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Abstract. This article studies feasibilities of making
an implant-film for treatment of burn wound, based
on silver nanoparticles (AgNPs) stabilized by sodium-
carboxymethylcellulose (Na-CMC) with degrees of
substitution (DS) 0.65-0.90 and polymerization (DP)
200-600 synthesized using a photochemical method.
The structural, physical and chemical, and physical-
mechanical, burn wound healing properties as well
as antimicrobial effects of implant-films containing the
Na-CMC and AgNPs have been investigated. The
shape, quantity, and size of the AQNPs embedded
into the Na-CMC films were determined by UV-Vis
spectroscopy, dynamic light scattering (DLS), atomic
force microscopy (AFM) and transmission electron
microscopy (TEM). It was found that the increase
of silver nitrate concentration in solution of Na-CMC
followed by photoirradiation leads to changes of
AgNPs size and shape. It was found out that Na-CMC
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Introduction

One of the promising directions in the
development of new chemical and pharma-
ceutical products is the design of medicinal
biodegradable polymer films containing
AgNPs. Such films exhibit prolonged thera-
peutic and bactericidal properties [1].
The bactericidal properties of AgNPs in
correlation with particle size and a decrease
of AgNPs size contribute to an increase of
their antibacterial activity [2]. The synthesis
of AgNPs with stable and defined shape and
size is an important task to retain their high
chemical and biological activity for long time
[3]. AgNPs inhibit the activity of the enzyme

ISSN 2181-9637
1/2022




SAPMALIEBTUKA ®AHITAPU
PAPMALEEBTUYECKUE HAYKU
PHARMACEUTICAL SCIENCES

@

providing oxygen exchange in microbes, such
as pathogenic bacteria, viruses, and fungi
representing approximately 700 species of
pathogenic flora and fauna [4].

AgNPs containing cellulose composites
exhibited good biocompatibilityand bactericidal
properties. Therefore, such materials display
broad application prospects in medicine,
chemical catalysis, and other fields [5]. Na-CMC-
AgNPs hydrogel was successfully prepared by a
chemical method and showed high antibacterial
activity against gram positive and gram negative
bacteria which were considered as potential
preparation for medical field [6].

CMC-AgNPs hydrogel was elaborated
using microwave radiation and formed AgNPs
of spherical shape with diameters ranging
from 8 nm to 14 nm [7]. The size of AgNPs
varied when different types of reducing agents
were used; highest antimicrobial activity
was linked with smaller size of AgNPs [8].
Stable AgNPs were obtained by reducing of
chemicals with sodium borohydride at a low
temperature in which Na-CMC was used as a
stabilizer. Findings showed spherical AgNPs
with unimodal distribution sizes in the range
of 5 -80 nm. Both S. aureus and E. coli bacteria
were inhibited by AgNPs [9].

Synthesis of CMC-AgNPs in aqueous
solution of silver nitrate under UV irradiation
evidenced that the reduction mechanism
had mainly depended on the presence of the
-COOH and -OH surface matrix of Na-CMC.
The results confirmed that AgNPs formed
with multiple individual spherical shapes and
an average diameter was 15.5 nm [10].

CMC-AgNP hydrogels were synthesized
via a UV-light photo-activated reaction,
using a solution of AgNO, and AgNPs in the
composite hydrogels, showed a size range of
50-200 nm and revealed high antimicrobial
properties against different microorganisms
such as E. coli, S. aureus S. epidermidis, P.
aeruginosa, C. albicans. Moreover, the higher
concentrations of silver were adapted to
the external side of the wound dressing
to improve the barrier effect of the device
against infections [11].

ISSN 2181-9637
1/2022

NIM-OAH BA NHHOBALIMOH PUBOXXITAHULL
HAYKA N UHHOBALIMOHHOE PA3BNTUE
SCIENCE AND INNOVATIVE DEVELOPMENT

films containing AQNPs in the size ranging from 5 to
35 nm had enhanced the microbicide effects and burn
wound healing properties within 14 days.

Keywords: silver nanoparticles, sodium-
carboxymethylicellulose, degree of substitution,
degree of polymerization, photo-irradiation.

