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A B S T R A C T   

We report the synthesis of a novel electrochemical biosensor comprising of cupric oxide (CuO) nanoparticles 
(NPs) mediated poly(hydroxybutyrate) (PHB) composite film with polyvinyl alcohol (PVA) as a binder/template 
support using the solution casting method for the detection of a biomolecule i.e., ascorbic acid (AA). The 
specimens were characterized for surface, chemical, mechanical, optical, and electrochemical attributes. The 
results expressed regular mediation of CuO NPs in the PHB/PVA matrix towards nanobiocomposite formation 
with enhanced crystallinity, inter-molecular interactions, mechanical, and electrochemical attributes, and 
decreased hydrophilicity and bandgap, thus being useful in potential optoelectronic devices. The synthesized 
biocomposite film exhibited a tensile strength of 86.24 ± 4.10 N which might be due to reinforcement/uniform 
dispersion of the CuO nanofiller in the PHB-based matrix. The PHB/CuO composite, then, deposited on a glassy 
carbon electrode surface exhibited good electrocatalytic activity towards the AA in the aqueous media even at 
low analyte concentrations. Such modified electrode surfaces with metal/biopolymer complex could find 
possible applications in the detection of other bioactive molecules.   

1. Introduction 

Sensors are the integrated analytical devices employed based on 
specific mechanisms to recognize or determine an analyte or a physical 
property and respond, accordingly [1]; examples are gas, pressure, bio-, 
and chemical sensors [2]. They are employed in widespread applications 
such as in food to detect any toxins, fire industry to detect any hazardous 
gases, and in controlling armours and executing biomedical diagnostics 
[3,4]. Generally, biosensors are either comprised of any biomaterial or 
used to recognize any biomolecule for life science applications such as in 
molecular biology, diagnostics, bio-telemedicine, food safety control, 
drug discovery, environmental biology, and so on [5,6]. An electro
chemical biosensor usually comprises a set of electrodes that may 
translate a redox change into an electrical signal in terms of current 
density, conductance, resistance, or capacitance against an applied 
electrical potential on the biosensor's surface. Such devices possess a 
biological recognition system comprising some bioactive species such as 
nucleic acid, enzymes, cells, proteins, receptors, or antibodies that may 
interact specifically with the targeted analytes producing an electrical 

signal associated with the concentration of the test analyte [7]. The 
biosensors may be electrochemical, thermometric, optical, or piezo
electric based on working modes [1,8,9]. 

Synthetic polymers like polyethylene terephthalate, polyurethanes, 
polyacrylonitrile, etc. could be used as base-matrix for sensing appli
cations due to their stability, flexibility, low weight, cost, disposability, 
and so on [10–12]. However, synthetic polymers are usually non- 
biodegradable and pose a serious threat to the environment. In the 
above context, poly(hydroxybutyrate) (PHB) might be evaluated as a 
sustainable alternative to synthetic polymers given its biodegradable, 
eco-friendly, and modifiable nature. However, it exhibits some inherent 
limitations for its widespread applications including high crystallinity 
and brittleness, low tensile strength, elongation, electrical conductivity, 
and large bandgap. Likewise, it may express poor selectivity and sensi
tivity for the said purposes. This limits its applications in electro
chemical systems for biosensing applications [13]. This could be 
compensated by fabricating its composites with either intrinsic con
ducting polymers, nanocarbons [14], or some metal sulfides [15] and 
oxides [16,17]. The incorporation of conducting nanofillers might 
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enhance the structural, optical, and electrical properties of the resultant 
nanobiocomposites. 

Cupric oxide (CuO) is a semi-conducting material with a monoclinic 
structure, which exhibits a direct bandgap of 2 eV. Its incorporation in 
polymer-based sensors may accelerate and sensitize the response owing 
to their significantly large surface area and porous structure. The CuO 
nanoparticles (NPs) incorporated in the polymer matrix may be a viable 
solution to address the drawbacks associated with polymer-based 

biosensors. The incorporation of CuO NPs into the PHB matrix may 
enhance the mechanical properties and impart electrical conductivity in 
the resultant nanocomposite desirable for electrochemical sensing de
vices. Such nanocomposites have received great attention for their po
tential applications in biosensing [18,19]. 

