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In this study, a copolymer (PVA-g-PEG) of polyethylene glycol (PEG) and polyvinyl alcohol (PVA) was
synthesized by grafting PEG chains onto PVA backbone. PVA-g-PEG was used as the carrier to prepare
the silver nanoparticles/polymer composite (AgNPs/PVA-g-PEG) using a “one-pot” biological method in
the presence of grape seeds extract as a reducing and stabilizing agent. In order to highlight the effect of
the copolymer, the homo-polymers PVA and PEG were applied as the carriers to prepare the
corresponding composites — AgNPs/PVA, and AgNPs/PEG, respectively using the same method. The
prepared AgNPs/polymer products were characterized by UV absorption spectroscopy (UV-vis), scanning
electron microscopy (SEM) and X-ray diffraction (XRD). The results show that the silver ions were
successfully reduced by the grade seeds extract and the produced AgNPs are coated on the surface of
AgNPs/PVA-g-PEG and AgNPs/PVA, but not for AgNPs/PEG. The prepared AgNPs are uniform and
monodisperse, the particle size is small with mean diameter about 25.7 + 2.3 nm and 54.2 + 3.4 nm for
AgNPs/PVA-g-PEG and AgNPs/PVA, respectively. The AgNPs/polymer composites exhibited superior
antimicrobial effects against microorganisms (Escherichia coli and Staphylococcus aureus). AQNPs/PVA-
g-PEG demonstrated a better performance than AgNPs/PVA. AgNPs/PVA-g-PEG had a minimum
inhibitory concentration (MIC) of 1.3 ng mL™* and a minimum inhibitory concentration (MBC) of 2.4 ng
mL~* against the microorganisms. For anti-tumor effect, AGNPs/PVA-g-PEG also demonstrated a high
cytotoxicity to the colorectal cancerous cells HCT116 and SW620. The IC50 values of AgNPs/PVA-g-
PEG for HCT116 and SW620 cell lines were 25.4 and 37.6 ug mL™?, respectively, suggesting a good
anticancer activity. All above results indicate that AgNPs/PVA-g-PEG composites have a significant
potential for the control of microorganisms and inhibition of cancer cells.
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Introduction

It has been well known that silver and silver ions have bacte-
riostatic effects, and they can be applied as inorganic bacte-
riostatic agents to purify water, prevent food deterioration, and
treat infectious diseases.’™ Recently, with the rapid develop-
ment of nanotechnology, the unique physicochemical proper-
ties and biological characteristics of some conventional
materials at the nanoscale have received widespread attention.
Silver nanoparticles (AgNPs) exhibited a much better anti-
bacterial performance compared with traditional silver anti-
bacterial agents owning to the small size and surface
effects.>"” AgNPs possess a series of advantages, such as wide
antibacterial spectrum, long-term antibacterial effect, safety,
and high efficiency. In addition, the bacteria treated with AgNPs
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are less likely to develop resistance. Therefore, AgNPs have been
considered as a new type of anti-bacterial agent to replace
antibiotics in the future. Until now, AgNPs have been widely
used in the fields of chemical, textile, ceramic, food, medicine,
clinical and other anti-bacterial fields.>™°

Generally, the traditional synthesis of AgNPs include phys-
ical and chemical methods.’**® However, there were many
disadvantages in these methods such as expensive equipment,
high-energy consumption, and environmental pollution caused
by the use of chemical reagents during the synthesis process.*
Recently, emerging biosynthetic methods have been applied to
replace chemical reagents with extracts of biological materials
such as plants, bacteria, fungi, and algae, which function as
reducing agents and stabilizers, to reduce the highly unstable
silver ions to stable AgNPs. Compared with traditional synthetic
methods, these new approaches are easy to operate, mild in
reaction conditions, low-cost, and environmentally friendly.>***
At present, various plant extracts such as lemon, hawthorn, and
ginger have been used to synthesize AgNPs.>**73323* However,
the final products prepared from various starting biomaterials

exhibited different shapes, sizes, and surface bound
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biomolecules.”>?*” Most importantly, their anti-bacterial and
stability properties also varied significantly. Therefore,
screening novel and inexpensive biomaterials becomes a key
factor to synthesize highly efficient AgNPs anti-bacterial agents.

Grape seeds contain a lot of crude proteins, amino acids,
carbohydrates, vitamins, trace elements, unsaturated fatty
acids, as well as polyphenolic compounds such as catechins,
epicatechins, gallates, and anthocyanins. Among these
substances, anthocyanins account for 80% of the polyphenolic
compounds. Hence, grape seed extract has been considered as
so far the most efficient antioxidant which was derived from
plants.*>** However, as a waste of grape and wine processing,
grape seeds have not been utilized and they actually possess
great potential for development and utilization.

