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A B S T R A C T   

We present a tyrosinase-conjugated zinc oxide-reduced graphene oxide (Tyr/ZnO-rGO) nanocomposite system as 
a biosensing test-bed for rapid and sensitive detection of dopamine (DA). The bioelectrodes (Tyr/ZnO-rGO/ITO) 
were designed by covalently immobilizing tyrosinase enzyme on spin-coated films of ZnO-rGO nanocomposite 
prepared via self-assembly approach. The cyclic voltammetry (CV) and electrochemical impedance spectroscopy 
(EIS) showed fast electron transfer kinetics of ZnO-rGO/ITO electrode. The response studies of the Tyr/ZnO-rGO/ 
ITO bioelectrode revealed ultrafast (0.34 � 0.09 s) detection of DA in a wide linear dynamic range of 0.1–1500 
pM. The significant performance of the biosensor in terms of low detection limit (8.75 � 0.64 pM) and high 
sensitivity (39.56 � 0.41 μA nM� 1) values is attributed to the fast and unhindered electron transfer mechanism of 
ZnO-rGO matrix having low electrochemical band gap. The nanoplatform exhibited high selectivity toward DA in 
human sera, and remained stable up to 3 months at 4 �C, representing its suitability for clinical applications.   

1. Introduction 

An imbalance in neurotransmitter (NT) concentration may lead to 
various neurological disorders, therefore reliable detection of NTs is 
critically important in routine clinical practice (Pearl et al., 2006). 
Dopamine (DA), belonging to the family of catecholamines, is a major 
NT that is produced from the decarboxylation of L-dopa in dopaminergic 
neurons of the basal ganglia in mid brain and the arcuate nucleus pre
sent in hypothalamus (Ayano et al., 2016). It regulates various brain 
functions such as modulation of cognition and behaviour, voluntary 
actions, mood, sleep, concentration, motivation etc. (Calabresi et al., 
2007). The dysfunction in dopamine transmission or abnormality in its 
concentration profile leads to several neurological disorders like 
depression (Dunlop and Nemeroff, 2007), Parkinson’s disease 
(H€oglinger et al., 2004), epilepsy (Starr, 1996) schizophrenia (Brisch 
et al., 2014) and attention-deficit hyperactivity disorder (ADHD) (Gill 
et al., 1997). Further, DA is also indirectly involved in regulation of 
blood pressure, glycogen metabolism, and functions of immune system 
along with several visceral organs (Olguin et al., 2016). Therefore, the 

quantitative estimation of DA becomes crucial in monitoring of neuro
logical and other metabolic disorders. 

The well-established DA detection methods include capillary- 
electrophoresis (Zhao et al., 2011), high-performance liquid chroma
tography (Park et al., 2013), mass spectrometry (El-Beqqali et al., 2007) 
and fluorescence detection (Qian et al., 2015). Although quite efficient, 
these methods pose limitations like prolonged detection time, large 
sample volume, complex sampling, high cost and bulky instrumentation 
(Wang, 2006a). These limitations can be overcome by using electro
chemical biosensors as an alternative to the existing detection meth
odologies due to their simple preparation, ease of sample handling and 
capability for faster detection (Ronkainen et al., 2010). However, most 
of the biosensors developed for direct DA detection, suffer electrode 
fouling by oxidation products and interference from co-existing bio
molecules with similar electroactive potentials (Njagi et al., 2010). 
Employing DA-specific enzyme as biorecognition unit for analytical 
detection of enzyme-catalyzed DA oxidation offers promising ability for 
selective and efficient DA detection (Florescu and David, 2017). Min and 
Yoo (2009) achieved amperometric detection of DA in the presence of 
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ascorbic acid (AA) using Tyrosinase/SWNTs-Ppy electrodes. Macie
jewska et al. (2011) used tyrosinase/poly(indole-5-carboxylic acid) 
modified glassy carbon electrodes for determination of DA in the pres
ence of AA and uric acid (UA). Roychoudhury et al. (2016) recently 
accounted for the fabrication of tyrosinase/NiO/ITO electrodes that 
showed high specificity towards DA in the presence of interferents. As 
mentioned in Table 1, these methods positively contributed towards DA 
detection but their slow electron transfer rates allowed detection of DA 
in the micro- and nanomolar ranges only, that are much higher than the 
physiological range of DA (< 200 pM) in blood plasma (Ambade et al., 
2009), thus, making them less feasible for clinical utility. 

