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Abstract. The study is aimed at addressing two global challenges of our time:
reducing environmental burden caused by the accumulation of synthetic polymer
waste and improving the microbiological safety of food products. In this regard, the
development of biodegradable packaging materials with antimicrobial properties
represents a relevant scientific and technological direction. To develop a scientifically
grounded approach to the synthesis of silver nanoparticles and to create, on their
basis, an antimicrobial coating for biodegradable packaging materials that ensures a
combination of environmental safety and bactericidal activity. Silver nanoparticles
were synthesized using a “green” chemical reduction method, in which silver nitrate
was reduced by glucose in the presence of polyvinyl alcohol acting as a stabilizer
to prevent particle aggregation. A comprehensive study was carried out to evaluate
the influence of reactant concentrations and synthesis conditions on the formation
kinetics, morphology, size distribution, and optical properties of the nanoparticles.
The optical characteristics of the hydrosols were analyzed by spectrophotometry in
the 300700 nm range based on the position and intensity of the surface plasmon
resonance band. The morphology and particle size were examined using scanning
electron microscopy and atomic force microscopy, while the elemental composition
was confirmed by energy-dispersive analysis. The biodegradable polylactic acid food
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film was modified by spraying a colloidal solution of silver nanoparticles onto its
surface. It was established that the size of the synthesized silver nanoparticles ranged
from 1 to 80 nm and could be controlled by adjusting the concentrations of silver nitrate
and the reducing agent. An increase in silver nitrate concentration led to a growth in
the average particle size and enhanced aggregation processes. It was demonstrated
that, when applied by spraying, the nanoparticles were uniformly distributed and
stably fixed within the porous structure of the polylactic acid film without altering
its physicochemical and morphological characteristics. The resulting nanocomposite
material combines biodegradability with pronounced bactericidal properties. The
proposed technology is characterized by simplicity of implementation, reproducibility,
and cost-effectiveness. The developed material is promising for industrial application
in the production of next-generation active biodegradable packaging for the food
industry, ensuring extended shelf life and improved microbiological safety of products
while simultaneously reducing environmental impact.

Keywords: silver nanoparticles, biodegradable packaging materials, polyvinyl
alcohol, glucose (reducing agent)
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AHHOTanusi. 3epTTey Kaszipri 3aMaHHBIH €Ki >KahaHABIK MOCeNeciH LIelyre
OaFpITTaJIFAH: CHHTETUKANBIK TOJMMEDP KaJABIKTAPbIHBIH XKUHATYbIHAH TYBIHAAWTHIH
IKOJNOTUSIIBIK JKYKTEMEH1 a3aiTy JKoHE TaraM OHIMJACPIHIH MHKpPOOHOIOTHSIIBIK,
Kayincizairin  aprteipy. OcblFaH OalJaHbICTBl aHTUMHKPOOTBHIK KacuerTepi Oap
OMOBIIBIPAUTHIH KalTaMa MaTepualJapblH 93ipiiey ©3€KTi FHUIBIMH-TEXHOIOTHSIBIK
OarplT Oonbiml  TaObutagpl. Kymic HaHOOONIIEKTEpiH CHUHTE3ACYNIH FBUIBIMU

332



Volume 2, Number 467 (2026)