KYWUIrAH APANAPHU JABONALLOA
TAPKUBMOA KYMYLL HAHO3APPAIIAPU
TYTFAH KAPBOKCUMETWUILIEINIIIONIO3A

ACOCUOA UMNIAHT-NNEHKANAP ONUHULLKX
BA XOCCAIJIAPU

CapumcokoB AbaywKkyp A6ayxanunoBuy’,
TEeXHWKa haHnapu AOKTOpK, Npodeccop;

KOHycoB Xargap dprawosuy’,
TeXHVKa haHnapu JOKTOPU, KaTTa UIIMUIA XOOUM,
nonnxa MeHexepu;

Xanunos XaenoH 3acpap yrnu',
KMYMK UIIMUIA XO4UM;

Cabypoga [lungopa LLlaykaT kuau',
KMYMK UIIMUIA XO4UM

®daszoB Abgynasus [xanunoBuy?,
TMOOMET dhaHnapu JoKkTopu, npodeccop,

Kamunos yTKVIp PanmoBuy?,
TMOOKMET haHnapm Hom3oam

Y36ekncToH Pecnybnvkacy ®aHnap akagemuscu
Monumepnap KMMEcu Ba puanKacu MHCTUTYTKU

2y/36ekncToH Pecnybnvkacu CofFMmMKHM caknalw
Basupnuru Pecnybnuka woLwwmnmHy Tnbbun épaam
UMW MapkKasu

AHHOmMayusi. Ma3skyp makonada anmawuHuw
Oapaxacu (A) 0,65-0,85 ea nonumepnaHuw O0apa-
xacu (I14) 200-600 byneaH Hampuu-kapbokcume-
munyenmono3a (Na-KML|) spummacuda 6apkapop
Kymyw HaHosappanapu (AgH3) ¢pomokumésuli Kau-
mapunuw ycynuda cuHmes KuiuHeaH. Tapkubuda
AgH3 sa Na-KML| mymeaH nnéHkanapHuHea ¢u-
3UK-KUMEBUU, hU3UK-MEXaHUK 8a KyleaH spasiapHu
dasorsios4u xoccanapu xamda bakmepuyud ghaosniu-
eu ypeaHunzaH. Na-KML| nnéHkanapuda waksiiaH-
eaH AgH3HuHe ynuyamu, waknu ea MUKOOpU amom
KydnaHuwinu mukpockonusi (AKM), YB-crnekmpocko-
nusi, duHamuk épyrriuk mapkanuwu (DLS) ea mpaHc-
MUCCUOH 371IeKmMpPoH Mukpockonusi (TOM) ycynnapu
opkanu aHuknaHeaH. Na-KML| ea y acocuda osiuH-
eaH umnnaHm-nnéHkanapoa Kymyw Humpam my3u
KOHUeHmpauusicu opmuwu 6bumaH gomokumésuli
Kalimapuw Hamuxacuda waknnaHaémeaH AgH3
ynuam ea waknnapuHuHa y32apuwu aHuknaHou. Y-
yamnapu 5-35 Hm byneaH AgH3 mymeaH Na-KML]
nnéHkanap tokopu bakmepuuud ¢haosIuKk HaMoéEH
KuneaHnueu ea 14 kyH dasomuda KylieaH sipasapHU
dasosiaw xycycusamueaa 32a KaHauau aHuKmaHou.
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Kanum
Hampul-KkapboKcuMemusyesso3sa,
Oaparkacu, nonuMepnaduw oapaxacu, UMMIaHm-
nnéxka, KyteaH sipa, bakmepuyud xocca, pomonua.

cysnap: Kymyw  HaHo3appanapu,

arimawuHuw

NONYYEHUE UMIMIAHT-TINTIEHKU HA
OCHOBE KAPBEOKCUMETUIILENIIONO3bI,
COOEPXALLEA HAHOYACTULIbI CEPEBPA, U
EE CBOMCTBA )14 IEYEHUS OXKOIroBbIX PAH

CapbimcakoB AGAyLwKyp A6ayxanunoBuy’,
[OOKTOP TEXHUYECKUX HayK, Npodheccop;

lOHycoB Xangap dprawoBuy’,
OOKTOP TEXHUYECKUX HayK,
CTapLUnii HayYHbIN COTPYAHMK;

Xanunos XXaBnoH 3adap yrnu',
MMaALnN HayYHbIA COTPYAHVK;

CabypoBa Aiungopa LlaykaT kusu',
MMaALnN HayYHbIA COTPYOHNK;

das3oB A6aynasus [)xanunoBuy?,
OOKTOpP MEAMLIMHCKMX HaykK, npodeccop;

Kamunos YTkup PanmoBuv?,
KaHOMOAT MEOULIMHCKUX HayK

TMIHCTUTYT XUMUU 1 PU3NKN NONMMEPOB
Akagemun Hayk Pecnybnukun Y3beknctaH

2Pecny6nunkaHcKuii Hay4HbIn LIeHTp aKCTpeHHOM
MeauLUMHCKOM nomoLum MuHnuctepcTea
3gpaBooxpaHeHuss Pecnybnuvkm Y3bekucrtaH

