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ABSTRACT 

Study on Fabrication of Nanofibers with multifunctions for Textile, 

Water Filtration, and Biomedicine 

My research is revolved around the fabrication of composite nanofibers via 

different methods. Both natural and synthetic polymers have been used with several 

additional substances for various applications. This dissertation is a part of my work 

with the aim of advancing nanomaterials to be used for practical purposes such as 

water treatment and biomedicine. 

For the application of water treatment, chitosan and cellulose were opted for 

electrospinning into hybrid nanofibers. The water pollution caused by industrious 

waste is a big concern due to the threat to global ecosystem. There are several toxic 

metals found in waste water that could be harmful to human health. Polymers origin 

from nature with adsorptive properties such as Chitosan was electrospun into 

nanofibers for the heavy metal adsorption. Cellulose was also added to the spinning 

solutions for improving stability of the hybrid nanofibers in aqueous environment. 

The adsorption results against copper, lead, and arsenic showed promising metal-

removable potential for further improvement. 

For biotechnology applications, silver, copper, and zinc oxide were incorporated 

into polyacrylonitrile and cellulose nanofibers. The composite nanofibers were 

evaluated regarding antibiotic actions against Escherichia coli, Bacillus subtilis, and 

Staphylococcus aureus. Various characterizations were chosen to demonstrate 

quantitatively and qualitatively the success of synthesis. The process of preparing 

these nanofibrous materials was straightforward and simple for scaling up. 

We tried to utilize natural substances such as Hinokitiol, known as β-thujaplicin, a 

powerful antibiotic and insoluble in water. It was integrated into PAN nanofibers 
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containing ZnO with the aim to hold particles within the nanofibrous membranes. 

The composite nanofibers exhibited enhanced dye adsorptive efficiency and better 

antibacterial activities compared to nanofibers containing either ZnO or Hinokitiol.  

For characterizations, we have used scanning electron microscopy - energy 

dispersive X-ray spectroscopy (SEM-EDS, JSM-6010LA by JEOL, Japan) and 

transmission electron microscopy (TEM, 2010 Fas TEM, JEOL, Tokyo, Japan) to 

observe the morphology of composite nanofibers. Fourier Transform Infrared (FT-IR) 

spectrophotometer (Prestige-21, Shimadzu Co., Ltd., Japan) was implemented to 

verify distinctions between chemical groups. X-ray diffraction instrument (XRD) 

with CuKα anode (Miniflex 300, Rigaku Co., Ltd., Japan), operating at 30 kV and 

500 mA, was performed for detecting diffraction angles. For adsorption tests, UV-

Vis spectrophotometer (Shimadzu UV-2600 spectrophotometer, Japan) and 

inductively coupled plasma-optical emission spectrometry ICP-OES (SPS 3100, 

Hitachi High-Tech Science Corporation, Tokyo, Japan) were utilized. All 

antibacterial tests were took placed in Taguchi lab and Tanaka lab with the kind 

assistance of Ms. Nasanjargal Dorjjugder and Ms. Rina Afiani Rebia. 

 

Keywords: Ag, Cu, ZnO, PAN, Cellulose, Chitosan, Hinokitiol, Dye adsorption, 

Antibacterial activity, Heavy metal adsorption. 
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  CHAPTER 1 Introduction 

 

1.1 Background 

When the fiber diameters started to reduce from micrometers to nanometers, new 

fascinating features were introduced, for instance large surface area to volume ratio, 

surface functionalities, and superb mechanical properties [1]. There are several 

methods to prepare fibers at nanoscale including template synthesis, drawing, phase 

separation, and electrospinning [2, 3]. The latest has potential to be developed at 

mass-production scale from a wide range of different polymers. The setup utilizes 

electrostatic force to elongate single or multiple jets of polymer solution onto a 

collector [4]. The jets become dry on the way travelling by evaporation process. 

Eventually, nanofibers were gathered in regular sheet form and ready for further 

applications [5]. 

In recent years, the electrospinning technique has drawn much attention due to its 

novelty, straightforwardness, versatility, and peculiarities. One example of the 

peculiarity is the combination of solution components to acquire desired 

morphologies [6]. Highly porous nanofibers can be tailored by rapid phase separation 

phenomena. The resulted nanofibers can be applied for biofunctional materials as 

scaffolds for promoting the proliferation of different cells [7, 8]. The post-processing 

and various geometrical modifications have been introduced to achieve new 

performances on nanofibers and there is still vast space for further improvements. 

Besides, there are many polymers prove to be difficult for the electrospinning 

technique, due to poor viscous and elastic properties, short of molecular 

entanglements, and low solubility. These problems hinder the reproducibility and the 

scale-up manufacturing [9].    
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1.2 Nanofibers with adsorptive properties for water filtration 

Water and air pollutions are the problems that humankind has to deal with. 

Harmful aqueous pollutants, including heavy metals or toxic organic compounds, can 

contaminate water resources; whereas, in the atmosphere, bacteria and viruses can 

lead to respiratory diseases and degrade human well-being [10, 11]. 

Conventional treatments for wastewater include three levels of treatment, which 

are primary, secondary, and tertiary treatments. The primary and secondary 

treatments remove coarse solids and organic matters. Tertiary treatment or the final 

treatment stage can remove pathogens and persistent contaminants. Expensive and 

advanced techniques, such as activated carbon and reverse osmosis, are usually used 

in this stage. For avoiding aerial pollutants, masks are usually worn. However, for 

fine particles and viruses smaller than 0.3 µm, regular masks do not remove or 

effectively protect against those particles and pathogens [12-14]. 