In this study, the grape seed extract was applied as
a reducing agent and stabilizer to synthesize AgNPs. A
composite nanosilver antibacterial agent was prepared by
combining AgNPs with a carrier to further effectively prevent
the aggregation and deposition of AgNPs. Polymers are well-
known skeleton materials for metal nanoparticles. When
nanoparticles are loaded onto the polymer, the polymer
backbone acts as a dispersant and protective agent. Polyvinyl
alcohol (PVA) is a water-soluble polymer that is safe, non-toxic,
highly transparent, easy to process, and has good biocom-
patibility, biodegradability, thermal stability, and film-
forming properties.*”** PVA is an ideal carrier and has been
widely used in nanocomposites. In addition, the water solu-
bility of PVA makes AgNPs composites easily be prepared in an
aqueous solution. Polyethylene glycol (PEG) is a highly
biocompatible polymer material commonly used for drug
delivery and surface modification of nanomaterials. By modi-
fying with PEG, the dispersibility and stability of nanoparticles
in aqueous solutions can be improved, while reducing non-
specific interactions between nanoparticles and living organ-
isms. In previous studies, the end of the PEG molecular chain
is modified with methoxy (CH3;0-), which enhances the
stability and biocompatibility of PEGylated AgNPs**¢ in
aqueous solution while maintaining their original properties,
including - first, excellent biocompatibility and bio-
macromolecular modification: PEG modification enhances the
compatibility of AgNPs within living organisms, also facili-
tating further surface modifications, such as antibodies and
peptides, to achieve more accurate biometric recognition and
detection. Second, low side effects: PEG modification reduces
non-specific interactions between silver nanoparticles and
organisms to decrease their potential biological toxicity.
Third, easy to modify with specific molecules in the following
stage: PEGylated AgNPs have good stability and dispersibility,
making them easy to modify with specific molecules in the
next stage, such as fixing biomolecules on the surface of
nanoparticles through chemical bonding or physical adsorp-
tion. In current work, a graft copolymer (PVA-g-PEG) of
ethylene glycol and vinyl alcohol repeating units was synthe-
sized and used as the carrier to prepare the nanosilver/
copolymer composite. The performance of AgNPs prepared
from the copolymer was compared with the product from PVA
alone. Evaluations were conducted on the anti-bacterial effect
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against microorganisms (Escherichia coli and Staphylococcus
aureus) and anti-tumor activity against HCT116 and SW620
Cells. The study is highly important to the development and
application of nanosilver-based anti-bacterial and anti-tumor
agents.*’

Materials and methods

Materials

PVA (90.0% hydrolyzed, molecular weight 63000 g mol %,
polydispersity index 2.07) was purchased from Innochem (Bei-
jing, China). The grape seed extract with an extract ratio of 10: 1
was purchased from Beijing Psaitong Biotechnology Co., Ltd
(Beijing, China). Poly(ethylene glycol) methyl ether (PEGME,
molecular weight 2000 g mol ™, polydispersity index 1.10), p-
toluenesulfonyl chloride (TsCl), triethylamine, sodium hydride
(NaH, 60% dispersed in mineral oil), silver nitrate (AgNOj;),
dimethyl sulfoxide (DMSO), dichloromethane, diethyl ether and
other chemicals were purchased from Sigma-Aldrich and used
as received without further purification.

Synthesis of nanosilver/polymer composite

The grape seed extract was prepared in ultra-pure water. Grape
seed sample (5 g) was added into 100 mL ultra-pure water, the
mixture was heated and refluxed at 90 °C for 1 hour. After
cooling to room temperature, the mixture was centrifuged at
5000 rpm for 20 minutes. The yellow brown supernatant was
stored in a fridge at 4 °C. The polymer (0.5 g) and AgNO; (0.05 g)
were dissolved into 200 mL ultra-pure water in a round bottom
flask which was immersed in a water bath. After stirring for 20
minutes, grape seed extract fluid (5 mL) was added and refluxed
at 90 °C for 30 minutes. The mixture was stored in dark at 4 °C.
As a control sample, the AgNPs product without any polymers
was synthesized from grape seed extract according to above
procedures.

Characterization methods

'"H NMR spectra were acquired with a 400 MHz NMR spec-
trometer (JEOL JNM-ECS) at ambient temperature using
deuterated solvent DMSO-ds.

UV-vis absorption spectra of various solution were obtained
using a UV-vis spectrophotometer (U-5100 model, Hitachi,
Japan) with wavelength scanning range of 300-800 nm. The
polymer and grape seed extract samples were used as controls.

The morphology and particle size of synthesized AgNPs
particles were characterized using Scanning Electron Micros-
copy (SEM) (Hitachi SU8000) at 25 °C. The sample solutions
were frozen using liquid nitrogen, then made electrically
conductive by coating, in a vacuum with a thin layer of gold
(approximately 300 A) for 30 s and at 30 W. The SEM images
were taken at an excitation voltage of 10 kv.

The crystal structure of AgNPs/polymer composite was
analyzed using an X-ray diffraction (XRD) analyzer (XRD-7000
model, Shimadzu Corporation, Japan) with Cu Ke radiation in
a 260 range of 5-90°. The surface micro-morphology was iden-
tified using a field-emission scanning electron microscope

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(model S-4800, Hitachi Co., Tokyo, Japan), equipped with X-ray
energy dispersive spectroscopy capabilities. X-ray photoelectron
spectra were recorded on a spectrometer (Thermo Fisher
ESCALAB 250Xi).