The biosensors reported in the literature express low stability and 
less reusability with weak sensitivity and delayed response which needs 
improvement in the electrochemical context. The present research 

Fig. 1. Schematic illustrations of a) the synthesis of PHB-based nanobiocomposite film and b) over view of the study.  
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focuses on the fabrication of a metal-to-biopolymer complex for 
enhanced sensitivity and stability of biosensors comprised of CuO NPs 
mediated into the PHB matrix. The prepared PHB/CuO/PVA (designated 
nanobiocomposite) films were investigated using advanced analytical 
tools. The nanobiocomposite film was also deposited on a glassy carbon 
electrode (GCE) surface for electrochemical analysis. We found no 
report on the biosensing behavior of CuO NPs mediated by PHB nano
biocomposite films for electrochemical sensing of ascorbic acid (AA) in 
the aqueous media. 

2. Materials and methods 

2.1. Materials 

Poly(hydroxybutyrate) (PHB), (molar mass = 362.5 g/mol), polyvi
nyl alcohol (PVA) (C2H4O)n Mw ~1500 g/mol, cupric oxide (CuO), 
dimethylformamide [DMF, (CH₃)₂NCH], potassium chloride (KCl), po
tassium ferricyanide (KFeCN), nitric acid, Nafion soution, ascorbic acid, 
phosphate-buffered saline (PBS, pH 7), n-hexane, n-hexadecane, 
toluene, and ethylene glycol were purchased from Sigma-Aldrich. All the 
materials were of analytical grade and used without any additional 
refinement processes. 

2.2. Fabrication of nanobiocomposite films 

The PHB-based nanobiocomposite films were prepared using the 
solution casting approach [20,21]. Briefly, PHB powder (3 %, w/w) was 
dispersed in DMF media under magnetic stirring at 500 rpm and 57 ◦C 
for 1 h. CuO NPs (1–3 %, w/w) were added to the prepared PHB solution 
and continued stirring for 1 h more. PVA (as 3 %, w/w) was separately 
dissolved in water via magnetic stirring under the same conditions. Both 
liquors were combined and homogenized at 1000 rpm and 57 ◦C for 1 h. 
The resultant mix was ultra-probe sonicated for 30 min to avoid any 
agglomeration in the blend and then transferred to a Petri plate and left 
to dry to constant mass in a vacuum oven at 40 ◦C. The dried nano
biocomposite film was peeled off and analyzed, accordingly. The sche
matic diagram illustrating the above process and overview of the study 
are shown in Fig. 1. 

2.3. Analytical characterization 

A scanning electron microscope (SEM) (FEI Quanta 250, USA) 
coupled with an energy-dispersive x-ray (EDX) and transmission elec
tron detectors was used to examine the surface morphology and 
elemental analysis of the prepared samples, operated at an acceleration 
voltage of 15 kV. Attenuated total reflectance - Fourier transform 
infrared (ATR-FTIR) spectroscope (Bruker Tensor 27) operated in the 
wavenumber range of 4000–600 cm− 1 was used to determine any 
chemical interactions among the precursors during nanocomposite for
mation. The crystalline patterns, properties, and phase purity of the 
prepared samples were assessed using an x-ray diffractometer (XRD, 
X'Pert XRD) containing a radiation source of CuKα (1.54 Å) operated in 
the 2θ range of 10–50◦. 