AHHOmMauyus. B 0aHHoU cmambe cmaburibHbie
HaHo4Yacmuubkl cepebpa (HYAg) 6binu cuHmesu-
po8aHbl hOMOXUMUYECKUM MemodoM 8 pacmeope
Hampuu-kapbokcumemunuyennonossl (Na-KML]) co
cmeneHbro 3ameweHus (C3) 0,65-0,85 u cmeneHbio
nonumepu3sayuu (Crl) 200-600. UN3ydeHbl cmpykmy-
pa, bu3uKo-xuMu4yeckue, bu3uKo-MexaHu4deckue u
rpPOMUB00X0208ble ceolicmea, a makxe bakmepu-
uudHasi akmusHocmb riieHok Na-KMLI, codepxaujux
HYAg. Memodamu amoMHO-cuno8ol MUKPOCKOMUU
(ACM), Y®-criekmpockornuu, QUHaMu4eCcKoao pacce-
sHUsi ceema (DLS) u npoceeyusarouweli 31eKmpoH-
Hou mukpockornuu (NM3M) onpedeneHbi chopma u pas-
mepbl HYAQ, npucymemsyrowue 6 rneHkax Na-KML.
YcmaHo8/1eHo, 4mo C y8esiudeHUeM KOHUeHmpauyuu
Humpama cepebpa 8 pacmeopax Na-KML| e npouyec-
ce homoobryyeHus Mpoucxooum UsMeHeHUe pasme-
pa u ¢gpopmbl HHAg. SkcrnepumeHmarnsHO OoKa3aHo,
4ymo nneHku Na-KML], codepxawue HYAg pasmepom
om 5-35 HM, obnadatom ebicokoli bakmepuuyudHoU
aKmueHOCMbIO U paHO3aXXusesistouwumMu ceolicmeamu
MpU 0XX0208bIX paHax 8 me4yeHue 14 cymokx.

Knroyeenle crioea: HaHo4acmuubl cepebpa, Ham-
put-kapbokcumemusnuenno3a, cmerneHb 3ameule-
HUSI, cmerneHb nonaumMepu3ayuu, ¢pomoobryyeHue.
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Composites of Na-CMC of different degrees
of substitution (DS) and molecular weight
(Mw) containing stabilized AgNPs were green
synthesized from the reduction of Ag* into
aqueous solutions of the polysaccharide by
using the chemical method. Experimental
evidencesuggeststhatparticlesizedistribution
and morphology of AgNPs change according
to the quantity of silver nitrate added to the
reaction, as well as the DS and Mw of Na-CMC
used for composites preparation [12].

The transition of Ag* from the ionic state
to metallic ones Ag® reduces its toxicity with
respect to cells without suppression of the
antimicrobial activity against the pathogenic
microflora. Na-CMC is water-soluble film
forming biodegradable polymer that is widely
used for fabrication of oral pharmaceuticals in
particular to increase viscosity of ointments,
in production of hydrogel-based pastes, and
as drug carriers [13].

The aim of this study is to prepare Na-CMC
stabilized AgNPs of different sizes and shapes
embedded into polymer films as well as to
investigate their structure, physical-chemical
properties, antimicrobial effect and assess the
burn wound healing properties in rat models.

Experimental section

The Synthesis of AgNPs with Na-CMC
hydrogels

Purified samples of Na-CMC with the
degrees of substitution (DS 0.62-0.85) and
polymerization (DP 210-610) were obtained
from the cotton cellulose and used as polymer
matrices [14]. Various concentrations of
aqueous AgNO,were used in order to prepare
AgNPs within the films of Na-CMC. Mainly
2-4 wt. % aqueous solutions of purified
Na-CMC samples with various DS and DP were
applied as film forming matrix after removal
of gel fractions. The calculated amounts of
0.1-0.001 M aqueous solutions of AgNO, and
0.1-0.5 wt. % of glycerol, which played the
role of a plasticizer, were added to the gel free
Na-CMC solutions, and stirred until homoge-
neous Ag*CMC- hydrogels had formed. The
photochemical reduction of Ag* immobilized
within the Na-CMC was performed at T 25°C
by irradiation with a DRSH-250 high-pressure
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mercury vapor lamp wattage = 35 Wt and
wavelength A=365 nm. The dispersions of
AgNPs in the matrix of Na-CMC hydrogels
were prepared by ultrasonic treatment with
the help of UZDN-1 and U-4.2 ultrasonic
dispersers. AgNPs contained Na-CMC films
were obtained by casting the preformed
hydrogel on the degreased glass plate and
then drying it at a temperature range 25-40°C.