Antimicrobial zone experiment

The cup method was applied to detect the antimicrobial activity
of AgNPs/polymer against two microorganisms Escherichia coli
and Staphylococcus aureus. The microorganisms were inocu-
lated into 2216E culture medium and cultured at 26 °C with
150 rpm until the logarithmic growth stage, physiological saline
was used to dilute to 10° CFU mL~" 100 pL of each sample was
taken and evenly spread onto 2216E solid culture medium
plates. Four Oxford cups (inner diameter 6 mm, outer diameter
8 mm) were placed evenly on each plate. 20 pL of AgNPs/
polymer complex synthesized from grape seed exact was
added into the Oxford cups. Similarly, the AgNPs sample
without polymer was treated using the same methods and used
as the control. All samples were loaded in an incubator at
a constant temperature of 26 °C for 24 hours. The diameter of
the inhibition zone of each microorganism was measured and
the experiment was repeated for three time. The final results
were expressed by the average diameter of the inhibition zone +
standard deviation (SD).

Determination of minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC)

E. coli was used as an indicator bacterium, the solution was
diluted to 10° CFU mL " and cultured to the logarithmic growth
stage. The synthesized AgNPs/polymer solution was diluted into
different concentration gradients using the double dilution
method,* 1 mL of AgNPs/polymer solution at various concen-
trations was sequentially added to the test tubes containing
bacterial solution and they were mixed well. Two control tubes
were established with a negative control of 2 mL 2216E liquid
culture medium and a positive control of 2 mL 10® CFU per mL
bacterial suspension, respectively. After shaking at 26 °C for 24
hours, growth of the bacterial cells was visually observed.
Negative (—) mark was recorded if the mixture in the test tube is
clear. On the opposite, positive (+) mark was recorded if the
mixture in the test tube is turbid. The lowest concentration of
AgNPs/polymer solution in the negative testing tube corre-
sponds to the MIC of AgNPs/polymer. 100 pL of the solution
from the negative testing tube was taken and transferred onto
a 2216E solid culture medium plate. The plate was inverted for
24 hours at 26 °C to observe and record the growth of the
colonies. The culture dish with less than five growing colonies
was marked negative (—), otherwise the culture dish was
marked positive (+). The lowest concentration of AgNPs/
polymer on the negative plate was defined as the MBC of
AgNPs/polymer. All above experiments were repeated three
times for average values and standard deviations.

Antimicrobial kinetics

The indicator bacterium E. coli was cultured in 2216E liquid
medium at 26 °C and 150 rpm until reached the logarithmic

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

growth stage, then it was diluted to 10° CFU mL ™ ". According to
the experimental results of MIC and MBC, AgNPs/polymer at
final concentrations of 1 pg mL ™" and 2 pug mL~ " were added to
the bacterial solution for treatment. The bacterial solution with
physiological saline was used as a control and incubated at
a constant temperature of 26 °C on a shaker at 150 rpm.
Samples were taken at the time of 0, 10, 30, 60, 120, and 180
minutes, and the absorbance at 600 nm was measured the UV-
vis spectrophotometer to plot the antibacterial kinetics curve.
All above experiment was repeated for three times.

Nucleic acid release

The nucleic acid in the released cytoplasm due to damage of the
bacterial cell membrane can be detected by measuring the
absorbance at 260 nm. The experimental procedures are given
below: the indicator bacterium E. coli in logarithmic stage was
diluted to 10° CFU mL ™", AgNPs/polymer was added to adjust
the final concentrations at 1 and 2 pug mL ™", physiological saline
was used as the control group to culture for 3 hours at 26 °C.
The bacterial samples were taken at fixed time intervals and
centrifuged using 5000 rpm for 20 minutes. The absorbance
Ay Of the supernatant at 260 nm was determined using the UV-
vis spectrophotometer to evaluate the effect of AgNPs/polymer
on cell content release.*® All above experiment was repeated
for three times.

Cell culture

The cell lines for colorectal cancer cells HCT116 and SW620
were cultured to generate a cell bank to place the cell lines in
ELISA kits. The cell line was maintained using 500 ML Dul-
becco's Modified Eagle's Medium (DMEM) (Sigma-Aldrich)
containing high concentrations of phosphate buffer, r-gluta-
mine and 2-[4-(2-hydroxyethyl)piperazin-1-yllethanesulfonic
acid (HEPES). For the medium of cell growth, 100 mL of
DMEM was used which contains 15% fetal bovine serum,
filtrate, and 1% antibiotics. Cell culture was conducted in an
incubator at 37 °C.

IC50 determination

The AgNP solutions were prepared using 100 mL DMEM in
a fridge. The culture medium in the ELISA kit was transferred
using a Pasteur pipette, which was connected with a Buchner
funnel under vacuum. The cells adhered at the bottom of the
box where remained untouched during the experiment. The
well were rinsed by 100 pL PBS and extracted using a Pasteur
pipette. AgNP solutions were introduced to contact with the
cells for 24 hours at 37 °C under a CO, atmosphere. AgNPs were
dissolved into the growth medium by formation of suspensions.
This test was conducted with the AgNPs prepared by PVA-g-PEG,
PVA, and PEG, respectively.

MTT cell viability investigation

The cytotoxicity of the AgNPs prepared from PVA-g-PEG, PVA,
and PEG in cancer cell lines and normal cell lines was investi-
gated using MTT assay, which was used to determine the cell
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viability rate by a colorimetric method according to the amount
of formazan generated from the living cells. The measurement
was conducted by three stages. First, the culture medium and
AgNPs were remove with a Pasteur pipette after 24 hours;
second, 200 pL of growth medium and 20 pL of MTT were dis-
solved into 200 pL DMSO at a PBS concentration of 5 mg per mL
PBS, the mixture was added to each well along with the
uncleaned cells, then it was incubated at 37 °C under a CO,
atmosphere for 6 hours to synthesize formazan, third, the
supernatant was loaded into a new ELISA kit and a UV-vis
analysis was conducted at a wavelength of 595 nm for each
plate (Varioskan LUX).

