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ÖZET 

DENTAL METALİK MALZEMELERİN BİTKİ ÖZÜTÜ KATKILI BİYO 

UYUMLU POLİMERLER İLE KAPLANMASI 

Arife Kübra YONTAR 

Ondokuz Mayıs Üniversitesi 

Lisansütü Eğitim Enstitüsü 

Nanobilim ve Nanoteknoloji Anabilim Dalı 

Doktora, Haziran, 2023  

Danışman: Dr. Öğr. Üyesi Sinem ÇEVİK 

 

Bu çalışma, diş hekimliğinde kullanılan metalik biyomateryallerin bitki özleri 

içeren polimer materyallerle kaplanması için tasarlanmıştır. Yeşil sentezlenmiş 

nanopartiküller, bitki özleri ve Polivinil Alkol (PVA) ile üretilen mikrometre 

ölçeğindeki kaplamaları oluşturmak için düşük maliyetli ve pratik bir yöntem olan 

elektrosprey biriktirme (ESD) tekniği kullanıldı. Kenevir tohumu, Sarı Kantaron, 

Biberiye ve Kiraz Defne Yaprağı ekstraktları kullanılarak üretilen nanoparçacıkların 

ve polimer kompozit kaplama malzemelerinin özellikleri araştırılmış ve farklı 

konsantrasyonlar ve bitki grupları ile karşılaştırılmıştır. Üretim tekniğinin ve başlangıç 

bileşiminin nanokompozit kaplamaların morfolojisi, termal, mekanik ve kimyasal 

davranışları üzerindeki etkileri araştırılmış ve tartışılmıştır. 

Taramalı Elektron Mikroskobu (SEM) analizi, yeşil sentezlenmiş nano 

gümüşlerin homojen bir boyut ve dağılımla ortalama 34 nm boyutunda üretildiğini 

göstermiştir. Dinamik mekanik analiz, %0,3(D) ve %0,5(E) nano gümüş 

modifikasyonu ile üretilen numunelerin kaplama sonrası termal ve mekanik dayanımı 

en yüksek numuneler olduğunu göstermiştir. Antibakteriyel testler, nano gümüş katkılı 

tüm kaplamaların bakteri üremesini 100 kata kadar azalttığını ve en yüksek 

antibakteriyel etkiye sahip numunenin %0,5 nano gümüş modifiye E numunesi 

olduğunu ortaya koydu. Kaplama mekanik özelliklerini belirlemek için uygulanan 

çizilme testi, kaplama yüzeyleri içerisinde en sert numunelerin %0,1(C), %0,3(D) ve 

%0,5(E) olduğunu göstermiştir. Ayrıca bitki ekstraktlarının PVA'ya modifikasyonu ile 

kaplamaların mekanik dayanımlarının saf kaplamalara göre en az 2 kat arttığı tespit 

edilmiştir. Nano gümüş modifiyeli C, D ve E numunelerinin 37 °C sudaki kimyasal ve 

mekanik stabilitelerinin diğer numunelere göre daha yüksek olduğu belirlendi. 

Toksisite testleri, kaplamalarda 62 µg/mL ve altındaki konsantrasyonların 

kullanılmasıyla yeşil sentezlenen nano gümüşlerin HaCaT canlı hücreleri ve A549 

akciğer kanseri hücreleri üzerinde toksik etki göstermediğini doğruladı.  

Bu çalışma, sağlık alanında bitki özleri ve nano-gümüş modifiye polimer 

nanokompozit kaplama uygulamalarının araştırılması için bir çerçeve sunmuştur. Elde 

edilen ampirik bulgular ışığında bu çalışma, bitki özleri kullanılarak metalik 

biyomalzemelerin antibakteriyel ve biyouyumlu üretimi için yeni bir anlayış 

sunmaktadır. Ayrıca, düşük hammadde ve üretim maliyetli, kolay üretilebilir, insan 

sağlığı ve çevreye dost üretim yöntemiyle denklerine kıyasla yüksek termomekanik 

dayanıma ve düşük toksik etkiye sahip olmaları sayesinde bu biyokompozit 

malzemelerin bilimsel ve biyomedikal çevreler için geniş bir kullanım alanına sahip 

olacağı düşünülmektedir. 

 

Anahtar Kelimeler: Biyomalzeme, yeşil sentez, bitki özleri, elektrospray biriktirme, 

nanokompozit film, nano gümüş. 
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ABSTRACT 

BIOCOMPATIBLE POLYMER COATING WITH HERBAL EXTRACTS ON 

DENTAL METALLIC MATERIALS  

Arife Kübra YONTAR 

Ondokuz Mayıs University 

Institute of Graduate Studies 

Department of Nanoscience and Nanotechnology 

Ph.D., June 2023 

Supervisor: Assist. Prof. Dr. Sinem ÇEVİK 

 

The present study was designed to applicate the coating of metallic biomaterials used 

in dentistry with polymer materials containing plant extracts. The electrospray 

deposition (ESD) technique, which is a low-cost and practical method, was used to 

form micrometer-scale coatings produced with nanoparticles produced by green 

synthesis, plant extracts, and Polyvinyl Alcohol (PVA). The properties of 

nanoparticles and polymer composite coating materials produced using Hemp seeds, 

St. John's Wort, Rosemary and Cherry Laurel Leaf extracts were investigated and 

compared with different concentrations and plant groups. The effects of fabrication 

technique and initial composition on the morphology, thermal, mechanical, and 

chemical behavior of nanocomposite coatings are investigated and discussed. 

        Scanning Electron Microscope (SEM) analysis showed that green synthesized 

nanosilver was produced with an average size of 34 nm and homogeneous size and 

distribution. Dynamic mechanical analyses showed that the samples produced with 

0.3% (D) and 0.5% (E) nanosilver modifications were the ones with the highest 

thermal and mechanical strength after coating. Antibacterial tests revealed that all 

nanosilver-added coatings reduced bacterial growth up to 100 times, and the sample 

with the highest antibacterial effect was the 0.5% nanosilver-modified E sample. The 

scratch test applied to determine the coating's mechanical properties showed that the 

hardest samples among the coating surfaces were 0.1% (C), 0.3% (D), and 0.5% (E). 

In addition, it was determined that the mechanical strength of the coatings increased 

at least two times with the modification of plant extracts to PVA compared to the pure 

coatings. It was determined that the chemical and mechanical stability of nanosilver-

modified C, D, and E samples in water at 37 °C were higher than the other samples. 

Toxicity tests confirmed that the green synthesized nanosilver did not show toxic 

effects on HaCaT live cells and A549 lung cancer cells with concentrations at 62 

µg/mL and below in coatings. The present study has offered a framework for the 

exploration of plant extracts and nano-silver-modified polymer nanocomposite coating 

applications in the health field. 

        This study provided a framework for investigating plant extracts and nano-silver-

modified polymer nanocomposite coating applications in the healthcare field. In light 

of the empirical findings obtained, this study offers a new understanding of the 

antibacterial and biocompatible production of metallic biomaterials using plant 

extracts. In addition, it is thought that these biocomposite materials will have a wide 

range of uses in scientific and biomedical environments thanks to their low raw 

material and production costs, easy production, human health-friendly and 

environmentally friendly production methods, high thermomechanical strength, and 

low toxic effect compared to their equivalents. 

Keywords: Biomaterials, green synthesis, plant extracts, electrospray deposition, 

nanocomposite film, nanosilver. 
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1. INTRODUCTION  

Metals are widely used in biomaterial manufacturing because of their superior 

mechanical strength and corrosion-resistant properties (Neoh and Kang, 2011). 

Prosthetic components, including abutment screws, cylinders, abutments, prosthetic 

screws, clasps, and various attachments are all made of metallic materials. Gold, 

chromium-cobalt alloys, stainless steel, zirconium, commercially pure titanium, 

tantalum and titanium alloys are the most commonly used metallic materials in 

dentistry (Sykaras et al., 2000). Among the metals mentioned, titanium and its alloys 

are the most commonly used metallic materials in the manufacture of implants due to 

their superior properties. Infection and unsuccessful osseointegration may occur as a 

result of the excess of toxic contents used in the production of metallic nanoparticles 

added to give antibacterial properties to metallic materials used in the health field and 

the failure of metallic parts to exhibit sufficient biocompatibility properties. The 

coating is the addition of material/agent of various thicknesses superficially on the 

surface of core material and a type of surface treatment of dental implants. The coating 

techniques contribute to important positive effects of dental implant application (Jemat 

et al., 2015). Polymer coatings continue to be used in evermore increasingly diverse 

applications and sectors. With the polymer coating, the material can gain different 

properties from the original properties in the field of biomedicine, such properties 

include wear resistance, improved mechanical strength, corrosion protection, 

enhanced biocompatibility, electrical conductivity and tailored surface chemistry 

(Smith and Lamprou, 2014). Various types of polymer coatings are used to make the 

implants antibacterial, show high corrosion resistance and improve osseointegration. 

Multiple biological, synthetic and hybrid polymers are used for multiple medical 

applications. One of the most important and simple methods used in coating 

applications of metallic biomaterials is the electrospray deposition method (ESD). 

ESD is an effective technique for producing submicron size miniature droplets by 

applying an electric field to the metal substrate surface. The resulting droplets then 

wing towards the counter electrodes or the collector connected to the ground and 

accumulate on the metal substrate. It is also applied to prepare thin polymeric 

nanomaterials through encapsulation and other carrier-mediated systems (Kurakula 

and Raghavendra Naveen 2021). With the electrospray deposition method, many 

different types of coating materials can be coated on metallic substrates (Buga et al. 
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2021; Buga et al. 2019; Levana et al. 2022; Pei et al. 2021). With this method, 

antibacterial and biocompatible coatings of metallic implants can be realized (Chen et 

al. 2023). 

The increase in toxic components used in the world and the decrease in raw 

materials have increased the orientation towards green energy and production methods 

and products with clean content (Sudha et al. 2020; Reinhold 2007; Sealy 2020; Zhang 

et al. 2022). It is of great importance to reduce toxic substances used in the fields of 

energy, health, food, cosmetics and construction and in the production of products, and 

to increase natural products and energy. For this reason, more natural products have 

started to be produced for many different areas, especially by using plants (He et al. 

2019; Tan et al. 2022; Ahmad and Mirza 2017). These areas include applications such 

as nanoparticle production by green synthesis, energy generation, adhesive plasters 

and coatings for health, cosmetics and food packaging. Studies on the synthesis of 

metallic nanoparticles with plant extracts have recently increased (Anchan et al. 2019; 

Angel Ezhilarasi et al. 2018; Arularasu et al. 2018; Bibi et al. 2019; Shume et al. 2020; 

Li et al. 2019b; Eskandari Azar et al. 2020; Hairom et al. 2015). 

The methods used in the production of nanoparticles in which harmful chemicals 

and high energy are used such as chemical and physical vapour deposition, flame 

pyrolysis, sol-gel process, thermal plasma synthesis, inert gas condensation and laser 

prolysis (Brayner et al. 2013). As an indicator of a new era, green synthesis 

approaches/ methods have become one of the current R&D topics in materials science 

and nanotechnology. Green synthesis has got lots of advantages (Gour and Jain 2019). 

There are many physical and chemical synthesis approaches (Oza et al. 2020; 

Thompson et al. 2020; Shin et al. 2022). These have a negative impact on both humans 

and marine life. In contrast, the green synthesis of metallic nanoparticles is a one-step, 

environmentally friendly bio-reduction method (Jadoun et al. 2021; Ostovan et al. 

2018). Also, relatively low energy is required to initiate the reaction. This method also 

provides an extra advantage with its low cost (Dikshit et al. 2021). Plant extracts 

provide the green synthesis of nanoparticles with various hydroxyl group (OH) 

(carboxy, hydroxy, ortho-dihydroxy, amino-, catechol) biomolecules (Ahmad, 2017; 

Anchan et al., 2019b). Biomolecules such as terpenoids, phenolic acids, amino acids, 

alkaloids, flavonoids, polyphenols, enzymes, tannins, carbohydrates, phenols, 

saponins, or proteins in plant extracts stabilize and reduce metal ions (M+) to (M0).  
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These secondary metabolites generally work as both reductants and stabilizers. 

Thus, they prevent the aggregation of the synthesized metallic NPs. Bioreduction of 

metal NPs from plant extracts occurs in 3 stages. The first stage involves reduction 

and nucleation of metal ions. In the second stage, small nuclei are brought together by 

increasing the thermodynamic stability of NPs. Finally, after the growth phase, NPs 

form their own shape. As a result of reduction of metal ions with active metabolites, 

NPs are centrifuged and collected from the solution as precipitate. Concentrations of 

plant extracts, pH of solutions, temperature, pressure, metallic ion concentration and 

amount of light are important factors that determine the sizes, distributions and 

amounts of green synthesized nanoparticles. (Amini and Akbari, 2019; Bassie Gelaw 

et al., 2021; Csakvari et al., 2021; Martínez-Cabanas et al., 2021). Alharbi et al., (2022) 

explained in their study that the (OH) groups from plant extracts are bonded with 

carbon atoms in aromatic rings and this reaction provides the reduction of metal 

nanoparticles. In this way, nanoparticles with less threat to the more minor 

environment and human health can be produced without using toxic chemicals and at 

a lower cost (Chand et al., 2020; Khan et al., 2020; Mali et al., 2020; Yontar et al., 

2022). The usage areas of these nanoparticles are quite wide and one of them is the 

production of antibacterial materials. In general, silver is the most widely used 

antimicrobial metal due to its broad spectrum anti-pathogen activity. AgNPs can kill 

more than 650 types of pathogenic microbes such as bacteria, fungi and viruses. Silver 

nanoparticles (AgNPs) act by multiple mechanisms that include oxidative stress 

induction, metal ion release, and non-oxidative processes. The gradual release of free 

silver ions from the AgNPs solution inhibits the proliferation of bacterial cells. The 

bacteria-killing mechanism of nano silver is explained by the electrostatic interaction 

between bacterial cells (-) and silver ions (+), due to the rupture of the cell wall, leaking 

of the inner cell contents and eventual death of the bacteria (Park et al. 2021). In 

addition, plant extracts have positive effects on health with the minerals of elements 

such as K, P, Mn and Ca. It is known that the harmful effects of polymer materials 

used in the production of band-aids, coatings, packaging and biomaterials, which have 

been produced recently, on health and the environment are tried to be reduced 

(Abhilash et al., 2019; Jain et al., 2020; Koe et al., 2020; Narayan, 2010; Zare et al., 

2019; Yontar and Çevik, 2023). The plant extracts used in the study were obtained 

from Hemp seeds, St. John's Wort, Rosemary and Cherry Laurel plants that are rich in 

many minerals,  have benefits for human health, are very easy to grow and are 
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renewable. Apart from this, cost-effective production and reduction of  energy 

consumption are also important issues in order to protect environment. In this 

direction, one of the materials experiencing a growing use in the mentioned areas, is 

Polyvinyl Alcohol (PVA). The reason for this can be shown as features such as being 

economical, biocompatibility, easy production, not harming the environment and 

human health and not showing toxicity (Pervez et al., 2020; Sharmin et al., 2020). The 

studies on PVA are still in continue because apart from being biocompatible and 

harmless to the environment, it has superior properties with the added ingredients. This 

improves the properties of nanocomposites based on PVA. 

In the thesis study, coating of dental metallic materials with plant extract 

modified Polivinil Alcohol (PVA) nanocomposite thin films was carried out using 

electrospray deposition (ESD) method. For the production and characterization of the 

coating material, polymer nanocomposite thin films were produced and developed 

using the solvent casting method. Nano silver, which is used in the production of these 

films and provides antibacterial properties and mechanical strength to the coating, was 

produced by the green synthesis method. The microstructural characterization and 

chemical mapping of samples were observed by a Scanning Electron Microscope 

(SEM) with an Energy Dispersive X-Ray Spectroscopy (EDS) attachment. X-Ray 

Diffractometer (XRD) analyzes of the films prepared in all compositions and contents 

determined for coating applications were carried out separately and the presence of 

silver nanoparticles was investigated. To characterize the influence of plant extracts 

and silver nanoparticles on the chemical structure PVA matrix, Fourier Transform-

Infrared (FT-IR) analysis was performed. Dynamic mechanical analysis (DMA) and 

Shore-D hardness tests were performed to investigate the mechanical properties of 

coating films. Finally, bacteria killing effects were determined using antibacterial test 

methods. The surface characterizations after coating were performed with (SEM) and 

(EDS) analysis. Also AFM analyses were conducted to evaluate the surface 

topography of the selected coated subtrates and analysize the surface roughness by 

atomic force microscopy. The mechanical strength of the coatings was determined by 

the Scratch Test. The aqueous and high temperature performance tests of the coatings 

were carried out in the incubator. In addition, toxicity tests of nano silvers produced 

by green synthesis were also carried out. 
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2.LITERATURE RESEARCH  

2.1. Titanium and Its Alloys as Dental Metallic Material 

Metallic biomaterials are engineered systems designed to provide internal 

support to biological tissues. They are being used highly in joint replacements, dental 

implants, orthopaedic fixations and stents (Prasad et al. 2015). Many of the metals and 

alloys (gold, stainless steel, cobalt-chromium) are use as dental materials. Titanium 

and its alloys have become popular for endosseous parts of currently available dental 

implants. Prosthetic components, including abutment screws, abutments, cylinders, 

prosthetic screws, and various attachments, are still made from gold alloys, stainless 

steel, and cobalt-chromium and nickel-chromium alloys (Sykaras et al. 2000). 

Titanium was discovered in 1798 by the Reverend William Gregor. It is almost the 

ninth most abundant element in the lithosphere, as it is a component of all crystalline 

rocks. Titanium is extremely difficult to produce pure titanium due to its high 

reactivity, so it was not more widely used until the second half of the twentieth century 

(van Noort 1987). Depending on their microstructure, titanium alloys are divided into 

4 groups as a alloys, alloys close to a, a-b alloys and b alloys. Titanium is superior to 

stainless steels and cobalt-chromium alloys in terms of specific strength, but lower in 

terms of tribological properties. As biomaterials, the use of titanium and its alloys is 

higher as they have comparatively lower modulus, superior biocompatibility and 

improved corrosion resistance (Chen and Thouas 2015). 

