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synthesized by hydrothermal method
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Polysaccharides are considered to be ideal green raw materials for enhancing biocompatibility and

dispersion effects of nanoparticles. In this study, we coated and dispersed ZnO nanoparticles (NPs) using

the denaturation—renaturation process of a triple helix glucan lentinan (LNT), induced by changes in pH

value within the reaction system. Various ZnO/LNT composites with different particle sizes and crystal

morphologies were prepared and characterized. The results demonstrated that renatured LNT (r-LNT)

effectively encapsulated the {1010} crystal planes of ZnO, preventing crystal growth during the

renaturation process and resulting in smaller, uniformly dispersed nanoparticles. Among the samples,
ZnO/r-LNT-2 exhibited significantly higher antimicrobial activity, and it had a certain inhibitory effect on
various plant pathogens. It also displayed the highest inhibitory effect against Candida albicans, with
a minimum inhibitory concentration (MIC) of up to 8 ng mL™%. Consistently, ZnO/r-LNT-2 generated the
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highest amount of reactive oxygen species (ROS), thus exhibiting the most effective antimicrobial

activity. However, excessive introduction of the dispersant LNT may reduce these activities. This study
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1. Introduction

In recent years, nanomaterials have found extensive applica-
tions in bioengineering, particularly nano-zinc oxide materials
(znO NPs), due to their unique properties of low cytotoxicity,
excellent broad-spectrum antimicrobial properties, and resis-
tance prevention against bacteria.’”® The biocidal effects of ZnO
result from their ability to generate reactive oxygen species,
which significantly impede the growth and reproduction of
microorganisms.*® Alternatively, they can interact with the
surface of microorganisms or achieve cell internalization in the
form of ZnO or Zn*', resulting in the destruction of the cell
membrane, the leakage of its contents, and the death of the
cells.® Notably, the toxic mechanisms of ZnO NPs with different
morphologies and structures are also different.” The existence
form of zinc (ZnO or Zn>*) may vary depending on the compo-
sition of the medium and the physical and chemical properties
of the nanoparticles, such as particle size, morphology, surface
modification, and dispersibility.** To enhance the antimicro-
bial activity of ZnO NPs, recent research has focused on
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provides a foundation for further exploring the detailed mechanism of ROS generation catalyzed by ZnO
and for harnessing the full potential of this type of antimicrobial agent.

effectively modifying their properties using biocompatible and
economical materials.

Polysaccharides possess abundant availability, non-toxicity,
biodegradability, and excellent biocompatibility, making them
ideal materials for dispersing nanoparticles.’**> The hydroxyl
groups present in polysaccharides facilitate bonding formation
with various materials, such as metals, DNA, and proteins.”*™*
This allows stable dispersion of nanoparticles while greatly
improving their biocompatibility. Lentinan (LNT), a triple helix
polysaccharide, can denature into a single-chain conformation
under high temperature, strong alkali, or other polar solvents.
Upon temperature decrease, pH value reduction, or removal of
the hydroxyl group destruction caused by the polar solvent, LNT
can renature into a helical conformation. Previous studies have
shown that the denaturation-renaturation process of LNT
exhibits strong affinity with guests, including gold nano-
particles, selenium nanoparticles, and gold-silver nanoalloys,
leading to effective dispersion.'***

In the study of crystal growth habits, controlling crystal
morphology is a desired outcome. Different application fields
require crystal materials with varied morphologies, making the
preparation of crystals with specific morphologies significant
for growth theory studies. Reaction temperature, time, and
dispersing agent in the solution can influence the crystalliza-
tion speed, crystal size, and microscopic morphology of ZnO
crystal nucleus-related crystal faces, thereby controlling the
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growth of crystal materials with specific morphologies."*" In
this work, ZnO NPs were prepared by hydrothermal method
with NaOH and zinc acetate. ZnO NPs were coated and
dispersed by the denaturation-renaturation process of LNT
induced by changes in pH value in the reaction system. A series
of ZnO/LNT composites were subsequently prepared and char-
acterized. The effects of reaction temperature, polysaccharide
conformation change and concentration on the morphology of
ZnO NPs were investigated. Additionally, antimicrobial activi-
ties of the nanocomposites were tested.