Data analysis

The obtained data were analyzed to calculate the mortality rate
and to compare the concentration of formazan in treated cells
with that in the untreated cells (0% mortality) at each concen-
tration of AgNPs. The mortality rates were plotted as a function
of AgNPs concentration in a log scale. IC50 results were calcu-
lated using the four parameter logistic (4PL) regression,'® which
was commonly used model for analysis of biological determi-
nation. A linear relationship is usually yielded within specific
range of concentration. An equation that describing regression
is given below

b—a

6

where flx) represents the mortality as a function of AgNPs
concentration (x), four parameters are the minimum mortality
rate at zero concentration (a), the maximum mortality rate at
infinite concentration (b), the inflection point (c), and the Hill
slope of the curve (d). The parameter d and IC50 represent the
concentration at which the mortality reaches the inflection
point. IC50 was determined from the inflection point of the
curve. To ensure if significant statistical differences were
present for each sample and between the samples, ANOVA was
used to analyze the data with a p < 0.05 representing that the
data were not significant.

f)=a+ 1)

Results and discussion
Synthesis of the graft copolymer

The schemes in Fig. 1 describe the synthesis protocol that was
followed to prepare the PVA-g-PEG product. First, the hydroxyl
ends of the PEGME were reacted with TsCl to yield PEGME-Ts.
In a second step, excess of PEGME-Ts was reacted with depro-
tonated PVA to remove the toluenesulfonyl group of PEGME-Ts
and graft the PEG chains onto PVA backbone to yield the PVA-g-
PEG copolymer. The detailed synthesis procedures is described
below.

Synthesis of PEGME-Ts is shown in Fig. 1A. In a round-
bottom flask, PEGME was dissolved into freshly distilled
dichloromethane. Nitrogen was introduced to keep the solution
maintain a N, atmosphere. Three-fold excess (in mole) of trie-
thylamine was added to the solution after PEGME was fully
dissolved. The flask was immersed in an ice bath and the
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Fig. 1 Synthesis of PEGME-Ts (A) and PVA-g-PEG (B).

solution was stirred for around 20 min. Three-fold excess (in
mole) of TsCl was added in a small quantity during 5-10
minutes. After half an hour, the ice bath was removed and the
reaction was kept at room temperature. After stirring for over-
night, the solution was concentrated under vacuum and added
dropwise to a large amount of diethyl ether. The white precip-
itate (PEGME-Ts) was filtrated and dried in a vacuum oven at
room temperature for overnight. The dry PEGME-Ts was ground
into powder, suspended in toluene and stirred for 1 h. The
impurities, including excess trimethylamine, TsCl, and by-
product trimethylamine hydrochloride, were filtered off and
the filtrate was concentrated again and added dropwise to
diethyl ether. The white precipitate was collected by filtration
and dried for overnight under vacuum.

Unmodified PEGME (Fig. 2A). 'H NMR (DMSO-dg), & (ppm):
4.5 (t, ~1H, -OH), 3.2-3.7 (massive peaks, ~-O-CH,-CH,- from
PEG backbone), 3.2(~3H, -CHj3).

PEGME-Ts (Fig. 2B). 'H NMR (DMSO-de), 6 (ppm): 7.4 (d,
~2H, benzyl ring), 7.7 (d, ~2H, benzyl ring), 4.1 (t, ~2H, -CH,-),
3.2-3.7 (massive peaks, -O-CH,-CH,- from PEG backbone),
3.2(~3H, -CH;).

As shown in Fig. 1A, PEGME exhibits a triplet for the
terminal hydroxyl group at around 4.5 ppm in DMSO-ds and
this peak does not shift or broaden with the concentration of
the polymer, water, or impurities and is well separated from the
main chemical shift of the PEGME backbone.*** Therefore,
DMSO-d¢ was used as the NMR solvent to investigate the func-
tionality of PEGME. The disappearance of this peak suggests
that all PEGME chains have been successfully modified with the
tosylate groups. Furthermore, the peak at 4.1 ppm represents
two protons of the last ethylene glycol unit next to the tosylate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 'H NMR spectra of PEGME (A), PEGME-Ts (B), and PVA-g-PEG
(C).

group, again indicating that the tosylate group was covalently
attached at the PEGME chain end.

Synthesis of PVA-g-PEG is shown in Fig. 1B PVA was dissolved
into freshly distilled DMSO in a round-bottom flask. Nitrogen
was introduced to keep the solution maintain a N, atmosphere.
A certain amount of NaH was added and the mixture was stirred
at room temperature for 1 h. PEGME-Ts was added to the
reaction flask which was then placed in an oil bath at 60 °C and
stirred overnight under nitrogen. The oil bath was removed and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the mixture was cooled down to room temperature after
quenching the reaction with a drop of water. The solution was
concentrated and precipitated into diethyl ether, the solid PVA-
g-PEG was collected from filtration and dried at room temper-
ature under vacuum for 12 h.