An optical tensiometer (Theta Lite) was employed to measure the 
water contact angle (WCA) of the prepared films at different time in
tervals. The surface energy profiles of the test films were measured using 
Young's Eq. (1): 

σS = σSL + σLcosθ (1)  

where, σS = surface energy of solid surface; σL = surface tension of 
liquid; σSL = interfacial tension between solid surface and liquid and θ =
contact angle between solid and liquid. The Good's Eq. (2) expresses: 

σSL = σS + σL − 2
(
σD

L σD
s

)1/2
− 2

(
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D = dispersive component of liquid surface tension; σL

P = polar 
component of liquid surface tension; σS

D = dispersive component of solid 
surface energy and σS
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This is the equation of a straight line i.e., y = mx + c. 
The tensile strength and elongation at the break of the specimens 

were recorded under the standard test method of ASTM D3822 using a 
universal testing machine (UTM, Instron 4302, USA). The absorption 
spectrums were acquired using a UV vis. spectrophotometer (UV-2800 
BMS) in the 200–800 nm range. A frequency response analyzer (FRA, 
SA/RA-40 Core technology group, USA) was employed for the mea
surement of AC conductivity of the test specimens in the frequency range 
of 1 Hz to 8 MHz. 

2.4. Fabrication of nanobiocomposite sensor 

The sensors were prepared using the GCE polished with alumina 
slurries (average particle size 1.0, 0.3, and 0.05 μm) followed by 
washing in steps with ethanol, 1 M nitric acid, and deionized water, and 
finally purged under nitrogen. The cleaned mirrored electrode surface 
was drop-coated with 10 μL of CuO NPs-mediated PHB dispersion in 
water (as 9 μg/μL). The deposited layer was covered with a 0.2 μL drop 
of Nafion (10 %) and dried at room temperature. The hence prepared 
nanobiocomposite deposited GCE was used as a working electrode in the 
electrochemical analysis. In control experiments, the bare GCE was 
used, accordingly. 

2.5. Electrochemical analysis 

The cyclic voltammograms (CVs) were recorded using a potentio
stat/galvanostat (Autolab) coupled with a three-electrodes system that 
includes modified GCE as the working electrode, Ag/AgCl as a reference 
electrode, and the glossy carbon rod as a counter electrode. The pre
liminary analyses were performed against the standard analyte of 
KFeCN (5 mM) in the presence of 1 M KCl as a supporting electrolyte in 
the aqueous media. Then, the electrochemical run was executed on 
PHB/CuO deposited GCE against AA in the PBS media (pH 7). Prior, all 
the solutions were purged with pure (99.99 %) nitrogen gas for the 
removal of any entrapped air bubbles. The CV analyses were carried out 
at different scan rates of 10, 50, and 100 mV s− 1 in the potential range of 
− 1.0 and 1.0 V at 25 ◦C. The environmental stability of the prepared 
sensor towards electrochemical sensing was evaluated by recording its 
CV response against the AA (10 mM) for up to three months at the scan 
rate of 100 mV s− 1. For that purpose, the nanobiocomposite deposited 
GCE surfaces were prior exposed to ambient conditions i.e., 25 ◦C with 
65 % relative humidity. 

3. Results and discussion 

3.1. Synthesis chemistry of nanobiocomposite 

It has been well established that inorganic nanofillers like CuO NPs 
significantly enhance the mechanical and electrical properties of 
polymer-based nanocomposites. The phenomena could be attributed to 
the structural re-orientation of constituent moieties towards uniform 
nano-dispersed composite film formation. The process, herein, could be 
controlled by H-bonding offered by the PVA matrix used both stabilizing 
as well as binding agent. The amphiphilic nature of PHB may allow polar 
interactions with the hydrophilic moieties both at PVA and CuO NPs 
where their hydrophobic segments develop dispersive interactions with 
the hydrocarbon chains. The large surface and crystalline nature of CuO 
NPs could allow the orientation of polymer segments over them in the 
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presence of PVA as the binder (Fig. 2). The physicochemical and elec
trical properties of the prepared samples have been described below. 

