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ABSTRACT 

Introduction and Aim: Type 2 diabetes mellitus (T2DM) remains a major global health challenge 

requiring improved drug delivery strategies. Zein, a maize-derived biopolymer, has attracted attention as 

a drug carrier because of its biocompatibility and controlled-release properties. This study aimed to 

synthesize zein-based zinc oxide nanoparticles (Zein-ZnONPs), characterize their physicochemical 

properties, evaluate their biological activities, and investigate their potential for metformin hydrochloride 

delivery. 

Materials and Methods: Zein-ZnONPs were synthesized using a solution combustion approach and 

characterized by UV-Vis spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction 

(XRD), dynamic light scattering (DLS), zeta potential analysis, and scanning electron microscopy (SEM). 

Metformin hydrochloride was encapsulated into the nanoparticles and evaluated by SEM and UV-Vis 

analysis. Antioxidant, anti-inflammatory, and antibacterial activities were assessed using DPPH radical 

scavenging, protein denaturation inhibition, and disc diffusion assays, respectively. Drug-release behavior 

was studied under simulated gastrointestinal conditions. 

Results: Zein-ZnONPs exhibited particle sizes of 105-222 nm and a zeta potential of +4.5 mV. 

Characterization studies confirmed the formation of crystalline ZnO nanoparticles stabilized by zein. The 

nanoparticles showed concentration-dependent antioxidant activity with 95% DPPH inhibition at 100 µg 

mL⁻¹ and anti-inflammatory activity with 90.7% inhibition of protein denaturation at 1000 µg mL⁻¹. 

Moderate antibacterial activity was observed against the tested microorganisms. Metformin-loaded Zein-

ZnONPs exhibited a biphasic drug-release profile with an estimated half-life of 7.7 h. 

Conclusion: Zein-ZnONPs demonstrated favorable physicochemical properties, biological activities, and 

sustained drug-release behavior, indicating their potential as a nanocarrier for metformin delivery. Further 

studies are required to evaluate their therapeutic applicability in vivo. 
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1. INTRODUCTION 

The enhancement in nanotechnology has 

completely evolved the field of biomedicine. 

From design to delivery, nanosystems have 

augmented the efficacy, target and reduced the 

side effects of several drugs. One of these 

nanocarriers is biopolymer-based nanoparticles. 

Their biodegradable and less toxic nature makes 

them an environmentally friendly alternative to 

synthetic polymers [1]. Zein is a prolamin-class 

protein which can be extracted from Zea mays 

i.e., maize. It is a polymer which is thermal-

stable and hydrophobic in nature. It can be used 

to synthesize nanoparticles (NPs) or non-toxic 

films for food preservation. The coatings of these 

films can extend the durability of foods that are 

going to be perished [2]. It can also encapsulate 

many compounds which are bioactive starting 

with drugs (small-molecule) to peptides. NPs 

based on this natural polymer are reported to be 

highly efficient for encapsulation, pH responsive 

and controlled release of the drugs [3]. 
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Zinc-oxide nanoparticles (ZnONPs) are known 

to possess excellent bioactivities. ZnONPs have 

been reported in several accounts for their strong 

antioxidant and anti-inflammatory activities. 

There have also been reports of showcasing 

certain antimicrobial and anticancer attributes. 

High surface area to volume ratio and regulatable 

surface charge constitutes the activity profile of 

ZnONPs. Zinc (Zn) is an element that is involved 

in the functioning of several enzymes and 

cellular pathways. ZnONPs can integrate with 

zein to provide a more stable (structure) and 

functional synergistic effects [4]. This 

integration of zein and ZnO nanocomposites is an 

example of hybrid technology development as 

well. As such the capacity of zein i.e., its activity 

as a drug carrier and the ZnO’s stability and 

bioactivity are merged together [5]. This type of 

systems can become a carrier that has dual 

purpose. A zein-encapsulated ZnONPs can act as 

an agent for the reduction of oxidative stress 

while protecting against the antimicrobial 

activity. These bioactivities of the encapsulated 

zein-ZnONPs come into play in case of chronic 

conditions. For instance, in diabetes mellitus 

management, ZnONPs are reported to decrease 

the oxidative stress and inflammation. ZnONPs 

can also protect the pancreatic β-cells along with 

insulin sensitivity [6]. 

Type 2 Diabetes mellitus (DM2) poses a concern 

for the health condition worldwide. Inadequate 

insulin secretion coupled with insulin secretion 

(or without) results into chronic hyperglycemia 

leads to DM2. Such patients often show 

conditions including the likes of increasing in the 

levels of oxidative stress. This furthers into 

systemic inflammation and become susceptible 

to microbes as well [7]. These complications 

demand agents that can act in multiple ways. The 

available drug at present that is widely used for 

management is metformin hydrochloride (MH). 

It falls under biguanide-class and represents a 

first-line therapy for DM2. In this case, it 

suppresses gluconeogenesis to lower the blood 

glucose level. MH also reduces the risk of 

hypoglycemia through the activation of AMPK. 

It is safe and also benefits the cardiovascular 

health. In spite of its benefits, MH also faces 

challenges in case of renal clearance and 

bioavailability. It has also been reported to cause 

gastrointestinal complications [8]. This leads to 

the search for alternatives with better efficacy. 

Delivery systems based on nanoparticles have 

been researched to contemplate the limitations. 

The advantage of metformin encapsulated by 

nanocarriers based on biopolymer will enhance 

the efficacy. This hybrid matrix also enhances 

the retention of the drug and controlled release 

[3]. 

Type 2 diabetes mellitus is frequently associated 

with increased oxidative stress, chronic 

inflammation, and a higher susceptibility to 

infections, all of which contribute to disease 

progression and complications. Therefore, 

nanocarrier systems possessing antioxidant, anti-

inflammatory, and antibacterial properties, in 

addition to drug delivery capability, may offer 

supplementary therapeutic advantages. Zein-

ZnONPs may represent a promising 

multifunctional platform for metformin delivery 

because of the combined carrier properties of 

zein and the biological activities associated with 

ZnO nanoparticles. However, further 

experimental and in vivo investigations are 

required to validate these potential benefits under 

physiological conditions. 

