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ABSTRACT

This study presents the stepwise surface functionalization of zinc oxide nanoparticles (ZnO
NPs) with glutamine (Gin) and Pluronic F127 block copolymer to develop a highly stable, anti-
agglomeration biocidal nanoplatform (ZnO@GIn-F127). Comprehensive characterization via
FTIR, TEM, and EDX confirmed the sequential modification, revealing a multi-core and single-
shell architecture where Gln firmly coordinates to ZnO and anchors the thick F127 polymer matrix
via multiple hydrogen bonds. Thermogravimetric analysis quantitatively verified this structural
evolution, recording a significant 41.31% organic mass loss. Overcoming the inherent
agglomeration of pristine ZnO, the ZnO@GIn-F127 system exhibited superior, concentration-
dependent antimicrobial efficacy against Gram-positive Bacillus subtilis and yeast Saccharomyces
cerevisiae. The amphiphilic F127 shell provided exceptional colloidal stability through steric
hindrance and enhanced microbial interactions, achieving complete eradication of both strains at
1.0 mg/mL. Ultimately, these findings highlight the immense potential of this hierarchical
nanostructure for advanced biomedical applications.
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1. INTRODUCTION

Zinc oxide (ZnO) nanomaterials are extensively studied in the biomedical field, combining
photocatalytic activity and biocompatibility for applications ranging from tumor inhibition [1-4]
to broad-spectrum antimicrobial treatments via reactive oxygen species (ROS) generation and Zn**
diffusion [5]. However, pristine ZnO's high surface energy causes severe thermodynamic
agglomeration in physiological media, drastically reducing its biocidal efficacy [5]. Surface
functionalization using amino acids is essential to overcome this [6, 7] significantly enhancing
biomedical performance [8]. Glutamine (GIn) serves as an effective primer; its a-amino and o-
carboxylate groups coordinate with Zn**, while the polar amide side chain creates a hydrophilic
interface [9]. To ensure long-term stability, Pluronic F127 (PEO-PPO-PEO) is anchored onto this
layer, preserving the core's activity [10] and optimizing antimicrobial kinetics [11]. The
hydrophobic PPO block interacts with Gln, while hydrophilic PEO chains provide robust steric
hindrance against nonspecific protein adsorption [12, 13]. Unlike previous studies focusing on
targeted chemotherapeutic drug delivery [14, 15]. this study pioneers the hierarchical modification
(ZnO — ZnO@GIn — ZnO@GIn-F127) strictly to optimize broad-spectrum biocidal
performance. Importantly, these findings aim to provide a theoretical foundation for practical
military technologies, such as developing antibacterial wound dressings for field medicine and
bio-fouling resistant coatings for military equipment.

2. MATERIALS AND METHODS

2.1. Materials

The precursors utilized for the synthesis and surface modification of the nanoparticles included
zinc acetate dihydrate (Zn(CH3COO),.2H,0, > 98%, Sigma-Aldrich), sodium hydroxide (NaOH,
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>99%, Merck), L-glutamine (C5HioN2Os3, >99%, Sigma-Aldrich), and Pluronic F127 block
copolymer (Mw ~12,600, Sigma-Aldrich). All chemicals were of analytical grade and used
directly without further purification. Deionized water and absolute ethanol were employed as
solvents throughout the experimental, purification, and washing procedures. For the bioactivity
assays, the model microbial strains utilized included the Gram-positive bacterium Bacillus subtilis
and the yeast Saccharomyces cerevisiae.

2.2. Methods
2.2.1. Ultrasound-assisted green synthesis of ZnO nanoparticles

Pristine ZnO nanoparticles were fabricated via an ultrasound-assisted green synthesis
utilizing guava (Psidium guajava) leaf extract, thereby eliminating inorganic alkaline agents.
The aqueous extract, prepared by heating 5 g of dried leaf powder in 100 mL of double-distilled
water (80 °C, 60 min) and filtering, provided polyphenolic and flavonoid compounds that
functioned dually as Zn?>" chelating and capping agents [5, 10]. Subsequently, 50 mL of 0.1 M
Zn(CHsCOO)2-2H20 was directly mixed with 50 mL of the extract and sonicated (40 kHz) at 60
°C for 2 hours. Acoustic cavitation facilitated simultaneous nucleation, significantly enhancing
colloidal homogeneity and restricting agglomeration. The resulting suspension was centrifuged
(10,000 rpm, 10 min), washed sequentially with double-distilled water and absolute ethanol, and
dried at 80 °C for 12 hours. Finally, calcination at 600 °C for 2 hours thoroughly decomposed
the residual bio-organic framework and established the characteristic wurtzite ZnO cores for
subsequent hierarchical functionalization.

