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ABSTRACT 

 

In this work, Silver Nanoparticles (AgNPs) were synthesized in water using either polymer 

assisted chemical reduction synthesis method or green synthesis. The obtained AgNPs were 

characterized by Dynamic Light Scattering (DLS) and UV-visible spectroscopy (UV-vis), and 

further tested for antibacterial activity to evaluate their potential use in wound healing. At first 

polyvinylpyrrolidone (PVP 10 KD) and Low-Molecular Weight Chitosan were used as coating 

agents during the reduction of silver nitrate with a strong reducing agent sodium borohydride 

(NaBH4). Our DLS results demonstrated that AgNPs-polymer are in the range of 2-50 nm. 

Unfortunately, the AgNPs obtained with NaBH4 reduction were not very stable and aggregated 

with time (48 hours to one week). Therefore, in a second trial, the green synthesis was based on 

using turmeric powder to produce AETP (Aqueous Extract Turmeric Powder) which acted as both 

coating and reducing agents over silver nitrate. Different parameters were evaluated; the effect of 

temperature, concentration of Silver nitrate and reaction time. In all experiments, a color change 

from light yellow for AETP/Ag solution to dark brown was observed indicating the successful 

reduction of AgNO3 by AETP and formation of AgNPs-AETP. The temperature seemed to affect 

most the synthesis: in fact, the reaction was faster at high temperature and the NPs sizes were 

found to decrease as the temperature increases (50 to 100 C). It should be noted that an extensive 

heating at boiling temperature might aggregate the Ag NPs that were found to adsorb and stain the 

wall of the flask after 2 hours. Moreover, as the concentration of silver nitrate increases the 

resulting Ag NPs increased, this was translated in the red shift of the Surface Plasmon resonance 

band of Ag NPs accompanied by the size increase detected in DLS.  The Ag NPs-AETP obtained 

after 1 hour at 80-85 C were tested on Escherichia coli (E. coli) and Staphylococcus aureus (S. 

aureus) bacteria to evaluate their antibacterial activity and compared to AgNPs-PVP obtained from 

the chemical reduction with NaBH4. The results showed positive effects with NPs produced from 

Turmeric powder, in terms of killing the E. coli and S. aureus bacteria. On the other side, NPs 

produced by PVP lead to aggregations that could not pierce the bacteria cell walls with direct 

leaching of Ag+ ions due to the PVP macro sizes.  

Another green synthesis was accomplished using coffee and zinc nitrate to produce ZnO NPs-CPE 

(Zinc oxide Nanoparticles-Coffee Powder Extract). We used FTIR method to identify the presence 
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of ZnO after calcination. An average size of 87 nm was observed after analysis by DLS and UV-

spectroscopy. The last syntheses in this study were based on using PVA, PVP and PEG polymers 

with zinc nitrate and PEG with copper nitrate to produce ZnO NPs-Polymer (PVA, PVP, PEG) 

and CuO NPs-PEG by a sonochemical method aided with base (NaOH). Our results showed 

particles sizes ranging from 85 to 1086 nm for ZnO NPs and an average of 80 nm for CuO NPs. 

Zinc and copper NPs though showed negative results on E. coli and S. aureus bacteria.  

 

Keywords: Nanoparticles, Silver, Copper, Zinc, NP, bacteria, antibacterial activity, synthesis, 

wound healing, E. coli, S. aureus 
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Introduction 

Nanotechnology seemed to offer different new approaches for biology and medicine. Specifically 

in wound management that require topical treatments (application to a body surface such as the 

skin), nanoparticles (particles with diameter 1 to 100 nm) were beneficial as antibacterial agents 

that prevent infection and accelerate the wound-healing process. Therefore, in this work we chose 

to produce nanoparticles (NPs) from silver, zinc and copper in order to assess their antibacterial 

activity on E. coli and S. aureus very common bacterium that cause infections during the wound 

healing process. 

 

In the first chapter of this thesis, we are presenting a bibliographic review on the different types of 

wounds, the different healing process steps, followed by listing the bacteria found in wounds and 

an overview on the nanoparticles used for their healing. 

 

In the second chapter, we are presenting the different characterization techniques used in this 

project, mainly the UV-visible spectroscopy (UV-vis), Dynamic Light Scattering (DLS) and 

Fourier Transform Infra-Red (FTIR). 

 

The third chapter is dedicated to the materials and methods. It displays the nanoparticles 

production process, their characterizations and the antibacterial analysis on both E. coli and S. 

aureus bacteria. 

 

The fourth chapter represents the discussion of the obtained results, were we have 

demonstrated that Ag NPs obtained by a green synthesis from Turmeric powder we able to kill 

successfully the E. coli and S. aureus bacteria, making them very attractive candidates as wound 

healing accelerator. Finally, a conclusion summarizes the present work followed by some 

perspectives.  
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Chapter 1 – Wounds and Nanoparticles – A review 

 

1.1. Wounds 

In Biology, the skin is considered the largest organ in the body anatomy, which also covers 

its full exterior extent forming a protective barrier [1]. The skin is the most exposed part of the 

body, and it consists of the  six primary functions: sensation, thermoregulation, excretion, 

metabolism, non-verbal communication, and shielding of internal organs [2]. Figure 1 shows a 

detailed cross-section of the skin. 

 

Figure 1.Image displaying the cross-section of the skin [3] 

 

The injury or the disruption to the anatomic structure or function to the skin is called a 

wound, and is caused by mechanical, physical, thermal and chemical damages. A wound can affect 

the defense mechanism of the skin through targeting its epidermis, its mucous membrane or its 

fundamental deep tissue, as well as other tissues, nerves, muscles and it can reach bones in extreme 

cases [4-6]. As a result, wounds can disturb the comfort and the lifestyle of the patient [7]. 

Based on the timing and recovery of the healing phase, the wound can be acute (up to 6 

hours old), subacute (between 6 hours and five days old) and chronic (more than 6 days) [1, 8, 9]. 

Furthermore, electrical wounds are based on electrical current entering the body, thermal wounds 
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are produced by extreme hot and cold temperatures, and chemical wounds are caused by 

interaction with or inhalation of chemical substances, subsequently damaging the lungs or other 

parts of the body [10, 11]. 

Wounds are classified into four different types depending on their severity. Some wounds 

are created by abrasion that occurs when the skin touches a rough surface and causes a shallow 

epithelial wound (i.e., road rash). In this case, the wound must be cleaned to avoid infection. When 

the abrasion extends, it may lead to a fluid loss [12]. Other wounds are caused by a profound 

opening in the skin which in turn is caused by accidents involving sharp objects (i.e., knives); this 

is called laceration. A deep laceration can cause fast and wide bleeding [12]. A third type is a rare 

occurring wound named avulsion, but it can be a serious lesion. An avulsion is a powerful 

detachment of the skin and the intravenous fat layer from primary tissues (i.e., fascia, muscle, and 

bone), and it occurs during violent incidents such as explosions, animal attacks, or car body-

crushing. In the case of avulsion, the bleeding is heavy and fast [13]. Finally, the fourth type is 

puncture that occurs when a small hole in the soft tissue from puncturing the skin with a sharp 

object takes place (i.e., needle, nail, or a bullet). Bleeding after a puncture is minimal, even though 

deep pierce can cause internal organs damage [14].  

 

1.2. Wound Healing 

 

Wound healing is a normal biological process of tissues recovery following four complex 

phases represented in figure 2. These phases include: hemostasis (1–3 days), inflammation (3–20 

days), cell proliferation-granulation (7–40 days) and remodeling-maturation (21 days to 1 year) 

[15-21]. These phases are presented in figure 2, and detailed in the following sections: 
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Figure 2.The four stages of wound repair [22] 

 

1.2.1. Hemostasis phase 

 

Hemostasis begins after injury. Its mission is to control the bleeding. In this first 

phase, the body activates its emergency repair system or “the blood clotting system” and 

forms a barrier to block the drainage. During this process, platelets come into contact with 

collagen, resulting in platelet activation and aggregation [23]. Subsequently the thrombin 

enzyme initiates the formation of a fibrin mesh, which strengthens the platelet clumps into 
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a stable clot. Hemostasis serves as the starting step and groundwork for the healing process. 

Habitually, the hemostatic and inflammatory stages occur immediately after damage [24]. 

 

1.2.2. Inflammation 

 

Inflammation get success in the hemostasis, it yields a vasodilation, or the widening 

of blood vessels, which increases the vascular permeability and leakage. The coagulation 

cascade will be triggered intrinsically by the endothelium and the adjacent platelets. The 

formed fibrin clot is an accumulation of collagen, thrombin, platelets, and fibronectin that 

help the release of cytokines. The latter stimulates the chemotaxis of neutrophils which 

allows them to migrate towards macrophages into the wound debridement [23-25].  

 

1.2.3. Proliferation 

 

During proliferation, the wound attracts fibroblasts in order to synthesize 

granulation tissue. It will be mainly formed of elastin, procollagen, proteoglycans, and 

hyaluronic acid (HA). This tissue allows the growth of new blood vessels providing its 

nutrients and oxygen permits the leukocytes to reach the wound site. At this level, the 

epithelial cells on the skin edge will begin to proliferate, sending out projections to 

reestablish a defensive block against fluid losses and supplementary microbial attack [25]. 

This block is mainly composed of keratinocytes that helps to restore the barrier function of 

skin. Next, the extra cellular matrix (ECM) placed in a disorganized way will realign and 

crosslink [23].  

The proliferation stage is considered as the beginning of angiogenesis and the 

extracellular matrix formation, where its focus is to fill and cover the wound [23]. The 

proliferative phase features three distinct stages: the wound filling, the wound margins 

contraction, and the wound covering or epithelialization. The duration of the inflammatory 
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or proliferative phase will result in a delayed healing, causing excessive scar tissue 

establishment [26]. 

 

1.2.4. Re-epithelialization and restoration 

 

Re-epithelialization starts around 16 to 24 h after the injury during the proliferation 

phase and lasts over the second and third phases of the wound healing process [27]. The 

remodeling stage naturally initiates three weeks after the damage, and it can take up to two 

years to fully recover [28, 29]. Re-epithelialization describes the resurfacing of a skin 

wound with a new epithelium. It develops from the surrounding margins of the wound 

toward its center, and it creates a continuum in the renewal of a differentiated epidermis 

over the dermal-epidermal junction (DEJ) in reorganization [27].  

 

1.3. Wound healing factors 

 

The wound healing depends on many factors mainly the type of injury, the fundamental 

disease, the types of mediators and the local wound factors (i.e. growth factors, blood -mainly 

platelets, the cellular and extracellular matrix, inhibitors, inflammatory cells, proteinases, and 

cytokines) [30, 31]. This healing depends as well on oxygenation, infection, age, sex hormones, 

stress, diabetes, obesity, medication, alcoholism, and smoking [32].  

These factors can also be divided into local factors (i.e. infection, pain, hypothermia, 

radiation, and tissue oxygen tension) and systemic factors. The latter represents the individual state 

(health vs. disease) that may affect the ability to recover [33]. Healing time may be prolonged by 

other factors, namely aging, weak nutrition, deficiency in proteins, minerals, and vitamins [32]. 

Wound healing results from the interaction among growth factors (i.e., cytokines, blood and 

ECM). Precisely, cytokines promote this process by stimulating the production of the basement 

membrane components, as well as by increasing the inflammation and the production of 

granulation tissue.  
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1.4. Wound Dressing, Characteristics, and Types 

 

An exposed wound is known to lose proteinases, chemotactic and growth factors, while 

they are are maintained and gained if the wound is closed by a process called “dressing”. The type 

of dressing depends on the type of wound. In fact, the dressing type and its advantage is based on 

many criteria [33-35]: 

(i) Its’ capacity of maintaining moisty environment due to appropriate water vapor 

transmission rate (WVTR), where WVTR is in fact the steady state rate at which water 

vapor permeates through a film at specified condition of temperature and relative humidity 

[36], 

(ii) Its ability to improve epidermal migration by keeping a suitable tissue temperature thus 

helping the blood flow, 

(iii) The way it enhances angiogenesis and the synthesis of the connective tissue, 

(iv) The allowance of gaseous exchange to enable air penetration through the dressing into the 

damaged tissue, 

(v) Its ability to shield the wound from invading microbial infection, 

(vi) Its property being non-sticky to the wound, and thus easily removed after healing (non-

adherence), 

(vii) It must help debridement to increase leucocytes migration and enzymes accumulation, 

(viii) it must possess a high swelling ability 

(viii) The necessity of providing a high fluid adsorption capability in order to remove excessive 

bacterial-nutrient-containing exudates, 

(ix) it must be antiseptic, non-toxic and non-allergic, 

(x) The lack of cytotoxicity to protect the newborn tissue is required. 

Briefly, we can identify traditional dressings which include products (i.e. plasters, 

bandages, and cotton wool) that act as protection against contaminations [5], as well as modern 

dressings based on synthetic polymers. Their main function is to prevent dehydration and promote 

wound healing. They can be passive (i.e. non-occlusive), interactive (i.e. foam or hydrogel) and 

bioactive (i.e. collagen, HA, chitosan, elastin or polymers of these materials) [17, 18, 37-41]. Other 

dressings may include tissue-engineered skin substitutes, medicated dressings, and composite 

dressing [42, 43]. 
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But, since wound colonization is most commonly poly-microbial, including several 

microorganisms that are possibly pathogenic, any wound is at risk of becoming infected [44]. 

Topical wound healing medications are divided into six main classes illustrated in Figure 3. 

 

Figure 3. Commonly Available Topical Wound Healing Medications [45]. 
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1.5. Bacteria 

 

The presence of proliferating microorganisms on the surface of a wound indicates 

microbial colonization. Their amount and type differ from a wound to another [46].The wound 

origin, size, body location, and duration are factors to be considered during wound management 

because they affect the wound colonization and the infection dispersion [47]. The latter is also 

affected by the bacterial count (or the different species present), the host immune response, the 

pathogenicity of the organisms, and the synergistic interactions between all species [48]. 

Pathogenicity is defined as the absolute aptitude of an infectious agent to cause disease/damage in 

a host—an infectious agent is either pathogenic or not [49]. Synergistic interactions are a greater 

effect of two or more anti-infective agents taken together compared to the sum of their activity 

when given separately [50].   