3.2. Surface morphology 

The SEM image of PHB/PVA blended film expressed a smooth sur
face and good miscibility of the precursors (Fig. 3a). The native CuO NPs 
exhibited spherical morphologies as expressed by the SEM/TEM images 
(Fig. 3b). The SEM images of nanobiocomposite expressed uniformity 
and regular mediation of CuO NPs in the PHB matrix (Fig. 3c) which 
might be facilitated by the H-bonding across the multi-components with 
PVA acting as the binding template [22]. The elemental analysis results 
of the test films have been placed on the corresponding SEM images. The 
results demonstrated that the PHB/PVA blended film expressed carbon 
(C) and oxygen (O) contents of 73.23 and 26.77 (%, w/w). The CuO NPs 
contained C and O contents as 85.22 and 14.78 (%, w/w), respectively; 
whereas on mediating them into the PHB/PVA matrix, the respective 
contents were revised to 54.69 and 13.21 (%, w/w), respectively, with 
the inclusion of copper (Cu) as 32.23 (%, w/w). The results demon
strated that oxygen-containing moieties in the nanocomposite films 
were reduced/less available due to their engagement with the CuO NPs 
under H-bonding thus making the resultant nanobiocomposite film less 
hydrophilic as is evident from WCA analysis [13]. 

3.3. FTIR analysis 

The FTIR spectra of PVA, PHB, CuO NPs, and nanobiocomposite are 
shown in Fig. 4A. The characteristics transmission peaks for PVA were 
observed at 3290, 2920, 1708, 1430, 1370, 1245, 1084, and 840 cm− 1 

which were assigned to the hydroxy (O–H), -CH2, carbonyl (C=O) 
stretching vibrations, C–H bending vibration of CH2, C–H vibrational 
bands, C–H wagging, C–O stretching of acetyl groups and the C–C 
stretching vibration, respectively [23,24]. The native PHB expressed 
some weak peaks at 3443 cm− 1 for the terminal -OH group, 2937 and 
2969 cm− 1 for the -CH3 group, and 1452 cm− 1 for the asymmetric 
bending of the -CH2 (or -CH3). The presence of an ester carbonyl group 
was indicated by a sharp peak at 1727 cm− 1, while those at 1282 cm− 1 

corresponded to the -CH stretching vibration and 1377 cm− 1 to the 
asymmetric bending -CH3 group of the PHB matrix [25]. The FTIR 
spectrum of CuO NPs showed a single peak at 1442 cm− 1 which 
resembled the C–H stretching vibration [26]. The aforementioned 
precursors with some unavoidable peak shifts indicated their successful 
intercalation towards uniform nanobiocomposite formation. The peak 

associated with the -OH stretching vibration blue-shifted from 3290 to 
3367 cm− 1 which could be inferred to the H-bonding across the polar 
moieties at CuO NPs and the -OH prevailed on the polymer backbone 
[27]. The peak associated with carbonyl stretching blue-shifted from 
1727 to 1720 cm− 1 - which might be indicating enhanced carbonyl 
density both due to PVA and PHB matrices in the nanobiocomposite. 

3.4. XRD analysis 

The XRD patterns of PVA, PHB, CuO NPs, and nanobiocomposite are 
shown in Fig. 4B. A broad diffraction peak (1 0 1) at 2θ of 19.9◦ was 
observed indicating the semi-crystalline nature of the PVA matrix with 
an interplanar distance (d) of 0.44 nm calculated using the Bragg's 
equation: nλ = 2dsinθ; where, n, λ, and θ represents diffraction order, 
the wavelength of the x-ray source, and diffraction angle, respectively 
[28,29]. The mean crystallite size was calculated as 2.1 nm which is 
supported by previous reports [16,27]. The native PHB expressed 
diffraction peaks at 2θ of 13.6◦ (0 2 0), 16.9◦ (1 1 0), 21.5◦ (1 0 1), 22.6◦

(1 1 1), 25.5◦ (1 2 1) and at 27.1◦ (0 4 0) [30–32]. The peaks at 2θ of 
13.6◦ (0 2 0) and 16.9◦ (1 1 0) indicated the orthorhombic unit cell and 
those at 2θ of 21◦ (1 0 1) and 22◦ (1 1 1) corresponded to α-PHB crystal 
whereas at 2θ of 25◦ (1 2 1) and 27◦ (0 4 0) indicated the PHB's semi- 
crystalline nature [31]. 

