curve of GOx obtained at 0.3 V (vs. 

Ag/AgCl) and 365 nm excitation light. 

 

Finally, the developed sensor was evaluated 

by the determination of glucose in human serum 

samples employing the standard addition method. 

The real samples were not pretreated. As shown in 

Figure S-6(B) curve 3, electrodes photosensitized 

with Os-PVP polymer demonstrate a negligible 

background photocurrent in the presence of human 

serum samples (around 10 nA) at 0.3V vs. Ag/AgCl. 

This background current was subtracted from the 

data of the plot. The known varying amounts of 

glucose were injected into the samples with human 

serum. Photocurrents of all samples were measured. 

The experimental data were plotted with the 

concentration standards showed in the x-axis and 

the observed photocurrents in the y-axis of the plot. 

The intercept of the calibration line with x-axis 

showing the concentration of glucose in human 

serum samples was calculated by linear regression 

(Fig. 7). The found concentration of glucose was 

5.06 mM. As reported previously [41], the normal 

concentration of glucose in human blood is around 

5-7 mM. Thus, our device displayed an excellent 

linear range and RSD values within 10%, showing 

good sensitivity for detecting glucose. 

 

Figure 7. PEC quantification of glucose in human serum with 

the method of standard addition. The system contained GOx (5 

µg mL-1), CSH (0.075 mM), TG (20 mM), Na2S (0.1 mM) and 

Cd(NO3)2 (1.25 mM). 

4. Conclusions  

The employment of cysteine (CSH) as a capping 

agent allows for rapid formation of fluorescent CdS 

QDs in aqueous solutions at room temperature. 

Hydrogen peroxide (H2O2), produced in the course 

of enzymatic oxidation of D-glucose by glucose 

oxidase (GOx), oxidizes CSH to cystine (CSSC) 

modulating the growth of QDs. This biocatalytic 

process can be applied to the development of 

simple sensitive fluorometric and 

photoelectrochemical (PEC) assays for GOx activity 

in buffered solutions and D-glucose in real samples 

of human serum using the photocatalytic activity of 

the resulting QDs. The biocatalytic processes 

ending up in formation of H2O2 are quite abundant 

in nature. Therefore, we believe that our two model 

systems potentially can find broad application to 
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quantify enzymatic activities of many other 

enzymes generating or consuming H2O2. 
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1. Optical method 

 

Fig. S-1 Effect of cysteine concentration on fluorescence intensity in the reaction mixture composed of Na2S 

0.1 mM and Cd(NO3)2 1.25 mM. Incubation time 5 min,  λexc = 300 nm. 

 

Fig. S-2 The system containing cysteine-stabilized CdS QDs before addition of H2O2 (curve a) and after 

addition of 0.1 mM of  H2O2 (curve b). Incubation time 5 min,  λexc = 300 nm. 
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2. TEM images of CdS QDs and size distribution 

 

 

 

Fig. S-3 TEM images of cysteine stabilized CdS QDs in the presence of (A) 0 mM of H2O2 (B) 0.03 mM of 

H2O2 (C) 0.3 mM of H2O2; Size distribution of cysteine stabilized CdS QDs in the presence of (D) 0 mM of 

H2O2 (E) 0.03 mM of H2O2. 
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 3.- Structure of osmium polymer 

N

N

N

N

N

Os2+ / 3+

Cl-

N+
N

NH2

  

 

Fig. S-4. 2D structure of poly(vinypyridine) complexed with Os(bipyridine)2Cl2 (Os-PVP complex). 

 

The polymer was synthesized according to the procedure previously published elsewhere (Katakis I., Ye L., 

Heller A., 1994. J. Am. Chem. Soc. 116, 3617-3618). 
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4. Electrochemical characterization of SPCEs 

Surface coverage (Г) of electroactive species was determined by cyclic voltammetry (CV) calculating the 

charge under the areas of peaks depicted in Fig. S5.  

 
Fig. S-5 Cyclic voltammograms of screen-pirnted carbon electrode (SPCE) modified by Os-PVP complex. 

Scan rate of 50 mV s-1.  

 

Taking into account the number of exchanged electrons per redox molecule and the Faraday´s constant, the 

surface concentration was calculated. The peak intensity, Ip, is a function of scan rate υ, charge diffusion 

coefficient D0, number of exchanged electrons n, surface concentration of redox active species C0*, surface 

coverage Г, electrode surface area A, temperature T, Faraday´s constant F and gas constant R according to the 

equation: 

 

The Randles-Sevčik equation for quasi-reversible electron transfer processes was employed to determine the 

active electrode area, as follows: 

 

where n is the number of electrons participating in the redox process, A is the active electrode area, D is the 

diffusion coefficient, C is the concentration of probe molecule and υ is the scan rate. The CV were performed in 

potasium ferricyanide (2mM). The calculations of active area (A) were carried out employing the value of D 

mentioned by Kadara et al., 2009. The electrochemically active area was 0.099 cm2. The surface coverage is 

shown in Table S-1 for three independent screen-printed carbon electrodes (SPCEs) modified by Os-PVP 

complex. The average coverage was found to be 10.9 ± 1.4 nmol cm-2. 
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Table S-1 Surface coverage (Г / nmol cm-2) of three independent screen-printed carbon electrodes. 

 

Electrode Г / nmol cm-2 

1 11.2 

2 12.1 

3 9.4 
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5. Photoelectrochemical control 

 

 

Fig. S-6 (A) Variation in the photocurrent for the modified SPCE sensitized by conductive OS-PVP complex 

in the presence and in the absence of 1-thioglycerol (TG) in the potential range between from 0 to 0.5 V vs. 

