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The research focuses on conjugating biogenically synthesized zinc oxide nanoparticles (ZnO NPs) with glucose to analyse the inhibitory 

potential of ZnO nanoparticles against -amylase. This study proposes, for the first time, that glucose-modified ZnO NPs may alleviate 

oxidative stress that hinders the formation of advanced glycation end products (AGEs). ZnO NPs are synthesized by using an aqueous 

leaf extract of Solanum nigrum and characterized using different characterization techniques such as UV-Vis spectroscopy, FESEM, 

TEM, FTIR, DLS/Zeta and X-ray diffraction. The ZnO NPs were assessed for in vitro antioxidant potential, confirming better antioxidant 

potential of GC-NP (IC50 = 45.7 ± 0.18 g/mL) than UC-NP (IC50 = 53.4 ± 0.031 g/mL). The bio-functionalized ZnO NPs were evaluated 

for their -amylase inhibitory activity, showing enhanced inhibition by GC-NP (IC50 = 521 ± 0.004 g/mL) compared to UC-NP (IC50 = 

530 ± 0.01 g/mL), attributed to tailored surface interactions. Overall, the study highlights that biofunctionalized ZnO NPs exhibit 

promising potential as a future drug candidate for targeted drug delivery in diabetes management. 
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INTRODUCTION 

 Diabetes mellitus is a metabolic disorder classified into 

two types viz. (i) Type I (insulin-dependent) and (ii) Type II 

(insulin-independent). Type II diabetes represents 90-95% of 

all cases and is strongly linked to sedentary lifestyles and insulin 

resistance [1,2]. According to the International Diabetes Fed-

eration (IDF) Diabetes Atlas (2024), about 10.5% of adults 

(20-79 years) have diabetes, with 50% unaware of their con-

ditions. IDF projects a 46% rise in global cases by 2045 [3,4]. 

WHO reports 1.5 million deaths annually, mostly in low- and 

middle-income countries [5]. Insulin resistance, the main feature 

of diabetes, is associated with oxidative stress. The formation 

of advanced glycation end products (AGEs) in diabetics can 

bind to RAGE receptors, triggering inflammatory pathways 

(NF-) and generating reactive oxygen species (ROS) [6]. 

This oxidative stress alters glucose transporters like GLUT4, 

impairing glucose uptake and promoting insulin resistance 

[7,8]. Treatments include insulin therapy and oral drugs such 

as biguanides, thiazolidinediones and sulfonylureas. Sodium-
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glucose co-transporter 2 (SGLT2) inhibitors like dapagliflozin 

and empagliflozin also lower blood glucose and provide cardio-

vascular benefits [9]. However, these treatments may cause side 

effects such as nausea and edema, emphasizing the need to 

maintain glucose homeostasis without chronic complications 

[10]. 

 The bioactive compounds in Solanum nigrum (Solanaceae) 

leaves exhibit antidiabetic activity and may serve as natural 

agents for blood glucose regulation. However, their poor solu-

bility and bioavailability limit therapeutic use. Integrating these 

extracts with nanotechnology enhances their delivery within 

biological systems [11,12]. The diversity of plant metabolites 

and their scalability make them attractive for nanoparticle syn-

thesis [13]. Phytoconstituents in plants act as reducing and 

stabilizing agents and variations in extract concentration can 

influence nanoparticle morphology [14]. The biosynthetic appr-

oach avoids toxic chemicals and finds applications in product 

manufacturing, disease diagnosis and environmental remedi-

ation [15]. S. nigrum is rich in flavonoids, anthocyanins, tannins 

and steroidal derivatives, with antioxidant and pharmacological 
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activities [16]. These metabolites reduce oxidative stress, 

lowering risks of diabetes, cardiovascular diseases as well as 

cancer.  

 Among metal oxides, zinc oxide (ZnO) has gained signi-

ficant biomedical interest due to its biodegradability, low 

toxicity and cost-effectiveness [17]. It is recognized as a GRAS 

(Generally Recognized as Safe) material by the US FDA [18]. 

