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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Green precipitation method with opti
mized temperature, reaction times and 
pH was adopted to prepare pure ZnO, 
Ni-doped ZnO and biomolecule-capped 
Ni-doped ZnO quantum dots (QDs).

• Ni doping and biomolecule capping 
(starch, glucose, sucrose) combinations 
led to the enhanced stability of the QDs, 
excellent dispersion, tunable bandgap, 
and excellent optical properties.

• The antibacterial tests against gram- 
negative (E. coli) and gram-positive (S. 
aureus) bacteria demonstrated superi
ority in antibacterial activity.

• The enhancement of the antibacterial 
effect is elucidated by more reactive 
oxygen species (ROS) production, the 
efficient disruption of the membrane, 
the decreased size of particles, as well as 
the stable encapsulation of 
biomolecules.
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A B S T R A C T

Here, pure ZnO, nickel (Ni) doped ZnO, and biomolecule-capped ZnO quantum dots (QDs) have been synthesized 
using an eco-friendly green synthesis approach with optimized conditions (temperature, reaction time, and pH). 
The structure of ZnO quantum dots (QDs) with nickel (NiII) dopant was investigated using XRD, and a mixed 
cubic-hexagonal crystal structure with an average crystallite size of 12 nm was obtained. The transmission 
electron microscopy (TEM) images showed spherical morphology with average particle sizes below 10 nm, and 
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the particles were uniformly dispersed in the biomolecule matrix. A red shift of an absorbed spectrum peak was 
observed at ~343 nm due to the sp-d exchange interactions between the Ni2+ ions and the electrons on the host 
lattice of the ZnO. Firm violet-blue emission peaks associated with near-band edge excitonic recombination and 
trap state emissions were observed from biomolecule capping, which was confirmed by the photoluminescence 
(PL) spectra. The antibacterial activities of the synthesized QDs were tested against gram-negative (E. coli) and 
gram-positive (S. aureus) bacteria using the disc diffusion method. Sucrose-capped nickel-doped QDs (ZnO:Ni/ 
Sucrose) showed the best antibacterial activities. Considerably larger inhibition zones were achieved for these 
samples compared to starch and glucose-capped samples. Increased generation of reactive oxygen species (ROS) 
coupled with disruption of the bacterial membrane accounts for the observed superior antibacterial effect from 
the capped particles aided by reduced size. This work proposes a novel, economically favorable, and ecologically 
friendly method for fabricating biomolecule-stabilized Ni-doped ZnO QDs with notable antibacterial activity. 
These results demonstrate that ZnO:Ni/Sucrose QDs are viable options for biomedical fields focused on fighting 
against microbial infections.

1. Introduction

The unique physicochemical properties of ZnO (Zinc Oxide) nano
structures, including a wide bandgap of 3.37 eV, a high exciton binding 
energy of 60 meV, and outstanding optical, electrical, and antibacterial 
qualities, have drawn significant attention [1]. These features enable the 
researchers to use ZnO in photocatalysis, biomedicine, and optoelec
tronics [2]. However, the potential of ZnO quantum dots (QDs) is 
severely restricted by challenges related to particle agglomeration, low 
stability in aqueous environments, and suboptimal antibacterial activity 
[3]. Introducing defect states through doping with transition metals, 
such as nickel (Ni), has significantly enhanced ZnO’s optical and elec
tronic properties. Furthermore, modifying the surface with biomolecules 
as capping agents has emerged as a green method for functionalization 
and improved stability of the particles [4]. Studies indicate that doping 
Zinc Oxide (ZnO) with nickel reduces surface roughness, enhances sur
face quality, and tunes the electrical bandgap through sp-d exchange 
interactions between Ni2+ ions and the electrons of the ZnO lattice [5]. 
These enhancements can increase light absorption and charge separa
tion efficiency, suggesting that Ni-doped ZnO could benefit photo
catalytic and antibacterial applications [6]. Capping with biomolecules 
stabilizes ZnO quantum dots (QDs) by preventing agglomeration and 
introducing functional groups into the biological system, and capping 
agents such as starch, glucose, and sucrose appeal due to their non-toxic 
and biodegradable nature and ability to function as reducing and sta
bilizing agents during synthesis [7]. These biomolecules provide addi
tional active sites that may enhance the production of reactive oxygen 
species (ROS), which is a crucial mechanism behind the antibacterial 
activity of ZnO QDs [8].