Considering the bacteria membrane structure, it contains 40 % phospholipids and 60 % 

proteins, bacteria can be classified as Gram-positive (GP) or Gram-negative (GN). The surface of 

a GN bacteria contains two phospholipid bilayers, on the top made mainly by lipopolysaccharide 

and in the bottom a thin layer made of peptidoglycan; the outer membrane contains porins & 

lipoproteins and is decorated with lipopolysaccharide chains with a negative charge. In GP 

bacteria, the cell wall is mainly composed of a thick layer of peptidoglycan with teichuronic 

(lipoteichoic) acids providing a negative charge [51].The corresponding structures are represented 

in the figure below. Most GP and GN bacteria have a negative charge due to the existence of 

phosphate, amino, and carboxyl groups [46]. 

  

Gram positive bacteria Gram negative bacteria 

Figure 4. GP and GN bacteria membrane structures [51]. 
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It is important to mention that GN bacteria induce harmful systemic responses. In fact, they 

may invade through a normal or damaged epithelium and enter the bloodstream, inducing systemic 

inflammatory responses (for example, increased vascular permeability, leukocyte–endothelial 

adhesion, and activation of complement and clotting pathways) and therefore resulting in 

multiorgan failure [52]. 

The common bacteria found in wounds are represented in table 1. The five most common 

types are Staphylococcus aureus, Pseudomonas aeruginosa, Proteus Mirabilis, Escherichia coli, 

and Corynebacterium sp. with a percentage of 37, 17, 10, 6 and 5 respectively [46].  

Table 1. Bacteria found in wounds 

Bacteria References GP / GN 

Acinetobacter [53] GN 

Acinetobacter baumannii [54] GN 

Aeromonas hydrophila [55] GN 

Arcanobacterium pyogenes [56, 57] GP 

Bacillus [58] GP 

Bacillus anthracis [59] GP 

Bacillus cereus [59] GP 

Bacillus subtilis [35, 59-62] GP 

Bacteroides fragilis [55] GN 

Beta-hemolytic streptococci [63] GP 

Brucellamelitensis [64] GN 

Carbapenem-resistant Acinetobacter Baumannii 

(CRAB) 
[59, 65] GN 

Clostridium sporogenes [66] GP 

Coagulase - Negative Staphylococci (CoNS) [67] GP 

Corynebacterium diphtheriae (Klebs-Löffler 

bacillus) 
[68] GP 

Corynebacterium pseudotuberculosis [69] GP 

Enterococcus faecalis [57, 70] GP 

Enterococcus faecium (Gram +) [59] GP 

Escherichia coli [35, 58-61, 71-90] GN 

Klebsiellapneumonia [59, 75, 90] GN 
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Methicillin-Resistant Acinetobacter Baumannii 

(MRAB) 
[59] GN 

Methicillin-Resistant Staphylococcus Aureus 

(MRSA) 
[59, 75, 91, 92] GP 

Mycobacterium [93] GP 

Porphyromonas gingivalis [55] GN 

Propionibacterium acnes [94] GP 

Proteus Mirabilis [67] GN 

Proteus Vulgaris [59] GN 

Pseudomonas aeruginosa 
[35, 54, 59, 61, 75, 84, 91, 95, 

96] 
GN 

Salmonella typhi [55] GN 

Staphylococcus [97] GP 

Staphylococcus aureus 
[35, 59-61, 74, 75, 81, 82, 84, 

86, 87, 89, 91, 95, 96, 98-101] 
GP 

Staphylococcus epidermidis [102] GP 

Streptococcus pyogenes [55] GP 

Vibrio parahaemolyticus [59] GN 

 

In fact, it was found that regardless of the recent development in wound management, 

bacterial and fungal infections remain as one of the most collective and painful conditions leading 

to significant sickness and mortality [22]. During the last century, many antibiotics were used to 

treat bacterial infections, but unfortunately the bacteria has built an immunity to resist them [103]. 

The list of antibiotics introduced in the market and their corresponding resistance dates are 

represented in figure 5.   
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Figure 5. Timeline showing the time between the introduction of an antibacterial and the 

development of clinically significant resistance [103]. 

 

 Furthermore, it was found that wound healing can be improved using natural 

products that can be easily absorbed by the superficial layers of the skin. Their medicinal benefits 

come from a contribution of bioactive phytochemical components of essential oils, tannins, 

alkaloids, flavonoids, terpenoids, saponins, and phenolic compounds, each of which possessing a 

specific wound healing function. For example, flavonoids and tannins can act as antiseptic and 

antimicrobial agents, while saponins might improve pro-collagen synthesis. Honey was 

documented with records dating back to the early Egyptian civilization [104]. Nurul‘Izzah Ibrahim 

et al. have represented the beneficial activity of Turmeric (Curcuma lunga), Vitamin E, Honey, 

and Sea cucumbers as natural products [105]. Carica Papaya was tested for its ability to heal rat 

wounds [106]. Mihaela Georgescu et al. [55] demonstrated the effect of a long list of natural 
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compounds on wound healing. Some natural products and their respective healing activities are 

summarized in table 2. 

Table 2. list of the main natural products and their healing activity [55]. 

Natural product Wound healing activity 

Volatile oils Antimicrobial, anti-inflammatory, antioxidant 

Plant-derived compounds 

(Terpenes and Terpenoids) 

anticancer, anti-inflammatory, anti-tumor, anti-malaria, antiviral, 

antibacterial, antifungal 

Aglicons of phenolic heterosides 
Antimicrobial, Immunomodulatory, inhibition of the arachnoid acid 

pathway, Modulatory of cytokine production 

Propolis or bee glue 

bactericidal, antiseptic, anti-parasitic, antiviral, antioxidant, anti-

inflammatory anti-tumor, analgesic, regenerative, 

immunomodulatory 

Plant extracts 

a- Essential oils 

oleo-gum-resin of Commiphora Guidotti 

Chiov, Copaifera officinalis, Pentaclethra 

macroloba 

Antibacterial 

Mixture of Rosa damascena petals 

extract, extract of Malva sylvestris and 

Solanumnigrum leaves 

Antibacterial against S. aureus 

Calophyllum inophyllum L Antibacterial against gram-positive bacteria 

Copaifera Officinalis, Pentaclethra 

macroloba 

anti-inflammatory, antimicrobial, moisturizing, emollient, and 

wound-healing 

b- Calendula officinalis – 

Marigold flower 

Anti-inflammatory, anticancer, antibacterial, antifungal, antiviral, 

wound-healing (cell viability, wound closure) 

c- Aloe vera 
anti-inflammatory, immunomodulatory, antibacterial (S. aureus, E. 

coli, S. pyogenes, P. aeruginosa, P. gingivalis, B. fragilis, A. 

hydrophila, Salmonella paratyphi, Bacillus subtilis) 

d- Curcumin (curcuminoid 

found in Turmeric) 

anti-inflammatory, anti-carcinogenic, anti-oxidant, anti-mutagenic, 

anticoagulant, and anti-infective effects 

 

1.6. Nanoparticles and Nanotechnology 

 

Nanotechnology has been expanding in different domains such as health care, food and feed, 

cosmetics, environmental health, biomedical sciences, chemical industries, electronics, mechanics, 
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optics, space industries, drug-gene delivery, energy science, optoelectronics, catalysis, single-

electron transistors, light emitters, nonlinear optical devices and photo-electrochemical 

applications [107]. Recently, many nano-medicine applications involved lipid- and polymer-based 

nano-carriers with encapsulated drugs for sustained and targeted drug delivery [108, 109]. 

Nanoparticles (NPs) are manufactured materials with a dimension range varying from 1 to 

100 nm. Nanometer-sized particles exhibit a unique and different properties (physical, chemical 

and biological) compared to their solid bulk and to macro-particles of their counterparts; this is 

mainly due to their high surface-to-volume ratio [110, 111], to which we can add others properties 

such as high surface energy, unique mechanical, thermal, electrical, magnetic, and optical 

behaviors, etc. [112, 113].  

Some of these properties have been found to be size and shape-dependent. In fact, 

additional properties appear due to the lack of symmetry at the interface and/or to electron 

confinement that does not scale linearly with size; these come from the incorporation of atoms and 

molecules in the produced nanomaterial [114]. NPs can exist in various shapes, such as spheres, 

rods, wires, planes, stars, cages, multi-pods, etc. [115]. 

 

Figure 6. Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) 

images of one-, two- and three-dimensional noble metal nanoparticles: (a) Nano rods; (b) Nano 

shuttles; (c) Nano bipyramids; (d) nanowires; (e) nanotube; (f) triangular Nano plates; (g) Nano 
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discs; (h) nanoribbons; (i) Nano belts; (j) nanocubes; (k) nanotetrapods; (l) and (m) star-shaped 

nanoparticles; (n) nanohexapod; (o) nanocage [116]. 

 

Nanoparticles can be classified into two main categories depending on the origin of their 

main constituents: organic and inorganic. Organic NPs include carbon (i.e., fullerenes and 

nanotubes). Inorganic nanoparticles include noble metals (i.e. Ag, Au, Pt, Cu, Fe, Ni, Pd, Mn, Al, 

Mo), semiconductors (i.e. Quantum Dots (QDs such as CdTe, CdSe, ZnS, ZnO, TiO2, ZrO2, 

Al(OH)3) magnetic nanoparticles (Fe2O3, Fe3O4, CeO2, CaO), Indium Tin Oxide (ITO) and 

Antimony Tin Oxide (ATO) among others [117].  

Several methods have been used to synthesis inorganic nanoparticles, and they can be 

classified as biological, chemical and physical methods as listed in table 3 [117-119]: 

Table 3. Synthetic routes for inorganic nanoparticles synthesis [118, 119] 

Physical approach Chemical approach Biological approach 

Evaporation-condensation UV-initiated photo-reduction Plant sources 

Laser ablation Sono-electrochemistry Leaves 

Thermolysis Micro-emulsion techniques Root 

Spluttering Electrochemical reduction method Fruit 

Production of thin films γ-ray Irradiation methods  Bark 

Physical vapor deposition 

(PVD) 
Sol-gel method Phytochemicals 

 Hydrothermal synthesis Microbial sources 

 Ultrasonic assisted reduction Bacteria 

 Microwave Chemical vapor deposition Fungus 

  Algae 

  Virus 

 

 Among the above-mentioned methods, wet chemical ones are the most economical and 

commonly used. Chemical reduction represents many advantages mainly its simplicity, high yield 
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results, and its cost-effectiveness [57]. Moreover, green synthesis have many advantages 

including: the production of stable NPs, the biocompatibility of the coating on the NPs surface 

area that increases the active surface on which interactions in the biological environment occur, 

the absence of hazardous byproducts, and the economical process due to less additional agents 

needed (such as reducing or stabilizing agents) [59, 120, 121]. They also possess other advantages 

including; eco-friendly, natural abundance, and easy to scale-up. Furthermore,  physical routes 

have different advantages related to high purity products, unfortunately, they are counterbalanced 

with lower yields, higher temperatures needed, thus more power consumption, which limits them 

for industrial applications [57]. 

 As for metal oxides NPs, they can be produced following different methods. In a chemical 

route, it involves precursors, surfactants to form a chemical complex, and high-boiling solvent 

mixture that must be slowly heated to high temperatures leading to the thermal decomposition of 

the complex [122]. Another technique based on sol-gel synthesis counts on the condensation and 

hydroxylation of precursor molecules. These are regulated by agitation, concentration of the 

precursors, the pH and the temperature of the gel. Co-precipitation methods are based on the 

conversion of a salt precursor into the metal hydroxide in basic media (NH4OH or NaOH) [123]. 

In the electrochemical route the metal (Cu) was used as a bulk in an anode form then transformed 

into a metal cluster stabilized by tetra-alkyl-ammonium salts [124]. A biological route consists of 

stirring the plant extracts or the microbial secretion with additional precursors at temperatures of 

100-120oC. NPs are then separated by centrifugation [122].  

 

1.7. Nanoparticles in wound healing 

 

Nanotechnology offers different new approaches to recovering medicine. Recently, Nano-

research has helped the development of a new self-assembling and biocompatible nanoparticles 

(NP) through molecular engineering. In fact, nanomaterials are now well known to improve wound 

and burn healing. Metal nanoparticles (i.e., Ag, Au, Zn) show impressive properties, mainly low 

in vivo toxicity, bacteriostatic and bactericidal activities. It is important to note that Nano carriers 

should exhibit no toxicity and be safely excreted from the body. Using nanomaterials in recent 

medicine works is growing fast [125]. In medicine, NPs can act as drugs, incorporated, and used 
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therapeutically in wound healing. They can as well serve as carriers of other active molecular or 

macromolecular agents [119]. This can take place by incorporating them within their bulk and/or 

pore network or by attaching drug molecules to the NPs surface.  

Nano-particulate carriers called as well Nano-carriers, have several key advantages in 

medicine [126-128]. In fact, they are well known to possess antimicrobial effects, and they can 

form a stable aqueous dispersion of poorly water-soluble active molecular agents for delivery in 

the biological media [46, 129, 130]. Some of their properties (shape, size, composition and surface 

characteristics) can be finely modified so that, when introduced in the body, they can shield the 

encapsulated agents from degradation by various endogenous resistance mechanisms 

(i.e., enzymatic degradation, immune-degradation, sequestration by the reticuloendothelial system 

(RES) in the bloodstream, acid hydrolysis in the stomach, mucociliary clearance in the lungs, etc.) 

[129], and they can allow NPs to be targeted to not only specific organs/tissues in the body, but 

even with a cellular and subcellular specificity [131]. Nano-carriers matrix can be designed to 

control drug release at target areas for optimal and sustained drug action [132, 133]. The 

multimodality of Nano-medicine can help in performing several therapeutic functions as well as 

diagnostics studies in tandem [125, 134] and in bio-imaging [135]. 

Metallic NPs (i.e., Au, Ag, Pt), characterized by high surface energy, are well-known for 

their toxicity toward a host of pathogenic microbes (i.e., bacteria, fungi, viruses, etc.) [129]. For 

example, silver ions were found to strongly inhibit microbial growth through suppression of 

microbial genes, respiratory enzymes, and electron transport components [59, 67, 136]. One of the 

silver nanoparticles (AgNPs) medical treatments is the silver-containing cream used to treat burn 

wounds. This can occur by controlling the colonization and the proliferation of multidrug-resistant 

nosocomial pathogens (e.g., Pseudomonas aeruginosa, methicil lin-resistant staphylococci, 

vancomycin-resistant enterococci)[137].  