HET13[IeNITeH TOCIIIH 93ipiiey JKOHE OJlapAbIH HETi31HIe SKONOTHSIIBIK Kayilci3nik meH
OaKTepHIUATIK OCICEHAUTIKTI YHIECTIpETIH OMOBIIBIPANTHIH KallTaMa MaTepraiaapbl
YIIIH aHTHUMUKPOOTHIK kaObiH jkacay. Kywmic HanoOemmekrepi Kymic HHUTpaThIH
TTFOKO3aMEH «KAChLUD» XUMHUSIIBIK TOTBIKCHI3IAHABIPY OIICI apKbUIBI, OOJIIEKTEePIiH
arperanysiCblH OOJIIBIPMANTBIH TYPAKTaHIBIPFIII KbI3METIH aTKApaThlH IOJIMBUHUI
CIOMPTIHIH KAaTBICYbIMEH ajblHABL. bacTamkel peareHTTepAiH KOHLIEHTPALUSCHI
MEH CHHTE3 IKardaljapblHbIH  HAHOOOJIIIEKTepAiH TYy3Uly KHHETHKAChIHA,
MOp(DONOTHsIChIHA, OJIIEMIIK TapaldyblHa KOHE ONTHUKAIBIK KacHETTEepiHE acepi
KeIIeH 1 TypAe 3epTreni. [ unpo3onpaepain onTukanslk cunarramanrapsl 300—700 am
JMaIa30HbIH/IA OCTTIK IUIA3MOH/IBIK PE30HAHC JKOJIAFbIHBIH OPHBI MEH KAPKbIHIbUIBIFbI
OOMBIHIIIA CTIEKTPO(OTOMETPHS SJIiCiMEH aHBIKTANBI. bemekTep iH MophoIOTUsICH
MEH 6JIleMAepi CKaHepeylll 3IEKTPOHIBIK >KOHE aTOMIBIK-KYIITIK MHKPOCKOIHS
ojicTepiMeH 3epTTeNAl, aj dJIEeMEHTTIK KypaMmbl SHEProAWCHEPCHSUIBIK Tajaay
apKbpUIbl pacTajjbl. [lOMMIAKTUATI TaFramJbIK YIJUPAI MOAH(UKAIUSIIAY KyMiC
HaHOOOIIIEKTEPIHIH KOJUIOMATHIK EPITIHAICIH OYpKy OiCiMEH JKy3ere achIpbUIIbI.
CuHTe31eNTeH KyMic HaHOOe ek TepiHiH oamemaepi 1-80 HM apabIFbIHIA ©3TePETiHI
YKOHE OJIapAbIH MeJILIEePi KyMiC HUTPAThl MEH TOTBIKChHI31aH AbIPFbIII KOHLIEHTPALIMSICHIHA
OaliaHbICTBl PETTENETIHI aHBbIKTa bl KymMic HUTpaThl KOHLUEHTPALHUSCHIHBIH apTybl
OeNIIeKTepAiH oOpTalla eJIIEeMiHIH YJIFaloblHa JKOHE arperamus YIepicTepiHiH
KYIICIOiHE aJIbIN KeeTiHi KopceTinai. Bypky omiciMeH eHri3iireH HaHOOOIIIEeKTePAIH
MOJMJIAKTHITI YIJIIPAIH KEYeKTI KYPBUIBIMBIHAA OipKeIKi Tapaibll, OHBbIH (HU3UKa-
XUMUSITBIK JKOHE MOPQOJIOTHUIIBIK CHITaTTaMallapblH 0y30aii TypakThl OeKiTiIeTiHi
JonengeHi. AJBIHFAaH HAHOKOMIIO3MTTIK Marepuan OHOBIIBIPAFBIIITHIK KaCHET
IeH aiKbIH OaKTEePHIUITIK OENCEHAUTKTI yinectipeai. YCHIHBUIFAH TEXHOJOTHUS
KY3ere acblpydblH KapamalbIMIbUIBIFBIMEH, KalTa eHAIpily MyMKiHAIriMeH
JKOHE HKOHOMHMKAJIBIK THIMJIUIITIMEH epeKIIeICHel. O3IpJICHIeH MarepHayl Taram
OHEPKOCIOIHAEe OHIMHIH CcakKTay MeEp3iMiH VIIFalUTyFa XoHE MHUKPOOHOIOTHSIIBIK
KayiTCi3MiriH apTTRIpyFa MYMKIHIIK O€peTiH, SKOJOTHSUIBIK JKYKTEMEHI TOMEHACTCTIH
aHa OybIH OeJceH/i OMOBIIBIPAHTBIH KanTaMaHbl OHEPKICINTIK JIEHTeH e eHTizyTre
MEPCIEKTUBAIBI OOJIBIN TaObUIAIBI.