This study reports the synthesis of zein-ZnONPs 

to encapsulate MH. The potential of this 

encapsulation for controlled release delivery 

system has also been evaluated. Physico-

chemical characterisations such as UV-Vis, DLS, 

FTIR, XRD, and SEM were performed. Their 

bioactivities were also assessed through DPPH 

radical scavenging assay, protein denaturation 

inhibition and disc diffusion tests. This research 

aims to provide a comprehensive evaluation of 

zein-ZnONPs and their therapeutic potential for 

managing DM2. 

2. MATERIALS & METHODS 

2.1 Extraction of zein protein 

N-hexane was used to defat corn gluten meal (20 

g) and dried at room temperature (RT). The 

powder achieved was mixed with 100 mL 

ethanol (70% v/v) and stirred for 2 h. The 

suspension underwent centrifugation (15 min, 

12000 rpm) after solubilisation of zein. It assures 

to separate the residues that were insoluble. The 
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supernatant contains zein. It was further diluted 

with an equal volume of distilled water. This 

results into precipitation of the zein protein. The 

protein was further washed two times with 

ethanol (70%), air-dried and stored (desiccator) 

for future use [9]. 

2.2 Synthesis of zein-based zinc oxide 

nanoparticles (zein-ZnONPs) 

A solution combustion approached was adopted 

to synthesize zein-ZnONPs [10]. 8 g Zinc acetate 

dihydrate (Zn(CH3COO)2·2H2O) was stirred 

continuously with 10 mL distilled water. It forms 

a homogenous transparent solution. Zein protein 

solution (3 mL) was added drop by drop while 

magnetic-stirred for 30 min. The uniform 

mixture was transferred into a ceramic crucible. 

It was placed in a muffle furnace (400 ± 10 °C; 

preheat). The combustion started rapidly 

evidenced by the foamy and light-coloured 

combustion ash. This indicates preliminary 

formation of ZnONPs. They were calcined for 2h 

at 700 °C and resulted into a pale-yellow 

nanopowder. It was cooled off and ground into 

fine particles (mortar and pestle). The particles 

were accumulated in a air-tight container for 

further use. 

2.3 Characterizations 

Zein-ZnONPs underwent several 

characterization techniques. UV-Visible 

spectroscopy was employed to record the 

absorbance spectra at a range starting from 200 

nm to 800 nm. This was followed by Dynamic 

Light Scattering (DLS) for particle size 

distribution and zeta potential analysis for 

colloidal stability and surface charge 

respectively. KBr pellet method was adopted for 

Fourier Transform Infrared Spectroscopy 

(FTIR). A range of 4000-400 cm-1 was scanned 

to identify the functional groups present in the 

formed NPs. X-ray Diffraction (XRD) analysis 

was improvised to check the crystallinity of zein-

ZnONPs using Cu Kα radiation (2θ range of 10° 

to 80°). Zein-ZnONPs were gold-coated for 

imaging in high vacuum condition. Scanning 

Electron Microscopy (SEM) was used to 

determine the estimate particle size and surface 

morphology of zein-ZnONPs. 

2.4 Zein-ZnONPs and Metformin 

encapsulation 

Zein-ZnONPs (100 mg) was added with MH (50 

mg) alongwith 1 mL ethanol (70%). It was 

vortexed and stirred gently ensuring to mix 

properly. This was added slowly to 10 mL of 

deionized water dropwise. In order to make 

certain of the precipitation and encapsulation, 

continuous magnetic stirring is extremely 

necessary. The dispersion, thus obtained, was 

incubated for 10 min at RT and centrifuged (30 

min; 10000 rpm). The pellet washed with 

deionized water (twice) was transferred into a 

sterile petri dish. Parafilm was used to cover the 

sample. It was allowed to freeze for 24 h (-20 °C). 

Lyophilisation provided the dried powder i.e., 

Zein-ZnONPs loaded with metformin. It was 

kept at 4°C until further use. The drug loading 

was determined by UV-Vis spectrophotometry 

[11]. 

2.5 Biological Activity Assays 

2.5.1 Antioxidant activity (DPPH) 

Zein-ZnONPs were checked for their antioxidant 

properties through 2,2-diphenyl-1-

picrylhydrazyl (DPPH) free radical scavenging 

assay [12]. The Zein-ZnONPs were prepared for 

concentrations varying from 20, 40, 60, 80 to 100 

μg mL-1 in distilled water. 1 mL of each NPs’ 

concentrations was added with 1 mL of 0.1 mM 

DPPH solution (in 75% ethanol) in a test tube. 

The mixtures were vortexed (30 s) and incubated 

in the dark (30 min) at RT. The absorbance was 

recorded at 517 nm. Ascorbic acid was the 

positive control and ethanol (75%), the blank. 

The antioxidant activity calculated using the 

formulae: 

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 −  𝐴𝑠𝑎𝑚𝑝𝑙𝑒 

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 ×  100 

where, Acontrol
 represents absorbance of the 

control i.e., DPPH and ethanol, 

Asample represents absorbance of the test sample 

i.e., DPPH and Zein-ZnONPs was expressed in 

the form of percentage inhibition. 

2.5.2 Anti-inflammatory activity 

Protein denaturation Inhibition 

Egg albumin was the source of protein used for 

protein denaturation inhibition assay [13]. 0.2 

mL of egg albumin was added with phosphate 

buffer saline (2.8 mL, pH 6.4 PBS). Different 
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concentrations of zein-ZnONPs (250, 500, 750, 

and 1000 μg mL-1) were prepared in ethanol. 0.6 

mL of each was mixed with to the mixture of egg 

albumin and PBS. Pre-incubation [10],  (10 min; 

37 °C) and heating (20 min; 70 °C) of samples in 

a water bath is a must for inducing protein 

denaturation. The mixtures were allowed to cool 

to RT and absorbance was recorded at 660 nm. 

Samples without the nanoparticles acted as 

negative control. The positive control was 

diclofenac sodium. The percentage inhibition 

was determined from the following formula. 

% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 −  𝐴𝑠𝑎𝑚𝑝𝑙𝑒 

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 ×  100 

where, Acontrol denotes the absorbance of the 

controls, 

Asample denotes the absorbance of the test sample. 

