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INTRODUCTION 
 

The environment contains various bacteria, fungi, viruses and other forms of 

microscopic life. Microorganisms account for 80–90% of the total soil biomass, 

and even under "clean" conditions, several thousand fungal spores can be inhaled 

per day. Many microorganisms are harmless or even beneficial, while others can 

be extremely dangerous or even fatal. The current lifestyle contributes to the 

spread of infections (food from distant regions, work in air-conditioned 

environment, frequent visits to foreign countries, visits to hospitals, etc.). All 

surfaces, including medical equipment, irrespective of their nature and the 

environment, in which they are used, are susceptible to the colonization and 

infection of microorganisms and the formation of biofilms. Biofilm-induced 

infection is resistant to immune protective mechanisms and most antibiotics. They 

are especially dangerous to people with health problems, as they can cause hospital 

infections (HI). According to the European Center for Disease Prevention and 

Control, in Europe, one in twenty hospitalized patients suffers from HI, i.e., 4.1 

million people. It causes about 37 thousand deaths every year. As a result, there is 

a growing need for new effective materials for treatment and prevention of 

infectious diseases all over the world. One way to prevent the infections and their 

complications is to protect the medical equipment from the formation of biofilms, 

for example, when they are produced or coated with antimicrobial agents. One of 

them is polymer composites, for which desirable properties and antimicrobial 

activity can be provided by the addition of effective additives. Recently, due to a 

high specific surface area, high activity, unique morphology and low density, 

silver nanoparticles have become increasingly interesting. It influenced their 

extensive application in various polymeric matrices. Polydimethylsiloxane 

(PDMS), due to its high biocompatibility and good physical and chemical 

properties as well as chemical stability, is widely used in orthopaedics and 

medicine application. 
 

The aim of the doctoral dissertation is to create a multifunctional organic-

inorganic filler, capable of improving the polydimethylsiloxane mechanical 

properties as well as providing antimicrobial activity of broad spectrum and 

investigating the structure and properties of the received polymeric bio composite. 

The tasks of the research were the following: 

 to investigate the possibility to use crystalline or fibrillated cellulose particles in 

order to improve the mechanical properties of polydimethylsiloxane; 

 to evaluate the influence of cellulose surface treatment with organosilane 

compounds on the structure and properties of the polydimethylsiloxane composite; 

 to create methods for the cellulose particles functionalization with silver 

nanoparticles; 
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 to investigate the structure and bactericidal activity of cellulose and silver 

nanoparticles composite and its influence on the antimicrobial properties of 

polydimethylsiloxane; 

 to perform phytochemical analysis of medicinal plants, i.e., eucalyptus and sage, 

leaves extracts and evaluate their antioxidant and antimicrobial activity; 

 to investigate the effect of sage and eucalyptus extracts on the structure, 

properties and antimicrobial activity of the polydimethylsiloxane composites. 

Scientific novelty and practical importance. The increasing level of infections 

creates the need for new antimicrobial agents. Therefore, the research on the 

development and application of polymer composites with antimicrobial activity is 

of great interest.  

The antimicrobial polydimethylsiloxane for medical application was developed, 

and the range of antimicrobial polymer materials was extended by creating 

Cellulose particles, characterized by high biocompatibility and high 

biodegradability, good mechanical properties, low density, non-toxicity and 

ability to extract from renewable sources, which were used to improve the 

mechanical properties of polydimethylsiloxane. Due to the large number of 

hydroxyl groups on the cellulose surface, it can be easily chemically modified by 

connecting different groups that change the nature and functionality of the 

cellulose surface. Hybrid organic-inorganic bactericidal fillers, compatible with 

polydimethylsiloxane, were developed, and they are capable to inhibit the viability 

and multiplication of gram-positive and gram-negative bacteria strains and other 

microorganisms effectively. The strong antimicrobial effect of 

polydimethylsiloxane is obtained as well by functionalizing the cellulose surfaces 

with polyphenols and other antioxidant compounds that are found in medicinal 

plant extracts. 

Approbation of the research results. The results of the research were presented 

in 5 scientific publications: 2 of them are in journals from the list of the Clarivate 

Analytics Web of Science, 3 of them in international and national scientific 

conference proceedings. The results are presented at 12 international and 4 

national conferences. 

Structure of the doctoral dissertation. This doctoral dissertation consists of an 

introduction, including objectives, literature overview, experimental part, results 

and discussion, conclusion, a list of references (164 entries) and a list of scientific 

publications on the dissertation topic. The material of the dissertation is presented 

in 104 pages, including 33 tables and 60 figures. 
 

CONTENT OF THE DISSERTATION 
 

Introduction presents the problem and relevance of the study, defines the aim 

and the research tasks, outlines the defended statements and discusses the 

scientific novelty as well as the practical significance of the doctoral dissertation. 
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Chapter 1 introduces the literature review of the publication related to the theme 

of the doctoral dissertation. 

Chapter 2 presents the characterisation of material, preparation of samples and 

their investigation methods. 

Materials. Vinyl-terminated PDMS was used for investigations. PDMS is a room-

temperature vulcanizing polymer that is supplied as a two part system: part A is 

prepolymer which is terminated with vinyl groups, while part B contains 

prepolymer with Si–H groups and platinum complex (A:B = 1:1). Cellulose fibres 

(CMF) and microcrystalline cellulose (MCC) particles were used as PDMS fillers. 