Despite several progress, detailed studies remain lacking in evalu
ating the structural, optical, and antibacterial properties of ZnO QDs 
about the effects of Ni doping and biomolecule capping [9]. Most 
existing literature focuses on either doping or capping processes in 
isolation, leading to a gap in understanding how these two approaches 
interactively influence material performance. For instance, although it is 
recognized that Ni-doped ZnO suffers less from recombination loss of 
photo-generated electron-hole pairs, the impact of biomolecule capping 
on further enhancing these properties remains largely unexplored. 
Similarly, while biomolecule-capped ZnO QDs are known to be more 
stable and biocompatible, their role in doped systems is still poorly 
understood [10]. The intrinsic antibacterial properties of ZnO NPs stem 
from their ability to produce reactive oxygen species (ROS), release Zn2+

ions that damage bacterial membranes, and electrostatically interact 
with negatively charged bacterial surfaces. While having inherent 
antibacterial traits, ZnO NPs have difficulties with particle agglomera
tion, low stability in aqueous suspensions, and poor antibacterial ac
tivity [11]. Other researchers have sought to improve the antibacterial 
functions by using transition metal dopants, biomolecule capping, and 
hybridization with other nanomaterials.

The transition element doping modifies the electronic structure of 
ZnO by creating defect states that facilitate ROS generation. This is 

particularly effective in Ni doping due to the close ionic radii of Ni2+

(0.69 Å) and Zn2+ (0.74 Å), allowing for substitution in the ZnO lattice 
with minimal distortion [12]. Enhanced antibacterial activity of 
Ni-doped ZnO against Escherichia coli (E. coli) and Staphylococcus 
aureus (S. aureus) infections has been recorded. This is explained by the 
increased ROS production and enhanced charge separation efficiency 
[13]. It has also been noted that other dopants, Fe3+, Mn2+, and Co2,+

have been equally effective in improving antibacterial activity for the 
same reasons. Starch, glucose, and sucrose are natural biomolecules that 
serve as nontoxic caps that stabilize ZnO NPs from agglomeration while 
introducing functional biomolecules that enhance biological interaction 
[14]. Compared to the uncapped counterparts, biomolecule-capped ZnO 
NPs exhibit improved dispersion and reduced particle size, resulting in 
higher ROS generation and superior antibacterial activity [11]. 
Sucrose-capped Ni-doped ZnO quantum dots (QDs) are remarkable 
bacteria against E. coli and S. aureus due to their smaller particle size 
(~10 nm) and stable biomolecule encapsulation [1].

The combination of ZnO with other metal oxides or carbon materials 
creates synergistic benefits that improve its antibacterial activity: the 
ZnO–Ag hybrids take advantage of the ROS generation potential of ZnO 
as well as the silver ion release from Ag nanoparticles for excellent 
bactericidal effects against antibiotic-resistant strains [15], CNT/ZnO 
composites take advantage of the mechanical disruption of the CNTs 
membranes and the oxidative damage by the ROS from ZnO [16], 
Graphene oxide (GO)/ZnO hybrids have superior antibacterial activity 
because of the oxidative stress induced by ZnO while GO physically 
ruptures bacterial membranes due to its sharp edges (“nanoscalpel”) 
[17], MXene/ZnO composites take advantage of the ability of MXene 
nanosheets to cause membrane damage and the generation of ROS from 
ZnO [18]. Although notable strides have been made in improving the 
antibacterial activities of ZnO nanostructures using doping, capping, 
and hybridization methods, few attempts have been made to create a 
combined study that looks at the effects of the combined approaches 
[19]; many other investigations center on particular approaches without 
thoroughly examining their interactions with one another. The current 
work uses the green synthesis approach to produce pure ZnO QDs, 
Ni-doped ZnO QDs, and biomolecule-capped Ni-doped ZnO QDs. It is the 
first work that shows a systematic synthesis of transition metal (Ni) 
doped whilst capping with natural biomolecules (starch, glucose, su
crose) ZnO quantum dots thus allowing a direct comparison of the 
synergistic effects of such combinations of structure, optical and anti
bacterial activity. We show that the dual strategy it produces very stable, 
dispersible and biocompatible QDs with highly tunable band gaps and 
significantly improved antibacterial effect, in particular, in the case of 
sucrose-capped samples, which is due to the elevated ROS production 
and disruption of membranes. Being sustainable and scalable, the new 
method gives new perspectives on defect engineering and surface 
functionalization that can form a multifunctional platform of advanced 
biomedical applications. The structural, morphological, optical, and 
antibacterial characteristics of the QDs will be analyzed in detail to 
examine the effects of the combined doping and biomolecule capping. 
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The findings of this study are expected to contribute to the improved 
design of multifunctional nanomaterials for biomedical applications.