2.5.3 Antibacterial activity 

Disc diffusion technique was used to assess the 

zein-ZnONPs’ antibacterial activity [14]. 

Escherichia coli and Salmonella abony were 

selected for the Gram-negative isolates and 

Staphylococcus aureus as Gram-positive 

isolates. Prior to testing, they were sub-cultured 

from the cultures in the nutrient agar slants 

maintained at 4 °C. 0.5 McFarland standard (~ 

1.5 × 10⁸ CFU mL-1) population was upkept 

while preparing the Mueller-Hinton agar plates. 

6 mm paper discs with Zein-ZnONPs’ different 

concentrations (0.25, 0.5, 1.0 mg mL-1) were 

placed to the inoculated agar plates. The positive 

control was tetracycline and sterile distilled 

water, the neagtive control. This was followed by 

incubation for 24 h (37 °C) under aerobic 

environment. The zones of inhibition  were 

measured (in mm) for the antibacterial efficacy. 

All tests were conducted in triplicates. 

2.6 In-vitro Drug Release Study 

A gastrointestinal environment of simulated 

gastric fluid (SGF, pH 1.2) and phosphate buffer 

(pH 6.8) was used as a mimic. Zein-ZnONPs 

loaded with metformin (≡ 1 mg drug) was added 

to 10 mL of respective dissolution medium. It 

was placed in a beaker (37 °C) with constant 

stirring at 100 rpm. 1 mL aliquots were taken 

from the release medium at time intervals of 0, 1, 

2, 4, 6, and 24 h. It was immediately substituted 

with fresh buffer every time to maintain sink 

conditions. The amount of metformin released 

from the collected and filtered samples were 

estimated by reading the absorbance at 280 nm. 

A metformin standard calibration curve was used 

to determine the drug concentration of each 

sample. The cumulative release data was fitted to 

mathematical models like zero-order, first-order, 

Higuchi, and Korsmeyer-Peppas to analyze the 

kinetics of drug release. 

3. RESULTS & DISCUSSION 

3.1 Extraction of zein protein 

Zein protein was successfully extracted from 

corn gluten meal using 70% ethanol in 

combination with alkali and reducing agents. The 

extracted protein appeared as a yellowish-orange 

powder, consistent with previous reports on zein 

obtained using alcohol-based solvents [9]. 

3.2 Synthesis of zein-ZnO nanoparticles 

Zein-ZnONPs were successfully synthesized 

using the solution combustion method, with zein 

serving as a capping and stabilizing agent. The 

reaction of zinc precursor in the aqueous zein 

medium produced a foamy ash during 

combustion at elevated temperature. The 

resulting material was calcined at 700 °C to 

improve ZnO crystallinity and remove residual 

organic matter. A pale yellow powder was 

obtained after calcination, confirming the 

formation of ZnO nanoparticles. Zein 

contributed to nanoparticle stabilization by 

promoting dispersion and limiting agglomeration 

through the formation of a protein-based matrix 

around the ZnO core. The method provided a 

simple,  reproducible and greenroute for 

producing zein-ZnONPs suitable for drug 

loading and subsequent biological evaluation.  

3.3 Characterizations 

3.3.1 UV-Visible spectroscopy 

UV-Visible spectrophotometry was employed to 

confirm the formation of zein-ZnONPs and 

assess their optical properties. The absorption 

spectrum revealed a distinct absorption peak at 

~367 nm (Fig. 1a). This is characteristic of ZnO 

nanoparticles and corresponds to the intrinsic 

band-gap absorption arising from electronic 

transitions from the valence band to the 

conduction band [15]. Wali et al., reported a 

similar peak at 360 nm, supporting the formation 

of nanooscale ZnO [16]. The slight blue shift 

from the typical bulk ZnO peak (~370-380 nm) 
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indicates particle size redeuction to the nanoscale 

through quantum confinement. Zein may also 

mix into the matrix and alter the surface 

electrons, affecting the sharpness and position of 

the peak [17]. Enhanced absorption between 200 

and 300 nm was also observed, which may arise 

from zein protein and its interaction with ZnO. 

3.3.2 XRD analysis 

XRD analysis was performed to determine the 

crystalline nature and phase purity of zein-

ZnONPs. The diffraction pattern (Fig. 1b) 

displayed prominent peaks at 2θ values of 

approximately 31°, 34°, 36°, 47°, 56°, 62°, and 

68°, corresponding to the (100), (002), (101), 

(102), (110), (103), and (112) planes of the 

hexagonal wurtzite structure of ZnO. The peak 

positions are consistent with JCPDS card No. 36-

1451 and previously reported data from Shefali 

et al., [18]. The well-defined peaks confirm 

the crystalline nature of the ZnO component. No 

additional peaks corresponding to crystalline 

impurities were detected, indicating the absence 

of detectable secondary crystalline phases.  

3.3.3 FTIR analysis 

FTIR spectroscopy was performed to identify the 

functional groups of zein-ZnONPs and assess 

interactions between zein and ZnO (Fig. 1c-d). 

FTIR spectra of zein-ZnONPs showed 

characteristic bands at 3327 cm-1 (corresponding 

to O-H and N-H stretching vibrations), 2973-

2926 cm-1 (associated with aliphatic C-H 

stretching), 1650-1540 cm-1 (corresponding to 

the amide I and amide II bands of zein) and 540-

516 cm-1, assigned to Zn-O stretching vibrations. 

The amide I band, mainly associated with C=O 

stretching, reflects the protein backbone 

conformation and secondary structural elements, 

including α-helices, β-sheets, and β-turns [19]. 

Shifts in the O-H and N-H stretching region 

suggest hydrogen bonding and electrostatic 

interactions between zein and ZnO.  

The FTIR spectrum of zein protein revealed 

peaks observed at 2961 and 2871 cm-1, 

corresponding to C-H stretching vibrations, and 

at 2372 and 2337 cm-1, which are attributable to 

adsorbed atmospheric CO2. Bands at 982-872 

cm-1 were associated with C-O and C-H bending 

vibrations. Signals at 703, 579, 556, 525, and 506 

cm-1 were assigned to Zn-O stretching vibrations. 