2. Materials and methods

2.1. Materials

Zinc acetate dihydrate (Zn(CH3COO), - 2H,0), sodium hydroxide
(NaOH), terephthalate and N-acetyl-i-cysteine (NAC) were
analytically pure and purchased from Shanghai Aladdin, China.
2/,7'-Dichlorofluorescein-diacetate (DCFH-DA, =97%) and
phosphate buffered saline (PBS, pH = 7.4) were purchased from
Sigma, Germany. Triple-helical glucan lentinan (t-LNT) was
isolated from the fruiting bodies of Lentinus edodes. The
detailed procedures have been previously reported.** Deionized
water (>18 MQ) was utilized in all experiments.

2.2. Synthesis of ZnO/LNT

t-LNT was dissolved in a 1 M NaOH solution for half an hour to
break the intra- and intermolecular hydrogen bonds, resulting
in a single-chain t-LNT (coded as s-LNT) which was used in
subsequent experiments. ZnO/r-LNT nanocomposites of various
compositions were synthesized by fixing the final zinc acetate
and s-LNT concentration (as listed in Table 1). As shown in
Fig. 1, s-LNT solution was slowly added to the zinc acetate
solution at 25 °C and the pH was adjusted to 9 with NaOH. The
mixture was stirred at 90 °C for 4 h to obtain ZnO nanoparticles.
As the pH value dropped below 10, s-LNT could renature into
the triple-helix polysaccharide r-LNT." After completion of the
hydrothermal reaction, the mixture was subsequently dialyzed
against deionized water for two days using a 4 L beaker and
a cellulose tube with an M,, cutoff of 8000. The water was
replaced every 8 h. The dialyzed mixture was freeze-dried to
obtain a series of ZnO/r-LNT samples. As a control, ZnO NPs
(znO) were directly synthesized in the absence of LNT. ZnO/r-
LNT-110 was synthesized at a higher reaction temperature of
110 °C. For ZnO/t-LNT synthesis, t-LNT was dissolved in
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deionized water without alkali treatment and applied to the
synthesized ZnO/t-LNT. ZnO, ZnO/t-LNT, and ZnO/r-LNT-110
were also obtained after dialysis and freeze-drying.

2.3. Characterization of ZnO/LNT

The particle size distribution of ZnO and ZnO/LNTs was deter-
mined using a static light scattering (SLS) analyzer (Microtrac
S3500, USA) at 25 °C. The crystal structure and phase purity of
ZnO and ZnO/LNTs were analyzed using an X-ray diffractometer
(XRD, DS8-Advance, Bruker, Germany). The patterns were
recorded over a range of 26 from 5 to 70°. The morphology and
microstructure of ZnO and ZnO/LNTs were examined using
a high-resolution cold field emission scanning electron micro-
scope operated at a voltage of 3 kV (Regulus 8100, Hitachi,
Japan). Fourier transform infrared spectra (FTIR) spectroscopic
analysis were recorded on a Nicolet spectrometer (Nicolet iS50,
Thermo Nicolet Co., USA) in a range from 400 cm™' to
4000 cm ™. X-ray photoelectron spectroscopy (XPS) spectra were
detected on a Thermo Scientific K-Alpha spectrometer (USA).