Ag/AgCl; (B) Photocurrent background responses in the absence of CdS QDs on the SPCE containing (1) only 

Os-PVP complex; (2) Os-PVP complex, 1-thioglycerol (TG) 20 mM and (3) Os-PVP complex, human serum. 

 

Fig. S-7 The plot showing the dependence of the emission light intensity, registered in the reaction mixture  

containing CdS QDs, on the wavelength of the excitation light. 
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Fig. S-8 Photocurrent background responses in the absence of Os-PVP complex for (1) only SPCE; (2) SPCE 

and CdS QDs and (3) SPCE, CdS QDs and 1-thioglycerol (TG) 20 mM. 
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6. Optimization of 1-thioglycerol concentration 

 

Figure S-9 Effect of the increasing 1-thioglycerol  concentrations (TG) on photocurrent observed in the 

presence of CdS QDs at 0.3 V (vs. Ag/AgCl) and 365 nm excitation light. Concentrations of TG: a) 0 mM; b) 

0.25 mM; c) 0.5 mM; d) 1 mM; e) 2 mM; f) 5 mM; g) 20 mM. The the system contains Cd(NO3)2 (1.25 mM), 

Na2S (0.1 mM) and cysteine (0.075 mM). The average relative standard deviation (RSD) calculated from the 

plot (obtained using at least three independent SPCEs modified by Os-PVP) was 9.75 %. 
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7. Optimization of glucose oxidase concentration for photoelectrochemical 

measurements 

 

Fig. S-10 (A) Photocurrent responses of the system containing glucose (1 mM), cysteine (0.075 mM), 

1-thioglycerol (TG) 20 mM, Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM) and different concentrations of GOx: a) 0 

µg mL-1; b) 0.1 µg mL-1; c) 0.25 µg mL-1; d) 0.5 µg mL-1; e) 0.75 µg mL-1; f) 1 µg mL-1; g) 5 µg mL-1; (B) 

Calibration curve of GOx obtained at 0.3 V (vs. Ag/AgCl) and 365 nm excitation light. 
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ABSTRACT  
Cysteine (CSH) readily stabilizes CdS quantum dots (QDs) growing in aqueous buffered solutions. Oxidation 

of CSH by hydrogen peroxide (H2O2) at room temperature yields cystine (CSSC) which does not stabilize CdS 

QDs so efficiently as CSH does. Here we demonstrate that such oxidation causes the decrease in the rate of the 

formation of CSH‐capped CdS QDs from Cd2+ and S2- ions. For the first time, we combined the oxidation of 

CSH with biocatalytic oxidation of D-glucose catalyzed by glucose oxidase (GOx) leading to the buildup of 

hydrogen peroxide in the reaction mixture. Enzymatically modulated growth of CdS QDs in situ was 

monitored by two techniques: fluorescence spectroscopy and photoelectrochemical (PEC) analysis. This system 

allowed quantification of GOx and glucose in human serum. 

 

KEYWORDS  
quantum dots, photoelectrochemistry, enzyme, fluorescence, hydrogen peroxide 

 

1. Instruction 

The unstoppable development of 

nanotechnology during the last decades has 

allowed for the fabrication of new materials and 

design of novel biosensing methods. One of the 

valuable tools employed in biosensing are inorganic 

nanoparticles (NPs). NPs of noble metals like gold 

and silver exhibit high extinction coefficients due to 

surface plasma resonance [1]. The optical properties 

of metal NPs depend on their shape and size [2]. 

Traditionally metal NPs were used in bioanalysis as 

labels in affinity assays [3-5]; enhancers of raman 

scattering [6-9]; quenchers of fluorescence [10, 11] and 

scaffolds for assembling of biorecognition elements 

[12, 13]. Metal NPs can be produced in situ with 
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 3 

biocatalytic processes catalyzed by different 

enzymes, for instance, glucose oxidase (GOx), 

alkaline phosphatase (ALP), and alcohol 

dehydrogenase (AlcDH) [14-16]. Metal NPs generated 

in situ by enzymes usually are not fluorescence and 

hardly demonstrate photocatalitic activities. This 

feature limits their employment in bioassays. 

NPs composed of semiconductor materials 

demonstrate quantum effects and can be 

photoexcited emitting photons during the 

relaxation process. Therefore, those particles are 

referred to in the literature as quantum dots (QDs). 

They find broad application in nanotechnology, 

diagnostics and therapy [1, 17-20]. The energy of the 

emitted photons and consequently the intensity and 

the wavelength of the observed fluorescence 

depend on the nature and the shape of QDs, the 

environment and capping agents (stabilizers).  

Cysteine (CSH), which carries thiol functional 

group for binding at CdS interface and hydrophilic 

amino and carboxylic groups, is an efficient 

stabilizer of CdS NPs [21, 22]. On the other hand, CSH 

can be easily oxidized to form a dimer containing 

disulfide bridge between two CSHs, known as 

cystine (CSSC). Oxidation of CSH with hydrogen 

peroxide (H2O2) in aqueous buffers can be described 

by the two-step nucleophilic reaction model [23-25]. 

This process is initiated by rate-determining 

nucleophilic attack of thiolate anion (CS-) on 

unionized H2O2 to generate sulfenic acid (CSOH) as 

an intermediate product (Equation 1). The latter 

interacts with CS- ions to yield CSSC as shown in 

equation 2.  