Some heavy metals, arsenic, cadmium, lead, and mercury, can cause severe illness 

to humans and need to be removed from ground water before they enter human 

bodies via food and drink. Modifying membrane surfaces with specific chemical 

groups can turn these membranes into having adsorption properties towards toxic 

metals. Another method is by adding natural biomacromolecules which possess 

adsorptive characteristics, including chitin, collagen, gelatin, chitosan, and DNA [15-

17]. 

 

1.3 Nanofibers for bio-medical application 

Varied materials have been utilized to speed up the healing process of wounds by 

preventing contamination and proving suitable environments. With the new 

developments of bioactive materials incorporated into nanofibers, the natural 
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polymers with biodegradable or biocompatible characteristics, the deposition of 

healthy tissues is accelerated. Besides, growth factors, vitamins, and natural 

substances particularly plant-derived compounds were integrated into nanofibers for 

the production of novel composite nanofibers with enhanced properties. Honey, one 

of natural substances, has been very appealing material due to its antimicrobial and 

anti-inflammatory effects.     

For centuries, silver and copper have played the roles of antibiotics, due to 

antibacterial properties. Antibacterial resistance has been one of the major problems 

needing to be overcome in the field of biomedicine. Silver is a very potent 

antibacterial agent and has been used in the form of silver sulphadiazine or metallic 

silver. In recent years, silver finds its applications in silver based wound dressings 

and medical devices. The mechanistic actions of silver have been suggested by 

numerous studies which comprise of oxidization, diffusion, and penetration. Whereas, 

copper promotes cell and tissue regeneration yet exhibits strong toxicity toward 

bacteria.  

 

1.4 Literature survey 

My work aimed at the fabrication of nanofibers with antibacterial activity and 

adsorptive properties. One of the most emphasizing points of this dissertation is 

promoting nanofibers as effective carriers of substances for aforementioned purposes. 

There are published articles, review papers, and books coping with either biomedical 

or water filtration applications. However, our work targeted engineering composite 

nanofibers with multifunctional features.  

There are a large amount of scientific reports dealing with silver, zinc, and copper 

integrated in nanofibers for testing against fungi, bacteria, and virus. Adding metals 
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affects the conductivity of the spinning solution, thus improves the charge density 

[18]. The elongation force becomes stronger and results in smaller average diameters. 

The cytotoxicity of metals against microorganism is due to theirs interactions with 

the cellular membrane and nucleic acids [19]. Silver has been considered as a novel 

form of antibacterial substance in a quite amount of recently published articles. The 

most straightforward technique to integrate silver into nanofibers is the suspension of 

Ag nanoparticles in electrospinning polymer solutions [20-23]. Copper has been used 

to make cooking and water containing utensils to terminate pathogenic threats [24-

27]. In recent years, zinc oxide has risen as a promising antimicrobial agent owing to 

the bacterial inhibition. The bactericidal action can be attributed to the production of 

reactive oxygen species [28-31].   

On the other hand, in concern to worries about side effects of synthetic substances, 

there are a growing number of studies focusing on natural compounds, which are 

extracted from plants or animals and have powerful bio-activities. Chitosan, a natural 

biopolymer, has applications in wound healing, tissue engineering, food packaging, 

drug delivery, and filtration. Chitosan has valuable properties such as 

biocompatibility, antibacterial activities, biodegradability, and non-toxicity [32, 33]. 

Few articles reported about biochemical and pharmacological activities of chitosan 

against bacteria, fungi, and yeasts. Hinokitiol has a wide range of antibiotic effects, 

encompassing antibacterial, antiviral, antifungal, and insecticidal effects [34-36].  

 

1.5 Objectives 

The main aim of my research is to promote the development of nanofiber system 

with multiple functions, applied in antibiotic applications or water filtration. By 
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adding new substances and compounds into the nanofibrous scaffolds, new 

composite materials can be introduced with fascinating and unexpected features.  

In Chapter 2, we evaluated the adsorption capacity of the hybrid nanofibers of 

chitosan and cellulose for removing copper, lead, and arsenic in an aqueous 

environment.  The system seemed to improve in mechanical characteristics owing to 

the tenacious nature of chitosan. The system also exhibited stable nanofibrous 

structure during adsorption tests. 

Chapter 3 discusses about the mechanistic actions of different silver species 

against gram-negative and gram-positive bacteria. The arguments over the 

mechanisms of silver against bacteria have been a hot topic, and with multiple 

theories about the actions, the insights upon the silver exerting bactericidal activities 

have been more controversially complicated. The chapter 3 dealt with this prominent 

issue with the hope of contributing a different perspective of silver actions under the 

influences of chloride ions.      

In chapter 4, we tried to bring the antibacterial activities on cellulose nanofibers 

by adhering silver and copper to the nanofibrous platform. Cellulose is an abundant 

natural polymer which has attracted more and more interest from academia and 

industry. The work introduces two different methods to decorate cellulose nanofibers 

with metal nanoparticles and assesses the antibacterial effects of the resulted 

composite nanofibers. 

Chapter 5 is the combination of natural antibiotic - hinokitiol and synthetic 

nanoparticles - zinc oxide for the antibacterial application and dye removal. 