2.4. Determination of MIC

Three plant pathogenic bacteria, Erwinia carotovora, Pseudo-
monas syringae, and Ralstonia solanacearum, were collected by
our laboratory and used in this study. Bacillus subtilis
(ATCC6051), Pseudomonas aeruginosa (ATCC27853) and Candida
albicans (SC5314) were obtained from the American Type
Culture Collection (ATCC). The antimicrobial activities of LNT,
ZnO and ZnO/LNTs were investigated against three plant
pathogenic bacteria and three model strains using a liquid
growth inhibition assay. Five strains of bacteria were adjusted to
10° CFU mL™" in LB medium (Solarbio, China), while C. albi-
cans was adjusted to 10° CFU mL™" in RPMI 1640 medium
(Solarbio, China). Then, LNT, ZnO and ZnO/LNTs were added to
each test tube to achieve final concentrations of 0, 2, 4, 8, 16, 32,
64, 128, 256, and 512 pug mL~'. The cultures were incubated at
30 °C 24 h, and growth inhibition was determined by measuring
the optical densities at 540 nm (OD540s) using a microplate
reader (Model 550, Bio-Rad, China). The experiments were
performed in triplicate.

2.5. Antimicrobial mechanism

In the dissolution experiment of zinc ions, suspensions of ZnO
and ZnO/LNTs with a ZnO concentration of 2 mg mL ™" in RPMI

Tablel The finalzinc acetate and LNT concentration required for the synthesis of different ZnO/LNTs and ZnO, pH value of reaction system and

dispersion of products

Crystallite
Sample code  Zn(CH;COO),-2H,0 conc. (mg mL~") LNT conc. (mg mL~") 7' (°C) Final pH value Crystallinity (%) size (nm) Dispersion
ZnO 8.8 0 90 9 80.1 41.1 Precipitate
ZnO/t-LNT 8.8 2.0 90 9 77.1 38.9 Precipitate
ZnO/r-LNT-110 8.8 2.0 110 9 79.2 41.0 Precipitate
ZnO/r-LNT-1 8.8 1.0 90 9 67.8 23.9 Well-dispersed
ZnO/r-LNT-2 8.8 2.0 90 9 61.3 23.2 Well-dispersed
ZnO/r-LNT-3 8.8 10 90 9 57.5 21.5 Well-dispersed
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Fig.1 Scheme of ZnO NPs dispersion by r-LNT.

1640 medium were prepared and then incubated at 30 °C for 4-
12 h. After centrifugation, the supernatant was filtered with
a 0.44 pm filter membrane. The corresponding medium was
used as blank controls. The dissolution of Zn** was detected by
inductively coupled plasma mass spectrometry (ICP-MS, Elan
9000, PerkinElmer, USA).

The "OH produced by ZnO NPs and ZnO/LNTs can react with
terephthalate, and the product is 2-hydroxyterephthalic acid
ester with fluorescent activity.* The reaction product is very
stable for several hours, and the fluorescence intensity at
425 nm can be used to quantitatively detect the "OH concen-
tration. Different sample suspensions with a ZnO concentration
of 2 mg mL™" and the same volume of terephthalate solution
with a concentration of 4 mM were mixed by magnetic stirring
at room temperature for 10 min and then left at room temper-
ature for different times. The reactions were stopped by
removing the ZnO particles from the suspensions through
centrifuging and filtering with Millipore membrane. The fluo-
rescence intensity of the filtrate containing 2-hydroxytereph-
thalate at 425 nm was detected by a fluorescence
spectrophotometer (F-7000, Hitachi, Japan).

H,0, produced by ZnO and ZnO/LNTs were determined
using a hydrogen peroxide detection kit (Beyotime Biotech-
nology, China). Different sample suspensions with ZnO
concentrations of 2 mg mL~" were prepared. Then the ZnO
particles in the suspension were removed after standing for 12 h
at room temperature. According to the kit instructions, 50 pL of
the sample was added to the detection hole, and 100 pL of
hydrogen peroxide detection reagent was added to each hole,
then gently oscillated and mixed, and placed at room temper-
ature for 30 min. A5, was then measured and the concentration
of H,0, in the samples was calculated from the standard curve.