The morphology and properties of ZnO nanoparticles vary with 

plant extract concentration and synthesis conditions, influen-

cing their biological activity [19]. The biological significance 

of zinc lies in its ability to bind proteins and enzymes, playing 

a vital role in insulin synthesis, storage and secretion by enhan-

cing PI3K activity, stimulating insulin receptor phosphorylation 

and inhibiting glycogen synthase kinase [20]. It also supports 

insulin activity through carboxypeptidases and facilitates intra-

cellular insulin receptor trafficking [21,22]. Adequate zinc levels 

are thus essential for diabetes prevention. ZnO nanoparticles 

further inhibit -glucosidase and -amylase by blocking their 

active sites, causing non-competitive and competitive inhibition 

that reduces enzyme catalytic efficiency [23,24].  

 This study focuses on conjugating biogenically synthesi-

zed ZnO NPs with a hydrophilic moiety, i.e. glucose and its 

inhibitory effect on -amylase. It may be hypothesized that 

fabricating nanoparticles with glucose reduces oxidative stress 

by lowering the accumulation of AGEs due to the interrup-

tion of the glycoxidation process. The capping with glucose 

may improve the dispersion of ZnO NPs and increase their 

surface area, allowing them to interact with the binding sites 

of -amylase. Zinc ions may stabilize proteins, inhibit the 

activity of glycation-promoting enzymes and neutralize dicar-

bonyl compounds (e.g. methylglyoxal) to hinder their partici-

pation in AGE formation [25]. Thus, coating with a hydrophilic 

moiety can increase the circulation half-life of nanoparticles 

within the biological system and reduce agglomeration [26]. 

This may provide an avenue for loading a drug molecule onto 

a nanoparticle by avoiding unwanted toxicity. Thus, coating 

nanoparticles with a hydrophilic moiety can extend their 

circulation half-life within the biological system and reduce 

agglomeration [27]. This may provide a promising strategy 

for loading a drug molecule onto a nanoparticle by avoiding 

unwanted toxicity. 

EXPERIMENTAL 

 Zinc acetate dihydrate and D-glucose (anhydrous) were 

bought from Qualigens, Thermo Fisher Scientific India Pvt. 

Ltd., Mumbai, India.  

 Sample collection: The fresh Solanum nigrum leaves were 

collected from the garden of Isabella Thoburn College 

(26.8563ºN, 80.9499ºE) Lucknow, India. The plant specimen 

was authenticated by the herbarium of the National Botanical 

Research Institute (NBRI),  

 Preparation of aqueous leaf extract: The leaves were 

thoroughly washed with distilled water to remove the contam-

inants and dried to eliminate moisture. Approximately 15 g 

of dried, powdered leaves were soaked in 200 mL of Milli-Q 

water. The mixture was heated in a water bath at 60 ºC for 30 

min and allowed to cool. The solution was left overnight and 

then filtered using Whatman filter paper 1. The resulting filtrate 

was stored at 4 ºC. 

 Biogenic synthesis of ZnO NPs: For the synthesis of 

uncapped ZnO NPs (UC-ZnO NPs), 50 mL of leaf extract and 

5 g of Zn(CH3COO)2·2H2O were mixed and stirred on a mag-

netic stirrer at 70 ºC for 3 h, centrifuged at 3000 rpm for 20 min, 

thrice. The sample was then dried in a hot air oven at 80 ºC and 

subsequently heated in a muffle furnace at 400 ºC for 2 h, foll-

owed by grinding the sample into a fine powder. The synthesis 

of glucose-capped ZnO NPs (GC-ZnO NPs) was carried out by 

mixing 35 mL of plant extract with 3.5 g of Zn(CH3COO)2·2H2O 

at 70 ºC using a magnetic stirrer for 1 h. After the initial stir-

ring, 1.76 g of glucose was added and stirred for 2 h.  

 The percentage yield of UC-ZnO NPs obtained after syn-

thesis was approximately 2%, while that of GC-ZnO NPs was 

around 3%. The variation in yield can be attributed to the diff-

erences in the initial mass of precursor zinc ions used during 

the reaction. The synthesis procedure was repeated multiple 

times to confirm reproducibility. The relatively low yield may 

be due to factors such as material loss during repeated centri-

fugation, decomposition of organic matter during calcination, 

and other process-related losses. 