Hinokitiol played the role of a coating substance to secure zinc oxide nanoparticles 

staying firmly on the surfaces of nanofibers. Furthermore, this chapter presents a 

novel research upon synergistic actions of hinokitiol and zinc oxide against gram 
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positive bacteria. The blue and red dyes were removed effectively from the aqueous 

solutions by the composite membrane.    
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CHAPTER 2 Fabrication of electrospun chitosan/cellulose 

nanofibers having adsorption property with enhanced mechanical 

property 
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2.1 Introduction 

With the rapid growth in industrialization and urbanization, releasing heavy metals 

into the aquatic ecosystem has become one of the most serious environmental 

concerns [37, 38]. Heavy metals slowly accumulate in the kidneys, liver, pancreas, 

bones, central nervous system, and brain after a prolonged exposure; they degrade 

health and cause severe illnesses, such as cancer, cardiovascular and neurological 

diseases [39, 40]. Thus, effectively removing undesirable metals from aqueous 

systems is an urgent yet still challenging task. Conventional techniques commonly 

applied to remove heavy metals use ion exchange, precipitation, and membrane 

separation processes [41]. However, these techniques present difficulties in the 

removal of heavy metals from industrial wastewater due to the high cost or low 

efficiency [42, 43]. Adsorption is commonly regarded as an effective and economical 

method for aqueous effluents [44]. Various types of adsorbents have been used for 

the removal of metal ions from aqueous solutions, such as zeolites, manganese 

oxides, activated carbons, and ion exchange resins [45]. The adsorption property of 

those absorbents depends on the functional groups such as thiol, amine, amide, 

carboxylic acid, hydroxyl groups on their surfaces, which are regarded as adsorption 

sites [46].  

Chitosan, one kind of polysaccharide, has been extensively studied for various 

applications in separation and biomedical technologies due to its availability in 

nature and unique properties such as biocompatibility, hydrophilicity, bioactivity, 

non-antigenicity, and non-toxicity [47, 48]. It can be obtained by partial 

deacetylation of chitin or by enzymatic hydrolysis in the presence of a chitin 

deacetylase [49]. In addition, chitosan has been considered a metal adsorbent due to 

its high adsorption property. Especially, chitosan-based materials for metal 
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adsorption have been widely investigated [50-52]. It is reported in various literature 

that capacities (qmax) of chitosan for As, Pb and Cu ions calculated by Langmuir 

equilibrium are in the range of 40-220 mg Cu/g [53], 11.2 - 416.67 mg Pb/g [54], and 

22.4 - 71.9 As/g [55].   

However, chitosan is difficult to utilize in practical applications owing to its inter- 

and intra- molecular interactions [56-58], complex chemical structure, 

polyelectrolyte nature in solution [59], and swelling behavior in an aqueous medium 

[60]. These drawbacks place limits on fabricating nanofibers through electrospinning, 

consequently restricting their use in the filtration of aqueous solutions [61]. Cellulose 

is one of the most naturally abundant biopolymers, and it has excellent thermal 

stability, chemical resistance, and biodegradability [62, 63]. It has been widely 

utilized for a variety of potential applications in the form of nanofibers [64-67]. 

Although it has excellent physicochemical properties, it does not show any 

adsorption behavior to metal ions; thus, it has not been considered for filtration. 

Therefore, combining chitosan and cellulose can compensate for the disadvantages of 

each other, and it can lead to novel materials for filtration membranes. Both materials, 

chitosan and cellulose, have been widely utilized in different forms such as hydrogel 

microspheres [68, 69], coated fibers [70], and hollow fiber membranes [71, 72]. 

Herein, we fabricated a composite of nanofibers consisting of chitosan and cellulose 

through electrospinning, to create an effective material for removing heavy metal 

ions. The electrospinning technique is one of the widely utilized methods for 

fabricating nanofibers due to its simple and well-developed method to produce 

various polymeric fiber sheets from nanometer to micrometer size in diameter with a 

large surface area to volume ratio [73-75]. Arsenic(V), lead(II) and copper(II) have 

been chosen as representatives for heavy metal since they are toxic to the organisms 
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and are common pollutants found in industrial effluents [76-78]. There are several 

papers for fabricating nanofibers, using chitosan/cellulose mixture (Salihu et al. 2012; 

Liu and Bai 2005); however, to our knowledge, this is the first report on the use of 

electrospun chitosan/cellulose nanofibers for the adsorption of As(V), Pb(II) and 

Cu(II) ions. In addition, we found a potential use of chitosan/cellulose nanofibers for 

filtration of wastewater.  

2.2 Experimental 

2.2.1 Materials  

Commercial chitosan (CS, Chitosan 500), trifluoroacetic acid (TFA, 98%) and 

copper (II) sulfate pentahydrate were purchased from Wako Pure Chemical 

Industries, Ltd (Osaka, Japan). Cellulose acetate (CA, MW= ~ 30,000 g/mol), acetic 

acid (99% purity), sodium arsenate dibasic heptahydrate (98% purity), lead (II) 

nitrate (99% purity) and sodium carbonate (99% purity) were purchased from Sigma 

Aldrich Chemical Co., Ltd (USA). All chemicals were used as received without 

further purification. 

2.2.2 Nanofiber fabrication via electrospinning  

Previous literature on the fabrication methods of CS/CA nanofibers used TFA for 

dissolving polymer [72]. However, we found that a phase separation phenomenon 

appears slowly after blending two polymers in TFA. Thus, it is found that TFA alone 

is not suitable for preparing CS/CA solution for fabricating nanofibers; therefore, we 

added acetic acid as a co-solvent into TFA. The use of TFA/acetic acid cosolvent 

prevents the phase separation of CS and CA, resulting in a CS/CA homogeneous 

solution. This is the first report of the addition of acetic acid into TFA for CS/CA 

solution preparation, and the successful fabrication CS/CA nanofibers with this co-

solvent system. 