  (1) 

 

  (2) 

For the first time, we combined this reaction 

with biocatalytic oxidation of D-glucose (glucose) 

catalyzed by GOx leading to the buildup of H2O2 in 

the reaction mixture. GOx is the protein composed 

of two identical 80 kDa subunits containing two 

bound FAD coenzymes. Chemical, pharmaceutical, 

food, beverage, clinical chemistry, biotechnology 

and other industries broadly employ GOx [26]. The 

determination of GOx enzymatic activity is quite 

important in industry. The standard assay for GOx 

activity relies on the reaction mixture containing the 

additional enzyme horseradish peroxidase (HRP) 

that is used for detection of H2O2 produced by GOx 

(enzymatic assay of GOx from Sigma-Aldrich). 

In the present work we demonstrate that the 

oxidation of the stabilizing agent CSH by H2O2 

produced by GOx causes the decrease in the rate of 

the formation of CSH-capped CdS QDs from Cd2+ 

and S2- ions. This process allows relating the 

enzymatic activity of GOx and glucose 

concentration with amount of CdS QDs produced 

in situ which defines the emission spectrum of the 

assay mixture followed by the fluorescence 

spectroscopy, the extremely sensitive laboratory 

technique for detection of the fluorescence readout 

signal. 

We also used the powerful alternative to 

fluorometry, the photoelectrochemical (PEC) 

analysis [27, 28]. PEC sensors are becoming a 

promising low cost approach for the detection of 

light responsive chemical and biochemical 

molecules [29-31]. The process of PEC detection 

converts luminous energy into electrochemical 

energy at the surface of the electrode, generating 

electrical readout signal. The photocurrent intensity 

is defined by the characteristics of excitation light, 

applied potential and the rate of the electron 

transfer between the electron surface and QDs. A 

number of electrocatalysts have been applied to 

facilitate the electron transfer to the electrode 

surface in PEC analysis, such as microporous 

carbon including carbon nanotubes and grapheme 

[32], small organic molecules like methyl viologen 

immobilized on polymeric nafion matrix [33], 
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semiconductor metal oxides like TiO2 [34]. Usually 

electrocatalysts were immobilized on expensive 

gold and indium tin oxide (ITO) electrodes using 

anchoring thiol and silane groups [35]. 

Screen-printed carbon electrodes (SPCE) are 

significantly cheaper but their modification with 

electrocatalysts is quite difficult due to the absence 

of anchoring functional groups on the surface of the 

carbon material of the working electrode. In the 

present work we employ the complex of 

poly(vinylpyridine) with Os(bipyridine)2Cl2 

(Os-PVP complex) as the electrocatalyst to facilitate 

the electron exchange. Previously, the redox 

polymer of this structure was applied to wire redox 

enzymes, for instance, glucose-6-phosphate 

dehydrogenase [36] and HRP [37]. 

In this article we present a new strategy for 

detection of enzymatic activities using the 

fluorescent spectroscopy and PEC. We offer a quite 

universal bioanalytical platform relying on the 

enzymatically modulated growth of CdS QDs in 

situ followed by two techniques which finally will 

be applicable to the range of detection systems 

spanning from optical laboratory equipment to low 

power mobile fast point of care (POC) analytical 

systems. 

2. Experimental  

Materials. Sodium sulfide (Na2S), cadmium nitrate 

Cd(NO3)2, glucose oxidase type VII from 

Aspergillus niger and other chemicals were 

purchased from Sigma Aldrich. Anhydrous 

ß-D-glucose and hydrogen peroxide (30% v/v) were 

purchased from Panreac.  

Characterisation. Spectroscopy. Transmission 

electron miscroscopy (TEM) images were collected 

with a JEOL JEM 2100F operating at 120 kV. 

Optical methods. Fluorescence measurements were 

performed on a Varioskan Flash microplate reader 

(Thermo Scientific) using black microwell plates at 

room temperature. The system was controlled by 

SkanIt Software 2.4.3. RE for Varioskan Flash. 

Photoelectrochemistry. All electrochemical 

experiments were conducted in the Autolab 

Electrochemical Workstation (Model: PGSTAT302N, 

Metrohm Autolab, The Netherlands) equipped with 

NOVA 1.10 software. Disposable screen-printed 

carbon electrodes (SCPEs) were purchased from 

DropSens (model DRP-110, 4 mm diameter). 

Electrical contact to workstation was done with a 

special boxed connector supplied by DropSens. The 

illumination source was a compact UV illuminator 

(UVP, Analytik Jena AG). All PECs were performed 

at room temperature. All the potentials reported in 

our work were against Ag/AgCl. Unless mentioned 

otherwise, all experimental results presented here 

are averaged from three independent 

measurements (n = 3). 

Methods CdS QD-mediated determination of 

H2O2. Different concentrations of H2O2 were 

incubated with 0.075 mM of CSH in 

citrate-phosphate buffer (pH 7.5) for 40 min at room 

temperature. After that, Na2S (10 μL , 1 mM) and 

Cd(NO3)2 (2.5 μL , 50 mM ) were added to the 

samples (87.5 μL). The emission spectra of the 

resulting suspensions were recorded after 5 min at 

λexc = 300 nm. 

GOx assay. Varying amounts of glucose were 

incubated with different amounts of GOx in 

citrate-phosphate buffer (pH 7.5) for 40 min at room 

temperature, in the presence of CSH (0.075 mM). 

After that, Na2S (10 μL, 1 mM) and Cd(NO3)2 (2.5 

μL, 50 mM ) were added to the samples (87.5 μL). 