TEMPO/NaBr/NaClO oxidative system, organosilanes and other chemical 

materials were used for chemical modification of cellulose particle surface. Silver 

nanoparticles (Ag NPs) were obtained by various reduction methods and 

precipitated on the cellulose surface. Cellulose surface was functionalized by the 

extracts that were obtained from Salvia officinalis (S. officinalis) and Eucalyptus 

globulus (E. globulus) plant leaves.  

Experimental methodology. PDMS composite specimens were produced from 

silicone mixing with Ag NPs that were precipitated or medical plant extracts 

functionalized cellulose particles and curing at 70 °C for 25 min. 

Various methods were used to investigate the morphology and properties of 

PDMS composites and their components. X-ray diffraction (XRD) analysis was 

performed by using a diffractometer DRON-6, equipped with a copper target 

(λ=1,54 Å). The topography of the CMF and fracture morphologies of 

PDMS/CMF composites was carried out by using a scanning electron microscope 

(SEM) Quanta 200 FEG (FEI, the Netherlands), operating in a low vacuum at 20.0 

kV, using a LDF detector. The chemical analysis of composites was performed by 

the EDS technique with a Bruker XFlash 4030 detector (Berlin, Germany). TEM 

images were acquired on Tecnai G2 F20 X-TWIN (FEI) equipped with a field 

emission electron gun at the accelerating voltage of 200 kV. Fourier transform 

infrared (FT-IR) analysis was performed by using Spectrum GX Perkin-Elmer FT-

IR spectrometer. Thermogravimetric analysis (TGA) was performed with Perkin 

Elmer (TGA 4000) instrument. The TGA measurements were carried out at a 

heating rate of 10 ºC·min-1 from 35 to 600 °C under nitrogen atmosphere. 

The crosslinking density of the PDMS composite was evaluated by toluene 

absorption experiments, and the crosslinking density was calculated by Flory’s 

equation.  

The CA measurements were performed at room temperature (23 °C) by using a 

sessile drop method. One droplet of deionized water (~5 L) was deposited on the 

sample surface. The optical images of the droplet were obtained, and the contact 

angle was measured by using a method based on B-spline snakes (active contours).  

Phytochemical analysis in vitro was performed for the S. officinalis and 

E. globulus plant leaves extracts that were obtained by extraction in ethanol 

medium. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ion-source
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The antimicrobial activity was investigated against gram-negative, gram-positive 

bacteria and fungus cultures. Two methods, i.e., the agar disk diffusion test and 

the direct contact test, were chosen for the evaluation of antibacterial activity. 

Commercially-available Mueller-Hinton agar plates were used in antibacterial 

testing. In the inhibition experiment, the discs from antimicrobial material were 

placed on the agar plates that were inoculated with bacteria and incubated at 37 °C 

for 24 h. The zone of inhibition was noted and tabulated. Three replicates were 

carried out for each testing. 

The tensile test of dumbbell shape specimens was carried out at ambient 

temperature by using universal testing machine H25KT (Tinius Olsen, England) 

with load cell of 1 kN and a cross-head speed of 20 mm/min.  

Chapter 3 presents the results of experimental investigations. 

Influence of microcrystalline cellulose type on PDMS structure and properties. 

The overview and detailed appearance of the used MCC and CMF particles are 

shown in Fig. 1. As it can be seen, MCC particles’ dimension is in the range of 

17–22 μm with an aspect ratio of >2. 
 

  
a b 

 
 

c d 
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e f  

Fig. 1. SEM (a–d) and TEM (e, f) images of MCC (a, b) and CMF (c–f) particles 
 

CMF particle surface has higher roughness. Moreover, microfibrils and 

amorphous zones can be seen on the surface (Fig. 1 e, f). CMF particle diameter 

is about 15–20 μm, the average length is 47–50 μm, and the ratio is 3–4.  

The mixing of cellulose disperse particles changes the PDMS structure and 

properties. The changes depend on the filler amount, particle shape and size. As 

cellulose amount increases, the heterogeneity of PDMS composites increases, 

thermal stability decreases, and the intensity of destructive processes increases. 

Cellulose increases the crystallinity and reduces the hydrophobicity of PDMS. 

Meanwhile, the cellulose influence on the mechanical properties of PDMS 

depends on the type and surface of the morphology of the disperse particles. The 

fracture surfaces of the PDMS composites with cellulose were studied in order to 

understand the possible interaction between components (Fig. 2). Many holes in 

PDMS matrix and voids around the cellulose particles are visible. Both features 

indicate that there is a poor adhesion interaction at the hydrophobic PDMS and 

hydrophilic filler particles interface. However, CFM may have an influence on the 

mechanical adhesion interaction with PDMS matrix. 
 

 
a 

 
b 

Fig. 2. SEM micrographs of the fracture surface of the PDMS composites with 

cellulose particles (15 wt.%): a – MCC and b – CMF 

 