The XRD data confirmed the monoclinic system of CuO NPs, and 
well-matched the respective JCPDS card data (80-0076). The CuO NPs 
diffraction peaks appeared at 2θ of 32.60, 35.56, 38.77, and 48.89◦ with 
the respective diffraction planes of (1 1 0), (0 0 2), (1 1 1), and (-2 0 2) 
(with point group: 2/m and space group: C2/c) [27,33]. The average 
crystallite size (D) of CuO NPs was calculated as 50 nm using Debye- 
Scherrer's formula: D = k λ

βcosθ; where, k is an empirical constant (= 0.9 for 
the spherical particles), λ is x-ray wavelength (1.54 Å for CuKα), β is the 
full width at half maximum (FWHM), and θ is the diffraction angle [34]. 
The cell parameters were evaluated to be: a = 0.46891 nm, b = 0.34214 
nm, and c = 0.51276 nm in agreement with the JCPDS card data (80- 
0076) [33]. 

The nanobiocomposite film expressed the characteristic diffraction 
peaks of the aforementioned precursors at 2θ of 19.9◦ (1 0 1), 13.6◦ (0 2 
0), 16.9◦ (1 1 0), 21.5◦ (1 0 1), 22.6◦ (1 1 1), 25.5◦ (1 2 1), 27.1◦ (0 4 0), 
32.60◦ (1 10), 35.56◦ (0 0 2), 38.77◦ (1 1 1), and 48.89◦ (− 2 0 2). This 
indicated phase purity and successful formation of nanobiocomposite 
film. The sharp peaks associated with CuO NPs were tracked in the 
nanobiocomposite indicating their good dispersity in the matrix in the 
presence of PVA as binder and stabilizer [27]. The semi-crystalline 

Fig. 2. Schematic illustration interaction of various components during PHB-based nanobiocomposite formation.  
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nature of the synthesized nanobiocomposite was confirmed by the 
appearance of several crystalline peaks in its XRD spectrum. The FWHM 
of nanobiocomposite diffraction peaks indicates the possession of CuO 
NP's crystal structure even after their incorporation in the blended ma
trix. An overall reduction in the peak intensities associated with the PHB 
segments in the nanobiocomposite could be due to its reduced contents 
here as compared to that in the pristine PHB matrix. 

3.5. Contact angle analysis 

The investigation of the surface behavior of the synthesized films was 
done by taking contact angle measurements in a controlled chamber (at 
25 ◦C) (Fig. 5A). Since PVA contains abundant -OH groups on its 
backbone so it exhibits inherent hydrophilicity – i.e., WCA being 57.45◦. 
On incorporating PHB, the WCA of the blended composite appeared to 
be 74.50◦, which could be attributed to the amphiphilic nature of PHB – 
containing both polar ester (-COOR) and nonpolar hydrocarbon moieties 
[13]. This amphiphilicity allows the PHB to engage in multiple non
covalent interactions with the PVA matrix may be in the form of 
dispersive forces which allow the PHB to transform the PVA's hydro
philic surface to hydrophobic [13]. On mediating CuO NPs in the bio
composite, the WCA was observed to be 88.86◦ (Fig. 5Ac) which could 
be ascribed to reduced hydrophilicity of nanobiocomposite surfaces due 
to the engagement with limited hydroxyl moieties on the CuO NPs 