Tyiiin ce3mep: kymic HaHOOeNIIEKTEpi, OHOJOTHSIIBIK BIABIPAUTHIH OpaMa
MaTepHaiap, MOJUBHUHUI CITUPTI, IITIOKO3a (TOTHIKCHI3JaH IBIPFBII )
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AnHoTanusa. lccrienoBanre HampaBieHO Ha pelleHHe JBYX aKTyaJbHBIX 3ajad:
CHIDKEHHE DKOJIOTUYECKOW Harpy3KH, 0OyCIOBICHHOW HAKOIUIGHHEM CHHTETHYECKHX
MOJTMMEPHBIX OTXOJI0OB, U TIOBBIIICHHE MUKPOONOIOTHUECKON 0€301IaCHOCTH MUILEBOH
npoxyKiuu. B aTol cBsi3u pa3zpaboTka OHopasiaraeMbIX YIaKOBOYHBIX MaTepHAaJOB C
AHTHUMUKPOOHBIMH CBOMCTBAMHU SIBIISIETCS aKTyaJIbHBIM HayYHO-TEXHOJIOTHUYECKHM Ha-
npaenenneM. Llenbio paboThl sBIsieTCs pa3paboTKa HaydHO 0OOCHOBAHHOTO MOIX0/a
K CHHTE3y HaHOYaCTHUI] cepedpa U CO3JaHHI0 Ha UX OCHOBE aHTUMHKPOOHOTO MOKPHI-
THUS U1l OMOpa3fiaraeMblX yIIaKOBOYHBIX MaTepHalioB, 00ECIIEYMBAIONICTO COUYCTAHHE
AKOJIOTHYECKOW 0e30MacHOCTH U OaKTEPHUIIMAHONW aKTMBHOCTH. HaHowacTHuIel cepe-
Opa MmosryueHbl METOZIOM «3EJIEHOT0» XMMHYECKOTO BOCCTAHOBIICHHS HUTpaTa cepedpa
[JTFOKO301 B TIPUCYTCTBUH MOJMBHHUIOBOTO CIIMPTA, BBITOIHSIIOMET0 (QYHKIIMIO CTa-
OunmM3aropa 1 MpeJoTBPALIAIOIIETo arperaiuio yactuil. [IpoBeneHo KOMIUIEKCHOE UC-
CJIETOBaHME BIUSHUS KOHIEHTPALUN UCXOJHBIX PEAareHTOB U YCIOBUN CHHTE3a Ha KU-
HETHKY 00pa3oBaHusi, MOP(HOJIOTHIO, pa3MepHOE pacIpeelieHHe U ONTUYESCKUE CBOM-
cTBa HaHoyacTHIl. ONTHYECKHE XapaKTePUCTUKN THIPO30JIeH U3ydeHBl METOJIOM CIIeK-
TpodoromeTpun B auanazone 300—700 HM 1O MOIOCE TOBEPXHOCTHOTO TIA3MOHHOTO
pe3onanca. Moponorust ¥ pa3Mepbl YacTHUI UCCIIeIOBaHbl METOJaMU CKaHUPYIOIIEH
3IIEKTPOHHON M aTOMHO-CHJIOBOM MUKPOCKOIIMH, & NIEMEHTHBIA COCTaB MTOATBEPKIAEH
SHEPrOAMCIIEPCUOHHBIM aHAIU30M. MOAM(UKAINIO TOJMIAKTHIHON MUIIEBOH IIIIEHKH
MIPOBOJIVIT METOJIOM pacIblICHHsI KOJUIOWIHOTO pacTBOpa HaHOYACTHI] cepedpa. YcTa-
HOBJICHO, YTO pa3Mephbl CHHTE3UPOBAHHBIX HAHOUACTHUII BAPBUPYIOTCA B rpeaenax 1-80
HM U peryaupyloTcs KOHIIEHTpAIUsIMU HUTpara cepedpa u BoccTaHoBHUTENSA. [1oBBI-
[IeHNe KOHIEHTPAlUU HUTpaTa cepedpa NpUBOIUT K YBEJIMUSHHUIO CPETHETO pa3Mepa
YaCTHULl U YCHJIEHUIO IIpoueccoB arperanuu. [TokaszaHo, 4TO IpU HAHECEHUU METOJIOM
pacmbUIeHHS] HAHOYACTHIIBI PABHOMEPHO PACIIPEEIISIOTCS U YCTOMUUBO PUKCUPYIOTCSI
B TIOPHCTON CTPYKTYpeE MOJMIAKTUAHOHN IIEHKH, He Hapyas e€ (PU3NKO-XUMUYECKHE
u MOpQOJOrHYeCKUe XapaKTepUCTUKHU. [loyueHHBI HAHOKOMITO3UTHBIN MaTepua
coderaeT OMOpa3naraeMoCTh C BBIPAKEHHBIMH OaKTepHIIMIHBIME cBOiicTBamMu. Paspa-
0OTaHHasi TEXHOJIOTHUS OTIMYAETCS MPOCTOTON peanu3aliy, BOCIPOU3BOJUMOCTBIO H
9KOHOMHUYECKON dPPEeKTHBHOCTHIO. [TomydeHHbIN Marepuai MepcreKTUBeH Ui po-
MBIIIUIEHHOTO BHEAPEHHS TIPU CO3/IaHUM aKTUBHON OMOpa3iiaraeMoi yrakoBKH HOBOTO
TTOKOJICHUS TSI MUIIEBON TPOMBIIIJICHHOCTH, 00SCIIEUNBAIONIECH YBEIMUCHUE CPOKa
XpaHEHHS U TMOBBILICHUE MUKPOOUOJIOTHUECKON 0€30IacHOCTH NPOYKIIMU TIPH OTHO-
BPEMEHHOM CHIKEHUH 3KOJIOTUYECKONW HArpy3KH.