The sensitivity and efficiency of a biosensor is expected to enhance 
manifolds by using the right material for transducer matrix. Among the 
various material systems studied so far (Li et al., 2016; Govindaraju 
et al., 2017; Thirumalraj et al., 2017), graphene oxide (GO) has been 
most applied for next generation biosensors due to its atomically thin 
sheet-like architecture, high surface area, electron transfer capability, 
biocompatibility and biomolecular affinity. Its amphiphilic nature and 
functionalities allow facile biomolecular surface modification (Tiwari 
et al., 2016). The electronic and electrochemical characteristics of GO 
could be enhanced by altering the number of oxygen functional groups 
and defects through an appropriate reduction process (Bhardwaj et al., 
2016) or by incorporation of metal/metal-oxide nanoparticles (NPs) to 
improve biosensing capability (Zhou et al., 2009). In this context, direct 
bandgap semiconductor ZnO (NPs) could be considered beneficial, 
owing to their facile charge transfer capacity, ample surface area and 
compatibility with biomolecules (Arya et al., 2012). 

We report zinc oxide-reduced graphene oxide (ZnO-rGO) nano
composites as transducer matrix for sensitive detection of DA. A well- 
optimized procedure was carried out to prepare ZnO-rGO thin films on 
indium-tin oxide (ITO) coated glass sheets followed by covalent 
attachment of tyrosinase (Tyr) enzyme on its surface. The enzyme based 
bioelectrodes were tested for detection of different concentrations of DA 
in both standard solutions and serum samples. A detailed schematic of 
the sensor fabrication and detection process is depicted in Fig. 1. To the 
best of our knowledge, this is the first report to have investigated the 
detection of DA in picomolar ranges rendering a detection limit well 
below its physiological range, that gives it an edge over previously re
ported biosensors. 

2. Materials and methods 

All the experiments were performed using chemicals (listed in the 
supporting information) as received unless otherwise mentioned. The 
details of the characterization and electrochemical techniques utilized 
have also been provided in the supporting information. 

2.1. Synthesis and characterization of ZnO-rGO nanocomposites 

The ZnO-rGO nanocomposites were prepared by self-assembly of 
ZnO NPs onto GO nanosheets. For this, highly exfoliated GO nanosheets 
were first prepared using the modified Hummer’s process reported 
elsewhere (Cote et al., 2009; Verma et al., 2017) and the ZnO NPs were 
synthesized using a sol-gel process (Spanhel and Anderson, 1991). 
Briefly, 0.7 g of Zn(OCOCH3)2.2H2O was heated at 70 �C in 25 mL of 
ethanol for 2 h and LiOH.H2O solution was obtained by sonicating 0.2 g 
of LiOH.H2O in 20 mL of ethanol for 1 h. The LiOH.H2O solution was 
added to the Zn(OCOCH3)2.2H2O solution at 25 �C under vigorous 
stirring for 1 h to obtain a clear suspension of ZnO NPs. ZnO-rGO 
nanocomposites were prepared by mixing 1 mg/mL ethanolic GO solu
tion to 0.6 mL of ZnO NPs suspension. The mixture was allowed to stir 
overnight for the formation of ZnO-rGO nanocomposite. 