The interaction between the components was improved by changing the nature of  

fibriliȏpluoĢtai

amorfinǠ 
sritis

fiber fibrils 

amorphous 

area 
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cellulose particles’ surface from hydrophilic to hydrophobic via silylation. Few 

silylation methods, i.e., two sol-gel methods with various organosilanes and 

treatment with hexamethyldisilazane (HMDS) vapour and liquid phase, were used 

in this research. Fig. 3 shows the FTIR spectrum of HMDS cellulose. The 

characteristic bands for untreated CMF are OH stretching vibration at 3700–
3000 cm-1, C-H stretching vibration at 2850 cm-1, CH2 symmetric bending 

vibration at 1430 cm-1, CH bending at 1380 cm-1, CH bending or CH2 stretching 

at 900 cm-1 and C-O-C stretching at 898 cm-1. After silylation, the new peak was 

observed at 1259 cm-1 and can be referred to Si-CH3 symmetric deformation 

(Andresen, Johansson, Steinar, Stenius, 2006). It confirms that HMDS react 

with cellulose surface –OH groups (Xie, Muscat, 2004). 
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Fig. 3. FT-IR spectra of untreated CMF, HMDS solution and HMDS vapour treated 

CFM (treatment time 6 h) 
 

After the silylation, CMF particles exhibit the same polydispersity, and particle 

aspect ratio is as untreated CMF but slightly different surface morphology: 

particles demonstrate less surface roughness. 

The static water contact angle  of the untreated CMF is low, which shows a 

typical hydrophilic character of surface (Table 1). The values of contact angle on 

the cellulose surface increase markedly after the HMDS treatment of the particles 

independently on the treatment source. The hydrophobic CMF surface is obtained 

after the treatment duration no less than 6 h ( > 90°).  

As it can be seen in the SEM images (Fig. 4), the increase of hydrophobicity due 

to the silylation allows the CMF surface to be easily wetted by the non-polar 

PDMS matrix. 
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Table 1. Dependence of contact angle of water droplet deposited on the CMF surface on 

the treatment time and mode 
 

Treatment 

duration, h 

HMDS vapour 

phase treated 

HMDS solution 

phase treated 

unmodified 15º ± 1 15º ± 1 

1 – 31 ± 1 

2 – 34 ± 2 

3 – 55 ± 1 

6 94 ± 1 92 ± 2 

12 102 ± 1 97 ± 1 

24 117 ± 2 98 ± 1 
 

For PDMS composites containing HMDS treated CMF, the improvement of the 

fibre and matrix adhesion at the interface is observed, as suggested by the absence 

of holes and the breaking of the particles.  
 

a 

 
b 

 
c 

Fig. 4. SEM images of the fractured surface of PDMS composites with 10 wt% of 

CMF: untreated (a), HMDS solution treated for 6 h CMF (b), HMDS vapour treated 

for 6 h, CMF (c) (magnification 500×) 

 

This is confirmed by the results of the PDMS films permeability study (Fig. 5). 

The untreated CMF contains a large number of hydroxyl groups on the surface; 

thus, it is highly hydrophilic. Therefore, the CMF content increase influences the 

water vapor permeability (WVP) and water vapor absorption (WVA) increase. 

The PDMS with HMDS treated CMF show vapor transfer behavior that is similar 

to the unfilled PDMS. This can be explained by the fact that CMF are completely 

covered by PDMS, which effectively prevents direct contact of water vapor with 

cellulose microfibers. 
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a    b 

Fig. 5. Dependence of PDMS composite water vapour permeability WVP (a) and 

absorption WVA (b) upon CMF content and treatment mode: 1 – untreated; 2 – HMDS 

vapour treated; c – HMDS solution treated 

Crosslinking density e, that is determined by swelling in toluene was found to be 

0.66·10-3 mol/L for the unfilled PDMS. The incorporation of CMF decreases e 

value of PDMS network in ca. by 1.4 times. Conversely, the addition of HMDS 

vapour and solution treated CMF increases e values in 16% and 37%, 

respectively. It suggests that the treated CMF prevents the swelling of PDMS 

chains in the interfacial zone due to the occurrence of crosslinking reaction (Yu, 

Chen, Chen, Liu, Yang, Yoa, 2015). PDMS composites filled with silylated 

CMF particles show markedly improved mechanical properties (Table 2), because 

silylated CMF had a stronger reinforcing effect on the PDMS. 
 

Table 2. Dependence of PDMS mechanical properties on CMF surface on the treatment 

time and mode 
 

CMF 
content, 

wt% 

HMDS vapour treated: HMDS solution treated: 

tensile strength σ, 

kPa 

elongation at 

break ε, % 

tensile strength 

σ, kPa 

elongation at 

break ε, % 

6 h 

0 420±12 743±57 420±12 743±57 

5 687±18 986±15 750±54 686±62 
10 754±14 939±47 815±31 635±41 

15 768±34 941±57 859±27 651±25 

20 788±21 972±95 820±53 611±65 

12 h 

5 695±35 978±10 641±14 954±62 

10 724±10 1001±24 687±25 986±12 

15 765±25 1012±12 698±12 1005±45 
20 758±17 987±45 641±31 1004±13 

24 h 

5 648±16 961±35 647±21 984±74 
10 657±19 987±42 678±33 988±41 

15 669±21 897±12 650±18 1014±53 

20 650±54 889±32 647±14 1008±65 

0

0.4

0.8

1.2

1.6

0 10 20

W
V

P
, 

m
g

/c
m

2
h

CMF content, wt%

1

2
3

0

0.8

1.6

2.4

3.2

0 10 20

W
V

A
, 

m
g

/c
m

CMF content, wt%

1

2
3



13 

Thus, the silylated cellulose particles exhibit significantly higher compatibility 

with PDMS matrix, which results in higher mechanical properties. 