 

12 

 

To fabricate CS/CA nanofibers, CS and CA polymers were blended with 1:1 w/w 

ratio in TFA/acetic acid solution (7:3 w/w) at different concentrations. Polymeric 

solutions of single CS or CA were also prepared to fabricate the single-component 

nanofibers as control samples. All prepared solutions were stirred mildly for 24 h to 

completely dissolve all components. The resulted solutions were filled in 20 mL 

plastic syringes fitted with a needle and set up in the electrospinning apparatus. A 

high-voltage power supply (Har-100*12, Matsusada Co., Tokyo, Japan) was used as 

a source of the electric field [79]. Electrospinning was set up in horizontal alignment 

at an applied voltage of 15 kV or 20 kV, at room temperature, and relative humidity 

approximately 20%. The collector was located 10 cm apart from the tip of the needle. 

A syringe pump (KDS-100, KD Scientific, Holliston, MA, USA) was used to 

continuously feed the solution with a certain flow rate. Nanofibers were collected on 

papers wrapped on the cylinder collector. A summary of blending and 

electrospinning conditions is listed in Table 2.1. 

Table 2. 1 - Electrospinning conditions 

Polymer 
Concentration 

(wt%) 
Voltage (kV) 

Flow rate 

(mL/min) 

CS 2 20 0.1 

CS 3 20 0.1 

CS 4 20 0.2 

CS/CA (1:1) 2 20 0.1 

CS/CA (1:1) 4 20 0.2 

CS/CA (1:1) 6 20 0.3 

CA 8 15 0.3 

CA 10 15 0.5 

CA 12 15 0.8 
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The resultant electrospun nanofibers, i.e., CS, CS/CA, and CA nanofibers, were 

further treated in a base solution to obtain stable CS, CS/CL, and CL nanofibrous 

webs. The fibrous webs should be neutralized because of the strong acid solvent, 

TFA, used in electrospinning process. In addition, deacetylation of CA is also 

required to make CL nanofibers. For this purpose, we used Na2CO3 solution to 

neutralize CS and deacetylate CA [80]. The prepared nanofiber webs were immersed 

in 3M Na2CO3 solution for 24 h at room temperature. Subsequently, the resultant 

nanofibers were washed with distilled water several times until the pH of the wash 

water was decreased down to 7, and afterward dried at 60 °C for 12 h in a drying 

chamber (EYELA SLI-220).   

2.2.3 Characterization 

The morphology of all samples and Energy Dispersive X-ray Spectrometry of 

As(V), Pb(II), and Cu(II) adsorption testing were observed by scanning electron 

microscopy (SEM-EDS; JSM-6010LA by JEOL, Japan). The average fiber diameter 

and distribution in each sample were calculated by means of an image processing 

program (Image J, version 1.49) based on n = 50 fibers per sample. The prepared 

nanofiber samples were subjected to Fourier transform infrared spectra (FT-IR, IR 

Prestige-21, Shimadzu, Japan) to determine the types of functional groups present in 

the nanofibers. The spectra were recorded from 4,000 to 500 cm
-1

. The stress-strain 

curves of electrospun mats were obtained using a universal testing instrument (UTM, 

RTC-1250A, A&D Co., Ltd., Tokyo, Japan). All nanofiber samples were prepared 

using a dog-bone shape punch with the size of 15 mm (width) x 60 mm (length). The 

thicknesses of specimens were 0.12 mm for CS nanofibers, 0.05 mm for neutralized 

CS nanofibers, 0.11 mm for CS/CA nanofibers, 0.09 mm for neutralized CS/CL 

nanofibers, 0.19 mm for CA nanofibers, and 0.15 mm for CL nanofibers. For the test 
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in the wet state, all treated samples were immersed in deionized water for 30 min. 

Elongation tests were performed under standard conditions with a 10 N load cell at 

an extension rate of 10 mm/min and a gauge length of 50 mm.  

2.2.4 Batch adsorption experiments 

The adsorption of heavy metals was studied using batch experiments. 50 mg of 

nanofiber web was immersed into 10 mL solutions of As(V), Pb(II) or Cu(II) ions 

with a concentration of 1 g/L. All prepared solutions containing the nanofiber web 

were shaken at 25 °C for 1 h with 150 rpm. Then the solutions were taken out and 

sampled at different time intervals from 0.5 min to 1 h to determine As(V), Pb(II), 

and Cu(II) concentrations in order to obtain the time dependent adsorption isotherm. 

The concentration dependent adsorption isotherm was also acquired with the initial 

As(V), Pb(II), or Cu(II) concentrations in the range of 1 to 6 g/L. Ultraviolet-visible 

(UV-Vis) spectrophotometer (Shimadzu UV-2600 spectrophotometer, Japan) and 

inductively coupled plasma-optical emission spectrometry ICP-OES (SPS 3100, 

Hitachi High-Tech Science Corporation, Tokyo, Japan) were used to measure 

concentrations of solutions before and after the adsorption tests. The amounts of 

metal ions adsorbed onto nanofiber web specimens were calculated on the basis of 

the following equation: 

0( )eC C Vq
M
�

�
 (1) 

Where C0 and Ce are the initial and the equilibrium concentration of the metal ions 

in the testing solution (mg/L), respectively, V is the volume of the testing solution 

(L), and M is the weight of the adsorbent (g). 
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2.3 Results and discussion  