To purify the final product, PVA-g-PEG was dissolved in
deionized (DI) water and dialyzed against a large amount of DI
water using a dialysis bag with a cut-off molecular weight of
7000 g mol~ " for one week. The concentrated solution was
freeze dried and precipitated in diethyl ether. After the final
precipitation, the solid was dried at room temperature under
vacuum for 2 days. The disappearance of the peaks at 4.5 and
4.1 ppm suggests that all PEG chains were successfully grafted
onto PVA backbone.

PVA-g-PEG. 'H NMR (DMSO-d), 6 (ppm): 4.0-5.0 (t, ~1H, -
OH), 3.8-3.9 (multiple peaks, -CH- from PVA main chain), 3.2-
3.7 (massive peaks, -O-CH,-CH,- from grafted PEG backbone),
3.2(~3H, -CHj3; of PEG methyl group), 2.0 (t, ~3H, -CHj; at PVA
main chain), 1.3-1.5 (multiple peaks, -CH,- from PVA main
chain).

UV-vis spectroscopy

Under the irradiation using visible light, the conduction elec-
trons of metal nanoparticles were excited to generate surface
plasmon resonance (SPR), which produces very strong absorp-
tion peaks and the bulk indicate colors with wavelength in the
region of visible light. The absorption peak of SPR of typical
AgNPs is located in the range between 400 and 500 nm.** Due to
the difference in concentration and particle size, AgNPs solu-
tions exhibit characteristic colors ranging from golden yellow to
brown.”> The polymer solutions are colorless and transparent,
and the color of the grape seed extract is slightly yellow. After
the heating reaction for 30 minutes, the reaction solution
changed from light yellow to deep brown, indicating that AgNO;
was rapidly reduced to AgNPs under the combined action from
unsaturated fatty acids, catechins, and anthocyanins in grape

—AgNPs/PVA-g-PEG

——AgNPs/PVA
09 ——AgNPs/PEG
PVA
08 * PEG

® Grape seed extract

o
N

Normalized adsorbance
o
&

03

0.2

0.1

00 = I
250 300 350 400 450 500 550 600 650 700

Wavelength (nm)

Fig. 3 UV-vis spectra of the AgNPs prepared from different polymers.
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seed extract. The absorption spectra of AgNPs/PVA-g-PEG was
acquired by UV-vis spectrophotometer. The results shown in
Fig. 3 indicate that the absorption of AgNPs/PVA-g-PEG and
AgNPs/PVA solutions exhibits a clear characteristic peak at
around 433 and 421 nm, respectively. While AgNPs/PEG solu-
tion shows an absorbance peak at 619 nm, and grape seed
extract and the polymer solutions did not exhibit any peaks
within the wavelength scanning region, further confirming the
preparation of AgNPs/PVA-g-PEG and AgNPs/PVA. It has been
found that the AgNPs with a narrow absorption peak have
a more uniform particle size distribution. Therefore, AgNPs/
PVA-g-PEG should be more uniformly distributed comparing
that of AgNPs/PVA, as the absorption peak is narrow with
AgNPs/PVA-g-PEG. For AgNPs/PEG, maybe the profiles of the
NPs are quite different with AgNPs/PVA-g-PEG and AgNPs/PVA,
or the AgNPs/PEG aggregate to give an absorbance peak at
619 nm from the UV-vis spectra.

Morphology and particle size analysis

The particle size and morphology of AgNPs/polymer were detec-
ted using SEM. Fig. 4 shows the morphological observation,
particle size distribution, and X-ray diffraction patterns of the
prepared AgNPs/polymer samples. The SEM images show that
AgNPs/PVA-g-PEG and AgNPs/PVA are spherical and well
dispersed with a relatively homogeneous particle size, while
AgNPs/PEG seem to be less dispersed and aggregate to form bulk
with a large scale. The statistical analysis of particle size distri-
bution (Fig. 4D) shows that the particle size range of AgNPs/PVA-
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g-PEG is between 5-50 nm, with an average particle size of 25.7 &
2.3 nm. For AgNPs/PVA, Fig. 4E indicates that the particle size
distribution ranges from 10 to 80 nm, with an average diameter
of 54.2 + 3.4 nm. To both synthesized particle AgNPs/PVA-g-PEG
and AgNPs/PVA, their size follows a normal distribution, and the
size distribution is relatively concentrated. However, the size
distribution of AgNPs/PEG cannot be acquired due to formation
of large aggregates. Comparatively, AgNPs/PVA-g-PEG particles
are well dispersed on the polymeric carriers without obvious
agglomeration, while AgNPs/PVA exhibits slight tendency for
particle agglomeration. The observed phenomenon could be
attributed to the protective effect of PEG chain. PVA has been
known to be a good carrier for nanoparticles to prepare nano-
composites. In this study, after the silver nanoparticles bound to
PVA chains, the hydrophilic PEG grafts covered the nano-
composites to stabilize them.* Thus, AgNPs/PVA-g-PEG shows
excellent dispersive properties. The mechanisms are illustrated
in Fig. 5. Previous studies have indicated that the AgNPs with
a smaller size possess a higher anti-bacterial activity.® However,

AgNPs
[ ]

