ENGINEER

MATERIALS

| N Z Y N | BI OMATER AL OW

JOURNAL OF POLISH SOCIETY FOR BIOMATERIALS AND FACULTY OF MATERIALS SCIENCE AND Ceramics AGH-UST
Czasorismo PoLskiEGo StowaRzYSzeNIA BiomaTERIALOW | WyDzIALU INZYNIERI MATERIALOWES | CERAMIKI AGH

® 00 00000000000 0000 000 000 OO OO0 OO OO OOOOOSODOEOSOOSOEOSOOOS® OO OEOOTEOOOSOOOT®O VOO
Number 167
Numer 167
Volume XXV
Rocznik XXV

Year 2022
(Issue 4)
Rok 2022
(Zeszyt 4)

ISSN 1429-7248

PUBLISHER:
WYDAWCA:

Polish Society
for Biomaterials
in Krakow
Polskie
Stowarzyszenie
Biomateriatow

w Krakowie

EDITORIAL
COMMITTEE:
KOMITET
REDAKCYJNY:

Editor-in-Chief
Redaktor naczelny
Elzbieta Pamuta

Editor
Redaktor
Patrycja
Domalik-Pyzik

Secretary of editorial
Sekretarz redakcji
Design

Projekt

Katarzyna Trata

ADDRESS OF
EDITORIAL OFFICE:
ADRES REDAKCJI:

AGH-UST

30/A3, Mickiewicz Av.
30-059 Krakow, Poland
Akademia
Gorniczo-Hutnicza

al. Mickiewicza 30/A-3
30-059 Krakow

Issue: 250 copies
Nakfad: 250 egz.

Scientific Publishing
House AKAPIT
Wydawnictwo Naukowe

AKAPIT
e-mail: wn@akapit.krakow.pl  ®
(]




ENGINEERI

eeccccccccccccce BI“MATER'ALS R

EDITORIAL BOARD
KOMITET REDAKCYJNY

EDITOR-IN-CHIEF
Elzbieta Pamuta - AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, KRAKOW, POLAND

EDITOR
Patrycja Domalik-Pyzik - AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, KRAKOW, POLAND

INTERNATIONAL EDITORIAL BOARD
MIEDZYNARODOWY KOMITET REDAKCYJNY

lulian Antoniac - UNIVERSITY POLITEHNICA OF BUCHAREST, ROMANIA

Lucie Bacakova - AcADEMY OF SCIENCE OF THE CZECH REPUBLIC, PRAGUE, CZECH REPUBLIC
Romuald Bedzinski - UNIVERSITY OF ZIELONA GORA, POLAND

Marta Btazewicz - AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, KRAKOW, POLAND
Stanistaw Btazewicz - AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, KRAKOW, POLAND
Wojciech Chrzanowski - UNIVERSITY OF SYDNEY, AUSTRALIA

Jan Ryszard Dabrowski - BiatysTok TECHNICAL UNIVERSITY, POLAND

Timothy Douglas - LANCASTER UNIVERSITY, UNITED KINGDOM

Christine Dupont - UNIVERSITE CATHOLIQUE DE LOUVAIN, BELGIUM

Matthias Epple - UNIVERSITY OF DUISBURG-ESSEN, GERMANY

Robert Hurt - BRowN UNIVERSITY, PROVIDENCE, USA

James Kirkpatrick - JOHANNES GUTENBERG UNIVERSITY, MAINZ, GERMANY

Ireneusz Kotela - CENTRAL CLINICAL HOSPITAL OF THE MINISTRY OF THE INTERIOR AND ADMINISTR. IN WARSAW, POLAND
Matgorzata Lewandowska-Szumiet - MepbicaL UNIVERSITY OF WARSAW, POLAND

Jan Marciniak - SILESIAN UNIVERSITY OF TECHNOLOGY, ZABRZE, POLAND

lon N. Mihailescu - NATIONAL INSTITUTE FOR LASER, PLASMA AND RADIATION PHYSICS, BUCHAREST, ROMANIA
Sergey Mikhalovsky - UNIVERSITY oF BRIGHTON, UNITED KINGDOM

Stanistaw Mitura - TEcHNICAL UNIVERSITY OF LIBEREC, CZECH REPUBLIC

Piotr Niedzielski - TecHNICAL UNIVERSITY OF LoDz, POLAND

Abhay Pandit - NATIONAL UNIVERSITY OF IRELAND, GALWAY, IRELAND

Stanistaw Pielka - Wroctaw MEDICAL UNIVERSITY, POLAND

Vehid Salih - UCL EASTMAN DENTAL INSTITUTE, LONDON, UNITED KINGDOM

Jacek Sktadzien - JAGIELLONIAN UNIVERSITY, COLLEGIUM MEDICUM, KRAKOW, POLAND
Andrei V. Stanishevsky - UNIVERSITY OF ALABAMA AT BIRMINGHAM, USA

Anna §lc’>sarczyk - AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, KRAKOW, POLAND
Tadeusz Trzaska - UNIVERSITY SCHOOL OF PHYSICAL EDUCATION, POZNAN, POLAND

Dimitris Tsipas - ARISTOTLE UNIVERSITY OF THESSALONIKI, GREECE



ENG

N EER

ececcccsscccccne BI“MATERIALS eccccccccccccses

Wskazowki dla autoréw
1. Prace do opublikowania w kwartalniku ,Engineering of
Biomaterials / Inzynieria Biomateriatow” przyjmowane bedg
wytgcznie w jezyku angielskim.
2. Wszystkie nadsytane artykuty sg recenzowane.
3. Materiaty do druku prosimy przysyta¢ za pomocg systemu
online (www.biomaterials.pl).
4. Struktura artykutu:
* TYTUL - Autorzy i instytucje * Streszczenie (200-250
stow) ¢ Stowa kluczowe (4-6) « Wprowadzenie « Materiaty
i metody * Wyniki i dyskusja « Wnioski *« Podziekowania
* PisSmiennictwo
5. Autorzy przesytajg petng wersje artykutu, tgcznie
z ilustracjami, tabelami, podpisami i literaturg w jednym
pliku. Artykut w tej formie przesytany jest do recenzen-
tow. Dodatkowo autorzy proszeni sg o przestanie ma-
teriatéw ilustracyjnych (rysunki, schematy, fotografie,
wykresy) w oddzielnych plikach (format np. .jpg, .gif., .tiff,
.bmp). Rozdzielczo$¢ rysunkéw min. 300 dpi. Wszystkie
rysunki i wykresy powinny by¢ czarno-biate lub w od-
cieniach szarosci i ponumerowane cyframi arabskimi.
W tekscie nalezy umiesci¢ odnosniki do rysunkoéw i tabel.
6. Na koncu artykutu nalezy poda¢ wykaz pismiennictwa
w kolejnosci cytowania w tekscie i kolejno ponumerowany.
7. Redakcja zastrzega sobie prawo wprowadzenia do opraco-
wan autorskich zmian terminologicznych, poprawek redakcyj-
nych, stylistycznych, w celu dostosowania artykutu do norm
przyjetych w naszym czasopismie. Zmiany i uzupetnienia
merytoryczne bedg dokonywane w uzgodnieniu z autorem.
8. Opinia lub uwagi recenzentéw bedg przekazywane Auto-
rowi do ustosunkowania sie. Nie dostarczenie poprawionego
artykutu w terminie oznacza rezygnacje Autora z publikacji
pracy w naszym czasopismie.
9. Za publikacje artykutdéw redakcja nie ptaci honorarium
autorskiego.
10. Adres redakg;ji:

Czasopismo

»Engineering of Biomaterials / Inzynieria Biomateriatéw”

Akademia Gorniczo-Hutnicza im. St. Staszica

Wydziat Inzynierii Materiatowej i Ceramiki

al. Mickiewicza 30/A-3, 30-059 Krakéw

tel. (48) 12617 44 48,12 617 25 61

e-mail: epamula@agh.edu.pl, kabe@agh.edu.pl

Szczegodtowe informacje dotyczace przygotowania ma-
nuskryptu oraz procedury recenzowania dostepne sg na
stronie internetowej czasopisma:

www.biomaterials.pl

Instructions for authors
1. Papers for publication in quarterly journal ,Engineering of
Biomaterials / Inzynieria Biomateriatébw” should be written
in English.
2. All articles are reviewed.
3. Manuscripts should be submitted to editorial office through
online submission system (www.biomaterials.pl).
4. A manuscript should be organized in the following order:
* TITLE - Authors and affiliations * Abstract (200-250 words)
» Keywords (4-6) ¢ Introduction « Materials and Methods -
Results and Discussion ¢ Conclusions * Acknowledgements
» References
5. All illustrations, figures, tables, graphs etc. preferably in
black and white or grey scale should be additionally sent as
separate electronic files (format .jpg, .gif., .tiff, .bmp). High-res-
olution figures are required for publication, at least 300 dpi.
All figures must be numbered in the order in which they
appear in the paper and captioned below. They should be
referenced in the text. The captions of all figures should be
submitted on a separate sheet.
6. References should be listed at the end of the article. Num-
ber the references consecutively in the order in which they
are first mentioned in the text.
7. The Editors reserve the right to improve manuscripts on
grammar and style and to modify the manuscripts to fit in with
the style of the journal. If extensive alterations are required,
the manuscript will be returned to the authors for revision.
8. Opinion or notes of reviewers will be transferred to the
author. If the corrected article will not be supplied on time,
it means that the author has resigned from publication
of work in our journal.
9. Editorial does not pay author honorarium for publication
of article.
10. Address of editorial office:

Journal

,Engineering of Biomaterials / Inzynieria Biomateriatéw”

AGH University of Science and Technology

Faculty of Materials Science and Ceramics

30/A-3, Mickiewicz Av., 30-059 Krakow, Poland

tel. (48) 12) 617 44 48,12 617 25 61

e-mail: epamula@agh.edu.pl, kabe@agh.edu.pl

Detailed information concerning manuscript preparation and
review process are available at the journal’s website:
www.biomaterials.pl



“ STUDIA PODYPLOMGCWIE
Biomateriaty — Materiaty dla Medycyny
AGH 2023/2024

Organizator: Adres:

Akademia Gorniczo-Hutnicza 30-059 Krakow, Al. Mickiewicza 30

im. Stanistawa Staszica w Krakowie Pawilon A3, p. 208 lub p. 210

Wydziat Inzynierii Materiatowej i Ceramiki tel. 12 617 44 48, 12 617 23 38

Katedra Biomateriatow i Kompozytow email: epamula@agh.edu.pl; kmr@agh.edu.pl

Kierownik: prof. dr hab. inz. Elzbieta Pamuta https://www.podyplomowe.agh.edu.pl/

Sekretarz: dr inz. Katarzyna Reczynska-Kolman studia-podyplomowe-kursy-doksztalcajace-i-szkolenia/
biomaterialy-materialy-dla-medycyny/

Charakterystyka:

Tematyka prezentowana w trakcie zaje¢ obejmuje przeglad wszystkich grup materiatow dla zastosowan medycznych:
metalicznych, ceramicznych, polimerowych, weglowych i kompozytowych. Stuchacze zapoznajg sie z metodami projek-
towania i wytwarzania biomateriatdw a nastepnie mozliwosciami analizy ich wtasciwosci mechanicznych, wiasciwosci
fizykochemicznych (laboratoria z metod badan: elektronowa mikroskopia skaningowa, mikroskopia sit atomowych, spek-
troskopia w podczerwieni, badania energii powierzchniowej i zwilzalnosci) i wkasciwosci biologicznych (badania: in vitro
i in vivo). Omawiane sg regulacje prawne i aspekty etyczne zwigzane z badaniami na zwierzetach i badaniami klinicznymi
(norma EU ISO 10993). Stuchacze zapoznajg sie z najnowszymi osiggnieciami w zakresie nowoczesnych nosnikéw lekow,
medycyny regeneracyjnej i inzynierii tkankowe;j.