Intracellular ROS accumulation was evaluated by DCF fluo-
rescence assay. C. albicans was adjusted to 10> CFU mL ™" in
RPMI 1640 medium and pre-cultured in 24-well plates for 24 h
to form biofilms. The biofilms were then treated with different
concentrations of ZnO/r-LNT-2 for 12 h. The culture medium
was removed and 300 pL of diluted DCFH-DA (10 uM) was
added. The cells were incubated in the dark for 20 min and
washed three times with RPMI medium to remove DCFH-DA.
An appropriate amount of PBS solution was added, and
images were taken with a fluorescence microscope (NI-E, Nikon,

Japan).
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3. Results and discussion

3.1. Formation of ZnO

ZnO and ZnO/LNT nanocomposites were synthesized by
hydrothermal reaction. As the reaction progressed, precipita-
tion was observed at the bottom of the ZnO, ZnO/t-LNT, and
ZnO/r-LNT-110 solution. Fig. 2 depicts the particle size distri-
bution of ZnO and ZnO/LNT nanocomposites in water. Due to
the poor dispersion of ZnO, ZnO/t-LNT and ZnO/r-LNT-110 in
water, the particle size of all samples was detected immediately
after ultrasonic pre-dispersion. It can be observed that the
addition of polysaccharides greatly reduces the particle size of
ZnO. The particle size of ZnO, ZnO/t-LNT, and ZnO/r-LNT-110 is
on a micron scale. The ZnO/r-LNT composites coated with
polysaccharides, after denaturation and renaturation at 90 °C,
exhibited good monodispersity. The average diameters of ZnO/
r-LNT-1, ZnO/r-LNT-2, and ZnO/r-LNT-3 were measured to be
431 nm, 296 nm, and 241 nm, respectively. The average particle
size of the nanocomposites decreased with increasing amounts
of polysaccharides added. This indicates that polysaccharides
can effectively prevent the growth of ZnO crystals during the
renaturation process, leading to the formation of smaller and
uniformly dispersed nanoparticles.
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Fig. 2 Size distribution of ZnO, LNT and their nanocomposites in
aqueous solution.
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The XRD profiles of LNT, ZnO and different ZnO/LNT are
shown in Fig. 3. The lentinan used in this work is an amorphous
natural macromolecule extracted from the fruiting body. There is
no typical fingerprint, and its XRD spectrum shows a slightly
inclined curve. ZnO exhibited strong diffraction peaks at 20 =
31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.9°, 66.4°, 68.0° and 69.1°,
which correspond to (100), (002), (101), (102), (110), (103), (200),
(112) and (201) crystal plane characteristic peaks of ZnO hexag-
onal wurtzite structure (JCPDS card no. 36-1451). The XRD
patterns of different ZnO/LNT samples showed similar peaks to
that of ZnO. With an increase in LNT content, the XRD pattern of
the sample exhibited a similar inclined trend to that of LNT, but
still maintained the corresponding crystal diffraction peak of
ZnO. This confirms the successful synthesis of ZnO/LNT nano-
composites. Moreover, there were no diffraction peaks corre-
sponding to impurities such as Zn or Zn(OH),, indicating the
high purity level of the samples.” The addition of LNT resulted in
peak broadening and reduced intensity, which may be attributed
to the smaller crystallite size and decreased crystallinity.”** The
average crystallite size was calculated using the Scherer formula
(eqn (1)), and the crystallinity was calculated through the inte-
gration method using eqn (2).>* The results were list in Table 1.
Which concluded that the crystallinity of the ZnO/r-LNT-1, ZnO/r-
LNT-2, and ZnO/r-LNT-3 were lower than ZnO, ZnO/t-LNT, and
ZnO/r-LNT-110, which confirmed the adsorption of renatured
LNT chains (under 90 °C) on the surface of ZnO nanoparticles
reduces their crystallinity and crystallite size. Additionally, the
changes in the intensity of the (100) and (002) peaks also indicate
modifications in the crystal morphology of ZnO with the addition
of different LNTs. The crystal morphology of ZnO and Zn/r-LNT-
110 differs from that of other samples.

area under crystalline peaks

linity% = 1007 1
Crystallinity”o area under all peaks x o )
kA
D= 2

B cos d )

In the equation, D stands for the crystallite size (nm), k for
the form factor (0.89), A for the wavelength of the CukK,
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Fig. 3 XRD spectra of ZnO, LNT and their nanocomposites.
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radiation, 8 for FWHM for a specific peak, and @ for the Bragg's
angle of diffraction.