surface. The CuO NPs could reduce the mobility of polymer chains in the 
blended composite by cross-linking its congeners and reducing the free 
spaces across the matrix, which in turn leads to increased hydropho
bicity. This phenomenon could further be boosted due to enhanced 
surface roughness of the resultant films as supported by SEM analysis. 
The enhanced surface roughness limits the interaction and penetration 
of the wetting liquid to the nanobiocomposite surface [35]. The contact 
angle kinetics has been shown in Fig. 5B. The results depict that after 60 
min of equilibration, the WCA on the native PVA film appeared to be 
10◦, on PHB/PVA film as 30◦ whereas on the nanobiocomposite film it 
expressed as 80◦; indicating the aqueous stability of the resultant CuO 
incorporated composite. Eq. (3) was plotted to calculate the polar and 
dispersive components of solid surface energies (Fig. 5C) using diverse 
liquids of n-hexane, n-hexadecane, toluene, ethylene glycol and distilled 
water. The average surface energies of the native PVA, PHB/PVA and 
PHB/PVA/CuO NPs films turned out to be 41.26, 68.28 and 20.88 mJ/ 
m2. The results demonstrated that on mediating the CuO NPs in the 
PHB/PVA blend composite, the surface energy values decreased 
whereas the respective WCA values increased. This indicated that the 
incorporation of nanofiller made the nanobiocomposite film more stable 
thus lessening its need to adhere the aqueous media as with distilled 
water it expressed the contact angle of 88.86◦ whereas n-hexane 
approached to 0.5◦. 

a

c

b

C 73.23 (%, w)
O 26.77 (%, w)

Cu 85.22 (%, w)
O 14.78 (%, w)

C 54.69 (%, w)
O 13.21 (%, w)
Cu 32.10 (%, w)

1µm

Fig. 3. SEM images of (a) PHB/PVA film, (b) CuO NPs, and (c) PHB/PVA/CuO nanobiocomposite.  
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3.6. Mechanical analysis 

The tensile strength and percentage elongation of the test samples 
are depicted in Fig. 5D. The results demonstrated that the native PVA 
film (of thickness 0.24 ± 0.02 mm) expressed the lowest tensile strength 
of 44.67 ± 3.20 N whereas PHB/PVA blended film (of thickness 0.25 ±
0.02 mm) showed an improved tensile strength of 66.43 ± 3.50 N which 
further improved to 86.24 ± 4.10 N in the case of nanobiocomposite 
film (of thickness 0.25 ± 0.02 mm); this was attributed to the 

reinforcement effect of the CuO NPs. The native PVA films established 
an H-bonding with the PHB congeners which resulted in improved 
tensile strength, further strengthened by incorporating CuO NPs in the 
PHB matrix [36,37]. A similar trend was observed in the case of per
centage elongation. The native PVA film showed the elongation at the 
beak as 22.18 ± 1.10 (%) which improved to 36.70 ± 1.12 (%) and then 
to 35.36 ± 1.70 (%) in the case of PHB/PVA and nanobiocomposite, 
respectively. The inclusion of small side chains, such as methyl and ethyl 
groups, of PHB in the PVA resulted in higher tensile strength, and lower 

Fig. 4. A) FTIR spectra, and B) XRD patterns of (a) PVA, (b) PHB, (c) CuO NPs, and (d) PHB/PVA/CuO nanobiocomposite.  
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percentage elongation [38]. The incorporation of CuO NPs in the 
blended composite resulted in a significant increase in the tensile 
strength of the film which could be attributed to the uniform dispersion 
and intercalation of nanofiller within the polymer template [39,40]. 

3.7. Optical analysis 

The UV–vis. absorption spectra of the test film samples are shown in 
Fig. 6A. On incorporating CuO NPs in the composite film, the absor
bance curve red-shifted from 225 to 240 nm range to 210–240 nm which 
could be attributed to the H-bonding between the -OH groups of CuO 
and PHB/PVA matrix [27]. The absorption coefficients of the test film 
samples were calculated using Lambert Beer's law: α = 2.303 A

d; where, 
A is optical absorbance, α is the absorption coefficient and d is film 
thickness [27]. The (αhν)1/2 vs. (hv) plot was evaluated for the deter
mination of the absorption edge of the test samples (Fig. 6B). The ab
sorption edge for PHB/PVA and the nanobiocomposite film was 
recorded to be 4.48 and 4.13 eV, respectively. The band gaps of the test 
films were calculated from the absorption edge data. The relation be
tween α and hv was obtained by Tauc, Mott, and Devi's equation (for α >
104 cm− 1 and hv < Eg): αhv = D(hv − Eg)γ; where, D is the tail constant, 
Eg represents the optical band gap energy and γ is the exponent having 
the value of ½ for allowed indirect bandgap transition and 2 for the 
allowed direct bandgap transition [34]. The plot of (αhν)1/2 vs. hv 
expressed the indirect bandgap energy (Fig. 6B). The (αhν)1/2 vs. hν 
curve plot was evaluated for the indirect bandgap energy. The indirect 
bandgap for PHB/PVA was calculated to be 4.48 eV. Upon incorporation 
of CuO NPs in the PHB/PVA matrix, the indirect bandgap reduced to 