2.2. Fabrication of Tyr/ZnO-rGO/ITO bioelectrodes 

The synthesized ZnO-rGO nanocomposites were uniformly deposited 
as thin films on 5 � 10 mm2 area of pre-cleaned ITO substrates by spin 
coating at 3000 rpm (Laurell WS-650MZ-23NPP) for 1 min followed by 
annealing at 100 �C for 3 h. A 50 μL solution of 1:1(v/v) EDC(0.5M):NHS 
(0.1 M) was drop casted onto 5 � 6 mm2 of the ZnO-rGO/ITO surface 
and left for 15 min to activate the carboxylic groups in the ZnO-rGO 
nanocomposite. The activated films were then incubated with 20 μL of 
10 units/μL tyrosinase (prepared in 50 mM PBS) for 4 h to allow its 
effective covalent binding on the film surface. The films were washed 
with 50 mM PBS (pH 7.2) solution to remove the unattached enzyme 
and treated with 1 M ethanolamine to block the unbound active sites 
resulting into the desired Tyr/ZnO-rGO/ITO bioelectrodes. 

3. Results and discussion 

The efficient electrode kinetics leading to selective DA detection in 

Table 1 
Comparison of analytical parameters obtained for electrochemical detection of DA in earlier reports with the present study.  

S. 
N. 

Matrix Immobilization 
strategy 

Linear 
dynamic range 

Sensitivity LOD Time 
(s) 

Technique Ref. 

1. Pristine SWCNTs network 
electrode 

Direct 100 nM and 
500 nM 

– – – CV Bertoncello et al. 
(2007) 

2. Tyrosinase/SWNTs–Ppy Enzymatic 
(covalently attached) 

5–50 μM 467 mA/M cm2 5 μM <5 Amperometry Min and Yoo 
(2009) 

3. EDTA-reduced Graphene/ 
nafion/GC 

Direct 0.2–25 μM – 0.01 μM - DPV Hou et al. (2010) 

4. MWCNTs/GONRs/GC Direct 0.15–12.15 μM – 0.08 μM 2.125 Amperometry Sun et al. (2011) 
5. Tyrosinase/poly(indole-5- 

carboxylic acid)/GC 
Enzymatic 
(covalently attached) 

0.5–20 μM 6.2 A/M cm2 with UA 
& 2.3 A/M cm2 with 
AA 

0.1–0.5 
μM 

– Amperometry Maciejewska et al. 
(2011) 

6. GO-Ag/Poly-L-Lysine/GC Direct 0.1–10 μM 1.48 μA/μM 0.03 μM – DPV Guo et al. (2015) 
7. Tyrosinase/NiO/ITO Physical 2–100 μM 60.2 nA μM� 1 1.038 μM 45 CV Roychoudhury 

et al. (2016) 
8. Carbon paste electrode/GO Direct 0.08–2.30 μM - 8.60 nM - DPV Ghoreishi et al. 

(2016) 
9. Gallic acid-RGO/AuNPs Direct 0.01–100.3 μM 3.58 μA μM� 1 cm� 2 2.6 nM – DPV Thirumalraj et al. 

(2017) 
10. GO-ionic liquid-AuNPs/GC Direct 7 nM-5 μM – 2.3 nM – DPV Li et al. (2017) 
11. Poly(3,4- 

ethylenedioxythiophene)/rGO/ 
GC 

Direct 19.6–122.8 μM 3.27 μA μM� 1 cm� 2 1.92 μM – DPV Cogal et al. (2018) 

12. Tyrosinase/ZnO-rGO/ITO Enzymatic 
(covalently attached) 

0.1–1500 pM 39.56 � 0.41 μA nM� 1 8.75 �
0.64 pM 

0.34 �
0.09 

DPV Present Study  
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the pM range was achieved by incorporating ZnO NPs (IEP ~ 9.4) onto 
rGO sheets that provided faster electron mobility and biochemical sta
bility to the tyrosinase enzyme immobilized on the electrode surface. 
The combined structural and electrochemical properties of ZnO-rGO 
made the system more susceptible to changes in its local environment, 
allowing more effective biosensing. The coming sections give the 
detailed information on bioelectrode fabrication, characterization and 
DA detection. 