2.3.1 Optimization of nanofiber fabrication and morphology study 

The structure and morphology of the CS, CA, and CS/CA electrospun nanofibers 

are presented in Figure 2.1. The top images, Figure 2.1 (a-c) represent the CS 

nanofibers fabricated at concentrations of 2, 3 and 4 wt%, showing well-defined 

nanofiber structures. The diameter of nanofibers is increased as the concentration 

increases, from 104 ± 19 nm (2 wt%) to 320 ± 108 nm (4 wt%). It is worth noting 

that the continuous and fine nanofibers are obtained at 2 wt% concentration as 

presented in Figure 2.1 (a). However, we could not produce the fibrous structure at 2 

wt% with CS/CA blended solution. Only irregular bead particles and a few irregular 

nanofibers were produced in this concentration, Figure 2.1 (d). For the successful 

nanofiber fabrication of CS/CA, the concentrations of the solution should be over the 

4 wt%. At 4 wt%, the nanofiber structure shows very smooth and randomly 

orientated nanofibers with 122 ± 35 nm in diameter, and that of the nanofibers is 

increased up to 349 ± 96 nm at 6 wt%, Figure 2.1 (e, f). In case of CA nanofiber 

fabrication, the nanofiber structure fabricated with 8 wt% contained a lot of beads in 

the fiber structure, Figure 2.1 (g), while the nanofibers fabricated with 10 and 12 wt% 

were bead-free and showed well-defined structure with diameters of 331 ± 118 and 

546 ± 91 nm, respectively, Figure 2.1 (h, i). 
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Figure 2. 1 - Morphology of nanofibers prepared with different concentrations; (a) 2, 

(b) 3, and (c) 4 wt% for CS nanofibers, (d) 2, (e) 4, and (f) 6 wt% for CS/CA 

nanofibers, and (g) 8, (h) 10, and (i) 12 wt% for CA nanofibers. 

 

Notably, the average diameters of electrospun CS at 4 wt%, CS/CA at 6 wt% and 

CA at 10 wt% are in the range of 320 to 350 nm. Therefore, we opted for CS, CS/CA 

and CA nanofiber webs, fabricated with 4, 6 and 10 wt%, respectively, for the further 

investigation. These nanofiber webs were treated with 3M Na2CO3. By this treatment, 

the CS nanofibers can be neutralized and the CA nanofibers converted to CL 

nanofibers through deacetylation reaction. The morphologies of the resultant 

nanofibers are presented in Figure 2.2 (a, b, c). It is worth noting that all nanofibers 

kept their fiber structure and contained salt impurities on the fiber surface after 

treatment. To remove the impurities, we washed the nanofibers several times with 

distilled water, and then observed their morphologies, Figure 2.2 (d, e, f). 
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Interestingly, only the CS nanofiber web was dissolved and destroyed, while CS/CL 

and CL nanofibers, after being successfully washed impurities, showed intact 

nanofibrous structure as shown in Figure 2.2 (e, f). The amino group in chitosan has 

a pKa value of ~6.5, which leads to a protonation in acidic to a neutral solution, 

making chitosan water-soluble [81, 82]. In addition, considering the water resistance 

of CL, owing to strong hydrogen bonding in CL structure, it is acceptable to infer 

that the water stability of CS/CL nanofibers originates from CL component, which 

can retain the polymer matrix and prevent the dissolution of chitosan in water.  

 

 

Figure 2. 2 - Morphology of Na2CO3 treated nanofibers; (a) CS, (b) CS/CL and (c) 

CL before washing, and (d) CS, (e) CS/CL and (f) CL after washing. 
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Scheme 2. 1 - (a) chitosan neutralization process and (b) deacetylation of cellulose 

acetate 

 

2.3.2 Analysis of nanofiber functionality from FT-IR spectroscopy  

The functionalities of the prepared nanofibers were confirmed by Fourier-transform 

infrared spectroscopic analysis (Figure 2.3). The FT-IR spectra of the CS nanofibers 

exhibited absorption peaks corresponding to ammonium ion (1538 cm
-1

) and C=O 

stretching of the acetyl groups (1680 cm
-1

) [83], and those peaks change significantly 

after neutralization. The peak of ammonium ion largely decreased and the amine 

peak at 1592 cm
-1

 appeared after neutralization, indicating that the nanofiber webs 

successfully discarded the remaining amount of TFA solvent and therefore was 

neutralized. Strong adsorption peaks at 1752 cm
-1

, 1365 cm
-1

, and 1236 cm
-1 

are 

observed in CA nanofibers, which correspond to the carbonyl groups, C-CH3 and C-

O-C stretching, respectively [84]. Disappearance of those three peaks and an 

emerging of new peak at 3340 cm
-1

 which corresponds to -OH groups imply the 

successful conversion of CA into CL [85]. The spectrum of CS/CA nanofibers shows 

absorption peaks at 1732 cm
-1

 and 1682 cm
-1

 which corresponding to carbonyl 

groups in CA and C=O stretching of the acetyl groups in CS, respectively. This result 

strongly implies that the polymers are well-blended in nanofibers. In addition, the 

neutralized and deacetylated CS/CL nanofibers show a similar spectrum as the 

neutralized CS nanofibers and deacetylated CL nanofibers, which further indicates 

that the neutralization and deacetylation were successfully conducted on CS/CA 

nanofibers, resulting in the neutralized and deacetylated CS/CL nanofibers. The 

absorption peaks at 724, 802 and 842 cm
-1

 in the spectra of CS/CA and CS 

nanofibers, which are ascribed to the carbon-fluoride stretching vibrations of 
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trifluoroacetate (–COCF3) groups in TFA and amine (NH3
+
CF3COO

–
) salts formed 

between the TFA solvent and the CS polymer, disappeared after the Na2CO3 

treatment, indicating that the excessive amounts of solvent on the nanofibers were 

completely removed.  