= =

PVA-g-PEG AgNPs/PVA-g-PEG

Fig. 5 Mechanisms of dispersive AgNPs/PVA-g-PEG.
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Fig.4 SEM images of AgNPs/PVA-g-PEG (A), AgNPs/PVA (B), and AgNPs/PEG (C). Size distribution of AQNPs/PVA-g-PEG (D), AgNPs/PVA (E). X-

ray diffraction patterns of AgNPs/PVA-g-PEG and AgNPs/PVA (F).
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Fig. 6 Antimicrobial effects using the agar diffusion method for E. coli (A) and S. aureus (B), where (a) AQNPs/PVA-g-PEG, (b) AgNPs/PVA, (c)

AgNPs/PEG, (d) grape seeds extract, and (e) normal saline.

when the concentration of AgNPs is high or the particle size is
less than 40 nm, agglomeration and precipitation might occur
due to high surface energy of nano-scale silver particles."”*® The
aggregation and sedimentation between the AgNPs prepared by
biosynthetic method were significantly hindered by the protec-
tion and stability of the active ingredients, biomolecules, and
functional groups bound to the surface of AgNPs,** resulting in
an excellent dispersion of AgNPs/polymer particles. In addition,
the introduction a polymeric dispersant protective agent such as
PVA into the reaction system make the AgNPs particles inserted
or encapsulated in the polymer coil, effectively preventing the
aggregation of AgNPs and further improving the stability of the
final product.”® Therefore, the grape seed extract and PEG poly-
meric chains can synergistically enhance the stability of AgNPs.

Crystal structure analysis

The crystal structures of synthesized AgNPs/PVA-g-PEG and
AgNPs/PVA were characterized using XRD (Fig. 4F). The results
showed that the XRD patterns exhibited four significant
diffraction peaks at 26 angles of 38.06°, 44.18°, 64.56°, and
77.22°, respectively, which correspond to the (111), (200), (220),
and (311) crystal planes of the silver crystal system, indicating
that both AgNPs/polymer composites exhibit a face centered
cubic (FCC) crystal structure. The average grain size of AgNPs
can be obtained from the full width at half maximum of the
strongest diffraction peak (111) using Scherrer's formula®
expressed by eqn (2).

kA
D=
B cos 6

(2)

where D is the average particle size of the sample; § is the full
width at half maximum of the strongest diffraction peak; k is the
Scherrer constant which equals 0.89; 4 is the X-ray diffraction
wavelength of 1.541 nm, and 6 is the diffraction angle. The
results calculated from eqn (2) indicate that the average particle
size of AgNPs/PVA-g-PEG and AgNPs/PVA is 26.3 and 56.1 nm,
respectively, which are close to the average particle sizes esti-
mated from SEM.

Antimicrobial evaluation

The antimicrobial effect of three AgNPs/polymer composites on
two microorganisms E. coli and S. aureus were detected by agar
diffusion test, and the results were compared with the grape
seeds extract and normal saline. Fig. 6 shows that the grape
seed extract and physiological saline in the control groups as
well as the AgNPs/PEG group did not display inhibition zones or
exhibit antimicrobial activity against the microorganisms.
While AgNPs/PVA-g-PEG and AgNPs/PVA synthesized from
grape seeds showed significant inhibition zones against the
microorganisms, indicating that AgNPs/PVA-g-PEG and AgNPs/
PVA antimicrobial agents have broad-spectrum bactericidal
effect. The statistical results of the inhibition zone diameter for
the microorganisms are listed in Table 1. Fig. 6 and Table 1
indicate that the diameter of the inhibition zone produced by
nanosilver antimicrobial agents varies for different microor-
ganisms, reflecting different sensitivities of the microorganisms
to antimicrobial agents. Additionally, the anti-bacterial zone of
AgNPs/PVA-g-PEG is significantly larger than that of AgNPs/PVA,
indicating a stronger antimicrobial activity of the graft copol-
ymer. These results demonstrate that AgNPs/PEG have a high

Table 1 Zone of inhibition of E. coli and S. aureus with AgNPs/polymer experimental groups and control groups

Zone of inhibition (mm)

Microorganisms AgNPs/PVA-g-PEG AgNPs/PVA AgNPs/PEG Grape seeds extract Normal saline
E. coli 17.7 £ 0.3 15.9 £ 0.7 0 0 0
S. aureus 15.4 £ 0.2 13.2 £ 0.6 0 0 0

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 MIC and MBC tests of AQNPs/PVA-g-PEG composite against
E. coli

Concentration
Label (ng mL™") 24 h 48 h
1 137.5 — -
2 68.8 — —
3 34.4 — -
4 17.2 — —
5 8.6 — —
6 4.3 — —
7 2.3 — -
8 1.2 — +
9 0.6 + +
10 0.3 + +
Negative control — -
Positive control + +

surface activity so that they are easily oxidized, aggregated, and
precipitated, which reduces the antimicrobial activity and
inevitably affects the practical applications of AgNPs.>” Prepa-
ration of AgNPs/PVA-g-PEG composite material resulted in the
steric hindrance effect of PVA-g-PEG on the surface of AgNPs
particles, preventing the aggregation of AgNPs and thus
improving the antimicrobial effect. Table 1 also shows that the
indicator E. coli is most sensitive to AgNPs/polymer, which
exhibited the largest inhibition zone diameter. Therefore, E. coli
was used as an indicator bacterium in subsequent inhibition
experiments.