Similar amide I, amide II, and Zn-O bands have 

been reported by Schmitz et al., [20]. The 

observed protein- and ZnO-associated bands 

therefore support the formation of the zein-ZnO 

nanocomposite and indicate interactions between 

the biopolymer and metal oxide. 

 

 
Fig. 1 Physicochemical characterization of Zein-ZnONPs showing (a) UV-visible absorption spectrum 

confirming nanoparticle formation, (b) X-ray diffraction (XRD) pattern indicating the crystalline nature of 

ZnO nanoparticles, (c) FTIR spectrum of pure zein protein, and (d) FTIR spectrum of Zein-ZnONPs 

demonstrating the interaction between zein and ZnO nanoparticles. 
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3.3.4 Dynamic light scattering and zeta 

potential 

DLS was used to determine the hydrodynamic 

diameter and size distribution of the zein-

ZnONPs in suspension. The analysis showed an 

average hydrodynamic diameter of 105-222 nm, 

with a relatively low polydispersity index (PDI), 

indicating a comparatively narrow and uniform 

size distribution (Fig. 2a). The hydrodynamic 

diameter measured by DLS includes the 

nanoparticle core and the surrounding hydrated 

layer, including surface-associated 

biomolecules, and therefore may exceed the 

physical particle diameter observed by electron 

microscopy [21]. Comparatively, nanoparticles 

synthesized using shilajit extract showed an 

average size of 348 nm, which was higher than 

that observed for the present formulation [22]. 

The measured hydrodynamic diameter confirms 

the nanoscale nature of the zein-ZnONPs. Zeta 

potential analysis was performed to evaluate the 

surface charge and colloidal stability of the 

nanoparticle suspension. Zein-ZnONPs 

exhibited a zeta potential value of approximately 

+4.5 mV (Fig. 2b). This slight positive surface 

charge may be associated with protonated amino 

groups (-NH3
+) present in zein. Zeta potential 

values between −30 and +30 mV generally 

indicate limited electrostatic stabilization, 

whereas higher absolute values are associated 

with greater electrostatic repulsion and colloidal 

stability [23]. A zeta potential of −7.45 mV has 

previously been reported for biosynthesized ZnO 

nanoparticles, indicating differences in the 

surface chemistry of the capping biomolecules 

[24]. The relatively low positive charge observed 

in the present formulation suggests that steric 

stabilization by the zein matrix may contribute to 

colloidal stability in addition to electrostatic 

effects. The DLS and zeta potential results 

therefore support the formation of a dispersed 

Zein-ZnONP system in aqueous suspension. 

3.3.5 Scanning electron microscopy 

SEM was conducted to study the surface 

morphology and structural features of zein-

ZnONPs. The micrographs showed 

predominantly spherical to slightly irregular 

particles arranged in loosely aggregated clusters 

(Fig. 2c). The average particle size estimated 

from the SEM micrographs was approximately 

140 nm, which was within the hydrodynamic size 

range obtained by DLS. The particle surfaces 

appeared rough and textured, consistent with the 

presence of the zein matrix. Similar spherical 

morphology and aggregation patterns have been 

reported for biopolymer-associated ZnO 

nanoparticles [25]. Upon encapsulation of 

metformin, SEM images revealed denser and 

slightly larger structures, indicating the 

successful incorporation of the drug into the 

nanoparticle matrix. This morphological change 

supports the findings from UV-Vis and FTIR 

analyses and confirms the suitability of the 

nanoparticles as effective drug carriers. 

 
Fig. 2 Particle characterization of Zein-ZnONPs 

showing (a) particle size distribution by DLS 

analysis, (b) zeta potential analysis revealing the 

colloidal stability and surface charge 

characteristics, and (c) SEM micrograph 

illustrating the morphology and nanoscale 

dimensions of the synthesized Zein-ZnONPs. 

3.4 Encapsulation of the metformin 

hydrochloride 

Metformin hydrochloride was successfully 

encapsulated into zein-ZnONPs using a solvent 

diffusion-assisted nanoprecipitation method. 

Lyophilization produced a dry, free-flowing 
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powder. SEM analysis further showed denser and 

slightly larger structures (105-222 nm) compared 

with the unloaded zein-ZnONP (Fig. 3a). 

Increased surface roughness and particle density 

were also observed. UV-Visible analysis showed 

an absorption peak at 357 nm for the metformin-

loaded formulation compared with 

approximately 360 nm for the unloaded ZnO 

nanoparticles (Fig. 3b). The observed changes in 

optical and morphological characteristics 

provide qualitative evidence of metformin 

incorporation into the Zein-ZnONP system. 

However, drug-loading content and 

encapsulation efficiency were not quantitatively 

determined in the present study. 

 
Fig. 3 Encapsulation of metformin hydrochloride: 

(a) SEM image showing the morphology of 

metformin-loaded zein-ZnONPs, and (b) UV-

visible spectrum confirming drug encapsulation. 

3.5 In-vitro drug release profile 

The in-vitro release of metformin hydrochloride 

from zein-ZnONPs was evaluated under 

simulated gastrointestinal conditions. The 

metformin release profile showed a biphasic 

pattern, consisting of an initial rapid release 

during the first 2 h. followed by a slower release 

phase over the subsequent 22 h. (Fig. 4). The 

initial release may be associated with the 

diffusion of surface-associated drug, whereas the 

subsequent phase may result from gradual 

diffusion of metformin through the zein matrix. 

The release data showed a good fit to the first-

order kinetic model. The calculated release rate 

constant (k) was 0.0039 h⁻¹, corresponding to a 

half-life of approximately 7.7 h., calculated 

using: 

𝑡1

2

=  
0.693

𝑘
 

The prolonged release observed for the 

nanoparticle formulation compared with free 

metformin suggests that incorporation within the 

zein-ZnO matrix modified the release kinetics of 

the drug. Ezzat et al. similarly reported an initial 

rapid release followed by sustained release from 

ZnO-MET folic acid nanoparticles over 72 h. 

[26].  

The relatively shorter release duration in the 

present formulation may be related to differences 

in nanoparticle composition and the absence of 

additional components such as folic acid. 