3.1. Characterization of ZnO-rGO nanocomposites 

The successful formation of ZnO-rGO nanocomposite was corrobo
rated using x-ray diffraction (XRD), ultraviolet-visible (UV–Vis) spec
troscopy, Raman and transmission electron microscopy (TEM) studies, 
that have been discussed in the supporting information (see Figs. S1 and 
S2) and matched well with our previous studies (Verma and Singh, 
2019). This section gives the elemental and chemical state analysis of 
ZnO-rGO nanocomposite through x-ray photoelectron spectroscopy 
(XPS) studies. The XPS survey spectra for GO, ZnO NPs, ZnO-rGO sam
ples over a wide binding energy (BE) range is shown in Fig. S3 of sup
porting information. The C 1s core level spectra for GO, ZnO-rGO and 
Tyr/ZnO-rGO along with fitting components are shown in Fig. 2a. For 
GO, five nearly Gaussian peaks, centred at 284.5 (C––C/C–C), 285.9 
(C–OH), 286.8 (C–O), 287.5 (C––O) and 288.4 (-COOH) eV BE, have 
been used to fit C 1s core level (Verma et al., 2017; Datsyuk et al., 2008; 
Kumar et al., 2015, Liu et al., 2018). For ZnO-rGO, a significant decrease 
in the C–O and increase in C–OH compared to GO was observed, along 
with appearance of two additional components centred at 290.1 
(O–C––O) and 291.4 (carbonate) eV BE (Datsyuk et al., 2008; Kumar 
et al., 2015, Liu et al., 2018). The C 1s core level of Tyr/ZnO-rGO 
showed an additional component at lower BE side which was ascribed 

to C–Na coming from the chelation of Na ions in PBS (used for tyrosinase 
preparation) with the enzyme carbon atoms. Fig. 2b shows Zn 2p core 
level spectra for ZnO NPs and ZnO-rGO nanocomposite. For ZnO NPs, 
observed BE positions and spin-orbit splitting of Zn 2p3/2 (1021.4 eV) 
and Zn 2p1/2 (1044.5 eV) doublet were close to characteristic values of 
Zn2þ in ZnO (Liu et al., 2018; Pradhan and Leung, 2008; Yuan et al., 
2016; Kim et al., 2017). Additional features at higher BE side, observed 
for ZnO-rGO nanocomposite, is attributed to Zn(OH)2 formation on the 
surface of composite (Pradhan and Leung, 2008). Interestingly, a shift in 
Zn 2p core level of ZnO-rGO nanocomposite towards higher BE side by 
0.8 eV compared to ZnO NPs was observed. Such shift has also been 
observed in other ZnO containing composites and can be taken as clear 
evidence of electronic interaction/charge transfer between ZnO NPs and 
rGO (Liu et al., 2018; Yuan et al., 2016; Kim et al., 2017). 

3.2. Electrochemical studies on ZnO-rGO/ITO electrodes 

The electrochemical activity of ZnO-rGO/ITO was measured via CV 
in 3 mM Zobell’s solution at varying scan rates within the range 
0.01–0.15 Vs-1. The results showed that with increase in scan rate, both 
the redox peak currents (Ipa and Ipc) and the peak separation potential 
(ΔEp ¼ Epa� Epc) of the ferro-ferri couple at ZnO-rGO/ITO electrode 
increased (Fig. 3a), indicating Nernstian behaviour with quasi- 
reversible electron-transfer kinetics. The quasi-reversible regime was 
also proved by the Ipa/Ipc ratio that lay in the 1.10–1.17 range (Wang, 
2006b). Further, the anodic (Ipa) and cathodic (Ipc) peak currents 
exhibited linear dependence on the square roots of scan rates (Fig. 3b), 
suggesting the redox process at the electrode surface to be dominantly 
diffusion-controlled. Using the Randles-Sevcik equation (eq. (1)) (Bard 
and Faulkner, 2001), the electrochemical diffusion coefficient (D) was 
determined to be 1.74 � 10� 5 cm2 s� 1. 