 

 

Figure 2. 3 - FT-IR spectra of (a) CS nanofibers, (b) neutralized CS nanofibers, (c) 

CS/CA nanofibers, (d) neutralized CS/CL nanofibers, (e) CA nanofibers and (f) CL 

nanofibers. 

 

2.3.3 Mechanical properties of nanofiber mats 

Figure 2.4 show representative stress-strain curves of the prepared nanofibers. 

Deacetylation of CA nanofibers (namely CL nanofibers) result a considerable 

increase in strength at break compared to CA nanofibers, more than 2.5 times rise 

from 2.16 ± 0.3 MPa to 5.24 ± 0.3 MPa. It is assumed that the multiple hydroxyl 

groups of CL form strong hydrogen bonding, holding the chains more firmly together 
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side-by-side, which gives the CL nanofiber mats higher tensile strength than CA 

nanofiber mats. In addition, a remarkable change in mechanical properties of CS 

nanofibers after neutralization is observed. The tensile stress at break increased from 

9.76 ± 0.5 MPa to 16.94 ± 2 MPa after neutralization. As shown in Figure 2.2 (d), 

the CS nanofiber structure is destroyed and welded after the neutralization and 

washing process, making junction points that restrict the slip of polymer chains [86-

88]. As a result, the Na2CO3 treatment and washing lead to the enhancement of 

mechanical properties. The enhancement of tensile strength is also observed in the 

hybrid nanofiber mats which show the tensile strength at break with of 13.36 ± 1.1 

MPa. It is obvious that the combination of CS and CA composite nanofibers attribute 

to increase of mechanical property, Figure 2.4 (d). This phenomenon might be due to 

the chemical interaction between CS and CA which induced by ammonium group in 

chitosan and acetyl group in CA. This interaction makes polymer chains stronger and 

stiffer than pure CS and pure CA, resulting in the increase of mechanical property of 

CA/CS nanofibers. The average stress at break of CS/CA nanofibers is higher than 

that of CS or CA nanofibers. More importantly, the neutralized CS/CL nanofibers 

demonstrated the highest tensile strength at break with values of 16.30 ± 0.7 MPa 

among all the samples. Neutralization of CS nanofibers can easily form a hydrogen 

bond with CL nanofibers which made through deacetylation of CA nanofibers. 

Therefore, blending of CS/CL can lead to the enhancement of physical properties in 

nanofibers, broadening the possibility for the filtration properties. At wet state, the 

tensile strengths of CS, CS/CL and CL samples decreased to 10.74 ± 0.4 MPa, 11.72 

± 0.3 MPa, and 4.7 ± 0.3 MPa, respectively. The reason for the lower strengths of CS 

and CS/CL nanofibers is that water molecules penetrate and interact with hydroxyl 

groups of chitosan nanofibers, resulting in the weakening of intermolecular hydrogen 
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bonds inside molecular network of nanofibers. A similar phenomenon happened to 

CL nanofibers to a minor extent, the strength at break in the wet state declined 

slightly from 5.24 to 4.7 MPa as compared to one in the dry state, given that CL 

nanofibers are intrinsically stable in the aqueous environment.   

 

Figure 2. 4 - Stress-strain curves obtained from the samples; (a) CS nanofiber mat, 

(b) neutralized CS nanofibers mat, (c) wet state of neutralized CS nanofiber mat, (d) 

CS/CA nanofiber mat, (e) neutralized CS/CL nanofiber mat, (f) wet state of 

neutralized CS/CL nanofiber mat, (g) CA nanofiber mat, (h) CL nanofiber mat, and 

(i) wet state of CL nanofiber mat 

 

2.3.4 Adsorption equilibrium isotherm 

2.3.4.1 Adsorption kinetics of As, Pb, and Cu metal ions  

Figure 2.5 (a) shows the adsorption of As(V), Pb(II) and Cu(II) ions onto the 

CS/CL nanofiber mats in a 1 g/L solution as a function of time. The adsorption of 

these ions on CS/CL nanofiber mats was also confirmed by Energy-Dispersive X-ray 

spectroscopy (EDS) analysis (Figure 2.6). The adsorption capacity of As(V), Pb(II) 

and Cu(II) ions increased as the contact time increased, and the maximum adsorption 
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capacity of As(V), Pb(II) and Cu(II) ions were 26.1, 39.5, and 80.7 mg/g, 

respectively. The adsorption of metal ions increased sharply up to 5 min, and then 

gradually plateaued. The initial increases in metal ion adsorption may be due to the 

large availability of binding sites such as amines and primary and secondary 

hydroxyl groups, as well as the high specific surface area of the nanofibers and inter- 

and intra- pores in the nanofibers. The experimental adsorption equilibrium data of 

As(V), Pb(II) and Cu(II) ion was analyzed according to the pseudo-first-order and 

pseudo-second-order kinetic models. The pseudo-first-order equation is generally 

expressed as follows [89-91]; 

 (2) 

where qe is adsorption capacity at equilibrium (mg/g), qt is adsorption capacity at 

time (mg/g), and k1 is the rate constant (1/min). The integrated form of equation (2) 

from t = 0 to t = t and from qt = 0 to qt = qt is: 

(3) 

The values of qe and k1 calculated from the plot in Figure 2.5 (a) were 25.13 and 