KuaoueBbie cjioBa: HaHOYAcTHIBI cepebpa, Ouopasiaraemble YHNAaKOBOYHBIE
Marepuaibl, MOJWIAKTUIHAS IUIEHKA, ITOJMBUHUIIOBBIM CIUPT, IIIOKO3a, 3€JIEHBIN
CUHTE3, aHTUMHUKPOOHOE MOKPHITHE
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Introduction. Mankind's need for polymer products has been growing at an
incredible rate over the past centuries. This is primarily due to their high mechanical
strength, durability, heat resistance, chemical stability, light weight, and cost-
effectiveness in various industrial and consumer applications. Polymers have become
indispensable in construction, medicine, electronics, transportation, and especially in
the food packaging sector. The versatility of polymeric materials allows manufacturers
to design packaging systems with tailored barrier, mechanical, and optical properties
suitable for specific food products.

However, despite their technological advantages, the environmental impact of
polymers, particularly packaging materials, remains a serious global concern. Polymer
packaging typically has a very short service life and goes out of circulation almost
immediately after the goods have fallen into the hands of the buyer. As a result,
massive quantities of plastic waste accumulate annually. Neither landfill disposal nor
incineration nor evenrecycling fully resolves the environmental burden. While recycling
technologies are being improved, they remain energy-intensive and economically
limited in many regions. Consequently, long-term persistence of synthetic polymers in
the environment leads to soil and water contamination, formation of microplastics, and
disruption of ecological systems.

Although until recently the durability of synthetic polymers was considered
their main advantage, according to modern concepts it is associated with significant
environmental problems and, in the long term, poses a serious threat to ecosystems and
human health. The accumulation of plastic waste in marine and terrestrial environments
has become one of the most pressing ecological challenges of the 21st century (Geyer
et al., 2017; Andrady, 2011).

In this context, the development of sustainable packaging materials that combine
environmental safety and functional performance has become an urgent scientific and
technological task. One of the promising approaches is the creation of biodegradable
polymer materials with enhanced functional properties, including antimicrobial
activity.

Thus, the aim of this work is to impart antibacterial properties to biodegradable
packaging materials by impregnation with a silver nanoparticle solution. This study
focuses on the green synthesis of silver nanoparticles using polyvinyl alcohol as a
stabilizing matrix and investigates their physicochemical characteristics, morphological
features, and antibacterial effectiveness. The development of such materials contributes
to solving two critical challenges simultaneously: reducing environmental pollution
caused by synthetic polymers and enhancing microbiological safety of food packaging
systems.

Literary review. Conventional polymer packaging may contribute to microbial
contamination. Pathogenic microorganisms can actively develop in polymer-
based packaging under favorable storage conditions, especially in high-moisture
environments (Marsh et al., 2007). Microbial growth not only reduces shelf life but
also poses potential risks to consumer health.

Various technologies have been introduced to improve food safety, including
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thermal treatment, irradiation, modified atmosphere packaging, and advanced
sterilization methods. Although effective, these methods are often energy-intensive,
require expensive equipment, and may negatively affect the organoleptic properties of
food products. Therefore, the development of innovative packaging solutions remains
a priority (Vanderroost et al., 2014; Siracusa, 2012; Tausarova, 2017).

In this regard, active packaging technologies have attracted significant attention.
Nanotechnology plays an important role in this field, offering new approaches such as
antimicrobial and smart packaging systems, improved barrier properties, and enhanced
food preservation capabilities. The incorporation of nanoscale materials into polymer
matrices enables modification of mechanical strength, gas permeability, UV resistance,
and antimicrobial properties without significantly altering bulk characteristics.