Fig. 4 depicts SEM images of ZnO and five ZnO/LNT nano-
composites. SEM images of pure ZnO synthesized at 90 °C
(Fig. 4A) show near-spherical particles with clear boundaries,
with an average particle size of about 4.8 um (counting 100
particles). The particles are gathered by lamellae and form
a flower-like structure, with a lamellae thickness of about
30 nm. ZnO/t-LNT exhibits a fusiform flower structure, and the
spindle length is about 200 nm. In the synthesis of ZnO/r-LNT-
110, the growth speed of ZnO crystal is faster at 110 °C. The ZnO
nanoparticles appear needle-like and aggregate to form sea
urchin-like particles, with a needle length of about 1.0 um and
a diameter of about 20 nm. At a reaction temperature of 90 °C,
ZnO can be coated with r-LNT to obtain a series of uniformly
dispersed nanoparticles with smaller particle sizes. Fig. 4D-F
show that with increasing amounts of s-LNT added, the nano-
flowers gradually disappear, and the ZnO nanoparticles tend to
become spherical particles. This is consistent with the obser-
vations made during the synthesis process and the particle size
distribution results obtained using an SLS analyzer.

FTIR spectra of ZnO, LNT, ZnO/r-LNT-1, ZnO/r-LNT-2, and
ZnO/r-LNT-3 are presented in Fig. 5. The peaks observed at
3440, 3389 cm ' corresponding to OH group stretching vibra-
tions of ZnO and LNT samples. The peaks at 2930 cm ',
1640 cm™* and 1030-1300 cm ™~ are common absorption peaks
of polysaccharides. ZnO exhibits the vibrational peak at
468 cm ™' which attributed to the stretching vibration mode of
Zn-0 bond.” While increasing the concentration of r-LNT, the
band shifts to lower wavenumber which presumed the bonding
between the hydroxyl groups of chitosan and ZnO. In addition,
the Zn-O stretching band also observed in ZnO/r-LNT.

XPS spectra of ZnO and ZnO/r-LNTs are depicted in Fig. 6.
Obvious characteristic peaks such as C 1s, O 1s and Zn 2p can be
observed in the survey spectra.* The characteristic peak of Na 1s
appears in the spectrum of ZnO, which should be caused by the
adsorption of a small amount of CH;COONa on the surface. The
binding energy in the XPS spectrum makes. C 1s spectra mainly
show the presence of both C-C (284.5 eV), C-O (286.0 eV) and
C=0 (287.8) species in the surface of the materials. These carbons
species are consistent with the presence of C-containing func-
tional groups of polysaccharides or CH;COONa on the surface.
Fig. 6 also shows the spectra of O 1s, confirming the presence of
oxygen in the surface associated with C-O bonds. In the case of
the Zn 2p spectra, two interesting peaks were found. The peak at
1020.6 €V, and 1021.3 eV corresponds to Zn 2pz/, of ZnO and ZnO/
r-LNT, with the second peak at much higher binding energies
corresponding to Zn 2p,.,. The peak distance between these two
peaks is a signature of the presence of ZnO nanoparticles, in good
agreement with XRD data. It can be clearly seen that the adsorp-
tion of polysaccharides on the surface of ZnO resulted in a lower
binding energy shift of Zn 2p and O 1s of ZnO/r-LNT.