NPs can have additional benefits, such as the multilevel antibacterial capacity to minimize 

the chances of developing resistance, effectiveness against multidrug-resistant bacteria, and low 

general toxicity. Moreover, this antibacterial effectiveness was studied for both Gram-positive and 

Gram-negative bacteria [138-140]. 
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NPs can as well be engineered to activate stimulus in many physicochemical conditions 

(e.g., magnetic field, illumination, temperature, and pH values). Therefore, NPs can be useful in 

acidic media that reduce the efficiency of conventional chemical antimicrobials. Antimicrobial 

NPs can easily infiltrate into a bacterial cell. Some suitable NPs, with defined sizes and made of 

specific material, can be selected to cross through cell barriers to disrupt the cell [46]. The flexible 

physio-chemical properties of NPs can help in the minimization of their usage side effects. Finally, 

NPs can act in different mechanisms against bacteria to overcome the resistance to conventional 

ones. This resistance can manifest by a change or an inactivation of the antimicrobial agent by the 

bacteria itself or by a modification of the special site of the antibiotic. 

On the other side, there are possible challenges in using antimicrobial NPs agents [46] due 

to their toxicity towards untargeted microorganisms. Furthermore, liberated NPs can lead to 

unknown health effects as a result of their harmful impact on cells, tissues, and organs. 

Furthermore, the stability of the NPs helps them to accumulate in the environment and they can 

cause several health problems by spreading through air or water [141]. Finally, it is important to 

add that their size can be altered due to agglomeration, thus reducing their antimicrobial potential, 

which is size-dependent. 

The nanoparticles main key features which identify their biological efficiency, are 

originated from their sizes and shapes influencing their active substance delivery (carrier 

circulation), penetrability (either directly through cell membranes or through phagocytosis) and 

cellular responses (receptor recognition) [142-144]. Because of their antibacterial possessions and 

low toxicity profile, metal nanoparticles such as silver, gold, zinc, and copper represent perfect 

candidates for combination in wound dressings [22, 145]. Nanomaterials for tissue rejuvenation 

can be developed under different nanostructures including nano-spheres, nano-capsules, nano-

emulsions, nano-carriers, and nano-colloids[128]. The foremost types of nanomaterials used in 

wound treatment are shown in figure 7. 



31 

 

 

Figure 7.The main types of nanomaterials used for wound treatment [146] 

Most commonly synthetic metal nanoparticles for wound treatment are made from silver. In fact, 

silver sulfadiazine or silver nitrate are used for topical applications because they may be 

neutralized by the anions in the body fluids (Cl-, bicarbonate, or proteins) or cause cosmetic 

abnormality (argyria, or blue-gray coloration) on prolonged use, and they can stop the healing 

process via fibroblast and epithelial toxicity. Therefore, silver is used in skincare application [128]. 

Despite these shortcomings, silver sulfadiazine is the most popular topical antimicrobial silver 

delivery system in use because safer alternatives are unavailable [147]. 

Silver nanoparticles (AgNPs) are characterized by their high thermal stability and low 

volatility and they can be used to aid wound healing [147, 148]. This is because (i) they are easily 

synthesized by several, simple, economical, safe, and reliable methods; (ii) they can be simply 

synthesized in diverse shapes (spheres, rods, tubes, wires, ribbons, plates, cubes, hexagons, 

triangles) and various sizes (2-100 nm) depending on the experimental conditions; (iii) they are 

highly reactive, which aids to change the surface of AgNPs with several biomolecules. This helps 

drug delivery applications due to the strong interaction between the silver surface and 

biomolecules such as thiol-containing or amine-containing molecules (organic molecules, DNA, 

proteins, enzymes, etc.) [147]. (iv) they show powerful antibacterial effects against many types of 

bacteria [67], and (v) bacterial immunity towards Ag is very rare to exist, which may explain the 

existence of many bactericidal mechanisms performing synergistically. (vi) AgNPs can be easily 

incorporated into dressings. Further, (vii) they possess anti-inflammatory capacity and finally 

[149] and (viii) their efficiency against multi-drug-resistant bacteria [147]. 



32 

 

AgNPs play an important role in wound healing [147]. In fact, these particles can be 

integrated into different kinds of materials, such as clothes [150]. As an antimicrobial agent, they 

can bind to the bacterial cell membrane to inhibit the respiration process [151]. They can deactivate 

phosphomannose isomerase, which acts in the pathway for sugar catabolism [152]. Researchers 

claimed that the possible origin of AgNPs antimicrobial activity is related to the formation of free 

radicals (and subsequent free radical-induced membrane damage), that may be derived from the 

surface of AgNPs [153]. Silver NPs are also able to play an anti-inflammatory role [154]. 

Furthermore, AgNPs play an important role in impaired wound healing, which is a common 

complication of diabetes mellitus, and characterized by reduced tensile strength [155]. AgNPs can 

improve cosmetic appearance during the last stage of wound healing [154]. Some authors 

suggested that AgNPs could increase the rate of wound closure during the dermal contraction and 

epidermal re-epithelialization steps [156]. Silver NPs could drive the differentiation of fibroblasts 

into myofibroblasts, thus enhancing wound contraction [156]. As for the AgNPs shape effect it 

was demonstrated that truncated triangular AgNPs have high-atom-density surfaces compared to 

spherical and rod-shaped ones [157]. Other shapes have been also used for medical applications, 

namely nano-cubes, nano-plates, nano-rods, spherical, and flower-like shapes [158]. It should be 

noted here that smaller particle sizes were found to possess higher antimicrobial activity due to 

their easier penetration to the cell wall [159].  

The efficacy of AgNPs as antibacterial agents is related first to the types of pathogenic 

bacteria. Mainly, they can be associated with the peptidoglycan layer and kill E. coli cells by 

dissipation of the proton motive force, which is more effective than the two commonly used 

antibiotics amoxicillin and metronidazole [57]. AgNPs can damage the bacteria's outer membrane 

by inducing pits and gaps in it and then fragment the cell [140]. Next, they can penetrate and 

damage the bacteria by possible interactions with sulfur and phosphorous containing compounds 

such as DNA [160]. AgNPs can also release Ag+ ions which in their turn play anti-bactericidal role 

[160]. Figure 8 represents the bactericidal mechanisms of AgNPs when releasing silver ions after 

direct contact with the bacterial cell wall [161], while table 4 represents the main NP found in the 

literatures as well as their wound healing activities and classifies the studies of their main 

applications and effectiveness. 
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Figure 8. Schematic representation of bactericidal mechanisms of AgNPs when releasing 

silver ions after direct contact with the bacterial cell wall [161]. 
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Table 4. Classification of inorganic metals NPs and their uses in wound healing. 

Nanoparticles types Wound healing activity References Application References 

Silver 

Anti-bacterial [45, 54, 119, 162] Burn wounds [148, 163] 

Anti-inflammatory [45, 99, 119] Diabetic ulcers [148] 

Wound healing [45, 119, 162, 164-166] Drug delivery [167] 

Anti-microbial [59, 67, 136] Wound dressing [57, 168] 

  Anti-bacterial vaccine [169] 

  Antibiotic delivery [169] 

Silver/PVA/COS Wound closure [76]   

Silver / CS 

Wound healing [35, 170] Films [77, 95, 170, 171] 

Anti-bacterial [75] 
Sponges for diabetic foot 

ulcers 
[75] 

Silver / CS / PVA 

Wound healing [35, 71] Fiber mats  [71, 79] 

  Graft nanocomposite [78] 

Anti-microbial [79] Nanofiber mats [79] 

Silver / CS / HA Anti-microbial  [75] Sponges [75] 

Silver/Sulfadiazine 
Antibacterial (S. aureus, 

P. aeruginosa, E. coli) 
[84] Burn wound [84] 

Silver / Sulfadiazine 

/ CS 
Wound dressing [171]   

Gold 

Anti-bacterial [119] Skin wound [172] 

High tissue adhesive 

properties 
[119] Diabetic wound [173] 

Anti-microbial [174] 
Increase in the skin 

absorptivity 
[175] 

Healing promoter [174]   

Gold / CS Anti-bacterial [176]   

Terbium 

Migration & 

proliferation 
[119]   

Assist angiogenesis [119]   

Copper Anti-microbial [119] Wound dressing [177] 
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Production of growth 

factors 
[119]   

Copper oxide 

Zinc Oxide 

Anti-microbial [178]   

Anti-inflammatory [119] Skin wound [179] 

Copper oxide Anti-oxidant [119] Wound healing [180] 

Zinc Oxide 

Zinc oxide / CS 

Enhances angiogenesis [119]   

Reactive Oxygen 

Species (ROS) 

production 

[97, 119]   

Anti-bacterial [54, 59, 92]   

Anti-microbial [97, 180] Bandage [97] 

Anti-microbial and 

Wound healing 
[35] Anti-microbial bandage  [181] 

Anti-microbial [97, 180] Films [98, 182] 

Zinc oxide / CS 

Zinc peroxide 

Anti-microbial and 

Wound healing 

Wound dressing, Blood 

clotting, Anti-bacterial 

Anti-microbial 

[35] 

[74] 

[183] 

Textiles [12, 35] 

Scaffolds [86] 

Bandages [74] 

  

Anti-elastase [183]   

Zinc peroxide 

Silica 

Anti-keratinase [183]   

Anti-inflammatory [183]   

Drug carrier [119] Wound dressing [184] 

Migration & 

proliferation of 

fibroblast 

[119] 
Release of bioactive 

silicic acid 
[185] 

Silica 

Titanium 

Wound healing [185]   

Biocompatible  [119] Burn wound [186] 

Inherent bioactivity [119]   

Titanium 

Titanium dioxide 

Enhanced wound 

healing 
[119]   

Water retaining ability [119]   
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Good angiogenesis 

effect 
[92] Wound dressing [92] 

Wound healing [96] Wound closure [96] 

Titanium dioxide 

Titanium dioxide / 

CS 

Anti-microbial [59, 187]   

Anti-microbial [35] Scaffolds [188] 

Wound healing [35, 83] Films [61] 

Titanium dioxide / 

CS 

Iron oxide 

Anti-bacterial, high 

swelling, high water 

vapor transmission rate 

(WVTR), excellent, 

biocompatibility, wound 

closure 

[61] Bilayer composite [83] 

 biodegradability [119] Tissue engineering [188] 

Low toxicity [119]   

Iron oxide 

Cadmium sulfide 

Anti-microbial [119]   

Anti-microbial [59]   
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1.8. Synthesis methods of Nanoparticles used for wound healing 

 

Numerous ways exist to synthesize metallic nanoparticles. In this section, an exert of the 

main routes to synthesize NPs (i.e. Ag, ZnO and their alloys, TiO2, Au etc.), especially as they 

relate to their use for wound healing purposes, are represented. 

 

1.8.1. Silver nanoparticles (AgNPs) 

 

The use of silver in wound healing started very early, back to 1850 BC, when it was applied 

by Egyptian to wounds [67]. According to literature, Silver NPs are the most common metallic 

compounds produced for their inhibitory effects on microbial growth and antimicrobial activities. 

Furthermore, AgNPs showed a higher activity compared to the ionic form (Ag+) [140].  

Different routes have been followed to synthesize AgNPs: Jun Sun Kim et al. reduced silver 

nitrate by sodium borohydride to obtain particle sizes of 13.5 ± 2.6 nm. The antimicrobial activity 

of the produced AgNPs was tested on E. coli and S. aureus [189]. Furthermore, a biological 

synthesis was carried out using banana peel extract (BPE) as a reducing agent on silver nitrate. 

The method produced spherical NPs with an average size of  23.7 nm and their antimicrobial 

activity on E. coli, S. aureus, B. subtilis, P. aeruginosa and C. albicans was performed [190]. 

In other experiments, chitosan (CS) NPs and Silver NPs have been synthesized separately 

and mixed in different manners [75]. Chitosan is a cationic biopolymer composed of randomly 

distributed -(1-4)-linked-D-glucosamine (deacetylate unit) and N-acetyl-D-glucosamine 

(acetylated unit) [75]. CS is mainly produced by deacetylation of chitin, the structural element in 

the exoskeleton of crustaceans (crabs, shrimps, and lobsters) [171]. It is frequently used as a 

wound-healing material due to its low cost, easy to produce, biocompatibility, biodegradability, 

and especially its antimicrobial characteristics [170]. CS films are as well appropriate for wound 

dressing applied for dermal burns[191]. Associated with AgNPs, CS has a reducing and stabilizing 

properties [192]. Nicole Levi-Polyachenko et al. produced hexagonal-shaped AgNPs of 600 nm 

by reducing AgNO3 with tri-sodium citrate (TSC), the resulting AgNPs were mixed with CS  

whereas no application has been mentioned [170]. 
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Varsha Thomas et al. [58] mixed CS and AgNO3 to obtain 4-5 nm particles applied as 

antimicrobial packaging for wound dressing against E. coli and Bacillus bacteria. Fiber mats (150 

nm) made of Chitosan-based AgNPs (25 nm) have been synthesized by the reduction of AgNO3 

by CS supported by glucose and offering more active sites for oxidation through its free aldehyde 

groups [79]. The reduction effect of the CS was studied via Fourier-Transform Infra-Red (FTIR), 

Ag was identified by Energy Dispersive Spectroscopy (EDS), the quantity of silver present in the 

mixture was determined by Atomic Absorbance Spectroscopy (AAS), the morphology and 

particles size distribution were analyzed using Field Emission Scanning Electron Microscopy (FE-

SEM) and Transmission Electron Microscopy (TEM) respectively. The combination of AgNPs 

with CS showed greater properties and synergistic antibacterial effects on E. coli bacteria [79]. 

CS-based AgNPs (10-15 nm) have demonstrated improved hemostatic and antimicrobial 

properties against E. coli and P. aeruginosa [192]. 

Chitosan-polyphosphate (ChiPP) was synthesized by Shin-Yeu Ong et al. [95] and mixed 

with AgNPs to fabricate wound dressing that accelerates blood clotting and increases platelet 

adhesion. They found as well that silver loaded ChiPP is a better antimicrobial than ChiPP, and 

the antimicrobial analysis was applied to S. aureus and P. aeruginosa.  