The emission spectra of the resulting CdS QDs were 

recorded after 5 min at λexc = 300 nm. 

Quantification of glucose in human serum. 

Quantification of glucose in human serum was 

performed by the standard edition method. 

Samples of pooled human serum (Sigma-Aldrich) 

were spiked with known different concentrations of 

glucose and the glucose concentration of the 
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mixtures was determined. The dilution factor of 

plasma in the assay was 1:100. 

Photoelectrochemical detection. SPCEs were 

initially pretreated electrochemically by cyclic 

voltammetry (CV) at a potential range of 0 – 0.8 V in 

citrate-phosphate buffer (pH 7.5). Subsequently, a 

40 µL drop of Os-PVP complex (1.375 mg mL-1) was 

placed on the SPEs and deposited by CV scanning 

(2 cycles, 50 mV  s-1). Later, SPCEs were rinsed out 

with ultrapure water and dried under argon 

atmosphere. Finally, a 40 µL of samples were 

dropped on the SPCE and PEC measurements were 

carried out with UV illuminator at 365 nm and a 

controlled potential of 0.3 V. The dependence of 

photocurrent on time was measured at 5 minutes 

during 10 seconds. 1-thioglycerol (TG) was added 

to the samples to amplify the signal. 

3. Results and discussion 

3.1. CdS QD-mediated determination of H2O2 and 

optimization of the system 

The ability of CSH to stabilize CdS QDs was 

studied. Cadmium nitrate (Cd(NO3)2) was 

interacted with sodium sulfide (Na2S), in citrate 

phosphate buffer (pH 7.5) in the presence of CSH or 

CSSC, which is the oxidized form of CSH. The 

formation of fluorescent CdS QDs was followed by 

fluorescence spectroscopy. As one can see in Fig. 1 

reaction mixture containing CSH, Cd2+ and S2- ions 

demonstrated high emission peak (curve a). No 

significant fluorescence was observed in the 

presence of CSSC (curve b) or without any CSH and 

CSSC (curve c). This finding proves that CSSC does 

not stabilize fluorescent QDs so efficiently as CSH 

(Figure 1, curve b). In order to increase the yield of 

CSH-stabilized CdS NPs the effect of CSH 

concentration on fluorescence spectrum of the 

reaction mixtures containing Cd2+ and S2- ions was 

investigated. According to Fig. S-1 Electronic 

Supplementary Material (ESM) optimum 

concentration of CSH was 0.075 mM, which was 

used in all subsequent experiments. 

 

Figure 1. Fluorescence emission spectra of the system 

containing (a) CSH (0.5 mM), Na2S (0.1 mM), Cd(NO3)2 (1.25 

mM); (b) CSSC (0.5 mM), Na2S (0.1 mM), Cd(NO3)2 (1.25 

mM); (c) only Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM) 

Thus, CSH is able to stabilize CdS NPs formed  

in situ from S2- and Cd2+ ions in aqueous solutions 

within the incubation time of 5 min at room 

temperature (Scheme 1). The previously published 

procedures for the synthesis of CSH-stabilized CdS 

QDs required much longer incubation times (over 1 

hour) and very harsh experimental conditions like 

high temperatures (over 80 oC) [22] or irradiation 

with γ-rays [21]. The process of CdS QDs formation 

under physiological conditions, optimized by us, 

was very rapid and compatible with natural 

biochemical pathways leading to oxidation of CSH 

for modulation of QDs’ growth. 

It was found out that the treatment of CSH with 

varying concentrations of H2O2 leads to the 

decrease in the rate of formation of CdS NPs due to
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 6 

 

Scheme 1. Modulation of CdS QDs growth with cysteine. 

oxidation of CSH into CSSC. As one can see in Fig. 

2, the decrease in the fluorescence signal was 

directly related to the quantity of the H2O2 in the 

reaction mixture. Calibration curve shown in Figure 

2 inset demonstrated linearity from 0.0 to 0.045 mM 

and saturation starting from 0.15 mM H2O2 

concentration. In accordance with the calibration 

curve the limit of H2O2 detection (LOD) was 

calculated to be 12.6 µM by UPAC definition [38]. 

This LOD is 4 times lower than that of the reported 

most relevant fluorogenic assay for detection of 

H2O2 using the enzymatic growth of CdS NPs [39]. It 

is important to note that after addition of H2O2 (0.1 

mM) to the pre-prepared CdS NPs stabilized with 

CSH no changes in the emission spectra of CdS NPs 

were noticed (Fig. S-2, curve b ESM). So, the 

decrease in the fluorescence was not caused by the 

possible quenching effect of H2O2. Transmission 

electron microscopy (TEM) was applied to confirm 

the existence of CSH stabilized CdS QDs in the 

reaction mixture at three different concentration of 

H2O2 (Fig. S-3 in the ESM). Analysis of the TEM 

images of CdS QDs revealed that the medium 

diameter of the produced NPs was 2.03 ± 0.32 nm in 

the absence of H2O2. When the concentration of 

H2O2 was 0.03 nm the observed CdS QDs exhibited 

the medium diameter of 1.29 ± 0.26 nm. In the 

presence of saturating concentration of H2O2 equal 

to 0.3 mM the absence of CdS QDs were confirmed 

by TEM. 