The most interested forms of titanium are commercially pure form of titanium 

(Ti-160) and Ti-6% Al-4% Va (Ti-318). Commercially pure titanium is an alloy of 

titanium and oxygen. This alloy has a close packed hexagonal structure. When 

aluminium and vanadium are added to titanium in only small quantities the strength of 

the alloy increased over that of commercially pure titanium. Ti-6% A1-4% V has a 

two phase structure of alpha (aluminium) and beta (vanadium) grains (van Noort 

1987). In dentistry devices fitanium and its alloys are generally used such as implants, 

crowns, bridges, overdentures, and dental implant prosthesis components. 

Commercially pure titanium is used preferentially for endosseous dental implant 

applications (Elias et al. 2008). The types of dental implants produced from titanium 

alloys are shown in Figure 2.1.  
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Figure 0.1 Different types of titanium dental implants (Elias et al. 2008). 

Al and V released from Ti–6Al–4V alloy are both of them found to be linked to 

long-term health problems, such as Alzheimer’s disease, other neuropathies and 

osteomalacia (Nag et al, 2005). Ti–6Al–7Nb and Ti–5Al–2.5Fe alloys have therefore 

been developed for vanadium-free applications. Both alloy are metallurgically similar 

to Ti–6Al–4V. For femoral prosthesis stems, fracture fixation plates, spinal 

components, nails, rods, fasteners, screws and wires Ti–6Al–7Nb alloy has been used. 

Because of Ti–5Al–2.5V has excellent cold formability and tensile properties, it is 

used mainly for tubing and intramedullary nails (Chen and Thouas 2015). Comparison 

of α, near α, α–β and β titanium alloys properties and applications shown in Table 2.1. 
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Table 0.1 Comparison of α, near α, α–β and β titanium alloys (Chen and Thouas 2015).

 Ti-alloys Advantages Disadvantages Medical applications 

CP-Ti   1. High corrosion 

resistance  

2. Excellent 

biocompatibility  

3. High weldability  

1.Cannot be 

significantly 

strengthened by heat 

treatment 

2. Poor forgeability 

especially below 

β transus due to HCP 

structure 

3. Having a narrow 

forging temperature 

range 

4. Low strength at 

ambient temperature 

For non-load-bearing, 

corrosion resistant 

applications: e.g. 

1. Pace-maker case 

2. Housings for 

ventricular-assist 

devices 

3. Implantable fusion 

drug pump 

4. Dental implants 

5. Maxillofacial and 

craniofacial implants  

6. Screws and staple 

for spinal surgery 

α or near α 

microstructure  

As above  As above  Not yet  

α–β 

microstructure  

1. Can be 

strengthened by 

heat treatment  

 Ti–6Al–4V and Ti–

6Al–4V ELI  

1. Total joint 

replacement 

arthroplasty (hips and 

knees). Ti–6Al–7Nb  

2. Femoral hip stems  

3. Fracture fixation 

plates 4. Spinal 

components  

5. Fasteners, nails, 

rods, screws, and 

wires  

Ti–3Al–2.5V  

Tubing and 

intramedullary nails  

β 

microstructure  

1. High 

hardenability  

2. Good ductility 

and toughness, 

excellent 

forgeability and 

good cold rolling 

capability 

(formability) at the 

solution-treated 

condition  

3. Good fractural 

toughness  

1. High density  

2. Low creep strength  

3. Low tensile 

ductility in the aged 

state  

4. Low resistance to 

wearing  
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2.2. Osseointegration And Biocompatibility 

Osseointegration is a direct structural and functional connection between 

ordered, living bone and the surface of a load-bearing implant (Listgarten et al. 1991). 

Because the fragment ends become united by bone without intermediate fibrous tissue 

or fibrocartilage formation osseointegration can be compared with direct fracture 

healing (Schenk and Buser 1998). The various stages of osseointegration process are 

shown diagramatically in Figure 2.2 and can be listed as follows: 

Stage 1: Once the implant is placed in living tissue, it is not fully compatible with the 

bone. The grooves on the implant surface allow the bone to grow inward, thus allowing 

the implant to attach to the bone. There is hematoma in the recesses of the screw 

threads and bone layer damaged as a result of thermal and mechanical trauma during 

the operation. 

Stage 2: During healing the haematoma is gradually transformed into new bone and 

the damaged bone also heals by a process of revascularization and deand re-

mineralization. 

Stage 2: During healing the haematoma is gradually transformed into new bone and 

the damaged bone also heals by a process of revascularization and deand re-

mineralization. 

Stage 3: When the healing has completed, new bone is in virtual direct contact with 

the implant without any intermediate layer of fibrous tissue (Brånemark 1983). 

 

Figure 0.2 Representation of the process of osseointegration adapted where the numbers 

denote (1) Titanium implant, (2) Haematoma, (3) Damaged bone, (4) Healthy bone, 

(5) Haematoma transforming into new bone, (6) Damaged bone healing itself by 

de- and re-mineralization, (7) New healthy bone (Brånemark 1983). 
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For an implant to integrate well with the surrounding bone, it is essential that it 

has a biocompatible surface. Surface chemistry, surface topography, surface roughness 

are important factors to consider for good osseo-integration. Surface modification of 

implants is one of the most common strategies to enhance surface biocompatibility 

(Chen and Thouas 2015). Addition of surface roughness and porosity stimulates cell 

attachment and osseointegration. Traditional methods range from sandblasting to acid 

etching to laser ablation. For instance, sandblasting of titanium with large grit acid can 

be used to create roughness over the implant surface, providing micro-level 

topography for growth and attachment of cells (Prasad et al. 2015). 

Metals may be widely distribute when entered the body. The distribution of a 

metallic element is critical since they have ability to cause systemic toxicity. When 

elements in the alloy ionize corrosion of alloys occurs. Thus, the elements that are 

initially uncharged inside the alloy lose electrons and become positively charged ions 

as they are released into solution. Corrosion is a chemical process that has unfavorable 

consequences for other alloy properties, such as esthetics, strength, and 

biocompatibility. It is important to understand the interaction between the 

biomaterialand the biological system, to understand biocompatibility. These 

interactions are usually seen on a molecular level in an interface zone of about 1 nm 

(Prasad et al. 2015). Biocompatibility of an alloy importantly depends on corrosion 

because the release of elements from the alloy is nearly always necessary for adverse 

biologic effects such as toxicity, allergy, or mutagenicity (Wataha 2000). 

Bioinert or bioactive materials can achieve osseointegration as long as certain 

guidelines are respected. Commercially pure titanium is recognized today as a 

biomaterial of choice, since it is not only characterized by excellent biological 

properties but also good has goog mechanical properties (Schenk and Buser 1998). 

Titanium and its alloys have a proven quality as biomedical implants due to their 

excellent biocompatibility. This is related to the presence of an oxide layer that is 

typically present on the surface of the material in an oxidising environment. As much 

as commericial pure titanium and Ti6AI4V have a number of advantages, they have 

some disadvantages as far as implant applications are concerned in that they both have 

low wear resistance properties. Since the vanadium contained in the Ti-64 alloy is 

cytotoxic this alloy is limited to certain appropriate applications and devices. New 

titanium alloy compositions have been developed for biomedical applications. The 
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first generation of these biomedical implant alloys have included Ti-6Al-7Nb and Ti-

5Al-2.5Fe, two alloys with properties similar to Ti6AI4V that were developed to 

address concerns relating vanadium’s cytotoxicity (Sidambe 2014). 

2.3. Surface Modification Methods Of Biometals 

A biomaterial is a non-viable material used in medical devices intended to 

interact with biological systems in order to evaluate, treat, augment or replace any 

tissue, organ or function of the body in their original form. There are numerous 

metallic biomaterials that can be used in the human body, such as stainless steel, cobalt 

alloys and titanium alloys. Among these metallic materials, titanium (Ti) and titanium 

alloys are considered to be some of the most significant biomaterials, due to their 

resistance to body fluid effects, great tensile strength, flexibility and high corrosion 

resistance and this specific combination of strength and biocompatibility makes them 

suitable for medical and dental applications. Materials implanted in body contact with 

extracellular body fluids such as blood and interstitial fluid. Body fluids contain amino 

acids and proteins that tend to accelerate corrosion of implant materials. Body fluids 

also act as a buffer solution and accordingly, their pH changes little. If metallic 

materials are corroded by body fluid and if metallic ions of implants are released into 

the fluid for a long time, ions combine with biomolecules such as proteins and enzymes 

and that cause toxicity and allergy.  Thus, corrosion resistance of metallic biomaterials 

in body is important (Hanawa 1999). 

For increasing corrosion resistance and related properties of biomaterial 

surfaces, surface modification techniques are the most viable methods. With surface 

modification superior corrosion behavior, improved wear resistance, better 

osseointegration rate, high biocompatibility and enhanced aesthetics are most 

important characteristics which can be attained. Some examples of surface 

modification technics which can be employed to improve the corrosion behavior and 

other desirable properties of implant materials are: physical and chemical vapor 

deposition, laser cladding, thermal oxidation and thermal spraying, plasma spray, ion 

implantation, micro-arc oxidation, sandblasting and electrochemical treatment 

(Mohammed et al. 2014). 



 

11 

 

2.3.1. Electrospray Deposition Coating 

The electrospray deposition method is the technique of producing submicron-

sized miniature droplets by applying an electric field to a metal substrate, and the 

resulting droplets are then winged towards the counter electrodes or the ground-

connected collector pad and deposited on the substrate. The application of electrospray 

technology is used in a variety of research areas, particularly to formulate 

micro/nanoparticular cargo carriers for a variety of biomedical applications, including 

biomedical imaging, implant coatings, drug delivery, and tissue engineering (Kurakula 

and Raghavendra Naveen 2021). Electrospray deposition, a coating technique based 

on the electrospray process, is one of the effective methods for coating or modeling 

nano/microparticles. Electrospray deposition is generally equipment consisting of a 

metal capillary syringe, a syringe pump, a voltage generator, and a metal collector that 

provides coating of electrospray particles over the entire surface area of the metal 

collector. For locally patterned precipitation of electrosprayed particles, it may be 

necessary to model nano/microparticles, use additional components such as a mask or 

an additional power supply in the basic electrospray deposition configuration (Lee et 

al. 2020). In addition, ESD is a low-cost method with high coverage, requiring no 

expensive equipment or vacuum generation. The microstructure and mechanical 

properties of ESD-deposited films depend on deposition parameters such as substrate 

temperature, flow rate, distance from nozzle to substrate, and deposition time, which 

affect the heated substrate and the size of the droplets. On the other hand, mainly the 

physico-chemical properties of the precursor solution, including the chemical 

composition of the coatings, the nature of the solvent and precursors, also affect the 

quality of the deposited films (Müller et al. 2021). 

The application of electrical charge to the polymer solution is the basic 

mechanism of the electrospraying process, and the use of high electrical voltage 

deforms the droplet interface, producing micro- or nanometer-sized droplets 

depending on the process parameters. The known mechanism is that by applying the 

electric field to a liquid droplet an electrostatic force is created in the droplet, called 

the Coulomb force, which competes with the cohesive force in the droplet. When the 

applied coulomb force overcomes the cohesive force of the droplet, the surface tension 

is released and the formation of micro or nanodroplets takes place (Kurakula and 

Raghavendra Naveen 2021). The reason why ESD is popular is that multilayer thin 
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film growth is superior to spin coating, dip coating and screen printing, because the 

bottom organic layer solvent cannot be avoided during top layer growth (Ahmadi et 

al. 2014). 

 

Figure 0.3 Schematic of electrospray deposition device (Ahmadi et al. 2014). 

2.4. Polymer Nanocomposites And Their Applications 

Significant scientific and technological interest has focused on polymer 

nanocomposites (PNCs) over the last two decades. Nanocomposites in general are the 

two-phase materials in which one of the phases has at least one dimension in the 

nanometer range (1–100 nm). It possesses many vital properties than that of 

microcomposites due to their large surface area and greater aspect ratio. The 

advantages of nanocomposite materials when compared with conventional composites 

are in their superior thermal, mechanical, and barrier properties at low reinforcement 

levels as well as their better recyclability, transparency and low weight (Bari et al. 

2016). Fillers play important roles in modifying the desirable properties of polymers 

and reducing the cost of their composites. In conventional polymer composites, many 

inorganic filers with dimensions in the micrometer range, e.g. calcium carbonate, glass 

beads and talc have been used extensively to enhance the mechanical properties of 

polymers (Tjong 2006). 
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Polymer nanocomposites incorporate a new spectrum of fillers that extend the 

function and utility of polymers while main taining the manufacturing and proc essing 

flexibility inherent to plastics, thermosets, and resins. In particular, polymer 

nanocomposites have been successful with regard to overcoming traditionally 

antagonistic combinations of properties (Winey and Vaia 2007). Polymer 

nanocomposites represent a new alternative to conventionally filled polymers. 

Because of their nanometer sizes, filler dispersion nanocomposites exhibit marked 

improved properties when compared to pure polymers or their traditional composites. 

These include; (1) outstanding barrier properties, (2) increased modulus and strength, 

(3) improved solvent and heat resistance, (4) decreased flammability, (5) variation in 

Tg values of the polymer, (6) novel optical properties, (7) overall changes in physico-

chemical properties, (8) enhanced biocompatibility, and (9) raised bactericidal 

activity. In recent years, there has been an increasing interest in and studies on 

biodegradable polymeric materials for biomedical purposes. There is a large literature 

on the conducted and performed studies in the field of bionanocomposites. Table 5.1 

highlights some of the achievements and trends in this area combining soft biopolymer 

components with hard inorganic particles (Dwivedi et al. 2013). 

2.4.1. Polymer Nanocomposites In Antibacterial Medicine 

The potential for using a variety of polymer nanocomposites, including those 

based on chitosan (CS), poly(N-vinyl-2pyrrolidone) (PVP), poly(vinyl chloride) 

(PVC), and poly(vinyl alcohol) (PVA), as antibacterial goods is being investigated. In 

several polymer nanocomposites with antibacterial activity, Ag or its salts are utilized 

as fillers in addition to other nanoparticles. Aqueous acetic solution containing CS, 

poly (ethylene oxide), and AgNO3 was added. Electrospinning this polymer 

nanocomposite produced nanofibrous mats exhibiting antibacterial activity against 

Staphylococcus aureus and E. coli, with a larger inhibition zone for extract-exposed 

mats against the latter. To reduce Ag nanoparticle agglomeration, the biopolymer 

polyhydroxyalkanoat was utilized as a capping and stabilizing agent (22–43 nm).  This 

polymer's antimicrobial activity demonstrated an inhibitory impact on the Gram-

negative E. coli XLIB strain and the Lysini bacillus fusiformis strain (Grampositive). 

By decreasing poly(sodium 4-styrene sulfonate) (PSS), it was possible to make 

effective use of the ordered packing of polyelectrolyte multilayers on planar substrates 
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with horizontally oriented Ag nanoparticles. Ag nanoparticles with exposed low-

energy crystal faces have strong antibacterial properties. The production of 

horizontally oriented Ag nanoparticles is caused by the confinement of Ag atom and 

nanoparticle diffusion caused by the interaction of reduced Ag atoms and Ag 

nanoparticles with the -SO3 and -SO3H groups in PSS. This study sheds light on the 

connection between Ag nanoparticle properties and antibacterial function. By redox 

interactions between Ag(1) and catechol functional groups of polyurethane (PU) 

containing tannin, a variety of polymer nanocomposite coatings were created (TA). 

Catechol groups had two functions: they caused the reduction of Ag(1) to Ag(0) and 

gave PU antimicrobial properties. The poly(ethylene glycol) (PEG)/TA/nano Ag 

coatings were 100% resistant to Gram-positive and Gram-negative bacteria at 37 °C 

after 12 hours of incubation with a ratio of catechol: Ag(1) 2:1. Dual responsive semi-

interpenetrating polymer network hydrogels/Ag nanocomposites based on sodium 

alginate and poly (acrylamide-co-N-vinyl caprolactone-co-acrylamidoglycolic acid) 

shown outstanding antibacterial properties toward E. coli and Bacilli. Under static 

circumstances, as well as by the antibacterial activity against Staphylococcus aureus, 

the silver release from PVP/Ag nanocomposite was verified. The nanocomposite 

continued to have 20% of its original Ag content after 25 days. An efficient 

antibacterial system with outstanding activity against E. coli and adequate activity 

against Staphylococcus aureus has been demonstrated using medical grade PVC 

reinforced with Ag nanoparticles and semiconducting ZnO micro particles. Many 

antibacterial polymer nanocomposites also include polyolefins like polyethylene (PE) 

or polypropylene (PP). The cytotoxicity of PP/PVP/Ag nanoparticles for mammalian 

cells was demonstrated by a PP/PVP/Ag nanoparticles film, although they did have an 

antibacterial impact on Gram-negative E.Coli and Gram-positive Staphilococcus 

aureus. The bacterial pathogen Enterococcus fecalis has been reported to be 

preferentially inhibited by the poly(4-allyloxy-2H-chromen2-one)/Ag nanocomposite, 

with minimal inhibitor concentrations of 50 and 32 g mL-1, respectively. Moreover, 

the combination of poly(lactic acid) (PLA) and ZnO (3%) nanoparticles is 

antimicrobial. High levels of the nanofiller's dispersion encouraged nanocomposite 

photocatalysis and produced HO radicals with significant bacterial activity. Moreover, 

a certain Zn2C ion concentration has some effect on the polymer nanocomposite's 

antibacterial activity. An outstanding mechanically performing PLA/nano ZnO/Cu 

chlorophyll acid (CCA) polymer nanocomposite was made. It was demonstrated to 
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have a 99.9% antibacterial rate (R) against E. coli, however the addition of tolylene 

diisocyanate did not significantly reduce the antibacterial rate (R) (TDI). Research 

demonstrated that the PLA/ZnO/CCA/TDI polymer composite exhibited a potent 

antibacterial activity against E. coli that was over 99% effective. Together with other 

enhancements, adding graphene nanoplatelets to PLA that included PEG and 

epoxidized palm oil increased the antibacterial efficacy against E. coli. Staphylococcus 

aureus, Salmonella typhimurium, and Listeria, monocytogenes. Antimicrobial activity 

was proved also in the case of PP/ Cu polymer nanocomposite (Feldman 2016). 