The antimicrobial sponges' activity on E. coli, S. aureus, Methicillin-Resistant S. aureus 

(MRSA), P. aeruginosa, and Klebsiella pneumonia has been followed by Anisha et al. [75] on 

infected diabetic wounds. The mixture contained CS, AgNPs (5-20 nm), and hyaluronic acid (HA), 

where the AgNPs were synthesized by reducing Silver nitrate with D-glucose. The importance of 

HA is that it is a glycosaminoglycan and a main component of the skin extracellular matrix, it is a 

polyanion with good hydrophilic properties and has an exceptional viscoelastic nature. HA offers 

a moist environment and defends the wounded tissue surface from dryness and accelerates its 

healing [193].  

Silver NPs have been synthesized as silver sulfadiazine (SSD) NPs (282-2149 nm) and 

applied for burn wound healing properties against P. aeruginosa, E. coli, and S. aureus [84]. Ag-

Sulfadiazine is widely used for the treatment of chronic tissue and wound burn infections [119]. 

Lu et al. [171] have reduced silver nitrate by sodium citrate to obtain AgNPs of 60 nm and 

compared their action associated with CS to the SSD-CS mixture, the authors’ found an increase 

in the rate of the wound healing in the first combination (AgNP + CS), that was associated to the 
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silver levels in blood and tissues lower than the levels in the second mixture (AgNP + SSD-CS). 

The first dressing (AgNP + CS) was found to have wild applications in the clinical settings due to 

the negative tests of sterility and pyrogen tests. 

Other authors introduced Silver NPs in Chitosan and Polyvinyl Alcohol (PVA) mixture. 

PVA is characterized by high resistance to oil, grease, and solvents; added to its high chemical 

stability and its excellent oxygen and aroma barrier properties, PVA contributes to wound healing 

dressing to create a covered membrane-absorbing water, that helps the CS-AgNPs couple to access 

and kill bacteria efficiently [101]. As an example Nguyen et al. produced a topical gel from this 

mixture with particle sizes of 22 nm [101]. Their studies concerned P. aeruginosa and S. aureus 

showing that lower concentrations of silver ions can lead to a higher antimicrobial effect. In 

another study, Celebi et al. [77] developed antibacterial CS/PVA nanofibers against E. coli and 

containing silver ion-incorporated hydroxyapatite nanoparticles (HAP) with a dimension of 60-70 

nm. Abdelgawad et al. produced antimicrobial (against E. coli) nanofibers mats with a 150 nm 

diameter, using AgNPs (25 nm) enveloped in CS after reduction with glucose [79]. 

Moreover, Hendi [164] produced AgNPs (9 nm) by reduction of AgNO3 with sodium 

borohydride (NaBH4) and added polyvinylpyrrolidone (PVP) to prevent aggregation. She found 

that AgNPs exert positive effects via their antimicrobial properties, reducing the wound 

inflammation and modulating some liver and kidneys functions throughout the skin wound 

healing. Chenwen Li et al. [76] replaced CS by chitosan oligosaccharides (COS) to form fibrous 

mats (130-192 nm) with PVA and Ag NP of 15-22 nm as wound dressing, the authors performed 

a preclinical study on wound healing by inhibiting E. coli and S. aureus bacteria.  

Helminger et al. [85] described how different synthetic routes may affect the shape of 

AgNPs produced and their antibacterial activity against S. aureus but with similar cytotoxicity: 

spherical AgNPs were synthesized either by reduction of silver nitrate with glucose and PVP (MW 

 40 000 g.mol-1), or by a microwave-based polyol process using PVP (MW  55 000 g.mol-1) 

with dimensions of 120-180 nm and 40-70 nm respectively. Nano-platelets AgNPs (20-60 nm 

diameter) were produced via microwave-assisted process but with a lower molecular weight of 

PVP ( 10 000 g.mol-1). Nano-cubes shaped AgNPs (140-180 nm) were produced following the 

polyol process (using ethylene glycol, silver nitrate, and PVP with a MW  40 000 g.mol-1). 

Following a modified polyol process, the in situ reduction of silver nitrate by sodium chloride 
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generated silver chloride nano-cubes, which served as a heterogeneous nuclei for the silver 

nanowires growth with 50-100 nm diameter and 1-20 m long [85]. No shape dependence was 

found, but particles with higher specific surface area were more toxic for bacteria than particles 

with smaller specific surface areas [85]. 

Hebeish et al. [78] used reduced silver ions by graft copolymerization of acrylonitrile onto 

chitosan to produce AgNPs of 15-20 nm. Polyacrylonitrile (PAN) is considered as one of the 

essential fiber-forming polymers and widely used in textiles for its excellent chemical and physical 

properties. The antimicrobial activity was tracked on E. coli and S. aureus bacteria, showing 

inhibitory zones, of 16 nm and 15 mm, respectively, and attributed to silver nanoparticles. 

Ying Zhou et al. [194] produced antibacterial hydrogel from the mixture of silver nitrate, 

gelatin, and carboxymethyl chitosan (CM-CS) by radiation-induced reduction. They obtained sizes 

ranges of 3-6 nm, 5-10 nm, and 10-30 nm with increasing the concentration of AgNO3, which 

increased as well the antibacterial activity on E. coli bacteria.  

A physical approach using UV irradiation of AgNO3, with no additional chemical reducing 

agents, has been applied to synthesize 10-20 nm AgNPs. These NPs have been added within 

peptides hydrogel. A selection of Gram-negative (E. coli and P. aeruginosa) and gram-positive (S. 

aureus) bacteria was tested, and they have shown an apparent inhibition of bacterial growth [195].  

 Sundaramoorthi et al. [196] synthesized Silver NPs (820 nm) by a biological route using 

Aspergillus niger fungus that were used to control cytokines involved in wound healing. The 

authors showed antimicrobial action on S. aureus, B. subtilis, E. coli, and P. aeruginosa by 

reducing the wound inflammation and modulating fibrogenic cytokines. Within wound healing 

applications of AgNPs, Prestes et al. studied the effect of nano-crystalline silver-based occlusive 

dressings, formed with coated polyester, on rats [162]. The results showed a reduction of the 

inflammation rate which was related to the delimited area of the surgical wound. Other dressings 

made from AgNPs (0.69 and 1.64 mg/cm2) film deposited on a polyethylene cloth have been tested 

on a human wound burn and they showed higher healing speed [148]. Another biological route 

used “Delonixelata” leaf aqueous extract to form AgNPs with an average particle size of 

36 nm [197]. The size of lesions was followed with time and the AgNPs represented a better 

healing effect.  
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1.8.2. Zinc oxide nanoparticles (ZnO-NPs) 

 

The safety of ZnO (non-toxic) and its compatibility with human skin and its low cost make 

it a suitable additive for textiles and any surfaces that come in contact with the human skin [198]. 

Zinc plays a major role in growth and development and participates in wound healing [119]. 

During the last decade, different routes have been used to synthesize zinc oxide NPs. The most 

known route is the chemical precipitation of zinc ions using precursors such as zinc acetate 

(Zn(CH3COO)2.2H2O), zinc sulfate (ZnSO4), and zinc nitrate (Zn(NO3)2) in presence of a 

precipitator solution like sodium hydroxide (NaOH) or ammonium hydroxide (NH3.H2O) [199]. 

The importance of ZnO NPs in the medical field is due to its effective ability to generate excess 

production of reactive oxygen species (ROS) through a photocatalytic process[35] following the 

mechanism: 

𝑍𝑛𝑂 + ℎ →𝑒− + ℎ+ 

ℎ+ +  𝐻2O→𝑂𝐻 + 𝐻+ 

𝑒− + 𝑂2 → 𝑂2 

𝑂2 + 𝐻+ → 𝑂𝐻2 

𝑂𝐻2 + 𝐻+ + 𝑒− → 𝐻2𝑂2 

Where h+ represents the holes in the metal. Furthermore, ZNO NPs can liberate Zn2+ ions that 

damage bacteria by active transport inhibition, amino acid metabolism and enzyme system 

disruption [200]. ZnO was found also to induce cell apoptosis [199].  

Vicentini et al. [98] followed the Pechini method that consists of polybasic chelates formed 

between -hydroxycarboxylic acids which contain a minimum of one hydroxyl group (citric acid) 

with metal ions. Upon heating, this chelate undergoes polyesterification with ethylene glycol (a 

polyfunctional alcohol). The authors’ dissolved the metal ions in a blend of polyester and ethylene 

glycol, that was next incorporated into a blend of Chitosan and Polyvinyl alcohol using different 

concentrations of polyoxyethylene sorbitan monooleate. The ZnO NPs of 25-30 nm sizes showed 

antibacterial activity against S. aureus [98].  
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Sudheesh Kumar et al. [201] synthesized composite bandages for wound dressing with 

incorporated ZnO NPs (70-120 nm) by adding sodium hydroxide on zinc acetate dihydrate 

prepared in methanol. Then, the nano-suspension of ZnO was added to a CS hydrogel in acidic 

media (acetic acid) [74]. These bandages showed antibacterial activity against E. coli and S. aureus 

with improved swelling, mechanical properties, whole-blood clotting, and platelet activation. Zinc 

oxide-incorporated chitosan (with ZnO NPs <100 nm) was applied on textiles and showed 48 and 

17% antimicrobial against S. aureus and E. coli, respectively. 

Recently, Arshad et al. [97] elaborated biodegradable thiolated chitosan-alginate bandages 

embedded with ZnO NPs (37 nm) produced following the precipitation method using zinc sulfate 

heptahydrate in a basic medium (NaOH). These bandages showed advanced therapeutic dressing 

against Staphylococcus bacteria. Su-Eon Jin et al. synthesized ZnO NPs with dimensions below 

100 nm from zinc acetylacetonate hydrate and oleylamine mixed with ethanol and deposited on 

Silicon wafers. The authors’ approved, under UV radiation, antibacterial activity against E. coli, 

and found that ZnO NPs can be potential antibiotics in the next generation of disinfection 

system [90]. 

ZnO can be as well produced from Zinc nitrate solutions when reacted with sodium 

hydroxide. Kaushik et al. have succeeded to elaborate ZnO-NPs with particle sizes ranging from 

80 nm up to 420 nm due to annealing-temperatures increase. This increase of particle sizes 

enhanced the cell viability and the cell numbers that lead to better cell adhesion and attachment to 

the fibroblast cells of the ZnO NPs. On the contrary, the decrease in size observed by lowering the 

annealing temperatures showed better antimicrobial properties when applied in the presence of E. 

coli, S. aureus, Salmonella enterica, Typhimurium, Aspergillus flavus, A. fumigatus, and Candida 

albicans bacteria [180]. A set of antibacterial activity researches using ZnO NPs as well as the 

effect of synthesized ZnO NPs on some bacteria are represented in tables 5 and 6 

respectively [199]. 

Since zinc oxide and lauric acid (LA) play an important role in preventing the wound 

infection, and silk sericin (SS) has pharmacological properties promoting wound healing, they 

have been all used combined with chitosan to produce porous scaffolds for wound dressing with 

antibacterial activity tested against E. coli [86]. 
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Table 5. The antibacterial effects of ZnO NPs in different bacterial species [199]. 

Particle 

sizes 

(nm) 

Bacterial species Antibacterial mechanism 

4 
E. coli, Cupriavidus 

Metallidurans 
the toxicity is mainly from Zn2+ 

20 E. coli Hydrogen peroxide (H2O2) 

30 E. coli Destroy the membrane integrity and ROS 

production 

40 
Streptococcus mutans, S. pyogenes, Vibrio 

cholerae, Shigellaflexneri, and Salmonella 

typhi 

ROS and the release of Zn2+ 

70∼80 S. aureus, S. typhimurium, P. vulgaris, and 

K. pneumoniae 
ROS damage to cell membranes 

80 V. cholera 
Depolarization of the membrane 

structure, increased permeability and damage of 

DNA, and generation of ROS 

90∼100 V. cholera and enterotoxic E. coli Inhibit adenylyl cyclase activity 

 

Table 6. ZnO activity against different bacteria [123]. 

Particle 

sizes 

(nm) 

Method Bacterial species Effect 

13 
Chemical 

E. coli, S. aureus Growth inhibition 

10-15   

16 Biotemplate C. albicans Anti-candida activity 

19.82 Sol-gel MRSA Growth inhibition 

23.5 
Wet chemical 

precipitation 

B. subtilis, Salmonella Parathyphi, K. 

Pneumoniae, P. vulgaris 
Antimicrobial effect 

60-100 

Chemical 

S. aureus Bactericidal action 

41-167 S. aureus, E. coli, K. Pneumoniae, P. 

aeruginosa 

Strong antimicrobial 

activity 

500 Wet chemical S. aureus, E. coli, P. aeruginosa Reduced skin infection  
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1.8.3. Silver and Zinc oxide alloys nanoparticles 

 

Li-Hua Li et al. [60] produced alloys of silver and zinc oxide with chitosan (CS/Ag/ZnO) 

on glass plates, with dimensions of 10-20 nm. The resulting CS/Ag/ZnO alloys showed better 

antibacterial activities against B. subtilis, E. coli, and S. aureus, compared to simple mixtures of 

CS/Ag or CS/ZnO. Antimicrobial bandages were fabricated by Mehrdad Khatami et al. [54] to 

treat and cover infection sensitive wounds (diabetic or burn wounds). The obtained bandages have 

been used with AgNPs, ZnO NPs, and a mixture of Ag/ZnO (5-40 nm) and tested to show positive 

activities against A. baumannii and P. aeruginosa. 

 

1.8.4. Copper nanoparticles 

 

Copper nanoparticles (CuNPs) are of great interest due to their unique chemical, biological, 

and physical properties, their antimicrobial activity, and their low cost of preparation [202]. High 

antimicrobial activity against E. coli and S. aureus was found in copper NPs hydrosol with particle 

sizes of  5 nm [81]. These CuNPs were synthesized by reduction of copper (II) chloride hydrate 

with sodium borohydride in the presence of ascorbic acid that plays the role of an antioxidant 

agent. Another study showed the antimicrobial activity of CuNPs against B. subtilis, P. 

aeruginosa, C. albicans, and Salmonella choleraesuis [203]. In wound healing applications, 

Tiwari et al. synthesized CuNPs biologically using Pseudomonas aeruginosa that showed 

biocompatibility and enhanced wound healing efficacy [204]. Other researchers succeeded in 

preparing dressing materials, based on copper oxide NPs, that aided wound healing [177]. CuO 

NPs induced many factors, including the vascular endothelial growth factor (VEGF) and the 

production of placental growth factor (PLGF), and the hypoxia-inducible factor-1 alpha (HIF-1), 

and they enhanced wound closure process in diabetic mice. 
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Chapter 2. Characterization Methods 

 

2.1. UV-vis Spectroscopy 

Ultraviolet/Visible (UV-Vis) spectroscopy is an analytical technique mainly used to 

calculate the extinction of light through a specific sample. It adds up the absorbed light and the 

scattered light. The experimental set up consists on placing a sample between the light source and 

the photodetector. The spectrometer measures the beam light intensity before and after passing 

through the sample. The analytical instrument used during this research was a SPECORD 250 Plus 

analytic Jena. 