Sylwetka absolwenta:

Studia adresowane sg do absolwentéw uczelni technicznych (inzynieria materiatowa, technologia chemiczna), przyrodni-
czych (chemia, biologia, biotechnologia) a takze medycznych, stomatologicznych, farmaceutycznych i weterynaryjnych,
pragnacych zdobyé¢, poszerzyc¢ i ugruntowac wiedze z zakresu inzynierii biomateriatéw i nowoczesnych materiatéw dla me-
dycyny. Stuchacze zdobywajg i/lub pogtebiajg wiedze z zakresu inzynierii biomateriatéw. Po zakonczeniu studidw wykazuja
sie znajomoscig budowy, wtasciwos$ci i sposobu otrzymywania materiatéw przeznaczonych dla medycyny. Potrafig anali-
zowac wyniki badan i przektadac¢ je na zachowanie sie biomateriatu w warunkach zywego organizmu. Ponadto stuchacze
wprowadzani sg w zagadnienia dotyczgce wymagan normowych, etycznych i prawnych niezbednych do wprowadzenia
nowego materiatu na rynek. Ukonhczenie studiéw pozwala na nabycie umiejetnosci przygotowywania wnioskéw do Komisji
Etycznych i doboru metod badawczych w zakresie analizy biozgodno$ci materiatow.

Zasady naboru:

Termin zgtoszen: od 20.09.2023 do 20.10.2023 (liczba miejsc ograniczona - decyduje kolejnos¢ zgtoszen)
Wymagane dokumenty: dyplom ukonczenia szkoty wyzszej

Osoby przyjmujgce zgtoszenia:

prof. dr hab. inz. Elzbieta Pamuta (pawilon A3, p. 208, tel. 12 617 44 48, e-mail: epamula@agh.edu.pl)

dr inz. Katarzyna Reczynska-Kolman (pawilon A3, p. 210, tel. 12 617 23 38, e-mail: kmr@agh.edu.pl)

Czas trwania: Optaty: 3 000 zt (za dwa semestry)
2 semestry (od XI 2023 r. do VI 2024 r.)

8 zjazddw (soboty-niedziele) 1 raz w miesigcu
przewidywana liczba godzin: 160




3 Annual Conference 12 - 15 Octoher 2023 Rytro, Poland

SAVE THE DATE www.biomat.agh.edu.pl

REGISTER
AND

SUBMIT

AN ABSTRACT

OCTOBER

—
B .
™

s



ENGINEERI 1

s BI”MATER'ALS ®cecccccscccsces *0000 00

SPIS TRESCI
CONTENTS

PHYSICAL PROPERTIES OF MATERIALS
USED FOR INFUSION SETS FOR
PHOTOSENSITIVE MEDICINES

KAROLINA SZAFARCZYK, JANUSZ SZEWCZENKO,
ERWIN MACIAK, PIOTR KALUZYNSKI,

KAROLINA GOLDSZTAJN 2

COMPOSITES BASED ON POLYVINYL
ALCOHOL, CHITOSAN, AND CURCUMIN

FOR WOUND HEALING APPLICATIONS
MuHAMMAD TAHIR, SILVIA VICINI,

ALINA SIONKOWSKA 10

CARTILAGE TISSUE EXAMINATION

USING ATOMIC FORCE MICROSCOPY
JAROStAW PALUCH, JAROSLAW MARKOWSKI,

JAN PILCH, WOJCIECH SMOLKA, KRZYSZTOF

P10TR JAsIK, FILIP KILIAN, WIRGINIA LIKUS,
GRZEGORZ BAJOR, DARIUSZ CHROBAK,

KARSTEN GLOWKA, OLIWIA STARCZEWSKA 17

MATERIALS BASED ON CHITOSAN
ENRICHED WITH ZINC NANOPARTICLES FOR
POTENTIAL APPLICATIONS ON THE SKIN
KAROLINA KULKA, ANDZELIKA SZMEJKOWSKA,
ALINA SIONKOWSKA, MAGDALENA WYPLJ,

PATRYCJA GOLINSKA 4
L
o9
¢
zQZ
00000000000 00000 —LIJ

WERSJA PAPIEROWA CZASOPISMA ,,ENGINEERING OF BIOMATERIALS / INZYNIERIA BIOMATERIALOW” JEST JEGO WERSJA PIERWOTNA
PRINTED VERSION OF ,,ENGINEERING OF BIOMATERIALS / INZYNIERIA BIOMATERIALOW” IS A PRIMARY VERSION OF THE JOURNAL L

0 00000 0000000000000 0000000000000000000 000 "=

Ll



2

PHYSICAL PROPERTIES

OF MATERIALS USED
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PHOTOSENSITIVE MEDICINES

KAROLINA SZAFARCZYK'™ (2, JANUSZ SZEWCZENKO'* (),
ERWIN MACIAK?([®), PIOTR KALUZYNSKI? (),
KAROLINA GOLDSZTAJN'

" SILESIAN UNIVERSITY OF TECHNOLOGY,
FACULTY OF BIOMEDICAL ENGINEERING,
DEPARTMENT OF BIOMATERIALS AND

MEDICAL DEVICE ENGINEERING,

40 ROOSEVELTA STR., 41-800 ZABRZE, POLAND
2 SILESIAN UNIVERSITY OF TECHNOLOGY,
FACULTY OF ELECTRICAL ENGINEERING,
DEPARTMENT OF OPTOELECTRONICS,

2B KRZYWOUSTEGO STR., 44-100 GLIWICE, POLAND
*E-MAIL: KAROSZA926@STUDENT.POLSL.PL,
JANUSZ.SZEWCZENKO@POLSL.PL

Abstract

Continuous infusion, as one of the most effective meth-
ods of delivering pharmaceuticals to patients, uses infusion
pumps to which a syringe and infusion drains are connected.
Photosensitive drugs that require UV-VIS protection are
delivered to patients with special infusion sets that reduce
harmful radiation. However, these drains have different
transparencies, which can affect the success of therapy.

This study investigated the optical properties of two types
of drains used for infusion therapy of photosensitive drugs.
UV-VIS spectroscopy studies were carried out, allowing
the determination of the absorbance values and absorption
coefficient of the two types of drains. The spectrum of their
transmittance was also analyzed. The chemical composition
of the samples was tested using FTIR-ATR spectroscopy.
Furthermore, the roughness and wettability parameters
of the drains were determined, which affect not only the
kinematics of drug flow in the drains but also the way in
which light is transmitted. The results of the study can be
used to propose a solution to eliminate the problem of loss
of properties of the photosensitive drug in drains, in contact
with light. By selecting the appropriate drain thickness,
it is possible to reduce the transmission of radiation in the
UV-VIS range through the drain.

Keywords: infusion drains, photosensitive medicines,
polyvinyl chloride, UV-VIS spectrophotometry, transmit-
tance, absorbance
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Introduction

Medicinal products, which have been around for years in
the history of mankind, are designed to reduce the effects of
disease. Nowadays, where medicine and the pharmaceuti-
cal industry are developing rapidly, we have a wide range of
drugs to choose from, which can prevent many diseases and
even death. Not only the composition and proportions of the
drug are important but also the way in which it is delivered to
patients. One of the most effective methods of administering
pharmaceuticals to patients is continuous infusion, which,
compared to traditional gravity infusion, ensures that the
preferred concentration of the drug in the blood is maintained
constant, for a specified period of time. A drug product at
the level of the so-called therapeutic window between the
minimum therapeutic concentration and the minimum toxic
concentration gives the best response of the body to the
administered substance [1]. Additionally, infusion pumps are
equipped with various types of alarm systems that greatly
facilitate the work of medical personnel.

Some infusion drugs require special precautions dur-
ing both storage and injection into the body. Particularly
sensitive are photosensitive drugs, which are a group of
drugs that react negatively to electromagnetic radiation in
the visible and ultraviolet light range. In contact with light,
they lose their physical, chemical and pharmacological
properties, which can contribute to the ineffectiveness of
the treatment. Moreover, their degradation products may
worsen patient’s condition.

Only a few studies on photosensistive pharmaceuticals
and their physical and chemical transformations are avail-
able [2]. The main source of information presented on
the purpose, storage, and supply of this type of drugs is
the National Register of Medicinal Products [3] providing
characteristics and brochures of selected pharmaceuticals.

Examples of photosensitive drugs are as follows:
Micafungin Accord, Detimedac, Linezolid Polpharma. These
drugs have a broad spectrum of applications. They are used
in the treatment of invasive candidiasis or hospital-acquired
pneumonia in both adults and newborns. They have also
found use in cancer departments for the treatment of meta-
static malignant melanoma, advanced Hodgkin’s disease,
or advanced soft tissue sarcomas [3].

Photosensitive drugs must be stored in the original
tightly sealed packaging. Orange glass vials or special films
that protect drugs from light are the most commonly used.
For drug delivery, it is recommended to use light-resistant
PVC infusion sets or a traditional aluminium foil-wrapped
set [3]. However, itis worth paying attention to the individual
components of the infusion line, which differ in translucency,
as it can affect the effectiveness of the drug and thus the
success of therapy.

The infusion line provides a permanent connection be-
tween the infusion pump and the patient. The syringe, the
amber colored infusion extender, and the clear extension
tube (FIGs. 1-3), which connects to the cannula and thus to
the patient’s vein, are connected to the pump in sequence.
The amber syringe and the amber extension tube are
adapted to protect drugs from light (FIG. 1 and FIG. 2).
After a detailed review of the availability of this type of
equipment and an interview with medical personnel, it can
be concluded that there are no extension drains adapted
for the infusion of photosensitive drugs on the global market
for medical devices. In the characteristics of photosensitive
drugs, it is clearly marked that infusion sets that ensure
reduction of radiation transmittance are to be used.
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FIG. 1. Amber-colored syringe
for infusion pumps (Polmil
Company).

Company).

During treatment, time is of the essence, and medical
personnel, when trying to protect the photosensitive drug by
other means, waste that time. Photosensitive drugs are used
on the wards where bedridden patients require immediate
and reliable treatment. That is why it is so important to make
the work of doctors and nurses as efficient as possible and
to ensure that there is no doubt about the effectiveness of
the pharmaceutical administered.

When the materials used for the production of basic
devices for injecting drugs are analyzed, it should be noted
that the basic materials are polypropylene, polyethylene,
and polyvinyl chloride. Typically, the syringe body is made
of polypropylene (PP), while the syringe plunger is made
of polyethylene (PE) [4]. The rest of the infusion line is
made of poly(vinyl chloride) (PVC) [4] mixed with various
additives [5].

The main purpose of the study was to determine the
optical properties of the amber-colored and transparent
drains used for the continuous infusion of photosensitive
drugs. Their transmittance and absorbance values were
compared. In addition, the chemical composition of the
drains was analyzed, and the topography and wettability of
their surfaces were studied.

Materials and Methods

Drain materials

As mentioned above, two types of materials used for
the production of infusion pump drains were used for com-
parative studies: amber, shown in FIG. 2 and transparent,
shown in FIG. 3. These drains are manufactured by Zarys.
They are available from the company and are widely used
in healthcare facilities.

Detailed information on the amber and transparent drain
composition data was provided by the company Zarys in
TABLES 1 and 2, respectively. Based on these, the main
component of the drains - PVC poly(vinyl chloride) - was
determined. The rest of the components are various types
of additives to match the properties of the drains for pro-
cessing and utility purposes. A characteristic component of
the drain adapted for the infusion of photosensitive drugs
is bis(2-ethylhexyl) phenyl phosphite, which imparts an
amber color and thus increases the absorbance value of
visible light radiation.

FIG. 2. Amber-colored infusion
pump extension tube (Zarys

FIG. 3. Three-way stopcock
with extension tube (Zarys
Company).

TABLE 1. Percentage composition of the amber
infusion pump extension tube.

Substance name Percent? ge
composition

PVC resin 64-70%
TOTM (trioctyl trimellitate) 25-28%
ESO (epoxidized soybean oil) 4-6%
Octadecanoic acid, zinc salt 2%
Ethene, homopolymer, oxidized 1%
Bis(2-ethylhexyl) phenyl phosphite 1%

TABLE 2. Percentage composition of the three-way
stopcock with extension tube.