 

Figure 0.4 Mechanisms for antimicrobial behavior of metal nanoparticles (Jiang et al. 2022). 

2.4.2. Polymer Nanocomposites And Tissue Engineering 

Polymer nanocomposites play an important role in TE and regenerative 

medicine. They can be used for producing scaffolds providing a 3D framework on 

which cells can proliferate and differentiate, secret extracellular matrix (ECM) and 

form functional tissue. The knowledge of cell biology, materials science and 

bioengineering provides the basics for TE that ai to regenerate different body tissues 

with specific properties and versatility. The design and fabrication of bioinspired 

nanomaterials for tissue engineering applications requires a fundamental 

understanding between polymer nanocomposites and cells. The use of polymer 

nanocomposite scaffolds for TE is rapidly expanding. Aspects relating to chemistry, 

biochemistry, materials science, orthopedics, and surgery are taken into account while 

designing a scaffold. The extracellular matrix or basement membrane of a particular 
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intended tissue must meet the mechanical, chemical, surface, and electrical properties 

of synthetic scaffolds. The four main tissues that make up the human body-nerve, 

muscle, epithelium, and connective can have a wide range of these features. In order 

to accurately replicate the extracellular matrix seen in living things, polymer films are 

converted into fibrous matrices with a decreasing fiber-size scale and an increasing 

porosity. High porosity and pore sizes that are conducive to cell development are a few 

of additional parameters for designing scaffolds. For instance, holes must have a 

specific size for bone cells (osteoblasts), which need them to proliferate and deposit 

new tissue. Conductive polymers (like PANi) have been demonstrated in the biological 

sector to be friendly to biological molecules and cells. Such polymers have a wide 

range of uses as biomaterial components that successfully transmit electrical impulses 

to the planted cells from an external source. Cardiomyocytes, neurons, and osteoblasts 

are just a few examples of cells that respond to electrical impulses by becoming more 

functional. A few polymer nanocomposites for TE also included hydroxyapatite 

(HAp), tricalcium phosphate (TCP), bioactive glass (BG), and other nanofillers 

including magnetic particles. A macromolecular magnetic scaffold consisting of PCL 

and magnetite (10 wt%) was the study's main focus. In this instance, the researchers 

were able to produce a magnetic polymer sponge with a high degree of porosity and 

magnetic filler dispersion. These features were verified by magnetic measurements, 

scanning electron microscopy (SEM) analysis, and X-ray computed tomography (m-

CAT). In order to enhance the mechanical and tribological characteristics of ultra-high 

molecular weight PE, bioceramic HAp was added to it. The bioceramic adds to the 

polymer by offering bioactive spots on its surface that can be occupied by osteoblast 

cells and subsequently bioresorb and be replaced by genuine bone cells. Applications 

for collagen nanocomposite with intercalated lamellar structure in hard tissue 

regeneration are also possible. Biomaterials made of natural or synthetic polymers aid 

in the organization of cells into functional tissues, but a patch's capacity to contract 

strongly as a unit is constrained by its weak conductivity. Gold nanowires with a 30 

nm diameter were integrated into an alginate matrix and used as a scaffold material to 

deliver electrical stimuli to promote the contractibility of the heart cells. After 

adsorption, au nanoparticles can assist proteins in maintaining their biological 

function. Such nanoparticles have been widely employed in the creation of 

electrochemical sensors and biosensors due to their enormous surface area and strong 

electrical characteristics. A PVA/waterborne-PU composite reinforced with TEMPO-
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oxidized cellulose nanofibers would be a desirable option for a material for tissue 

scaffolding, a filter, or a wound dressing (Feldman 2016). In tissue engineering, 

scaffolds aid in cell metabolite and nutrition transfer as well as cell adhesion, 

proliferation, and differentiation. While nanocomposite hydrogels can serve as 

scaffolds for tissue regeneration, they are unusable and weak mechanically. The 

addition of various nanoparticles, including carbon nanotubes and clay, can enhance 

the mechanical and functional qualities needed for tissue engineering. For instance, a 

nanocomposite hydrogel made of sodium alginate and carbon nanotubes demonstrated 

biocompatibility, an inflammatory response, and noncytotoxicity. Because of its 

improved qualities, nanocomposite hydrogel makes for ideal scaffolding materials 

(Kawaguchi et al. 2006). 

2.4.3. Polymer Nanocomposite For Drug Delivery System 

In order to absorb a lot of water, cross-linked hydrophilic polymers containing acidic, 

basic, or neutral monomers are known as nanocomposite hydrogels. Since they are 

biocompatible and biodegradable, many kinds of nanocomposite hydrogels have been 

employed in a variety of biological applications. In medical procedures, 

biotechnology, agricultural, and pharmaceutical applications, nanocomposite 

hydrogels are utilized as bioabsorbent materials for the delivery of pharmaceuticals as 

distinctive carriers (Yoshida et al. 1993). Inorganic components including silver, iron 

oxide, clay, gold, carbon nanotubes, hydroxyapatite, and tricalcium phosphate are 

found in nanocomposite hydrogels. Drug stability and slower, continuous drug release 

are both provided by the addition of nanoparticles to nanocomposite hydrogels, which 

also minimizes the effect of burst release (Satarkar and Zach Hilt 2008). They can be 

effective carriers to load and transport pharmaceuticals due to the regulated swelling 

ratio, mesh size, and diffusion coefficient of nanocomposite hydrogel. Nanocomposite 

hydrogels can store drug molecules for drug delivery thanks to interactions between 

the drug and the nanofiller. Drug release from the nanocomposite matrix is aided by 

variations in external stimuli such the magnetic field, electric field, temperature, and 

pH (Zhang et al. 2010). 
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2.4.4. Polymer Nanocomposite For Wound Dressing 

Inflammation, granulation tissue development, matrix remodeling, and re-

epithelialization are the four stages of the biological and biochemical process of wound 

healing (Baskovich et al. 2008). Wound dressings' primary purpose is to promote 

optimal healing and quicken the natural healing process (Rezayan et al. 2017). The 

presence of an acceptable level of moisture in the wound region has a significant 

impact on how quickly the lesion may heal. This creates a desired biological 

environment that offers the prerequisites for the intricate processes of wound healing. 

Each cell's and the tissue's metabolic activity can be increased, which is not possible 

in dry tissue (Hebeish and Sharaf 2015). By incorporating useful nanoparticles into the 

hydrogel matrix, nanocomposite hydrogels improve their ability to treat wounds. In 

order to halt bleeding, ease pain, and guard against infection, wounds are typically 

dressed using nanocomposite hydrogels. Nanocomposite hydrogels are great wound-

dressing materials with unique qualities including good swelling, tensile strength, and 

biocompatibility. Wound-dressing materials include foams, pastes, and films 

(Varshney 2007). Hydrogels made of poly(vinyl alcohol) nanocomposites are 

biocompatible, non-toxic, and have a high water absorption capacity without 

dissolving. Poly(vinyl alcohol) nanocomposite hydrogels are superior choices for 

dressing applications because to all these characteristics. Due to their excellent 

biocompatibility, cellulosic fibers have received the majority of interest for biomedical 

applications. When cellulosic materials are hydrolyzed with powerful acids (such as 

sulfuric or hydrochloric acid), crystalline rod-like nanoparticles known as "cellulose 

nanowhiskers" are created (Li et al. 2011). Three different kinds of hydrogels with 

excellent mechanical strength include topological gel, nanocomposite gel, and double 

network gel. Brown seaweed's natural polysaccharide, sodium alginate, has been 

employed as a new material in the treatment of wounds. Gels and foams that promote 

"wet healing" can be created using sodium alginate. Due to ionic crosslinking with 

calcium bridges between mannuronic acid and guluronic acid, sodium alginate may 

produce nanocomposite hydrogel in the presence of divalent (Ca2+) cation (Sun et al. 

2012). 
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2.5. Fabrication of Polymer Nanocomposite Films 

Polymer nanotechnology fundamentally involves the creation of polymer 

nanocomposites. The creation of nanocomposites is based on the assembly and 

interactions of molecular or polymeric species with inorganic nano-substrates. The 

procedures are as follows: (1) choosing and modifying a polymer for the matrix 

(continuous phase); (2) selecting a biocompatible nanostructured reinforced material; 

and (3) dispersing the discontinuous material inside the continuous phase. The in situ 

formation of the nanoparticles in the polymer matrix can be accomplished in one of 

two ways: by mixing the nano-precursor with the polymer matrix, or by using the 

"breath in and breath out technique," which causes the particles to form separately 

before being reinforced in the polymer matrix. The nanoparticles are successfully 

stabilized by the chemical and physical interactions between the particulate and 

polymeric phases, which also inhibit clustering or agglomeration. Both top-down and 

bottom-up methods can be used to fabricate objects at the nanoscale. Chemical 

reduction, reverse micellar synthesis, sol-gel process, microemulsion, co-precipitation, 

decomposition of organometallic compounds, hydrothermal routes, solution 

evaporation process, sonochemical ultrasonication, synthesis of bi-metallic 

nanoparticles in micellar medium at room temperature, gas condensation, laser 

pyrolysis are all discussed in a wide range of articles. Nanometer-sized particles have 

been created from various organic-inorganic particles to improve the characteristics of 

composite materials. Metal (Al, Fe, Au, Ag, etc.); metal oxide (ZnO, Al2O3, CaCO3, 

TiO2, etc.); non-metal oxide (SiO2); and other particles have been utilized to form 

polymer/inorganic particle nanocomposites (SiC). The nanoparticles used are chosen 

based on the desired qualities and application of the nanocomposites (Dwivedi et al. 

2013). 

2.5.1. Solvent Casting Method 

Among the various polymer composite film production techniques, the solvent 

casting method is applicable, preferable and undoubtedly a widely used method; It is 

highly preferred because of its simple production process and low processing cost. The 

production procedure and parameters of thin composite films by solvent casting 

method are shown in Figure 2.5 (Akiyode and Boateng 2018). In solvent casting 

method water soluble polymers are dissolved in water and the drug along with other 
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excipients is dissolved in suitable solvent then both the solutions are mixed and stirred 

and finally casted in to the petri plate and dried (Luchina et al. 1975). 

 

Figure 0.5 Schematic diagram of solvent casting process (Khan et.al., 2018). 

As they affect the drying rate, the thickness of the film, the morphology as well 

as the material uniformity of the films, the rheological properties of the polymeric 

mixture should be taken into account. The mixing method may unintentionally 

introduce air bubbles into the liquid; de-aeration is therefore a prerequisite for 

obtaining a homogeneous substance. They are left to dry after casting the solution onto 

an appropriate substrate to allow the solvent to evaporate, leaving a polymeric film 

with a drug on it. Based on the required dosage of the shaped strip, it is cut into the 

necessary shape and size following the full drying of the film. In certain cases, before 

cutting, the strips are rolled and held for a certain amount of time, which in an industry 

is known as 'rollstock'. However, because a film is susceptible to damage, it should not 

be exposed for too long. If necessary, in order to preserve its stability, it should be cut 

and wrapped directly after preparation. The film obtained by solvent casting has many 

benefits, such as improved physical properties, simple and low-cost manufacturing and 

excellent thickness uniformity (Karki et al. 2016). 

2.5.2. Green Synthesis Of Metallic Nanoparticles 

Environmental pollution and climate change have become insurmountable with 

the use of toxic wastes and raw materials, non-recyclable polymer packaging waste, 

and ingredients harmful to nature and human health. With the depletion of natural 

resources and the increase in the amount of pollution, the crisis that arose around the 

world led governments to create regulatory and preventive regulations. The European 
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Union (EU) is leading the way as the largest community that takes the biggest steps in 

this regard and fights the climate crisis. In this direction, the European Commission 

has initiated studies on protecting the ecosystem and diversity, the use of recyclable 

and natural-content polymer packaging, and sustainable raw materials with the Green 

Deal Action Plan (Bernstein et al. 2022; Fayet et al. 2022; Miłek et al. 2022). Similarly, 

research institutions and various communities contribute to the creation of a greener 

and cleaner environment by starting studies on the climate crisis, the increase of toxic 

poisoning, and the production and use of renewable resources. Promoting the use and 

reproduction of products produced with green production methods and clean 

ingredients is one of these studies. Green production is an approach that does not show 

toxic properties, is environmentally friendly, prevents waste generation, and does not 

pose a threat to human and animal health. This approach, which is realized by using 

plant extracts, natural ingredients, antioxidants, animal-based raw materials, provides 

economic products, ease of production, low energy consumption and the use of 

renewable energy sources. 

Green synthesized metallic nanoparticles suitable for many industrial 

applications along the lines of antibacterial coatings (Huq et al. 2022; Martorana et al. 

2022; Ahmed et al. 2022b), bandages (Senthamarai Kannan et al. 2022), textiles (Tahir 

et al. 2022; Sadeghi-Kiakhani et al. 2022), wallpapers (Elangovan et al. 2022), 

biomaterials (Subha et al. 2022; Nicolae-Maranciuc et al. 2022; Selvamani et al. 2022) 

and packaging (Martínez-Molina et al. 2022; Srichiangsa et al. 2022). As another 

industrial application, Yontar et al. (Yontar et al. 2022) have shown that polymer 

nanocomposite films produced by modification of plant extracts to PVA exhibit 

photocatalytic properties and provide dye removal from water.  

Plant extracts have been the most preferred natural ingredients in green 

production (Jouyandeh et al. 2022; Moshood et al. 2022a, 2022b; Torricelli et al. 2022; 

Vidal et al. 2022; Yontar et al. 2022). Plant extracts provide the green synthesis of 

metallic (gold, copper and silver) nanoparticles with their polyphenols, alcoholic 

compounds, terpenoids, quinones, antioxidants, glutathiones, organic acid, alkaloids 

(-OH) groups and minerals (Alharbi et al. 2022a; Lomelí-Rosales et al. 2022; Nieto-

Maldonado et al. 2022; Oves et al. 2022; Parmar and Sanyal 2022). Apart from this, 

they can also be used in the production of polymer nanocomposites exhibiting 

photocatalytic properties (Yontar et al. 2022). The fact that they have natural, cheap 
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and renewable properties has made plant extracts one of the important raw materials 

in green production methods. The green synthesis method allows metallic 

nanoparticles to be synthesized from metal salts without the use of any toxic chemicals 

or alcohol. Schematic draw of green synthesis of nano metal particles using extracts 

from different parts of plants is shown in Figure 2.6. Since the green synthesis method 

does not require the use of expensive raw materials, it has low production costs and 

energy consumption. Thanks to this method, antibacterial materials that do not harm 

the environment and human health can be easily produced (Oves et al. 2022; Parmar 

and Sanyal 2022). One of the important types of metallic nanoparticles synthesized 

naturally using plant extracts is silver. Silver nanoparticles show good antibacterial, 

catalytic,  antifungal, and antioxidant properties  and exhibit various applications in 

synthesis, drug delivery, anti-cancer, bio-detection, biomedical applications, as well 

as in environmental remediation (Garg et al. 2022; Balachandar et al. 2022). While 

nano silver exhibits toxic properties on bacteria, it does not cause toxic effects in 

humans. Although the antibacterial action mechanism of nano silver has not been fully 

proven in the literature, it has been explained that two different bacteriostatic 

interactions occur. Silver oxidizes on the surface of AgNPs and generates superoxide 

radicals and other reactive oxygen species, inducing the production of reactive oxygen 

species (ROS) and killing bacteria. Oxidative stress and Ag+ release caused by AgNPs 

are the main theories that are effective in the functioning of the antibacterial effect 

mechanism (Zhao et al. 2022). Another mechanism is the application of antimicrobial 

activities through a bactericidal mechanism where AgNPs adhere to the cell wall and 

react with membrane proteins. It has been stated in various studies that AgNPs attack 

the DNA mechanism in the cells as well as the respiratory chain, that their direct 

contact with bacteria causes cell damage, and that Ag+ released by AgNPs can cause 

cytotoxicity and lead to the death of bacteria (Ong and Nyam 2022; Zhao et al. 2022; 

Bapat et al. 2022; Garg et al. 2022). 
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Figure 0.6 Green synthesis of nano metal particles using extracts from different parts of plants 

(Ying et al. 2022). 

2.5.3. Applications of Nanomaterials and Particles in Dentistry 

The use of nanoparticles (NP) for the treatment and prevention of dental 

infections and illnesses is currently being investigated. There are several forms of NPs, 

which are generically classed as inorganic and organic NPs. Semiconductors (ZnO, 

ZnS, quantum dots), metallic NPs (gold, silver, copper, aluminum, platinum), and 

magnetic NPs (cobalt, iron, nickel, iron oxide) are examples of inorganic NPs; organic 

NPs include carbon (fullerenes, carbon nanotubes) and polymeric (chitosan, 

liposomes) NPs. As illustrated in Figure 2.7, all of these nanoparticles are effective in 

a variety of experimental dental and oral applications. These nanoparticles are used to 

prevent and treat oral disorders such as restorative, prosthetic, endodontic, periodontal, 

and dental caries through treatments and implants (Zare and Shabani 2016; Rafique et 

al. 2017; Makvandi et al. 2021). 
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Figure 0.7 Applications of organic and inorganic nanomaterials in dental treatment and care 

(Ahmed et al. 2022a). 

2.5.4. The Role of AgNPs in Dental Treatments 

AgNPs are used in various fields of dentistry (restorative, prosthetic, 

endodontics, implantology and periodontology) to prevent caries, infections and to 

treat oral cancers. When AgNPs are modified into composite resins, they do not alter 

the inherent mechanical and biological properties and impart significant antimicrobial 

properties to the nanocomposite material even when low AgNP concentrations are 

used. It is also known that AgNPs can reduce microleakage in the root canal system 

and can be used instead of sodium hypochlorite (NaOCl) as canal irrigation. AgNP-

based irrigation solution has a similar effect with NaOCl in the elimination of E. 