Material 
Type

Example 
Materials

Antibacterial 
Mechanisms

Enhanced 
Antibacterial 
Activity 
Against

References

Pure & Doped 
ZnO

Ni-doped 
ZnO, 
Fe-doped 
ZnO

ROS generation, 
ion release, 
membrane 
disruption

E. coli, S. 
aureus, P. 
aeruginosa

[20]

Biomolecule- 
Capped 
ZnO

Glucose-, 
Sucrose- 
capped 
Ni–ZnO

Improved 
stability, 
reduced size, 
enhanced ROS

E. coli, S. 
aureus

[1]

Metal Oxide 
Hybrids

ZnO–TiO2, 
ZnO–Ag, 
ZnO–CuO

Synergistic ROS 
production; 
metal ion 
release

Antibiotic- 
resistant 
strains; broad- 
spectrum

[21]

CNT/ZnO 
Hybrids

CNT/ZnO 
composites

Physical 
disruption; 
oxidative stress

Broad- 
spectrum 
pathogens

[16,22]

Graphene- 
Based 
Hybrids

GO/ZnO, 
rGO/ZnO

Nano-knives 
effect; 
wrapping/ 
trapping 
bacteria; 
enhanced ROS

Broad- 
spectrum 
pathogens (E. 
coli, S.aureus)

[23,24]

MXene/ZnO 
Hybrids

Ti3C2Tx 
MXene/ZnO

Sharp-edge 
physical 
damage; 
oxidative stress

Broad- 
spectrum 
pathogens (E. 
coli, B.subtilis)

[25]

2. Experimental technique

2.1. Materials and method

Analytical-grade zinc acetate dihydrate [Zn(CH3COO)2⋅2H2O], 
nickel chloride hexahydrate (NiCl2⋅6H2O), sodium hydroxide (NaOH), 
starch, glucose, and sucrose were purchased from Merck Chemicals in 
Mumbai, India. All solution preparations utilized double-distilled water.

2.2. Synthesis of ZnO quantum dots

2.2.1. Synthesis of pure zinc oxide quantum dots
Quantum dots (QDs) are usually synthesized using the two-step 

approach, as shown in Fig. 1. A modified green precipitation tech
nique was used to synthesize pure ZnO QDs. It begins with preparing 0.1 
M Zinc Acetate Dihydrate in deionized double distilled water at room 
temperature while stirring continuously. Next, freshly prepared NaOH 
solution was added using a drop funnel until the pH of the solution was 
10. The mixture was then left under continuous stirring for 4 h, during 
which a white precipitate was formed. The precipitate was harvested 
and thoroughly washed using DDW to remove residual ions and then 
dried in a vacuum desiccator. Finally, the dry powder was placed in an 
oven set to 400ᵒC for 2 h, which completed the transformation of Zinc 
Hydroxide [Zn(OH)2] into crystalline Zinc Oxide (ZnO) QDs.

2.2.2. Synthesis of Ni-doped ZnO QDs
The Ni-doped ZnO QDs were synthesized by incorporating Ni into the 

ZnO lattice. A 0.1 M solution of Zinc acetate dihydrate was dissolved in 
double distilled water while stirring. Nickel chloride hexahydrate was 
added to the solution in stoichiometric amounts until the solution ob
tained a pale green color, which indicates that Ni2+ ions were present in 
the solution. The pH of the solution was adjusted to 10 and was followed 
by vigorous stirring for 4 h. The resulting dark green colloidal solution 
was then sonicated for 30 min to help stabilize the dispersion of the 
particles. The precipitate was centrifuged at 10000 rpm for 30 min, 
washed with double distilled water, vacuum desiccated, and annealed at 

400 ◦C for 2 h.

2.2.3. Synthesis of biomolecule-capped Ni-doped ZnO QDs
Biomolecule-capped Ni-doped ZnO QDs were fabricated by first 

dropping a specific quantity of starch, glucose, or sucrose into double 
distilled water (DDW). The mixture was gradually poured into the zinc 
acetate-nickel chloride solution while controlling the temperature to a 
pH of 10. During the subsequent 4 h of vigorous stirring, the solution 
turned into a brownish colloidal solution, showing the biomolecule 
encapsulation on the surface of ZnO:Ni. Ultrasonication at room tem
perature at ambient pressure was performed for 30 min. After that, the 
colloid underwent centrifugation at 10,000 rpm for 30 min, followed by 
washing with DDW, drying under a vacuum, and annealing at 400 ◦C.

2.2.4. Antibacterial activity
The antibacterial activity of the synthesized quantum dots (QDs) was 

tested against the Gram-Negative E. coli and Gram-Positive S. aureus 
using the disc diffusion method. For this method, Muller-Hinton agar 
plates were made and inoculated by the bacterial strains cultured in 
nutrient broth at 35◦ ± 2◦ for 24 h. Sterile discs with different QD 
samples (ZnO:Ni/Starch, ZnO:Ni/Glucose, ZnO:Ni/Sucrose) were added 
to the agar plates and positive controls where DMSO was treated on the 
discs. The plates were incubated at 35◦ ± 2◦ for 24 h, and the antibac
terial activity was measured by quantifying inhibition zones using cal
ipers after removing discs.