Physical and chemical methods of
investigation

The mechanical properties of films
(40-120 pum thickness, 20 mm width and
200 mm length) were determined in a uniaxial
tension mode using the Zwick-1445 tensile
testing machine (Germany). The morphology
of surface layers of the AgNPs embedded into
Na-CMC film was examined on AFM-5500
(Austria). The size and shape of the AgNPs
in the Na-CMC films were determined using
a transmission electron microscope (TEM-
100, Ukraine) and ZETASIZER Nano ZS. The
average size of the AgNPs replaced on the
film surface was found by processing the
corresponding micrographs with the help
of Mathcad soft. Optical absorption spectra
of the films (thickness is 40-45 um) were
recorded on a Specord M210 instrument at
wavelengths between 200 and 900 nm.

Determination of the bactericidal effect.
The bacterium Staphylococcus epidermidis and
the yeast fungus Candida albicans- human and
animal pathogens were used as test cultures
to assess the bacterial effectiveness of the
films [15]. The following samples were added
to test-tubes containing thioglycollic medium
(for Staphylococcus epidermidis) and Saburo
(for Candida albicans):

=

o Samples name
Na-CMC film

Na-CMC film containing Ag*= 0.025 wt.%
Na-CMC film containing Ag®= 0.025 wt.%
Na-CMC film containing Ag°= 0.25 wt.%
Na-CMC film containing Ag°= 2.5 wt.%

A [WIN|—~

10 wt. % of NaCl solution was used as a test
medium. The final concentration of 150 cells/
mL test culture was added to each test-tube
within six hours. Samples were incubated at 34
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°C during 48 (for Staphylococcus epidermidis)
and 72 h (for Candida albicans).

Burn wound healing activity

In vivo the tests were performed on
white rats (180-220 g) that had been
kept in standard cages at a controlled
temperature (25 °C) with a light/dark cycle
of 12 h, with free access to water and food.
Rats had been fasted (solids) for 18 h, and
acclimatized to the test environment 2 h
before each experiment. The animals were
randomly divided into different groups.
The animals were anesthetized with a
combination of ketamine hydrochloride and
xylazine hydrochloride (50 and 5 mg/kg?,
intramuscular injection, respectively). After
the experimental procedures, the animals
were euthanized by sodium thiopental (100
mg/kg!, intraperitoneal injection). All test
protocols were approved by the Uzbekistan
Animal Ethics Committee).

Two groups of rats (n = 5 per group) were
divided into control and experimental groups
treated with one dose per wound. In the same
animal, two 62 mm incisions (surgical wounds)
were performed. One wound (leftside) received
the Na-CMC film base, and the other (right
side) received the test formulation (Na-CMC
film contained AgNP). The procedures were
performed in aseptic environment, with all
autoclaved surgical materials. First, a manual
trichotomy was performed in the middle region
of the dorsum. For wound induction, a circular
metal punch 52 mm in diameter was used in
the cervical dorsum region of each animal.

The treatments were applied immediately
after surgery and daily thereafter at the same
time. Both the base gel and the formulations
were applied to the wounds of the animals on
days 0, 1, 4, 7, and 14 days after surgery, and
the healing process was evaluated. All of the
animals were examined daily for macroscopic
evaluationofthewound,observingthepresence
or absence of hemorrhage, exudates, and crust,
and the data were recorded in individual files.
The wounds were photographed at days 0, 1,
4,7 and 14 of the experimental protocol, and
the area of the wound area was measured. At
the end of the chronic treatments, the animals
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were euthanized with anesthetic overdose
(thiopental sodium, 100 mg/kg™*

Findings and discussion

The most important physicochemical
characteristics of Na-CMC that determine
their possible application are the solubility
and the degree of purity. For investigation
we selected both water-soluble and water-
insoluble fractions of purified Na-CMC with
DS=0.62-0.85 and DP=210-610.

Table 1
Effects of the DS and DP of Na-CMC
samples on the quantity and composition
of water-soluble and water-insoluble
fractions

Indexes of purified| Indexes of Na-CMC samples after
Na-CMC samples their centrifugation
Samples| DS | DP |Soluble| DS | DP | Gel | DS | DP
of Na- frac- frac-
CMC tions, tions,
from CC % %
1 0.62|210f 71 |0.65(200| 29 |0.11|230
2 0.67|320f 75 |0.69|300| 25 [0.12|380
3 0.82|520f 98 |0.85|510| 3 |[0.15/600
4 0.85|610| 99 |0.90|(600| 1 |[0.17|700

As seen from Table 1, with increasing of
DS, the water-soluble fraction of the Na-CMC
increases, while the content of the insoluble
gel fraction decreases. With increasing of DS,
the amount of gel fraction of Na-CMC in water
decreases. This effect probably occurs due
to destruction of hydrogen bonds between
macromolecules and increasing of the DS in Na-
CMC. Moreover, the composition of the Na-CMC
gel fraction depends on the type of cellulosic
raw material and methods of treatment.