 Characterization: The biosynthesized ZnO NPs were 

characterized using UV-visible spectroscopy, field-emission 

scanning electron microscopy (FESEM), transmission electron 

microscopy (TEM), dynamic light scattering and Fourier trans-

form infrared spectroscopy (FT-IR). The UV-visible absorb-

ance of the ZnO nanoparticles was measured using a Shimadzu 

1601 spectrophotometer (Japan). The surface morphology and 

shape of ZnO nanoparticles were analyzed using the JEOL-JSM 

7610f instrument (Japan). Transmission electron microscopy 

(TECNAI 20G2, Thermo-Fischer) was used to examine the 

agglomeration in the metallic nanoparticles. Malvern Zeta Sizer 

(U.K.) determined the size distribution and ζ-potential of the 

synthesized nanoparticles. The identification of various phyto-

constituents responsible for the reduction of ZnO NPs was 

carried out by Bruker Alpha II 210966 FT-IR spectrometer 

(USA) in the range of 3200-400 cm–1. The X-ray diffraction 

pattern was obtained within a range of 5º to 80º using CuKα 

radiation with a wavelength of 1.54059 Å. 

 In vitro antioxidant activity: The ability of secondary 

metabolites to inactivate free radical species is responsible 

for their antioxidant nature. The bioactive compounds neut-

ralize free radicals of DPPH by donating hydrogen atoms or 

transferring electrons, resulting in a colour change from purple 

to yellow. The extent of colour change reflects the scaven-

ging activity of bioactive components [28]. The free radical 

scavenging activity of UC-ZnO NPs, GC-ZnO NPs was eval-

uated using ascorbic acid as a standard. The stable radical 

2,2-diphenyl-1-picrylhydrazyl (DPPH), known for its purple 

colour and a distinct absorption peak at 515 nm, served as an 

indicator. To 1 mL of 0.1 mM methanolic solution of DPPH, 

different concentrations of 30, 40, 50, 60 and 80 g/mL of 

UC-ZnO NPs, GC-ZnO NPs were added. After 30 min of 

incubation in dark, the absorbance of each test sample was 

recorded at 515 nm using a UV-Vis spectrophotometer. The 

free radical scavenging activity of the biosynthesized ZnO NPs 

was compared with that of the standard and the percentage of 
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scavenged free radicals was calculated using the following 

formula: 

control sample

control

Abs Abs
Scavenging activity (%) 100

Abs

−
=   

 -Amylase inhibition assay: The inhibitory activity of 

-amylase was assessed by measuring the amount of redu-

cing sugar released under the assay conditions [21]. The in vitro 

-amylase inhibition assay was carried out using the DNSA 

method for UC-ZnO NPs, GC-ZnO NPs and metformin. A stock 

solution of 1 mg/mL of both nanoparticles was prepared by 

dissolving 10 mg of nanoparticles in 10 mL of DMSO. Different 

volumes of ZnO nanoparticles ranging from 200 g/mL, 400 

g/mL, 600 g/mL, 800 g/mL and 1000 g/mL were diluted 

with PBS (pH 6.9) to make 1 mL of solution, which were pre-

incubated with 100 L -amylase for 30 min at 37 ºC. In a 

reaction mixture, 100 L of 1 % starch solution was added to 

the test tubes and incubated for 30 min at 37 ºC. To quench the 

reaction, 200 L of DNSA reagent (3,5-dinitrosalicylic acid) 

was added to the reaction mixture. The resulting solution was 

kept in a boiling water bath for 5 min at 100 ºC and the absor-

bance value was measured at a wavelength of 540 nm by a 

UV-spectrophotometer. An antidiabetic drug, metformin, was 

used as a control. The percentage inhibition of -amylase was 

calculated using the following formula: 

control sample

control

Abs Abs
Inhibition (%) 100

Abs

−
=   

 Statistical analysis: All statistical analyses were cond-

ucted using OriginPro 2024b to ensure the reliability of the 

results. Statistical significance was considered at a threshold 

of p < 0.05 and the experiments were performed in triplicate. 