Among nanomaterials, metal nanoparticles are of particular interest due to their
strong antimicrobial activity. Silver nanoparticles, in particular, have been extensively
studied and demonstrate broad-spectrum effectiveness against Gram-positive and
Gram-negative bacteria, fungi, and some viruses (Duncan, 2011; Ruparelia et al.,
2008; Ahmed et al., 2016). Their antimicrobial mechanism involves disruption of cell
membranes, generation of reactive oxygen species, and interaction with microbial
DNA and proteins.

In response to environmental concerns, significant research efforts have been
directed toward the development of biodegradable polymers with antibacterial
properties. Biopolymers derived from renewable resources such as cellulose, starch,
wood, and polylactide are considered promising alternatives to conventional plastics.
However, most biodegradable polymers lack inherent antimicrobial activity, limiting
their application in food packaging. To address this limitation, nanoparticles of metals
such as silver, copper, and zinc are incorporated into polymer matrices to impart
antibacterial functionality (Niaounakis, 2013; Cushen et al., 2014).

Polyvinyl alcohol (PVA) is widely used in biomedical, pharmaceutical, and
packaging applications due to its biocompatibility, film-forming ability, water solubility,
and chemical stability. Unlike most polymers obtained through direct polymerization,
PVA is produced by hydrolysis of polyvinyl acetate, which distinguishes it from other
polymeric materials (Gudikandula et al., 2016; Khodashenas et al., 2019).

In recent years, increasing attention has been given to environmentally friendly
(“green”) synthesis methods of nanoparticles. These approaches employ mild reaction
conditions and non-toxic reducing and stabilizing agents, making them suitable for
food-related applications. For instance, glucose can be used as a reducing agent, while
polyvinyl alcohol serves as a stabilizer to form stable silver nanoparticle colloids under
controlled conditions.

Materials and methods. The objects of the study are: biodegradable packaging
material, chemical compounds - silver nitrate, glucose, polyvinyl alcohol.

Silver nitrate was used as the main reagent. Silver nitrate is used in medicine
for cauterizing and sterilizing wounds. The therapeutic effect of silver nitrate is to
inhibit the vital activity of microorganisms; in small concentrations it acts as an anti-
inflammatory and astringent, and concentrated solutions, like AgNO, crystals, cauterize
living tissues.
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Glucose served as the reducing agent and polyvinyl alcohol (PVA) as the stabilizer.
Chemical reduction is a multifactorial process. It depends on the oxidant-reductant
pair, their concentrations and conditions of the process realization.

Glucose is a colorless crystalline substance of sweet taste, soluble in water, soluble
in Schweitzer's reagent (ammonia solution of copper hydroxide Cu(NH,),(OH),), in
concentrated zinc chloride solution and concentrated sulfuric acid solution.

Polyvinyl alcohol (PVA) is an artificial solid white (less often light yellow or
creamy) polymer in the form of powder, flakes or grits. The crystalline component
of the substance can be up to 68%. The chemical formula of polyvinyl alcohol is as
follows: [- CH, - CH(OH)-] n, where n is the degree of polymerization. The value of
n can reach 5000, that is, a molecule of polyvinyl alcohol can have in its composition
up to 5000 identical links.

Pure polyvinyl alcohol is odorless, tasteless and non-toxic. Its only solvent is water.
Polyvinyl alcohol is not soluble in any organic solvent. It is particularly resistant to any
oils, gasoline, kerosene and other hydrocarbons, as well as diluted alkalis and acids.

Silver nanoparticles were synthesized by reducing aqueous silver nitrate solution.
In this synthesis technique, the same volume of reducing agent solution (0.001 M - 0.05
M) was added to silver nitrate solution of a certain concentration (0.0001 M - 0.0005
M) and the solutions were stabilized with 25% polyvinyl alcohol. Distilled water and
reagents of qualification “CP” (chemically pure) were used for the synthesis.

Optical absorption spectra of Ag hydrosols were recorded at room temperature in
the region of 300-700 nm on an Analytik Jena spectrophotometer in a quartz cuvette,
the length of the optical layer was 1 cm. Concentration, size, aggregative state of
nanoparticles in solutions were determined by the position and intensity of surface
plasmon resonance bands. Sedimentation stability of sols was also evaluated visually
(Matusiak J., et.al. 2017).