Faecalis. Although the two solutions are effective for their antibacterial activity, 

irrigants with AgNP have the added benefit of removing the smear layer, which can 

enhance the ability of AgNPs to interact with bacteria. By using AgNPs with 
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antimicrobial properties and nanocomposites containing restorative agents, the 

incidence or recurrence of caries due to microleakage can be reduced. AgNPs, which 

can stimulate the regeneration of mammalian cells, can also eradicate periodontal 

diseases.  

AgNPs do not exhibit significant cytotoxicity when immobilized on sand-

blasted, coarse-grained and acid-etched titanium surfaces, but inhibit the growth of S. 

aureus and F. nucleatum. These results showed that by coating the titanium implants 

with AgNPs, the implants can be equipped with balanced antibacterial and osteogenic 

functions, which bodes well for safe and long-term clinical applications. 

Commercially produced AgNPs (Nano-world Company, Kolkata, India) have a 

Minimum Inhibitory Concentration (between 2.82 and 90 µg/mL) against S. mutans, 

Streptococcus oralis, C. albicans, L. acidophilus and Lactobacillus fermentum. MIC) 

value. The amount of AgNPs required to inhibit bacterial growth is similar to that of 

conventional antimicrobial agents such as CHX, SDF and 70% isopropanol. The 

effects of silver particles were not diminished when formulated into dental products 

such as toothpaste. Toothpaste containing AgNP (TruCareNanosilver) had the highest 

antibacterial activity against S. mutans compared to those containing chitosan 

(Conybio Plus Chitosan Dental) and fluoride (Oral B Pro Health). This validates the 

efficacy of AgNP-based dental formulations for plaque control and prevention of 

dental caries or infections, achieving significant clinical effects with less bystander 

toxicity (Chien et al. 2018; Rani et al. 2015). 

 

Figure 0.8 Application of nanoparticles (NPs) contained in oral care products (Carrouel et 

al.2020). 
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3.  MATERIALS AND METHOD 

3.1. Starting Materials 

3.1.1. Chemicals  

PVA average molecular weight Mw = 95.000 g/mol, 99% hydrolyzed purchased 

from Sigma–Aldrich Germany were used without further treatment or purification. 

Silver nitrate (AgNO3) and plant extracts were used in the synthesis of silver 

nanoparticles. Silver nitrate (AgNO3) salt (99%) was acquired from Sigma Aldrich. 

For the fabrication of colloidal solutions propanol solvent was also supplied from 

Merck KGaA, Germany. All the starting materials are analytic grade and used without 

further purification. 

3.1.3. Plant Types and Extract Preparation 

For the production and characterization of polymer coating material containing plant 

extracts, polymer nanocomposite films were produced by solvent casting method. For 

the production of nano silver particles, which are also used for films to have 

antibacterial properties, with green synthesis, production was carried out with two 

different plant groups. Similarly, films were produced using two different plant extract 

groups. In this way, the effects of plants on the properties of the films and the properties 

of green synthesized nano silvers were compared. Production was made with Hemp 

Seed/St. St. John's Wort and Rosemary/Cherry Laurel plant groups. According to the 

results obtained, it has been determined that the best properties will be obtained by 

using Hemp Seeds/St. John's Wort plant extracts in the solution to be produced for 

coating. Hemp seeds, St. John's Wort and rosemary were collected from the local 

market, the Cherry Laurel leaves were collected from wild nature and all plants were 

washed adequately with DI water. After cleaning, Cherry Laurel was cut into fine 

pieces and dried in the oven. There are different organic acids, phenolic and hydroxyl 

groups in each different plant (Alharbi et al. 2022b; Martínez-Cabanas et al. 2021). 

Hydroxyl groups are simple structures consisting of two lone pairs bonded to a 

hydrogen atom and an oxygen atom. They easily combine into hydrogen bonds to form 

an ion with a net positive or negative charge. This group can also participate in 

chemical reactions to link molecules together and form chains of sugars or fatty acids. 

The addition of a hydroxyl group converts many organic compounds to alcohols, 

increasing the solubility of the structure in water (Ivanets et al. 2021; Li et al. 2019a). 
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Hemp seeds contain carboxylic acids (cannabigerolic acid and cannabidiolic 

acid), antioxidants, flavonoids and canniprene (Csakvari et al. 2021b), St. John's Wort 

contains flavonoids, antioxidants, hypericins, hyperforins, mono- and polysaccharides, 

phenolic acids (Alahmad et al. 2021b), Rosemary polyphenolic acids (e.g., 

flarosmarinic acid). e.g., apigenin and luteolin), and triterpenes (e.g., ursolic and 

betulinic acid) contain caffeic acids (Lešnik et al. 2021a), while Cherry Laurel contains 

chlorogenic acid, o-coumaric acid, Apigenin 7-glucoside, quercetin 3-glucoside, 

naringenin (Karabegović et al. 2014). 

To prepare the plant extracts, 20 g of each plant species, were added to 150 mL 

of DI water, and after heating at 90 ˚C for 60 minutes, the plant extract mixture was 

filtered to remove coarse particles. For the production of each film sample, 10 mL of 

the plant extract mixture, which continued to be mixed homogeneously, was used. In 

this way, the highest homogeneous concentrations of plant extracts were modified for 

each individual film sample. The properties, names and applications of plants types 

used in study are shown in Figure 3.1. The prepared plant extract solutions are shown 

in Figure 3.2. 

 

Figure 3.1 Plants used in polymer nanocomposite films, their properties and applications. 
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Figure 3.2 Plant extracts for production. 

3.1.1. Substrates  

The produced polymer nanocomposites were coated by electrospray deposition 

method on Ti6Al4V alloy, which is widely used in the production of dental metallic 

biomaterials. The chemical composition of Ti-6Al-4V substrates are given in Table 

3.1. Square substrates of 2 mm thickness and 1.5x1.5 mm width were cut by laser 

cutting device in order to cover 4 substrates at the same time to fit on the table of the 

electrospray deposition device. Firstly, the surfaces of the cutted substrates were 

sanded and then was roughened by etching with an etching solution. In this way, the 

surface was made ready for the coating process. The solution used for etching the 

surfaces was prepared with 10 mL of water, 5 mL of nitric acid and 5 mL of sulfuric 

acid. Surface images of metal substrates before and after etching are shown in Figure 

3.3.  

Table 3.1 Chemical composition of Ti-6Al-4V. 

Element Weight (%) 

Ti Remaining main part 

AI 5.5-6.5 

V 3.5-4.5 

Fe 0.25 

C 0.08 

N 0.05 

H 0.012 

O 0.13 
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Figure 3.3 Ti6Al4V substrates before and after etching process. 

3.2 Coating Fabrication  

3.2.1. Green Synthesize Of Silver Nanoparticles  

Production of nano silvers was executed with green synthesis method. Nano 

silver synthesis was carried out considering the synthesis parameters used in the 

studies in the literature (Ahmed and Mustafa 2020; Jalilian et al. 2020; 

Varadavenkatesan et al. 2019). In order to prepare the plant extracts, 20 g of dried 

herbs was added in 150 mL of DI water and heated for about 30 minutes at a temperate 

of 90 ˚C and then filtered. As the first step in nano silver synthesis 0.1 mM AgNO3 

solution was prepared. 0.1 mM concentration of AgNO3 was prepared (0.6 g of AgNO3 

salt was added in 36 mL DI water) and stirred magnetically at room temperature until 

a homogeneous solution was obtained. 4 mL of plant extracts were added to each 

separated two different AgNO3 solutions and mixing was continued until the the color 

of the reaction mixture turns transparent to dark brown. After 5 minutes the solutions 

were almost black in color which preliminarily indicates the formation of AgNPs and 

then mixing was stopped. The solution was filtered and the nano silver powders were 

ultrasonically washed in distilled water. The nano silver particles obtained from the 

last filtered solutions after drying in an oven at 35 ˚C for 2 h. The impact of plant 

extract on the fabrication of AgNPs was also observed by varying the type of plants. 

Figure 3.4 shows the process of obtaining nano silver powders from plant extracts. The 

color changes of the solutions are clearly visible in the photos. 
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Figure 3.4 The process of synthesized nano silver particles from plant extracts. 

3.2.2. Production of Plant Extract and Silver Nanoparticle Modified PVA 

nanocomposite films  

Among the various polymer composite film production techniques, the solvent 

casting method is the easiest applicable, cost- effective, preferable and undoubtedly a 

widely used method. In solvent casting method, water soluble polymers are dissolved 

in water and the other additives is dissolved in suitable solvent then both the solutions 

are mixed and stirred and finally casted in to the petri dishes and dried (Salević et al. 

2022). The production of biopolymer nano-composite material containing plant 

extracts (Hemp Seeds, St. John's Wort, rosemary and Cherry Laurel leaves) was 

carried out by solvent casting method. In the preparation of polymer nanocomposite 

films, the PVA ratio was prepared with reference to the study of Yontar et al. (Yontar 

et al. 2022) The rate of silver nanoparticle modification used in the films was 

determined as 1% based on similar studies (Srikhao et al. 2021; Bulla et al. 2021; 

Aljohny et al. 2021; Ragab and Rajeh 2020; Htwe and Mariatti 2020; 2020; 2020). 

These mixing ratios belong to the films showing the most optimum properties. The 
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produced composite films were producted in groups with and without AgNPs 

modification. In total 4 groups of polymer composite films were manufactured. The 

film groups and their ingredients in percentage by weights are given in Table 3.2. 

Group A and B polymer composite films do not contain AgNPs. Plant extracts used in 

group A were hemp seeds and St. John's Wort. In group B, rosemary and Cherry Laurel 

leaf extracts were used. The ingredients of PVA composite films with AgNPs modified 

are are hemp seeds and St. John's Wort extract in group C films, and rosemary and 

Cherry Laurel leaf extracts in group D films. AgNPs were used with the same ratios in 

both plant extract modified sample groups. Neat sample also produced for comparisons 

with other modified sample groups. 

Table 3.2 The film groups and their ingredient in percentage by weight. 

Neat A B C D 

PVA (4 g) Hemp Seeds    

(5 mL) 

Rosemary(5 

mL) 

Hemp Seeds         

(5 mL) 

Rosemary (5 

mL) 

DI water 

(40 mL)  

St. John's Wort 

(5 mL) 

Cherry Laurel 

Leaves (5 mL) 

St. John's Wort     

(5 mL) 

Cherry Laurel 

Leaves (5 mL) 

 PVA (4 g) PVA (4 g) AgNPs (0.05 g) AgNPs (0.05 g) 

 DI water (30 

mL) 

DI water (30 

mL) 

PVA (4 g) PVA (4 g) 

   DI water (30 mL) DI water (30 mL) 

The first step in the production of polymer nanocomposite films was to prepare 

the PVA solution. 4 g of PVA powder was dissolved in 40 mL DI water in a beaker at 

90 ˚C for 1 h by constant stirring to form homogeneous solution. After the PVA was 

dissolved in water, 10 mL of plant extracts (Hemp seeds-St. John’s Wort and Cherry 

Laurel-Rosemary) and 0.5 g AgNPs were added separately with 40 mL PVA solutions 

and the resulting mixture was stirred for 1 h at 90 ˚C. Stirring was continued for 1 hour 

under 90˚C temperature until all the combined ingredients were homogeneous.  

After perapering the solutions, the polymer mixtures were poured into petri 

dishes to form as a thin films and kept in an oven at 40 ˚C for 24 hours. Figure 3.5 

shows the production process of polymer nanocomposite films and their images. These 

films are termed as plant extract-PVA/AgNPs nanocomposite films. The neat sample, 

seen as the lightest color in Figure 3.6, is the PVA thin film without any additives or 

modifications. In the Figure 3.6, the yellow and light brown films are polymer 
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composite film containing plant extracts. The black colored samples are AgNPs and 

plant excract modified  PVA nanocomposite films. The thickness of the produced 

nanocomposite films was measured as 1 mm. Polymer nanocomposites, which are 

successfully produced using plant extracts, nano silver and PVA by using solvent 

casting method, have many uses such as health, water purification, coating, 

photocatalytic applications. The areas where the produced films can be used are shown 

in Figure 3.7 with a schematic drawing. 

 

Figure 3.5 Polymer nanocomposite films production process. 
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Figure 3.6 Polymer nanocomposite films produced by solvent casting method. 

 

Figure 3.7 Various usage areas of polymer nanocomposites produced with plant extracts, nano 

silver and PVA. 
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3.2.3. Electrospray Deposition  

After surface preparation processes were completed, substrates were placed on 

the electropray device panel and coating processes were carried out. The mixture of 

Hemp seeds and St. John's Wort extracts has been the plant group used in the coating 

material, since the polymer films it is modified show photocatalytic properties, 

increase the mechanical strength, increase the water absorption capacity, and enable 

nano silvers to be produced in smaller sizes by green synthesis. The solution groups 

prepared for the coating process and their contents are given in Table 3.3. When the 

literature is examined (Alcudia et al. 2022), there is no toxic effect when the nano 

silver ratio used in the material is kept at 0.4%. Therefore, coating solutions were 

prepared within the framework of this ratio. 0.05%, 0.1, 0.3 and 0.5% nano silver were 

used in the prepared solutions. In the study, coating processes made with 10% PVA 

solutions were unsuccessful. The coating surfaces appeared rough and 

inhomogeneous. Failed coating attempts and surfaces are shown in Figure 3.8. For this 

reason, the ratio of PVA used in coating solutions was determined as 8% and also 

taking into account the previous studies. Isopropyl alcohol was added to each solution 

so that the prepared polymer solutions could be mixed homogeneously and sprayed 

from the needle without precipitation during electrospray coating. Coating processes 

were carried out with a speed of 0.020 mL/min and a power of 15 V for 35 minutes 

with 5 mL solutions. As the coating time increased, the coating solution was kept at 5 

mL and the coating time for 35 minutes due to the roughening of the coating surfaces 

and the non-homogeneous spraying of the nanoparticles on the substrates. The coating 

process was carried out by spraying the solutions on the metal base from the syringe. 

The electrospray device used for coating is shown in Figure 3.9. Surface images of the 

successfully coated substrates with %8 PVA mixing solutions are shown in Figure 

3.10. 

Green synthesized nano silver and plant extracts (Hemps seeds and St. John's 

Wort) modified polymer nanocomposite material produced and developed in the thesis 

study were successfully coated on Ti6Al4V alloy substrates by electrospray method. 

Coating thicknesses were measured by SEM analysis as an average of 27 µm. 
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Table 3.3 Coating solution groups and their contents. 

SAMPLE 

NAMES 

INGREDIENTS 

PVA DI water Isopropyl 

Alcohol 

Hemp Seeds 

And 

St. John's Wort 

Extract 

AgNPs 

Neat %8 4 mL 1 mL - - 

A %8 1.5 mL 1 mL 2.5 mL - 

B %8 1.5 mL 1 mL 2.5 mL %0.05 

C %8 1.5 mL 1 mL 2.5 mL %0.1 

D %8 1.5 mL 1 mL 2.5 mL %0.3 

E %8 1.5 mL 1 mL 2.5 mL %0.5 

 

Figure 3.8 Unsuccessful coating preliminary trials made with 10% PVA solutions. 
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Figure 3.9 Electrospray deposition system. 

 

Figure 3.10 Ti6Al4V substrates coated with the electrospray method, Neat, (A) Plant extract 

modified, (B) Plant extract and 0.05% AgNPs modified, (C) Plant extract and 0.1% 

AgNPs modified, (D) Plant extract and 0.3% AgNPs modified and (E) Plant extract 

and 0.5% AgNPs modified PVA. 
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4. RESULTS AND DISCUSSION 

4.1. Characterizations of Polymer Nanocomposite Coating Films 

4.1.1. Microstructural Analysis 

The determination of the minerals that come from the elements in plant extracts 

was carried out by EDS analysis. EDS was performed for each plant extract group 

separately and the elemental contents were obtained by spectrum analysis. It was seen 

from the EDS spectrum results given in Figure 4.1 that all plant types used in the study 

contained minerals of K, Mg, Ca and P elements. Mineral types found in plant extracts 

(Hemp Seeds, St.John’s Wort, Rosemary and Cherry Laurel) have also been 

determined by previous studies, and similar minerals have been found (Farinon et al. 

2020; García-Galdeano et al. 2020; Macit 2021; Zvezdanović et al. 2021). 

 



 

38 

 

 

 



 

39 

 

 

Figure 4.1 SEM images and EDS results of of a) Hemp Seeds, b) St.John’s Wort, c) Rosemary 

and d) Cherry Laurel extracts. 

The microstructural characterization and EDS chemical mapping of samples 

were observed by a JEOL 7001F Field Emission (FE) Scanning Electron Microscope 

with an EDS attachment which has an 80 mm2 X-MAX detector. SEM analysis was 

performed on all the polymer nanocomposite films and examined the size and 

distribution of green synthesized silver nanoparticles by two different plant groups. 

SEM images were examined and the effect of plant groups on nano silver production 

with green synthesis was compared. Semi quantitative chemical analysis on samples 

was performed by energy dispersive spectroscopy (EDS). The compositions of 

nanocomposite films were determined from EDS spectrum and map analysis. The 

presence of Ag elements on the surface of the prepared composite film samples were 

determined by EDS. 

Nanocomposite films and neat film were cut into 1x1mm squares and examined 

by SEM. The effects of the plant extract types used in the green synthesis process on 

the sizes and shapes of the synthesized silver nanoparticles were investigated with 

SEM images. The SEM image of the neat sample reveals that the film was produced 

smoothly and homogeneously, without any additives and as can be seen it is colorless. 