Substance name Percent_a_ge

composition
PVC (polyvinylchloride polymer) 63.2%
TOTM (trioctyl trimellitate) 33.5%
Epoxidized Soybean Oil 2.3%
Calcium-Zinc based heat-stabilizer 0.6%
Lubricant 0.2%
Other components 0.2%

FTIR-ATR Spectroscopy

A Nicolet iS50 FTIR spectrophotometer was used to
study the chemical composition of the drains, together with
a GladiATR llluminate ATR measurement device. Special
OMNIC software gave the possibility to read the mid-IR
absorption spectra of the studied materials in the infrared
range (4000-650 cm™).

Samples of each type of the drains (amber and transpar-
ent) were used in the study. The preparation of the samples
required taking sections of drains approximately 7 mm in
length and cutting them lengthwise (FIG. 4 and FIG. 5).
The samples were studied at room temperature (25°C).

Infrared spectroscopy is a standard, fast, and economical
measurement technique suitable for material characteriza-
tion, e.g. polymer materials, and it provides the molecular
fingerprint of the sample. It is expected that its sensitivity
will enable the detection of small changes in the chemical
composition of material samples related to the addition of
a dye to absorb high-energy radiation in the UV-VIS range.
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UV-VIS absorption spectroscopy

UV-VIS spectroscopy is a powerful analytical technique
for determining the optical properties (transmittance, reflec-
tance, and absorbance) of gases, liquids, and solids. It can
be applied to characterize different materials, i.e. polymers
and many other research and manufacturing materials.
In this research, UV-VIS operated in the optical range
between 300 and 800 nm. The analysis of the optical
properties of the tested samples was performed based on
transmittance measurements. The test stand was equipped
with a deuterium tungsten light source from Ocean Optics
Inc. An Ocean Optics HR ES2000+ fiber optic spectrometer
was used as a detector for the study, along with special
Ocean Optics SpectraSuite software for viewing spectra in
the range of 300-800 nm. In order to properly measure the
transmittance of the samples, a system of two collimators

was used in the stand so that the beam of optical radiation
passing through the tested sample was collimated.

Due to the need to use flat-parallel samples in the study,
steps were taken to prepare the samples for the study.
The drains of each type were cut into 6 sections of ap-
proximately 7 mm in length and cut lengthwise to flatten the
sample. Then, each sample was placed between two micro-
scope slides. To ensure the flatness of the samples, metal
plates with the same thickness as the walls of the drains
were placed between the slides. The samples prepared in
this way were heated on both sides with a heating system
consisting of ceramic-tourmaline plates and a power source.
The heating temperature was set at 180°C. After 3 minutes
of heating, the sample still placed between the slides was
left to vitrify at room temperature (FIG. 6 and FIG. 7).

Zammm® 0 0000000000000 00000006000006000000000000000
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FIG. 8. Heating characteristics of the sample preparation system for UV-VIS spectrophotometric studies.

When selecting the heating temperature of the samples,
the characteristic temperature ranges for PVC material were
taken into consideration to prevent its degradation [6]:

* melting point T, = 212°C,

* glass transition temperature T, = 87°C,

* processing temperature T, = 160-190°C.

It was necessary to take into consideration the difference
between the set temperature of the system and the actual
temperature of heating the sample. For this purpose, the
characteristics of the sample heating system were deter-
mined as a function of time (FIG. 8). The heating tempera-
ture of the plates was set within the processing temperature
T, = 180°C. Using a MY-64 multimeter of Xtreme with
a connected probe, the temperature values were measured
as a function of time, both between the slides and the plates.

The temperature of the slides remains below that of the
plates. A non-linear increase in temperature is observed
(FIG. 8). On the other hand, when the heating system is
turned off, the slides cool faster.

There is a difference in the maximum temperature value.
For the measurement between the slides, it is 4°C lower than
the measurement between the slides themselves. To reach
the maximum temperature value between the microscope
slides, it was necessary to wait about 9 min after turning
on the heating system. After this time, the temperature
oscillates around 164°C until the system is turned off. This
temperature is the actual temperature of heating the samples
and is within the range of processing temperatures.

Six samples of amber drain and one sample of transpar-
ent drain were analyzed. Each sample was sequentially
placed between fiber optics. The collimated beam of radia-
tion was directed first to the slides (as a reference measure-
ment) and then to the sample placed between the slides.
Spectral measurements must be accurate and precise
representations of the target material, but there are many
factors that affect the quality of spectral measurements. That
is why it is so important to properly adjust the measuring
system and set the appropriate parameters for recording
the optical spectrum. In the measurements of the spectral
transmittance of the samples, the measurements were re-
corded with averaging of 10 spectra. The integration time
for each spectrum was 7 ms. The smoothing of the boxcar
was 3. The measurements were carried out indoors with
the lighting turned off.

To determine the spectral absorbance and absorption
coefficients of the tested samples, the Beer-Lambert law and
spectral transmittance measurements were used. Using UV-
VIS spectroscopy in the spectral range of 300-800 nm, the
transmittance spectra were recorded. These spectra were
obtained by measuring the optical beam passing through
the target samples I(A\) and referring it to the spectrum of
the beam incident on the sample lo(A) [7]. The transmittance
is defined as T(A):

I(A
2 Q
lo(A)
Io(A) - intensity of radiation incident on the sample (refer-
ence beam),
I(A) - intensity of the radiation that penetrated the sample
after the absorbing layer passed through.

On the basis of transmittance measurements, the absorb-
ance A(A) of the samples was determined for peculiar spec-
tral ranges characterized by minima in the transmittance
spectrum. The absorbance A(A) is the negative log-ratio of
transmitted (sample in the beam) over incident (no sample
in the beam) intensities:

TN =

I(A 1
AM)=«m(I%§)=mg(;a;) 2)

An absorption spectrum A(A) shows the wavelength at
which a molecule can absorb light and thus provides infor-
mation about electronic state energies.

In order to quantify the absorption process in the charac-
teristic energies of radiation, the spectral absorption coef-
ficients of the tested samples were determined. For this pur-
pose, the Beer-Lambert law was used, which well imitates
the absorption process in poorly absorbing samples (e.g.
of small thickness). Taking into account the Beer-Lambert
law, the transmittance of the samples is defined as follows:

1) _aqny
o =

TN = 3)

| — sample thickness, mm,
a — absorption coefficient, mm-"
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Lambert-Beer’s law shows that the intensity of a parallel

® o o o o o o heam of electromagnetic radiation decreases exponentially

as the thickness of the absorbing solid increases [7]. There-
fore, the absorbance A(A) was given:
A(N) =0.4343 - a(A)I (4)
For spectrophotometric measurements, it is necessary
to take into account the thickness of the absorbing layer |,
which in the case of solids is the distance between the outer
planar-parallel surfaces of the solid under study [8]. Thus,
the absorption coefficient is determined as follows [8]:
a(h) =2.302 - & (5)
Thickness measurement of samples
The thickness of the samples was tested to determine
the effect of heating on the thickness of the samples.
For the measurements, a micrometer screw was used with
an accuracy of 0.01 mm. The thickness of two types of drains
was measured before and after heating.

Surface topography studies

The study was carried out with a Leica DCM8 optical
profilometer. Using Leica Scan and Leica Map Premium
software, a sample scan was obtained, profiles were ex-
tracted, and characteristic roughness parameters of the
samples were determined.

Three samples of each type of the drain were prepared
for the test. The roughness test requires a flat surface of the
sample. For this reason, the drain samples were prepared
in the same way as the samples used in UV-VIS spectro-
photometric studies.

The measurement was carried out at three measuring
points on both the outer and inner sides of the samples and
a 20x magnification was used.

Surface wettability studies

Four samples were selected for the wettability study. Two
amber drain samples and two transparent drain samples.
The samples flattened by heating were placed between two
microscope slides.

For all samples, the wetting angle was measured using
the sessile drop method (FIG. 9). For these measurements,
a Surftens Universal goniometer of OEG GmbH was used
together with the software Surftens 4.3. The wetting angle
© was measured on both the inner and outer sides of the
sample, at three different measuring points.

Results and Discussions

FTIR-ATR Spectrophotometric studies

Based on the absorption spectra obtained (FIG. 10
and FIG. 11) there was a similarity between the studied
composition of the drains and the information received by
Zarys Company.

FIG. 9. Wettability study of drains by sessile drop
method.
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FIG. 10. FTIR-ATR absorp-
tion spectrum of the amber
drain.
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FIG. 11. FTIR-ATR absorp-
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The two types of drains studied overlap with the spectra
of the PVC material [9]. In the vicinity of 2900 cm™" and
1270 cm there are signals characteristic of PVC bonds.
Additionally, the presence of some plasticizers was detected.
The signal near a wave number of about 1730 cm™ is char-
acteristic of the plasticizer TOTM (trioctyl trimellitate) for

both

the amber and transparent drain [9,10]. For the same

wavelength number, octadecanoic acid was detected for
the amber drain [11].

The amber dye phenyl (bis-ethylhexyl) phosphite, as
reported by the manufacturer, is present at a concentration
of 1%, which may result in a small signal in the absorption
spectrum. Based on the similarity of the spectra of similar
compounds [12,13] it can be assumed that the absorber
signal is in the region of 1000 cm. The presence of plas-
ticizers in PVC material can be detected by vibrations in
C-Cl bonds [9].

Thickness measurement of samples

After thermal flattening of the samples, a significant dif-
ference in their thickness can be observed which may be
due to different pressure force of the office clips, fluctuation
of the heating temperature or variation in the heating time
of the samples (TABLE 3).

UV-VIS Spectrophotometric studies

Based on UV-VIS spectrophotometric studies, repre-
sentative transmittance and absorbance spectra of the
samples of two types of drains, with the same thickness,
are presented (FIG. 12 and FIG. 13).

Thickness
before heating |
[mm]

0.650(10)
0.692(12)

Type of the drain Average thickness
after heating |

[mm]
0.373(44)

Transparent drain

The amber color of the drain (component: bis(2-ethyl-
hexyl) phenyl phosphite) causes the transmittance for both
UV and VIS radiation to be limited. For radiation in the
near UV range, it does not exceed 20%. For visible light,
however, it increases from 450-800 nm with an inflection of
the function around 550 nm but does not exceed the value
of 80% for each wavelength. The lowest value of transmit-
tance (about 0%) and thus the greatest drug safety occurs
between 410-460 nm.

The lowest transmittance value (about 30%) of the
transparent drain occurs at the wavelength representing
ultraviolet radiation (315 nm). After that, the transmittance
value increases and already at 450 nm it remains at almost
100%. From 600 nm onward, the transmittance gently de-
creases but remains above 96% all the time.

To compare the absorbance coefficient of the two types
of drains at particular wavelengths A, four characteristic
points of the spectrum were chosen: 353.50 nm, 430.00 nm,
535.44 nm, 561.80 nm.

IAmber drain 0.348(70)
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Amber drain
1/mm
Range

1.92-2.19

A, a.u.
Range

0.48-0.80

Mean

353.5 0.71(13)

2.05(12)

Transparent drain

1/mm
Range Mean

0.11-0.85 | 0.45(39)

A, a.u.
Range Mean

0.04-0.35 | 0.18(17)

430.01 1.36-2.19 1.95(33) 5.20-6.18

5.66(33)

0.01-0.08 | 0.028(35) | 0.01-0.19 | 0.063(85)

535.44 0.32-0.51 | 0.455(81) | 1.20-1.47

1.317(95)

0.01-0.09 | 0.030(40) | 0.02-0.23 0.08(10)

561.8 0.42-0.67 0.60(11) 1.60-1.92

1.73(12)

0.01-0.10 | 0.033(45) | 0.03-0.24 | 0.09(10)

The tables show the calculated average values of ab-
sorbance A and absorption coefficient a for the six amber
samples and four transparent samples of the six tested.
Transparent samples 3 and 5 were not included in the
analysis of the results due to the appearance of measure-
ment failure and the receipt of unreal results (TABLE 4).

The highest absorption coefficient of the amber drain was
observed for a wavelength of 430.01 nm. For wavelengths
of 535.44 nm and 561.8 nm, it occurs below 2 mm™" while,
for UV radiation (353.5 nm), the absorbance coefficient
occurs at 2.05 mm-'.