The microscopic study was carried out using JSM-6510LA electron scanning
microscopy. The biopackages were examined using scanning electron microscopy
(SEM). The content of carbon, oxygen and silver nanoparticles was determined in the
studied samples using energy dispersive analysis.

Results. When glucose (C(AgNOs) = 0.001 M; C(CsH1206) = 0.05 M was used
as a reducing agent, relatively stable colloidal solutions with a characteristic yellow
coloration were formed. The optical spectra show a pronounced absorption maximum
in the range of A = 410-420 nm. The presence of this band indicates the formation
of silver nanoparticles. The plasmonic band is relatively narrow and symmetrical,
indicating a fairly uniform particle size distribution and a limited degree of aggregation
in the studied system.

When studying the influence of the initial AgNO; solution concentration in the
range of 0.001-0.005 M (at a constant glucose concentration of C(CsH1206) = 0.05
M), it was found that the intensity of the absorption maximum at 420 nm increases
proportionally with increasing silver nitrate concentration (Figure 1).
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Figure 1 — Effect of initial silver nitrate concentration on optical absorption spectra of silver sols
formed: 1 - 0.004M; 2 - 0.002M; 3 - 0.001M; 4 - 0.05M

At the same time, a noticeable change in the color of the solution from light yellow
to dark yellow and further to brown was observed (Figure 2).

In addition to the increase in peak intensity at 420 nm, an increase in optical density
at wavelengths above 500 nm was recorded with increasing silver salt concentration. In
some cases, a “shoulder” appeared in the spectra within the 500-550 nm range.

Abroadening of the absorption band and its shift to longer wavelengths (batochromic
shift) was also noted at elevated silver concentrations.

Figure 2 — Coloring of the obtained solutions

Under the influence of the reducing agent concentration — glucose — a noticeable
increase in the intensity of the absorption band maximum (Figure 3) was observed as
the glucose concentration increased within the range of 0.001-0.005 M (the typical
silver ion concentration in the experiments was 0.0001 M).

In addition to the increase in absorption intensity, a slight shift (approximately 20
nm) of the plasmon absorption maximum toward the short-wavelength region was
observed with increasing glucose concentration. A narrowing of the plasmon resonance
band was also noted at higher reducing agent concentrations.
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Figure 3 — Effect of glucose concentration on the optical absorption spectra of the formed silver sols:
1-0.001M; 2 - 0.005M; 3 - 0.004M; 4 - 0.003M

Under our determined optimal synthesis conditions (C(AgNO,) = 0.0001M;
C(CH,,0,) = 0.05M; a few drops of 25% polyvinyl alcohol), silver nanoparticle
solutions were prepared and examined by atomic force microscopy (Figure 4).

The developed nanocomposite composition was applied to the surface of bio-
packaging using a spraying method.

The processed bio-packaging samples were then examined using scanning electron
microscopy (SEM) and subjected to microbiological analysis.

Figure 4 — Silver nanoparticle solutions with concentration: 0.0001M; 0.0002M; 0.003M; 0.005 M.
As follows from the electron microscopic study of the samples shown in Figure 5,

the samples contain a fairly large number of silver nanoparticles with sizes ranging
from 1-30nm.
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c d
Figure 5 — Photographs of nanoparticles obtained by SEM with different concentrations: a - 0.0001M;
b - 0.0002M; ¢ - 0.0003M; d - 0.0005M

Energy dispersive analysis (EDA) of the studied samples revealed the presence
of carbon, oxygen, and silver nanoparticles in their composition (in elemental and
atomic percentages) (Figure 6). The spectra revealed characteristic silver peaks in
the corresponding energy range, confirming its presence in the samples. The relative
intensity of the Ag peaks increased with increasing initial silver concentration.

The consistent detection of silver in the analyzed regions indicates its distribution
and fixation within the structure of the biodegradable packaging material.
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Figure 6 — Results of energy dispersive analysis of the studied samples (with silver concentration
a-0.0001M; b - 0.0002M; ¢ - 0.0003M; d - 0.0005M)

The SEM result of the investigated sample (Fig.7) treated with a solution with
silver concentration of 0.0001M contains silver nanoparticles with sizes ranging from
1-35nm; 1-50nm (concentration of 0.0002M); 1-70nm (concentration of 0.003M);
1-80nm (concentration of 0.0005M).