2.2.5. Instrumentation
The following instruments were used for sample characterization. A 

Bruker D8 Advance X-ray diffractometer with Cu Kα radiation was used 
(λ = 1.5406 Å) for structural analysis. The data was collected over the 
2ϴ range of 20◦–80◦ with a rate of 0.02◦/s. JEOL JEM-2100 TEM with 
200 kV accelerating voltage was used for the morphologic study. The 
particles were sized and shaped based on the examined TEM pictures. 
Band gap energy was calculated from the optical absorption spectrum 
taken with JASCO V-670 UV–Vis spectrophotometer (200–800 nm). The 
PL emission spectrum was taken with in-orbiting xenon flame utilizing 
Horiba Jobin Yvon Fluoromax-4 spectrofluorometer as the excitation 
source.

Fig. 1. Schematic representation of Biomolecules caped ZnO: Ni QD.
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3. Result and discussion

3.1. XRD structural analysis

The X-ray diffraction (XRD) analysis of pure zinc oxide (ZnO), nickel- 
doped zinc oxide (ZnO: Ni), and biomolecule-capped Ni-doped quantum 
dots (bionanocomposites) ZnO: Ni/Starch, ZnO: Ni/Glucose, ZnO: Ni/ 
Sucrose is presented. The distinct peaks indicative of the crystalline 
phases from the synthesized samples are shown in Fig. 2 within the 
diffraction patterns. The XRD patterns illustrate that the ZnO: Ni QDs 
exhibit a mixed cubic-hexagonal crystal structure. The {100}, {002}, 
and {101} peak planes correspond to the hexagonal wurtzite structure of 
ZnO (JCPDS card No. 36–1451), along with the cubic phases resulting 
from the Ni doping [26]. A change in the intensity of the peaks with 
increasing 2θ confirms that the Ni doping caused lattice distortion due to 
the substitutional incorporation of Ni2+ ions into the ZnO lattice. The 
distortion caused by Ni arises from the reorganization of the crystal 
lattice, as the ionic radius of Ni2+ (0.69 Å) is smaller than that of Zn2+

(0.74 Å) [27]. The biomolecules encapsulating crystalline ZnO: Ni QDs 
resulted in the broadening of the sharp diffraction peaks, attributed to 
their amorphous nature [28]. This observation applies to polymer or 
other biomolecule-coated nanoparticles. The weak peaks within the 
amorphous matrix confirm that the ZnO: Ni QDs maintain a crystalline 
nature despite the suppression [2].

The average crystallite size of ZnO: Ni QDs was determined using the 
Debye-Scherrer equation [29] as follows: D = kλ/(βcosθ) and provide in 
Table .1.

Where D denotes crystallite size, k is the Scherrer constant (k = 0.9), 
λ is the wavelength of Cu-Kα radiation (λ = 1.5406 Å), β is the full width 
at half maximum (FWHM) of the diffraction peak, θ is the Bragg angle.

The estimated crystallite size for ZnO: Ni QDs was around 12 nm. 
However, calculating the particle size of biomolecule-capped samples 
proved challenging due to the increased broadening of peaks resulting 
from surface encapsulation. Previous literature indicates broad peaks 
suggest particle sizes within the 10–20 nm range [1]. The broadening 
and suppression of the diffraction peaks for biomolecule-capped samples 
indicate a strong interaction with ZnO: Ni QDs and capping agents 
starch, glucose, and sucrose, which may lead to lower crystallinity and 
higher dispersion within the biomolecular matrix. This has been 
observed in other studies involving polymer or biomolecule-capped 
nanoparticles [30]. The lattice parameters (a and c) for ZnO: Ni QDs 

were calculated using Bragg’s law and compared with standard values 
for pure ZnO. Alterations in the lattice constants associated with 
incorporating Ni2+ ions are attributed to internal compressive stress 
caused by doping. This stress can increase defect density, which is 
crucial for enhancing the optical and antibacterial activity of the ma
terial [31].