Fig. 1. Schematic representation of the fabrication and working of Tyr/ZnO-rGO/ITO biosensing platform.  
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Fig. 2. (a) C 1s core level spectra (open circles) for 
GO, ZnO-rGO and Tyr/ZnO-rGO samples. Fitted data 
(solid line) and deconvoluted fitting components 
(shaded and patterned regions) are also shown; (b) Zn 
2p core level spectra for ZnO NPs and ZnO-rGO; (c) N 
1s core level for Tyr/ZnO-rGO. All the spectra have 
been normalized to have same peak height at the 
highest peak for ease of comparison. (d) 3D structure 
(using VMD) of Tyrosinase enzyme of Agaricus bis
porus showing a tetramer complex comprising of two 
H subunits of ~392 residues and two L subunits of 
~150 residues. The H subunit contains a binuclear 
copper-binding site in the deoxy-state, in which three 
histidine residues coordinate each copper ion. The 
side chains of these histidines have their orientation 
fixed by hydrogen bonds or, in the case of His85, by a 
thioether bridge with the side chain of Cys83.   

Fig. 3. (a) CV curves recorded at ZnO-rGO/ITO 
electrode in 3 mM Zobell’s solution at scan rates 
ranging from 0.01 to 0.15 Vs-1. (b) Plot showing 
variation of anodic (Ipa) and cathodic (Ipc) peak cur
rents with respect to square root of scan rate values. 
Surface modification of electrodes after each modifi
cation step studied by (c) CV curves recorded at scan 
rate of 0.05 Vs-1 and (d) Nyquist plots recorded at 
potential 0.2 V with frequency range of 0.1 Hz–100 
kHz, in 3 mM Zobell’s solution. (d)-Inset: Schematic 
diagram of Randles electronic circuit.   
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Ip ¼
�
2:69 � 105� n3=2 A C D1=2 ν1=2 eq. 1 

Here, Ip is the anodic/cathodic peak current (in amperes), n is the 
number of electrons involved in the redox process, A is the active surface 
area of the electrodes (in cm2), C is the molar concentration of the redox 
species (in mol.cm� 3) and ν is the applied scan rate (in Vs� 1). 

Nicholson’s method (Nicholson, 1965) was applied to estimate the 
standard heterogeneous rate constant (k�) using eq. (2), 

ψ ¼ kο ½πDnνF=RT�� 1=2 eq. 2  

where, ψ is the Nicholson’s kinetic parameter dependent on ΔEp, n is the 
number of electrons transferred in the oxidation/reduction process 
(here, n ¼ 1), F is the Faraday constant, R is the universal gas constant 
and T is the temperature (in Kelvin). Values of ψ were determined for 
every scan rate in the range 0.01–0.15 Vs-1 from Lavagnini’s equations 
(Lavagnini et al., 2004) where, ψ varied linearly with ½πDnνF=RT�� 1=2 

(Fig. S4, supporting information). The value of k� was obtained to be 
1.76 � 10� 3 cm s� 1 from the slope of ψ vs ½πDnνF=RT�� 1=2 plot. 