[t was found that the content of gel fraction
in Na-CMC samples of cotton pulp for the
whole DP and DS intervals was bigger than
that of Na-CMC pristine sample 4 (Table 1).

This result could be explained by high DS
of Na-CMC.

Further the behavior of Na-CMC (DS=0.65-
0.90 and DP=200-600) with incorporated
silver ions and nanoparticles was studied
(Table 2). Aqueous solutions of Na-CMC
exhibits the polyelectrolyte character [17].

The conditions of replacement of sodium
ions in Na-CMC by silver ions were also studied.
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Itwas found that when Na*-ions in Na-CMC with
DS = 0.65; 0.69; 0.85; and 0.90 are replaced by
0.35; 0.4; 0.5 and 0.6 mol.% Ag*ions, the stable
Ag'CMC hydrogel complexes with poor water-
solubility is formed. Probably, the carboxyl
groups of Na-CMC are able to form complexes
[18] with silver ions. The critical concentration
of Ag' that causes hydrogel formation of
Na-CMC is presented in Table 2.

Table 2
Physicochemical characteristics of
Na-CMC containing Ag*

Samples| Charac- | Content | Solubility | Relative
of teristic of| of Ag*, |in water, %| viscosity
Na-CMC | Na-CMC | mol. % N,y
DP | DS

- 71.0 1.223

0.05 63.6 1.721

T |0.65200 o.10 44.2 2.342
0.25 29.7 2.983

0.35 18.1 Hydrogel

- 75.0 1.470

0.05 69.8 1.841

2 10691300 0.10 58.5 2.985
0.30 34.7 3.543

0.40 26.2 Hydrogel

- 98.0 2.128

0.10 89.3 2.651

3 ]0.85]510 | 0.20 56.0 3.426
0.40 30.8 4.576

0.50 14.9 Hydrogel

- 99.0 1.894

0.15 92.0 1.912

4 0901600 0.20 64.7 2.732
0.45 27.5 3.871

0.60 19.0 Hydrogel

Higher DS concentration of Ag" that is
essential for forming of poor water-soluble
Ag*CMC causes anincrease in hydrogel complex.

Numerous studies show that the
AgNPs containing materials possess good
antimicrobial and wound healing properties
[19]. Therefore, the conditions of forming
of Ag'CMC hydrogels containing stabilized
AgNPs were studied using photochemical
methods [20]. Comparison of different
methods [21] of Ag* reduction to nanometallic
(Ag’) state shows that photochemical
reduction is the most effective tool enabling
to control the size of nanoparticles avoiding
formation of by-products.
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Stable nanoparticles synthesized by
photochemical methodshaveanarrow particle
size distribution and high stability in aqueous
media in comparison with colloidal systems
obtained by conventional method [22]. In the
course of photochemical reduction, optically
generated electrons migrate and combine
with electron sinks at the embedded interface
and near the surface. The negatively charged
electrons attract the interstitial Ag* ions
present in thermodynamic equilibrium, which
move towards the trapped electron. This is
the first step in the sequence of electron and
interstitial atom trapping and development of
silver clusters and nanoparticles as the basis
of latent images.

Analyzing the spectroscopic data of AgNPs
and Na-CMC nanocomposites, one can assume
that the negative charges of the carboxymethyl
groups “trap” the positively charged Ag* [23,
24]. Then the reaction sequence according to

0,8+

Absorbance

the Mott-Gurney mechanisms can be shown
as follows:

R-COO™+ (Ag") ~ _hv, R-CO0":Ag’, (1)
R-CO0":Ag’ +e¢ —» R-COO™:Ag’, (2)
R-COO™: Ag’+ Ag* _hv, R-C00:Ag’. (3)

R-CO0™: Ag? _hv, R-CO0™: (Ag").. (n)

Thus, the photostimulated development
of AgNPs in the Ag'CMC hydrogel can be
considered as electron-stimulated nuclear
process based on Mott-Gurney theory [23] as
in case of photography process.

To confirm this statement, UV-Vis spectra of
Na-CMC, Ag*CMC, and Ag’°CMC were registered
and compared. After UV - irradiation of Na-
CMC solutions containing Ag*a stable colloidal
system of nanosilver (pale - yellow colour) is
formed with absorbance maximumatA__ =416
nm and size of AgNPs 5-25 nm (Fig. 1, curve 3).