3.2. Formation mechanism of the ZnO/r-LNT

The reformation of dissociated triple helices of LNT generally
depends on the environmental conditions. Many of the
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Fig. 4 SEM images of ZnO (A), ZnO/r-LNT-110 (B), ZnO/t-LNT (C), ZnO/r-LNT-1 (D), ZnO/r-LNT-2 (E) and ZnO/r-LNT-3 (F).

renatured s-LNT chains appear as macrocycles with diameters
up to tens of nanometers at 90 °C, while, most of them become
linear triple-helix polysaccharides at 110 °C. Similar structural
changes were observed in the reformation of scleroglucan after
annealing at different temperatures by Brant et al.>* Based on
the above data, a preliminary mechanism was proposed to
describe the synthesis and dispersion of ZnO/r-LNT.

In the lower-temperature reaction system without poly-
saccharide addition. ZnO self-assembles into a lamellar struc-
ture along the non-c-axis [1010] direction and eventually forms
a large-size lamellar aggregated flower-like structure.>”*® At the
same temperature, the rigid polysaccharide chains of t-LNT
provide crystal attachment growth points, increasing the
number of crystal seeds. Additionally, the coating effect of
polysaccharide chains on the crystal surface inhibits further
growth along the non-c-axis direction, resulting in the forma-
tion of a short cone aggregation flower structure with slightly
smaller particle size.”® At high temperature, a large number of
ZnO crystal nuclei were formed in the solution, and the

17818 | RSC Adv, 2024, 14, 17814-17823

diffusion rate of zinc ions was also fast, leading to preferential
rapid growth along the [0001] crystal orientation. The renatur-
ation of the polysaccharide chain is slow, and adopt a random
coil or linear structure, and the coating effect on zinc oxide is
poor. Similarly, ZnO/r-LNT-110 with larger particles was also
generated.

In the synthesis process of ZnO/r-LNT-90, LNT was initially
destroyed by NaOH into a single-chain s-LNT. After adding zinc
acetate, the pH value of the solution decreased to 9, allowing for
renaturation into a triple helix structure, appearing as macro-
cycles with diameters up to tens of nanometers. The {1010}
crystal plane family of ZnO crystals is non-polar.**** Cyclic r-
LNT can encapsulate the {1010} crystal planes through
hydrogen bonds and hydrophobic interactions, further inhib-
iting crystal growth and resulting in spherical ZnO nano-
particles with smaller particle sizes.*>** This is consistent with
the results of the XRD pattern. In the three ZnO/r-LNT-90
samples, an increase in polysaccharide content leads to
a decrease in crystallinity and crystallite size.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FTIR spectra of ZnO, LNT, ZnO/r-LNT-1, ZnO/r-LNT-2, and
ZnO/r-LNT-3.

3.3. Antimicrobial activities of ZnO/r-LNT

The minimum inhibitory concentrations (MICs) of different
ZnO nanoparticles against five bacteria and Candida albicans,
determined by liquid medium, are shown in Table 2. There are
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differences in the inhibitory effects of ZnO nanoparticles on
different strains. This may due to the different cell wall struc-
tures, metabolic pathways, and resistance mechanisms of
different strains.*® It can be observed that different ZnO nano-
particles have varying inhibitory effects on microorganisms.
ZnO/r-LNT-2 exhibits significantly higher antimicrobial activity
compared to other samples. Generally, smaller nanoparticle
sizes correlate with higher biological activity. However, ZnO/r-
LNT-3, despite having the highest polysaccharide content and
the best dispersion effect on ZnO, exhibits poor antimicrobial
activity.