Further, the change in electrochemical activities of the electrodes 
after every modification step was explored by CV where the redox curves 
for 3 mM Zobell’s solution were obtained at a fixed scan rate of 0.05 Vs-1 

(Fig. 3c). The CV curves clearly indicated that GO/ITO exhibited low 
redox current as compared to ZnO NPs/ITO electrode. The enhancement 
in redox current for ZnO NPs/ITO electrode may be due to direct band- 
gap and high electron transfer capability of ZnO NPs (Arya et al., 2012). 
On the other hand, ZnO-rGO/ITO electrode featured superior electron 
transfer than both GO/ITO and ZnO NPs/ITO electrodes as evident from 
its high redox current and low peak separation potential 
(Table T1-supporting information). This enhancement could be attrib
uted to the overall reduction in the electrochemical bandgap of the 
nanocomposite in comparison to its precursors, that plays a vital role in 
facilitating facile and improved electron mobility across its surface. The 
bandgap values obtained from CV are as follows: 3.20 eV (GO/ITO), 
3.75 eV (ZnO NPs/ITO), and 2.21 eV (ZnO-rGO/ITO) (see Fig. S5, sup
porting information for details). 

To further corroborate the observed variation in electron transfer 
kinetics for the above mentioned three electrodes along with enzyme 
modified electrode, EIS measurements were carried out in 3 mM Zobell’s 
solution. Nyquist plots (Fig. 3d) consisting of imaginary part (Z’’) versus 
real part (Z’) were simulated according to the Randles equivalent circuit 
model shown in Fig. 3d-inset. The circuit consists of the RS component 
which is the ohmic resistance from the solution, in series with the 
combination of constant phase element (CPE) parallelly combined with 
the charge transfer resistance (RCT) of the Faradaic process and the 
Wargburg impedance (ZW) component arising from the mass diffusion 
towards the electrode surface. Herein, the CPE component is incorpo
rated instead of the true double layer capacitance (Cdl) due to hetero
geneity in the electrode surface that contributes to the imperfect 
capacitance. The obtained RCT values corresponding to the Faradaic 
process taking place at various modified electrodes are given in Fig. 3d 
and in Table T1-supporting information. A notably small RCT value was 
obtained in case of ZnO-rGO/ITO electrode in comparison to others, 
advocating its expeditious electron transfer capabilities and potential as 
an efficient transducer matrix. 

3.3. Enzyme immobilization and response studies of Tyr/ZnO-rGO/ITO 

Once the electrode surface was fully characterized, the EDC-NHS 
chemistry was used to covalently bind the tyrosinase enzyme to the 
ZnO-rGO/ITO electrodes through amide linkages between the amine 
groups in the enzyme and the carboxylic groups on rGO. FTIR mea
surements confirmed the successful immobilization of enzyme as 
evident from the appearance of peaks corresponding to the stretching 
frequencies (3352 cm� 1 N–H, 1637 cm� 1 amide C––O, 1267 cm� 1 C–N) 
of the amide group functionalities in the enzyme (Fig. S6, supporting 

information). The tyrosinase immobilization on the ZnO-rGO film sur
face was also further confirmed from the XPS survey spectrum (Fig. S3 in 
supporting information) and N 1s core level spectrum of Tyr/ZnO-rGO 
(Fig. 2c). N 1s signal observed for Tyr/ZnO-rGO sample has been 
fitted with two components. BE position of the main N 1s peak is found 
to be 399.3 eV, which is close to the expected BE value for amide 
(NH–C––O) (Verma et al., 2017; Stathi et al., 2015). It evidences 
attachment of tyrosinase to ZnO-rGO nanocomposite. Higher BE N 1s 
component (400.1 eV) can be linked to pyrrolic-N in histidine molecules 
of tyrosinase enzyme (Fig. 2d) (Stathi et al., 2015). 

Further, the reduction in redox current after tyrosinase immobili
zation due to the slow electrode kinetics offered by the non-conducting 
layer of the enzyme on the electrode surface corroborates the presence 
of tyrosinase (Fig. 3c). Correspondingly, the Tyr/ZnO-rGO/ITO bio
electrode also exhibited a higher RCT value, a signature of the sluggish 
electron transfer process as a result of tyrosinase immobilization 
(Fig. 3d). 