2 |

——

0
200 250 300 350 400 450 500 550 600 650 700 750 800 850 900
Wavelength, nm

nm

The UV-irradiation duration for the samples was equal to 25 minutes, [Na-CMC] = 8x10°mol/L
(2wt.% ); [AgNO,] = 3-10°mol/L (0.25 wt.%).
Figure 1. UV-Vis absorption spectra of: (1) Na-CMC, (2) Ag*CMC, (3) Ag°CMC

No changes were observed for initial
Na-CMC solutions (Fig. 1, curve - 1) and
unreduced Ag*in Ag*CMC (Fig. 1, curve - 2)
in the spectral region of 250-900 nm. With
the growth of photolysis time, the color of the
solutions changed from pale yellow to brown.
According to literature data [25, 26] such
changes are probably caused by increased
quantity and size of AgNPs. To confirm this
assumption, absorption spectra of Ag‘CMC
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were obtained at different irradiation time
of Ag'CMC system composed of 8x103mol/L
of Na-CMC (2 wt.%) and 3-10°mol/L of silver
nitrate. Fig. 2 shows the UV-Vis spectra of
Na-CMC hydrogels containing AgNPs after
different photo-irradiation time. Appearance
of the shoulder at A = 270 nm after 5
minutes photo-irradiation can be attributed
to development of stable silver clusters [27],

probably Ag ** (Fig. 2, curve - 2).
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[Na-CMC] = 8x10”°mol/L (2 wt. %); and [AgNO,] = 3-10°mol/L (0.25 wt.%).
UV-irradiation time is 0 (1), 5 (2), 15 (3), 20 (4), and 60 min (5)
Figure 2. UV-Vis absorption spectra of photochemically reduced of Ag* in Ag*CMC

After photolysis of Ag*CMC during 15-20
min the intensity of absorption band atA__ =
270 nm increases indicating on the formation
of smaller stabilized silver clusters with sizes
2-8 nm (Fig. 2, curves - 2,3). The absorption
band at A __ = 420 nm is attributed to the
larger AgNPs [27] with sizes 5-35 nm (Fig.
2, curve - 4). Further irradiation of Ag*CMC

system during 60 minutes leads to appearance
of absorption bands with maximaatA__ =290
nmandA__ =420nm. Thisis due to increasing
of the numbers of larger silver clusters [28]
sized 5-35 nm (Fig. 2, curve - 5). In addition, a
weakmaximumatA __ =850 nm was observed
in the near-IR region owing to exclusively rod-
shaped [29] AgNPs (Fig. 2, curve - 5).

0.4pm nm

=R N R TR .

.1=50-140 nm, d=15-45 nm

71

/

D R S = e B SR = T I =

xR o e

~ ¥ = @ ow 2 9 B B - =
mmmmm

Figure 3. AFM microphotographs and histograms of Na-CMC films containing 0.025 (a),
0.25 (b), and 2.5 wt.% (c) of AgNPs

In the following step the Na-CMC films
prepared with 2 wt. % of Na-CMC solution (DS-
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0.90, DP- 600, pH = 8.5) containing 0.025-2.50
wt. % of AgNO, were photo-irradiated. The
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UV-irradiation induced the change of Na-CMC
color solution from pale yellow to brown. It is
likely due to increasing of the amount of AgNPs
of different sizes. However, pure Na-CMC
solution did not change the colorand remained
transparent after UV-irradiation. To confirm
the formation of AgNPs and to determine the
forms and sizes of AgNPs in the composition
of Na-CMC the AFM investigations of Na-CMC
films were performed. Figure 3 shows the
electron micrographs of Na-CMC films formed
under UV - irradiation containing 0.025-
2.5 wt. % silver nitrate.

As seen from Fig. 3a, during the photo-
irradiation of 0.025 wt. % of AgNO,, the
silver clusters and nanoparticles with sizes of
2-30 nm are formed within the structure of
Na-CMC films. Increased concentration of

AgNO, 10 times (0.25 wt. %) in Na-CMC films
leads to development of spherical AgNPs with
sizes 5-35 nm (Fig. 3b). Higher silver nitrate
concentration in the Na-CMC structure up to
2.5 wt.% induces the growth of the number of
AgNPs sized from 5 to 35 nm and formation
of rod-shaped AgNPs [30] with lengths
50-140 nm and widths 15-45 nm (Fig. 3c).
Therefore, high Ag* content in Na-CMC films
leads to the development of relatively narrow
size distribution of spherical and rod shaped
AgNPs.

It was reported [31] that the shapes and
sizes of AgNPs in various polymer films may
be determined by UV - spectroscopy. UV -
spectra of Na-CMC films prepared from the
solutions with 0.025-2.50 wt. % of silver
nitrate are shown in Fig. 4.