Previous work has also reported enhanced 

therapeutic effects of ZnO-metformin 

nanocomposites compared with metformin alone 

in an experimental model of CCl4-induced liver 

injury [27]. This demonstrates that the 

combination of ZnO with metformin not only 

modulates drug release but also enhances 

pharmacological activity, offering a dual 

advantage in drug delivery applications. The 

present release findings indicate that zein-

ZnONPs can modulate the release of metformin 

and may therefore serve as a potential carrier for 

controlled drug delivery. The suitability of Zein-

ZnONPs as an oral bio-nanocarrier is supported 

by their nanoscale particle size, successful 

metformin encapsulation, and sustained drug-

release behavior observed under simulated 

gastrointestinal conditions. These properties 

suggest their potential to improve drug retention 

and provide controlled release of metformin. 

However, in vivo pharmacokinetic and 

antidiabetic studies are required to establish their 

effectiveness for oral diabetes management.  

Zein contributes to metformin delivery by acting 

as a biocompatible polymeric matrix capable of 

encapsulating the drug and regulating its release. 

The hydrophobic nature of zein facilitates the 

formation of stable nanoparticles, while the 

incorporation of ZnO nanoparticles provides 

additional structural stability to the hybrid 
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system. The sustained release profile observed in 

the present study suggests that Zein-ZnONPs 

may prolong drug availability compared with 

free metformin and support their application as a 

controlled-release nanocarrier for metformin 

delivery. 

 
Fig. 4 In vitro drug release profile of metformin 

hydrochloride from Zein-ZnONPs, showing the 

release kinetics over time. 

3.6 Antioxidant assay 

The Zein-ZnONPs exhibited concentration-

dependent DPPH radical-scavenging activity. 

The percentage inhibition increased from 27% at 

20 µg mL-1 to 80% at 80 µg mL-1 and reached 

95% at 100 µg mL-1 (Fig. 5). The IC50 was 

estimated to be 50-60 µg mL-1, indicating 

appreciable radical-scavenging activity. Similar 

concentration-dependent DPPH scavenging has 

been reported for Tectona grandis leaf extract-

stabilized ZnO nanoparticles [28]. In contrast, 

Punica granatum peel extract-mediated ZnO 

nanoparticles reported an IC50 value of 240 μg 

mL-1, indicating lower radical-scavenging 

efficiency than the present Zein-ZnO formulation 

[29]. The observed activity may be associated 

with the combined contribution of the zein matrix 

and ZnO surface. Similar antioxidant effects 

have been reported for chitosan-ZnO and gelatin-

ZnO nanocomposites, suggesting that 

biopolymer-ZnO interactions can influence 

radical-scavenging activity [30]. The results 

indicate substantial antioxidant activity of the 

Zein-ZnO nanoparticles under the experimental 

conditions used. The antioxidant activity of Zein-

ZnONPs may be attributed to the ability of ZnO 

nanoparticles to participate in electron-transfer 

and hydrogen-donating reactions, thereby 

scavenging free radicals. In addition, the zein 

matrix may improve nanoparticle dispersion and 

stability, increasing the accessibility of reactive 

sites involved in free radical neutralization. The 

observed concentration-dependent DPPH 

scavenging activity supports the antioxidant 

potential of the synthesized nanocomposite. 

 
Fig. 5 DPPH free radical scavenging activity of 

Zein-ZnONPs, demonstrating their antioxidant 

potential. 

3.7 Anti-inflammatory assay 

Zein-ZnONPs exhibited a concentration-

dependent inhibition of protein denaturation 

(Fig. 6). The inhibition increased from 46.4% at 

250 µg mL-1 to 71.4% at 500 µg mL-1 and 87.0% 

at 750 µg mL-1, reaching 90.7% at 1000 µg mL-

1. The activity was comparable to that of the 

standard anti-inflammatory drug used in the 

assay. ZnO nanoparticles prepared using Senecio 

chrysanthemoides extract have previously 

demonstrated anti-inflammatory activity, with 

73.01% inhibition reported at 100 µg mL-1 [31]. 

Another study reported that ZnO nanoparticles 

prepared using Cassia sieberiana demonstrated 

notable anti-inflammatory effects via inhibition 

of protein denaturation and suppression of 

inflammatory cytokines [32]. Differences in 

particle size, synthesis conditions, surface 

chemistry, and formulation composition may 

contribute to variations in activity between 

studies. The observed inhibition may result from 

interactions between the ZnO surface and protein 

molecules that reduce protein denaturation. Zein 

may also contribute through its protein-

stabilizing properties and interactions with the 

nanoparticle surface [33]. These findings 

indicate that Zein-ZnONPs possess notable in 

vitro anti-inflammatory activity. The anti-

inflammatory effect observed in the protein 

denaturation assay may be associated with the 

ability of ZnO nanoparticles to stabilize protein 

structures and reduce denaturation under stress 
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conditions. Previous studies have suggested that 

ZnO nanoparticles can modulate inflammatory 

responses through regulation of reactive oxygen 

species and inflammatory mediators  [32]. The 

presence of zein may further contribute to 

nanoparticle stability and enhance the overall 

bioactivity of the formulation. 

 
Fig. 6 In vitro anti-inflammatory activity of zein-

ZnONPs, showing their effectiveness in reducing 

protein denaturation compared to control. 

3.8 Antibacterial activity 

The antibacterial activity of zein-ZnONPs was 

evaluated by the disc diffusion method against 

the Gram-positive bacterium Staphylococcus 

aureus and the Gram-negative bacteria 

Escherichia coli and Salmonella abony. 

Nanoparticle concentrations of 0.25, 0.5, and 1.0 

mg mL-1 were tested, with tetracycline (15 µg 

mL-1) and sterile water used as positive and 

negative controls, respectively. The 

nanoparticles exhibited concentration-dependent 

antibacterial activity, with larger inhibition zones 

observed at higher concentrations. At 1.0 

mg/mL, inhibition zones of 12, 9, and 10 mm 

were observed against S. aureus, S. abony, and E. 

coli respectively (Fig. 7; Table 1). The activity 

was lower than that of the tetracycline control but 

demonstrated measurable antibacterial effects 

against all three test organisms. Similar 

concentration-dependent activity has been 

reported for biosynthesized ZnO nanoparticles 

against Gram-positive and Gram-negative 

bacteria [34].  