The electrochemical response of Tyr/ZnO-rGO/ITO was investigated 
using a more sensitive technique i.e., differential pulse voltammetry 
(DPV). In this, the bioelectrode response was first optimized in terms of 
the experimental parameters that govern the efficient detection of DA. 
The working pH and enzyme loading were optimized, and are given in 
supporting information (see Fig. S7) in detail. The pH of 6.9 as working 
pH and enzyme concentration of 200 U for immobilization were chosen 
after optimization for designing the biosensor for effective detection of 
DA. 

Once the experimental conditions were optimized, the bioelectrodes 
were exposed to different concentrations of DA (0.1–1500 pM) and the 
oxidation reaction was monitored through the electrochemical response 
recorded using DPV technique in 3 mM Zobell’s solution. As evident 
from Fig. 4a, clear distinct oxidation peaks were obtained at 0.226 �
0.007 V for all the exposed concentrations of DA as a result of facile 
electron transport facilitated by ZnO-rGO nanocomposite. The mediator 
assisted tyrosinase catalyzed oxidation reaction of DA (depicted in the 
following reaction sequence), served as the channel for availability of 
electrons at the bioelectrode surface causing increase in oxidation cur
rent with increase in DA concentration. 

Dopamineþ TyrðoxÞ→Dopamine � o � quinoneþ 2Hþ þ TyrðredÞ

TyrðredÞ þ 2
�
FeðCNÞ6

�3� ⇌TyrðoxÞ þ 2
�
FeðCNÞ6

�4�

2
�
FeðCNÞ6

�4� ⇌2
�
FeðCNÞ6

�3�
þ 2e�

The reactions show that the enzymatic oxidation of DA leads to 
simultaneous reduction of the tyrosinase enzyme. The enzyme regen
eration after DA oxidation is then accomplished by reduction of [Fe 
(CN)6]3- (ferricyanide ions) that act as a mediator for scavenging elec
trons from the enzyme’s active site and themselves get reduced to [Fe 
(CN)6]4- (ferrocyanide ions) increasing the amount of the latter at the 
bioelectrode surface. The oxidation of the accumulated ferrocyanide 
ions to ferricyanide ions caused by the applied potential gives the 
analytical signal corresponding to DA concentration. A calibration curve 
for the obtained oxidation current values with respect to exposed DA 
concentrations showed a linear trend with a regression coefficient of 
0.99 (Fig. 4b). The slope of the calibration curve gave the sensitivity of 
the fabricated biosensor as 39.56 � 0.41 μA nM� 1 and the lower limit of 
detection (LOD) was estimated as 8.75 � 0.64 pM from eq. (3) (Tiwari 
et al., 2016; Miller and Miller, 2010), 

LOD¼ k � σ=S eq. 3 

Here, k (¼ 3 at statistical confidence of 99.6%) is the confidence level 
parameter, σ is the standard deviation of the current values for control 
sample and S is the sensitivity obtained from slope of the calibration 
curve. This obtained LOD is significantly lower than other enzyme-based 
and direct electrochemical biosensors reported in the literature (see 
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Table 1). 
Chronoamperometry measurements were performed to determine 

the response time of the fabricated biosensor. The sensor showed an 
instant response within 0.34 � 0.09 s in terms of signal enhancement on 
each addition of DA, thus demonstrating its ultrafast response mecha
nism as shown in Fig. 4b-inset. Further, the Michaelis-Menten constant 
(Km) value of 52.20 pM for immobilized tyrosinase enzyme was deter
mined by Hanes plot (Fig. 4c) indicating high affinity of tyrosinase 
enzyme towards DA. In addition, control experiments performed in the 
absence of enzyme (Fig. 4d) and/or mediator (Fig. S8, supporting in
formation) showed feeble and erratic trends, respectively, establishing 
the important role of these molecules in the biosensing process of the 
fabricated biosensor. 