Antimicrobial activity of cellulose and silver nanoparticle composites. Studies 

show that direct addition of silver nanoparticles (Ag NPs) blocked the PDMS 

rubber vulcanization reaction. Therefore, the AgNO3 chemical reduction was 

implemented in cellulose suspension in order to precipitate Ag NPs on the surface 

of the cellulose, thereby weakening the nanoparticles interaction with PDMS. In 

order to increase the precipitated Ag NPs content, the TEMPO-mediated oxidation 

was used by allowing C6 primary hydroxyl groups of cellulose change into the 

carboxyl groups. Fig. 6 shows evident high concentration of Ag NPs on the 

carboxylated cellulose surface and nanopaticles tendency to form aggregates (Fig. 

6 a, b). The individual Ag NDs are about 10 nm, and their aggregates  ca. 40–47 

nm. The peak around 3.0 keV in the EDX spectrum is related to the Ag elements.  
 

 
 

a b 

 
c 

Fig. 6. TEM image (a), TEM image and EDX spectrum (b) and dependence of 

antibacterial activity (c) of carboxylated CMF with precipitated Ag NPs  
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As it can be seen in Fig. 6, c, TEMPO-mediated oxidation of the cellulose particles 

surface almost 10-times increases the amount of precipitated Ag NPs by replacing 

Na+ ions on the carboxylate cellulose surface with Ag+ ions. 

The antibacterial test of PDMS-CMF/AgNPs composites with 

hexadecyltrimethylammonium bromide (CTAB)-stabilized during the chemical 

reduction AgNPs_I and polyvinylpyrrolidone (PVP)-stabilized during the 

microwave reduction AgNPs_II was performed against gram-positive and gram-

negative bacteria strains (Table 3). PDMS-CMF/AgNPs_I composite inhibits the 

growth of the most gram-positive bacteria strains with the inhibition zone size of 

ca. 3–4 mm, while bacteria are less sensitive to PDMS-CMF/AgNPs_II composite.  
 

Table 3. Antibacterial activity of PDMS-CMF/AgNPs composites against gram-positive 

bacteria strains 
 

Gram-

positive 

bacteria 

CMF content, 

wt% 

PDMS-CMF/AgNPs_I 

inhibition zone, mm 

PDMS-CMF/AgNPs_II 

inhibition zone, mm 

S. aureus 5 1.5 ± 0.1 resistant 

10 2.7 ± 0.1 resistant 

15 4.0 ± 0.3 2.8 ± 0.1 

B. cereus 5 3.0 ± 0.2 resistant 

10 1.0 ± 0.5 0.5 ± 0.1 

15 2,7 ± 0.1 1.5 ± 0.2 

P. vulgaris 5 1.7 ± 0.3 1.0 ± 0.2 

10 2.0 ± 0.5 2.5 ± 0.3 

15 3.1 ± 0.1 3.0 ± 0.1 

B. subtilus 5 3.0 ± 0.5 1.0 ± 0.1 

10 1.0 ± 0.2 1.8 ± 0.3 

15 3.8 ± 0.7 2.4 ± 0.3 
 

Meanwhile, the PDMS-CMF/AgNDs composites only weakly affect the growth 

of the most gram-negative bacterial strains. It can be supposed that PDMS-

MFC/AgNDs composites assume antibacterial activity due to the formation of Ag-

O-Si bonds. However, fungicidal efficiency of PDMS-CMF/Ag NDs composites 

is low. 

Investigation of the plant extracts compositions and their influence on the 

antimicrobial activity of the polydimethylsiloxane and cellulose composites. The 

possibility of cellulose particles surface functionalization with polyphenols 

presented in the medicinal plant extracts and their influence on the antimicrobial 

activity of PDMS was investigated. The extracts that were obtained from 

E. globulus and S. officinalis leaves were chosen for CMF surface modification, 

and their phytochemical composition, i.e., phenolic compound, flavonoid, 

proanthocyanidin and hydroxycinnamic acid, was carried out (Table 4).  
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Table 4. Phytochemical analysis of E. globulus and S. officinalis leaf extracts 
 

Compound name E. globulus S. officinalis 

The total amount of 

proanthocyanidins, mg EE/g DW 

0.13±0.02 0.09±0.003 

The total amount of hydroxycinnamic 

acid derivatives, mg CAE/g DW 

1.38±0.05 1.57±0.02 

The total amount of phenolic 

compounds, mg GAE/g DW 

0.69±0.04 0.78±0.003 

The total amount of flavonoids, mg 

RE/g DW 

0.48±0.04 0.44±0.001 

 

Besides, eucalyptus extract exhibit up to twice stronger antioxidative activity in 

vitro compared to the sage leaves extract (Cushnie, Lamb, 2005). 