The graphs were plotted using Microsoft Excel. 

RESULTS AND DISCUSSION 

 The biosynthesis of nanoparticles is an energy-efficient 

process and avoids the use of hazardous chemicals [22]. The 

study describes the synthesis of uncapped and glucose-capped 

zinc oxide nanoparticles from an aqueous extract of Solanum 

nigrum leaves. The secondary metabolites are thought to fun-

ction as reducing agents, facilitating the conversion of zinc 

acetate dihydrate into ZnO NPs [29]. The size and stability of 

nanostructures are governed by these redox reactions during 

the interaction of the phytoconstituents with the metal ions 

[23,24]. The attack of metal ions on –OH, -COOH functional 

groups of secondary metabolites favours the formation of hydro-

philic surfaces suitable for the growth of nanoparticles [30] 

(Fig. 1). Moreover, the amount of the plant extract influences 

the redox process and the role of the capping agent becomes 

crucial, as it provides stability in preventing the agglomera-

tion and brings stability to the nanoparticles through steric, 

electrostatic or electrosteric interactions [31]. Moreover, the 

surface capping of the nanoparticles enhances biocompatibility 

and reduces toxicity in living cells [32]. Hence, glucose has 

been reported as a suitable coating agent for nanoparticles, as 

it improves their target efficiency through polar interactions 

with surface receptors [33]. Moreover, surface tailoring may 

lead to improved dispersion and the formation of a hydrophilic 

shell by promoting surface interactions with biological media 

[34]. 

 ZnO nanoparticles decorated with phytocomponents inhibit 

-amylase by competitively or non-competitively blocking its 

active sites, reducing the hydrolysis of complex carbohydrates 

into simple sugars and lowering postprandial hyperglycemia 

[35]. Without inhibitors, elevated glucose levels accelerate ROS 

formation, disrupting redox balance and causing oxidative 

stress [36]. Hyperglycemia also strains mitochondria, genera-

ting superoxide and free radicals, contributing to diabetic com-

plications such as nephropathy, retinopathy and cardiovascular 

diseases [37]. High glucose promotes non-enzymatic glyca-

tion, forming advanced glycation end products (AGEs) [38]. 

Reactive carbonyl species like glyoxal and methylglyoxal 

modify amino acids and activate AGE receptors (RAGE), trig-

gering pathways such as NF- that promote inflammation 

[39,40]. Glucose-capped ZnO NPs may bind reactive carbonyl 

species, inhibit AGE formation, and modulate RAGE expres-

 

Zn(CH3COO)2·2H2O → Zn2+ + 2CH3COO– + 2H2O 
 

 
 

In the presence of glucose, ZnO nanoparticles interact with glucose molecules to prevent agglomeration 
ZnO + Glucose → [ZnO]-----OH + Gluconic acid + H2O 

Fig. 1. Proposed mechanism of formation of ZnO nanoparticles 
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sion. Zinc ions from ZnO NPs act as cofactors for enzymes such 

as catalase and superoxide dismutase, neutralizing free radicals, 

maintaining protein structure and reducing glycation, thereby 

enhancing targeted therapeutic effects. 

 UV-Visible studies: The UV absorption peaks of GC 

ZnO-NPs and UC ZnO-NPs were observed at 224 nm and 228 

nm, respectively (Fig. 2a-b). The absorption spectrum of GC 

ZnO-NPs shifted to a lower wavelength than that of UC ZnO-

NPs due to the large excitation binding energy, which is 

attributed to the smaller size of the nanoparticles [41,42]. The 

band gap corresponding to the reported wavelength of GC 

ZnO-NPs and UC ZnO-NPs was calculated using Tauc’s plot 

and is obtained at 5.34 eV and 5.23 eV, respectively (Fig. 3a-b). 