When A and B samples were examined, it was observed that the particles come from 

plant extracts were homogeneously dispersed in the polymer matrix. Green 

synthesized AgNPs were clearly detected in SEM images and are shown in Figure 4.2.  
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The spherical and white colored particles seen in Figure 4.2 were AgNPs. AgNPs 

synthesized with Hemp/St.John's Wort were more rounded and homogeneous, while 

AgNPs synthesized with Rosemary/Cherry Laurel were more irregular in shape.  As 

can be seen clearly in Figure 4.2(c)-(d), green synthesized AgNPs with Hemps Seeds 

and St.John’s Wort extracts are smaller in size than the synthesized with 

Rosemary/Cherry Laurel and in both samples AgNPs were distributed homogeneously 

in the matrix. Table 4.2 also shows this differences in crystallite sizes with the Debye-

Scherer's calculation and found for C and D samples respectively, 12 nm  and 21 nm. 

The sizes of nano silvers were found to be similar to the nanoparticle sizes bio-

synthesized by Uzunoğlu et.al.,(2020). Differences in the sizes of green-synthesized 

AgNPs according to plant extracts may occur due to many factors, as mentioned in M. 

Prakash et.al's study. Parameters such as concentration, pH, timing, and temperature 

of the plant extract and metal salt solution influence the size, shape and purity of the 

synthesized nanoparticles. Since it changes the shape, structure and yield of 

nanoparticles by affecting the structure of metal ions, one of the most effective 

parameters is the pH of the reaction medium (Prakash et al. 2022).  Aldeen T.S. et.al. 

explained the nanoparticle synthesis mechanism with through the interaction of 

positively charged metal ions with polyphenols and OH ̄  groups that comes from plant 

extracts (Aldeen et al. 2022). The electrochemical potential difference that occurs in 

the solution is the main reason behind the interaction of ionic silver and secondary 

metabolite components. Secondary metabolites include flavonoids, tannins, 

polyphenols, and gallic acid contains high concentrations of –OH groups. The 

hydroxyl groups present in polyphenols are oxidized and release electrons. These 

electrons are involved in the reduction of Ag+. After atomic silver Ag0 formation, NPs 

are formed by agglomerations and these reactions are called nucleation. Polyphenols 

complexing with metallic silver and binding with biomolecules provide stabilization 

of nanoparticles (Perveen et al. 2021). Since Hemp Seeds and St. John's Wort 

(Alahmad et al. 2021a; Csakvari et al. 2021a) are quite rich in flavonoids compared to 

Rosemary and Cherry Laurel (Csakvari et al. 2021a; Lešnik et al. 2021b), AgNPs sizes 

are smaller and properly shaped, since they perform the reduction and stabilization of 

silver ions more effectively. Apart from secondary metabolites, another important 

factor effective in green synthesis was pH. It has been shown that when the solution 

pH is more basic, it enables the synthesis of nanoparticles in smaller sizes compared 

to acidic environments and prevents their agglomeration (Drummer et al. 2021; 
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Chandhru et al. 2022). While the pH value of AgNPs solution synthesized with Hemp 

seeds and St. John's Wort extracts was 5.5, the pH value of AgNPs solution synthesized 

with Rosemary and Cherry Laurel extracts was found to be 4.7. The size, morphology 

and agglomeration differences of AgNPs synthesized with Hemp seed-St. St. John's 

Wort and Rosemary-Cherry Laurel plant groups used in the study can be explained by 

the reasons mentioned. It has been revealed that nanoparticles synthesized with Hemp 

seeds- St John's Wort plant extracts are clearly more homogeneous, have smaller 

dimensions, and undergo less agglomeration. 
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Figure 4.2 SEM images of a) Hemp/St.John’s Wort-PVA. b) Rosemary/Cherry Laurel-PVA. 

c) AgNPs- Hemp/St.John’s Wort-PVA and d) AgNPs- Rosemary/Cherry Laurel-

PVA nanocomposite films and neat film. 

When the EDS mapping was examined in Figure 4.3, it was seen that the silver 

nanoparticles were present and homogeneously distributed over the entire C sample 

surface. In some regions silver nanoparticles undergo agglomeration but the amount 

was at low level. EDS spectrum analysis was performed on the C sample and results 

are also shown in Figure 4.3(a). White dots in the sample surface are silver nano 

particles. In addition, in the results of the mapping and spectrum analyz, it was 

observed that there were also C and O main elements along the entire surface, apart 

from Ag. The amount of Ag on the sample surface is about 65.7% by volume. This 

ratio shows that the produced C sample is much more rich in AgNPs. 

        Similarly, in the Figure 4.3(b) EDS mapping and spectrum analyzes  of the D 

sample, the presence of AgNPs can be distinguished. However, when the mapping 

analysis image in Figure 4.3(b) is examined, it can be seen that AgNPs agglomerated 

and were locally dispersed in the film. As in the C sample, the presence of C and O 

main elements is observed in this D sample as well. It is assumed that the basic C and 
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O elements seen in the EDS spectrum analysis come from the structure of PVA or 

from different factors. It is also given in the results of the EDS analysis found in similar 

studies (Li et al. 2022; Mokhtari-Hosseini et al. 2022a). Beside that, it was seen that 

the Ag element ratio in the D sample is 25% and this value is 40% less when compared 

to C sample. According to the SEM and EDS results, the rate of AgNPs synthesized 

green with Hemp seeds and St. John's Wort plant extracts was higher, and nanoparticle 

sizes could be synthesized in smaller sizes. Nevertheless Rosemary and Cherry Laurel 

leaves were also successful in the production of AgNPs by green synthesis. 

 

Figure 4.3 EDS mapping and spectrum analysis results of (a) AgNPs-Hemp-St.John’s Wort 

nanocomposite and (b) AgNPs-Rosemary-Cherry Laure nanocomposite films. 
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4.1.2. X-Ray Diffraction Analysis 

The film substrates were characterized using XRD with Rigaku Smart Lab CuKα 

radiation monochromatic filter in the range 20°–80°. XRD analyzes of silver and plant 

added films and only plant added films were carried out separately and the presence 

and crystallite sizes of silver nanoparticles were investigated. Debye-Scherer's 

equation 4.1 was used to calculate the crystallites size and microstrain of silver 

nanoparticles. Debye-Scherer's equation is;  

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 (4.1) 

where D is the Crystallites size (nm), K the so-called shape or geometry factor 

which usually takes a value of about 0.9 (Scherer constant), λ the X-ray wavelength (k 

= 0.1541 nm), β the full width at half maximum (FWHM) of diffraction peak and ‘‘θ’’ 

the diffraction angle. 

Williamson-Hall (W–H) equation 4.2 used for microstrain calculations. The 

microstrain values of AgNPs crystallites have been calculated by using W–H relation 

using the XRD peaks and the equation is; 

𝛣𝑐𝑜𝑠𝜃 =  (
𝑘𝜆

𝐷
) + 4𝜀𝑠𝑖𝑛𝜃 

𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑟𝑎𝑖𝑛(𝜀) =
𝛽

4𝑡𝑎𝑛𝜃
 

(4.2) 

XRD analyses were performed on 1x1 mm-sized film samples. The XRD 

patterns of neat pure PVA film and the nanocomposite films prepared with Plant 

Extract/AgNPs are depicted in the range of 10° ≤ 2θ ≥ 80° at room temperature with 

the rate of 2°/min. XRD analysis pattern results are shown in Figure 4.4. Neat sample 

which is pure PVA indicates a diffraction band at 2θ = 19.50°, which is attributed to 

the partially crystalline nature as a result of strong intermolecular hydrogen bonding 

between the PVA chains (Darwish et al. 2022). It was observed that the intensity of 

the main peak at 2θ = 19.50° decreased with AgNPs/Plant Extract modifications in the 

PVA matrix. All the prominent peaks (111), (200) and (220) and (311) at 2θ values of 

approximately 38˚, 44.2˚, 64.4˚, 77.6˚ reflects represent Bragg's reflections of the face-

centred cubic (fcc) structure of silver and this results was found to similar in (Mudhafar 
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et al. 2022; Mokhtari-Hosseini et al. 2022b; Rajati et al. 2022) studies. The broadening 

of peaks in the X-ray diffraction pattern is generally related to smaller particle size. 

The XRD patterns clearly exhibit the presence of silver nanoparticles in 

nanocomposite forms. Since crystal structure formation did not occur in A and B 

samples, sharp peaks were not obtained in the XRD results. 

FWHM and peak positions were determined from XRD and then calculated the 

crystallites sizes and microstrains of film samples and shown in Table 4.1. Crystallite 

size in monodisperse microstructures is usually approximated from X-ray diffraction 

patterns and grain size by other experimental techniques like transmission electron 

microscopy. A crystallite is a small or even microscopic crystal which forms, for 

example, during the cooling of many materials. The term is often used to refer to the 

size of individual crystalline domains in a material, such as nanoparticles, 

nanopowders, colloids, gels, and spray-dried agglomerates. In general, it corresponds 

to the coherent volume in the material for the corresponding diffraction peak. 

Sometimes it also corresponds to the size of nanoparticle grains (Abdul Halim et al. 

2023; Al-Bermany et al. 2023; Donya et al. 2020; Morad et al. 2020; Sharif et al. 

2022). 

Average AgNPs crystallites size in C sample calculated to be 12 nm and in D 

sample calculated to be 21 nm. Also microstrain values were found 38x10-3 for C and 

16x10-3 for D samples. The variation of lattice strain of the films shows that the 

microstrain is tensile (ε>0). Many factors can influence the structural properties of 

films like crystallinity state, preferential orientation, grain size, microstrain as well as 

the dislocation density, might be related, change of the film thickness, change of the 

concentrations of solution and nanoparticle sizes during production process (Dolabella 

et al. 2022; Shaaban et al. 2009). The calculated microstrain values for sample C is 

approximately 2.5 times higher than D sample. Due to the smaller size of AgNPs in 

sample C, the total surface area of the particles was higher. The factor that causes this 

situation is due to the fact that the microtension in a crystallite depends on the average 

crystallite size. In the literature, it has been mentioned that this behavior of nano-sized 

particles causes the spacing between planes to decrease as the particle sizes decrease 

(Darwish et al. 2022). The increase in the total surface area increases the effect of 

surface tension force and creates compression in the structure and thus a decrease in 

the distance between the planes occurs. This compressive force increases as the 
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crystallite size decreases and leads to an increase in micro-tension in the 

nanocrystalline. The fact that the microstrain of the C sample is 2 times higher than 

that of the D sample can also be explained by the high C=O and C=C bond ratios 

formed by the plant extracts and AgNPs in the C sample with PVA, which is shown in 

the FTIR spectra in Figure 4.5. 

Table 4.1 Crystallites size and microstrain of AgNPs from  Scherer’s equation (DSCH) and 

Williamson-Hall Plot. 

Film Samples Crystallites Size Microstrain(ε) 

AgNPs-Hemp-St.John’s Wort(C) 12 nm 38x10-3 

AgNPs-Rosemary-Cherry 

Laurel(D) 

21 nm 16x10-3 

 

 

Figure 4.4 XRD results of neat film, plant extract and AgNPs modified nanocomposite 

polymer films. 
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4.1.3. Fouirer Transform Infrared Spektrofotometre (FTIR) 

To characterize the influence of plant extracts and silver nanoparticles on the 

chemical structure PVA matrix, FT-IR analysis (Bruker Tensor 27) was performed in 

the wavenumber range of 650–4000 cm-1. Nanocomposite films and neat film 1x1mm 

square samples were analyzed and interpreted by FTIR analysis. The FT-IR spectra of 

neat-PVA film and all other nanocomposite films are shown in Figure 4.5. The unique 

absorption peaks of PVA structure were seen in all spectra.  3267 cm−1 denoted the –

O–H stretching vibrations, while the band at 2915 cm−1 ascribed to the asymmetric 

stretching vibrations of C–H (Mathew et al. 2019). At wavenumber regions consistent 

with the previously reported FT-IR spectra of  PVA, CH2 asymmetric stretching 

vibration (2910 cm-1), C=C stretch (1648 cm-1), C–H bending vibration of CH2 (1410 

cm-1), C–H deformation vibration (1319 cm-1), C–O stretching of acetyl groups (1084 

cm-1), CH2 rocking (916 cm-1), and C–C stretching vibration (825 cm-1) were detected. 

The appearance of a new moderate band at 1648 cm-1 in the case of C and D film was 

due to the stretching vibrations of C=C bonds of heterocyclic compounds present in 

Hemp Seeds-St. John's Wort extracts. 

FTIR analysis results given in Figure 4.5 indicate an increase. In the vibrations 

of the O–H, C–H and C=O groups in the PVA structure, after the AgNPs were added 

directly to the PVA matrix, some polymer chains were broken and other chains were 

formed instead. The increase of the FTIR spectrum in the range of 1300 to 1600 cm-1 

corresponds to the C–H bond of CH2 and indicates broken chains. AgNPs formed new 

bonds in this range. The band of C=O is weakened and shift from 1711 cm-1 to 1648 

cm-1, because oxygen atoms provide duplet filling in empty track on the surface of Ag 

atoms and also benzene rings in the plant extracts (Zhang et al. 2016; Abdelghany et 

al. 2019). The decrease of the FTIR spectrum in the range of 2500 to 3700 cm-1 

indicates that the polymer chains produced correspond to the O–H stretch and C–H 

stretch bond (Ghanipour and Dorranian 2013). In addition, plant extracts caused a 

decrease in the stretching vibration bands of O–H and C–O bonds in the structure. This 

phenomenon indicates that plant extracts also alter the polymeric network of PVA. 

The new bonds formed between the hydroxylic bonds of the flavonoids in plant 

extracts and the PVA chain caused the formation of C=C bonds instead of C=O 

vibrations. C-H, C=C, C-O and C-C bond vibrations are stronger in the IR peaks of 

Hemp Seeds-St.John's Wort added films (A and C). These different intensities of 
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bonds formed in samples C and D better explain the AgNPs size differences in Figure 

4.2 and 4.3 Hemp Seeds-St. John's Wort has the ability to break and form more bonds 

with the concentration of secondary metabolites in its content. All results show 

interaction between AgNPs/PVA and plant extracts. In addition, all these functional 

groups represent polyphenols, flavonoids and phenolic acids from secondary 

metabolites in plant extracts used in green synthesis, which may be responsible for 

metal salt reduction and stabilization of produced AgNPs (Batool et al. 2019).  

 

Figure 4.5 FT-IR spectra of fabricated film samples. (Neat) Non-modified PVA film, (A) 

Hemp Seeds-St. John's Wort extract containing PVA film, (B) Rosemary-Cherry 

Laurel extract containing PVA film, (C) Hemp Seeds-St. John's Wort-AgNPs 

containing PVA film, and (D) Rosemary-Cherry Laurel-AgNPs containing PVA 

film. 

4.1.4. Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) was used to examine the crystallinity 

and stability of prepared nanocomposite films were studied. A small sample piece (~8 

mg) was placed in an aluminum standard pan with a holed lid and analyzed with a 

DSC Q2000 (TA Instruments) DSC instrument. The melting temperature (Tm), 

decomposition (TDs) and glass transition temperature (Tg) are examined. Samples were 

scanned at a heating rate of 10 °C/min over the temperature range of − 25 to 200 °C in 
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a nitrogen atmosphere with an established flow rate of 10 mL min-1 . 

Figure 4.6 shows DSC thermograms of Plant Extracts/AgNPs modifed and neat 

nanocomposite PVA samples. Three different endothermic phase transitions occurred 

for the neat sample, and these were at temperatures of 41.27 ˚C Tg, 134.13 ˚C Tm, 

197.10 ˚C TDs. These thermal transformation temperatures obtained for PVA are 

suitable values according to the literature (Abd El-Kader et al. 2010). The thermal 

event occurring at 41.27 ˚C represents the crystal volume decompositions (glass 

transition temperature) in the PVA structure, the sharp endothermic peak at 134.13 ˚C 

represents the melting of the crystal structure, and the endothermic peak at 197.10 ˚C 

represents the thermal decomposition temperatures of PVA (Delgado-Rangel et al. 

2019). The fact that the melting temperature of the neat sample is above 130 ˚C 

indicates that the crystallinity value of the PVA film is high (Bai et al. 2021). All 

samples clearly appear to have Tg temperature range of 41.27-43.10 ˚C. Addition of 

plant extract and nanosilver increased the glass transition temperatures of 

nanocomposite films by 2 ˚C. The weakness or shifts in Tg value seen in all polymer 

films are mainly due to the evaporation of water molecules as residual solvent. It is 

known that the decrease in the melting temperatures of the samples occurs due to the 

reduction of the crystallinity of the additives modified into PVA or the degradation of 

the polymer structure. Similarly, with the modification, an increase in the melting 

temperatures (Tm) occurred especially in the D sample, where plant extract and nano 

silver particles were found together. The melting temperatures of the films were 

increased from 134.14 ˚C to 150.54 ˚C. With the addition of plant extracts to the PVA 

structure, the decrease in the degree of crystallinity in the structure of polymer chains 

can also be seen from the XRD peaks in Figure 4.4. This decrease in the degree of 

crystallinity caused the melting curve of the D sample to be narrower and smaller in 

DSC thermograms. It can be said that the melting temperature of sample D is higher 

than that of the other samples due to the C=O and C=C bonds also seen in the Figure 

4.5 FTIR spectras. Cross-linking between the secondary bonds in the structure of 

collagen and the hydroxyl -OH groups in the AgNPs and PVA structure increased the 

melting temperature. Although the addition of plant extracts and AgNPs caused the 

PVA films to exhibit thermal instability, it increased the melting temperature. There 

was no significant increase in the decomposition temperatures of the films. However, 

the sample with the highest Td temperature value was the D sample with 197.79 °C. 
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In other words, modification of plant extracts and AgNPs increased the degradation 

resistance of PVA nanocomposite films at high temperatures. 

 

Figure 4.6 DSC curves of the neat sample and modified nanocomposite films. 