D, rel. units

5

41

3L
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430
| K\/
1 \/
0 v
241 394 547 700 853

A, nm

Figure 4. Absorption spectra of photochemically reduced Na-CMC films containing 0.025(1),
0.25(2), and 2.5 wt. % (3) AgNO.. Curve 4 represents the pristine Na-CMC film

The appearance of a maximum at A=270
nm at 0.025 wt.% silver nitrate in Na-CMC
film (Fig.4, curve - 1), is caused by the
development of silver clusters generated
through dimerization of AgNPs. In the
spectrum of the Na-CMC film containing
0.25 wt.% silver nitrate (Fig.4, curve - 2),
a new absorption band with a maximum at
A=430 nm is observed owing to the presence
of AgNPs [32] sized 5 to 35 nm. The intensity
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of the absorption band with a maximum at
A=430 nm is highest at the concentration
of silver nitrate 2.5 wt. % (Fig.4, curve -3).
This is caused by increased numbers of
AgNPs with sizes 5-35 nm. Appearance of
the broad peak with maximum at A=850
nm is attributed to exclusively rod shaped
AgNPs.

In the next step we studied the impact of
Ag* concentration on the size and development
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of AgNPs in Na-CMC films. Transmission
electron microscopy investigation of Na-CMC

[ 1H7] P
2 0

o
0 100
d, nm

150

film contained AgNPs was carried out and the
results are presented in Fig. 5.

|

d.1=50-140 nm,
d=15-45 nm

[ [ Fl 5

n 35
d, nm

(a) pure Na-CMC film, (b) Na-CMC contained Ag*= 0.025 wt.%, (c) Na-CMC contained Ag*_0.25 wt.%, (d)
Na-CMC contained Ag* = 2.5 wt.%, Time of UV - irradiations 20 min.

Figure 5. TEM microphotograph of Na-CMC film contained AgNP (a), (b), (c) (d)
and their histograms

TEM images show development of
spherical AgNPs with sizes of 2-8 nm
(Fig. 5. b) and 5-35 nm (Fig. 5 c) at low
concentrations of Ag* (0.025 wt.% and
0.25 wt.%) after photochemical reduction.
With increased Ag* concentration in Na-CMC
film up to 2.5 wt.%, nanoparticles become
rod-shape with 1=50-140 nm and d=15-45
nm (Fig. 5 d).

The mechanism of rod-like shaped of AgNPs
development in these conditions still remains
unclear [33]. Thus, the size and shape of AgNPs
formed in Na-CMC film by photochemical
reduction of Ag* depend on DS, concentration
of Na-CMC, concentration of Ag*, and time of
photochemical irradiation. In the presence of
Na-CMC the macro anions effectively bind Ag",
and the UV - reduction led to the successive
development of clusters and nanosilver
depending on the concentration of Ag*.

The microbicidal effects of the Na-CMC
films samples containing silver cations and
nanoparticles were examined with respect to
test cultures of the opportunistic pathogens
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Staphylococcus epidermidis and Candida
albicans.
The concentration-dependent antimic-

robial efficacy of the AgNPs of different sizes
and shapes on the above mentioned organisms
is shown in Table 3.

[tis clear that Na-CMC film containing AgNPs
sized 5-35 nm completely inhibits the growth
of Staphylococcus epidermidis and Candida
albicans and, thus, is the most active film.

The samples of Na-CMC films containing
relatively large (length is 50-140 nm and
width15-45 nm) rod shaped nanoparticles are
less active than the spherical nanoparticles
(5-35 nm). This circumstance may be
explained by small surface areas of the rod-
shaped [34] AgNPs.

The Na-CMC film containing AgNPs
with spherical structures and sizes of 5-35
nm showed the highest activity against
Staphylococcus epidermidis and Candida
albicans due to the large surface area of the
nanoparticles and their ability to penetrate
into the cell nucleus.
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Table 3

Comparative findings of the antimicrobial effects of Na-CMC films containing AgNPs of
different sizes and shapes

trai
c:;g(':rgsin AgNPs content in Shape and size Staphylococcuss rains
. o . .
Ne | e film, wt % the film, wt % of AgNPs epidermidis Candida albicans
0 Control Na-CMC - 5*10"2 CFU mL™" 1*10” CFU mL-"
Rod-shaped
1 50-140 nm
2,5 2,41 long and 2*10” CFU mL™" 1*102CFU mL™"
15-45 nm wide
2 0,25 0,24 Spherical Absent Absent
5-35 nm
Spherical 406 »
3 0,025 0,023 2-20nm 110°CFU mL Absent

Note: CFU mLis the number of colony-forming units per mL.

The Na-CMC film containing rod-shaped
AgNPs with 1=50-140 nm and d=15-40 nm
was less active than films containing AgNPs
with spherical structures, but more active
than the Na-CMC film containing Ag*.

In addition, Na-CMC film containing AgNPs
sized 2-20 nm (0.023%) was proved to be less
active than other films. This result may be
explained by the fact that the total content of
AgNPs in such Na-CMC films turned out to be
almost an order of magnitude less than that
in the samples of films containing 5-35 nm
(0.23%) AgNPs. Because the concentration
of Ag* in the Na-CMC hydrogels utilized for
the film development was low (0.023%),
they were almost completely associated with
carboxylate anions of Na-CMC. This limited
mobility of Ag* that is responsible for the
lower rate of AgNPs formation, which that
seems to occur only in a “nanoreactor” [35]
structure.