The synthesis method and surface chemistry play a critical 

role in determining the extent of the blue shift. In the given 

study, ZnO nanoparticles were synthesized hydrothermally 

and literature has reported that hydrothermally synthesized 

nanoparticles show low absorption peaks due to quantum effects 

[43]. The phytochemicals present in the leaf extract can act as 

electron donors or acceptors, thereby modifying the surface 

chemistry of ZnO nanoparticles [44]. Doping these biogenic 

nanoparticles with glucose passivates their surface by intense 

hydrogen bonding and other electronic effects, contributing 

to a blue shift in the spectra [45]. Furthermore, glucose with 

multiple binding sites can reduce trap densities, consequently 

alter the magnetic and electronic environment, resulting in a 

broader band gap [46]. The wide band gap may also be attri-

buted to electronic transitions from δ→n or π→π* within the 

ZnO nanosystem [47]. This is in accordance with the reported 

studies that doping with glucose and other organic agents can 

significantly modify the optoelectronic properties of the ZnO 

NPs [48,49]. It has also been reported that ZnO nanorods with 

diameters up to 180 nm can exhibit blue shifts due to surface 

resonance effects [50]. In the present work, a well-defined, 

sharp peak indicates that the nanoparticles are monodisperse, 

stable and less agglomerated. 

 Morphological studies: FESEM studies illustrate the 

surface images and size distribution of GC ZnO-NPs and UC 

 

Fig. 2. UV-visible absorption peak (a) GC ZnO-NPs and (b) UC ZnO-NPs 

 

 

Fig. 3. Tauc plot (a) GC ZnO-NPs and (b) UC ZnO-NPs 
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ZnO-NPs (Fig. 4). The FESEM images of GC ZnO-NPs show 

an average size of 46 nm, as compared to UC ZnO-NPs, which 

shows an average size of 60 nm (Fig. 5). The highly magnified 

image depicts the ZnO NPs in their agglomerated form, sugg-

esting the encapsulation of plant extracts with the metal ion 

[51]. The nanoparticles in GC ZnO-NPs appear smaller in size 

and have less agglomeration than the FESEM images of UC 

ZnO-NPs. This suggests and confirms the effect of glucose as 

 

Fig. 4. FESEM of GC ZnO-NPs (a) X60,000 (b) X35,000; FESEM of UC ZnO-NPs (c) X60,000 and (d) X35,000 

 

 

Fig. 5. Nanoparticle size histograms (a) GC ZnO-NPs [average size 46 nm] and (b) UC ZnO-NPs [average size 60 nm] 
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a capping agent in GC ZnO-NPs, limiting agglomeration and 

ensuring colloidal stability as compared to UC ZnO-NPs with-

out a capping agent [21,52].  

 The elemental composition of the biogenically synthe-

sized ZnO NPs was analyzed by energy dispersive X-ray 

diffraction (EDX) studies. The studies suggest that emission 

peaks for uncapped ZnO nanoparticles lie between 1 and 10 

keV [53,54]. The spectrum of GC ZnO-NPs was observed at 

1 keV, 8.6 keV and 9.6 keV, aligning well with previous 

reports [55] (Fig. 6). A single peak for oxygen was observed 

at 0.5 keV, which confirms the formation of ZnO NPs [56]. 

A typical carbon peak at 0.3 keV is likely due to the organic 

capping agent (glucose). The emission peaks of phosphorus 

and aluminium indicate the presence of trace elements during 

the synthesis process. Hence, the spectrum analysis reveals 

successful capping of glucose on ZnO NPs. 

 The TEM images demonstrate that ZnO NPs are spherical 

to irregular. The particles are agglomerated, a common phen-

omenon in oxide particles [57] (Fig. 7a). The uncapped ZnO- 

NPs exhibit extensive agglomeration, indicating that the 

coating of nanoparticles reduces their uncontrolled growth 

 
Fig. 6. Energy dispersive X-ray diffraction spectrum of GC ZnO-NPs 

 

and clustering (Fig. 7b). The different rings observed in the 

selected area electron diffraction pattern (SAED) suggest that 

the nanoparticles are crystalline with a preferential distribu-

tion [58] (Fig. 7b-d). 