4.1.5. Dynamic Mechanical Analysis (DMA) 

Based on the results of microstructural, mechanical, antibacterial, and water 

absorption tests, the plant extracts used as the coating material were selected as hemp 

seeds St. John's Wort. The green-synthesized nanoparticle modifications to be applied 

to the coatings were chosen as 0.05, 0.1, 0.3, and 0.5% based on both the studies in the 

literature and the experimental studies. Dynamic mechanical analysis was performed 

on the nanocomposite films produced from the coating solutions prepared with the 

determined ratios, and their mechanical properties under thermal conditions were 

investigated. Thus, their resistance in the oral environment and high-temperature 

applications has been determined. 

Dynamic mechanical analysis (DMA) was performed on a DMA, Q800 T.A 

Instruments in the tension mode. The experiments were performed at a heating rate of 

3 °C/min, from 20 to 200 °C, at 1 Hz at a frequency to investigate the mechanical, 

dynamic mechanical properties of coating films. The sample sizes were 18 mm × 6 
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mm × 0.13 mm. The glass transition temperature Tg was determined by the peak of the 

tan δ curve. In addition, storage, and loss modulus have all been computed. 

The storage (elastic) modulus (E’) is the ability of a material to store energy 

during a loading cycle. It also provides information on the crosslinking grade, material 

toughness, and fiber/matrix interfacial attachment. The loss (viscous) modulus (E”) is 

the viscous component of a material and its ability to dissipate mechanical energy 

through its internal molecular mobility. Tan Delta (tan δ) measures mechanical 

vibration damping. This indicates that the material loses energy owing to internal 

friction and molecular arrangement. This can reveal the material behavior in the 

rubbery region. The tan delta represents the ratio of the elastic (E') to viscous (E’) 

properties. Glass transition temperature (Tg) is a crucial property of polymeric 

materials. This is the point at which a material changes from the glassy phase to the 

rubbery phase (Lee et al. 2022; Raja et al. 2022; Venkategowda et al. 2022). 

Change of storage modulus of composite films with temperature is shown in 

Figure 4.7. The storage modulus decreases with increasing temperature but it increases 

with increasing amount of Ag nanoparticles in the films up to % 0.3 and 0.5. 

Furthermore, E′ increases more effectively at temperatures below 50 °C (the glass 

transition temperature of pure PVA) as the AgNPs concentration increases up to % 0.3 

and 0.5.  The dynamic mechanical analysis results given in Table 4.2 show that the 

storage modulus of A, D and E samples increased by 30%, 50% and 54%, respectively, 

compared to the neat sample with plant extracts and nanoparticle modifications. It was 

calculated that there was a decrease of 58% and 181% in samples B and C. (E'') is 

dependent on the fillers’ shape, size and dimension that determine the elastic 

characteristics of composite materials. It is also depentdent on crosslink density, 

intermolecular adhesion and the type of interlink between filler and matrix (El-Deeb 

et al. 2022). It is estimated that these decreases are due to inhomogeneous distributions, 

low bonding rates with PVA chains and production conditions, which may have 

occurred due to the low ratio of nanoparticles modified to B and C samples compared 

to the matrix. Also the interaction between OH groups of PVA, plant extracts and 

moisture affects the crystalline regions. This OH groups moisture interaction is 

disturbed by AgNPs inclusion resulting in lower moisture content and lower mobility. 

The increase in the storage modulus of D and E nanocomposite films shows that Ag 
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nanoparticles (nanofillers) have a significant reinforcing effect. Nanofillers, which 

restrict the mobility of the polymer chain due to their large surface area and provide 

Van der Waals attraction to the polymer matrix, strengthened the mechanical 

properties of Ag-PVA nanocomposite films (Gautam and Ram 2010). In addition, 

0.5% AgNPs modification allowed the highest strength temperature of the 

nanocomposite film to increase from 24 ˚C (Neat Sample) to 34 ˚C. E' tends to be 

wider in the glassy region, as the components are in a closed, tightly arranged, and 

frozen state and achieve high E' below Tg. As the temperature increases, E' experiences 

a sharp drop at about 30 to 60 °C, indicating a glassy/rubbery state transition. Micro-

Brown movement of the polymeric chains near Tg reduces the value of the storage 

module. Thus, as the temperature increases, the molecular mobility increases; thus, the 

tightly packed structure loses its packed arrangement, which leads to a reduction of E 

(Mat Yazik et al. 2021). 

 

Figure 4.7 Storage modulus as a function of temperature of nanocomposite films for ESD 

coating. 

The loss modulus (E') of nanocomposite films are shown in Figure 4.8. Results 

show the viscous response and heat dissipation with peak values during the 

temperature increasing from 20 °C to 70 °C. The loss modulus exhibited similar 
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behavior with the storage modulus, increasing in samples D and E with AgNPs 

modifications of 0.3 and 0.5%, and similarly, samples B and C showed a dramatic 

decrease. This result indicates that the D and E samples have a high energy dissipation 

range compared to the neat sample. Addition of AgNPs caused the loss modulus peak 

to rise. This increase occurred as a result of strong bonding between nanoparticles, 

plant extracts and PVA and homogeneous distributions in the matrix. The decrease in 

peaks in samples A, B and C may be due to inhibition of the relaxation process in the 

composites or may be the result of insufficient crosslinking. This is possible when 

there is an increase in the number of chain segments and free volume with plant extract 

particles. This is largely due to the segmental immobilization of the matrix chain with 

inhomogeneous distribution on the fill surface (El-Deeb et al. 2022). 

 

Figure 4.8 Loss modulus as a function of temperature of nanocomposite films for ESD coating. 

Tan delta (peak value) usually decreases with the addition of a reinforcing filler 

or a filler that can interact with the polymer matrix. This is because the relaxation 

amplitude of polymer chain segments decreases due to the polymer-nano filler 

interaction. However the area under the tan delta peak incerases with incerase in filler 

content which is also an indication of damping characterstics of the filled polymer 

system. When increase the nano filler content the amount of free volume decreases. 



 

54 

 

This reduction in free volume reduces the mobility of atoms and increase the friction 

by large contact in polymer. So the storage modulus and tan delta get decreases. Broad 

tan delta is likely due to non-homogeneity of crosslink density, due to differing 

polymer chain lengths in the case of broad polydispersity. It can also see the broad 

response in both storage and loss modulus in Figure 4.7 and 4.8.  

The tan delta results of nanocomposite films are shown in Figure 4.9. When the 

filler loading increases from 0.05 wt.% to 0.1 wt.% of AgNPs, the tan δ peak value 

decreases, however a further rise in filler loading to 0.3 and 0.5 wt.% of AgNPs leads 

to an increase in the tan δ peak value. The inclusion of a higher amount of fillers into 

the PVA matrix determines the formation of agglomeration and clusters of nanofiller, 

which gives rise to vacant spaces and enables polymer chains to move or rotate freely, 

thereby increasing the viscoelastic performance. It is also apparent that the 

incorporation of a hybrid nanoparticles and plant exctracs into PVA broadens the tan 

δ peak, compared to that of the neat sample. It is clearly seen that samples A, B and C 

show relaxations a (primary) and b (secondary) at 84, 63 and 75 ˚C, respectively. β 

relaxation is associated with rotational modes of dissociation and re-bonding of 

hydrogen bondings of amide groups in crystalline state with strong intermolecular 

bonds for the PVA/Plant Extracts/AgNPs bonds, while β relaxation indicates the 

motions of amorphous amide groups. Higher α relaxation temperature of PVA with 

increasing AgNPs contents indicates that the movement of main chains was restricted 

due to the increased number of stronger interfacial hydrogen bonds of AgNPs-PVA 

upon increasing AgNps contents. There is an irregularity in the rubber regions of the 

tan delta peaks of the B and C samples. It can be said that this behavior is caused by 

the irregular movements of the nano particles in the polymer after softening and the 

evaporation of water. After this transition, there is a sudden increase in the tan delta 

value of the B sample in the terminal region. The fact that it has a lower nano silver 

ratio than the C sample has enabled the structure of the composite film to become 

stable faster with the increase in temperature, with the polymer chains moving more 

easily. This behavior is observed similarly in sample B. On the other hand, D and E 

samples have tan delta values and peak behavior close to the neat sample (Burgaz et 

al. 2009). Additionally, the observed broad tan δ peaks showed that the glass transition 

temperature occurs over a temperature range instead of appearing as a sharp peak. The 

results showed that nano-silver modification with PVA over 0.3% increased the 
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rigidity of nanocomposites compared to the nat sample, and below 0.3%, it increased 

the viscoelasticity of the films. Similarly, the tan delta value of the A sample is 0.17, 

while the tan delta value of the neat sample is 0.25, indicating that plant extracts also 

provide elasticity to the nanocomposites. 

The maximum peak point of the tan delta is called glass transition temperature 

(Tg). Also the primary relaxation (the α-peak) of tan delta corresponding to the Tg 

results from the initiation of micro-Brownian motion of the amorphous chain (Madian 

and Mohamed 2020; Rana et al. 2010). Tg values of nanocomposites are shown in 

Table 4.2. While the neat sample had a glass transition temperature of 50 ˚C, the 

sample with the highest Tg temperature was the C film with 52 ˚C. It was observed that 

the Tg temperature of the films decreased by 2 ˚C with nano silver modification of 

more than 0.3% formation of hydrogen bonds between PVA hydroxyl groups and 

water, and hydrogen bonds are the dominant interaction responsible for the structure 

as well as its molecular dynamics. It is possible that the interaction between OH- 

groups and moisture is capable to destroy inter- and intrachain bonding in PVA 

affecting its crystalline regions; therefore, water acts as a plasticizer by an increase of 

the free volume in the amorphous phase (González-Campos et al. 2012). 

 

Figure 4.9 Tan δ as a function of temperature of nanocomposite films for ESD coating. 
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Table 4.2 Data of dynamic mechanical analysis. 

Data Of Dynamic Mechanical Analysis 
 

Loss modulus 

(E׳׳) in MPa 

Storage modulus 

(E׳׳)  in MPa 

Damping 

factor (tan δ) 
Tg (°C) 

Neat 245 3115 0.25 50 

A 202 4480 0.17 51 

B 86 1968 0.12 47 

C 99 1106 0.21 52 

D 870 6211 0.26 49 

E 1555 6851 0.24 48 

 

4.2 Shore-D Hardness Tests 

The Shore-D hardness for the samples were measured following an indentation 

technique by measuring the penetration depth of a durometer indenter with a Shore 

hardness meter. Test were conducted at room temperature and at least ten 

measurements were performed for each sample. Shore-D hardness tests were 

performed separately for nanocomposite films and neat film 2x2 mm square 

specimens. Hardness measurements were taken from 10 different regions on each 

sample and the averages of these values were calculated. The results of Shore-D 

hardness tests are presented in the Figure 4.10. Shore D hardness of all the polymer 

nanocomposites and reference sample were in the range of 27–50.  As can be seen 

from the graph in Figure 4.7, the sample with the lowest hardness value is the reference 

sample with 27 and C sample has the highest hardness with a value of 49.6. It was 

obtained that the C sample has a hardness value of 85% higher than the reference 

sample. C sample also has a higher Shore hardness value than the D sample. The reason 

for this was AgNPs synthesized with Hemp seeds and St. John's Wort were smaller in 

size and that’s mean this nano particles have larger surface area. With larger surface 

area nano particles filled the micropores in the polymer matrix and this made the C 

sample polymer structure much dense from the D samples. In addition, considering the 

microstrain values given in Table 4.1, the higher strain values between the crystal 

lattice structures of the C sample, indicate that the structure is more dense and rigid. It 

was observed that the hardness values of A and B composite films containing only 

plant extracts were quite close to the hardness values of AgNPs modified films. The 
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hardness value of the B sample was 48% higher than the reference sample. Factors 

such as high homogeneity, the difference in the bonds of the functional groups in plant 

extracts with the polymer and micro porosity may have caused the B sample to have a 

higher hardness value. Despite this, sample A also has a higher hardness value of 57% 

compared to the reference sample, and these results show that even polymer composite 

films with only plant extract have much higher hardness values compared to the 

reference samples.  

The FTIR results given in Figure 4.5 showed that the C=C stress (1648 cm-1) 

peaks formed as a result of the reaction of the plant extract containing nanocomposite 

films with PVA were higher than the neat sample. In addition, C–H bending vibration 

of CH2 (1415 cm-1), C–H deformation vibration (1327 cm-1), C–O stretching of acetyl 

groups (1086 cm-1) peaks of A and C samples were observed higher from samples B 

and D. It is known that the presence of C=C bonds increases the mechanical strength 

(Zhang et al. 2019) and therefore, as seen from the FTIR results, the C sample has the 

highest strength due to the high number of C=C, C-H and C-O bonds. 

 

Figure 4.10 Shore-D hardness of polymer nanocomposite films. 
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4.3. Swelling Properties 

Water swelling ability of all produced nanocomposite films and PVA (reference) 

films were investigated. First, the initial weights of the samples were measured before 

swelling test. Afterwards all samples were placed in 100 mL distilled water in separate 

petri dishes and kept at room temperature for 9 h. After that, the final weights of the 

samples taken out of the water were measured after the excess water was filtered. 

Swelling ratio of membrane S was found according to Equation (3); 

S =  (Ws − Wd)/Wd ∗ 100% (4.2) 

where Ws and Wd is the weight of wet film at equilibrium of absorption and the 

weight of dry film respectively.  

The film samples volume changes before and after swelling test are shown in 

Figure 4.11. For the swelling test, 5 g pieces were cut from all nanocomposite films 

and they were kept in water for 9 hours at room temperature (27 ˚C). The swelling 

ratio results of the reference and polymer nanocomposite samples are shown in Figure 

4.12. The swelling behavior of the films kept in water was visibly evident.  It was 

calculated that the reference sample absorbed approximately 25% more water than 

samples C and D, and 19% less water than samples A and B, respectively. Since the 

swelling ratio of the polymer films depends on the polymer concentraions, crosslinks 

and hydroxyl groups formed between plants and PVA, the samples A and B might 

have a higher swelling ratio (Safaee-Ardakani et al. 2019; Qin et al. 2020). Apart from 

that, the higher water absorption rate of samples A and B containing only plant extracts 

can be attributed to the hydrophilic properties of Hemp seeds (Momeni et al. 2021), 

Rosemary (Darie-Niţă et al. 2018), St. John's Wort (Jarzębski et al. 2020) and Cherry 

Laurel (Vega et al. 2021) extracts. The reason why the water absorption rates of the 

samples C and D are much lower than the reference, samples C and D may be that 

AgNPs added to the films reduce the crosslink density, crystallinity and hydrophilic 

properties in the polymer matrix structure (Ounkaew et al. 2020). With the smaller size 

and larger surface area of AgNPs in the C and D samples, microporosity in the polymer 

matrix might was reduced compared to reference, A and B samples and this leads the 

reduce the swelling ratio.  
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Figure 4.11 The nanocomposite film samples before and after swelling test. 

 

Figure 4.12 The swelling ratio (%) of all nanocomposite composite film samples. 
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4.4. Antibacterial Tests 

The antibacterial activity both of AgNPs modified and non-modified PVA 

nanocomposite films were investigated. Antibacterial activities of the films were 

determined against gram-negative bacteria (E. Coli) and gram-positive bacteria (S. 

Aureus) by contact killing method. The 1x1mm sized polymer films sterilized with 

70% ethanol and dried, was placed on the surface to spread the suspension and to 

reduce evaporation. The prepared bacterial suspension was applied to the polymer 

nanocomposite surfaces. After waited for 1m, E. Coli or S. Aureus suspensions were 

took from the surfaces and placed into the nutrient agar (NA) agar medium. Each agar 

plate was kept for incubation at 37 °C for 24 h. In addition, control groups were formed 

on the agars by placing bacterial solutions that did not contact the polymer 

nanocomposite films surface. All tests were carried out under the same conditions for 

each sample.  

Antimicrobial tests were carried out on 1 mm x 1 mm nanocomposite films by 

contact technique. Bacterial growth in petri dishes after antibacterial tests are given in 

Figure 4.13 (a) and (b) show the bacterial groups and in petri dishes the top row was 

Staphylococcus aureus, the bottom group was E. Coli. The first row bacterial groups 

examined in two groups were placed in the petri dishes without contacting the 

produced PVA films which they were the control groups. The other two rows of 

bacteria groups were placed in the petri dish by contacting with all polymer 

nanocomposite films to see the bacterial growths.  

Figure 4.13 (a) and (b) show activity of nanocomposite films against S. Aureus 

and E. Coli for C and D film samples. Since the control group bacteria suspensions 

were not contacted with the films, bacterial growth occurred in this regions. Bacterias 

contacted with C and D films before placed in bottom rows, did not grow on the petri 

dishes. In other words, the green synthsized AgNPs modified nanocomposite films 

killed the bacterias with contact and growth did not occur since AgNPs has 

antibacterial effect. In addition, when the unit colony (CFU/mL) numbers in 1 mL in 

Figure 4.14 are examined, it was seen that the bacterial growth in C and D samples 

was 0, control group were able to grow to a maximum of about 107 CFU/mL for both 

bacteria under the stated conditions. This graph shows that polymer nanocomposite 

films were very successful in killing bacteria and showed %100 antibacterial 
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efficiency with modification of green synthesized AgNPs. These results show that the 

Hemp seeds, St. John's Wort, Rosemary and Cherry Laurel leaf extracts had been very 

successful and effective in the synthesis of nano silver and have given antibacterial 

properties to the films. In Figure 4.13 (c) and (d), antibacterial activity of 

nanocomposite films against S. Aureus, and E.Coli for the plant extract added A and 

B film samples are given. Bacterial growth took place in two different plant extract-

added films. That result shows the samples A and B were not effiecient against S. 

Aureus and E. Coli bacterias. The plant extracts used in the study did not show 

antibacterial efficiency against E. Coli and S. Aureus bacteria, but many studies have 

shown that hemp seed, rosemary, St. John's Wort and Cherry Laurel leaf extracts can 

be effective against many gram positive, gram negative and fungi other than these two 

bacteria (Vega et al. 2021; Jarzębski et al. 2020; Darie-Niţă et al. 2018; Momeni et al. 

2021). 