3.2. TEM morphology analysis

In analyzing the surface morphology, particle size, and dispersion of 
the resulting quantum dots (QDs), which include pure ZnO, Ni-doped 
ZnO (ZnO: Ni), and biomolecule-capped Ni-doped ZnO QDs (starch, 
glucose, and sucrose), Transmission Electron Microscopy (TEM) was 
conducted and displayed in Fig. 3 selected micrographs. The TEM im
ages of ZnO: Ni QDs showed nanoparticles in a spherical shape with 
average particle sizes ranging from 8 to 10 nm. These particles displayed 
dispersive uniformity without considerable agglomeration, suggesting 
effective stabilization during synthesis. The spherical morphology has 
also been established and reported in studies on transition metal-doped 
ZnO nanoparticles synthesized through greener methods. Unlike the 
previously discussed class of QDs, biomolecule-capped Ni-doped ZnO 
QDs exhibited clouds of particles in a spherical shape [32]. However, the 
particles were encapsulated within an amorphous biomolecular matrix, 
causing them to cluster due to interactions between the capping agents 
and the surfaces of the nanoparticles [33]. These capping agents, in the 
form of starch, glucose, or sucrose, enhance the dispersion and stabili
zation of the nanoparticles, suppressing aggregation. This clustering 
morphology is particularly noteworthy as it indicates strong encapsu
lation effects that would be observed for nanoparticles in biological 
environments [14].

The polymeric characteristics of starch, glucose, and sucrose bio
molecules can explain the clustering effect of biomolecule-capped QDs. 
These biomolecules stabilize by encapsulating the nanoparticles within 
protective layers formed through hydrogen bonds and electrostatic 
forces. Encapsulation enhances interaction with bacterial membranes 
during antibacterial activity, prevents agglomeration, and increases 
biocompatibility [34]. Due to the surface biomolecules, the average 
particle size for biomolecule-capped QDs was approximately 10–15 nm, 
more significant than that of uncapped ZnO: Ni QDs. This aligns with 

Fig. 2. XRD patterns of (a) ZnO: Ni, (b) ZnO: Ni/Starch, (c) ZnO: Ni/Glucose 
and (d) ZnO: Ni/Sucrose QD samples.

Table 1 
XRD analysis Results of ZnO:Ni Nanostructures.

2θ 
(◦)

Plane θ (◦) FWHM 
(◦)

Crystallite 
Size (nm)

Micro- 
strain 
(ε)

Dislocation 
Density 
(nm− 2)

31.8 (100) 15.9 0.2 41.3 3.06 ×
− 3

5.86 × − 4

34.5 (101) 17.25 0.2 41.59 2.81 ×
− 3

5.78 × − 4

36.2 (111) 18.1 0.2 41.79 2.67 ×
− 3

5.73 × − 4

47.5 (211) 23.75 0.2 43.4 1.98 ×
− 3

5.31 × − 4

56.6 (110) 28.3 0.2 45.11 1.62 ×
− 3

4.91 × − 4

Table 2 
Comparison of bacterial killing effect (Zone of inhibition) after 24 h.

Sample (QD) Control (mm) Zone of inhibition (mm)

E. coli S. aureus

DMSO 6 6 6
ZnO:Ni 6 7 7.3
ZnO:Ni/Starch 6 7.9 7.4
ZnO:Ni/Glucose 6 9.2 14
ZnO:Ni/Sucrose 6 16 19
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earlier findings where blends of constituents’ natural polymers from 
renewable resources were utilized as capping agents for metal oxide 
nanoparticles. The spherical shapes and larger particle sizes observed in 
this study are similar to the observations made on Ni-doped ZnO 
nanoparticles synthesized using green methods [35]. It has been proven 
that the stability and resistance to particle aggregation in similar sys
tems with biomolecule capping are superior. Moreover, the noted clus
tering tendency here was also recorded for polymer-capped 
nanoparticles reported for use in biomedicine. The XRD peak shifts and 
intensity changes in Ni doped ZnO show that lattice distortion and defect 
formation have taken place in Ni doped ZnO. Further capping of the 
biomolecules (starch, glucose, sucrose) still further broadens and sup
presses XRD peaks and gives somewhat larger particles in dispersion 
(TEM) because of the diminished crystallinity and enhanced surface 
effects. Therefore, Ni substitution and encapsulation of biomolecules 
take a synergetic contribution in altering the structural, morphologic, 
and structural stability of ZnO QDs, leading to increased dispersion and 
clear functional characteristics.