2.2.2. Hierarchical surface modification of ZnO

First, 200 mg of pristine ZnO was dispersed in 100 mL of glutamine solution (5 mg/mL, pH
6.0) via probe sonication and magnetically stirred for 24 hours at room temperature to form
bidentate chelate complexes [8, 9]. The recovered ZnO@GIn product was washed and dried at 60
°C. Subsequently, 150 mg of ZnO@GIn was redispersed in 100 mL of Pluronic F127 solution (2
mg/mL) and stirred at 4 °C for 16 hours [10, 15] to facilitate non-covalent multi-point hydrogen
bonding. The final ZnO@GIn-F127 nanoplatform was washed with cold water and lyophilized at
=50 °C for 48 hours.

2.2.3. Material characterization

Chemical bonding and functional groups were identified utilizing Fourier-transform infrared
(FTIR) spectroscopy (Tensor 1I, Bruker) operating in the 400—4000 cm™ range with a 4 cm™
resolution via the KBr pellet technique. Thermal degradation behavior and organic coating mass
fractions were quantified through thermogravimetric analysis (TGA, LABSYS evo) under a
nitrogen flow (50 mL/min), heating 5—-10 mg samples from room temperature to 700 °C at a rate
of 10 °C/min. Surface morphology and elemental composition were concurrently examined using
a JEOL-JMS 6490 scanning electron microscope (SEM) coupled with an energy-dispersive X-ray
(EDX) detector at an accelerating voltage of 15 kV, following Au/Pd sputter-coating. Furthermore,
detailed microstructural evaluations and primary particle size determinations were conducted on a
JEM 2100 transmission electron microscope (TEM) at 80-200 kV, with specimens prepared by
drop-casting diluted nanoparticle suspensions onto carbon-coated copper grids.

2.2.4. Evaluation of antimicrobial activity

The microbial growth-inhibitory activity of the synthesized materials was quantitatively
evaluated via the colony counting method in accordance with standard microbiological guidelines
(CLSI). The tested model strains included the Gram-positive bacterium Bacillus subtilis and the
yeast Saccharomyces cerevisiae. Microbial suspensions, cultured to a standard concentration of
approximately 10° CFU/mL, were directly incubated with the ZnO, ZnO@GIn, and ZnO@GIn-
F127 nanoparticles at concentrations of 0 mg/mL (serving as the negative control), 0.5 mg/mL,
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and 1.0 mg/mL in a liquid medium at 37 °C. Following the incubation period, the samples were
uniformly spread onto nutrient agar plates and incubated at 37 °C for an additional 24 hours. The
antimicrobial efficacy was ultimately determined by observing and comparing the surviving
colony density on the agar surface relative to the control sample.

3. RESULTS AND DISCUSSION

3.1. FTIR spectral analysis

FTIR spectra (Figure 1) confirm the sequential functionalization. Free Gln exhibits
characteristic bands: v(N-H) at 3275 cm™', Amide I v(C=0) at 1702 cm', and carboxylate
stretches at 1493 and 1354 cm™'[16]. In ZnO@Gln, the v(N-H) shift to 3456 cm™, disappearance
of the 2484 cm™ band, and new v(Zn—O)/v(Zn—N) vibrations (400-650 cm™) indicate stable
bidentate chelate ring formation via a-amino and a-carboxylate groups [17]. The unmodified
Amide I band confirms the polar —-CONH: side chain extends outward. The ZnO@GIn-F127
spectrum displays the F127 fingerprint: v(C—H) at 2924 cm™, and triplet bands at 1272, 1103, and
951 em™ [12]. Crucially, shifts in the Amide I band and adjacent regions (1605/1406 cm™)
demonstrate multi-point hydrogen bonding between Gln's outward-facing amide groups and
F127's PEO ether oxygens, successfully tethering the stealth shell while preserving the ZnO core
(v(Zn—0) at 569 cm™).
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Figure 1. FTIR spectra of free Gln, ZnO, ZnO@Gln, and ZnO@GlIn-F127 nanoparticles.
3.2. Surface morphology and microstructure analysis