Thus, with an increase in the concentration of silver, an expansion of the size range
of nanoparticles is observed.
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Figure 7 — Photograph of nanoparticles on the surface of the biopackage obtained by SEM (with
silver concentration a - 0.0001M; b - 0.0002M; ¢ - 0.0003M; d - 0.0005M)

Transmission electron microscopy data revealed that the resulting nanoparticles are
predominantly spherical. The majority of particles are characterized by diameters of
1-10 nm, with some particles up to 80 nm in size being recorded. The spherical shape
of the nanoparticles is indicated by the yellow coloration of the solution. The particles
formed are stable, do not precipitate and do not change color for several weeks. When
reconstituted with glucose, the solutions changed coloration from light gray to black,
indicating larger silver particles (particle association). Energy dispersive analysis
showed that the studied samples show an increase in the size of silver nanoparticles
with increasing concentration from 0.0001M to 0.0005M.

Discussion. The appearance of a yellow color is characteristic of silver nanoparticle
hydrosols and is associated with surface plasmon resonance (SPR). The absorption
maximum in the 410-420 nm range confirms the formation of predominantly spherical
silver nanoparticles, which is consistent with literature data for nanosized particles
dispersed in an aqueous medium and stabilized by a polymer matrix.

The relative narrowness and symmetry of the plasmon resonance peak indicate a
fairly uniform particle size distribution and a limited degree of aggregation under the
selected synthesis conditions. The stability of the colloidal system can be explained
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by the combined effect of the reduction kinetics of glucose and the steric stabilization
provided by polyvinyl alcohol, which prevents rapid particle growth and agglomeration.

An increase in the peak intensity at 420 nm indicates an increase in the concentration
of formed nanoparticles in the colloidal system. As the amount of precursor ions
increases, the number of nucleation centers rises, resulting in a greater overall
nanoparticle yield.

Such a color transition is typically associated with an increase in nanoparticle
concentration and possible changes in their size distribution. The darker coloration
may indicate the formation of larger particles or the occurrence of partial aggregation
processes at higher precursor concentrations.

The increase in optical density in the region A > 500 nm and the appearance of a
spectral "shoulder" in the 500-550 nm range may be due to interparticle plasmonic
interactions that arise as the interparticle distance decreases. These features are also
characteristic of systems with partial aggregation or the formation of nonspherical
(spheroidal or anisotropic) particles.

Broadening of the absorption band and its shift toward longer wavelengths (red shift)
at higher silver concentrations may also indicate an increase in the average particle
size. According to Mie theory, the position and width of the plasmon resonance band
are sensitive to particle size, shape, and the dielectric properties of the surrounding
medium. Therefore, the observed spectral changes reflect modifications in the balance
between nucleation and growth processes during synthesis. At higher precursor
concentrations, the reduction rate may locally increase, promoting particle growth and
increasing the probability of collision and aggregation.

The increase in peak intensity indicates a higher yield of silver nanoparticles formed
in the colloidal system under enhanced reducing conditions. Since the concentration of
silver ions remained constant, the observed spectral changes can be directly attributed
to modifications in the reduction kinetics caused by varying glucose content.

The shift of the absorption maximum to the short-wavelength region indicates a
decrease in the average particle size. The shift toward shorter wavelengths is consistent
with theoretical and experimental data showing that smaller silver nanoparticles
exhibit plasmon resonance maxima at lower wavelengths due to quantum size effects
and changes in the oscillation behavior of conduction electrons.

The narrowing of the plasmonic band confirms the formation of a narrower particle
size distribution. The increased rate of recovery at high glucose concentrations
promotes the rapid formation of a large number of nuclei and suppresses secondary
growth and aggregation processes due to the rapid consumption of silver ions.

Polyvinyl alcohol provides additional stabilization of the system, creating steric
repulsion between particles and preventing their coalescence.

Thus, increasing the reducing agent concentration shifts the balance of processes
toward intense nucleation with limited particle growth. At low glucose concentrations,
reduction proceeds more slowly, facilitating the formation of larger particles, whereas
at high concentrations, supersaturation is quickly reached, mass nucleation is initiated,
and smaller nanoparticles are formed.
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The selection of optimal synthesis conditions made it possible to obtain a stable
dispersed system of silver nanoparticles suitable for practical use as a functional
coating. The spraying method was chosen because it is technologically simple and
ensures uniform distribution of nanoparticles across the surface of the material. The
use of bio-packaging as a base is driven by its environmental safety, hygiene, and
ability to rapidly biodegrade, which is important for sustainable waste management.