The transparent drain absorbs a small amount of radiation
for each tested wavelengths. The highest absorption coef-
ficient (0.11 mm) occurred at the wavelength representing
UV radiation (353.5 nm).

Surface topography studies

The average values of the S, parameter are presented
depending on the type of drain and the side of the test
(FIG. 14). Analysis of the roughness parameter S, indicates
greater roughness of the transparent drain compared to the
amber drain. The inner side of the two types of drains is
characterized by a lower roughness, which is a more desir-
able situation due to the kinematics of drug flow in the drain.

The obtained surface topography results should be
treated with uncertainty due to the way the samples were
prepared. Placing the drains between microscope slides and
heating them to high temperatures can introduce changes
in their surface.

Surface wettability studies

Both amber and transparent drains show hydrophobic
characteristics (FIG. 15).

Wettability tests of drains showed their variation depend-
ing on the type of drain and surface (internal, external).
A lower value of the wetting angle was observed for the
transparent drain, indicating its greater wettability compared
to the amber drain.

Based on the results obtained, it is not possible to clearly
say which side of the drain (external/internal) has greater
wettability. For the transparent drain, we observed a larger
wetting angle for the outer side. For the amber drain, on
the other hand, we observed the opposite situation -
a smaller wetting angle for the outer side, but the wide range
of standard deviation should be kept under consideration.

The results of wetting angle measurements should be
treated with some uncertainty. The preparation of the sam-
ples required deformation of the drains at high temperature,
which may affect changes in the surface of the material and
thus the obtained results.
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Conclusions

Both transparent and amber drains were made of PVC
material. TOTM plasticizer was added to the transparent
and amber drains, and octadecanoic acid was added only
to the amber drain. According to manufacturer’s informa-
tion, the amber color of the drains was obtained by adding
bis(2-ethylhexyl) phosphite. Its FTIR spectrum overlaps with
the PVC spectrum, which can make it difficult to identify.

Transparent and amber drains have different optical
properties. Transparent drain is characterized by high
transmission in the entire UV-VIS range, which can cause
negative radiation effects on photosensitive drugs. Amber
drain is characterized by lower transmittance compared to
transparent drains. The transmittance of the amber drain in
the 400-500 nm range is close to zero and for higher wave-
lengths, it successively increases to about 80%.

Improved protection of the photosensitive drug from
damaging radiation can be achieved by increasing the wall
thickness of the drains. Doubling the thickness of the amber
drain wall will result in a four-fold reduction of radiation trans-
mittance in the entire UV-VIS range, which means almost
complete elimination of harmful radiation. It is also possible
to increase the thickness of the transparent drain, but this
would be an impractical solution, so it is worth considering
adding bis(2-ethylhexyl) phosphite (a component of the
amber drain) in an amount that guarantees the protection
of photosensitive drugs.

Both the amber and transparent drains show hydrophobic
characteristics. It is impossible to clearly say which of the
tested sides (outer/internal) of the drains shows a lower
wettability, but the inner side is characterized by a lower
roughness, which is significantly conducive to drug flow.
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Abstract

Natural polymers, like chitosan, collagen, and alginate,
offer promising solutions for wound healing. Derived from
natural sources, they exhibit biocompatibility and bioactivity,
promoting tissue regeneration. These polymers can form
scaffolds or dressings that accelerate wound closure while
reducing infection risks. Their inherent properties make
them promising options in the quest for effective wound
care materials.

In this work, composites based on polyvinyl alcohol
(PVA), chitosan (Chi), and curcumin (Cur) were prepared.
PVA, a synthetic water-soluble polymer, finds extensive use
in biomedical and wound-healing applications. It is approved
by the U.S. FDA for cosmetic, medical, and wound healing
products. Chi, a polysaccharide, is widely used in biomedi-
cine and possesses antibacterial properties. Both PVA and
chitosan are biocompatible and exhibit good filming charac-
teristics. Curcumin (Cur) with antibacterial and antioxidant
properties is being explored for regenerative medicine. PVA,
chitosan, and curcumin were blended. The structure was
studied by FTIR, microscopic observations were done with
optical and scanning electron microscopes, and the mecha-
nical properties were assessed. FTIR revealed component
interactions, while microscopy showed a flat film surface.
The polymeric blend (PVA/Chi/Cur) had a Young’s modulus
of 1.49 GPa, tensile strength of 47.69 MPa, stress value of
8.39 N, and 35.34% elongation at break. These properties
make the blend suitable for consideration in wound healing
applications.

Keywords: polyvinyl alcohol, chitosan, curcumin, polymer
blends, wound healing
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Introduction

Poly(vinyl alcohol) (PVA) is a semi-crystalline and
water-soluble polymer [1]. PVA exhibits limited solubility in
ethanol and is insoluble in other organic solvents [2]. The
preparation of poly(vinyl alcohol) is achieved through the
hydrolysis of polyvinyl acetate and can be easily degraded
by biological microorganisms [3]. PVA is considered ideal
for wound dressings due to its non-toxicity, biodegradability,
and low cost [4]. The properties of poly(vinyl alcohol) are
highly dependent on the acetyl group content in the initial
polymer [5]. The applications of poly(vinyl alcohol) are
determined by its degree of hydrolysis [6]. Tavakoli et al.
utilized poly(vinyl alcohol) with a degree of hydrolysis of
99.9% for wound healing applications [7]. Murphy et al.
employed poly(vinyl alcohol) with degrees of hydrolysis of
88% and 98%. It has been suggested and recommended
to use poly(vinyl alcohol) with a higher degree of hydrolysis
for wound healing applications [8]. PVA wound dressings
are non-adhesive, making them suitable for easy dressing
changes without causing new wound injury [9].

Chitosan is a polysaccharide of marine origin [10] and is
often described as a natural cationic polymer with a positive
charge [11,12]. Chitosan is derived from chitin, a funda-
mental component of crustacean shells, through chemical
modification [13]. Chitin is insoluble in water due to extensive
hydrogen bonding [14], while chitosan can be dissolved in
weaker acids, like acetic acid, to form membranes and fib-
ers [15]. Chitosan contains amine functional groups, and
these groups can be chemically modified, making Chi very
useful for biomedical applications [16]. Chitosan is widely
applied in the pharmaceutical and biomedical fields as it
has interesting properties [17], such as high biocompat-
ibility, anticancer properties, blood clotting facilitation, and
coagulation effects [18].

Wound healing involves various phases, such as in-
flammation, proliferation, and tissue remodeling, making it
a complex process requiring specialized treatments [19].
Agood wound dressing should facilitate gaseous exchange,
maintain wound surface moisture, and be able to remove
extra wound fluid or exudates [20]. The obvious reason for
using chitosan in wound healing is its ability to enhance
healing and skin restoration [21,22], and it has been reported
as highly applicable in regenerative medicine [23]. Chitosan
also aids in blood coagulation and adheres to red blood cells
due to its hemostatic nature [24,25].

The use of chitosan as a standalone wound healing
material may lead to loss of strength after absorbing the
wound exudates, resulting in decomposition. To prevent
disintegration, it is often combined with other compounds,
such as synthetic polymers like poly(vinyl alcohol) [26-28].
A significant limitation of using chitosan alone in wound
dressings is its insolubility in water [29]. Chitosan is fre-
quently blended with PVA to enhance the antibacterial
properties of the resulting hydrogel [30].
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Curcumin, a yellow-colored polyphenol, is naturally
found in the rhizome of Curcuma longa [31]. It is also
known as difluoromethane [32,33]. Curcumin is hydropho-
bic and can be dissolved in ethanol, acetone, and dime-
thyl sulphoxide [34]. It has antioxidant, anticarcinogenic,
anti-inflammatory, and anticoagulation properties. Curcumin
shows a promising role in wound healing [35,36], primarily
by participating in tissue remodeling, collagen deposition,
and tissue formation [37]. Fianza et al. noted its effective-
ness in the inflammation stage of wound healing due to
its role in reducing reactive oxygen species [38]. Cur-
cumin is also capable of scavenging free radicals [39], as
it can share electrons or hydrogen atoms from its phenolic
sites. Additionally, it acts as a lipophilic compound [40].
Li et al. utilized chitosan nanoparticles with curcumin, improv-
ing the wound healing process in diabetic rat models [41].
Alven et al. reported that wound dressings containing cur-
cumin improved mechanical properties and enhanced wound
healing [42]. Akbik et al. emphasized that curcumin plays
a vital role in all stages of the wound healing process [43].
Rezaei et al. suggested that blending curcumin with poly-
meric solutions is the best approach to control its release in
biomedical applications [44]. The use of curcumin is limited
due to its poor water solubility and photosensitivity [34], with
a substantial portion of orally administered curcumin pass-
ing undigested through the gastrointestinal system [45,46].

In this study, polymeric blends of poly(vinyl alcohol),
chitosan, and curcumin were prepared. We analyzed the
mechanical properties of the resulting polymeric blend
and conducted microscopic analysis of the polymeric film.
Fourier Transform Infrared (FTIR) spectra were recorded
to investigate functional groups. Chitosan and poly(vinyl
alcohol) were incorporated into the film, indicating potential
wound healing properties. Furthermore, curcumin, with its
antioxidant properties, may improve wound healing. There-
fore, combining wound healing materials such as poly(vinyl
alcohol) and chitosan with curcumin may offer new materials
for biomedical applications with enhanced properties.

Materials and Methods

Poly(vinyl alcohol) (363065, CAS:9002-89-2, MW:
146,000-186,000), and chitosan (448869, CAS:9012-76-4,
MW: 50,000-190,000) were obtained from Sigma-Aldrich,
Darmstadt, Germany. Curcumin (GP8291, CAS: 458-37-7,
MW: 368.39) was received from Glentham Life Sciences,
Corsham, United Kingdom. Ethanol (Cat. 32294, CAS: 64-
17-5, MW: 46.07, 96%) was provided by Honeywell, Riedel-
de Haen, Seelze, Germany. Acetic acid (CAS:64-19-7, MW:
60.05, 99.9%) from STANLAB, Lublin, Poland, was used.
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Sample preparation

At the beginning, the following solutions were prepared: ® @ e e @ © o

5% polyvinyl alcohol (PVA) in water, 2% chitosan (Chi) in
acetic acid, and 5 mg curcumin (Cur) in 5 mL of ethanol.
PVA/Chi polymeric blend was formulated in a 50:50 pro-
portion, next 2% of dissolved curcumin was added to the
polymeric blend. Polymeric films of PVA, Chi, and polymeric
blend (PVA/Chi/Cur) were prepared by solvent casting.

Microscopic analysis

Microscopic analysis of the surface of the polymeric films
was carried out using a Motic microscope (SMZ-171, China)
with 0.75 resolution and with a scanning electron microscope
(SEM; LEO, Electron Microscopy Limited, Cambridge, UK).

Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform Infrared (FTIR) spectra of the polymer-
ic films and curcumin powder were analyzed using Nicolet
iS10 furnished with an ATR device (Thermo Fisher Scientific,
Waltham, MA, USA). The spectrum was recorded in the 400-
4000 cm'range with a resolution of 4 cm* following 64 scans.
Omnic 2009 software was used for spectra processing.

Mechanical properties testing

Mechanical properties of the PVA, Chi, PVA/Cur, PVA/
Chi/Cur films were analyzed using Zwick and Roell 0.5
testing machine combined with testXpert Il 2017 software.
Seven samples of each type were investigated. The initial
test parameters were: 0.1 MPa preload, 5 mm/min preload
speed, and 50 mm/min test speed.

Statistical Analysis

ANOVA test was used for statistical analysis. The
variance was checked by following the standard deviation
results.