The crystallites were found in the microstructure of medical plant lyophilizates 

(Fig. 7). In the case of eucalyptus lyophilizates, nano-sized octagonal-shaped 

crystallites of 40 to 55 nm in size are closely aligned. Meanwhile, in the case of 

sage, the nanoparticles of needle-shaped crystallites are visible, whose 

longitudinal dimensions are considerably larger than the eucalyptus derivatives. 
 

 
a 

 
b 

Fig. 7. TEM images of lyophilised E. globulus (a) and S. officinalis (b) extracts 
 

After comparing the efficiency of lyophilisates, it was found that sage leaves 

lyophilisate shows almost twice stronger activity against both E. coli and S. aureus 

bacteria strains than eucalyptus. It has been observed that low molecular weight 

plant extracts have the tendency to migrate to the polymer surface.  

PDMS/CMF composites do not influence the viability of pathogens at low medical 

plant lyophilisate content. However, the increase of eucalyptus or sage extract 

content increases PDMS/CMF composite antibacterial activity, although the 

inhibition zones are not wide (Table 5). Higher antibacterial activity is obtained in 

the case of sage extract. Nevertheless, it was found that gram-negative bacterial 

strains show higher resistance to PDMS composite impact.  
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Table 5. Antibacterial activity of PDMS/CMF (10 wt%) composite against bacteria strains 

at different concentration of medical plant extracts 
 

Bacterial 

strains 

Inhibition zone, mm, at plant extract lyophilisate content, wt%: 

5 10 15 

E. globulus 

S. aureus 1.0 ± 0.5 1.5 ± 0.2 1.7 ± 0.1 

B. cereus  0.5 ± 0.3 1.0 ± 0.1 1.0 ± 0.2 

P. vulgaris  0.8 ± 0.2 1.0 ± 0.2 1.0 ± 0.3 

B. subtilus 1.0 ± 0.5 1.4 ± 0.4 1.8 ± 0.2 

S. officinalis 

S. aureus 1.5 ± 0.2 2.0 ± 0.5 3.0 ± 0.1 

B. cereus  0.7 ± 0.4 1.0 ± 0.2 2.0 ± 0.5 

P. vulgaris  1.6 ± 0.2 2.5 ± 0.1 3.0 ± 0.2 

B. subtilus 0.5 ± 0.1 1.0 ± 0.2 1.5 ± 0.1 
 

Thus, eucalyptus and sage leave extracts show a wide spectrum of antimicrobial 

activity against pathogens. Sage extract has a stronger antimicrobial effect due to 

1.5 times higher hydroxycinnamic acid amount (Saida et al., 2016). 
 

CONCLUSIONS 
 

1. The structure and properties of polydimethylsiloxane (PDMS) can be 

modified by adding disperse cellulose particles. The PDMS structure and 

properties depend on the nature, size, shape and the amount of the particles: 

· The cellulose particle morphology is dependent on the extraction method: 

nanocrystalline cellulose (NCC) particles are spherical, 30–90 nm in size and 

tend to attach to aggregates; irregular shape microcrystalline cellulose (MCC) 

particles of 17–22 μm size have an aspect ratio of >2; microfibrilated cellulose 

(CMF) particles with crystalline and amorphous zones and fibrillated surface 

have a diameter of 15–20 μm and length of 47–50 μm, while the aspect ratio 

is 3–4.  

· The hydrophilic cellulose particles increase the degree of crystallinity of the 

PDMS composite, reduce the hydrophilicity and temperature resistance.  

· The mechanical properties of PDMS depend on the type of cellulose particles 

and their surface morphology. Due to poor interactions at the components’ 

interface, tensile properties decrease or almost become independent from the 

type and amount of hydrophilic crystalline cellulose (NKC or MCC).  

· Meanwhile, the CMF increases PMDS tensile strength ca. 20% and the 

elongation at break ca. 8% due to the particles’ surface fibrillation, which 

ensures the mechanical adhesion between the matrix and the filler. 

2. The chemical modification of the hydrophilic cellulose particles with 

organic silane compounds changes the nature and properties of the cellulose 

particle surface: 
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· The surface of the CMF acquires hydrophobic properties after joining the 

silyl groups, and the contact angle increases by 7–8 times (from 15° to 100–

120°), depending on the silylation method and the chemical nature of the used 

organosilane. 

· The silylated CMF (C = 10–20%) increases the hydrophobicity of PDMS, 

and the contact angle values increase by 10–18%.  

· Due to the high interaction of the composite components PDMS, the 

crosslinking density increases (1.2–1.9 times, depending on the silylated 

cellulose content); the vapour permeability and water vapour absorption 

significantly decreases compared to the PDMS filled with unmodified 

cellulose particles.  

· The silylated CMF particles increase the PDMS composite mechanical 

properties at tension: tensile strength increases by 1.5–2 times and elongation 

at break by 1.1–1.3 times, when 10–20 wt% of cellulose was mixed. 

3. The hybrid CMF/Ag NPs nanocomposites, obtained by the precipitation of 

silver nanoparticles (Ag NPs) on the cellulose surface via chemical or 

microwave reduction of silver nitrate precursor in the cellulose suspension, 

provide antimicrobial activity to PDMS, the effectiveness of which depends 

on the hybrid nanocomposite synthesis method and content:  

· The surface treatment of cellulose particles with TEMPO/NaBr/NaClO 

oxidation system increases the amount of Ag NPs, precipitated on the cellulose 

surface due to the replacing of Na+ ions on the cellulose surface with Ag+ ions, 

which are then reduced to nanoparticles, by almost 10-times. The antibacterial 

ability of such nanoparticles to inhibit gram-negative and gram-positive 

bacteria strains viability is significant. 