 DLS/zeta potential: The average size and surface charge 

of the synthesized nanoparticles were determined using dynamic 

light scattering (DLS) and zeta potential measurements, resp-

ectively (Fig. 8). The average diameter of GC ZnO-NPs from 

 

Fig. 7. (a) TEM of GC ZnO-NPs, (b) SAED of GC ZnO-NPs, (c) TEM of UC ZnO-NPs and (d) SAED of UC ZnO-NPs 
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DLS was found to be 270 nm (mean of single peak ~90 nm). 

This is larger than the size estimated from the SEM analysis. 

Similarly, the average diameter of UC ZnO-NPs was found 

to be 411 nm (mean of single peak ~137 nm). The variation 

in size may be due to the formation of hydration layers and 

the bioorganic components surrounding the core of the nano-

particles [59-61]. The Z-average size calculated by the DLS 

technique reflects the hypothetical size of nanoparticles surr-

ounded by solvation shells and stabilizing molecules in 

solution [62,63]. In case of GC ZnO-NPs, the particles are 

stabilized by both steric and electronic factors, resulting in a 

more uniform distribution. Conversely, UC ZnO-NPs lacks 

stabilization, causing the particles to cluster into larger agglo-

merates, resulting in a larger apparent size compared to the 

core dimensions. It can be said that the particle size obtained 

from DLS analysis differs from SEM studies, as SEM 

measures the physical core size of the nanoparticles under dry 

and high vacuum conditions, whereas DLS measures the size 

of nanoparticles that dynamically diffuse in solution [62,64].  

 The negative zeta potential of GC ZnO-NPs, -15 mV, 

confirms that the biomolecules encapsulating metal ions 

consist of negatively charged groups [54,65]. In contrast, the 

zeta potential for UC ZnO-NPs was recorded at -12 mV. 

However, the reported zeta potential values fall within the 

moderate stability range. Previous studies have reported ZnO 

nanoparticles with zeta potentials of ± 15 to 20 mV and were 

described as stable with anti-agglomeration properties [66,67]. 

This study focuses on the stability of capped nanoparticles. 

In present in vitro analysis, the nanoparticles remained well-

dispersed, producing significant results. Functionalization with 

therapeutic molecules or drugs may further enhance their 

stability and biocompatibility under physiological conditions 

[68]. The homogeneity of the nanoparticles in aqueous solution 

was assessed using the polydispersity index (PDI). GC ZnO-

NPs exhibited a PDI of 0.34, indicating higher homogeneity 

compared to UC ZnO-NPs, which were more heterogeneous 

with a PDI of 0.48 [69-71]. 

 FT-IR spectral studies: The detection of various funct-
ional groups contributing to the stabilization of the ZnO NPs 
was carried out by FT-IR spectroscopy (Fig. 9). The FT-IR 
spectrum of GC ZnO-NPs showed peaks at 3431 cm–1, 2925 
cm–1, 2338 cm–1, 1495 cm–1, 1413 cm–1 and 1048 cm–1, which 
closely correspond to the peaks of different phytoconstituents 
of dried S. nigrum leaf extract [72]. The synthesized ZnO NPs 
show a broad absorption band at 3431 cm–1 due to O-H stret-
ching vibrations in polyphenolic compounds [73]. Another 
peak at 2925 cm–1 of GC ZnO-NPs is attributed to the alde-
hydic C-H stretching vibrations or asymmetric vibration of 
C-H associated with glucose [74,75]. The peak at 2859 cm–1 
(UC ZnO-NPs) corresponds to the stretching vibration of C-H 
of the alkane group [76]. The peak at 2338 cm–1 (GC ZnO-
NPs) and the peak at 1556 cm–1 (UC ZnO-NPs) correspond to 
the –N-H stretching of amide in proteins [77,78]. The absorp-
tion peak at 1495 cm–1 of GC ZnO-NPs and 1455 cm–1 of UC 
ZnO-NPs (1510-1450 cm–1) can be related to C=C-C aromatic 
ring stretching vibrations or stretching of N-H vibration [72,78]. 
Another peak at 1413 cm–1 may be assigned to the C-O stretc-
hing of alcohols, carboxylic acids, ethers and anhydrides, or 
the symmetric stretching of carboxyl groups in amino acid 
residues [61,79]. Also, this peak at 1413 cm–1 might be due to 
the various atomic groups containing a hydrogen atom asso-
ciated with glucose [80]. The ZnO stretching vibration is dete-
cted within the range of 600-400 cm–1 [81]. The peak at 1048 
cm–1 is commonly observed in both UC ZnO-NPs and GC 
ZnO-NPs [69]. Notably, the peak specific to glucose is absent 
in UC ZnO-NPs. Therefore, FT-IR spectral analyses reveal 
that different phytoconstituents are associated with the metal 
ion and assist in the synthesis of ZnO NPs. 
 X-ray diffraction (XRD) analysis: The XRD patterns 
of GC ZnO-NPs and UC ZnO-NPs revealed diffraction peaks 
at 2θ values (Fig. 10) corresponding to (hkl) at (100), (002), 
(101) and (102). These peaks correspond to a hexagonal 
wurtzite structure of ZnO, according to JC-PDS card no. 36-
1451 [82]. The average crystallite size of the nanoparticles 
was determined using Scherrer’s formula: 