Results and Discussions

Microscopic analysis of polymeric films is presented in
FIG. 1. FIG. 1a illustrates the microscopic image of PVA
and clearly shows a smooth surface. In FIG. 1b PVA and
Cur have been mixed homogeneously. In this figure, the
curcumin effect can be seen in the polymeric blend, as it
changed the color of the polymeric blend to a pale-yellow
color. FIG. 1crepresents the polymeric blend (PVA/Chi/Cur).
It can be noticed that PVA, Chi, and Cur are compatible in
the polymeric blend and are homogeneously mixed. This
uniformity or homogeneity is achieved due to the stirring of
polymeric solutions for 24 h and the interaction between
PVA and chitosan via hydrogen bonds.
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FIG. 2. SEM images: a) Chi, b) PVA, c) PVA/Cur, d) PVA/Chi/Cur.

SEM images are presented in FIG. 2 to view the morphol-
ogy of the polymeric films of individual polymers and their
polymeric blends. FIG. 2a presents SEM image of chitosan
(Chi), which can be seen as a flat and smooth surface;
a similar analysis has been reported in the literature [47,48].
FIG. 2b shows SEM image of the polyvinyl alcohol (PVA)
films, and it demonstrates the uniformity of the surface.
It also shows the presence of few flakes, which can be
caused due to the semicrystalline nature of poly(vinyl alco-
hol). The uniformity of the PVA surface has been described
by Mahesh et al. [49]. FIG. 2¢ presents the SEM image of
PVA/Cur, showing the presence of curcumin throughout the
surface in the form of agglomerates. FIG. 2d shows SEM
image of the polymeric blend (PVA/Chi/Cur), and it displays
a smooth and uniform surface with agglomerates due to the
presence of curcumin. The smooth and uniform surface of
PVA/Chi has been described by Costa-Junior et al. [50].

Fourier Transform Infrared (FTIR) spectroscopy results
are depicted in FIG. 3. It presents a comparative stack analy-
sis of all recorded spectra. The FTIR spectrum of chitosan
(Chi) shows an intense band at 3265 cm-* resulting from the
overlap of the O-H and N-H bonds as mentioned by Kulig
et al. [51]. The higher peak at 2921 cm™ and the lower-
intensity peak at 2872 cm™ are due to the C-H stretching [52].
The peak at 1633 cm™' is caused due to the -CONHR group
and the peak at 1540 cm™ is due to the amine group [53].
The reason for the peaks that appeared at 1404 cm, and
1377 cmis the CH, symmetrical deformation. The intense
peak at 1023 cm™ describes the C-O stretching [54].

The main peaks observed in the FTIR spectrum of
polyvinyl alcohol (PVA) are related to hydroxyl and acetate
groups because polyvinyl alcohol is prepared by hydrolysis
of poly(vinyl acetate). The largest peak was observed at
3259 cm (v O-H). The peak observed with the O-H func-
tional group is due to intermolecular and intramolecular
hydrogen bonding. The peaks observed at 2905 cm (v C-H
alkyl group) [55,56], the peaks noticed at 1651 cm™, and
1141 cm™ are due to the stretches of the carboxyl group [57].
The strong peak is presented at 1563 cm'. Deshkulkarni
et al. have mentioned that this peak is due to the benzenoid
ring [58]. The sharp band appeared at 1084 cm™ and is due
to the C-O stretching of the C-O-H group. Stretching vibra-
tions have been observed at 916 cm™ and 832 cm' due to
the C-H group [59].

FTIR spectra of curcumin (Cur) have demonstrated the
characteristic bands at 2944, 2846 and 1428 cm™. These
characteristic bands are due to the C-H stretching and
because of the deformation of the methyl groups - similar
results were presented in the literature by Abadeh [60].
Curcumin (Cur) has also shown a medium intensity peak
at 3510 cm™" (v O-H phenol), 1628 cm™ (v C=0 ketonic),
and 1277 cm™ (v C-O phenol). Strong intensity peaks have
been shown at 1602 cm™ (v C=0 ketonic) and 1509 cm"'
(v C=C aliphatic) [61].
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FIG. 3. Comparative stack spectrum of polymeric films and curcumin powder.

The FTIR spectrum of PVA/Cur was analyzed, and it pre-
sented the absorption band at 3260 cm, resulting from the
OH groups and intermolecular hydrogen bonding between
them. A band at 1560 cm™ is caused by the carboxylate
group, or due to the inter-molecularly bonded water. The
peak at 1416 cm™ comes from the polyvinyl alcoholic groups.
The peak at 1375 cm™' is resulted due to the addition of
curcumin (Cur). The addition of curcumin to the polymeric
solution of polyvinyl alcohol modified the FTIR peaks.

The FTIR spectrum of the polymeric blend of PVA/Chi/Cur
presents the absorption band at 3254 cm"and it is caused
by the intermolecular hydrogen bonding with the presence
of O-H functional group. The peak at 2938 cm™ is due to
the presence of the alkyl group. A band that appeared at
1555 cm™is due to the amine group of chitosan. The peak
at 1378 cm™ is due to the presence of curcumin in the poly-
meric blend. The addition of chitosan modified the position
of the peaks of the polymeric blend of the PVA/Cur which
suggests the interactions between polymers via hydrogen
bonds. FTIR spectra have also confirmed morphological
studies of the polymeric films in the form of the functional
groups presence.
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The results of the mechanical properties of the poly-

® o o o o @ o meric films are presented in TABLE 1. The results in the

table are indicated as the average value with the standard
deviation value. The highest value of Young’s modulus was
observed in the case of chitosan films (Chi), and the low-
est Young’s modulus was obtained in the case of poly(vinyl
alcohol) films (PVA). The tensile strength was the highest
for chitosan (Chi), and the tensile strength was the lowest
for the polymeric blend (PVA/Chi/Cur). The highest value of
breaking force or stress was recorded for PVA, and it was
the lowest in the polymeric blend (PVA/Chi/Cur). Elonga-
tion percentage presented the highest value for polyvinyl
alcohol (PVA), whereas the lowest value was found for the
chitosan film (Chi).

TABLE 1. Mechanical properties of polymers.

The results of mechanical properties are presented in the
form of bar graphs in FIGs. 4, 5, 6, and 7. The bar graphs
show the mechanical properties average value with the
error bars. Error values have been calculated following the
standard deviation values, and the standard deviation has
been calculated following the variance. These values were
obtained with the help of the ANOVA test. The mechanical
properties of the blend prepared in this research are suf-
ficient for applications as wound dressing.

Young’s Modulus Tensile Strength Stress Elongation
[GPa] [MPa] [N] [%]

Polymers
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FIG. 4. Elongation at break of polymer films.

FIG. 6. Tensile strength of polymer films.

FIG. 5. Stress of polymer films.

FIG. 7. Young’s Modulus of polymer films.
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Conclusions

A polymer composite based on the blend of PVA and
chitosan with curcumin has been successfully obtained.
The presence of components in the composite was con-
firmed by FTIR spectroscopy. The mechanical properties
of the composite were different than those of the single
components. The elasticity and elongation percentage of
the chitosan film was observed with a rather small value.
The PVA polymeric blend containing chitosan showed de-
creased ductility and elongation percentage. The elasticity of
the polymeric blend containing polyvinyl alcohol, curcumin,
and chitosan was found to be higher than those for the chi-
tosan film. The composite obtained in this study may help
to maintain a moist environment for the wound and increase
the protection against microbial attack and to prevent the
wound from open exposure to oxygen.
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Abstract

Life sciences, a field closely intertwined with human
biology and physiology, employ various research methods,
including morphology studies and quantitative analysis
through non-destructive techniques. Biological specimens
often consist of three-phase structures, characterized by
the presence of gas, liquid, and solid components. This
becomes crucial when the chosen research methodology
requires the removal of water from samples or their transfer
to a cryostat.

In the current research, mechanical and topographical
examination of cartilage was performed. The materials were
generously provided by the Department of Anatomy at the
Medical University of Silesia, thereby eliminating any con-
cerns regarding their origin or ethical use for scientific pur-
poses. Our research methodology involved the application
of atomic force microscopy (AFM), which minimally disrupts
the internal equilibrium among the aforementioned phases.
Cartilage, recognized as a ‘universal support material’ in
animals, proves to be highly amenable to AFM research,
enabling the surface scanning of the examined material.
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The quantitative results obtained facilitate an assessment
of the internal structure and differentiation of cartilage ba-
sed on its anatomical location (e.g., joints or ears). Direct
images acquired during the examination offer insights into
the internal structure of cartilage tissue, revealing morp-
hological disparities and variations in intercellular spaces.
The scans obtained during the measurements have unve-
iled substantial distinctions, particularly in the intercellular
‘essence’, characterized by granularities with a diameter
of approximately 0.5 um in ear cartilage and structural
elements in articular cartilage measuring about 0.05 um.
Thus, AFM can be a valuable cognitive tool for observing
biological samples in the biological sciences, particularly in
medicine (e.g. clinical science).

Keywords: atomic force microscopy, cartilage, biopolymers,
chondrocytes, intercellular matrix

Introduction

The tissue structures of the human body are composed
of polymers that constitute mainly proteins, polysaccharides,
glycosaminoglycans, and the biggest structural molecules,
i.e. nucleic acids. The above-mentioned particles have
a structure based on chemical bonds, predominantly cova-
lent, ionized between elements, which determines (along
with “genetic signpost”) their functions - mostly in biochemi-
cal reactions or as a structural material. Different types of
structures could also be observed in the human body, such
as cartilage structures. These cartilages consist of polymers
defined as protein molecules, e.g. collagen, elastin, or
fibronectin. The histological diagrams of vitreous, fibrous,
and elastic cartilages are presented in FIG. 1.

Cartilage is made up of cells called chondrocytes and
a well-developed intercellular substance consisting of fibers
and a basic substance called a matrix. Cartilage does not
contain blood or lymphatic vessels and is not innervated.
Apart from the articular surfaces, it is covered with well-
vascularized, fibrous connective tissue. Depending on the
structure of the intercellular substance and performed func-
tion, three types of cartilaginous tissue are distinguished:
vitreous (type Il collagen), fibrous (type | collagen), and
elastic (a dense meshwork of elastic fibers) (FIG. 1).
Laryngeal and articular cartilage are naturally cartilaginous,
whereas auricular cartilage is elastic. The vitreous cartilage
of the adult body constitutes most of the larynx cartilage,
the cartilaginous trachea and bronchi rings, the cartilaginous
parts of the ribs, the nasal septum, and covers the articu-
lar surfaces. Vitreous cartilage is a hard elastic tissue of
a bluish-white color. The cartilage surface is covered by
the perichondrium. Under the perichondrium is the sub-
chondral zone containing spindle-shaped chondrocytes
arranged in a few layers. These cells lie in cavities sepa-
rated by a large amount of intercellular substance. Deep in
cartilage, chondrocytes have a spherical shape; they are
also larger and form groups called chondrons. The cells of
a single chondron originate from the same parent cell and
are called isogenic groups. Within the isogenic group, the
chondrocytes are separated by the thin layer of the extra-
cellular substance [2,3]. Chondrocytes are metabolically
active cells that synthesize components of extracellular
substances. They have one or two vesicular nuclei. The
extracellular substance of vitreous cartilage is made up of
collagen fibers and the basic substance (matrix). Collagen
fibers account for about 40% of the dry cartilage mass.
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Made up of type Il collagen, they occur as thin fibers ar-
ranged in a dense, irregular network. The arrangement
of collagen fibrils is more organized and in line with the
direction of loads in vitreous articular cartilage. Due to
their small diameter and the same refractive index as the
basic substance covering them, the fibers are invisible in
standard preparations. The main components of the basic
substance include hyaluronic acid and proteoglycans, both
of which influence cartilage hardness and elasticity. Elastic
cartilage is found in the auricle, external auditory canal, au-
— e ditory trumpet, epiglottis, and small cartilages of the larynx.
-€

FIG. 1. Histological diagram of vitreous cartilage (a), fibrous cartilage (b), and elastic cartilage (C) [1].