3.3. Optical analysis

The optical characterizations of pure ZnO, Ni-doped ZnO (ZnO: Ni), 
and biomolecule-capped Ni-doped ZnO quantum dots (ZnO: Ni/Starch, 
ZnO: Ni/Glucose, ZnO: Ni/Sucrose) were conducted using UV–Vis 
spectroscopy along with photoluminescence (PL) techniques [36]. These 
analyses provide insights into the evaluated quantum dots (QDs), 
including their bandgap energy, absorption characteristics, and emis
sion profiles. The UV–Vis absorption spectra of all samples are 

summarized in Fig. 4. The absorption peak for ZnO: Ni QDs was around 
343 nm, which is red-shifted compared to pure ZnO QDs [37]. This 
red-shift is explained by sp-d exchange interactions between the band 
electrons and the localized d-electrons of Ni2+, which replace Zn2+ ions 
in the ZnO lattice. With the addition of Ni dopants, the bandgap energy 
decreases due to the absorption of visible light, resulting from intro
ducing defect states within the band structure. For biomolecule-capped 
ZnO: Ni QDs, a stronger absorption band was detected compared to 
uncapped ZnO: Ni QDs [38]. During encapsulation, the biomolecules 
(starch, glucose, sucrose) on the quantum dot surface likely modify the 
electronic environment of the QDs, resulting in increased absorption 
intensity. Similar effects were also observed for polymer-capped ZnO 
QDs.

The optical bandgap (Eg) values were determined using the Tauc plot 
method: αhν = A (hν− Eg) where α is the absorption coefficient, h is the 
photon energy, A is a constant, and n = 1/2 for direct bandgap materials 
[39]. The calculated bandgap energy values are presented in Table 1. 
The findings indicate that Ni doping reduces the bandgap energy of ZnO 
QDs from 3.37 eV (pure ZnO) to approximately 3.20 eV (ZnO: Ni). It is 
also noted that biomolecule capping further adjusts the bandgap due to 
surface modifications. The PL emission spectra of all samples are shown 
in Fig. 5. The emission peaks for ZnO: Ni QDs exhibited strong violet 
emission at approximately 380 nm, corresponding to near-band-edge 
excitonic (defect) recombination [40]. A defect was also associated 
with an emission peak around 470 nm due to trapping states created by 
Ni doping. These emissions show that Ni doping introduces shallow trap 
states within the bandgap, which enhances radiative recombination (see 
Fig. 6).

Distinct emission profiles were observed for the biomolecule-capped 
ZnO: Ni QDs. ZnO: Ni/Starch exhibited broad emission bands of violet- 
blue color roughly between 380 and 450 nm due to lower defect states 
resulting from improved capping. In this case, increased blue emission at 
465 nm was observed due to stronger interactions between glucose 
molecules and the trap states on the QD surface. This study (ZnO: Ni/ 
Sucrose) reports a broad emission from violet to near-red (~465–600 
nm) due to complex trap-state recombination influenced by sucrose 
encapsulation. These behaviors are consistent with previously reported 
results for capped ZnO QDs, where biomolecular or polymeric surface 
modifications significantly influenced emission properties [41]. The 
optical behavior of Ni-doped and biomolecule-capped ZnO QDs can be 
attributed to the enhanced absorption of visible light due to photo
chemical reactions, which is improved when the bandgap energy is 

Fig. 3. TEM micrograph of (a) ZnO:Ni, (b) ZnO:Ni/Starch, (c) ZnO:Ni/Glucose 
and (d) ZnO:Ni/Sucrose QD samples.

Fig. 4. UV absorption spectrum of (a) ZnO:Ni, (b) ZnO:Ni/Starch, (c) ZnO:Ni/ 
Glucose and (d) ZnO:Ni/Sucrose QD samples.
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decreased via sp-d exchange interactions between conduction band 
electrons and localized d-electron states induced by Ni [42]. 
Non-radiative recombination paths caused by biomolecular capping 
through hydrogen bonding and electrostatic interactions with the sur
faces of the nanoparticles are proposed to be reduced, leading to 
enhanced radiative emission.

3.4. Photoluminescence emission analysis

The PL Emission spectra of pure ZnO, Ni-doped ZnO (ZnO: Ni) 
quantum dots, and biomolecule-capped Ni-doped ZnO quantum dots 
(ZnO: Ni/Starch, ZnO: Ni/Glucose, and ZnO: Ni/Sucrose) were captured 
to study their electronic transitions and defect-related emissions [43]. 
The reincorporation mechanisms and the alteration of charge carrier 

and optical characteristics due to doping and capping were discussed 
within the scope of the available data from the PL spectra. For the ZnO: 
Ni QDs, a strong peak of violet emission (~380 nm) ascribed to the 
near-band-edge excitonic recombination of a free electron in the con
duction band with a bound hole in the valence band was observed. Also 
recorded was a weaker blue emission peak (~470 nm), corresponding to 
defect states such as oxygen vacancies or zinc interstitials created after 
Ni doping [44]. These defect states introduce electron traps, enabling 
radiative recombination at lower energy levels [45]. Capped biomole
cule composites of ZnO: Ni QDs displayed different PL features 
depending on the capping molecule. The emission profile of ZnO: 
Ni/Starch QDs was a wide violet-blue band (~380–450 nm), suggesting 
that starch molecules led to effective surface passivation by reducing 
non-radiative recombination pathways and improving the efficiency of 
radiative processes [46]. An intense blue emission at ~465 nm for ZnO: 
Ni/Glucose QDs suggested that glucose molecules interact robustly with 
surface trap states, stabilizing the defects and augmenting the 
defect-related emissions. Sucrose-capped QDs exhibited a broad near 
violet to red (~465–600 nm) emission spectrum, which is attributed to 
complex trap-state recombination, believed to be influenced by the su
crose encapsulation that introduces additional electronic interactions at 
the surface of the nanoparticles.