 

 

Figure 9.UV-Vis spectrophotometer Specord 250 Plus Analytik Jena UV-Machine 

 

The full path of light is shown in the optical diagram in figure 10. 

 

Figure 10. Optical diagram of SPECORD machine [205] 

The measurements are compared at each wavelength to quantify the sample’s wavelength 

dependent extinction spectrum. The obtained data help in drawing the extinction rate as a function 
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of wavelength. All frequencies are background corrected with a blank cuvette, filled with only the 

dispersing components, to avoid some spectral features from the solvent. 

 

UV/Vis spectroscopy is a valuable tool to identify, characterize and study nanoparticles 

because they have optical properties sensitive to shape, size, agglomeration state, concentration, 

and refractive index near the surface. Metallic nanoparticles (i.e., Au, Ag, Cu, Zn) strongly interact 

with specific frequencies of light and their unique optical properties is the foundation for the field 

of plasmonic nanoparticles. To interpret UV/Vis Spectroscopy data, we follow the transmittance 

and the absorbance of the sample. 

In fact, the transmittance (T) is the fraction of photons that pass through the sample over 

the total incident ones: 

𝑇 =
𝐼

𝐼0
 Equation 1 

A typical UV/vis spectroscopy experiment measures the photons that are not absorbed nor 

dispersed by the sample. It is common to report the absorbance (A) of the sample as a function of 

the transmittance: 

 

𝐴 = −𝑙𝑜𝑔10(𝑇) Equation 2 

 

In Figure 11, an example of ZnO nanoparticles spectrum shows an absorption peak at 376 

nm. From this unique peak, it can be noticed that there is uniform distributed nanoparticles and 

most particles are in nano-size.  
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Figure 11. Plot of the absorbance spectrum of ZnO nanoparticles [206] 

 

Any sample can absorb light, scatter it, or both. The scattering (or absorption) percentage 

from the measured extinction spectrum depends on the size, the shape, the composition, and the 

aggregation state of the sample. In general, smaller particles have a higher percentage of extinction. 

For example, light scattering by 2 nm diameter gold particles can be negligible. Scattering from a 

sample is usually very sensitive to the sample aggregation state. Its contribution increases with 

aggregation because when conduction electrons near each particle surface become delocalized and 

shared amongst neighboring particles, the surface Plasmon resonance shifts to lower energies, 

causing the absorption/scattering peaks to shift to longer wavelengths [207].  

 

UV-Visible spectroscopy is a simple and reliable method for monitoring the stability of 

metal nanoparticle solutions. For example, when the stability of AgNPs colloidal solution is 

reduced the intensity of the original extinction peak originated from the Surface Plasmon 

Resonance of Silver will decrease, and often the peak will broaden or a secondary peak will form 

at longer wavelengths (due to the formation of aggregates) [208]. Figure 12 shows the extinction 

of an aggregating sample of silver NPs as a function of time. 
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Figure 12. The absorption spectrum of silver nanoparticles changing as the particles transition 

from a well-dispersed state to an aggregated state [208]. 

 

 

2.2. Fourrier Transform Infra Red (FTIR) 

 

FTIR is one of the widely used tools for the detection of functional groups in pure 

compounds and mixtures comparison. Infra-Red study is related to the vibrational motions of 

atoms and molecules. In terms of frequency, it ranges from 3.1012 to 3.1014 Hz. IR radiation does 

not have sufficient energy to cause the excitation of electrons. However, it causes bonds or groups 

of atoms to vibrate faster about the bonds, which connect them. The compounds absorb energy 

from a particular region since the vibrations are quantized. A specific wavenumber computes the 

position of an absorption band. 

The graph, which shows the variation of the percentage of transmittance with wavenumber 

(cm-1) is called an infrared spectrum. Each dip in a spectrum is called a peak and it represents the 

absorption of infrared radiation at that frequency. In the spectrum, 100% transmittance means 0% 

absorption and vice-versa. During vibration, the covalent bonds behave as if the atoms are 

connected by small springs. Atoms in a molecule are vibrating about an average value of 

interatomic distance. IR spectrophotometer consists of complex mechanical and electrical systems 

that convert very small variation in energy absorbed into an accurately recorded spectrum [209]. 
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Figure 13. Schematic diagram of recording spectrophotometer 
 

With the technique "Fourier Transform Spectroscopy," simultaneous and almost 

instantaneous recording of the whole spectrum in the magnetic resonance, microwave, and infrared 

region is possible. The detector collects all the information simultaneously, and the computer with 

the aid of the Fourier transform program converts it into frequency domain spectrum. So direct 

structural analysis of samples within seconds is possible. 

 

2.3. Dynamic Light Scattering (DLS) and Zeta potential 

  

Dynamic light scattering (DLS), also known as quasi-elastic light scattering is an 

instrumental technique which measures Brownian motions of macromolecules inside of a solution 

that rises from bombardment of solvent molecules, which will narrate the gesticulation of the 

particle sizes  [210]. The DLS is able to read the movement speed of the particles that underwent 

Brownian motion which is influenced by temperature, particle sizes, and sample viscosity that is 

the most significant of all.  The temperature must be kept constant at all times when measuring so 

the sample will show no arbitrary movements that deny the correct particle size for analysis [210]. 

When using the DLS instrument, the laser light beams at the macromolecules/nanoparticles 

which will scatter the lights into multiple directions and the intensity can be identified and read by 

a detector. The monochromatic light frequency will perform a Doppler broadening when there is 

a continuous motion of macromolecules inside of the solution. Two results will be observed from 

the scattered light, either a mutually destructive phase which stops each other, or a mutually 
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constructive phase that shows a visible signal. The Digital auto correlator with respect to time 

correlates the intensity fluctuations of the scattered light that identifies how fast the intensity 

fluctuated, that is related to the diffusion behavior of macromolecules.  

The Brownian motions velocity is identified by the translational diffusion coefficient (D), 

which is changed into a particle size by the Stokes-Einstein equation 

𝑑𝐻 =
𝑘𝑇

3𝜂𝜋𝐷
      Equation 3 

Where dH represents the hydrodynamic diameter,  

k the Boltzmann’s constant (1.38×10-23 NmK-1),  

T the absolute temperature in Kelvin, η the solvent viscosity (N s m-2), 

and D the diffusion coefficient (m2s1). 

 
Figure 14. The idea of light scattering in particle size analyzer [210] 

 

Zeta potential is a measurement done by analyzing the magnitude of a repulsion or 

attraction between particles. zeta shows complete visualization of a dispersion mechanism and its 

aim towards electrostatic dispersion control [211]. The zeta potentials measurement is commonly 

used in a large range of industries such as pharmaceuticals, nanoscience, brewing, agricultural and 

water treatment [211]. The method is best used for measuring particles with sizes smaller than the 

nanoscales [210]. 
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In this study Malvern Zetasizer Nano-ZS instrument was used for size and zeta potential 

determination of nanoparticles in solution [212]. The DLS measures the dynamic fluctuations of 

the light scattering intensity from the Brownian motion based the velocity distribution of particle. 

The Laser Doppler Velocimetry (LDV) is the measurement technique used to measure the zeta 

potential of the particles [212]. The LDV method uses a laser which pierces through the sample 

that measures the velocity of the particle in an electric field which is called electrophoretic mobility 

[212]. 

 

Figure 15.  Malvern Zetasizer Nano-ZS 
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Chapter 3 – Materials, Methods  

 

3.1. Chemicals  

 

Silver nitrate (AgNO3) Mw = 169.89 g/mol, Zinc Acetate Dihydrate (ZnCH3COO.2H2O), copper 

(II) acetate hydrate (Cu(CH3COO)2.H2O), Sodium Borohydride (NaBH4), Poly(vinyl 

Alcohol)(PVOH) Mw = 10,000 g/mol, polyethylene (glycol)(PEG) bio-ultra 6000, Low Molecular 

weight Chitosan Mol. Wt = 50,000-190,000 g/mol and Polyvinylpyrrolidone (PVP) Mw = 10,000 

g/mol  were purchased from Sigma-Aldrich through Ibra Haddad Company. Ephrem mills 

Turmeric Powder (50g) and coffee powder (by Café Najjar) were purchased at the local market. 

 

3.2. Instrumentation 

 

UV–Analytik Jena Specord ® 250, with a range of 200-900 nm, was used to analyze the 

nanoparticles optical properties. Malvern Zetasizer nano ZSP version 7.10 was used to analyze the 

NPs size and Zeta potential. FTIR- perkin Elmer UA TR two Spectrum was used for checking the 

main peaks following the green synthesis of nanoparticles. 

 

 3.3. Synthesis of silver nanoparticles using PVP and NaBH4: 

 

1 mL of AgNO3 (0.1M) was mixed with 2 mL PVP (1.25 mM) in a 50 mL round flask 

containing 7 mL of deionized water. Different volumes (0.167, 0.334, 0.656 mL) of NaBH4 (0.6M) 

were added to reduce the AgNO3. After addition of NaBH4 an instantaneous color change from 

colorless to blackish-yellow was observed. The solution was kept under constant stirring for 30 

minutes. The final solutions were analyzed using UV-visible spectroscopy and Dynamic Light 

Scattering (DLS). 
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3.4. Synthesis of silver Nanoparticles using 0.1% acetic acid/Low molecular weight chitosan 

In three different 50 mL boiling flask, 1 mL of AgNO3 (0.1M) was mixed with 3 mL of a 

solution 1 % w/v low molecular weight chitosan dissolved in 0.08 % v/v acetic acid and 20 mL of 

deionized water. Different volumes (0.167, 0.334, 0.656 mL) of NaBH4 (0.6M) were added to 

reduce the AgNO3. After addition of NaBH4 an instantaneous color change from colorless to 

blackish-yellow was observed. The solution was kept under constant stirring for 30 minutes. The 

samples were finally stored in a centristar tube and kept in the fridge for 72 hours for later analysis. 

 

3.5. Aqueous Extract Turmeric Powder (AETP) preparation 

 

6.8 g of organic turmeric powder were mixed with 100 mL of deionized water. Afterwards, 

the mixture was boiled for 15 mins, then cooled down to room temperature for 15 min. The extract 

was then filtered under vacuum (using a Buchner) and centrifuged at 7770 RPM for 10 mins at 

25ºC. The AETP filtrate was centrifuged under the same conditions four more times in order to 

remove all particulate matter from the solution before being used in AgNPs synthesis. 

 

3.6. Green Synthesis of silver nanoparticles using AETP 

 

The green synthesis of AgNPs using AETP as both reducing and stabilizing agent was 

achieved according to a reported procedure with various modifications [213].  

Briefly, 2 mL of the previously obtained purified AETP extract were mixed with 8 mL of 

1 mM aqueous solution of AgNO3 under moderate stirring. At first, we have repeated exactly the 

same procedure of Fouad K. Alsammarraie  et al. performed at room temperature [213]. However, 

we noticed that the initial light yellow color of the mixture AgNO3/AETP did not change with time 

even after one week stirring in dark. Therefore, we have decided to check on several parameters 

such as temperature, concentration of AgNO3 and time effect in order to fix the best conditions for 

the synthesis of stable AgNPs colloidal solution.  
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3.6.1. Effect of reaction time on the synthesis of AETP/AgNP at 100 C 

In order to accelerate the reaction and to study the effect of the reaction time on the 

synthesis of AgNPs-AETP; we have carried out the reaction in a boiling solution (100 C) at 

different time intervals (15, 30, 45, 60, 120 minutes)while keeping both the concentrations of 

AgNO3 (1 mM) and the amount of AETP constants (2 mL).  Reaction were stopped at 15, 30, 45, 

60, 120 minutes boiling. For all the prepared solution at 100 C and in contradiction to room T 

reaction a color change from light yellow for AETP/Ag solution to dark brown was observed 

indicating the successful reduction of AgNO3 by AETP  at 100 C and formation of AgNPs-AETP. 

The absorbance spectrum of resulting solutions was measured by the UV-visible spectrometer, 

while the size and zeta potential were determined by DLS. 

 

3.6.2. Effect of AgNO3 Concentration on the synthesis of AETP/AgNPs 

To study the effect of AgNO3 concentration on AgNPs synthesis, different concentrations of 

AgNO3 solutions ranging from 0.5 to 2 mM were used at an average temperature of 80-85°C. 

A fixed amount of AETP (2 mL) was used for each concentration of AgNO3 solution, and the 

final solutions were analyzed using UV-visible spectroscopy and Dynamic Light scattering 

(DLS). 

 

3.6.3. Effect of temperature on synthesis of AETP/AgNPs 

To evaluate the effect of temperature on the reaction, the reduction of AgNO3 with AETP was 

performed at various temperatures while fixing the concentration of AgNO3 at 1 mM and the 

amount of AETP extract at 2 mL. The synthesis was carried out at room temperature, 50-60°C, 

75-80°C, 80-85°C, 90-95°C and 100°C using an assembly of a reflux system (oil bath and a 

condenser). The resulting colloidal solutions were analyzed using UV-visible spectroscopy and 

Dynamic Light Scattering (DLS). 

 

3.6.4. Characterization of green synthesized AgNPs 

The reduction of silver ions to form Ag NPs was confirmed by UV–Analytik Jena Specord ® 250 

and Malvern Zetasizer nano ZSP. Distilled water was used as a blank in the measurement. 

Measurements were performed on a colloidal solution (diluted five times).  
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3.7. Green synthesis of Zinc Oxide using coffee powder extract (CPE) 

3.7.1. Green Preparation of coffee powder extract 

 

Coffee powder (Café Najjar) extract was used to produce ZnO nanoparticles. For this 

purpose, 10 g of coffee powder was dissolved in 100 ml of deionized water and boiled under 

constant stirring for 3 hours. After cooling, the extract was centrifuged for 20 min at 4500 rpm and 

the supernatant was filtered under vaccum using a Buschner and Whatman filter paper with pore 

sizes of 2.7 µm. The obtained liquid extract was stored at 4ºC for later usage in the synthesis of 

ZnO nanoparticles. 