Its overall structure is similar to vitreous cartilage. The
two- and three-celled chondrons found here are regularly
distributed in a small amount of the intercellular substance.
The distinguishing feature of elastic cartilage tissue is the
presence of a dense meshwork of elastic fibers. The amount
of collagen Il fibrils is limited. Due to such a structure,
deformed cartilage quickly returns to its previous shape.
Elasticity and deformability are the main characteristics of
elastic cartilage [4].
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It is worth mentioning that contemporary research meth-
ods focusing on solid-state physics and material science
can be used in qualitative and quantitative assessment at
micro- and nanometric resolution of both natural and syn-
thetic materials. According to the broad literature review,
materials engineering has, in its cognitive arsenal, research
techniques applied in analyzing materials of human origin
that are at the borderline of biology and medicine. Available
research methods allow for conducting complex studies at
the molecular level and imaging techniques such as light
microscopy, fluorescent microscopy, confocal microscopy,
and advanced observations using electron microscopy,
including cryogenic microstructure observations.

On the other hand, in the above-discussed research
methods, synthetic materials pose a minor research prob-
lem. Regarding biological objects, the data found in the
literature on the subject of biomedical/material engineering
emphasize a wide use of scanning electron microscopy
(SEM), scanning-transmission electron microscopy (STEM),
and transmission electron microscopy (TEM), X-ray spec-
troscopy, Raman spectroscopy, time-of-flight secondary ion
mass spectrometry (TOF-SIMS) and matrix-assisted laser
desorption/ionization (MALDI-TOF). The literature on the
subject also includes some reports on the use of atomic force
microscopy (AFM) with nanoindentation and the discussed
microscopic and spectroscopic observation methods using
synchrotron beams in research into living matter. Currently,
this situation, due to significant technological developments,
is increasingly evolving and allows for performing previously
unavailable measurements.

The authors of the presented research undertook the
challenge of a mechanical and topographical examination
of cartilaginous tissues. The discussed tissues are the mac-
roscopic building blocks of the mammalian body (including
human) with a functional relationship to bone, muscle, and
fascial structures. Therefore, it is essential to gain the best
possible understanding of their internal structures and dif-
ferentiation. In the current stage of advanced technological
development, one of the methods of investigating this issue
is atomic force microscopy and related methods of assessing
mechanical properties (e.g. nanoindentation).

Materials and Methods

The research subjects were ear cartilage and articular
cartilage (FIG. 2). The research material came from the
Department of Normal Anatomy of the Silesian Medical
University. The first step in sample preparation was sample
drying at room temperature for seven days. The samples
were then immersed in alcohol for the next seven days.
After this time, the cartilages were sectionned into small,
thin slices. The final stage was fixing the analyzed cartilages
on a basal slide, as shown in FIG. 2.

Atomic force microscopy (AFM) analysis was performed
using a HYSITRON TI950 Tribolndenter (Bruker, Billerica,
MA, USA). It is an integrated system with three measure-
ment heads: an atomic force microscope model AFM QSco-
pe™ 250, a nanoindenter, and a precision light microscope.
It allows for examining a wide range of engineering materials
and, to a limited extent, biological specimens. The area for
AFM examination was selected based on the image obtained
from the light microscope. Tribological cartilage testing was
carried out using the Q-WM190 low-frequency tapping mode
probe (tip-a) with a length of 225 ym, an elastic constant of
48 N/m and a resonant frequency of 190 kHz. The results
were processed using the manufacturer’s software - Hysitron
TriboScan and Quesant Atomic Scan SPM (FIG. 3).

FIG. 2. Cartilage preparations placed on a basic
slide.
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FIG. 3. View of the AFM Q-WM190 probe and measurement heads (AFM, nanoindentation, light microscope)
included in the HYSITRON TI950 Tribolndenter.
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In the atomic force microscopy technique, a scanning

® o @ o o @ o probe moves along the sample and measures at succes-

sive points whose distance from each other depends on the
desired resolution [5-6]. The AFM method allows imaging of
micro- and nanoscale structures in three dimensions (3D).
Moreover, atomic force microscopy measurements can be
carried out under varied environmental conditions, even
when chemical reactions are performed. The measure-
ments provide information on physicochemical and me-
chanical parameters such as roughness, frictional force
values between the blade and the surface of the studied
sample, adhesion forces, viscosity, and microhardness.
It should also be underlined that the AFM technique allows
for the characterization of biological materials [5-8]. The
main advantages of the AFM method are the possibility
of obtaining three-dimensional images at the nanoscale,
the short measurement time, the resolution, and “in situ”
measurements [5-8]. Moreover, during the AFM measure-
ments, the three modes can be chosen (further in the text).
The block diagram of the atomic force microscope is pre-
sented in FIG. 4. The essential elements of the atomic force
microscope include a measuring head (containing, among
others, a system for monitoring probe lever deflection and
a piezoelectric scanning system), and a control unit directly
connected to a computer. The operating principle of the
microscope is based on the bending of the lever on which
the probe (called the tip) is placed as a result of the activity
of forces between the probe and the surface. As the probe
is moved along the surface, the lever deflection is measured
using a focused laser beam that strikes the photodetector
after reflecting off the lever surface. Each deflection of the
lever causes a change in the position of the laser spot on
the detector, which makes it possible to determine the differ-
ence in the lever position with an accuracy of less than 1 nm.
Changes in the position of the laser spot in the photoelement
are converted into electrical impulses. Then the impulses
are transformed, and transmitted to a computer, thus allow-
ing for the registration of a force map for each point on the
surface, which is processed into an image by the computer.

However, the image obtained from the microscope provides
only part of the information received when the sample is
scanned, since scanning can also provide additional informa-
tion on its roughness [5]. An operating principle of the atomic
force microscope is schematically presented in FIG. 5.
The tip is situated on an elastic micro-lever whose deflection
enables determining the interatomic interaction between
the atoms of the tip and the studied surface. Movements of
the probe lever are recorded using a deflected laser beam
on a four-section photodetector, due to which the computer
generates a topographic map of the analyzed surface [5].

From the measuring point of view, the atomic force mi-
croscope can operate in three modes: contact, non-contact,
and tapping. In the contact mode, short-range interatomic
interaction forces are used. The tip is in contact with the
sample during scanning. The applied force on the surface
ranges from 10" N to 107 N, which creates a thight contact
area. During scanning, a probe with a low elastic constant
(c <1 N/m) minimizes the interaction force between the tip
and the sample. The force is measured by recording the
deflection of the free end of the lever with the tip during
the scanning.

On the other hand, the contact mode is characterized by
the possibility to obtain high-resolution images due to the
increased adhesion forces caused by surface contamination.
However, the possibility of damage to the sample or the tip
is high. Non-contact imaging uses magnetic, electrostatic,
and van der Waals forces. The distance of the tip from
the sample ranges from 1 to 10 nm. The lever length is
approximately 100-200 um, and the response to the force
acting on it changes the amplitude and vibration frequency,
which provides the information needed to register an image.
However, compared to the contact mode, it allows obtaining
images with lower resolution.

PROCESSOR

|
POWER SUPLY

COMPUTER

FEEDBACK LOOP

ACCESS SYSTEM

SCANNER

SIGNALLING DEVICE

SAMPLE

FIG. 4. Block diagram of the atomic force microscope [6].
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In tapping mode, both long-range and short-range forces
are used to obtain the image. Scanning the surfaces of the
“soft” materials is also possible since no damage is done
to the scanned surfaces. This mode needs a high spring
constant of the lever (20-80 N/m) and its high resonance
frequency (200-400 kHz). The oscillation amplitude is
significant at >20 nm, while the tip has no contact with the
sample. The tapping contact mode is also characterized by
good resolution, as in the case of the contact mode. During
scanning of the sample in the tapping mode, information
from the surface morphology, roughness, adhesion, and
hardness is provided.

Results and Discussion

FIG. 6 shows images recorded using a light microscope
of the ear and articular cartilage tissue, respectively.
As can be seen, the elastic cartilage specimen from the ear
(FIG. 6A) contains a significant density of chondrocytes
distinct from a large amount of extracellular substance and
forms isogenic groups in places. A different nanostructure
was observed in the articular cartilage (FIG. 6B), classified
as vitreous cartilage.

The microstructure image shows that the density of the
chondrocytes is relatively low and that they occur as single
cells, not as groups. Besides, in addition to individual chon-
drocytes, there is a large amount of extracellular substance
in the examined material.
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FIG. 7. AFM scan images for ear cartilage in 2D and 3D. The top image shows two chondrocytes, and the
bottom shows the extracellular matrix.

TERIALS
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= FIG. 8. AFM scan images for articular cartilage in 2D and 3D. The top image shows the extracellular matrix and
= E the bottom image shows a single chondrocyte.
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For better visualization of the ear cartilage structure at
high-resolution, 2D and 3D AFM surface topography scans
were performed (FIG. 7). Obtained images revealed the
complex structure of ear cartilage. Additionally, 2D and 3D
images clearly showed the typical cellular structure of elastic
cartilage, where chondrocytes lie close to each other. The
chondrocyte is clear and significantly distinct from the ex-
tracellular matrix. The cell depths range from 0 to 2,000 nm,
while the matrix depth is no higher than 600 nm.

Similar high-resolution, 2D and 3D visualization of the
microstructure of studied articular cartilage is presented in
FIG. 8. Nanostructure images of articular cartilage (vitreous
cartilage) presented a negligible proportion of chondrocytes
as the building block of this type of tissue. As it can be seen,
there is a predominance of the extracellular matrix whose
depth, like in the case of ear cartilage, is about of 600 nm.
On the other hand, the clustered chondrocytes found in
elastic cartilage and the chondrocytes in vitreous tissue are
much more separated from the matrix, with depths of up to
4,000 nm. What is also worth mentioning is a different type
of intercellular matrix in which defined fibrous structures
(collagen fibers) are found. It is much more compact and
smoother compared to ear cartilage.

Conclusions

In the presented work, the atomic force microscopy (AFM)
technique was used to characterize the surface of the ear
and articular cartilages in 2D and 3D, respectively. Based
on the recorded 3D images, it can be seen that both studied
cartilages were built from the intercellular matrix and chon-
drocytes (two chondrocytes for ear cartilage and a single
chondrocyte for articular cartilage). The depth differences
between the intercellular matrix and chondrocytes were also
observed and measured. It was revealed that the depth of the
intercellular matrix for the investigated cartilages was lower
than 600 nm. Depth measurements of chondrocytes showed
that for articular cartilage was higher (about 4,000 nm)
in comparison to the ear cartilage (about 2,000 nm).

As one of the research methods applied in natural and
synthetic materials engineering, the atomic force microscopy
technique also can be used in biological and medical sci-
ences. The main advantages of the AFM include:

» possibility of the observation of biological objects that do
not require complex or challenging sample preparation
process, as in the case of electron microscopy methods
(SEM, STEM, TEM, cryo-EM),
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« absence of changes caused by object preparation in the
structure of the studied material, e.g. the use of fixatives
and dehydration,

* low costs of preparation and methodology of the con-
ducted measurements,

« the scanning modes of the surfaces of the observed
objects generate high-resolution, three-dimensional
visualization images combined with precise mapping
of depth and height shown on the color change scale,

» precise comparison of the structures of individual tissues
on a nanometric scale, with mapping of the smallest dif-
ferences occurring in the cells (chondrocytes) and the
surrounding space (extracellular matrix),

* morphological differentiation of the extracellular matrix
with nanometric resolution allowing to assign the object
according to its origin (joint, ear).

Moreover, the obtained research tasks revealed their
innovative and applied character from the scientific perspec-
tive on the borderline of biomedical and material engineer-
ing, biology, and medicine. Particular emphasis should be
placed on the usefulness of the AFM technique in under-
standing and differentiating human cartilage structures,
e.g. in terms of its morphology and nanostructure.