 

Figure 2. Calibration curve of H2O2 obtained using the 

intensity if the emission peak at 534 nm (F534) The system 

containing of CSH (0.075 mM), Na2S (0.1 mM) and Cd(NO3)2 

(1.25 mM), and different concentrations of H2O2: a) 0 mM; b) 

0.01 mM; c) 0.02 mM; d) 0.03 mM; e) 0.04 mM; f) 0.06 mM; 

g) 0.08 mM; h) 0.1 mM; i) 0.2 mM; j) 0.3 mM. Inset: linear 

part of the calibration plot. 

3.2. Glucose oxidase assay 

The above mentioned fluorogenic method for 

H2O2 detection can be readily combined with 

enzymatic reactions resulting in the formation of 

H2O2, for example oxidation of enzymatic substrates 

by oxidases. The operation principle of the 

fluorogenic assay for evaluation of enzymatic 

activity of GOx is represented in Scheme 2.  

Oxidation of glucose with oxygen catalyzed 

by GOx ends up in the final products D-glucono 

1,5-lactone and H2O2. Enzymatically produced H2O2 

is able to oxidize CSH preventing stabilization and 

rapid formation of CdS QDs. Fig. 3 shows the 

emission spectra of CdS QDs formed in the 

presence of the fixed 1 mM glucose concentration 

and different concentrations of GOx. As one can see 

in Figure 3B, the increase in the amount of GOx 

leads to the decrease in the fluorescence signal as 

expected for this biocatalytic reaction. We 

calculated that the LOD of the system was 0.1 µg of 

GOx per mL. This assay showed 5 times better 
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 7 

 

Scheme 2. Fluorometric assay for glucose oxidase activity.  

sensitivity that that of the previous published 

CdS-based fluorogenic assay for GOx [39]. 

Moreover, this fluorogenic GOx assay is much more 

sensitive than the colorimetric test for GOx based 

on CdS NPs [40].  

 

Figure 3. (A) Fluorescence emission spectra of the system 

containing glucose (1 mM), CSH (0.075 mM), Na2S (0.1 mM) 

and Cd(NO3)2 (1.25 mM) and different concentrations of GOx: 

a) 0 µg mL-1; b) 0.1 µg mL-1; c) 0.25 µg mL-1; d) 0.5 µg mL-1; 

e) 0.75 µg mL-1; f) 1 µg mL-1; g) 5 µg mL-1; (B) Calibration 

curve of GOx obtained using, F534.  

We also studied the influence of varying 

glucose concentrations on the response of our 

flourogenic assay. Figure 4 shows emission spectra 

of assay mixtures containing increasing 

concentrations of glucose and fixed amounts of 

GOx, CSH, Cd(NO3)2 and Na2S. On the basis of the 

calibration curve in Figure 4.B the LOD of glucose 

was calculated to be 0.1 mM by UPAC definition [38]. 

According to the calibration curve (Fig. 4.B) the 

response to the increasing amounts of glucose was 

linear within the range from 0 mM to 0.3 mM. 

Given the fact that the normal level of glucose in 

human serum published by World Health 

Organization is < 6.1 mM [41] our assay is even 

applicable to quantification of glucose in medical 

laboratories. Therefore, we applied our assay to 

detection of glucose in human serum employing the 

standard addition method. In this method several 

serum sample of the same volume were distributed 

between different 0.5 mL tubes. The standard 

known varying amounts of glucose were injected 

into the samples with human serum. The 

fluorescence of the samples was measured. The 

experimental data were plotted with the 

concentration standards showed in the x-axis and 

the obtained fluorescence signals in the y-axis of the 

plot.  

 

Figure 4. (A) Fluorescence emission spectra of the system 

containing GOx (5 µg mL-1), CSH (0.075 mM), Na2S (0.1 mM) 

and Cd(NO3)2 (1.25 mM) and different concentrations of 

glucose: a) 0 mM; b) 0.04 mM; c) 0.06 mM; d) 0.1 mM; e) 0.2 

mM; f) 0.3 mM; g) 0.4 mM; h) 0.6 mM; i) 0.8 mM; (B) 

Calibration curve of glucose obtained using, F534.  
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The linear regression analysis was performed to 

calculate the position of the intercept of the 

calibration line with x-axis, which showed the 

concentration of glucose in human serum samples 

(Fig. 5). Taking into consideration all dilutions of 

the samples, the found concentration of glucose was 

6.01 mM. It lies within the limits of normal level of 

glucose in human serum [41]. 

 

Figure 5. Quantification of glucose in human serum with the 

method of standard addition. The system contained GOx (5 µg 

mL-1), CSH (0.075 mM), Na2S (0.1 mM) and Cd(NO3)2 (1.25 

mM) and various known amounts of added glucose standards. 

3.3. Photoelectrochemical detection of glucose 

The developed QDs-based PEC system is 

depicted in Scheme 3. GOx catalyzes oxidation of 

glucose with oxygen to D-glucono-1,5-lactone and 

H2O2. The former decreases the concentration of 

CSH modulating the growth of CdS QDs in situ. 

When the assay solution containing produced CdS 

QDs is placed over the surface of a SPCE and 

irradiated with UV light, photons are absorbed by 

CdS QDs and excite electrons from the occupied 

valence band (VB) to the empty conduction band 

(CB) forming electron-hole pairs. CB electrons are 

transferred from surface of CdS QDs to the 

electroconductive polymer immobilized on the 

surface of the SPCE when the positive potential is 

applied to generate anodic photocurrent. This 

polymeric electrocatalyst is composed of 

poly(vinylpyridine) complexed with 

Os(bipyridine)2Cl2 (Os–PVP polymer depicted in 

Fig. S-4 ESM). Holes from VB of CdS QDs are 

neutralized by the electron donor 1-thioglycerol 

(TG) which is oxidized to bis(1-thio-2,3 propanediol) 

at the surface of QDs.  