The use of a set of analytical methods (AFM, SEM and microbiological studies)
made it possible to evaluate both the morphological characteristics of the coating
and its potential antimicrobial properties, which confirms the feasibility of using the
developed system for the creation of functional packaging materials.

The detection of carbon and oxygen is mainly associated with the polymer matrix
of the biodegradable film, as well as with the presence of polyvinyl alcohol used as
a stabilizer during nanoparticle synthesis. The presence of characteristic silver peaks
confirms the successful incorporation and fixation of silver nanoparticles within the
material structure.

The relative intensity of silver peaks in the spectra increased with increasing
initial silver concentration, indicating a higher content of metallic nanoparticles in
the analyzed areas. The characteristic Ag peaks observed in the corresponding energy
range provide direct evidence of the formation of metallic silver rather than ionic forms.
This confirms the effectiveness of the reduction process under the selected synthesis
conditions.

It should be noted that the obtained results are predominantly qualitative rather
than strictly quantitative. During scanning electron microscopy combined with energy
dispersive analysis, the samples were exposed to a focused electron beam, which may
cause local heating or partial damage to polymer materials. In some cases, prolonged
irradiation may lead to partial degradation or “burning” of organic components,
affecting the measured elemental ratios. In addition, energy dispersive spectroscopy
does not allow detection of hydrogen due to its low atomic number; therefore, the
complete elemental composition of the polymer matrix cannot be fully determined.

Despite these limitations, energy dispersive analysis reliably confirms the presence
and distribution of silver nanoparticles in the studied samples. The consistent detection
of silver depending on the initial precursor concentration indicates successful deposition
and fixation of nanoparticles on the surface of the biodegradable packaging material.

The expansion of the particle size range with increasing silver concentration indicates
a shift in the balance of nucleation and growth processes toward more intense particle
growth. Higher precursor content promotes the formation of larger nanoparticles and
increases the likelihood of their coalescence.

The spherical shape of the particles is consistent with optical spectroscopy data,
particularly the characteristic yellow color of the solution due to surface plasmon
resonance, typical of spherical silver nanoparticles.

The stability of the colloidal solutions for several weeks indicates effective
stabilization of the particles, likely due to the presence of the polymer matrix and
stabilizing agent.
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The change in the color of the solutions upon interaction with glucose, from light
gray to black, may indicate the formation of larger particles or their association, which
is associated with enhanced aggregation processes.

Thus, the combined results of SEM, TEM, and EDX confirm the dependence of
silver nanoparticle size on the initial precursor concentration and reflect the kinetics of
their formation in the studied system.

Conclusion. Thus, as a result of this study, an effective and reproducible method for
the synthesis of silver nanoparticles by chemical reduction using glucose as a reducing
agent and polyvinyl alcohol as a stabilizer has been developed. The proposed approach
ensures the formation of stable colloidal systems under mild reaction conditions. The
key parameters governing silver nanoparticle synthesis — primarily the concentrations
of silver nitrate and glucose — were identified and optimized, allowing controlled
regulation of nanoparticle size and optical properties.

Silver nanoparticles obtained via reduction of silver nitrate solution with glucose
were successfully synthesized. The size of the nanoparticles was found to range from
1 to 80 nm and was directly dependent on the concentration of the reagents used
during synthesis. Comprehensive characterization of the synthesized nanoparticles
was performed using scanning electron microscopy (SEM), atomic force microscopy
(AFM), and energy dispersive analysis (EDA), confirming their morphology, size
distribution, and elemental composition.

A novel method for imparting antibacterial properties to biodegradable packaging
materials, specifically polylactide-based food film, has been developed. The
silver nanoparticles deposited onto the polylactide film were uniformly and stably
immobilized within the porous surface structure of the material. Microscopic analysis
demonstrated that the incorporation of nanoparticles does not disrupt or degrade the
structural integrity of the polylactide matrix at the microlevel.

The developed nanocomposite system combines environmental compatibility with
antimicrobial functionality, addressing both ecological and food safety challenges. The
proposed approach can be recommended for practical application in the production of
biodegradable packaging materials with antimicrobial properties, particularly in the
food industry. Its environmental safety, technological simplicity, cost-effectiveness,
and scalability make it a promising solution for sustainable packaging technologies.
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