The PL behavior is divided into two distinct mechanisms: (1) near 
band edge emission at approximately ~380 nm, which is prominent in 
all samples due to excitonic recombination in the lattice of ZnO, and (2) 
defect-related emissions at ~470–600 nm originating from the trap 
states associated with oxygen vacancies, zinc interstitials, or other sur
face defects produced during the synthetic or doping processes. The 
surface defects on the QDs have varying electronic environments, which 
modify these emissions through passivation [47]. Glucose-capped and 
sucrose samples exhibited stronger interactions with surface defects 
than the starch-capped samples, leading to increased blue and red 
emissions. These observations are consistent with existing literature on 
ZnO nanoparticles, where violet emissions close to ~380 nm were 
linked to excitonic recombination. In comparison, blue emissions at 
approximately ~470 nm were associated with oxygen vacancies in the 
doped systems [48]. The observed broad multi-wavelength emissions for 
sucrose-capped samples align with those reported for polymer- or 
biomolecule-functionalized ZnO nanoparticles [1]. The incorporation of 
Ni doping produced shallow trap states within the bandgap, thereby 
enhancing defect-related emissions, while biomolecule capping miti
gated non-radiative recombination processes to improve radiative effi
ciency. Such controllable PL behavior renders biomolecule-capped ZnO: 

Fig. 5. PL emission spectrum of (a) ZnO:Ni, (b) ZnO:Ni/Starch, (c) ZnO:Ni/ 
Glucose and (d) ZnO:Ni/Sucrose QD samples.

Fig. 6. Antibacterial activity of (center) control, (a) ZnO:Ni, (b) ZnO:Ni/Starch, (c) ZnO:Ni/Glucose and (d) ZnO:Ni/Sucrose QDs against E. coli (A) and S. aureus (B) 
after 24 h.
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Ni QDs promising candidates for optoelectronic, bioimaging, and bio
sensing devices [49].

3.5. Antibacterial activity

The antibacterial characteristics of ZnO, Ni-doped ZnO (ZnO: Ni), 
and biomolecule-capped Ni-doped ZnO quantum dots (ZnO: Ni/starch, 
ZnO: Ni/glucose, ZnO: Ni/sucrose) were assessed against Escherichia 
coli (E. coli, Gram-negative) and Staphylococcus aureus (S. aureus, 
Gram-positive) using the disc diffusion method [50]. The findings 
indicated that biomolecule-capped ZnO: Ni QDs displayed superior 
antibacterial effects compared to uncapped ZnO: Ni QDs, with the ZnO: 
Ni/sucrose QDs showing the most significant inhibition zones for both 
bacterial strains [51]. This dominant effect was attributed to the smaller 
particle size (~10–20 nm), which increases the surface area-to-volume 
ratio, combined with the impact of biomolecule capping that amplifies 
interaction with bacterial membranes [52]. Among the capped samples, 
sucrose-capped ZnO: Ni QDs exhibited the most potent antibacterial 
effect due to a higher generation of reactive oxygen species (ROS) and 
strong binding to bacterial cell walls. The antibacterial function of 
ZnO-based QDs operates through a combination of mechanisms [53]. 
Firstly, the generation of ROS, such as hydroxyl radicals (-OH), super
oxide anions (O2

− ), and hydrogen peroxide (H2O2), disrupts membranes 
and intracellular components, leading to bacterial cell death [54]. Sec
ondly, the increased membrane permeability resulting from Zn2+ ions 
released from the nanoparticles interferes with metabolic processes and 
induces oxidative stress in the bacterial cells. Finally, damage to the 
bacterial cell wall due to the strong electrostatic forces between posi
tively charged QDs and negatively charged bacterial membranes results 
in cytoplasm leakage [55]. All these mechanisms contribute to the 
broad-spectrum antibacterial activity observed in this study.