MIC and MBC determination

Using E. coli as an indicator, the MIC and MBC of AgNPs/PVA-g-
PEG (Table 2) and AgNPs/PVA (Table 3) synthesized from grape
seeds were determined using double dilution method. Table 2
shows that the bacterial solution in tubes 1-8 is clear, while it
becomes turbid after tube 9. Therefore, the critical concentra-
tion (1.2 pg mL™") of AgNPs/PVA-g-PEG in tube 8 is considered
as the MIC of AgNPs/PVA-g-PEG. 0.1 mL of bacterial suspension
from each tube of 1-8 was taken and loaded onto 2216E solid
culture medium. After culturing for 24 hours, growth of

Table 3 MIC and MBC tests of AgNPs/PVA composite against E. coli

Concentration

(ug mL™) 48 h

=
)

jon
@,

24 h

65.5 — —
32.8 - —
16.4 — —
8.2 - —
4.1 — —
2.1 — —
1.1 —
0.5 +
0.2 +
10 0.1 +
Negative control - -
Positive control + +
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Fig. 7 Growth of E. coli treated with different AgNPs.

colonies was observed. It showed that when the concentration
of AgNPs/PVA-g-PEG reaches 2.3 pg mL ™", the indicator hardly
generated colonies on the agar plate and was completely killed.
Therefore, the MBC of AgNPs/PVA-g-PEG for indicator was
determined to be 2.3 ug mL™". Table 3 shows that the AgNPs/
PVA prepared from grape seeds became cloudy in tube 8.
Therefore, the MIC was determined to be 1.1 pg mL~" which
corresponds to tube 7, and the MBC was 2.1 pg mL~" which
corresponds to tube 6. Because PVA-g-PEG is a copolymer, its
MIC cannot be directly compared with that of AgNPs/PVA. In the

05 ~
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Fig. 8 Effects of different AQNPs on the release of nucleic acid
contents from E. coli.
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synthesis stage, AgNO; at same concentration and reduction
conditions were used to synthesize the two substances, result-
ing in a same amount of AgNPs in the original solution and
various solutions at gradient concentration after dilution.
Comparing the data listed in Tables 2 and 3, it can be found that
the growth of AgNPs/PVA was observed from the tube #7, while
AgNPs/PVA-g-PEG started to become cloudy from the tube #8,
suggesting that AgNPs/PVA-g-PEG has a stronger antimicrobial
effect, which is consistent with the results acquired from the
inhibition zone test.

Antimicrobial kinetics

The growth curves of E. coli in the presence of synthesized
AgNPs/polymer are shown in Fig. 7. The optical density (OD)
value of bacterial solution at 600 nm can be applied to reflect
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the growth of microorganism. Generally, the concentration of
microorganism is higher at a higher OD600 value. The control
group added with physiological saline shows a continuous
increase in OD600 value with increasing culture time, and the
bacteria rapidly reached the logarithmic growth stage, exhibit-
ing a typical profile for exponential growth.® However, the
indicator treated with AgNPs/PVA-g-PEG and AgNPs/PVA
showed significant inhibitory effects on the indicator. As an
increasing cultivation time, OD600 value of the bacterial solu-
tions in both treatment groups remained unchanged. Interest-
ingly, AgNPs/PEG also exhibits a continuous increase in OD600
value with increasing culture time, which is similar to the
control group with a logarithmic growth stage, suggesting that
the synthesized AgNPs/PEG does not have an effective inhibi-
tory function on the indicator. These results and observation
indicate that AgNPs/PVA-g-PEG and AgNPs/PVA synthesized
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Fig.9 Cytotoxicity of the AgQNPs in HCT116 cells (A and B) and in SW620 cells (C and D) after 24 hours incubation. Log scale and dash lines was

applied for fitting of data.
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Table 4 IC50 Calculated from 4PL regression method for AGNPs/polymer composites in different cell lines

AgNPs/PVA-g-PEG AgNPs/PVA AgNPs/PEG
Cell line (ng mL™) (ng mL™) (ng mL™Y)
HCT116 25.42 + 1.38 51.15 + 3.66 864.23 + 5%
SW620 37.64 £ 2.07 73.22 £+ 4.87 1754.36 £ 5%

from grape seeds have a good inhibitory effect on E. coli in an
aqueous environment, contributing to the development of
nano-silver aquatic antibacterial agents.

Leakage of cell content

Previous studies have shown that AgNPs adsorbed onto the
surface of bacterial cells to disrupt cell membranes and increase
cell permeability. Some small molecules such as sodium salts,
potassium salts, and phosphates escaped from the cell
membranes, followed by some large molecules such as reducing
sugars, proteins, and nucleic acids. Such leakage of cell
contents disrupted the homeostasis of the intracellular envi-
ronment and affected the normal function of cellular life
activities. As a consequence, the bacterial growth was inhibited,
even leading to the death of bacterial.*** Due to the strong UV
absorption of nucleic acids at 260 nm, the integrity of the cell
membrane can be indicated by detecting the absorbance
(OD260) of the bacterial solution at a wavelength of 260 nm.
Fig. 8 shows the effect of different AgNPs/polymer on the
leakage of contents from indicator cells. It can be seen that the
addition of AgNPs/polymer can cause leakage of the contents of
E. coli cells, and the absorption value of the supernatant at
260 nm increases with increasing treatment time. After treating
the bacterial suspension with AgNPs/polymer for 1-2 hours, the
corresponding absorbance values rapidly increased by above
50%. Afterwards, the change in OD260 value tended to be
stable. While OD260 of the control group supernatant treated
with physiological saline remained basically unchanged, indi-
cating that its cell membrane was intact and there was no
release of nucleic acids.®® Among three AgNPs/polymer samples,
it can be found that AgNPs/PVA-g-PEG showed the most
pronounced increase in OD260, followed by AgNPs/PVA, and
AgNPs/PEG exhibited the lowest increase in OD260. These
results suggest that the AgNPs/polymer especially AgNPs/PVA-g-
PEG can effectively disrupt the integrity of bacterial cell
membranes, thus affecting their normal growth.