4.13 eV. The (αhν)2 vs. hv plot was interpreted for the calculation of the 
direct bandgap energy shown in Fig. 6C. The (αhν)2 vs. hν plot was 
evaluated for the direct bandgap energy of 5.15 eV was calculated for 
PHB/PVA which was reduced to 4.71 eV for the resultant 
nanobiocomposite. 

3.8. AC conductivity 

Fig. 6D shows the effect of the CuO NPs insertion and AC conduc
tivity (σac) on the prepared samples. The σac conductivity was calculated 
using Eq. σac = 2πf εoε"; where, f, εo, and ε" are frequency, vacuum 
permittivity, and loss components of the permittivity, respectively [41]. 
The relationship between σac and applied frequency was observed to be 
directly proportional up to 8 MHz which might be attributed to an 
enhanced oscillation of electronic species across the nanobiocomposite. 
At still higher frequency, the σac deceased as the electrons/holes oscil
late so fast that the net charge movement along the particular direction 
becomes smaller as compared to that in the presence of a low-frequency 
field [17,41]. The σac values of the prepared PHB/PVA and CuO NPs 
mediated biocomposite films were observed as 0.051 and 0.060 S/cm, 
respectively, at 8 MHz. The increased σac in the latter case could be 
attributed to enhanced charge carriers and their mobility induced by the 
CuO NPs insertion - being an n-type semiconductor [17]. 

3.9. Cyclic voltammetry 

The CVs of PHB, CuO, and PHB/CuO deposited GCE at the scan rates 
of 10, 50, and 100 mV s− 1 against 5 mM KFeCN in the 1 M KCl media are 

A

a b
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a) y = 5.0931x + 4.4063

b) y = 7.6645x + 0
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Fig. 5. A) Water contact angles, B) water contract angle kinetics, C) surface energy plots based on data obtained from Eq. (3) with diverse liquids, and D) tensile 
strength and percent elongation of a) PVA, b) PHB/PVA, and c) PHB/PVA/CuO films. 
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shown in Fig. 7. An oxidation peak current of 18.64 μA was observed at 
0.28 V (Fig. 7a) for the PHB deposited on the GCE. On incorporating CuO 
NPs in the PHB matrix, the oxidation peak current shifted to 24.68 μA at 
the respective peak potential of 0.29 V (Fig. 7c). This increase in the 
peak current could be attributed to enhanced electrocatalytic activity 
induced by CuO NPs in the nanobiocomposite [42,43]. The enhanced 
electrochemical performance of the resultant nanobiocomposite deposit 
could be ascribed to the enhanced surface area provided by the CuO NPs 
offering increased binding sites for the analyte [42,44]. 

The effect of scan rate was studied by performing CV analyses for all 
prepared samples at different scan rates i.e., 10, 50, and 100 mV s− 1 as 
depicted in Fig. 7 with the key electrochemical parameters in Table 1. 
The increased cathodic current with the scan rate has been reported for 
CuO NPs deposited on GCE in the determination of uric acid [43,44]. 
The peak-to-peak potential separation (ΔE) for the PHB deposit on GCE 
was recorded as 0.13 V which gradually lowered to 0.10 V for PHB/CuO 
nanobiocomposite. The decrease in ΔE on incorporating the CuO NPs in 
the PHB-based sensor indicated enhanced sensor kinetics and good 
reversibility of the electrochemical surfaces which ensured their elec
trochemical potential. The CVs have been drawn for the AA (10 mM) at 
the scan rate of 100 mV s− 1 against bare and PHB/CuO modified GCEs at 
different CuO NP concentrations (Fig. 7d). The background medium 
used in the CV analysis was 50 mM PBS. The CV response of bare GCE 
showed insignificant redox peaks (Fig. 7d); whereas, the PHB/CuO- 
coated electrode with 3 % (w/w) CuO NPs yielded the highest oxida
tion peak current of 36.35 ± 0.20 μA at the respective peak potential of 
0.21 V (Fig. 7d). 