The obtained research findings reveal the potential for
future use of atomic force microscopy as a diagnostic tool
in transplantology.
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Abstract

Chitosan as a nontoxic, biodegradable, and biocompatible
biopolymer with film-forming properties can also be
modified to improve its parameters. Modification of polymer
films by the addition of nanoparticles is an increasingly
common solution due to the higher efficiency of products
at the nanoscale compared to the macroscale. In this
work, thin chitosan films enriched with biogenic zinc
oxide nanopatrticles (ZnONPs) from Fusarium solani IOR
825 were obtained by the solvent evaporation method.
The influence of nanoadditive on the physicochemical,
mechanical, and antimicrobial properties of the polymeric
matrix was evaluated. Two different concentrations of
ZnONPs were added to the chitosan solution. Spectrometric
measurements, mechanical tests, microscopic imaging,
and microbiological tests were performed for nanoparticles-
modified and control samples. Analysis revealed that
ZnONPs influence the properties of chitosan films. FTIR
spectroscopy showed changes that are the result of
interactions between polymer matrix and the additive.
Modified samples were characterized by increased values
of Young’s modulus and tensile strength. SEM analysis
combined with energy-dispersive X-ray spectrometry
confirmed the presence of zinc in the modified films.
The addition of nanoparticles slightly affected the surface
morphology of the tested samples, and an increase in
roughness was observed. Microbiological tests showed
the biostatic activity of the films containing ZnONPs.
The obtained films based on chitosan with the addition of
ZnONPs can be considered easy-to-obtain biomaterials
with potential use as cosmetic and biomedical products.

Keywords: chitosan, zinc oxide nanoparticles, polymer
films, antimicrobial activity
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Introduction

Chitosan is a well-known biopolymer with valuable phys-
icochemical and biological properties. It is a chitin derivative
that is soluble in dilute acid solutions. It is biodegradable
and biocompatible, nontoxic, and has film-forming proper-
ties, as well as antioxidant and antimicrobial activity [1,2].
The source of chitosan is usually marine organisms, but
also fungi and insects. Chemical or enzymatic deacetylation
of chitin results in a product composed of 3-glucosamine
and N-acetylglucosamine units. Depending on the process
parameters used and the quality of the starting material,
a product with a different degree of deacetylation (DD) and
a different molecular weight can be obtained.

Skin applications of chitosan are important, especially
in cosmetic and biomedical fields. The biological activity of
chitosan includes antioxidant and antimicrobial effects, as
well as anti-inflammatory properties [3,4]. The antioxidant
properties are the result of the presence of free functional
groups (amino, amino acetyl, and hydroxyl groups) in the
polymeric chain. These groups can react with reactive
oxygen and nitrogen species [5]. In cosmetic formulations,
it acts as an emulsion stabilizer and thickener, and thanks
to its antimicrobial activity, it can reduce the number of
preservatives used. In addition, it has a beneficial effect on
skin and hair, moisturizing them and preventing the loss of
water through the creation of an occlusive layer. Chitosan
not only improves the condition of the skin in terms of care
but can also help in wound treatment. It is typically used in
dermatology in the form of active dressing. There are several
stages in the wound healing process: hemostasis, inflam-
mation, proliferation, and remodeling [6]. Chitosan-based
active dressing participates in three phases of this process.
First of all, its polycationic molecules bind to negatively
charged thrombocytes and erythrocytes, supporting the
blood coagulation process [3,6]. In the next step, it helps
fight inflammation by cleansing the wound of bacteria.
The last phase involves stimulating the production of
granulation tissue, which accelerates skin proliferation [6].
Additionally, it helps to maintain good wound moisture and
can easily absorb exudate [3].

Chitosan can be used in many different forms, but for
applications on the skin, the film form seems to be one of
the best choices. The film-forming properties of this carbo-
hydrate polymer are extremely useful in products for surface
applications, particularly in the biomedical, cosmetic, food,
and packaging industries. Depending on the application, the
mechanical properties of such films are important. Chitosan-
based films are often characterized by relatively low tensile
strength and brittleness, while cross-linking improves these
properties [7,8]. Modifications of chitosan films are carried
out not only to improve mechanical properties but also to
obtain a material with completely new activity, such as bio-
logical. In chitosan-based products for biomedical or food
applications, additives are often used to increase the anti-
microbial potential, e.g. drugs, zinc oxide, or essential oils
[9-12]. Lian et al. obtained chitosan/starch films incorporated
with zinc oxide nanoparticles (ZnONPs) and the results of
their work showed positive antibacterial activity on S. aureus
and E. coli compared to the pure films [13].
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The use of nanoadditives has recently become widely ap-
plied in various fields, including the one discussed. Nanotech-
nologies involve precise molecular and atomic precision tech-
niques, and nanotechnology products exhibit two key charac-
teristics: at least one dimension within the range of 1-100 nm
and properties dependent on the characteristic dimension.
Nanostructures often demonstrate distinct physicochemical
properties compared to their macroscale counterparts, encom-
passing chemical, optical, mechanical, or magnetic traits [14].
Among nanoparticles (NPs), different groups can be distin-
guished, such as metallic NPs, ceramic NPs, and polymeric
NPs [15]. At the nanoscale, numerous materials can readily
interact with biomolecules at cellular and subcellular levels,
making biomedical applications a specialized domain for
nanotechnology products. Metal nanoparticles, notably
silver (AgNPs) or zinc oxide nanoparticles (ZnONPs), are
one of the most interesting for enhancing polymer films with
nanoadditives [16-20]. The purpose of incorporating such
additives is to enhance mechanical properties, boost anti-
microbial activity, and improve parameters like conductivity
and water retention capacity [18,19]. These parameters are
particularly vital for dressing products and food packaging.

Comparison of zinc on a macro and nanoscale

Zinc, with an atomic number of 30, is a naturally occurring
element. It presents as a brittle metal with a blue-white hue,
possesses relatively low melting and boiling points, reacts with
acids and bases, and undergoes passivation in the air [21].
In living organisms, it functions as with multifaceted role.
Within the human body, zinc contributes to skin regenera-
tion, the proper functioning of the cardiovascular system,
and plays vital roles in immune and metabolic mechanisms.
Several functions of zinc arise from its role as a cofactor
of enzymes with antioxidant activity and its involvement
in DNA transcription (‘zinc fingers’), cell proliferation and
differentiation, and more [22,23]. Approximately 2 g of zinc
are distributed throughout the entire human body, with the
highest concentrations found in skeletal muscle, bone, skin,
brain, and kidney, in descending order. In its natural state,
zinc is not found in free form but primarily exists as zinc
oxide, zinc carbonate, and zinc sulphide [21].

Zinc nanoparticles exhibit antimicrobial, photocatalytic,
and radioprotective properties. Due to their increased sur-
face area-to-volume ratio, nanoparticles display distinct
reactivity, making them more reactive thank bulk materials.
This heightened reactivity is desirable for applications such
as antimicrobial purposes. However, in other applications
like radioprotective formulations, may pose a risk to the
user due to possible phototoxic effects [24]. Zinc ions are
essential for cells function but become harmful at higher con-
centrations. Nanoformulated zinc appears to be a more ef-
fective antibacterial agent than traditional forms of zinc [25].
The antibacterial mechanism may involve the release of
ions that penetrate cells and induce toxicity [25] or the
production of reactive oxygen species that breach micro-
organism cell membrane and cause bacterial death [26].
In addition, zinc nanoforms operates through a distinct
mechanism compared to conventional antibiotics, making
them more effective against resistant strains [26]. Con-
cerning the enhancement of antibacterial activity through
the addition of ZnONPs to chitosan films, the mechanism
may involve electrostatic interactions between the posi-
tively charged amino groups of chitosan and the negatively
charged bacterial cell wall, facilitating the penetration of
zinc ions [13]. Furthermore, the incorporation of zinc oxide
nanoparticles into the biopolymer matrix can enhance its
structural integrity, creating a more compact structure.

The method of nanoparticle synthesis significantly
impacts their physicochemical properties [27]. Three
main methods can be distinguished for the synthesis of
nanoparticles: chemical, physical, and biological [14,21].
In recent years, biological methods, considered envi-
ronmentally friendly alternatives, have gained popular-
ity. Biogenic nanoparticles, in contrast to chemically and
physically synthesized ones, are believed to be less toxic
because their synthesis does not require toxic reagents or
high energy consumption and stabilization process, which
often use toxic reagents, and do not produce toxic wastes.
To stabilize biogenic nanoparticles, they are coated with
biomolecules of natural origin [28,29]. Microorganisms,
plant extracts, or enzymes are used as substrates in these
methods [30,31].

In the present study, we investigated the effect of the
addition of mycogenic ZnONPs on the properties of films
prepared from low molecular weight chitosan. A series of
tests were carried out to characterize the polymer films
obtained, including microscopic analysis, infrared spectro-
scopic analysis, and microbiological studies. The use of
different nanoparticle concentrations was compared.

Materials and Methods

Materials

Low molecular weight chitosan (M, = 7.74 - 10%(g/mol),
deacetylation degree 82.90%) was purchased from the POL-
AURA company (Dywity, Poland). Glycerol, acetic acid, zinc
sulphide, and sodium hydroxide were acquired from POCH
(Gliwice, Poland).

ZnONPs synthesis

Zinc oxide nanoparticles (ZnONPs) were synthesized
using a fungal extract from Fusarium solani|OR 825, ZnSQO,,
and NaOH in a ratio of 1:1:1 (v/v/v) and heated for 15 min
at 40°C. They were further characterized for physical and
chemical activities, as previously described by Trzcinska-
Wencel et al. [29].

Preparation of initial solution

2% (w/v) solution of chitosan (CS) was prepared in 0.1 M
acetic acid. The mixture was stirred on a magnetic stirrer
until complete dissolution.

Preparation of chitosan films

Films were obtained using a solvent evaporation method.
A 30 g of chitosan solutions were weighed out and 1% (w/w)
of glycerol (G) was added to each solution. The solutions
thus prepared were stirred for 3 h. Glycerol (G) was used
as a plasticizer. After stirring, one solution with glycerol was
poured onto a polystyrene plate (10 x 10 cm) as well as
a pure chitosan solution. 0.1% (w/w) and 0.2% (w/w)
ZnONPs in powder form were added to subsequent solutions
with glycerol, respectively. The solutions were stirred to
dissolve the additive and then poured onto polystyrene
plates (10 x 10 cm). The solution with 0.2% additive was
additionally homogenized before pouring. They were left at
room temperature to dry completely.
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FTIR spectroscopy

The interactions between the polymer and the additive
were evaluated by Fourier transform infrared spectroscopy
(FTIR) using Nicolet iS10 equipment with an ATR (attenuated
total reflection) accessory and a diamond crystal (Thermo
Fisher Scientific, Waltham, MA, USA). All spectra were
recorded in absorption mode, with a resolution of 4 cm™'
with 64 scans.

Mechanical properties

Mechanical tests were carried out using a mechanical
testing machine (Z.05, Zwick and Roell, UIm, Germany).
Young Modulus, tensile strength, and elongation at break
were evaluated. The samples were cut in the shape of pad-
dles (width 4 mm in the center). The parameters of the test
program were as follows: the speed starting position was
50 mm/min, the speed of the initial force was 5 mm/min, and
the initial force was 0.1 MPa. Data were collected using the
TestXpert Il 2017 program and the results were presented
as average values with standard deviation.

Scanning electron microscopy (SEM-EDX)

Surface imaging of the tested polymer samples was
carried out using a scanning electron microscope (SEM)
manufactured by LEO Electron Microscopy Ltd. (Model
1430 VP). In addition, an EDX Quantax 200 X-ray spectrom-
eter with a Bruker AXS XFlash 4010 detector was used for
spot analysis of the chemical composition of the samples
to confirm the presence of zinc.

Atomic force microscopy (AFM)

The polymer samples were analyzed using atomic
force microscope (MultiMode Scanning Probe Microscope
NanoScope llla; Digital Instruments Veeco Metrology Group,
Santa Barbara, CA).

Microbiological tests

The antimicrobial activity study of chitosan films with the
additive of biogenic ZnONPS was performed using the diffu-
sion method against selected strains of bacteria: Escherichia
coli ATCC 8739, Escherichia coli ATCC 25922, Klebsiella
pneumoniae ATCC 700603, Listeria monocytogenes PCM
2191, Pseudomonas aeruginosa ATCC 10145, Salmonella
enterica PCM 2565, Salmonella infantis SES, Staphylo-
coccus aureus ATCC 25923, Staphylococcus aureus
ATCC 6538, and yeasts of Candida albicans ATCC 10231.