Antitumor effect

The percentage of mortality obtained from MTT assays of each
cell line was plotted as a function of AgNPs concentration, the
results were shown in Fig. 9. The 4PL regression method was
used to fit the curves and to acquire the IC50 values of each
bioassay. The fitted curves are shown in Fig. 9 and calculated
IC50 results are listed in Table 4.

MTT assays for the AgNPs prepared by PVA-g-PEG, PVA, and
PEG show that PVA-g-PEG and PVA exhibited cytotoxic effects in
both cancerous cell lines HCT116 and SW620, resulting some

6366 | RSC Adv, 2025, 15, 6357-6369

alterations at the cell level. Fig. 9 shows that the increase in
mortality is related to the increase of the AgNPs concentration
in HCT116 and SW620 cell lines. A high mortality is obtained at
high concentrations of PVA-g-PEG and PVA, while the mortality
related to PEG did not exceed 20% for both HCT116 and SW620
cell lines. The 4PL regressions were used to the curves to
determine the concentration at which 50% of the cells died in
the presence of the polymers.*®

PVA-g-PEG shows an IC50 of 25.42 + 1.38 pg mL ' in
HCT116 cells and 37.64 + 2.07 pg mL ™" in SW620 cells after
24 h for both, suggesting that the AgNPs prepared from PVA-g-
PEG is a highly cytotoxic compound. PVA gives higher IC50
values of 51.15 + 3.66 and 73.22 + 4.87 pg mL™" in HCT116 and
SW620 cell lines after 24 h, respectively, indicating that the
AgNPs prepared from PVA is a moderately -cytotoxic
compound.®*?** The lesser amount of PVA-g-PEG required
comparing PVA to achieve 50% of mortality indicates the higher
antineoplastic efficiency of PVA-g-PEG in both cell lines.
Comparatively, the high IC50 values of 864.23 + 5% and
1754.36 + 5% pg mL ' obtained from PEG in HCT116 and
SW620 cell lines, respectively, after 24 hours indicated that the
AgNPs prepared from PEG exhibited no cytotoxicity against
both cancerous cells without any antineoplastic properties. The
standard deviations of IC50 in both cells were fixed to 5% due to
large error ranges obtained. In terms of the selectivity of AgNPs/
PVA-g-PEG, an evaluation of cellular viability with AgNPs/PVA-g-
PEG was conducted in fibroblast cell lines (normal cells) to test
potential cytotoxic effects in the noncancerous cells. The IC50
obtained with AgNPs/PVA-g-PEG in the normal cell was deter-
mined 165.74 + 8.13 ug mL~" for 24 hours, suggesting a negli-
gible toxicity in the normal cells.

Conclusions

A grafted copolymer PVA-g-PEG comprising a PVA backbone and
PEG branches was synthesized and used as a carrier to prepare
the AgNPs/PVA-g-PEG composite in the presence of grape seeds
extract. The AgNPs composites AgNPs/PVA and AgNPs/PEG
which were prepared from homo-polymers were also synthe-
sized using the same method to compare the antimicrobial and
antitumor effect with that of AgNPs/PVA-g-PEG. Characteriza-
tion of three AgNPs/polymer products indicated that the silver
ions were successfully reduced by the grade seeds extract and
the produced AgNPs are coated on the surface of AgNPs/PVA-g-
PEG and AgNPs/PVA to form uniform and monodisperse
nanoparticles with diameters of 25.7 + 2.3 nm and 54.2 £+
3.4 nm, respectively. However, AgNPs/PEG formed only large
aggregates. The good mono-dispersity and small size of AgNPs/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PVA-g-PEG could be attributed to the protective effect of PEG
chain. The AgNPs/PVA-g-PEG and AgNPs/PVA composites
exhibited excellent antimicrobial effects against E. coli and S.
aureus. In addition, AgNPs/PVA-g-PEG had a better performance
than AgNPs/PVA with an MIC of 1.3 pg mL ™" and an MBC of 2.4
png mL~'. In terms of antitumor effect, AgNPs/PVA-g-PEG
demonstrated a high cytotoxicity to the colorectal cancerous
cells HCT116 and SW620. The IC50 values were determined 25.4
and 37.6 ug mL " for HCT116 and SW620 cell lines, respec-
tively. Therefore, AgNPs/PVA-g-PEG also possessed a better
antitumor activity compared with AgNPs/PVA. Comparatively,
the AgNPs/PEG did not exhibit significant antimicrobial and
antitumor effects. This study has clearly demonstrated that the
AgNPs/PVA-g-PEG composites have great potential applications
in the control of microorganisms and inhibition of cancer cells.
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