Morphological and microstructural transformations following each functionalization step are
directly evidenced by scanning and transmission electron microscopy (SEM and TEM) (Figure
2). Pristine ZnO nanoparticles exhibit quasi-spherical and polygonal wurtzite morphologies with
primary sizes of 20-40 nm. However, their elevated surface energy drives severe hard
agglomeration. Upon glutamine functionalization (ZnO@Gln), the inorganic core dimensions
remain largely unchanged, but hard agglomerates are replaced by softer cluster architectures.
TEM reveals less distinct inter-particle boundaries connected by a thin, low-contrast organic
border, confirming glutamine's role as an effective intermolecular bridge. A profound
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morphological transformation occurs in the hierarchically modified ZnO@GIn-F127 system.
SEM observations show individual nanoparticles obscured within a continuous, porous polymer
matrix. Decisively, TEM corroborates a multicore-shell architecture, wherein clusters of
electron-dense ZnO cores are thoroughly encapsulated by a thick, amorphous, electron-
transparent F127 polymer shell. This structural integration validates the modification
mechanism: glutamine serves as a polar anchor, enabling the hydrophilic PEO chains of Pluronic
F127 to intertwine into a massive polymeric stealth layer. Consequently, this robust shell
provides exceptional steric hindrance, which is crucial for preventing nonspecific protein
adsorption and secondary agglomeration in physiological environments.
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Figure 2. Morphological and microstructural characterization: SEM micrographs of (a) pristine
Zn0, (b) ZnO@Gin, and (c) ZnO@GIn-F127; TEM micrographs of (d) pristine ZnO, (e)
ZnO@Gln, and (f) ZnO@GIn-F127.

3.3. Elemental composition analysis
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Figure 3. Energy-dispersive X-ray (EDX) spectra of (a) pristine ZnO,
(b) ZnO@Gln, and (c) ZnO@GIn-F127.

EDX analysis (Figure 3, Table 1) quantitatively confirms the surface evolution. Following
glutamine functionalization, ZnO@GIn exhibits distinct C (6.29 at%) and N (6.49 at%) signals.
The profound structural transformation is manifested in the hierarchically modified ZnO@GIn-
F127 sample, where carbon content drastically increases to 42.28 at% due to the massive PEO-
PPO-PEO backbone. Concurrently, the core elements Zn and N experience a severe decline (to
12.44 at% and 2.28 at%, respectively), verifying a strong elemental shielding effect caused by the
dense, overlying F127 polymer shell completely encapsulating the cores.
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Table 1. Surface elemental atomic percentages of ZnO, ZnO@GlIn, and ZnO@GIn-F127
obtained from EDX results.

Material Zn (%at) O (%at) C (%at) N (%at)
Zn0O 48.80 51.20 — —
ZnO@Gln 35.38 51.84 6.29 6.49

ZnO@Gln-F127 12.44 43.00 42.28 2.28

3.4. Thermogravimetric analysis (TGA)

TGA (Figure 4, Table 2) quantitatively verifies the organic coating mass. ZnO@GIn exhibits a
7.63% loss (desorbed water) and a 3.66% loss (500-650 °C) corresponding to GIln carbon
backbone pyrolysis, confirming successful monolayer coordination. A profound transformation
occurs in ZnO@GIn-F127, with a total mass loss reaching 41.31% (32.42% below 200 °C and
8.89% up to 450 °C). This substantial continuous decline reflects the degradation of F127's
PEO/PPO segments and the evaporation of strongly retained water within the hydrophilic PEO
network. This dramatic mass loss perfectly correlates with the carbon elemental leap observed in
EDX (6.29 at% to 42.28 at%), providing robust quantitative evidence of complete nanoparticle
encapsulation by the dense F127 shell.
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Figure 4. Thermogravimetric analysis (TGA) curves of (a) ZnO@Gin
and (b) ZnO@Gln-F127 nanoparticles.

Table 2. Quantitative mass loss percentages of surface-modified ZnO samples extracted from
TGA thermograms at distinct temperature ranges.