 

 

Figure 4.13 Antibacterial activity of nanocomposite films against S. Aureus. And E.Coli, a) 

Hemp-St. John's Wort/AgNPs/PVA, b) Rosemary-Cherry Laurel/AgNPs/PVA, c) 

Hemp-St. John's Wort/PVA and d) Rosemary-Cherry Laurel/PVA. 
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Figure 4.14 Log CFU/mL of AGNPs added nanocomposite blend films against S. Aureus(S) 

and E.Coli(E).(A sample is Hemp-St. John's Wort/AgNPs/PVA, B sample is 

Rosemary-Cherry Laurel/AgNPs/PVA and R sample is reference). 

4.5. Characterizations of Electrospray Deposited Ti-6Al-4V Surfaces 

4.5.1. Microstructural Analysis 

SEM images of the coating surfaces show that the thin films formed on the 

surfaces are composed of fiber structures made of PVA. During the coating applied by 

electrospray deposition, the polymer coating material sprayed from the needle tip with 

electrostatic forces accumulates on the surface as nano-sized fibers. It is clearly seen 

in Figure 4.15 that the unmodified neat coating surface consists entirely of these fibers. 

It was determined that the fiber structures were homogeneously distributed on all 

coating surfaces and the nanoparticles in the AgNP-containing films were deposited 

on these fibers and embedded in the fibers and covered on the substrate surface. When 

the EDS spectrum and mapping results of all coating surfaces are examined, it is seen 

that the C and O elements come from the structure of PVA at a high rate. The element 

Ti, which is the main material of the coating substrates, is seen in the EDS results of 

all coating surfaces. Other alloying elements, Al and V, were clearly detected in the 

EDS results, especially of the neat sample surface. The K, Na, Mg and P elements seen 

in the EDS results come from plant extracts. The presence of these elements in plant 

extracts has been demonstrated in previous EDS analyzes and is also shown in Figures 

4.1 and 4.16. 

The presence of silver nanoparticles is seen in both SEM images and EDS 

analyzes given in Figures. Although the particles cannot be detected clearly in the SEM 
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images of sample B, which has the lowest nano silver content in the coating, it is clear 

that nano silver particles are present on the coating surface in Figure 4.17 EDS 

mapping results. The surfaces where the presence of silver nanoparticles were most 

clearly observed were the coatings of samples C, D and E. The white round-shaped 

particles embedded in the fibers or on their surface are nano silvers. EDS mapping and 

spectrum analyzes prove that these white spherical particles are nano silvers. Nano 

silver sizes were calculated from SEM images and Image J application as an average 

of 34 nm and the results are shown in Figure 4.21. As seen in Figures 4.18, 4.19 and 

4.20, the nanoparticles are homogeneous in the coatings in terms of size and 

distribution. From this point of view, it has been proven that nano silver particles 

synthesized green from Hemp Seeds and St. John's Wort can be produced in very low 

nano sizes, spherical and homogeneous. A homogeneously dispersed coating surface 

could be successfully produced with nano silver particles modified into 0.3% and 0.5% 

PVA. Measurements of the thickness of the coatings and side section views are shown 

in the SEM images in Figures 4.19 and 4.20. The coating thickness (98 µm) of sample 

E with higher nanoparticle density was also found to be higher. In sample D, the 

coating thickness was calculated as 27 µm on average during imaging from the SEM 

device. While the substrate samples were removed from the panel of the electrospray 

device after coating, minor separations occurred in the edge regions of the coatings. 

Therefore, the gaps and redundancies seen in the SEM images of the pavement section 

were formed. However, when the cross-sections of the coatings were examined, it was 

seen that the coating surfaces and thicknesses were produced homogeneously. The 

result of the EDS line analysis on the section in Figure 4.19 clearly shows the contents 

of the coating material and the substrate material. While the presence of Ti disappears 

in the area where the substrate ends, the presence of silver and the amount of C from 

PVA increase at a high rate. When the cross-section EDS line analysis of the E sample 

is examined in Figure 4.20, similarly, when it comes to the section where the coating 

material is located, there is a high amount of silver, but titanium is not visible. 

The factors such as the homogeneity of the coating surfaces, the presence, 

distribution and morphological properties of nano silvers, coating contents and 

distributions were examined by SEM and EDS analyzes. According to these results, 

coatings made by electrospray deposition were successfully produced as a thin film on 

the surface of Ti6Al4V substrates. 
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Figure 4.15 SEM images and EDS spectrum and mapping analysis results of neat sample 

coated surface. 
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Figure 4.16 SEM images and EDS spectrum and mapping analysis results of A sample. 
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Figure 4.17 SEM images and EDS spectrum and mapping analysis results of B sample. 
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Figure 4.18 SEM images and EDS spectrum and mapping analysis results of C sample. 
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Figure 4.19 SEM images and EDS spectrum and mapping analysis results of D sample. 
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Figure 4.20 SEM images and EDS spectrum and mapping analysis results of E sample. 
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Figure 4.21 Nanoparticle size and distributions from SEM image and Image J application size 

measurements. 
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4.5.2. Atomic Force Microscopy (AFM) Analyses 

AFM is an analysis that can be performed under atmospheric conditions, in a 

vacuum, or in liquids. It forms the AFM instrument as a cantilever (usually made of 

silicon nitride, silicon, or tungsten) with a sharp tip with a radius of curvature of several 

nm (i.e., a very sharp tip). When the tip approaches a specific surface (for example, in 

AFM contact mode), atomic forces build up between it and the surface, causing the 

console to bend reflecting the laser beam, allowing measurements to be collected. 

Various forces occur during AFM measurement: van der Waals, electrostatic, 

magnetic, capillary, ionic, and repulsive forces. The AFM technique is often used in 

biomedical and coating applications. AFM offers the possibility to characterize the 

surface topography and roughness parameters that have a significant impact on the 

osseointegration and interfacial stability of biocompatible coatings and implants 

applied to metal substrates  (Del Olmo et al. 2021; Kravanja and Finšgar 2021; 

Stojkovska et al. 2020). 

AFM analyses were conducted to evaluate the surface topography of the selected 

coated subtrates and analysize the surface roughness by atomic force microscopy 

(AFM, NanoSurf Flex Amf C3000). Coated surfaces were imaged in a scan sizes of 

10 µm × 10 µm, 25 µm × 25 µm  and 50 µm × 50 µm. The surface line and area 

roughness values was listed in Table 2 in terms of the main AFM parameters as average 

roughness (Ra-Sa), root-mean-square (RMS) roughness (Rq and Sq), maximum 

profile peak height (Rp and Sp) and maximum pit height (Rv and Sv). Surface 

topography was obtained with a speed-scan of 1 Hz.  

The AFM 2D and 3D images of all coated samples are shown in Figure 22, 23, 

24, 25, 26 and 27. The structures of the fibers coated on Ti-6Al-4V surfaces by 

electrospray deposition are also clearly seen in the AFM images. With the silver 

nanoparticle modification, it was understood that the fiber thicknesses were thicker, 

homogeneous in size and distribution compared to the neat sample and sample A. 

AgNPs are clearly present in 2D and 50 x 50 µm images of B, C, D and E samples. 

The nanoparticles on the surfaces of the fibers are easily visible, but they are not 

evident in all images due to the magnification restriction and the embedding of the 

fibers in PVA. As given in Table 4.3, the surface roughness values increased as the 

amount of nanoparticle modification applied to the coatings increased, and this was 

expected as stated in previous studies (Hermani et al. 2022; Samide et al. 2022; Wang 
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et al. 2022). However, the roughness values of the coatings modified with nano silver 

and plant extracts were lower than the neat and A sample. This is due to the 

homogeneous distribution of nanoparticles in PVA and the coating solution can be 

prepared as a stable solution. As confirmed by the FTIR results given in Figure 4.5, it 

was proven that plant extracts and AgNPs changed the chemical structure of PVA, 

resulting in the formation of new bonds and thus homogeneous and stable dispersion 

of these additives in the solution. This can be explained by the more uniform 

deposition of nanoparticle modified coatings on the surface by electrospray compared 

to the neat sample in the AFM results. The sample with the lowest roughness value 

(Ra) is sample B with 184 nm, followed by sample C with 201 nm. When the area 

roughness (Sp-v) values were examined, it was seen that there were coating surfaces 

as high as 5200 nm. It is known that nanoparticle agglomeration in some regions is 

caused by incorrect spraying of the electrospray device, environmental conditions or a 

homogeneously immiscible solution. In addition, it is estimated that the roughness 

values on the surface may vary as a result of more wear of some surfaces during the 

etching process applied to the alloy surface before coating. Although it seems like a 

negative situation, the rough surfaces of biomaterials such as implants is an important 

factor that increases osseintegration. 

Wound healing and osseintegration performances of metallic dental implants 

depend on surface modifications. The bonding of pro-osteogenic cells with the implant 

surface depends on the amount of roughness on the surface. Because rough surface 

increases hydrophilicity and surface area. For this reason, the chemical bonding and 

cell regeneration between living tissue and implant surface can be strengthened by 

optionally providing nano-microroughening on the implant surfaces (Albrektsson and 

Wennerberg 2019; Cappellini et al. 2023; Walter et al. 2022; Xu et al. 2022; Zhu et al. 

2021). In addition, living tissue compatibility, cell regeneration, infection prevention 

and wound healing can be achieved with bioactive materials on the implant surface 

(Ding et al. 2022; Ranjit et al. 2023; Wan et al. 2022; Yahya Rahnamaee et al. 2022). 

AFM analysis reveals that the surfaces of Ti-6Al-4V alloys can be produced both as 

rough and bioactive. In comparison to coatings with pure PVA, rougher surfaces can 

be obtained with nano silver modification. In this way, it is predicted that implants can 

be produced with more biocompatible, anti-infective and wound-preventing and 

antibacterial effects. As a result, Atomic Force Microscopy (AFM) images revealed 
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that the surface roughness of nano silver modified coatings was lower than that of plant 

extracts added and neat samples. 

 

Figure 4.22 2D and 3D AFM images of the neat coated sample at scan sizes of 10 µm × 10 µm and 50 

µm × 50 µm. 
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Figure 4.23 2D and 3D AFM images of the coated sample A at scan sizes of 10 µm × 10 µm and 50 

µm × 50 µm. 
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Figure 4.24 2D and 3D AFM images of the coated sample B at scan sizes of 10 µm × 10 µm and 50 

µm × 50 µm. 
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Figure 4.25 2D and 3D AFM images of the coated sample C at scan sizes of 10 µm × 10 µm and 50 

µm × 50 µm. 
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Figure 4.26 2D and 3D AFM images of the coated sample D at scan sizes of 10 µm × 10 µm and 50 

µm × 50 µm. 
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Figure 4.27 2D and 3D AFM images of the coated sample E at scan sizes of 10 µm × 10 µm and 50 

µm × 50 µm. 
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Table 4.3 Line and area surface roughness values from AFM analysis of samples coated with 

electrospray deposition. 

 Line Roughness Area Roughness (2.51 nm2) 

 Ra(nm) Rq(nm) Rp(nm) Rv(nm) Sa(nm) Sq(nm) Sp(nm) Sv(nm) 

Neat 310 365 911 666 208 307 5000 3000 

A 514 633 1561 1488 662 887 5100 3080 

B 184 237 686 734 225 347 5200 1796 

C 201 252 579 536 204 260 1645 984 

D 250 322 1036 850 313 407 2584 1501 

E 295 348 716 710 274 365 5200 2275 

4.6. Antibacterial Effects of Electrospray Deposited Surfaces 

A modification of the Japanese Industrial Standard JIS Z 2801 was used as the 

method to test the antibacterial activity of AgNPs modified nanocomposite coated 

samples with %0.05-0.1-0.3 and 0.5 mass ratios. Escherichia coli (ATCC 25922) and 

Staphyloccus aureus (NCTC-13552) bacteria were prepared at 5 x 105 CFU/mL, 1 cm 

x 1 cm test samples were placed inside. A culture of 5 x 105 CFU/mL prepared without 

sample was used as a control. Eppendorf tubes containing samples were shaken at 100 

rpm for 4 hours. The sample was kept in an ultrasonic water bath for 30 seconds to 

separate the microorganisms adhering to the surface, then vortexed. Dilution was 

carried out by transferring 100 µL of suspension into 900 µL of physiological saline 

(FTS). Petri dishes containing Plate Count Agar (PCA) were divided into eight and 25 

µL of each dilution was seeded. The experiments were carried out in triplicate. As a 

result of incubation for 24 hours at 37 °C, the antimicrobial activity value of colonies 

forming units (CFU) was counted. The difference in growth between the positive 

control and the culture treated with polymer nanocomposite-coated samples was 

evaluated logarithmically and recorded. 

Figure 4.28 shows the bacterial colonies growth areas of bacteria placed on 

agars. The medium named K shows the bacterial growth of the control culture. 

Insemination was performed on the medium for each sample with 6 different bacterial 

counts. These bacteria amount and names from 1 to 6 are used as x106, 105,104, 103, 

102 and 101, respectively. Table 4.4 shows the sample concentrations and the 

logarithmically reduced amounts of bacteria in the media after the antibacterial test. In 
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addition, these reduction rates are given comparatively in Figure 4.29 graphically. It 

was determined that the E coating sample containing the highest amount of AgNPs 

was the sample with the highest log10 reduction. Bacteria growth was decreased with 

ratios of 1.6 (10-fold) against E.Coli and 2.5 (100-fold) against S.Aures. As the amount 

of AgNPs decreased, there was a decrease in the effect against bacteria, but this 

decrease was almost negligible. Even the sample B with the lowest AgNPs content 

inhibited S.Aures bacterial growth up to 100 times. As a result of antibacterial 

investigations, AgNPs and plant extracts modified electrospray coatings have shown 

that they are 100 times more effective against gram positive bacteria and 10 times 

effective against gram negative bacteria. 
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Figure 4.28 Bacterial colonies growth of S. Aureus. And E. Coli, E) Hemp-St. John's 

Wort/0.5% AgNPs/PVA, D) Hemp-St. John's Wort/0.3% AgNPs/PVA, C) Hemp-

St. John's Wort/0.1% AgNPs/PVA and B) Hemp-St. John's Wort/0.05% 

AgNPs/PVA coated samples surfaces. 
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Table 4.4 Antibacterial effect comparisons with logarithmic growth difference (CFU. mL-1). 

 
log10 reduction 

Concentration after incubation (CFU. 

mL-1) 

Samples E. coli S. aureus E. coli S. aureus 

Control   1.5±0,5x105 1.4±0,2x105 

Sample E 1.6 2.5 1.7±0,2x105 8.2±0,4x103 

Sample D 1 2,4 2.2±0,3 x105 6.2±0,4x103 

Sample C 1.1 2.2 2.5±0,4x104 3.2±,0,2x103 

Sample B 1.2 2.1 5.0±0,6x104 3.0±0,4x103 

 

Figure 4.29 log10 growth reductions for AgNPs modified coated samples against E.Coli and S.Aures 

bacteries. 

4.7. Scratch Tests 

The scratch test was applied to determine the coating mechanical properties of 

Ti6Al4V substrates coated with AgNPs/Plant Extract modified PVA by electrospray 

method. The test was carried out with Mohs 6 hardness pencil produced from 

Orthoclase stone under 20 mm/sec speed, 5 and 10 kN forces. The strengths of the 
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coatings were compared from the scratch depths and images on the surfaces. Figure 

4.30 shows the scratch test setup, mohs hardness pencil and coating sample. The 

surface of the coating was scratched by moving the hardness pen with the device in 

the horizontal direction. 

Comparative images of scratches on pavement surfaces under 5 and 10 kN loads 

are shown in Figure 4.31. According to the width and depth of the lines formed on the 

surfaces, it was determined that the hardest and most durable coating samples were D 

and E with 0.3-0.5% AgNPs modified. D and E were the samples in which the coatings 

were eroded the least with the applied force. In addition, the other nano-silver particle 

modified coatings B and C also suffered much less wear than the neat and A sample. 

The scratches on the surface of sample B modified only with plant extracts clearly 

show that it is harder than the neat coating sample under 10 kN. According to the 

scratch test results, the hardness ranking of the coating samples is as follows; 

E>D>C>B>A>Neat. From the scratch test results, it was revealed that the samples 

with the best mechanical properties were AgNPs modified coatings. It was observed 

that the scratch resistance increased with the increase of nano silver additive ratio. In 

addition, it has been understood from sample B that more durable surfaces can be 

obtained than neat PVA coatings by modifying only the plant extracts. 

 

Figure 4.30 Scratch test setup and scratch test stage. 
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Figure 4.31 Sample coating surfaces after scratch test; Scratch line images after 5 and 10 kN 

loads. 

4.8. Chemical Stability, Durability and Weight Change in Aqueous 

Environments of Coatings 

In order to determine the durability of the coatings in aqueous media and in 

different temperature conditions, the mass changes in the aqueous media and the 

changes in the pH of the environment were measured. Durability tests were carried out 

in the incubator by moving it circularly at 40 rpm and keeping it at 25 and 37 °C for 2 

weeks. As shown in Figure 4.32, neat, A, B, C, D and E coating samples were placed 

in separate beakers with the coating surface facing up. 30 mL of distilled water was 

added to the beakers and the mouths of the beakers were covered with parafilm to 

prevent the water from evaporating at the temperature. Before starting the test and after 

tests, the pH levels of the water in each sample were measured using the OHAUS 

Starter 3000 device. The weights of the coating samples were measured before and 

after 2 weeks samples were removed and dried to constant weight to determine mass 

changes. 

Due to the high degree of hydroxylation of its molecular chain, PVA-based 

materials are highly permeable to water vapor and have a high degree of water 
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sensitivity and solubility. However, since this solubility starts at temperatures of 90 ˚C 

and above, its durability can be high in in-body use. In addition, Polyvinyl alcohol 

(PVA) is a semi-crystalline, chemically and thermally stable polymer with high 

mechanical strength and the ability to form excellent polymeric films (Hamid et al. 