 

Scheme 3. Electrochemical detection of CdS QDs “wired” by 

Os-PVP complex to the surface of a SPCE. 

In order to photosensitize the surface of SPCE, 

Os-PVP complex was deposited by cyclic 

voltammetry (CV) during two cycles in the range 

from 0 to 0.6 V. After the electrochemical deposition 

of Os-PVP complex the electrode was washed with 

water and CV was performed to evaluate the 

surface coverage of osmium moieties (Table S-1). 

Two redox waves were revealed, confirming that 

the redox process involves only the central osmium 

atom (Fig. S-5 ESM). Furthermore, the possible 

interference from Os-PVP complex with the 

photocurrent background was assessed at different 

potentials. The effect of applied potential on the 

anodic photocurrent is shown in Fig. S-6 (A) ESM. 

The working potential of 0.3 V vs. Ag/AgCl was 

selected to avoid nonspecific oxidation of TG at the 

electrode surface. It should be taken into account 
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that the best ratio of photocurrents registered in the 

presence and in the absence of CdS QDs (IQDs/IOs) 

was also achieved at 0.3V vs. Ag/AgCl (data not 

shown)with the signal-to-noise ratio of 3 (S/N = 3).  

According to the plot representing the effect of 

different excitation wavelengths on the fluorescence 

signal (Fig. S-7 ESM), the intensity of the emission 

peak registered using the excitation wavelength of 

365 nm is still higher than 80 % of the maximum 

emission peak registered using the excitation 

wavelength of 300 nm. The standard UV 

illuminator with the maximum output at 365 nm is 

the most available and inexpensive source of the 

intense light with the emission peak close to 300 nm 

therefore it was employed for the 

photoelectrochemical measurements. All 

photocurrent responses are presented with the 

background subtracted at this potential. To estimate 

the importance of photosensitizing the electrode 

surface with Os-PVP polymer the control 

experiment was performed in which non modified 

SPCE was used for the detection of anodic 

photocurrent in the presence of CdS QDs and TG in 

the assay mixture. No significant photocurrent was 

observed in the absence of Os-PVP polymer on the 

electrode surface (Fig. S-8 ESM). Thus, Os-PVP 

polymer is the crucial electrocatalyst mediating the 

electron transfer of CB electrons from CdS QDs to 

the SPCE. The photocatalytic oxidation of TG at 

saturating concentration of 20 mM (Fig. S-9 ESM), 

which still does not favor its nonspecific 

electrochemical oxidation, provides the electrons 

transferred to the surface of the photosensitized 

SPCEs during quantification of CdS QDs. In the 

absence of CdS QDs, no significant photocurrent 

was observed (Figure S-6(B) curve 2). 

The influence of the different amounts of 

glucose on photocurrent is shown in Fig. 6. The 

decrease in photocurrent is directly related to the 

increase in the concentration of glucose added to 

the system. The response shows linearity from 0 to 

0.2 mM and saturation starting from 0.4 mM 

glucose concentration. The LOD was found to be 20 

μM (3σ). The average relative standard deviation 

(RSD) calculated from the glucose calibration plot 

(obtained using at least three independent SPCEs 

modified by Os-PVP) was 8%. We also evaluated 

the response of the system varying the 

concentration of GOx in the reaction mixture in the 

presence of 1 mM glucose (Fig. S-10 ESM). 

According to the calibration curve the LOD was 

equal to 0.05 µg mL-1 (RSD = 4.6%). The control 

experiments performed in the presence and absence 

of GOx and glucose showed no significant variation 

of photocurrent (data no shown). 

Comparing with the performance of the 

fluorogenic method, the PEC system is 5 times more 

sensitive. Furthermore, the obtained result is also 

much better than previously published works based 

on electrochemical detection of glucose, which 

show worse LODs [42-44]. 

The standard chromogenic assay for 

detection of GOx is based on the method 

previously described in the literature [45]. The 

chemical interactions employed in the standard 

commercially available assays: 

 

 

 

As one can see, this method requires the 

additional enzyme horseradish peroxidase and 

very cancerogenic chromogenic dye 

o-Dianisidine to detect hydrogen peroxide 

produced by GOx. The commercially available 

fluorometric kits for detection of GOx (Sigma 

Aldrich, AbCam) employ fluorogenic substrate of 

peroxidase  10-acetil-3,7-dihidroxifenoxacina, 

(AmplexRed®, AbRed®) instead of o-Dianisidine 

to follow the formation of hydrogen peroxide 

and require expensive fluorimeters. The 

dependence of GOx assay on the second enzyme 

makes the assay prone to errors due to inevitable 

deactivation of peroxidase even if the 

components of kits are stored at low temperature. 
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The photoelectrochemical assay for detection of 

GOx activity developed by us does require 

neither expensive fluorogenic dyes nor 

fluorimeters nor the second enzyme. 

 

 
Figure 6. (A) Photocurrent responses of CdS QDs in the 

system containing GOx (5 µg mL-1), CSH (0.075 mM), TG (20 

mM), Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM) and different 

concentrations of glucose: a) 0 mM; b) 0.04 mM; c) 0.06 mM; 

d) 0.1 mM; e) 0.2 mM; f) 0.3 mM; g) 0.4 mM; h) 0.6 mM; i) 

0.8 mM; (B) Calibration curve of GOx obtained at 0.3 V (vs. 