 

Fig. 8. (a,b) Size distribution and zeta potential of GC ZnO-NPs; (c,d) Size distribution and zeta potential of UC ZnO-NPs 
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0.89

D
cos


=
 

 

where 0.89 = Scherrer’s constant;  = full width at half 

maximum (FWHM);  = X-ray wavelength (1.5406 Å) and  

= Bragg’s angle of diffraction [83]. The average crystallite 

size of GC ZnO-NPs and UC ZnO-NPs was reported at 9.95 

nm and 10.83 nm, respectively.  

 The reported crystallite size significantly differs from the 

SEM size, as SEM analysis reveals the architectural morphol-

ogy of the crystallites clustered together, while XRD deter-

mines primary nanocrystalline domains within the nanocom-

position [53,66]. Thus, the comparative data (Table-1) obtained 

from the characterization results revealed that encapsulating 

nanoparticles with a biocompatible moiety like glucose 

enhances the stability of ZnO NPs and offers avenues for 

various biomedical applications. 

 In vitro antioxidant activity: The antioxidant potential 

of S. nigrum leaves has been extensively reported in the liter-

ature [84]. The free radical scavenging activity results revealed 

that the biosynthesized ZnO NPs exhibited dose-dependent 

antioxidant activity. However, their scavenging potential was 

comparatively lower than that of the standard. The highest  

TABLE-1 

COMPARATIVE STUDY OF REPORTED  

VALUES OF CHARACTERIZATION  

TECHNIQUES OF GC ZnO-NPs AND UC ZnO-NPs 

Characterization 

techniques 
Nanoparticles Reported values 

UV-Vis spectroscopy 
GC ZnO-NPs 224 nm 

UC ZnO-NPs 228 nm 

FE-SEM 
GC ZnO-NPs 46 nm 

UC ZnO-NPs 60 nm 

Dynamic light scattering 
GC ZnO-NPs 270 nm 

UC ZnO-NPs 411 nm 

Zeta potential 
GC ZnO-NPs -15 mV 

UC ZnO-NPs -12 mV 

Polydispersity index 
GC ZnO-NPs 0.34 

UC ZnO-NPs 0.48 

X-ray diffraction 
GC ZnO-NPs 9.95 nm 

UC ZnO-NPs 10.83 nm 

 

DPPH activity was recorded for both ZnO NPs and the standard 

at 80 g/mL. The % inhibition for GC ZnO-NPs and UC 

ZnO-NPs were observed at 71% (IC50 = 45.7 ± 0.18 g/mL) and 

58% (IC50 = 53.4 ± 0.031 g/mL), respectively, as compared 

 

Fig. 9. FT-IR spectra (a) GC ZnO-NPs and (b) UC ZnO-NPs 

 

 