In general, within a certain range (particle size above 5 nm),
the antimicrobial effect increases as particle size decreases.
However, ZnO nanoparticles with small particle sizes tend to
agglomerate and are difficult to disperse, which greatly limits
their application performance. The antimicrobial activity
mechanism of ZnO nanoparticles is currently considered to
have three main possibilities: (1) the release of Zn** ions; (2)
excessive ROS, such as superoxide anion ("O, "), hydroxyl radical
(‘OH) and hydrogen peroxide (H,0,), which caused oxidative
damage to different cells; (3) other non-oxidative.**** In this
work, the antimicrobial activity of ZnO with different particle
sizes and crystal forms will be further explored by taking
Candida albicans as an example due to its pronounced inhibi-
tory effect.
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Fig. 6 XPS spectra of ZnO, ZnO/r-LNT-1, ZnO/r-LNT-2 and ZnO/r-LNT-3.
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Table 2 The antimicrobial activity of different ZnO/LNTs and ZnO against three plant pathogens and three standard strains
MIC (ug mL ")

Strains ZnO ZnO/r-LNT110 ZnO/t-LNT ZnO/r-LNT-1 ZnO/r-LNT-2 ZnO/r-LNT-3 LNT
Pseudomonas syringae 128 128 128 64 64 128 —
Erwinia carotovora 256 256 32 32 16 32 —
Ralstonia solanacearum 256 128 128 32 8 64 —
Bacillus subtilis 256 128 64 64 16 128 —
Pseudomonas aeruginosa 256 128 128 128 64 128 —
Candida albicans 128 128 128 16 8 32 —

ICP-MS measurements of Zn" released of different ZnO NPs 2500 —&— 700
. . . . —8— ZnO/r-LNT-1
in the RPMI 1640 medium are summarized in Table 3. It can be ZnO/-LNT-2

seen that concentrations of zinc released were similar, indi-
cating that Zn>* release should not be the main reason for the
inhibition of Candida albicans. While ZnO/r-LNT-3 with the
smallest particle size can dissolve zinc ions faster, the concen-
tration of dissolved zinc ions after 12 h is essentially the same as
that of other samples.

The concentrations of two common reactive oxygen species,
namely ‘OH and H,0,, were further detected. As shown in
Fig. 7, the cumulative concentration of ‘OH increases with time,
indicating that different ZnO nanoparticles can continuously
catalyze the production of "OH. However, due to the instability
of the free radical active substance itself, it slowly degrades.
With the increase of time, the growth rate of "OH slowed down,
and the curve flattened between 4-12 h. Generally, ZnO/r-LNTs
can produce more ‘OH compared to ZnO with larger particle
sizes. ZnO/r-LNT-2 exhibits the fastest ‘OH production rate,
reaching maximum concentration in approximately 4 h, while
ZnO/r-LNT-3 shows a relatively slow rate of “OH production,
with the curve flattening around 8-12 h, but it is still higher
than that of ZnO.

As shown in Fig. 8, the results of H,O, were similar to those
of "OH. After 12 h of incubation, ZnO/r-LNT-2 exhibits the
strongest ability to produce H,0,, with a concentration of 19.8
ug mL ™", Combined these results with the antimicrobial activity
of different ZnO nanoparticles against Candida albicans, it
indicated that the dissolution of Zn>* is not the main mecha-
nism determining the antimicrobial activity of ZnO, whereas
the production of different reactive oxygen species is the
primary antimicrobial mechanism. However, according to

Table 3 Analysis of released Zn?* in RPMI 1640 media from different
ZnO/LNTs and ZnO

Conc. of Zn*" in RPMI 1640 (ug mL ™)

Sample 4h 12 h
ZnO 6.54 7.99
ZnO/r-LNT-110 6.81 7.88
ZnO/t-LNT 6.92 8.12
ZnO/r-LNT-1 7.14 8.32
ZnO/r-LNT-2 7.26 8.66
ZnO/r-LNT-3 8.19 8.54
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—¥— ZnO/r-LNT-3
—&— ZnO/r-LNT-2 + 5 mg/mL LNT
—4&— ZnO/r-LNT-2 + 5 mM NAC
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Fig.7 Production of ‘OH in ZnO, ZnO/r-LNT-1, ZnO/r-LNT-2, ZnO/r-
LNT-3, and ZnO/r-LNT-2 + 5 mg mL™* LNT suspensions at different
times measured by fluorescence method. All sample contains 2 mg
mL~! ZnO.