Ag/AgCl) and 365 nm excitation light. 

 

Finally, the developed sensor was evaluated 

by the determination of glucose in human serum 

samples employing the standard addition method. 

The real samples were not pretreated. As shown in 

Figure S-6(B) curve 3, electrodes photosensitized 

with Os-PVP polymer demonstrate a negligible 

background photocurrent in the presence of human 

serum samples (around 10 nA) at 0.3V vs. Ag/AgCl. 

This background current was subtracted from the 

data of the plot. The known varying amounts of 

glucose were injected into the samples with human 

serum. Photocurrents of all samples were measured. 

The experimental data were plotted with the 

concentration standards showed in the x-axis and 

the observed photocurrents in the y-axis of the plot. 

The intercept of the calibration line with x-axis 

showing the concentration of glucose in human 

serum samples was calculated by linear regression 

(Fig. 7). The found concentration of glucose was 

5.06 mM. As reported previously [41], the normal 

concentration of glucose in human blood is around 

5-7 mM. Thus, our device displayed an excellent 

linear range and RSD values within 10%, showing 

good sensitivity for detecting glucose. 

 

Figure 7. PEC quantification of glucose in human serum with 

the method of standard addition. The system contained GOx (5 

µg mL-1), CSH (0.075 mM), TG (20 mM), Na2S (0.1 mM) and 

Cd(NO3)2 (1.25 mM). 

4. Conclusions  

The employment of cysteine (CSH) as a capping 

agent allows for rapid formation of fluorescent CdS 

QDs in aqueous solutions at room temperature. 

Hydrogen peroxide (H2O2), produced in the course 

of enzymatic oxidation of D-glucose by glucose 

oxidase (GOx), oxidizes CSH to cystine (CSSC) 

modulating the growth of QDs. This biocatalytic 

process can be applied to the development of 

simple sensitive fluorometric and 

photoelectrochemical (PEC) assays for GOx activity 

in buffered solutions and D-glucose in real samples 

of human serum using the photocatalytic activity of 

the resulting QDs. The biocatalytic processes 

ending up in formation of H2O2 are quite abundant 

in nature. Therefore, we believe that our two model 

systems potentially can find broad application to 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 11 

quantify enzymatic activities of many other 

enzymes generating or consuming H2O2. 
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1. Optical method 

 

Fig. S-1 Effect of cysteine concentration on fluorescence intensity in the reaction mixture composed of Na2S 

0.1 mM and Cd(NO3)2 1.25 mM. Incubation time 5 min,  λexc = 300 nm. 

 

Fig. S-2 The system containing cysteine-stabilized CdS QDs before addition of H2O2 (curve a) and after 

addition of 0.1 mM of  H2O2 (curve b). Incubation time 5 min,  λexc = 300 nm. 
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2. TEM images of CdS QDs and size distribution 

 

 

 

Fig. S-3 TEM images of cysteine stabilized CdS QDs in the presence of (A) 0 mM of H2O2 (B) 0.03 mM of 

H2O2 (C) 0.3 mM of H2O2; Size distribution of cysteine stabilized CdS QDs in the presence of (D) 0 mM of 

H2O2 (E) 0.03 mM of H2O2. 
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 3.- Structure of osmium polymer 
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Fig. S-4. 2D structure of poly(vinypyridine) complexed with Os(bipyridine)2Cl2 (Os-PVP complex). 

 

The polymer was synthesized according to the procedure previously published elsewhere (Katakis I., Ye L., 

Heller A., 1994. J. Am. Chem. Soc. 116, 3617-3618). 
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4. Electrochemical characterization of SPCEs 

Surface coverage (Г) of electroactive species was determined by cyclic voltammetry (CV) calculating the 

charge under the areas of peaks depicted in Fig. S5.  

 
Fig. S-5 Cyclic voltammograms of screen-pirnted carbon electrode (SPCE) modified by Os-PVP complex. 

Scan rate of 50 mV s-1.  

 

Taking into account the number of exchanged electrons per redox molecule and the Faraday´s constant, the 

surface concentration was calculated. The peak intensity, Ip, is a function of scan rate υ, charge diffusion 

coefficient D0, number of exchanged electrons n, surface concentration of redox active species C0*, surface 

coverage Г, electrode surface area A, temperature T, Faraday´s constant F and gas constant R according to the 

equation: 

 

The Randles-Sevčik equation for quasi-reversible electron transfer processes was employed to determine the 

active electrode area, as follows: 

 

where n is the number of electrons participating in the redox process, A is the active electrode area, D is the 

diffusion coefficient, C is the concentration of probe molecule and υ is the scan rate. The CV were performed in 

potasium ferricyanide (2mM). The calculations of active area (A) were carried out employing the value of D 

mentioned by Kadara et al., 2009. The electrochemically active area was 0.099 cm2. The surface coverage is 

shown in Table S-1 for three independent screen-printed carbon electrodes (SPCEs) modified by Os-PVP 

complex. The average coverage was found to be 10.9 ± 1.4 nmol cm-2. 
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Table S-1 Surface coverage (Г / nmol cm-2) of three independent screen-printed carbon electrodes. 

 

Electrode Г / nmol cm-2 

1 11.2 

2 12.1 

3 9.4 
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5. Photoelectrochemical control 

 

 

Fig. S-6 (A) Variation in the photocurrent for the modified SPCE sensitized by conductive OS-PVP complex 

in the presence and in the absence of 1-thioglycerol (TG) in the potential range between from 0 to 0.5 V vs. 