Materials Weight loss <200 Weight loss >200 °C Total weight Residual weight

°C (%) (%) loss (%) at 800 °C (%)
ZnO@Gln 7.63 3.66 11.29 88.71
ZnO@GlIn-F127 32.42 8.89 41.31 58.69

3.5. Antimicrobial activity

The colony counting method evaluated antimicrobial efficacy against B. subtilis and S.
cerevisiae (Figure 5). Pristine ZnO exhibited limited inhibition at 0.5 mg/mL due to severe
agglomeration, which diminishes the effective specific surface area.

Conversely, the hierarchically modified ZnO@GIn-F127 system demonstrated a quantum leap
in performance, achieving near-complete inhibition at 0.5 mg/mL and absolute (100%) eradication
at 1.0 mg/mL for both strains. This exceptional bioactivity stems from the core-shell architecture's
synergistic effects. The bulky F127 shell provides robust steric hindrance, suppressing
agglomeration and maximizing the effective contact area in physiological media. Furthermore, the
amphiphilic F127 copolymer exhibits high affinity toward bacterial peptidoglycan and yeast cell
walls, inducing severe membrane destabilization. Ultimately, this structural integration positions
ZnO@GIn-F127 as a highly promising platform for advanced targeted antimicrobial applications.
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Figure 5. Antimicrobial growth-inhibitory profiles showing the colony development of Bacillus
subtilis and Saccharomyces cerevisiae treated with pristine ZnO, ZnO@GlIn, and ZnO@GIn-F127
nanoparticles at concentrations of 0, 0.5, and 1.0 mg/mL.

4. CONCLUSIONS

In summary, wurtzite ZnO nanoparticles synthesized via an ultrasound-assisted green method
were successfully modified with glutamine and Pluronic F127 to construct a stable hierarchical
multicore-shell architecture. Characterization verified that glutamine anchored onto the ZnO cores
via bidentate chelation, facilitating the secondary encapsulation of a dense F127 polymer shell
through multi-point hydrogen bonding with a quantified organic mass loss of 41.31%. By effectively
suppressing thermodynamic agglomeration and resisting nonspecific protein adsorption in clinical
environments, the engineered ZnO@GIn-F127 nanoplatform demonstrated exceptional
antimicrobial efficacy, completely eradicating Bacillus subtilis and Saccharomyces cerevisiae at 1.0
mg/mL. These findings demonstrate the immense potential of this structurally integrated
nanoplatform for advanced biomedical applications, specifically in developing antibacterial wound
dressings for field medicine and bio-fouling resistant coatings for military equipment.
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TOM TAT

Tong hop, dic trung va danh gia hoat tinh khang khuin ciia hé vat li¢u
nano ZnO bién tinh bé méit phan tang bang glutamine va pluronic F127

Nghién ciru trinh by qud trinh chirc nang héa bé mdt tuan tw hat nano kém oxit (ZnO)
bang glutamine (Gln) va copolymer khoi Pluronic F127 nham tao nén tang nano diét khudn
cuec ky on dinh, chong két tu (ZnO@GIn-F127). Céc phan tich FTIR, TEM va EDX xdc nhdn
sw bién tinh tuan tw nay, hé 16 kién triic da 16i - mot vo, noi Gln phéi tri bén vieng véi ZnO
va neo giit ma trgn F'127 day thong qua da lién ket hydro. Phan tich nhiét trong luong xdc
minh dinh lwong sw tién héa cdu triic v6i mikc ton hao hitu co dang ké 41,31%. Vot qua
nhwoc diém két tu cia ZnO nguyén ban, hé ZnO@GIn-F127 thé hién hiéu qud khéang vi sinh
vdt vueot troi, phu thugc néng dé déi véi vi khudan Gram dwong Bacillus subtilis va nam men
Saccharomyces cerevisiae. Lép vé F127 luéng phdn tao do 6n dinh hé keo xudt sdc nho dn
ngit khong gian va tang cwong twong tac vi sinh vdt, tiéu diét hoan toan ca hai chung o nong
@6 1,0 mg/mL. Nhitng két qua nay khdng dinh tiém néng to Ién ciia cdu triic nano phan tang
cho cdc img dung y sinh tién tién.

Tir kho4: Hat nano ZnO; Glutamine; Pluronic F127; Bién tinh bé mat phan tf?mg; Hoat tinh khang Kkhuén.
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