  

3.7.2. Green Synthesis of ZnO Nanoparticles 

 

0.1 M aqueous solution of zinc acetate di-hydrate (ZnCH3COO.2H2O) was used as a 

precursor. The composition of the precursor and the obtained coffee extract obtained in the 

previous step, in 1:1 volume ratio, were prepared by adding 50 mL coffee extract dropwise to the 

50 mL of zinc acetate solution, with constant stirring at 70-80ºC, until a gelatin form was produced 

in 2 hours. As the solution started evaporating at near ending of the process, the substance obtained 

was in a viscous gelatin form, and was loaded into the oven (at 90°C) overnight. After that, it 

produced a black powder. Finally, the sample was calcined in a crucible by heating it at 600ºC for 

12 hours in the oven. The obtained white powder was dissolved in water and characterized by UV-

vis, DLS and FTIR. 

 

3.7.3. Characterization of green synthesized ZnO-NPs 

 

The formation of ZnO nanoparticles was confirmed by several tests using UV–Analytik 

Jena Specord ® 250, Malvern Zetasizer nano ZSP and FTIR- perkin Elmer UA TR two Spectrum. 

Distilled water was used as a blank in the measurement. The measurements were performed using 

1.3 mg of the synthesized ZnO-NPs in 6.5 mL of deionized water.  
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3.8. Synthesis of ZnO NPs-PVA, ZnO NPs-PVP, CuO NPs-PEG 

ZnO and CuO NPs samples were prepared separately with a polymer at a mass ratio of 1:15 

in a 125 mL Erlenmeyer flasks, using a sonicator at a temperature of 60-65 oC, and ammonium 

hydroxide solution of 25-30%. 

 

A) For ZnO NPs: Zinc acetate dihydrate (MW = 219.49 g/mol) was used as a precursor and 

the polymers PVP or PVA were used as a coating agent. 50 mL of a 20 mM Zinc acetate 

dihydrate were mixed with a solution of polymer (PVA or PVP) at a ratio of 1:15 (w/w) 

in 50 mL deionized water. The flasks were sonicated at 60-65 oC for 5 mins. Afterwards, 

0.175 mL of ammonium hydroxide solution was added to each sample and the solutions 

were sonicated at 22-25 oC for 45 mins. The solution changed color from colorless to 

milky white during the sonication process indicating the formation of ZnO 

nanoparticles.  

 

B) For CuO NPs synthesis Copper (II) acetate Monohydrate (MW = 199.65 g/mol) was 

used as a precursor, and polyethylene glycol (PEG) with a molecular weight 6 KD was 

used as coating agent. Following the previous steps, 50 mL of Copper II acetate 

Monohydrate 20 mM (m = 0.199g) were mixed with 50 mL of PEG polymer (6% w/v) 

solution at a ratio of 1:15 w/w. The flask was sonicated at 60-65 oC for 5 mins. 

Afterward, 0.175 mL of ammonium hydroxide solution was added and the solution was 

sonicated at 22-25 oC for 45 mins. The solution changed color from colorless to brown 

during the sonication process indicating the formation of CuO nanoparticles. 

 

 

3.9. Antibacterial effect of Ag, ZnO and CuO nanoparticles  

Two standard strains of Escherichia coli (ATCC 29522) and Staphylococcus aureus (ATCC 

29523) were selected for evaluation. The antibacterial activity of both AgNPs (one coated with 

PVP polymer and the other one obtained by green synthesis) were evaluated and compared under 

similar conditions. Moreover, ZnO and CuO nanoparticles were also evaluated using macro 

dilution method for each bacteria strain separately. 
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For each bacterium, a series of 5 wells were made for the analysis of both the gram-positive 

and gram-negative bacteria. The Ag NPs were studied separately from the ZnO and CuO in the 

agar plates. Mainly, the antibacterial activity test of Ag NPs was performed on E. coli and S. aureus 

in order to compare the Ag NPs-PVP and green AgNPs-AETP. As for the ZnO and CuO, two 

different agar plates were prepared for each sample.  

A volume of 50 µL for each sample was injected into the wells. Then, the bacteria were 

incubated for 48 hrs. at 37 °C. The tests using Ag NPs was repeated 3 times, while using ZnO and 

CuO were done only once and the results were compared to each other.  
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Chapter 4 – Results and discussion  

 

4.1. Synthesis and Characterization of AgNP-PVP obtained with NaBH4 

Silver NPs are commonly synthesized by chemical reduction of silver ions with a reducing 

agent. Several reducing agents such as citrate, ascorbic acid, honey, magnolia leaf, turmeric, coffee 

powder etc. [104, 170, 203, 213, 214] were used to produce silver NPs in water. By using a strong 

reducing agent such as NaBH4, an instant color change, from colorless to blackish-yellow, was 

observed resulting in the Ag ions have been reduced, no matter the amount of NaBH4 excess being 

used (Figure 16). 

 

   

   

Sample A NaBH4:AgNO3 

(1:1) 
Sample B NaBH4:AgNO3 

(2:1) 
Sample C NaBH4:AgNO3 

(4:1) 

 

Figure 16.  AgNPs solutions obtained by reduction of AgNO3 with NaBH4 at different ratio in 

presence of PVP as capping agent. Sample A- NaBH4:AgNO3 (1:1), Sample B- 

NaBH4:AgNO3 (2:1), Sample C- NaBH4:AgNO3 (4:1) 
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The reaction of reduction that take place is: 

𝐴𝑔𝑁𝑂3 + 𝑁𝑎𝐵𝐻4  → 𝐴𝑔(0) +  
1

2
𝐻2 +  

1

2
𝐵2𝐻6 + 𝑁𝑎𝑁𝑂3  [215] 

The main reason for using a strong reducing agent (NaBH4) is the fact that it can reduce 

silver ions very fast, producing therefore a high number of nuclei and very small nano-sized 

particles [215]. The fast reduction in our synthesis is demonstrated by the formation of dark 

blackish yellow colored solution (Figure 16). UV–vis spectroscopy can also acquire certain 

information about metal nanoparticles, such as their size, shape, and stability in aqueous 

suspensions.  

The formation of silver NPs was monitored visually and by UV-Vis spectroscopy. The 

colored solution obtained instantly after addition of NaBH4, indicate the generation of silver 

nanoparticles, due to the reduction of silver metal ions Ag+ into silver NPs Ag0 via the hydride (H-

) present in the active molecules (NaBH4). This color is attributed to the excitation of Surface 

Plasmon Resonance band (SPR) in silver nanoparticles. As shown in Figure 17, a characteristic 

and well-defined SPR band for AgNPs is obtained at around a range of 400-450 nm for all samples, 

in accordance to Mulvaney et al. [216].  

 

 

 Figure 17. UV-Visible absorption spectra of synthesized AgNPs-PVP, showing the Surface 

Plasmon Resonance peak position shift of silver nanoparticles obtained with the three 

AgNO3:NaBH4 ratios (1:1, 2:1, 4:1). 
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Our results from UV-visible spectroscopy demonstrated that a blue shift (shift to smaller 

wavelength) of the Plasmon resonance band from 406 nm to 390 nm was observed when the 

amount of NaBH4 was increased from 0.167 to 0.656 mL (Figure 17). This SPR shift was also 

accompanied with a decrease in the absorbance from 0.87 to 0.44 (mother solution diluted 50 

times). SPR shift observed here would be due to a difference of AgNPs sizes that was found to 

decrease from around 52 nm in the mixture of equimolar ratio [NaBH4]:[AgNO3] (1:1) to ~ 4 nm 

in the mixture with an excess [NaBH4]:[AgNO3] (4:1) as shown in the size distribution by number 

obtained from Dynamic Light Scattering (DLS) (Figure 18). 

 

 

Furthermore, zeta potential analysis of all AgNPs-PVP samples demonstrated that the 

nanoparticles were nearly neutral (zeta potential of about -10 mV). However, since the 

concentration of silver in the samples was too high, and their zeta potential was -10 mV (> -30 

mV) the shelf-life of theses samples was not too long, and an aggregation followed by precipitation 

of the nanoparticles out of the solution was observed after few days (Figure 19). 

 
Figure 18. Size distribution by number from DLS analysis on AgNPs-PVP obtained with the 

three AgNO3:NaBH4 ratios (A 1:1, B 2:1, C 4:1). 

Sample A: 52nm 

Sample B: 7 nm 

Sample C: 4 nm 
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Figure 19. zeta potential from DLS analysis on AgNPs-PVP on AgNPs-PVP obtained with the 

three AgNO3:NaBH4 ratios (A 1:1, B 2:1, C 4:1). 

 
 

4.2. Synthesis of Ag NPs using Low Molecular Weight Chitosan and NaBH4 

 

Using similar procedures as the predecessor and switching PVP (Mw 10 000 g mol-1) by a 

larger polymer such as Low Molecular Weight Chitosan (Mol. Wt = 50,000-190,000 g mol-1), we 

were expecting to produce a more stable positively charged AgNPs-Chitosan. However, we have 

faced aggregation and precipitation problems with two of the samples after 72 hrs. stored at 4 C 

(Figure 20). This is most likely due to the low solubility of Chitosan in water that requested 

addition of acetic acid to allow its dissolution. Addition of acetic acid might increase the acidity 

of the media and favors the aggregation of small AgNPs into larger ones. Therefore, among the 

three samples only sample 1 obtained with [NaBH4]:[AgNO3]  (1:1) showed a homogeneous color 

and stable colloidal solution while the other two excess (2:1 and 4:1) were aggregated and 

precipitated. Figure 20 shows clearly the homogeneous sample to the right (sample 1) with a stable 

AgNPs colloidal solution, while samples 2 (middle) and 3 (left) revealing heavy precipitation and 

aggregates surrounding the walls of the vial tubes. Therefore, UV-visible and DLS analysis were 

performed on sample 1 only. 

Sample A: -8.4 mV 

Sample B: -7.4 mV 

Sample C: -11.4 mV 



62 

 

 

Sample 1 (right) Low Molecular weight 

Chitosan:AgNO3 ([NaBH4]:[AgNO3] 1:1) 

Sample 2 (middle) Low Molecular weight 

Chitosan:AgNO3 ([NaBH4]:[AgNO3] 2:1) 

Sample 3 (left) Low Molecular weight 

Chitosan:AgNO3 ([NaBH4]:[AgNO3] 4:1) 

 

Figure 20. AgNPs solutions obtained by reduction of AgNO3 with NaBH4 at different ratio in 

presence of Low Molecular Weight Chitosan as capping agent. Sample 1 to the right 

([NaBH4]:[AgNO3] 1:1), Sample 2 in the middle ([NaBH4]:[AgNO3] 2:1), Sample 3 to the left 

([NaBH4]:[AgNO3] 4:1).  

Results from UV-visible spectroscopy on the homogeneous Ag NPs-Chitosan colloidal 

solution obtained with the ratio [NaBH4]:[AgNO3] 1:1 diluted 20 times is represented in Figure 

21. The absorption spectra clearly show an absorbance band centered around 400 nm with a high 

intensity (A~1.44 on dilution 20 times) originated from the surface plasmon resonance on AgNPs 

surface is observed. DLS analysis show that the resulting AgNPs-Chitosan were too small and in 

the limit of detection for DLS instrument ~ 3 nm (Figure 22) and a zeta potential of +82 mV 

(Figure 23). 

 

 

Figure 21. The UV-spectrum of sample 1 Low Molecular weight Chitosan:AgNO3 (1:1) with a 

wavelength of 400nm at an absorbance peak of 1.4 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

300 350 400 450 500 550 600 650 700 750 800

A
b

so
rb

an
ce

Wavelength (nm)

AgNO3 0.1M + 0.1% Acetic acid-Chitosan (0.1g) low MW

+NaBH4 0.6M (0.167mL) diluted x20

Wavelength: 400nm; Abs:1.4455  



63 

 

 

Figure 22.  The size distribution by number showing a very small size of  ~3 nm 

 

 

Figure 23. The Zeta potential showing a Charge of + 81.8 mV 

4.3. Green synthesis of AgNPs:  

The main benefit of using green reducing agents in the synthesis of nanoparticles is due to 

the fact that they are cost effective, easy to synthesize and can also show similar to better results 

than that of a chemical reducing agent being used by Fouad K. Alsammarraie et al. [213].  

 

We have chosen Turmeric powder as a green component. It contains proteins and a high 

level of terpenoids. These proteins were found to play a major role in the biosynthesis of AgNPs 

through free amino groups or cysteine residues working as coating agents for these NPs and 

protecting them from aggregation process [217]. In fact, Turmeric is as well rich in chemicals such 

as zingiberene, sabinene, α-phellandrene,  and sesquiterpines [213]. Most of these compounds are 

polyphenolic bioactive constituents (named curcumin) which contribute significantly  to its unique 

flavor and color [213].  

Therefore, by using an aqueous extract of turmeric powder as a reducing agent, the 

biosynthesis of AgNPs was convoyed with a distinct color change from light yellow (Figure 24 A) 

Sample 1-3 nm 

Sample 1:  +81.8 mV 
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for AETP to dark brown (Figure 24 B). Fouad K. Alsammarraie et al. [213] synthesized their 

AgNPs at room temperature by overnight stirring. However, in this study we have used heating to 

accelerate the reaction. We have noticed that the color changed in about 10 mins to light brown, 

passing by brown and finally to a constant dark brown in about 1 hour indicating that the synthesis 

reached completion. K. Shameli et al. [203] mentioned that the color change in the aqueous 

solution occurs due to the surface excitation of the Plasmon resonance phenomenon of Ag metal. 

  

A - Beginning (yellow) B - Ending (Brown) 

Figure 24. Ag+/AETP mixture initial color light-yellow (A) and when Ag+ is reduced to Ag (0) 

the color changes to brown (B). 