Fig. 10. X-ray diffraction pattern (a) GC ZnO-NPs and (b) UC ZnO-NPs 
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to 81% (IC50 = 39 ± 0.02 g/mL) for ascorbic acid. The 

electron-donating ability of ZnO NPs to DPPH radical is res-

ponsible for their antioxidant property. Notably, GC ZnO-

NPs exhibited a relatively higher antioxidant activity than UC 

ZnO-NPs, confirming the presence of a negative charge, as 

indicated by the zeta potential results. The enhanced inter-

action between negatively charged bioactive compounds and 

positively charged metal ions in GC ZnO-NPs increased the 

antioxidant potential as compared to UC ZnO-NPs [85] (Fig. 

11, Table-2). 

 

 
Fig. 11. Antioxidant assay of ZnO nanoparticles and ascorbic acid 

 
TABLE-2 

In vitro ANTIOXIDANT ACTIVITY OF  

ZnO NANOPARTICLES AND ASCORBIC ACID 

Samples Maximum % inhibition IC50 (µg/mL) 

GC ZnO-NPs 71 45.7 ± 0.180 

UC ZnO-NPs 58 53.4 ± 0.031 

Ascorbic acid 81 39.0 ± 0.020 

*Data are IC50 ± SD (Standard deviation). 

 

 -Amylase inhibition assay: A significant increase in the 

inhibitory activity of ZnO NPs and metformin was observed 

against -amylase with increasing concentrations of the nano-

particles and control. The IC50 for GC ZnO-NPs, UC ZnO-NPs 

and control were determined at 521 ± 0.004 g/mL, 530 ± 0.01 

g/mL and 502 ± 0.01 g/mL, respectively. The results were 

compared in a concentration-dependent manner. The results 

depict that GC ZnO-NPs exhibited greater inhibition compared 

to UC ZnO-NPs. This suggests that the degradation of bio-

logical activity is most likely due to the agglomeration of the 

uncapped nanoparticles in the latter case [86]. The superior 

inhibitory potential of GC ZnO-NPs compared to metformin 

indicates their effectiveness in controlling elevated blood 

glucose levels (Fig. 12, Table-3). 

 
TABLE-3 

α-AMYLASE INHIBITION ASSAY OF  

ZnO NANOPARTICLES AND METFORMIN 

Samples IC50 (µg/mL) 

GC ZnO-NPs 521 ± 0.004  

UC ZnO-NPs 530 ± 0.010  

Metformin 502 ± 0.010 

*Data are IC50 ± SD (Standard deviation). 

 
Fig. 12. α-Amylase inhibition assay of ZnO nanoparticles and metformin 

 

Conclusion 

 The structure-activity relationship studies demonstrate the 

interaction of plant-derived bioactive compounds with dicar-

bonyl species (e.g. methylglyoxal), reflecting their antidiabetic 

properties. The integration of these bioactive compounds into 

nanotechnology improves their efficacy and stability, contri-

buting to the formation of nanoparticles that may act as future 

drug candidates. The present work highlights green synthesis 

of ZnO nanoparticles by modifying their surface with a bio-

compatible capping agent (glucose) for the first time. The study 

demonstrated the efficacy of aqueous leaf extract of S. nigrum 

as a reducing agent and glucose as a capping and stabilizing 

agent. Various characterization techniques were employed to 

highlight the unique properties of the synthesized ZnO NPs. 

The study reports that ZnO NPs exhibited better antioxidant 

activity and in vitro -amylase activity, supporting their 

potential as future antidiabetic agents. However, in vivo studies 

using appropriate diabetic models are important to investi-

gate underlying mechanistic pathways, like inhibition of AGEs, 

antioxidant defense mechanisms and others, to establish a 

deeper understanding of the therapeutic roles of these ZnO 

NPs. The high IC50 values against metformin suggest that their 

efficacy in clinical settings may remain modest unless further 

optimized. A major limitation is the unassessed cytotoxicity 

of the nanoparticles, while moderate zeta potential suggests 

potential instability in biological environments. Still, with 

optimization, these biogenic nanoparticles hold promise as 

biocompatible agents for targeted drug delivery.  
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