Furthermore, S. aureus showed more excellent resistance than E. 
coli, indicating the antibacterial activity was more pronounced against 
S. aureus [56] (see Fig. 7). This can be attributed to differences in their 
cell wall structures. As a Gram-positive bacterium, S. aureus has a thick 
peptidoglycan layer, allowing Zn2+ ions and ROS to interact effectively. 
In contrast, E. coli, being Gram-negative, has an outer membrane 
composed of lipopolysaccharides that protect against nanoparticle in
vasion [57]. The capping with curcumin and albumin enhances the 
antibacterial activity of ZnO: Ni QDs by stabilizing the nanoparticles to 
prevent aggregation and adding functional groups that improve 
attachment to bacterial surfaces [58]. Moreover, capping modifies the 
surface defects on the nanoparticles, increasing ROS generation effi
ciency. Consequently, the sucrose-capped ZnO: Ni QDs demonstrated 
the highest antibacterial activity due to their stable encapsulation layer, 
which boosted ROS production and interaction with bacterial mem
branes [58]. This aligns with previous research indicating that 
smaller-sized (<20 nm) particles have enhanced antibacterial activity 
due to increased surface area. Additionally, biomolecule-capped nano
particles are known to exhibit improved antibacterial activity, biocom
patibility, and stability due to surface modifications (Fig. 8). The results 
further corroborate what has been established regarding the antibacte
rial effects of ZnO nanoparticles, which are known to result from the 
interplay of ROS production, cell wall disintegration, nanoparticle 
cellular internalization, and toxic levels of zinc ions [59]. Given the high 
antimicrobial activity of biomolecule-capped ZnO: Ni QDs, they have 
emerged as promising candidates for application in various biomedical 
fields, including wound dressing materials, medical implant coatings, 
food packaging, and water disinfection. These findings also underscore 
the importance of doping and capping techniques in enhancing the 
antimicrobial efficacy of nanomaterials. (see Table 2)

4. Conclusion

This research successfully achieved the green synthesis of pure ZnO, 
Ni-doped ZnO (ZnO: Ni), and biomolecule-capped ZnO: Ni quantum dots 

(ZnO: Ni/Starch, ZnO: Ni/Glucose, and ZnO: Ni/Sucrose). The proper
ties of the as-synthesized quantum dots regarding structure, 
morphology, optics, and antimicrobial action were thoroughly evalu
ated. XRD patterns confirmed the incorporation of Ni into ZnO QDs, 
resulting in cubic *hexagonal micrometric crystals with an average 
crystallite size of approximately 12 nm. TEM images displayed spherical 
uncapped QDs with diameters under 10 nm and biomolecule-capped 
QDs measuring 10–20 nm due to starch, glucose, and sucrose encapsu
lation. Optical studies indicated that Ni-doped samples captured the 
absorption peak (sp-d exchange interactions) at approximately 343 nm 
and further absorption due to biomolecule capping. PL analysis estab
lished excitonic recombination at the near band edge (~380 nm) and 
defect emissions from excitation radiation between ~470 and 600 nm, 
significantly influenced by the dopant type and capping agent. Sucrose- 
capped ZnO: Ni QDs exhibited the most complex trap-state recombina
tion and the broadest reported emission spectrum.

The antibacterial efficacy of the produced quantum dots (QDs) was 

Fig. 7. Comparison of antibacterial activity of (a) Control, (b) ZnO:Ni, (c) ZnO: 
Ni/Starch, (d) ZnO:Ni/Glucose and (e) ZnO:Ni/Sucrose QDs against E. coli and 
S. aureus after 24 h.

Fig. 8. Schematic summary of green synthesis and bio/multi-function of 
biomolecule-capped Ni-doped ZnO quantum dots, where Ni doping and 
biomolecule capping can adjust the particle size, bandgap, and antibacterial 
activity by promoting ROS production. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.)
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tested on both Escherichia coli (E. coli, Gram-negative) and Staphylo
coccus aureus (S. aureus, Gram-positive) bacteria. The biomolecule- 
bound ZnO: Ni QDs outperformed uncapped ones, with the sucrose- 
capped samples demonstrating the highest performance. The believed 
causes of the increased activity include enhanced reactive oxygen spe
cies (ROS) production, zinc ion release, effective membrane disruption 
in the bacteria, smaller particle size, and stable biomolecule encapsu
lation. The mechanism of action was found to be more effective with S. 
aureus due to its less complex cell wall structure than E. coli, which has 
an additional outer membrane. Overall, the results validate the potential 
of green-synthesized, biomolecule-capped Ni-doped ZnO quantum dots 
for use in biomedical devices, such as antibacterial coatings, wound 
healing materials, and medical implants. Ni doping and natural 
biomolecule capping enhance the structural stability and optical prop
erties of the ZnO QDs, enabling higher antimicrobial efficacy. Further 
research is required to ascertain these materials’ durability, cytotoxicity, 
and practicality for medical and environmental applications.
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