The antibacterial activity of ZnO nanoparticles 

has been associated with several mechanisms, 

including reactive oxygen species generation, 

Zn2+ release, membrane damage, and disruption 

of intracellular components. The nanoscale 

dimensions and high specific surface area of ZnO 

can facilitate interactions with bacterial cells. 

The zein matrix may additionally influence 

nanoparticle dispersion and Zn²⁺ release. Similar 

antibacterial effects of ZnO nanoparticles have 

been reported against a broad range of bacterial 

species [35]. The antibacterial effect observed in 

the present study is consistent with these 

mechanisms. The nanoscale size of Zein-

ZnONPs facilitates close interaction with 

bacterial cell surfaces, while the zein coating 

may improve nanoparticle dispersion and 

availability. Together, these effects contribute to 

the measurable antibacterial activity observed 

against both Gram-positive and Gram-negative 

bacterial strains. The present findings therefore 

demonstrate moderate in vitro antibacterial 

activity of the Zein-ZnO nanoparticles against 

the tested bacterial strains. 

 
Fig. 7 Antibacterial activity of Zein-ZnONPs against pathogenic strains determined by the disc diffusion 

method using 6 mm sterile paper discs: (A) Staphylococcus aureus, (B) Salmonella abony, and (C) 

Escherichia coli. Labels: PC, positive control (tetracycline); NC, negative control (water); discs labeled 0.25, 

0.5, and 1 correspond to Zein-ZnONPs concentrations of 0.25, 0.5, and 1.0 mg mL⁻¹, respectively. 
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Table 1. Antibacterial activity of Zein-ZnONPs 

determined by the disc diffusion method 

Bacterial strain Zone of inhibition 

(Diameter in mm) Zein-

ZnONPs 

 

 Zein-ZnONPs  

 0.25 mg 

mL⁻¹ 

0.5 mg 

mL⁻¹ 

1.0 mg 

mL⁻¹ 

Tetracycline 

Staphylococcus 

aureus 

7 9 12 22 

Salmonella 

abony 

8 7 9 21 

Escherichia coli 7 9 10 18 

Values are expressed as total zone of inhibition diameters (mm) measured 

using a standard antibiotic zone measuring scale and including the 6 mm 

sterile paper disc diameter. Tetracycline (15 µg mL⁻¹) was used as the 

positive control. 

4. CONCLUSION 

This study demonstrated the synthesis, 

characterization, and biological evaluation of 

zein-based zinc oxide nanoparticles (Zein-

ZnONPs) as a potential drug delivery system for 

metformin. Zein served as a biopolymer matrix 

for the stabilization of ZnO nanoparticles and 

incorporation of the drug. Physicochemical 

characterization confirmed the nanoscale 

dimensions, crystalline ZnO structure, and zein-

associated surface functional groups of the 

formulation. The Zein-ZnONPs also exhibited 

concentration-dependent antioxidant and anti-

inflammatory activities, together with moderate 

antibacterial activity against the tested bacterial 

strains. In vitro release studies showed a biphasic 

metformin release profile, with an initial rapid 

phase followed by sustained release over the 

subsequent period. The release kinetics indicated 

slower drug release from the nanoparticle 

formulation compared with free metformin. 

Overall, these findings demonstrate the potential 

of Zein-ZnO nanoparticles as a multifunctional 

carrier for controlled metformin delivery. Further 

studies involving drug-loading efficiency, 

cytotoxicity, in vivo pharmacokinetics, 

biodistribution, and long-term stability are 

required to establish their suitability for 

therapeutic applications. 

ACKNOWLEDGEMENT 

The authors sincerely acknowledge the valuable 

technical assistance provided by the 

Sophisticated Test and Instrumentation Centre, 

Cochin University of Science and Technology, 

particularly for the TEM analysis. The authors 

also gratefully acknowledge the support and 

research facilities extended by the Department of 

Applied Genetics, Karnatak University, 

Dharwad, and the Department of Microbiology 

and Biotechnology, Bangalore University. We 

further thank the Sophisticated Analytical 

Instrument Facility (SAIF), Dharwad, Karnatak 

University, the DST PURSE Phase-II Program, 

and the University Scientific and Instruments 

Centre, Karnatak University, Dharwad, for 

providing essential instrumental facilities and 

technical support that contributed to the 

successful completion of this study. 

CONFLICT OF INTEREST 

We wish to confirm that there are no known 

conflicts of interest associated with this 

publication and there has been no significant 

financial support for this work that could have 

influenced its outcome. 

FUNDING INFORMATION 

This research did not receive any specific grant 

from funding agencies in the public, commercial, 

or not-for-profit sectors. 

ETHICAL INFORMATION 

Authors have to clearly mention if any ethical 

information is involved in the research work. 

REFERENCES 

1. Noor-ul-Ain R, Ilyas N, Saeed M, 

Subramaniam G, Mastinu A. Advances in 

pharmaceutical and biomedical applications 

of plant-based nano-biopolymers with 

special emphasis on vaginal drug delivery 

systems: A review. Industrial Crops and 

Products. 2025 Mar;225:120592. 

doi:10.1016/j.indcrop.2025.120592 

2. Reshma AR, Rekha MR. Zein-A plant 

protein as a promising biopolymer for 

biomedical applications: A perspective. J 

Polym Sci Eng. 2024 Apr 2;7(1):3618. 

doi:10.24294/jpse.v7i1.3618 

3. Liu G, An D, Li J, Deng S. Zein-based 

nanoparticles: Preparation, characterization, 

and pharmaceutical application. Front 

DOI: https://doi.org/10.51248/v46i3.70     236  Biomedicine – Vol. 46 No. 3: 2026 



Santosh Mallikarjun Bhavi et.al. : Zein-Based ZnO Nanoparticles for Metformin Delivery 

 

Pharmacol. 2023 Feb 1;14:1120251. 

doi:10.3389/fphar.2023.1120251 

4. Raha S, Ahmaruzzaman Md. ZnO 

nanostructured materials and their potential 

applications: progress, challenges and 

perspectives. Nanoscale Adv. 