Ag/AgCl; (B) Photocurrent background responses in the absence of CdS QDs on the SPCE containing (1) only 

Os-PVP complex; (2) Os-PVP complex, 1-thioglycerol (TG) 20 mM and (3) Os-PVP complex, human serum. 

 

Fig. S-7 The plot showing the dependence of the emission light intensity, registered in the reaction mixture  

containing CdS QDs, on the wavelength of the excitation light. 
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Fig. S-8 Photocurrent background responses in the absence of Os-PVP complex for (1) only SPCE; (2) SPCE 

and CdS QDs and (3) SPCE, CdS QDs and 1-thioglycerol (TG) 20 mM. 
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6. Optimization of 1-thioglycerol concentration 

 

Figure S-9 Effect of the increasing 1-thioglycerol  concentrations (TG) on photocurrent observed in the 

presence of CdS QDs at 0.3 V (vs. Ag/AgCl) and 365 nm excitation light. Concentrations of TG: a) 0 mM; b) 

0.25 mM; c) 0.5 mM; d) 1 mM; e) 2 mM; f) 5 mM; g) 20 mM. The the system contains Cd(NO3)2 (1.25 mM), 

Na2S (0.1 mM) and cysteine (0.075 mM). The average relative standard deviation (RSD) calculated from the 

plot (obtained using at least three independent SPCEs modified by Os-PVP) was 9.75 %. 
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7. Optimization of glucose oxidase concentration for photoelectrochemical 

measurements 

 

Fig. S-10 (A) Photocurrent responses of the system containing glucose (1 mM), cysteine (0.075 mM), 

1-thioglycerol (TG) 20 mM, Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM) and different concentrations of GOx: a) 0 

µg mL-1; b) 0.1 µg mL-1; c) 0.25 µg mL-1; d) 0.5 µg mL-1; e) 0.75 µg mL-1; f) 1 µg mL-1; g) 5 µg mL-1; (B) 

Calibration curve of GOx obtained at 0.3 V (vs. Ag/AgCl) and 365 nm excitation light. 
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FIGURES AND SCHEMES 
 

 
 

Figure 1. Fluorescence emission spectra of the system containing (a) CSH (0.5 mM), Na2S (0.1 

mM), Cd(NO3)2 (1.25 mM); (b) CSSC (0.5 mM), Na2S (0.1 mM), Cd(NO3)2 (1.25 mM); (c) 

only Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM). 

 

 

Figure



 
 

Figure 2. Calibration curve of H2O2 obtained using the intensity if the emission peak at 534 nm 

(F534) The system containing of CSH (0.075 mM), Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM), 

and different concentrations of H2O2: a) 0 mM; b) 0.01 mM; c) 0.02 mM; d) 0.03 mM; e) 0.04 

mM; f) 0.06 mM; g) 0.08 mM; h) 0.1 mM; i) 0.2 mM; j) 0.3 mM. Inset: linear part of the 

calibration plot. 

 

 



 
 

Figure 3. (A) Fluorescence emission spectra of the system containing glucose (1 mM), CSH 

(0.075 mM), Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM) and different concentrations of GOx: a) 

0 µg mL-1; b) 0.1 µg mL-1; c) 0.25 µg mL-1; d) 0.5 µg mL-1; e) 0.75 µg mL-1; f) 1 µg mL-1; g) 5 

µg mL-1; (B) Calibration curve of GOx obtained using, F534.  

 

 



 
 

Figure 4. (A) Fluorescence emission spectra of the system containing GOx (5 µg mL-1), CSH 

(0.075 mM), Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM) and different concentrations of glucose: 

a) 0 mM; b) 0.04 mM; c) 0.06 mM; d) 0.1 mM; e) 0.2 mM; f) 0.3 mM; g) 0.4 mM; h) 0.6 mM; 

i) 0.8 mM; (B) Calibration curve of glucose obtained using, F534.  

  



 

 
 

Figure 5. Quantification of glucose in human serum with the method of standard addition. The 

system contained GOx (5 µg mL-1), CSH (0.075 mM), Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM) 

and various known amounts of added glucose standards. 

 

 



 
 
 

Figure 6. (A) Photocurrent responses of CdS QDs in the system containing GOx (5 µg mL-1), 

CSH (0.075 mM), TG (20 mM), Na2S (0.1 mM) and Cd(NO3)2 (1.25 mM) and different 

concentrations of glucose: a) 0 mM; b) 0.04 mM; c) 0.06 mM; d) 0.1 mM; e) 0.2 mM; f) 0.3 

mM; g) 0.4 mM; h) 0.6 mM; i) 0.8 mM; (B) Calibration curve of GOx obtained at 0.3 V (vs. 

Ag/AgCl) and 365 nm excitation light.  

  



 

 

Figure 7. PEC quantification of glucose in human serum with the method of standard addition. 

The system contained GOx (5 µg mL-1), CSH (0.075 mM), TG (20 mM), Na2S (0.1 mM) and 

Cd(NO3)2 (1.25 mM). 

 



 

 

Scheme 1. Modulation of CdS QDs growth with cysteine.



 

Scheme 2. Fluorometric assay for glucose oxidase activity.  

 



 
 

Scheme 3. Electrochemical detection of CdS QDs “wired” by Os-PVP complex to the surface of 

a SPCE. 
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Enzymatically produced hydrogen peroxide oxidizes cysteine 

modulating the growth of quantum dots. This system allows 

quantification of glucose oxidase and glucose in human serum, 

using fluorescence spectroscopy and photoelectrochemical analysis. 
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