201 —

2
=)
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Cyy,0, (ng/mL)
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ZnO ZnO/r-LNT-1  ZnO/-LNT-2  ZnO/r-LNT-3  ZnO/r-LNT-2  ZnO/r-LNT-2
+5mg/mLLNT +5mMNAC

Fig. 8 H,O, produced by ZnO, ZnO/r-LNT-1, ZnO/r-LNT-2, ZnO/r-
LNT-3, and ZnO/r-LNT-2 + 5 mg mL™* LNT suspensions. All sample
contains 2 mg mL~1ZnO. All particles in the suspension were removed
after standing for 12 h at room temperature.

numerous literature reports, polysaccharides have some anti-
oxidant activity.***® The zinc oxide in the ZnO/r-LNT-3, which
has the best dispersion effect and the smallest particle size,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 Intracellular ROS accumulation of C. albicans mature biofilms after incubation with 0 (A1 and A2), 8 (B1and B2), 16 (C1and C2), 32 ug mL ™t
(D1 and D2) ZnO in composite ZnO/r-LNT-2 via fluorescence microscope observation.

produces not the most reactive oxygen species. This may be due
to the fact that the antioxidant activity of the polysaccharide
itself slows down the accumulation of reactive oxygen species in
the solution. Additionally, excessive coating of polysaccharides
may also impact the production of reactive oxygen species. For
comparison, 5 mg mL~ " LNT or 5 mM NAC was added to ZnO/r-
LNT-2, and the generation of 'OH and H,0, was measured
using the same method. NAC is a commonly used antioxidant
that has the effect of inhibiting oxidative stress.*” It can be
observed that the polysaccharide has a NAC-like function, and
its addition leads to a reduction in ROS, but the antioxidant
capacity is weak.

Finally, ZnO/r-LNT-2, which exhibits the best inhibitory
effect, was used to investigate its effect on the intracellular level
of reactive oxygen species in Candida albicans. The results are
shown in Fig. 9, where Fig. 9A1-D1 represent Candida albicans
treated with 0 pg mL ™, 4 pg mL ™", 16 ug mL ™', and 64 pg mL "
ZnO/r-LNT-2, respectively, under an ordinary light microscope
field of view. Corresponding fluorescence microscope images
under the same field of view are shown in Fig. 9A2-D2. It can be
observed that as the concentration of ZnO/r-LNT-2 increases,
the density of mycelium in the biofilm continuously decreases,
and the level of reactive oxygen species in the mycelium
significantly increases. Under the treatment group of 64 ug
mL " ZnO/r-LNT-2, the level of reactive oxygen species in almost
all mycelium exceeds the normal value. Prolonged peroxidation
of cells leads to damage in various membrane structures,
including enzyme activities, thereby achieving antimicrobial
activity. These results indicate that ZnO/r-LNT-2 can inhibit
Candida albicans by inducing the accumulation of intracellular
reactive oxygen species.

4. Conclusion

ZnO nanoparticles were prepared through hydrothermal
synthesis, employing LNT as a dispersant to systematically
investigate the influence of LNT concentration and

© 2024 The Author(s). Published by the Royal Society of Chemistry

conformational alterations on the dispersive behavior. Addi-
tionally, the inhibitory potency and antimicrobial mechanisms
of various ZnO/LNT composites against diverse microbial
strains were delved into. The results demonstrated that ZnO/r-
LNT, which was dispersed through the LNT denaturation-
renaturation process, exhibited better dispersive properties,
absent of precipitation and nanoparticle aggregation. Notably,
ZnO/r-LNT-2 displayed significantly augmented antimicrobial
activity in comparison to other samples. Furthermore, it
exhibited the utmost inhibitory effect against Candida albicans,
with a MIC value of 8 pg mL™". The antimicrobial mechanism
study revealed that the antimicrobial activity of ZnO was
primarily attributed to the generation of ROS, rather than Zn**
dissolution.
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