· The silylated cellulose with polyvinylpyrrolidone-stabilized Ag NPs 

nanoparticle antibacterial activity is significantly increased due to the 

formation of Ag-O-Si bonds. 

· PDMS-CMF/Ag NPs compositions inhibit the viability of gram-positive and 

gram-negative bacteria strains. The inhibition zone diameter increases by 1.7–

2 times, for some bacterial strains by 7 times, as hybrid nanocomposite content 

increases from 5 wt% to 15 wt%. However, PDMS-CMF/Ag NPs composites 

do not show high fungicidal activity. 

4. The addition of lyophilisates of eucalyptus (Eucalyptus globulus) and sage 

(Salvia officinalis) leaves extracts provides the ability for PDMS/CMF 

composite to inhibit different strains of bacteria: 

· The eucalyptus and sage extracts contain hydroxycinnamic acid, flavonoids 

and phenolic acid derivatives that provide antimicrobial and antioxidant 

activity. 

· The eucalyptus and sage extracts have different phytochemical composition: 

in the sage extract, the amount of phenolic compounds is 13%, and the amount 

of hydroxycinnamic acid derivatives is 12% higher than in the eucalyptus 
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extract. The amount of flavonoids in both extracts is similar, while the amount 

of proantocianides in the eucalyptus extract is by 44% higher. 

· The eucalyptus extracts have 2 times stronger antioxidant activity than the 

sage extracts. 

· The extracts of eucalyptus and sage leaves, mixed with PDMS/CMF 

composition, can migrate to the surface over time and enhance its antibacterial 

activity. 

· PDMS composite with sage and eucalyptus extracts functionalized CMF 

show possibility to inhibit gram-positive and gram-negative bacteria strains. 
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REZIUMĖ 
 

Mūsų aplinkoje yra įvairių bakterijų, grybelių, virusų ir kitų mikroskopinių 

gyvybės formų. Mikroorganizmai sudaro 80–90 % bendros žemės biomasės, ir 

netgi esant „švarioms“ sąlygoms galima per dieną įkvėpti keletą tūkstančių 

grybelinių sporų. Daugelis mikroorganizmų yra nežalingi arba netgi naudingi, bet 

kiti gali būti itin pavojingi ar net mirtini. Dabartinis gyvenimo būdas sudaro 

palankias sąlygas infekcijoms plisti (maistas iš tolimų kraštų, darbas 

kondicionuojamose patalpose, dažnos kelionės į užsienio šalis, lankymasis 

ligoninėse ir kt.). Visi paviršiai, tarp jų ir medicininės įrangos, nepriklausomai nuo 

jų prigimties ir aplinkos, kurioje naudojami, neatsparūs mikroorganizmų 

kolonizacijai ir infekcijai bei bioplėvelių susidarymui. Bioplėvelių sukelta 

infekcija yra atspari imuniniams apsaugos mechanizmams ir daugumai 

antibiotikų. Jos ypač pavojingos sergantiems žmonėms, nes sukelia hospitalines 

infekcijas (HI). Europos ligų prevencijos ir kontrolės centro duomenimis kasmet 
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nuo HI Europoje vidutiniškai nukenčia vienas iš dvidešimties hospitalizuotų 

pacientų, t. y. 4,1 mln. žmonių, ir tai sukelia apie 37 tūkst. mirčių atvejų. Dėl to 

visame pasaulyje auga poreikis kurta naujus efektyvius preparatus infekcinių ligų 

gydymui ir jų prevencijai. 

Vienas iš būdų norint išvengti infekcijų ir jų komplikacijų – tai medicininės 

įrangos apsauga nuo bioplėvelių susidarymo, pvz., jas gaminant arba padengiant 

dangomis iš antimikrobinių aktyvumu pasižyminčių medžiagų. Vienos jų – 

polimeriniai kompozitai, kuriems pageidautinos savybės bei antimikrobinis 

aktyvumas gali būti suteikiamas įmaišant efektyvius priedus. Pastaruoju metu vis 

didesnį susidomėjimą kelia sidabro nanodalelės, kurios dėl didelio savitojo 

paviršiaus ploto pasižymi dideliu aktyvumu, unikalia morfologija bei mažu tankiu. 

Visa tai lemia jų platų panaudojimą įvairiose polimerinėse matricose.  

Polidimetilsiloksanas (PDMS) dėl didelio biologinio suderinamumo ir gerų 

fizikinių bei cheminių savybių, cheminio stabilumo plačiai naudojamas 

ortopedijos ir medicinos srityse.  
 

Darbo tikslas ir uždaviniai 
 

Šio darbo tikslas – sukurti daugiafunkcius organinės–neorganinės kilmės 

užpildus, galinčius ne tik pagerinti biosuderinamo polidimetilsiloksano 

mechanines savybes, bet ir jam suteikti plataus spektro antimikrobinį aktyvumą, 

ištirti gauto polimerinio biokompozito struktūrą bei savybes.  