1.54, 37.35 and 1.75, and 76.30 (mg/g) and 1.56 (1/min) for As(V), Pb(II) and Cu(II), 

respectively. However, these values did not exactly match those from the 

experiments. On the other hand, it seems that the pseudo-second-order kinetic model 

is more suitable for fitting the experimental results than the pseudo-second-order 

kinetic model. The pseudo-second-order equation is [92, 93]: 

  (4) 

Where qe is the adsorption capacity at equilibrium (mg/g), qt the adsorption capacity 

at time t, and k2 is the rate constant of the pseudo-second-order adsorption 

(g/(mg·min)). The experimental adsorption equilibrium data of As(V), Pb(II) and 
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Cu(II) ions were also analyzed according to the pseudo-second-order equation, and 

the obtained values of qe and k2 were 26.73 mg/g and 0.09 g/(mg·min), 39.73 mg/g 

and 0.07 g/(mg·min), and 81.51 mg/g and 0.03 g/(mg·min). The fitting model using 

the pseudo-second-order is closer to experimental data compared to the pseudo-first-

order model. Therefore, comparing the results of the two kinetics models reveals that 

the pseudo-second-order model agrees well with the experimental data. 

2.3.4.2 Adsorption equilibrium isotherm of Cu metal ions  

Figure 2.5 (b) shows the equilibrium adsorption amounts at 30 min under various 

concentrations. The experimental equilibrium isotherm data were analyzed according 

to the Langmuir and Freundlich adsorption equations, which are represented as 

follows, respectively [13, 94-96].  

   (5) 

1/n
e F eq K C�

 (6) 

where qe is the equilibrium adsorption capacity (mg/g), qm is the maximum 

adsorption capacity (mg/g), Ce is the equilibrium metal ion concentration (mg/L), KL 

is Langmuir constant related the adsorption capacity (L/mg), KF is Freundlich 

constant related the adsorption capacity (L/mg), and n is Freundlich constant related 

to the sorbent intensity. The Langmuir model for adsorption is based on the 

hypothesis that the maximum adsorption capacity consists of a monolayer adsorption. 

Interactions between adsorbed molecules are ignored and the adsorption energy is 

homogeneously distributed over the entire surface. On the other hand, the Freundlich 

model is used to describe the adsorption of molecules on a heterogeneous surface of 

an adsorbent as well as a multilayer sorption. When applying both models to 

experimental data, it appears that the experimental data is more suitably fit the 
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Langmuir model, Figure 2.5 (b). The values of the correlation coefficient (r
2
) 

obtained in case of Langmuir model (r
2 

= 0.9889, 0.9980, and 0.9993, processed 

from adsorption data of As(V), Pb(II) and Cu(II), respectively) were higher than 

those obtained in case of Freundlich isotherm model (r
2 

= 0.9773, 0.9950, and 

0.9952). It indicates that the Langmuir model fits well to the ions adsorption data. 

The values of qm and KL calculated from the Langmuir plot are 39.4 mg/g and 1.841 

L/mg, 57.4 mg/g and 2.081 L/mg, and 112.6 mg/g and 2.208 L/mg for As(V), Pb(II) 

and Cu(II), respectively. Table 2.3 shows the adsorption capacity, qm, of various 

chitosan based composite materials and chitosan nanofibers in the previous literature. 

According to Table 2.3, the qm of CS/CL nanofiber is not the highest value but it is 

also quite high value among the other similar materials. The values of KF and n 

obtained from Freundlich plot are 27.11 mg/g and 5.99, 39.95 mg/g and 5.87, and 

81.16 mg/g and 6.68. The values of kinetic and equilibrium isotherm parameters are 

summarized in Table 2.2.  

 

Figure 2. 5 - (a) Adsorption kinetics pseudo-first-order and pseudo-second-order, 

and (b) Langmuir and Freundlich adsorption isotherm of (■) As(V), (●) Pb(II) and 

(▲) Cu(II) ions onto the CS/CL nanofiber mat 
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Figure 2. 6 - SEM image and corresponding EDS results of (a) Cu(II), (b) Pb(II), (c) 

As(V) adsorbed CS/CL nanofibers 

 

Table 2. 2 - Fitted parameters of As, Pb and Cu ion adsorption onto CS/CL nanofiber 

mat. 

  k1 (min-1) qe (mg/g) r2 
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Pseudo first order 

As 

Pb 

Cu 

1.54 

1.75 

1.56 

25.1 

37.3 

76.3 

0.9813 

0.9613 

0.9684 

  k2 (g.mg-1.min-1) qe(mg/g) r2 

Pseudo second order 

As 

Pb 

Cu 

0.09 

0.07 

0.03 

26.7 

39.7 

81.5 

0.9899 

0.9901 

0.9911 

  qm (mg/g) KL(L/mg) r2 

Langmuir model 

As 

Pb 

Cu 

39.4 

57.4 

112.6 

1.841 

2.081 

2.208 

0.9889 

0.9980 

0.9993 

  n KF(mg/g) r2 

Freundlich model 

As 

Pb 

Cu 

5.99 

5.87 

6.68 

27.11 

39.95 

81.16 

0.9773 

0.9950 

0.9952 

 

Table 2. 3 - Comparison of As(V), Pb(II) and Cu(II) ion adsorption onto a variety of 

CS based adsorbents, qm is the adsorption capacity of the metals ions adsorbed onto 

the adsorbents 

Metal ions Type of adsorbent qm (mg g-1) 

As 

Iron–chitosan composites [97] 22.47 

Iron–chitosan composite granules [98] 8.47 

Chitosan [99] 58.0 

Nano-alumina dispersed in chitosan-grafted 

polyacrylamide [100] 