 

Figure 25 represents the UV spectrum of the 1mM AETP/Ag compared to that of the 

mother solution. We can identify the silver by the increase of absorbance, and we can see a slight 

shift of the AETP/Ag to the left due to the brown color. 
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Figure 25. UV spectrum identifying the wavelength difference of the AETP mother solution 

used and the 1mM AgNPs-AETP 

 

4.3.1. Effect of time on the synthesis of Ag NPs-AETP 

 

In order to study the effect of the reaction time, we have performed the reduction reaction 

at 100 C while keeping the concentration of Ag NO3 (1 mM) and the amount of AETP constant 

(2 mL) for all the reactions. Our results demonstrated that all solutions changed color from light 

yellow to darkish-brown within 15 mins.  However, keeping the boiling for longer time resulted 

in an increase in the absorption intensity from 15 mins to 1 hour as shown in Figure 26. The 

absorption was found to increase from 0.72 at 15 min to 0.96 after 30 min, and 1.3 after 1 hour, 

indicating a further darkening in the color that was not easily detectable visually. Surprisingly, 

after 2 hours of boiling the absorbance was found to decrease back to 0.67 most likely due to coils 

of aggregation resulting from extensive heating at boiling temperature that lead also to staining of 

the glassware wall with Ag NPs.   
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Figure 26. UV-visible spectra identifying the wavelengths of the AETP mother solution (blank) 

compared with Ag NPs-AETP obtained at different time at 100 C (AgNO3 1mM , AETP 2mL). 

 

Table 7 represents a summary of the data obtained from DLS analysis and zeta potential 

measurements on AgNPs-AETP samples at different times of boiling (15 min, 30 min, 45 min, 

1hr, and 2 hrs.) 

Table 7. DLS measurements of the AETP/AgNPs as a function of boiling times PDI 

stands for PolyDispersity Index, Zav stands for the average size 

Time 

(mins) 
PDI Zav (nm) 

Size 

distribution by 

number (nm) 

Size 

distribution by 

Volume (%) 

Size 

distribution by 

intensity (%) 

Zeta 

Potential 

(mV) 

15 0.332 98 ± 0.75 28  ± 0.356 
43 ± 0.63 

(aggregates) 
111 ± 0.8 -23 ± 0.5 

30 0.356 104 ± 0.8 34 ± 0.856 
44 ± 0.403 

(aggregates) 
83 ± 0.46 -18 ± 0.53 

45 0.375 78 ± 0.44 26 ± 0.28 
33 ± 0.853 

(aggregates) 
88 ± 0.02 -25 ± 0.36 

60 0.285 82 ± 0.68 26 ± 0.83 34 ± 0.04 92 ± 0.24 -36 ± 0.73 

120 0.221 60 ± 0.97 26 ± 0.83 34 ± 0.43 56 ± 0.31 -30 ± 0.7 
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Figure 27 represents the zeta potential distribution of AgNPs-AETP samples obtained at 

different boiling times.  

As the time elapsed the Zeta potential was shown to decrease from around -20  2 mV to 

-37 mV after 1 hour indicating that the stability of the colloidal solution increases due to 

electrostatic repulsion between charged nanoparticles.). Figure 28 represents the size distribution 

by number for the same set of samples, results show the AgNPs-AETP obtained at different have 

almost similar size of about 30 nm  4 nm. From the above, we conclude that the AgNPs-AETP 

size was not largely affected with the boiling time, but the stability of the nanoparticles increased 

after boiling for one hour. Therefore, we decided to study the effect of AgNO3 concentration on 

the AgNPs size by fixing the reaction time at 1 hour. 

 

 

 

 

Figure 27. Zeta potential of Ag NPs-AETP colloidal with various time. All samples were proven 

to have a good stability (Zeta potential < -10 mV). 
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Figure 28. Size Distribution by number of AETP/Ag with various time. Their sizes by number 

show slight similarity ranging from 26 to 34 nm. 

 

4.3.2. Effect of AgNO3 concentrations on the nanoparticles size 

The effect of the concentration of Silver nitrate on the nanoparticle size was performed on 

different concentrations ranging from 0.5 to 1.5 mM, while using the same AETP solution (2 mL), 

a temperature ranging between 80 to 85 C and a reaction time of 1 hour. Our results showed that 

all the samples had similar change in color from light yellow to darkish brown color. Figure 29 

represents the UV-vis spectra (Absorption as function of wavelengths) for the AETP mother 

solution (blank) compared with the AgNPs-AETP obtained from different concentrations of 

AgNO3, Ag (0.5, 1, 1.5, and 2 mM). We can clearly observe that all Ag NPs-AETP obtained at 

different concentrations of AgNO3 have higher absorption peak compared to the blank solution 

indicating the formation of Ag NPs. The values for the wavelength at the maximum are shown on 

the chart. They clearly show an increase by about 20 nm from 405 nm (for 0.5 mM AgNO3) to 

425 nm (for 2 mM AgNO3) that could be due to an increase of the AgNPs size with AgNO3 

concentration as previously demonstrated by Peter Belteky et al. [208] and other researchers.  

Average size 

Red- 28 nm  

Green- 34 nm 

Blue- 26 nm 

Black- 26 nm 
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Figure 29. UV-visible spectra of the AETP mother solution (blank) compared with AgNPs-AETP 

obtained with different concentrations of AgNO3. Samples were diluted to have the same 

concentration for Ag. 

 

In order to verify the observed shift in the Plasmon band detected in UV-visible 

spectroscopy, DLS measurement were performed on all Ag NPs-AETP samples and compared to 

AETP alone. Results from DLS analysis are summarized in table 8. DLS results show that the 

AETP solution contain large organic particles with a size distribution by intensity about 116 nm, 

and a high polydispersity index (PDI 0.45). The Z average (Zav) that is intensity weighted mean 

hydrodynamic size of the ensemble collection of particles measured by DLS was also about 109 

nm. However, in contrary to AETP alone all Ag NPs-AETP samples were found to be nearly 

monodisperse with a PDI of about 0.24  0.3. Furthermore, the Zav was found to increase with the 

concentration of AgNO3 i.e. from 58 nm for 0.5 mM AgNO3 to 84 nm for 2 mM AgNO3 that might 

verify the red shift (shift to higher wavelength) observed in UV-visible spectroscopy. Furthermore, 

results from zeta potential measurements demonstrated that as previously all the samples were 
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negatively charged with a  of about -31  3 mV indicating a high electrostatic stability of the 

corresponding colloidal solution (an exception was observed for the sample at 1 mM Ag NO3 that 

has a value of -13 mV but with a broader peak shown in Figure 33).    

 

Table 8. DLS measurements on the AgNPs-AETP as a function of AgNO3 concentration, 

after 1 hr. at 80-85oC. PDI stands for Polydispersity Index, Zav stands for the average size  

 

PDI Zav (nm) 

Size 

distribution 

by number 

(nm) 

Size 

distribution 

by volume 

(%) 

Size 

distribution 

by 

intensity 

(%) 

Zeta 

potential 

(mV) 

Blank AETP 0.453 109 ± 0.6 34 ± 0.62 44 ± 0.31 116 ± 0.27 -29 ± 1.6 

[A
g
N

O
3
] 

(m
M

) 

0.5 0.220 58 ± 0.965 30 ± 0.77 40 ± 0.72 75 ± 0.07 -28 ± 0.4 

1 0.217 60 ± 0.65 33 ± 0.4 43 ± 0.61 70 ± 5  -13 ± 0.3 

1.5 0.247 67 ± 0.34 29 ± 0.87 43 ± 0.68 90 ± 0.44 -33 ± 0.2 

2 0.278 84 ± 0.28 37 ± 0.7 47 ± 0.9  143 ± 0.1 -34 ± 0.3 

 

Figures 30 and 31 show a dot plot diagram of the maximal wavelength and Zav variation with the 

concentration of AgNO3. Both figures clearly represent a linear correlation with increasing 

concentrations of AgNO3 confirming our results. 

 
Figure 30. Wavelength maximal in function of the AgNO3 concentration. 
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Figure 31. Z avg. in function of the AgNO3 concentration. 

 

Figure 32 represents the size distribution by number of Ag NPs-AETP at three different 

concentrations of AgNO3 (0.5, 1 and 2 mM). We can observe that the size increase from 30 nm to 

37 nm when the concentration of AgNO3 increases from 0.5 mM to 2 mM. 

 

 
Figure 32. Size distribution By number of AgNPs-AETP with different concentrations 

Figure 33 represents the zeta potential of AgNPs-AETP obtained at different 

concentrations of AgNO3. For all concentration of AgNO3 the zeta potentials were in the range of 

-30 nm indicating a good stability of the colloidal solutions.  
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Figure 33. Zeta potential of AETP/Ag at different concentrations 

 

4.3.3. Effect of temperatures 

The temperature had shown greater effect in the process of silver reduction. In our 

experiment when the reaction was performed at room temperature it took 60 hours to observe a 

color change indicating that the formation of Ag NPs is too slow at room temperature. However, 

it should be noted here that Fouad K. Alsammarraie et al. [213] observed a color change only after 

an overnight stirring. In this work, we have demonstrated that upon heating to a temperature above 

50 °C up to 100oC it took only 7-10 minutes for the color to change from light yellow to darkish 

brown indicating that the reduction reaction could be accelerated upon heating. Table 9 represents 

the DLS measurements of the AgNPs-AETP as a function of temperatures after 1 hour. It is clearly 

seen that the PDI of all the Ag NPs samples obtained at high temperature was smaller (0.25  0.04) 

than the PDI of AgNPs obtained at room T after 60 hrs. (PDI 0.357) indicating that the Ag NPs 

were less poly-disperse. Furthermore, the sizes of the nanoparticles were smaller when the 

reduction was performed at high temperature with best results obtained above 70 oC  (70 – 100 

oC). Therefore, we have proven here that Ag NPs-AETP could be produced in a shorter time and 

with improved size dispersion as well as stability. 

  

Blue (0.5mM): -28 mV 

Red (1mM): -13 mV 

Green (2mM): -34 mV 
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Table 9. DLS measurements of the AETP/Ag (1mM) as a function of Temperatures after 

1hr 

 

T (oC) PDI Zav (nm) 

Size 

distribution 

by number 

(nm) 

Size distribution 

by volume (nm) 

Size 

distribution 

by intensity 

(nm) 

Zeta 

potential 

distribution 

(mV) 

Room 

Temp. 
0.357 169 ± 0.1 59  ± 0.153 

68.5, 332.7, 

Aggregates 

(50%, 40%, 10%) 

101 ± 0.5 -25  ± 0.7 

50-60 0.277 100  ± 0.5 31 ± 0.45 43 ± 0.136 164  ± 0.63 - 

75-80 0.330 72 ±0.45 31 ± 0.84 45±0.35 95 ± 0.47 -24 ± 0.8 

80-85 0.217 60 ± 0.65 33 ± 0.4 43 ± 0.61 70 ± 5 -13 ± 0.3 

90-95 0.298 95 ± 0.83 26 ± 0.44 33 ± 0.81 
(39.5&110.1) 

(50%, 50%) 
-26 ± 0.93 

Boiling 

100oC 
0.285 82 ± 0.68 26 ± 0.83 34 ± 0.04 92 ± 0.24 -36 ± 0.73 

 

Figure 34 represents the Size Distribution by Number of Ag NPs-AETP as a function of 

Temperature after 1hr. Only four of the selected results from 75-80 oC till 100 oC were represented 

here because they were not showing any signs of aggregation for more than 72 hours, all showing 

an average size distribution in the range 26-33 nm. Figure 35 represents the Zeta potential analysis 

of AgNPs-AETP as a function of temperatures after 1hr. Zeta potentials results had shown good 

stability with a  of about -30 mV resulting in a good electrostatic repulsion. 

 

Figure 34. Size Distribution by number of AgNP-AETP as a function of temperatures after 1hr. 
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Figure 35. Zeta potential of AgNPs-AETP as a function of temperatures after 1hr. 

 

 

4.4. Antimicrobial activity of AgNPs – AETP and AgNPs-PVP 

In order to compare the antibacterial efficiency of the AgNPs samples obtained in this study. 

Five samples that were chosen for the bacteria testing, three AgNPs samples (two Ag NPs-AETP 

(purified and pristine) and one AgNPs-PVP and two blanks. The blank samples used were AETP 

mother solution and NaBH4/PVP mixture. For the Ag NPs samples, we have selected the sample 

AgNPs-AETP (1 mM) at 80-85 oC because of its shelf life (long stability more than one week 

without any sign of aggregation or change in size) and low polydispersity. Therefore, the above-

mentioned sample was purified and concentrated 5 times by centrifugation prior to antibacterial 

analysis. Figure 36A below represents the supernatant AgNPs-AETP (1 mM) at 80-85 oC 

centrifuged at 8500 rpm, and Figure 36B AgNPs-AETP (1 mM) pellet re-dispersed in water. The 

purified/concentrated sample of Ag NPs-AETP was compared to the pristine AgNPs-AETP 

mother solution. The third Ag NPs sample tested was the one obtained 1mM AgNPs-PVP obtained 

by chemical reduction using NaBH4 as a reducing agent (with an average size 135.5 nm).  

 

Zeta 

Red : -24 mV 

Green : -13 mV 

Blue : -26 mV 

Black : -36.0 mV 
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Figure 36. A) AgNPs-AETP at 80-85 oC centrifuged at 8500 RPM showing the light yellow 

supernatant and brown pellet of AgNPs-AETP B) Ag-AETP Pellet from the mother solution 

after re-dispersion.  

 

The anti-microbial effect of the NPs (Ag, Cu and Zn) were tested on 2 types of bacteria, E. 

coli (Gram negative) and S. aureus (Gram positive). The technique was done on the Muller Hinton 

Agar plates, 50 µL were applied in the wells for each sample, the plates were incubated at 37oC 

for 48 hours and the zone of inhibition were observed in Figure 37. 

   

  

E. coli S. aureus 

Figure 37. Bacteria testing on 1) AETP blank 2) Pellet Ag NPs-AETP 3) AgNps-AETP-pristine 

solution 4) AgNP-PVP from NaBH4 reduction 5) NaBH4/PVP mixture used a second blank. 
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The results from antibacterial study (after 48 hours of incubation) are shown in figure 37. 

It is clearly seen that, the Silver nanoparticles obtained from the green synthesis (AgNPs-AETP) 

showed better antimicrobial activity against the studied pathogenic microorganisms with a 

inhibition zone diameter in the order 14.5-16 mm, as compared to the AgNPs obtained from 

chemical reduction in the presence of PVP polymer (AgNPs-PVP). While both blanks solution 

(AETP and NaBH4/PVP mixture) did not show any antimicrobial activity. Both the gram-negative 

and gram-positive bacteria (E. coli and S. aureus) had shown similar large zones of inhibition on 

the green synthesis of AETP/Ag mother solution. Furthermore, the Pellet form of the AgNPs-

AETP has shown a stronger effect in the Gram-positive zone by a mm range of inhibition. 