2022;4(8):1868–925. 

doi:10.1039/D1NA00880C 

5. Hussein Na G, Ebraheem A F, Kurakula M, 

Abdulaziz A, Mohamed Ho K, Mohammed 

A H, et al., Zein Coated Zinc Oxide 

Nanoparticles: Fabrication and 

Antimicrobial Evaluation as Dental Aid. 

International J of Pharmacology. 2018 Nov 

1;14(8):1051–9. 

doi:10.3923/ijp.2018.1051.1059 

6. Shaban EE, Abd El-Aziz ME, Ibrahim KS, 

Nasr SM, Desouky HM, Elbakry HFH. 

Effect of zinc oxide nanoparticles on 

diabetes development and complications in 

diabetic rats compared to conventional zinc 

sulfate and metformin. Biocatalysis and 

Agricultural Biotechnology. 2022 

Nov;46:102538. 

doi:10.1016/j.bcab.2022.102538 

7. Bhavi SM, Yarajarla RB. Preliminary 

Evidence of GLUT4 Upregulation and 

Biocompatibility of Syzygium 

caryophyllatum ‐Derived Silver 

Nanoparticles in 3T3‐L1 Preadipocytes. Cell 

Biochemistry & amp; Function. 2026 

May;44(5):e70236. doi:10.1002/cbf.70236 

8. Wang H, Zhu C, Ying Y, Luo L, Huang D, 

Luo Z. Metformin and berberine, two 

versatile drugs in treatment of common 

metabolic diseases. Oncotarget. 2018 Feb 

9;9(11):10135-46. 

doi:10.18632/oncotarget.20807 

9. Parris N, Dickey LC. Extraction and 

Solubility Characteristics of Zein Proteins 

from Dry-Milled Corn. J Agric Food Chem. 

2001 Aug 1;49(8):3757-60. 

doi:10.1021/jf0011790 

10. Sheibani E, Soltani Alasvand S, Sami N, 

Vahdati Khaki J, Mollazadeh Beidokhti S. 

The Solution Combustion Synthesis of ZnO 

Nanoparticles Using Allium schoenoprasum 

(Chives) as a Green Fuel. Compounds. 2024 

Aug 19;4(3):503–20. 

doi:10.3390/compounds4030030 

11. Elmahboub Y, Albash R, Magdy William M, 

Rayan AH, Hamed NO, Ousman MS, et al., 

Metformin Loaded Zein Polymeric 

Nanoparticles to Augment Antitumor 

Activity against Ehrlich Carcinoma via 

Activation of AMPK Pathway: D-Optimal 

Design Optimization, In Vitro 

Characterization, and In-vivo Study. 

Molecules. 2024 Apr 3;29(7):1614. 

doi:10.3390/molecules29071614 

12. Singh SR, Bhavi SM, Thokchom B, Abbigeri 

MB, Padti AC, Yadawad A, et al., An 

evaluation of carbon dots derived from 

Amaranthus tricolor (L.) leaves for their 

physicochemical, photoluminescent, and 

biomedical properties. Discov Appl Sci. 2025 

May 20;7(6):513. doi:10.1007/s42452-025-

06936-z 

13. Ramakrishnan M, Shanmugam R, Neeharika 

S, Selvaraj S, Chokkattu JJ, Thangavelu L. 

Anti-inflammatory Potential of a 

Mouthwash Formulated Using Clove and 

Ginger Mediated by Zinc Oxide 

Nanoparticles: An In-vitro Study. World 

Journal of Dentistry. 2023 Aug 2;14(5):394-

401. doi:10.5005/jp-journals-10015-2232 

14. Raj NB, PavithraGowda NT, Pooja OS, 

Purushotham B, Kumar MRA, Sukrutha SK, 

et al., Harnessing ZnO nanoparticles for 

antimicrobial and photocatalytic activities. 

Journal of Photochemistry and 

Photobiology. 2021 Jun;6:100021. 

doi:10.1016/j.jpap.2021.100021 

15. Selim YA, Azb MA, Ragab I, H. M. Abd El-

Azim M. Green Synthesis of Zinc Oxide 

Nanoparticles Using Aqueous Extract of 

Deverra tortuosa and their Cytotoxic 

Activities. Sci Rep. 2020 Feb 26;10(1):3445. 

doi:10.1038/s41598-020-60541-1 

16. Muhammad W, Ullah N, Haroon M, Abbasi 

BH. Optical, morphological and biological 

analysis of zinc oxide nanoparticles (ZnO 

NPs) using Papaver somniferum L. RSC Adv. 

2019;9(51):29541–8. 

doi:10.1039/C9RA04424H 

17. Oleandro E, Stanzione M, Buonocore GG, 

Lavorgna M. Zein-Based Nanoparticles as 

DOI: https://doi.org/10.51248/v46i3.70     237  Biomedicine – Vol. 46 No. 3: 2026 



Santosh Mallikarjun Bhavi et.al. : Zein-Based ZnO Nanoparticles for Metformin Delivery 

 

Active Platforms for Sustainable 

Applications: Recent Advances and 

Perspectives. Nanomaterials. 2024 Feb 

23;14(5):414. doi:10.3390/nano14050414 

18. Jayswal S, Moirangthem RS. Thermal 

decomposition route to synthesize ZnO 

nanoparticles for photocatalytic application. 

In. Noida, India; 2018 [cited 2025 Aug 28]. 

p. 020023. Available from: 

https://pubs.aip.org/aip/acp/article/766699 

doi:10.1063/1.5052092 

19. Darie-Ion L, Jayathirtha M, Hitruc GE, 

Zaharia MM, Gradinaru RV, Darie CC, et 

al., A Proteomic Approach to Identify Zein 

Proteins upon Eco-Friendly Ultrasound-

Based Extraction. Biomolecules. 2021 Dec 

6;11(12):1838. doi:10.3390/biom11121838 

20. Schmitz F, Silva De Albuquerque MB, 

Alberton MD, Riegel-Vidotti IC, 

Zimmermann LM. Zein films with ZnO and 

ZnO:Mg quantum dots as functional 

nanofillers: New nanocomposites for food 

package with UV-blocker and antimicrobial 

properties. Polymer Testing. 2020 

Nov;91:106709. 