3.10. Sensor analytics 

The CV scans were also recorded against different concentrations of 

AA i.e., 0.2–10.0 mM (Fig. 7e), and the respective outcomes have been 
presented in Table 2. It was recorded that the peak currents increased 
gradually from 5.58 to 36.25 μA with increasing the AA concentration 
from 0.2 to 10.0 mM, respectively (with the linear regression r = 0.996) 
(Fig. 7f). The limit of detection (LoD) and limit of quantification (LoQ) 
for the PHB/CuO sensor were observed as 1.51 and 4.48 mM, respec
tively, against the AA. This indicates the applicability of the prepared 
biosensing for diagnostics [43]. This indicates the electrocatalytic po
tential of the fabricated nanobiocomposite deposited GCE surface. 

3.11. Biosensor stability 

Fig. 7g expresses the stability and efficiency of the modified elec
trode surfaces tracked for up to three months. As has been stated above 
that the PHB is a biodegradable polymer that is vulnerable to bacterial 
degradation. The CuO NPs, on the other hand, are antibacterial thus 
their incorporation in the PHB matrix might retard its undesirable 
biodegradation under ambient conditions without packing it. The results 
demonstrated their appropriate stability for up to three months at least 
which could further be improved on proper packing, shelving, and 
preserving of the test electrodes. The test electrodes expressed about 99 
% reproducibility after the mentioned time spawn. 

4. Conclusions 

The biocompatible PHB-based nanocomposite was synthesized 
through the solution casting approach. The PHB was used as the base, 
CuO NPs as a reinforcer, and PVA as binder and stabilizer. The structural 
and morphological analyses expressed effective mediation of CuO NPs in 
the PHB/PVA matrix thereby confirming the successful formation and 
purity of the nanobiocomposite. The WCA measurement, mechanical, 

Fig. 6. A) Absorbance spectra, B) (αhν)1/2 vs. (hv), C) (αhν)2 vs (hv), and D) AC conductivity for PHB/PVA and PHB/PVA/CuO films.  
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Fig. 7. Cyclic voltammograms of A) PHB, B) CuO NPs, and C) PHB/CuO nano bio-composite at a scan rate of 10, 50, and 100 mV s− 1; Cyclic voltammograms of D) CV 
response of Bare electrode and PHB/CuO modified electrode with different concentration of CuO NPs towards AA, and E) PHB/CuO modified electrode response 
towards 0.2–10 mM AA, at scan rate 100 mV s− 1 in 50 mM PBS; F. Linear regression graph for PHB/CuO modified electrode against AA, R2 = 0.996; G. Cyclic 
voltammograms of PHB/CuO sensor towards 10 mM of AA after a period 1–3 month. 
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and optical analysis suggested decreased hydrophilicity, improved ul
timate tensile strength, and a low bandgap of the resultant nano
biocomposite thereby enhancing its potential for optoelectronic devices. 
The electrochemical potential of the prepared nanobiocomposite was 
exploited by the successful detection of the KFeCN and ascorbic acid as 
model analytes under cyclic voltammetry. Based on the research out
comes, so for, it could be proposed that the CuO NPs mediated nano
composite films could find potential applications in the fabrication of 
electromagnetic devices and intelligent materials. A controlled media
tion of CuO as nanofiller in the PHB-based nanobiocomposite could offer 
eco-friendly and renewable articles with comparable physicomechanical 
and electrical attributes. In future studies, some piezoelectric congeners 
may also be included in the PHB-based nanobicomposites to extend their 
properties and usability in a wide range of electrical and electronic 
applications. 
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