The relatively high antimicrobial activity
of AgNPs compared with Ag" may be caused
by the following:

The inability of AgNPs to form chemical
bonds with the functional groups on the
surface of Staphylococcus epidermidis and
Candida albicanscells, and, probably, by their
ability to penetrate into the nucleus of cells
and inhibit cell growth and activity;

Decreased AgNPs sizes led to an increase
in the total surface area and acceleration of
their contact with cells and penetration into
cell nuclei of both microbe strains;
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As the nanoparticle sizes increased and
their shapes changed from spherical to rod-
shaped, total surface area, readily decreased
thereby leading to a limited ability of the
resulting nanoparticles to enter the cell nuclei
of the Staphylococcus epidermidis and Candida
albicans strains.

In the next step we studied impact of Na-
CMC film contained 0.23% AgNPs with sizes
5-35 nm to wound healing process and the
results are presented in figure

This analysis showed that over the first
of one postoperative days, there was no
significant difference between the means of
contraction rates of the wounds during using
of the Na-CMC-AgNPs group (47 * 3.2 mm?)
when compared to Na-CMC film group (62 *
2.8 mm?). At 4 day after surgery the wound
contraction index was significantly higher in
the group treated with the of Na-CMC film
contained 0.23% AgNPs with sizes 5-35 nm
(43 £ 3.0 mm? p < 0.05) when compared to
that in the group with Na-CMC film (52 % 3.9
mm?). At seven days after surgery, a significant
difference was observed between the mean
contraction rates of the wounds of the group
treated with the Na-CMC film contained 0.23%
AgNPs with sizes 5-35 nm (16 + 3.1 mm?, p <
0.05), when compared to that in groups Na-
CMC (31 £ 4.7 mm?).

Within 14 days after surgery, there was
no significant difference between the mean
contraction rates of the wounds of the animals
containing the Na-CMC film contained 0.23%
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AgNPs with sizes 5-35 nm (3 + 0.5 mm?) when
compared to Na-CMC group (11 * 1.6 mm?).
However, the mean rate of wound contraction
was significantly higher in the group treated

with Na-CMC film contained 0.23% AgNPs
with sizes 5-35 nm when compared to that in
the Na-CMC group.

‘.

Before
treatment

Before
treatment

Day 1 Day 4

Day 7 Day 10 Day 14

a) Using Na-CMC film contained 0.23 % silver nanoparticles with sizes 5-35 nm.
b) Using Na-CMC as control
Figure 6. Representative images of the burn wound healing process caused by Na-CMC film,
contained silver nanoparticles on the back of rate models

In the analysis of wound contraction,
there was a progressive decrease in the lesion
area in all groups and no wound presented
a greater area than the initial one, and the
area decreased owing to the mechanism of
tissue contraction. It was also observed that
the percentages of wound contractions were
higher within seven days; this was expected,
since the fibroplasia phase of healing occurs
within 7 to 14 days, causing the presence of
fibroblasts and myofbroblasts.

After 14 days of treatment, it was observed
that in the group which used Na-CMC film
contained 0.23% AgNPs with 5-35 nm of size,
the healing was superior compared to that
with Na-CMC.

Conclusion

Optimal conditions for the development
of AgNPs with different shapes and sizes in
the structure Na-CMC films with different
DS and DP have been identified. It was
established that the silver cations within
Na-CMC macromolecules can play the role
of «nanoreactors» where according to the
theory of Mott-Gurney the carboxylic groups
of Na-CMC «trap» the silver cations and
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promote the photostimulated development of
AgNPs. The form and size of AgNPs within Na-
CMC hydrogels and films were controlled and
evaluated by UV-Vis spectroscopic, AFM and
TEM methods. Depending on concentration
of the polymeric substrate, Ag* and UV -
irradiations conditions, the spherical and rod-
like AgNPs are formed and stabilized by Na-
CMC.Thecorrelationbetweenthesizeand form
of AgNPsimmobilized within the Na-CMC films
and their biological activity was stablished. It
showd that the smaller the AgNPs in size the
more enhanced their bactericidal effect. It was
also observed that the percentages of wound
contractions were higher in seven days and
this had been expected, since the fibroplasia
phase of healing occurs between 7 and 14
days, causing the presence of oblasts and
myofbroblasts. The prepared biodegradable
Na-CMC films containing AgNPs are of interest
as bactericidal and bacteriostatic coatings for
treatment of burns and trophic ulcers.
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