2022; Sarkhel et al. 2023; Zeng et al. 2023). In order to simulate the durability and 

stability of the coatings for in-body use, the test temperature was determined as 37 °C, 

as applied in similar literature studies (Hajinaebi et al. 2022; Januariyasa et al. 2020; 

Lin et al. 2021; Mahanty and Shikha 2022; Wu et al. 2021; Wu et al. 2023) . In order 

to analyze the condition of the coatings in room temperature environments, another 

test was carried out at 25 °C. Physical images of post-test coatings are shown in Figures 

4.33 and 4.34. Color changes in coatings are caused by plant extracts, nano silvers and 

drying after coating. As can be seen, the coating B samples were the most damaged. 

This may be due to the poor bonding of the coating to the substrate surfaces. This 

weakness may also have occurred as a result of insufficient surface roughening and 

coating environmental conditions. 

 

Figure 4.32 Incubator assembly for degradation testing and coating samples placed in the 

assembly in beakers. 
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Figure 4.33 Coating Surfaces After Waited in Distilled Water at 27 ˚C for 2 Weeks. 

 

Figure 4.34 Coating Surfaces After Waited in Distilled Water at 37 ˚C for 2 Weeks. 
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The weight changes of the coatings given in Figures 4.35 and 4.36 revealed that 

there is increase in weights of the coatings. As known, this increase is due to the 

hydrophilic properties of PVA. In addition, Figure 4.12 swelling ratios results prove 

this property. While the swelling ratio of the films with plant extracts increases 

compared to the neat sample, the swelling ratios decrease with the addition of nano 

silver. These similar behaviors of the films are also seen in the durability tests of the 

coatings. In the tests performed at 37 ˚C, it was determined that the mass gains 

increased in A, B and C samples compared to the mass gains occurring at 27 ˚C, but 

remained at similar rates in D and E samples. The "polymer backbone" in PVA is 

hydrophilic because it contains water-loving carboxylic acid groups (–COOH). When 

water is added to superabsorbent polymers, a polymer/solvent interaction occurs; 

hydration and the formation of hydrogen bonds are two of these interactions. When 

the neutral polymer comes into contact with water or aqueous solutions, these positive 

and negative charges in its structure interact with water molecules. Because the water 

molecule (H2O) is a polar molecule because positive charges are concentrated on the 

hydrogen atoms and negative charges are concentrated on the oxygen atoms. While 

this increases the strength of the bonds between water molecules, it also allows water 

to interact with electrically charged particles. Ag+ ions interacting with the oxygen 

atom of the water dissolve in the water and leave the chain. Since the COO- ions 

remaining on the polymer chains have the same charge, they start to repel each other 

with electrostatic force. Thus, the polymer chains expand. However, thanks to the 

cross-links that provide network formation between the chains, the polymer is 

insoluble in water and the expanding polymer ball can take more water into it. As the 

COO- ions on the chain interact with the water molecules, the water that enters between 

the polymer chains is retained by the polymer. Ag+ ions leaving the polymer chain 

move freely in the polymer network, but they do not leave the polymer network 

because they are attracted, albeit weakly, by the COO- in the polymer chains. 

Therefore, the ion density in the polymer network is higher than in the polymer 

environment. Due to this density difference, water moves from a less dense medium 

to a more dense medium and enters between the polymer chains and the polymer 

swells.The increase in temperature caused the PVA chains to move, increasing their 

bonding with water molecules and causing an increase in weight gain. Nano silvers 

modified in coatings prevented water from entering the coating structure by bonding 

with polymer chains and filling the micro pores in the matrix. The low weight gains of 
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D and E samples at high temperatures mean that the strength of these coatings is 

increased compared to other samples. Apart from that, it was determined that the 

weight gains in the A, B and C samples were higher than the neat sample. This increase 

is due to the amount of fiber deposited on the substrate surface and homogeneous 

coating distribution, as can be seen from the microstructure images in Section 4.5.1. 

 

Figure 4.35  % Weight gains of the coated samples kept in water at 27 °C for 2 weeks. 

 

Figure 4.36  % Weight gains of the coated samples kept in water at 37 °C for 2 weeks. 
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The migration of AgNPs occurred in high temperatures and acidic conditions. 

Therefore, hot and acidic foods have the highest rate of migration of AgNPs. The 

migration mechanisms of AgNPs into the liquid medium depend on the release of 

separated AgNPs from the matrix and the dissolution of silver ions after oxidation. The 

AgNPs dissolution rate is dependent on the environmental status, their 

physicochemical properties, particle size, shape, crystallinity and surface 

functionalization (Azizi-Lalabadi et al. 2021). High pH environment resulting from 

the rapid ion exchange between the alkaline ions from the coating surface and the 

hydrogen ions from the solution (Hadzhieva and Boccaccini 2022). 

The pH changes of the water environment of the samples whose durability tests 

were carried out are given in Tables 4.5 and 4.6. It was determined that the pH change 

rates decreased with the increase in the amount of nano silver in the coating in direct 

proportion to the mass gains. In fact, pH changes in samples C, D, and E containing 

nano silver particles in high temperature tests showed only 0.1 fluctuations. In the tests 

performed at both temperatures, the most chemically stable sample was C. These 

results proved that plant extracts and green synthesized nano-silver modified ESD 

coatings have chemical stability, high physical strength and do not critically change 

the pH of the aquatic environment for in-body use. 

Table 4.5 pH changes of the coated samples kept in water at 27 °C after 2 weeks. 

Column1pH Changes at 27 ˚CColumn3 
 

Initial Value 2 Week 

Neat 7.14 7.23 

A 7.23 7.18 

B 7.18 7.13 

C 7.15 7.14 

D 7.04 7.08 

E 7.03 7.13 
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Table 4.6 pH changes of the coated samples kept in water at 37 °C after 2 weeks. 

Column1 pH Changes at 37 ˚C 

Column3  

Initial Value 2 Week 

Neat 7.8 6.85 

A 7.13 7.06 

B 7.14 7.03 

C 7.08 7.08 

D 7.11 7.12 

E 7.06 7.07 

 

4.9. HaCat And A549 Cells Viability Determination By MTT Assay 

The biological properties of AgNPs, mainly their size, shape and surface 

chemical structure, affect many of their properties, including their antimicrobial 

activity and cytotoxicity. Nanoparticles are cytotoxic for several different cell lines, 

mostly by inducing an increase of reactive oxygen species (ROS) production, a 

decrease in mitochondrial function, DNA damage, and apoptosis. These toxic effects 

of nonaparticles occur after certain concentrations. For this reason, it is critically 

important to determine the maximum nano silver concentration that can be used in 

polymeric coating materials in dentistry in this study. Because the release of nano 

silver ions from the coating material to living tissues may be delayed and this toxic 

effect may occur after certain rates. 

The cytotoxic effect of green synthesized silver nanoparticles on A549 lung 

carcinoma epithelial cells and HaCaT immortalized human keratinocyte cells was 

determined by the Methylthiazoledphenyl-tetrazolium bromide (MTT) test. The 

methylthiazoledphenyl-tetrazolium bromide (MTT) test is based on the measurement 

of mitochondrial metabolic activity, an indicator of cell viability. The colorimetric 

assay was performed by reducing a yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) to purple formazan crystals by 

metabolically active cells. Living cells contain NAD(P)H-dependent oxidoreductase 

enzymes that reduce MTT to formazan. The water-insoluble formazan crystals were 

dissolved in a solution, and the absorbance values of the obtained colored solution 

were measured at 540-570 nanometers by means of a spectrophotometer. Viable 
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HaCaT cells were seeded into 96-well plates in DMEM containing high glucose 

supplemented with 10% FBS, 100 U/mL Penicillin - 0.1 mg/mL Streptomycin and 

0.05 µg/mL Amphotericin B. Three replicates were seeded at a density of 1 × 104 cells 

per well. The plates were incubated for 24 h in a humidified incubator with 5% CO2 at 

37 °C to allow the cells to adhere to the surface. At the end of the incubation period, 

the culture medium was removed from the wells, and nanoparticles prepared in 

different concentrations of DMEM-H were distributed to the wells. The medium in the 

control group wells, prepared in three replicates, was renewed with fresh culture 

medium pre-warmed to 37 °C. The culture medium containing sterile deionized water, 

which was used as a solvent for nanoparticles, was placed in the wells in 3 repetitions 

as a solvent control. To measure the background absorbance values of the media 

prepared for the experimental groups, the media were distributed to the wells where 

there were no cells. After application, the plates were incubated for 24 h in an incubator 

containing 5% CO2 at 37 °C. After incubation, 5 mg/mL MTT (Sigma-Aldrich®, 

M2128) reagent dissolved in 1x PBS (Phosphate Buffer Saline) was added to each well 

in an amount equal to 10% of the volume of culture medium. The plates were incubated 

again for 4 h in an incubator containing 5% CO2. Following incubation, a 0.01 N 

solution of HCL (Supelco®, 109973) containing 10% SDS (Sigma-Aldrich®, 75746) 

was added to the wells as a solvent. After the plates were incubated for less than 16 h 

at 37 °C in a CO2 incubator, the absorbance values in the wells were determined using 

a BioTek® 800™ TS microplate reader spectrophotometer at 570 nm. 

The significance levels of the differences between the absorbance values of the 

experimental groups from which the background absorbance values were removed 

were determined by one-way analysis of variance (one-way ANOVA) in Prism 7.00 

(GraphPad Software, Inc.), followed by Tukey’s post-hoc test. In addition, p values 

were graded as significant (*) between 0.01 and 0.05, very significant (**) between 

0.001 and 0.01, highly significant (****) between 0.0001 and 0.001 (***), and less 

than 0.0001. 

Figure 4.37 shows the results of toxicity tests performed on living cell HaCaT. 

The viability rates of the cells were determined for the silver nanoparticles used at 

certain concentrations after the test. The toxic effects of AgNPs produced by green 

synthesis on HaCaT cells were seen at values higher than 110 μg/mL. This value was 

determined as 50% viability concentration (lowest half-maximal inhibitory 

concentration (IC50) levels) of viable cells. Viability of 90% and above was observed 
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at concentrations lower than 62 μg/mL. Ali et al., 2022, synthesized nanoparticles 

using T. apollinea plant and performed toxicity tests on HaCaT cells and found the 

toxicity value of 4.65 µg/mL. Wunnoo et al. 2021, showed that nano silver particles 

synthesized using Eucalyptus camaldulensis leaf extract did not exhibit toxic effects 

up to 8 µg/mL in their test on HaCaT cells. Khatoon et al. 2019, revealed that the silver 

nanoparticles synthesized using ampicillin were above 80% of HaCaT cell viability at 

concentrations of 100 µg /mL and below. S.R. et al. 2022, reported that silver 

nanoparticles synthesized using Dictyota ciliolata extract had a toxic effect in large 

amounts at a concentration of 40 µg/mL. When the toxicity rates of nano silvers 

produced by green synthesis in the literature were compared with the nanoparticles 

synthesized in this study, it was calculated that nano silvers synthesized with Hemp 

seed and St. John's Wort had an average of 65% less toxic effects (Montano et al. 2019; 

Rolim et al. 2019; Skóra et al. 2021; Zepon et al. 2023). The use of hemp seeds and 

St.John’s Wort Extracts polyphenols to synthesize AgNPs is responsible for the 

capping of the obtained nanomaterial with phytochemicals that act as potent 

antioxidant and anti-inflammatory agents, reducing the potential toxicity of the 

nanoparticles.  

 

Figure 4.37  Cytotoxic effects exhibited by biosynthesized silver nanoparticles normal live 

HaCaT cells, as determined using MTT assay after 24 h of treatment. Data 

represent mean ± standard deviations of five replications. The statistical 

signifcance is indicated as follows: **p<0.0041 and ****p<0.0001. (“ns” means 

not significant). 

Figure 4.38 shows the results of toxicity tests performed on lung cancer A549 

cells. This test was carried out to demonstrate the lethal effect of silver nanoparticles 
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produced by green synthesis on cancer cells. The use of nanoparticles in cancer 

treatment has become widespread in recent years. Increasing the lethal effect of 

nanoparticles, especially on cancer cells, has become important issues. The viability 

rates of the cells were determined for the silver nanoparticles used at certain 

concentrations after the test. It was determined that the use of nano silver particles 

synthesized using Hemp seeds and St. John's Wort extracts at concentrations higher 

than 137 µg/mL caused up to 50% death of A549 lung cancer cells. At concentrations 

lower than 62 µg/mL, 95% and higher viability was achieved. Comparing half-life 

concentrations, it was calculated that A549 cancer cells showed 20% higher resistance 

to green synthesized silver nanoparticles than HaCaT live cells. Prathipkumar et al. 

2023, revealed that nano silvers synthesized with heneicosane extract had a lethal 

effect on A549 cancer cells at concentrations higher than 82 µg/mL. Karan et al. 2022, 

have been reported that nano silver particles synthesized with curcumin have a lethal 

effect at concentrations of 250 µg/mL and higher. Viswanathan et al. 2023, reported 

that nano silver produced with Champia parvula could kill A549 cancer cells at 

concentrations of 12.5 mg/mL and above. On the other hand, Pandey et al. 2023 and S 

R et al. 2022 reported that they found the concentrations required for the survival of 

A549 cancer cells at 50% and below, as 6% and 15% µg/mL, respectively, of nano 

silver produced with Blumea lacera and Dictyota ciliolata extracts. In fact, these 

studies in the litterature showed that nano silver synthesized with Hemp Seeds and St. 

St. John's Wort has a lower toxic effect on living and cancer cells, while on the other 

hand, they killed cancer cells and revealed their usability in the treatment of cancer 

diseases. The biological compounds in the plant extracts have been effectively utilized 

as capping and reducing agents in the formation of nanoparticles that can block the 

activity of A549 lung cancer cell proliferation. 
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Figure 4.38 Cytotoxic effects exhibited by biosynthesized silver nanoparticles on lung 

adenocarcinoma A549 cells, as determined using MTT assay after 24 h of 

treatment. The values are the means (n=5) with standard deviation (error bars).  

Bars labeled with **** represent statistically significant results (p < 0.001). (“ns” 

means not significant).  
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5. CONCLUSIONS AND SUGGESTIONS 

The present study aimed to increase the antibacterial effects, mechanical, 

chemical and thermal resistance of the biomaterials by coating the metallic 

biomaterials used in the dental field with plant extracts and bio-synthesized nano silver 

using a natural polymer, and to provide all these with the lowest toxic effects. In order 

to ensure that the polymer material to be used in coatings has the most suitable 

properties, first of all, nanocomposites were produced by solvent casting method and 

the characterization of these films was carried out. These films were produced with 

Hemp Seeds, St. St. John's Wort, Rosemary and Cherry Laurel, the plant species 

intended to be used in the coating. In addition, nano silvers used in coatings to provide 

antibacterial properties were synthesized green using these plants and modified into 

nanocomposite films. SEM and EDS analysis showed that nano green synthesed silver 

nano particles were spherical in shape and homogeneously dispersed in the films. The 

sizes of nanoparticles produced with Hemp seeds and St. John's Wort were much 

smaller than those produced with Rosemary and Cherry Laurel leaves. However, all 

plant extracts used in the study were very successful in AgNPs synthesis with a greener 

and cleaner way. The results of the XRD tests also showed the presence of nano silver 

particles in the films. Samples C and D have Shore-D hardness values 2 times higher 

than the neat sample. It has been observed that as the green synthesized AgNPs 

decrease in size, they cause an increase in the hardness values of the films they are 

modified. The hardness values of the samples A and B were also found to be 

considerably higher than the reference samples. Even the plant extract modification 

alone was effective in increasing the mechanical strength of polymer composite films. 

The swelling test results also showed that the samples C and D would have the highest 

mechanical strength. AgNPs in the films have decreased the water absorption rate and 

increased the hardness strength by filling the micropores in the PVA structure and 

increasing the cross-links. FTIR results also revealed that green synthesized nano 

silvers and plant extracts modified nano composite films formed C=C bonds with 

PVA, resulting in higher mechanical properties. It has been shown that nano-silver 

modification gives antibacterial properties to polymer nanocomposite films, as 

expected. After these characterizations, it was decided to use Hemp Seeds and St. 

John's Wort in the preparation of coating solutions, and the nano silver ratios to be 

0.05, 0.1, 0.3 and 0.5. 



 

98 

 

In the study, Ti-6Al-4V alloy, which is widely used in dentistry, was used as 

veneer bases. Electrospray Deposition method was used as the coating method. After 

the coatings prepared in the determined compositions, a series of tests were performed 

to determine the properties and strengths of the samples. According to the SEM/EDS 

analyzes performed after coating, the green synthesis of AgNPs was achieved by using 

plant extracts and nanoparticles with an average size of 34 nm were produced. In 

addition, different minerals from plant extracts were also detected in the coating 

content. Dynamic and mechanical analyzes showed that D and E were the samples 

with the highest thermal and mechanical strengths from the coating films. Antibacterial 

tests have revealed that all coatings with nano silver additives reduce bacterial growth 

up to 100 times. The sample with the highest antibacterial effect was 0.5% AgNPs 

modified sample E. The scratch test performed to determine the mechanical properties 

showed that the sample with the hardest coating surfaces were the samples C, D and 

E. Also plant extracts modification to PVA increased the mechanical strength of the 

coatings. The chemical and mechanical stability of nano silver modified samples C, D 

and E in water at 37°C were found to be higher than the other samples. It was 

determined that nano silvers synthesized green with a mixture of Hemp Seeds and St. 

John's Wort extracts did not show any toxic effect in the toxicity tests performed on 

HaCaT live cells and A549 lung cancer cells, from nano silver concentrations to be 

used at 62 µg/mL and below. 

This study provided a framework for investigating plant extracts and nano-

silver-modified polymer nanocomposite coating applications in the healthcare field. In 

light of the empirical findings obtained, this study offers a new understanding of the 

antibacterial and biocompatible production of metallic biomaterials using plant 

extracts. In addition, it is thought that these biocomposite materials will have a wide 

range of uses for scientific and biomedical environments, thanks to their low raw 

material and production cost, easy production, human health and environmentally 

friendly production method, high thermomechanical strength and low toxic effect 

compared to their equivalents. 
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