3.4. Selectivity, shelf-life and reusability studies 

To ensure that the fabricated biosensor does not give false positives 
on exposure to other biomolecules, we recorded the selectivity of our 
sensor by measuring its analytical response in presence of different 
analytes like glucose (glu), UA, AA and serotonin that co-exist with DA 
in biological fluids (Fig. 5a). The interference from these analytes was 
estimated from the selectivity coefficient, ksel, that was determined 
using eq. (4) (Verma et al., 2019). 

ksel ¼ ðSignalÞinterferent

�
ðSignalÞDA eq. 4 

In all the cases, the estimated ksel values were found to be signifi
cantly low i.e. « 1 (see Fig. 5a-inset) suggesting minimal effect of these 
molecules on the biosensor response. The shelf-life of the sensor was 
determined by recording the response of three sets of bioelectrodes to
wards 300 pM DA after every 15 days duration (Fig. 5b). Our results 
showed that when stored at 4 �C, the biosensor remained stable up to 3 
months with RSD <4.2% (n ¼ 3). Furthermore, significant reusability of 
the biosensor was seen as it exhibited > 90% response for up to 54 cycles 
(RSD < 3.1%) when exposed to 300 pM DA (Fig. 5c). 

3.5. Real sample analysis 

The clinical utility of the biosensor was demonstrated by repeating 
the experiments in spiked serum samples. For this purpose, human 
serum obtained from blood bank was diluted 20 times with Zobell’s 
solution and spiked with different amounts of DA. The responses of the 
biosensor towards spiked DA samples were then recorded using DPV and 
compared with the results obtained for standard solutions of DA shown 
in section 3.3. The % recovery values of the spiked DA samples calcu
lated using eq. (5) (Verma et al., 2019) were found to lie in the range of 
89–96% (see Fig. S9 and Table T3, supporting information) indicating 
insignificant impact of test-sample matrix on the sensor response. 

% Recovery¼
Ci � Co

Cx
� 100 eq. 5 

Here, Ci and Co are the experimentally obtained concentrations of DA 
in spiked and unspiked serum samples, and Cx is the concentration of DA 
actually spiked into the serum samples. Thus, detailed characterization 
and response studies show that our sensor is highly suitable for reliable 
and sensitive detection of DA in biological samples. 

4. Conclusions 

We have successfully demonstrated a highly sensitive and robust 
electrochemical biosensing platform for efficient detection and quanti
fication of DA using tyrosinase immobilized ZnO-rGO nanocomposites 
onto ITO electrodes. The nanocomposite matrix comprising of 4–6 nm 
ZnO NPs uniformly embedded on rGO sheets allowed efficient charge 
transfer. At an optimum pH of 6.9 and tyrosinase loading capacity of 200 
U, the assay displayed a wide dynamic range of 0.1–1500 pM with a high 
sensitivity of 39.56 � 0.41 μA nM� 1 and LOD as low as 8.75 � 0.64 pM. 
This LOD is by far the lowest reported for electrochemical detection of 
DA. The response time of the sensor was only 0.34 � 0.09 s and it was 
highly selective for DA in a wide range of components found in the blood 
serum. The shelf-life of the sensor was approx. 3 months and it could be 
used for > 50 times while retaining up to 90% activity. The % DA 

Fig. 4. (a) DPV response of Tyr/ZnO-rGO/ITO bio
electrodes towards different DA concentrations. (b) 
Calibration curve plotted between DPV response 
current and exposed DA concentrations. (b)-Inset: 
Current vs time plot showing chronoamperometric 
response of Tyr/ZnO-rGO/ITO bioelectrode towards 
DA. (c) Hanes plot to determine the Michaelis-Menten 
constant (Km) associated with enzyme activity. (d) 
Comparison of responses between ZnO-rGO/ITO and 
Tyr/ZnO-rGO/ITO electrodes towards different DA 
concentrations.   
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recovery in spiked serum samples was found to be close to 90% estab
lishing the high diagnostic potential of our biosensing system for clinical 
diagnosis of neuronal disorders. 
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