Šiam tikslui pasiekti buvo iškelti uždaviniai: 

· ištirti galimybes polidimetilsiloksano mechaninių savybių pagerinimui 

pritaikyti kristalinės ar fibrilinės celiuliozės daleles; 

·  įvertinti celiuliozės paviršiaus apdorojimo organiniais silano junginiais įtaką 

polidimetilsiloksano kompozito struktūrai ir savybėms;  

· sukurti celiuliozės dalelių funkcionalizavimo sidabro nanodalelėmis metodus; 

·  ištirti celiuliozės ir sidabro nanodalelių kompozito struktūrą ir baktericidinį 

aktyvumą bei jo įtaką polidimetilsiloksano antimikrobinėms savybėms;  

·  atlikti vaistinių augalų – eukaliptų ir šalavijų – lapų ekstraktų fitocheminę 

analizę ir įvertinti jų antioksidacinį bei antimikrobinį aktyvumus; 

· ištirti šalavijų ir eukaliptų ekstraktų įtaką polidimetilsiloksano kompozitų 

struktūrai, savybėms ir antimikrobiniam aktyvumui. 
 

Darbo mokslinis naujumas ir praktinė vertė 
 

Didėjantis infekcijų sukeliamų grėsmių dydis sukuria poreikį naujų 

antimikrobiniu aktyvumu pasižyminčių medžiagų kūrimui. Todėl moksliniai 

tyrimai, susiję su antimikrobiniu aktyvumu pasižyminčiu polimerinių kompozitų 

kūrimu ir jų taikymu, susilaukia daug dėmesio. 

Darbe praplėstas antimikrobinių polimerinių medžiagų asortimentas, sukuriant 

medicininėms reikmėms skirtą gerų mechaninių savybių antimikrobinį 

polidimetilsiloksaną. Polidimetilsiloksano mechaninėms savybėms gerinti 
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panaudotos celiuliozės, pasižyminčios biosuderinamumu ir dideliu bioskaidumu, 

geromis mechaninėmis savybėmis, mažu tankiu, netoksiškumu, galimybe išgauti 

iš atsinaujinančių šaltinių, dalelės. Celiuliozę dėl jos paviršiuje esančių didelio 

hidroksilo grupių skaičiaus lengva chemiškai modifikuoti, prijungiant įvairias 

grupes, kurios keičia paviršiaus prigimtį ir funkcionalumą. Tuo pasinaudojant 

buvo sukurti su polidimetilsiloksanu suderinami hibridiniai organinės–

neorganinės kilmes baktericidiniai užpildai, galintys efektyviai slopinti gram-

teigiamų bei gramneigiamų bakterijų kultūrų ir kitų mikroorganizmų dauginimąsi 

bei augimą. Stiprų baktericidinį poveikį polidimetilsiloksanui suteikiantys 

hibridiniai dariniai gauti ne tik ant modifikuotos celiuliozės paviršiaus nusodinant 

sidabro nanodaleles, bet ir celiuliozės paviršių funkcionalizuojant vaistinių augalų 

ekstraktuose esančiais polifenoliais bei kitais antioksidacinį poveikį turinčiais 

junginiais.  
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Išvados 
 

1. Polidimetilsiloksano (PDMS) struktūrą ir savybes galima pakeisti įmaišant 

dispersinių celiuliozės dalelių. PDMS struktūros ir savybių pokytis priklauso 

nuo dalelių prigimties, dydžio, formos ir kiekio. 

· Celiuliozės dalelių morfologiją lemia jų gavimo metodas. Dalelių dydis, 

forma ir paviršiaus struktūra gan skirtinga: nanokristalinės celiuliozės (NKC) 

dalelės yra sferinės formos, 30–90 nm skersmens ir linkusios jungtis į 

agregatus; mikrokristalinės celiuliozės (MKC) netaisyklingos formos 17–

22 μm skersmens dalelių kraštinių santykis yra >2, o mikrofibrilinės 

celiuliozės (MFC) dalelių su kristalinėmis ir amorfinėmis zonomis skersmuo 

siekia 15–20 μm, ilgis – 47–50 μm, kraštinių santykis – 3–4, o jų paviršiuje 

matomi atskilusių fibrilių pluoštai.  

· Hidrofilinės celiuliozės dalelės padidina PDMS kompozito kristališkumo 

laipsnį, sumažina hidrofiliškumą ir atsparumą temperatūrai. 

· PDMS mechaninės savybės priklauso nuo celiuliozės dispersinių dalelių tipo 

ir paviršiaus morfologijos. Dėl blogos sąveikos tarpfazinėje riboje savybės 

tempiant prastėja arba beveik nepriklauso nuo hidrofilinės kristalinės 

celiuliozės tipo (NKC ar MKC) ir kiekio. Tačiau mikrofibrilinė celiuliozė 

(MFC) PMDS stiprį tempiant padidina apie 20 %, o ištįsą trūkimo metu – apie 

8 % dėl dalelių fibrilizacijos, kuri užtikrina mechaninę adheziją tarp matricos 

ir užpildo. 
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2. Nustatyta, kad chemiškai modifikuojant hidrofilinės celiuliozės daleles 

organinių silanų junginiais, kinta dalelių paviršiaus prigimtis ir savybės. 