However, there was only a slight zone being shown for the AgNPs-PVP in the gram-negative 

bacteria and no antibacterial effect on the gram-positive bacteria. The main reason of this result, 

may be due to the fact that it is more difficult to have zone of inhibition in gram positive bacteria 

cases as their cell wall which are composed of a thick peptidoglycan layer, that includes linear 

polysaccharide chains cross linked with short peptides, which will form a stronger more unyielding 

structure making it harder to penetrate with the silver nanoparticles, whereas in gram negative 

bacteria their cell wall is composed of a much thinner in peptidoglycan layer [218]. Figure 38 

shows the results of the Bacteria zones of inhibition 

.  

 

Figure 38. Bar graph analysis the bacteria test on E. coli and S. aureus on AgNPs. 
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The blank samples had shown no negative effects on the bacteria since no zone of inhibition was 

seen and the range is equal to that of the well (10 mm). The AgNPs-AETP pristine solution and 

Ag NPs-AETP purified solution (pellet) had proven to have strong positive effects on both the 

gram positive and negative bacteria having an average range of 15-16 mm for the Ag NPs-AETP 

pellet and 14.5 mm on the Ag NPs-AETP mother solution. The Ag NPs-PVP sample however 

slightly showed a very weak to none effect on the bacteria due to a possibility of aggregations 

being formed, the latter had an average 10-10.5 mm very similar to the well itself. Our results here 

had proven that the green samples showed better stability, as well as antimicrobial properties than 

that of the polymer coated sample obtained by chemical reduction, as proved from zone of 

inhibition against the bacteria one of the main purposes for this work. It should be noted here, that 

in a study performed by Haytham M.M. Ibrahim [190] various concentration ranges of AgNPs 

obtained by green synthesis using banana peel extract were tested with several  bacteria cell lines 

including S. aureus and E. coli used in this study. Their results demonstrated that depending on 

the bacteria the higher the concentration used (2 mM), the more zone of inhibition and antibacterial 

activity. However, their AgNPs showed slightly higher bactericidal activity with the inhibition 

zone diameter having a range from 12 to 20 mm.[190]. 

Furthermore, in the continuity of the manuscript, a similar study on the synthesis and 

characterizations of zinc oxide and copper oxide nanoparticles (ZnO NPs and CuO NPs) will be 

performed. Their antimicrobial activities will be also tested on the same bacterial strain. 
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4.5. Characterization of ZnO-CPE 

The green synthesis of ZnO-NP was performed using an easy, eco-friendly, and non-

complicated method [214]. Figure 39 shows the final phase of the ZnO-NP after calcination, which 

is a dried-white powder. for the obtained ZnO-NPs were further tested on bacteria. 

 

Figure 39. ZnO-CPE fully calcinated 

 

UV-visible analysis on the obtained ZnO-NPs powders was performed on a colloidal solution 

prepared by the dispersion of 0.2 mg of powder in one mL of de-ionized water. Our results shown 

in figure 40 confirmed the formation of ZnO nanoparticles translated by an absorption band in the 

region 320-364 nm [219] 
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Figure 40. UV spectrum of the ZnO-CPE measured at (1.3 mg  in 6.5mL (0.2 mg/mL)) showing 

an absorption band characteristic for ZnO-NPs at around 335 nm with an absorbance of 0.6. 

 

Moreover, an FTIR spectrum was performed on both the dried black powdered ZnO-CPE 

before calcination, and after calcination process (600C, 6 hrs.), in order to show the differences 

between their peaks and check whether all of the organic compounds were disintegrated in the 

calcination process. However, we have noticed here that both spectra showed numbers of 

absorption peaks which would reflect mainly on the coffee powder extract.  

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

200 250 300 350 400 450 500 550 600 650 700

A
b

so
rb

an
ce

Wavelength (nm)

ZnO-CPE at 0.2mg/mL 

Wavelength: 335 nm  



80 

 

 

Figure 41. FTIR of ZnO-CPE before calcination (red) and ZnO-CPE at a calcination of 600oC 

for 6 hrs. 

 

Figure 41 results were compared to Mansoore Hosseini Koupaei et.al. [214] in which it 

was defined that the absorption peaks at around 3400 cm-1 is mainly from an –OH stretch in the 

phenolic group or different carboxylic acids of coffee such as citric acid, chlorogenic acid and 

caffeic acid). The peak in the range 1600 cm-1 may be credited as a C=C ring stretching in 

polyphenol or asymmetric stretching vibrations of –COOH. Finally, the peak around 1000 cm-1 

identifies the presence of C-O stretching frequency. These peaks fully define the presence of coffee 

powder extract. Therefore, compared to [214], it seems that in our experiment calcination had not 

reached completion, due to the fact that the band in the range of 1000-1550 cm-1 is still present for 

the obtained ZnO-NP (white powder). In fact, calcination process must eliminate all organic 

presence in the powder, although a massive stretch in the range of 410-480 cm-1 indicates that the 

zinc metals are present in the powder.  

-OH stretching:  

3400 cm-1 

Symm. 

 -COOH: 

1400 cm-1 

-(CH2) bending: 

 2700-2800 cm-1 
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Figure 42 shows zeta potential distribution performed on ZnO-CPE colloidal solution 0.05mg/mL 

in deionized water. Results showed that the zeta potential has a range of -29 ± 0.9 (mV) which 

identifies that ZnO-CPE are stable in water. Figure 43 displays size by number with a 90% range 

of 145 ± 0.8 nm, and 10 % traces of aggregates being formed with a range of 509 ± 1.3 nm, which 

is due to the slight dispersibility of the ZnO-NP powder in water. 

 

 

Figure 42. Zeta potential of ZnO-CPE 

 

 

Figure 43. Size Distribution by number of ZnO-CPE with an average size of 145 nm 

 

 

 

Zeta: - 29 mV  

Size: 145 nm  
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4.6. Characterization of ZnO-PVA & PVP, CuO-PEG or ZnO-NP/CuO-NP 

The synthesis of ZnO and CuO was performed using a sonochemical synthesis method 

[Anjani P. Nagvenkar et al. [220] For both metal precursor of Zn and Cu and the chosen polymers 

the ratio used was at 1:15 (metal:polymer). Figure 44 shows the formation of colloidal solutions 

induced by the addition of ammonium hydroxide 25-30% solution NH4OH to the samples under 

sonication. In fact, the addition of NH4OH caused a change in the color from green to darkish 

brown for the copper and from colorless to milky white for zinc indicating the formation of CuO 

and ZnO nanoparticles. 

 

 

 

 

 

 

 

 

 

Figure 44. Image showing the formation of CuO and ZnO nanoparticles via change of color during 

the reaction for copper color from green to Dark brown black (up); and for zinc from Colorless to 

milky white (down). 

 

Figure 45. UV-visible spectrum of CuO-PEG showing an absorption band with a wavelength 

maximum at approximately 302 nm with an absorbance of about 1.2. 
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The UV-analysis was performed and the results were compared to the ones obtained by Anjani P. 

Nagvenkar et al. [220]. Figure 45 represent the spectrum from CuO-PEG NP that show a wide 

absorption band with the wavelength range of 280-300 nm and an absorption peak around 1.2 

indicating the presence of CuO nanoparticles.  

 

Figure 46 represents the UV-vis spectrum of ZnO nanoparticles obtained in the presence of 

different polymers (PVA, PEG, PVP) respectively. It is clearly seen that all of the ZnO samples 

showed an absorption band in the region 320 - 380 nm indicating the presence of ZnO 

nanoparticles in solution.  

 

Figure 46. UV-Vis spectroscopy of the ZnO-Polymers showing different wavelengths and 

absorbances. 

 

DLS analysis on CuO-PEG sample shown in figure 47 demonstrate that the CuO-PEG size 

distribution by number has an average size of 79 nm. However, after a few days the sample was 

found aggregating. 
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Figure 47. size distribution by number of CuO-PEG with an average size of 79 nm 

 

Figure 48 and 49 represent the size distribution by number and zeta potential analysis of all the 

ZnO polymers respectively. Results show that ZnO-PVA having an average size of 85.4 nm and a 

 of -4.35 mV. However, we should note here that the sample seems to contain a large excess of 

PVA powder that made the solution slightly heterogeneous, and required stronger sonication 

process to disperse better in water. 

 

Figure 48. the Size distribution of number for the ZnO polymers with PVA, PEG & PVP  
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Figure 49. Zeta potential distribution of number for the ZnO polymers with PVA, PEG & PVP 

 

ZnO-PVA sample began aggregating after 12 hours and the low value of charge identifies 

that nanoparticles were stabilized only sterically. However, the size distribution by number of the 

ZnO-PEG had an average size of 1086 nm and a  of - 21 mV. Their large sizes could also be due 

to a very weak sonication process and longtime performed in this study, formation of smaller NPs 

might require higher frequency sonicator and the presence of large excess of polymers might cause 

lower solubility and also resulted in aggregated heterogeneous sample. Finally, the size 

distribution by number of ZnO-PVP showed an average size of 501 nm and a  of -4.83 mV. This 

distribution had shown slight similarity to the ZnO-PEG solution as they both have sizes > 500 nm 

mostly due to the weak sonication technique available in the laboratory that wasn’t fully able to 

disperse the nanoparticles and their low charge identifies that dispersion will immediately take 

place and shelf life is very low due to aggregation taking place as well. 

  

Zeta ptential: 

 

- 4.35 mV ZnO-PVA 

 

- 21 mV ZnO-PEG 

 

- 4.83 mV ZnO-PVP 
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4.7. Antimicrobial activity of AETP/Ag 

The testing was performed into two different parts using Zn and Cu on E. Coli/S. aureus-A 

and E. coli/S. aureus-B. Part A used for testing was ZnO-blank, ZnO-PEG, PEG-blank, CuO and 

CuO-PEG. Part B used was ZnO-PVA, ZnO-PVP, PVA, ZnO-CPE, and CPE respectively. 

  

Part A 

1-ZnO Blank 

2-ZnO-PEG 

3-PEG blank 

4-CuO 

5-CuO-PEG 

 

  

Part B 

1-ZnO-PVA 

2-ZnO-PVP 

3-PVA 

4-ZnO-CPE 

5-CPE 

Figure 50. Bacteria Testing on Part A and Part 

 

Both testing had shown that all the samples were sterile and had no bacterial effect. This  

may be due to the aggregation of the nanoparticles in solution, making the samples still being in 

the macro forms, due to the fact that a strong sonication technique must be needed to get small 

nanoparticles and better dispersion as in the work of Anjani P. Nagvenkar et al. [220]. We should 

note here that in a previous work performed by Sangeetha Gunalan et al.  [221] it was found that 

when using green synthesis approach of ZnO with aloe vela, an increase in the concentration of 

ZnO nanoparticles in wells and discs of the agar plates revealed a growth inhibition that increased 

consistently because of nanoparticles initiating a proper diffusion.  Furthermore, Bhavika turakhia 

et al. [222] found similar bactericidal activity of CuO-NPs as positive control in kanamycin. 
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However, it showed lesser zone of inhibition in S. aureus and B. subtilis than E. coli.  The 

differences in the zone of inhibition was possibly caused by the bacteria cell wall composition of 

gram-positive and gram-negative (thick peptidoglycan layer). 

 

 

Figure 51. A) the bar graph of bacteria test on E. coli-A and S. aureus-A on ZnO & CuO NP 

revealing negative effects on the bacteria B) bar graph on the bacteria test on E. coli-B and S. 

aureus-B on ZnO and CuO NP revealing negative effects on the bacteria. 
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The Figure 51 A & B represent the bar graph analyzed on the bacteria E. coli and S. aureus, which 

both showed a range of only 10mm, which are length of the wells in the agar. All reading in the 

agar showed negative results because of all ZnO and CuO NP having large sizes, weak zeta 

potential distribution and many traces of aggregation. Therefore, all the tests performed on ZnO 

and CuO NP should be repeated in a future study. 

 

Conclusion 

 

Nanoparticles in the wound healing field has been expanding in a great dilemma and has 

already been showing plenty of positive results on the bacteria that are being tested upon. It is 

important to understand the various types of NPs that are as of right now being used against 

bacteria which are mainly the inorganic metal nanoparticles on the different types of wound that 

occurs in the skin. 

` In this work, we based our study on a previously published work on the green synthesis of 

Ag NP using Aqueous extract turmeric powder (AETP), acting as both coating and reducing agents 

at room temperature overnight. New approaches were performed in this study where several 

parameters such as, the effect of time at boiling temperature, the variation of AgNO3 

concentrations ranging from 0.5-2 mM, and the effect of different temperature were evaluated. 

Our results demonstrated that different sizes of Ag NPs in water could be easily synthesized in a 

faster (15 mins) and more reliable synthesis. A good correlation of AgNPs-AETP size increase 

with AgNO3 concentration was verified by UV-vis and DLS analysis. Furthermore, we have also 

confirmed that the Ag NPs-AETP obtained in this study (1 hour at 80-85 C) in contrast to AgNPs-

PVP obtained by the widely used chemical reduction with sodium borohydride method were able 

to show antibacterial activity on Escherichia coli (E.coli) and Staphylococcus aureus (S. aureus) 

making them very attractive candidates to be used for wound healing. The bactericidal activity 

found in this preliminary study showed an inhibition zone diameter having a range from  14.5 to 

16 mm. Therefore, it would be of interest to study the effect of different concentration of AgNPs-

AETP in order to find a concentration with enhanced inhibition zone. On the other hand, another 

green synthesis was also accomplished using coffee powder extract and zinc nitrate to produce 

ZnONPs-CPE with an average size of 87 nm as confirmed from by FTIR, DLS and UV-vis 
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spectroscopy. The resulting ZnONPs-CPE nanoparticles were also tested for antibacterial activity 

on Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), and compared with ZnO-

polymer (PVP, PVA, PEG) and CuO-PEG obtained by a sonochemical method aided with base 

(NH4OH). However, all ZnO and CuO NPs samples showed negative results in the zone of 

inhibition for E. coli and S. aureus bacteria. These results might be due to their sizes being in the 

macro dimensions, as well as their very low stability. Therefore, it is necessary to ameliorate the 

size/stability of the resulting nanoparticles by adjusting the synthesis parameters (such as 

polymer/precursor concentration ratio, sonication frequency and time) of the sonochemical 

method. In fact, further trial on production of better nanocolloids of ZnO and CuO nanoparticles 

is worth for their importance in antibacterial study and wound healing applications.  
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