Strains were purchased from the American Type Culture
Collection (ATCC; Manassas, Virginia, United States),
the Polish Collection of Microorganisms (PCM; Wroctaw,
Poland), or obtained from Sanitary-Epidemiology Station
(SES) in Torun, Poland. Briefly, the films were cut into
10 x 10 mm pieces and placed on the surface of tryptic
soy agar (TSB, Becton Dickinson, USA) in the Petri plates
inoculated with microorganisms. Microbial inoculum was
prepared from strain grown in tryptic soy broth (TSB, Becton
Dickinson, USA) for 24 h at 35°C + 2°C under shaking con-
ditions at 120 r.p.m. Culture was used to prepare microbial
suspension in sterile deionized water at a density of 0.5 units
on the McFarland scale (1.5 - 108 CFU mL"") measured using
a densitometer (Biosan, Latvia). The microbial inoculum was
diluted with sterile deionized water to final concentrations of
1.5 - 10°CFU mL™" before spreading onto the TSA medium
in the Petri plates using a sterile swab. The plates with
placed films were incubated for 24 h at 37°C and evaluated
for antimicrobial activity.

Results and Discussions

Physicochemical properties
Chitosan films for testing were obtained using the solution
casting method. After drying, the obtained films were easily
removed from the plate. Control samples and the sample
with 0.1% ZnONPs additive were smooth and homogeneous,
whereas the film with 0.2% additive showed lumps (FIG. 1).
The spectra of pure chitosan samples and films with addi-
tives are presented in FIG. 2. The FTIR spectrum obtained
for a pure sample of chitosan is characteristic of this poly-
saccharide, showing four main bands with the highest inten-
sity. The broad visible band with a maximum at 3355 cm-'
comes from the O-H and N-H stretching vibrations, which
overlap. In addition, this band is the result of intramolecular
hydrogen bonding of chitosan molecules [32]. The bands
at about 3400 cm™ may additionally indicate the presence
of water in the tested samples [33]. The band at 2868 cm""
confirms the presence of C-H bonds from -CH, and -CH,
groups. The bending vibration coming from the N-H group
appears at a wavelength of 1653 cm™. In the 1200-1000 cm"*
spectral region, vibrations of the C-O-C groups can be ob-
served, confirming the presence of the O-glycosidic bond.
The 1200-900 cm region is typical of polysaccharides and
represents stretching vibrations of C-C and C-O bonds and
C-H bending vibrations [32].
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FIG. 2. IR spectra of polymer films.

Interactions that occur in a particular system can be
uniquely reflected in the wavelengths present for the peaks
in the spectrum [34]. The FTIR spectrum for the sample with
the plasticizer added is similar to the spectrum of the origi-
nal sample in terms of the appearance of individual bands.
However, the intensity of the bands has been changed and
a significant increase can be observed. First of all, the in-
creased intensity of the bands around 3200-3500 cm" and
the sharpening of the peak indicate the interaction of the
polymer with the plasticizer, in particular the formation of
many new intermolecular hydrogen bonds. Small shifts were
observed from 3355 cm-! (for the initial sample) to 3276 cm"'
(sample with the addition of the plasticizer - glycerol), con-
firming that the addition of glycerol promotes the formation
of hydrogen interactions in the tested system [32].

IR spectra for samples with the addition of ZnONPs show
significant changes in the intensity of individual bands.
These changes correspond to the amount of nanoparticles
added; the higher the concentration of additive, the lower
the intensity of the bands. In the case of the band corre-
sponding to the -OH and -NH, groups, this can be explained
by the reduction of existing hydrogen bonds with the intro-
duction of nanoparticles into the chitosan matrix [18,35].
The formation of new hydrogen bonds between the matrix
and zinc oxide is indicated by slight shifts at a wavelength
of about 3300 cm™'.

Changes for samples with the addition of nanoparticles in
the band 560-619 cm' confirm the presence of ZnO, reflect-
ing the Zn-O stretching vibrations [18,36]. The positions of
individual bands are presented in TABLE 1.
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TABLE 1. Wavenumbers in IR spectra that occur in chitosan films with and without additives.

Functional group

Wavenumber [cm™]

vibrations CSIG CS/G+ZnONPs(0.1%) Ch/G+ZnONPs(0.2%)

O-H stretching 3355 3276 3359 3292

N-H stretching 3355 3276 3359 3292

C-H stretching 2868 2871 2971 2868

N-H bending 1653 1653 1649 1653
amide Il C=0 1556 1560 1565 1568 “ N
O-H deformational 1407 1411 1415 1416 © _—
C-N stretching 1326 1322 1326 1328 o <_(
C-O-C stretching 1024 1026 1024 1025 a0 d
Zn-0 - - 613 614 — L

0 00000 0000000000000 0000000000000000000 000 "=
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Mechanical properties

The results of the tensile tests of thin chitosan films pre-
pared with and without additives are shown in FIG. 3 and
TABLE 2. It can be seen that the addition of glycerol and
ZnONPs has a significant effect on the parameters tested.

Films with glycerol are characterized by a much lower
Young’s modulus value compared to pure chitosan films.
The same applies to the tensile strength. Glycerol films are
much more flexible and achieve a higher value of elonga-
tion at break. The use of a plasticizer (glycerol) allowed
the nanoparticle films to be completely removed from the
polystyrene plates and analyzed.

The addition of ZnONPs affects the properties of the chi-
tosan-based film. The samples become more brittle, which is
reflected in the values of the parameters tested, especially
in the increase in the value of the Young modulus. It can
be observed that the higher the additive content, the higher
the tensile strength and the lower the elongation at break.

Surface morphology

The surface morphology was studied by SEM-EDX and
AFM. SEM and AFM pictures of the obtained films are
shown in FIG. 4. EDX analysis was carried out to study
the elemental composition of the films and to confirm the
presence of zinc in the films. This analysis showed a homo-
geneous distribution of the elements in the film, indicating
that the solutions were well mixed before the films were
obtained (FIG. 5).

It can be observed that all films, both without and with ad-
ditives, have a uniform structure with a fairly smooth surface
morphology. The pure chitosan film (without additive) has a
low roughness parameter. The presence of zinc nanoparti-
cles in 0.1% concentration increases the roughness of the
sample. This parameter is also influenced by the addition
of glycerol (plasticizer) (TABLE 3).
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FIG. 3. Mechanical properties of chitosan films; error bars represent standard deviation (SD).

TABLE 2. Mean values of the mechanical parameters of the chitosan films with standard deviation (SD).

Parameter Cs CS/G CS/G+ZnONPs(0.1%) CS/G+ZnONPs(0.2%)
Young Modulus [GPa] 4.61+0.37 1.66 £ 0.16 213 +£0.06 2.91+0.56
Tensile strength [MPa] 124 +12.10 44.40 + 3.96 56.90 + 8.47 7110+ 7.24
Elongation at break [%] 4.70 £1.40 22.3+£5.00 13.60 £ 9.10 10.60 £ 5.90
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FIG. 4. SEM and AFM images of polymer films (SEM magnification 1000x).
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FIG. 5. Analysis (SEM-EDX) of the elemental composition of the samples with the addition of zinc oxide nano-

particles with mapping.

TABLE 3. Roughness parameters of chitosan films with and

without additives.

CS/G+ZnONPs(0.1%) CS/G+ZnONPs(0.2%)
R, [nm] 4.80 +1.13 6.85 + 0.46 7.06 + 0.67 4.45+0.56 N
I R,[nm] 3.815+0.84 5.48 + 0.42 5.62 + 0.72 3.57 +0.45 I z E
o
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TABLE 4. Influence of chitosan films with the addition of various concentrations of ZnONPs on inhibition of

test bacteria growth.

Tested strain

Diameter of inhibition zone [mm + SD]

CS/G+ZnONPs(0.1%)  CS/G+ZnONPs(0.2%)
Staphylococcus aureus ATCC 25923 ND ND ND
Staphylococcus aureus ATCC 6538 ND ND ND
Salmonella infantis SES ND ND ND
Salmonella enterica PCM 2565 ND ND ND
Pseudomonas aeruginosa ATCC 10145 ND + +
Listeria monocytogenes PCM 2191 ND ND ND
Escherichia coli ATCC 8739 ND ND ND
Escherichia coli ATCC 25922 ND ND ND
Klebsiella pneumoniae ATCC 700603 ND ND ND
Candida albicans ATCC 10231 ND ND ND
*ND — antimicrobial activity not detected in the tested ZnONPs content in the film. +; growth inhibition

Microbiological tests

The sensitivity of microorganisms to different contents of
ZnONPs in the films was estimated by the inhibition growth
zones under samples placed on inoculated agar plates.
Results shown in TABLE 4 are the average of three sepa-
rate experiments. The films with 0.1% and 0.2% content of
ZnONPs showed antibacterial activity against Pseudomonas
aureginosa ATCC 10145. No antimicrobial activity has been
observed against any of the other strains. Interestingly,
Li et al. [37] found pure chitosan films to be active against
bacteria of Alicyclobacillus acidoterrestris, Staphylococcus
aureus, Escherichia coli, and Salmonella sp., which was in
contrast to the findings of the present study. The authors
also showed that antibacterial activity of the films increased
with increasing content of ZnONPs (0.2, 0.4, and 0.6%).
It was discussed that inhibition of bacterial growth of pure
chitosan films resulted from antimicrobial properties of
chitosan which forms porous structures on the surface of
Gram-positive bacterial cells, binds to the cell membrane
and disturbs its barrier function while in gram-negative
bacteria chitosan penetrates into cells to adsorb its ionic
substances and affects metabolism. These mechanisms
could lead to the inhibition of bacterial growth. The additive
of ZnONPs increased the antibacterial effect of chitosan
films. In this case, ZNONPs enhance the positive charges
of the chitosan amino group, which intensify interactions
with the negatively charged bacterial cell walls. This may
potentially exert a synergistic effect in ZnONPs composite
films [37]. In the present study, the antibacterial effect of the
nanocomposite films was not significant, but the ZnONPs
contentin the films was low. Zhang et al. [38] tested chitosan/
ZnONPs films with different concentrations (0.1, 0.2, and
0.3%) and size (5, 50, and 100 pm) of ZnONP's for antibac-
terial activity against Escherichia coli and Staphylococcus
aureus. The nanocomposite chitosan film containing 0.3% of
50 nm zinc oxide particles revealed the highest inhibition of
bacterial growth indicating that smaller ZnONPs have better
antibacterial activity. In the present study, ZnONPs had an
irregular shape and showed an average size of 117.79 +
4.71 nm and a size ranging from 54.44 to 209.69 nm [31],
which could affect lower penetration of nanoparticles into cells.
However, the antibacterial activity of films with the additive
of mycogenic ZnONPs against Pseudomonas aeruginosa
strain is very promising, as the isolates of this species belong
to ESKAPE pathogens, the multidrug resistant ones, and
are one of the leading causes of the nosocomial infections
throughout the world [39].

Conclusions

The results of our research show that by adding zinc
oxide nanoparticles (ZnONPs) to the chitosan solution, it is
possible to obtain modified chitosan films in a simple way.
The additives used in this research modify the properties
of chitosan films. Spectrometric measurements confirmed
changes in chitosan samples with the additive, resulting from
interactions between the polymer and the nanoparticles.
The addition of nanoparticles reduces the intensity of
the bands and causes very slight shifts, which suggests
a reduction in the number of intermolecular hydrogen bonds
within the polymer matrix and the formation of new ZnONPs-
chitosan hydrogen bonds. The Young modulus and tensile
strength of the CS films increase when ZnONPs are added.
To obtain films suitable for mechanical testing, the addi-
tion of a plasticizer was required. There was a slight change
in the roughness parameters of the nanoparticle-enriched
films compared to the pure chitosan film. All tested samples
had a smooth surface morphology. The additives used al-
lowed the properties of the films to be modified, particularly
in terms of antimicrobial activity. The films show antibacterial
activity against the Pseudomonas aureginosa strain even
at low concentrations of ZnONPs. This is a particularly
desirable feature for topical application of this material on
the skin. The proposed combination could potentially have
applications in cosmetics and biomedical applications such
as wound dressing.
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