· Prisijungus sililo grupėms MFC paviršius įgauna hidrofobines savybes, o 

kontaktinio vilgymo kampo vertės padidėja 7–8 kartus (nuo 15° iki 100–120°); 

tai priklauso nuo sililinimo metodo ir naudoto 23eagent cheminės prigimties. 

 · Sililinta MFC (C = 10–20 %) padidina PDMS hidrofobiškumą, o kontaktinio 

vilgymo kampo vertės padidėja 10–18 %. 

· Sililintos MFC dalelės tolygiai pasiskirsto PDMS matricoje, nes pagerėja 

komponentų suderinamumas ir padidėja tarpfazinė sąveika jų kontakto riboje. 

· Dėka geros komponentų sąveikos ir tarp sililinto celiuliozės paviršiaus bei 

kaučiuko susidarančių ryšių, didėja PDMS sutinklinimo tankis (1,2–1,9 karto; 

tai priklauso nuo užpildo kiekio), žymiai sumažėja laidumas vandens garams 

ir jų absorbcija, lyginant su nemodifikuotos celiuliozės dalelėmis užpildytu 

PDMS. 

· Sililintos MFC dalelės gerokai padidina PDMS kompozito savybes tempiant 

– įmaišius 10–20 % sililintos MFC, PDMS stipris tempiant padidėja 1,5–2 

kartus, o ištįsa trūkimo metu – 1,1–1,3 karto. 

3. Hibridinis MFC/Ag NDs nanokompozitas, gautas celiuliozės suspensijoje 

cheminės redukcijos būdu susintetintas sidabro nanodaleles (Ag NDs) 

nusodinant ant celiuliozės dalelių paviršiaus, suteikia PDMS antimikrobinį 

aktyvumą, kurio efektyvumas priklauso nuo nanokompozito sintezės metodo 

ir kiekio kompozicijoje. 

· Celiuliozės dalelių paviršiaus apdorojimas TEMPO/NaBr/NaClO oksidacine 

sistema beveik 10 kartų padidina ant paviršiaus nusodintų Ag NDs kiekį ir jų 

tarpusavio sąveiką dėka celiuliozės paviršiuje esančių Na+ jonų pakeitimo Ag+ 

jonais, kurie po to redukuojami į nanodaleles. Tokių nanodarinių antibakterinis 

galėjimas slopinti gramneigiamų ir gramteigiamų bakterijų padermių augimą 

žymiai padidėja. 

· Sililintos celiuliozės su polivinilpirolidonu stabilizuotais Ag NDs 

nanodariniais antibakterinis aktyvumas žymiai padidėja ypač gramteigiamų 

bakterijų atžvilgiu dėka Ag–O–Si ryšių susidarymo. 

· PDMS–MFC/Ag NDs kompozicijos slopina gramteigiamų ir gramneigiamų 

bakterijų kultūrų augimą bei dauginimąsi. Didėjant hibridinio užpildo kiekiui 

nuo 5 mas. % iki 15 mas. %, slopinimo zonos skersmuo kai kurių bakterijų 

padermių atveju padidėja 1,7–2,7 karto. Tačiau PDMS–MFC/Ag NDs 

kompozitai neturi didelio fungicidinio poveikio.  

4. Eukaliptų (E. globulus) ir šalavijų (S. officinalis) lapų ekstraktų liofilizatų 

įmaišymas suteikia PDMS/MFC kompozitui gebėjimą slopinti skirtingų 

padermių bakterijų kultūras. 

· Eukaliptų ir šalavijų ekstraktų sudėtyje rasta hidroksicinamono rūgšties, 

flavanoidų bei fenolinių rūgščių, kurie lemia antimikrobinį ir antioksidacinį 

aktyvumą. 
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· Eukaliptų ir šalavijų ekstraktų fitocheminė sudėtis skiriasi: šalavijų ekstrakte 

antimikrobines ir priešgrybelines savybes suteikiančių fenolinių junginių yra 

13 %, o hidroksicinamono rūgšties darinių 12 % daugiau nei eukaliptų lapų 

ekstrakte. Tačiau flavonoidų kiekis abiejuose ekstraktuose yra artimas, o 

proantocianidų kiekis eukaliptų ekstrakte yra 44 % didesnis nei šalavijų lapų 

ekstrakte. 

·Eukaliptų ekstraktai pasižymi 2 kartus stipresniu antioksidaciniu aktyvumu 

nei šalavijų ekstraktai. 

· Mažamolekuliai eukaliptų ir šalavijų lapų ekstraktai, įmaišyti į PDMS/MFC 

kompoziciją, ilgainiui migruoja į paviršių ir sustiprina jo antibakterinį 

efektyvumą. 

· PDMS/MFC kompozicijos su šalavijų ir eukaliptų ekstraktų priedais turi 

poveikį gramteigiamų ir gramneigiamų padermių bakterijų dauginimosi 

slopinimui.  

 

 

 

 

UDK 678.84(043.3) 

 

SL344. 2018-12-20, 1,5 leidyb.apsk.l. Tiražas 50 egz.  

Išleido Kauno technologijos universitetas, K. Donelaičio g. 73, 44249 Kaunas 

Spausdino leidyklos „Technologija“ spaustuvė, Studentų g. 54, 51424 Kaunas 