doi:10.1016/j.polymertesting.2020.106709 

21. Mohd Yusof H, Abdul Rahman N, Mohamad 

R, Zaidan UH, Samsudin AA. Optimization 

of biosynthesis zinc oxide nanoparticles: 

Desirability-function based response surface 

methodology, physicochemical 

characteristics, and its antioxidant 

properties. OpenNano. 2022 Nov;8:100106. 

doi:10.1016/j.onano.2022.100106 

22. Perumal P, Sathakkathulla NA, Kumaran K, 

Ravikumar R, Selvaraj JJ, Nagendran V, et 

al.,Green synthesis of zinc oxide 

nanoparticles using aqueous extract of 

shilajit and their anticancer activity against 

HeLa cells. Sci Rep. 2024 Jan 25;14(1):2204. 

doi:10.1038/s41598-024-52217-x 

23. Bhavi SM, Padti AC, Thokchom B, Singh 

SR, Bhat SS, Bajire SK, et al., Biogenic 

silver nanoparticles from Simarouba glauca 

DC leaf extract: Synthesis, characterization, 

and anticancer efficacy in lung cancer cells 

with protective effects in Caenorhabditis 

elegans. Nano TransMed. 2024 

Dec;3:100052. 

doi:10.1016/j.ntm.2024.100052 

24. Yassin MT, Mostafa AAF, Al-Askar AA, 

Al-Otibi FO. Facile Green Synthesis of Zinc 

Oxide Nanoparticles with Potential 

Synergistic Activity with Common 

Antifungal Agents against Multidrug-

Resistant Candidal Strains. Crystals. 2022 

May 26;12(6):774. 

doi:10.3390/cryst12060774 

25. Gandhi PR, Jayaseelan C, Mary RR, 

Mathivanan D, Suseem SR. Acaricidal, 

pediculicidal and larvicidal activity of 

synthesized ZnO nanoparticles using 

Momordica charantia leaf extract against 

blood feeding parasites. Experimental 

Parasitology. 2017 Oct;181:47–56. 

doi:10.1016/j.exppara.2017.07.007 

26. Ezzat N, Emadeldien N, Ali M, Fahd S, 

Shebl S, Elshishiny M, et al., In-vitro 

Evaluation of Zinc Oxide-Metformin Folic 

Acid Nanocomposite as a Targeted Drug 

Delivery System for Cancer Therapy. Asian 

Pac J Cancer Prev. 2025 Feb 1;26(2):443–

52. doi:10.31557/APJCP.2025.26.2.443 

27. Adibipour F, Salehirad M, Hayes AW, 

Hekmati M, Motaghinejad M. Preventive 

Effect of ZnO-Metformin Nanocomposite 

Against Carbon Tetrachloride-Induced 

Hepatotoxicity. Nanomed Res J. 2024 

Apr;9(2). doi:10.22034/nmrj.2024.02.004 

28. Senthilkumar N, Nandhakumar E, Priya P, 

Soni D, Vimalan M, Vetha Potheher I. 

Synthesis of ZnO nanoparticles using leaf 

extract of Tectona grandis (L.) and their anti-

bacterial, anti-arthritic, anti-oxidant and in-

vitro cytotoxicity activities. New J Chem. 

2017;41(18):10347–56. 

doi:10.1039/C7NJ02664A 

29. Shaban AS, Owda ME, Basuoni MM, Mousa 

MA, Radwan AA, Saleh AK. Punica 

granatum peel extract mediated green 

synthesis of zinc oxide nanoparticles: 

structure and evaluation of their biological 

applications. Biomass Conv Bioref. 2024 

Jun;14(11):12265–81. doi:10.1007/s13399-

022-03185-7 

30. Zhu Z, Liang J, Zhou C, Huang K, Fan X, 

Zhou M, et al., Synergistic enhancement of 

DOI: https://doi.org/10.51248/v46i3.70     238  Biomedicine – Vol. 46 No. 3: 2026 



Santosh Mallikarjun Bhavi et.al. : Zein-Based ZnO Nanoparticles for Metformin Delivery 

 

gelatin-chitosan films with vanillin Schiff 

base and ZnO for effective strawberry 

preservation. Food Control. 2026 

Feb;180:111647. 

doi:10.1016/j.foodcont.2025.111647 

31. Zahoor S, Sheraz S, Shams DF, Rehman G, 

Nayab S, Shah MIA, et al., Biosynthesis and 

Anti-inflammatory Activity of Zinc Oxide 

Nanoparticles Using Leaf Extract of Senecio 

chrysanthemoides. Ulusoy C, editor. BioMed 

Research International. 2023 

Jan;2023(1):3280708. 

doi:10.1155/2023/3280708 

32. Kyene MO, Droepenu EK, Ayertey F, 

Yeboah GN, Archer MA, Kumadoh D, et al., 

Synthesis and characterization of ZnO 

nanomaterial from Cassia sieberiana and 

determination of its anti-inflammatory, 

antioxidant and antimicrobial activities. 

Scientific African. 2023 Mar;19:e01452. 

doi:10.1016/j.sciaf.2022.e01452 

33. Ahire ED, Savaliya N, Makwana KV, Salave 

S, Banth MK, Bhavsar B, et al., Protein-

Bound Nano-Injectable Suspension: 

Unveiling the Promises and Challenges. 

Applied Nano. 2025 May 30;6(2):9. 

doi:10.3390/applnano6020009 

34. Khamis M, Gouda GA, Nagiub AM. 

Biosynthesis approach of zinc oxide 

nanoparticles for aqueous phosphorous 

removal: physicochemical properties and 

antibacterial activities. BMC Chemistry. 

2023 Aug 16;17(1):99. doi:10.1186/s13065-

023-01012-2 

35. Mendes CR, Dilarri G, Forsan CF, Sapata 

VDMR, Lopes PRM, De Moraes PB, et al., 

Antibacterial action and target mechanisms 

of zinc oxide nanoparticles against bacterial 

pathogens. Sci Rep. 2022 Feb 16;12(1):2658. 

doi:10.1038/s41598-022-06657-y 

 

DOI: https://doi.org/10.51248/v46i3.70     239  Biomedicine – Vol. 46 No. 3: 2026 