6.56 

Pb 

Chitosan–MAA nanoparticles [101] 11.3 

Xanthate-modified magnetic chitosan [102] 76.9 

Chitosan-coated sand [103] 12.32 
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Chitosan nanofibers [16] 263.15 

Cu(II) 

Cross-linking chitosan/rectorite nano-hybrid 

composite microspheres [50] 

20.49 

chitosan saturated montmorillonite [51] 34.9 

Nitrogen-doped chitosan-Fe(III) composite 

[52] 

165.8 

Cross-linked Magnetic Chitosan Beads 

[104] 

78.13 

Chitosan nanofibers [16] 485.44 

 

2.4 Conclusion 

In this study, we provide an effective way to fabricate CS/CL nanofibers through 

electrospinning. The hybrid system can overcome the drawbacks of each component; 

dissolution of CS and metal non-adsorption of CL. The prepared CS/CL nanofibers 

compensate the disadvantages of each other, showing stability in aqueous solution 

and reasonable metal adsorption property. Structure and morphology studies showed 

that the CS/CL nanofibers have very smooth and well-defined structure, and also 

high-water stability. Moreover, it was found that the CS/CL nanofiber mats have the 

highest mechanical strength, which originates from the combination of CS. The 

combination of CS/CL showed an adsorption property against As(V), Pb(II), and 

Cu(II) ions, which cannot be achieved using single component CS or CL nanofibers, 

because CS nanofibers are easily dissolved in aqueous solution and CL nanofibers do 

not have adsorption property. The adsorption capacity of CS/CL nanofibers as a 

function of contact time was analyzed using the pseudo-first-order and pseudo-
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second-order kinetic models. The pseudo-second-order model is more in agreement 

with the experimental data, showing an equilibrium adsorption capacity of 26.7, 39.7, 

and 81.51 mg/g toward As, Pb, and Cu ions, respectively. Equilibrium adsorption 

capacity was also plotted as a function of initial concentration of As(V), Pb(II), and 

Cu(II) ions. The experimental data are fitted with Langmuir and the Freundlich 

isotherm models, and the adsorption is more accurately fitted to the Langmuir 

isotherm model. The calculated maximum adsorption capacity was 39.4, 57.4, and 

112.6 mg/g for As(V), Pb(II), and Cu(II), respectively, indicating the CS/CL 

nanofibers possess great potential for the use as an adsorbent for metal ions in 

wastewater effluents.  
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CHAPTER 3 The mechanistic actions of different silver species at 

the surfaces of polyacrylonitrile nanofibers regarding antibacterial 

activities 
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3.1. Introduction 

Silver nanoparticles distributed on polymeric nanofiber scaffolds display 

specifically peculiar properties and have excellent potential to be used in biological 

applications, as well as chemical fields, electronics, energy storage, textile industries 

[1, 2]. One of the most common methods to incorporate metallic nanoparticles into 

the nanofibrous scaffolds is reactions between metallic salts and reducing agents [3]. 

Ag nanoparticles embedded nanofibers exhibit biomedical properties, which inherit 

from silver; and high surface-to-volume ratio, large numbers of reaction sites and 

water stability from nanofibers. Due to the unique property of silver on antibacterial 

activity, the silver composites have been used in medical devices, namely, 

cardiovascular implants [4], catheters [5], orthopedic implants [6], and dental 

composites [7], with antimicrobial and antibacterial characteristics. In the context of 

antibiotic-resistant bacteria, the medical world is in need of new antibiotic classes [8, 

9]. Silver nanoparticles appeared as a very promising material to play this role; thus, 

extensive studies on silver nanoparticles, applied in bioengineering fields, have been 

conducted recently [10].     

Silver can be embedded into the systems under different forms, silver salts, 

immobilized silver ions, zero-valent or mono-valent silver [11, 12]. Zero-valent 

silver and mono-valent silver at the form of silver nanoparticles are considered as a 

new class of antibacterial agent with effective antimicrobial properties and low 

toxicity toward human cells [13]. Metallic silver nanoparticles, containing zero-

valent silver, exhibit bactericidal action through the mechanism linked to the 

oxidative dissolution of silver elements into the environment under oxic conditions. 

Zero-valent nano silver is sensitive to oxygen due to the size of nanometer and large 

surface area, thus, silver nanoparticles in aqueous environment will be partly 
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oxidized and  play the role of silver-ion reservoir [14, 15].  Another report revealed 

the three stages of actions as follows; (i) when exposed to humid air or water, the 

silver nanoparticles, containing Ag
0
, would be oxidized and dissolved; (ii) the silver 

ions then diffuse across liquid medium; and (iii) the formation of new smaller silver 

particles by chemical reduction or photoreduction [16]. Whereas, silver oxide 

nanoparticles containing mono-valent silver – Ag (+1) can be released by simple 

dissolution or ion exchange, a slightly acidic environment will speed up the decay of 

metal oxide and allow a faster release of Ag
+
 [17]. In the case of silver ions, at the 

forms of entrapped silver ions or silver salts, they are highly toxic to a wide variety 

of organisms including bacteria, and the bactericidal mechanism is very well known 

[18]. The antibacterial comparison between silver ions and silver nanoparticles, 

therefore, is very appealing to scientific world.  

Polyacrylonitrile (PAN) nanofibers possess hydrophilic property and active 

chelating groups - nitrile, which makes PAN nanofibers an appealing starting 

material for further modification into metal-adsorptive nanofibers [19, 20]. In 

addition, with high atomic percentage of carbon, PAN was implemented as a 

precursor for carbon nanofibers, which then exhibit a potential to be made into 

electrochemical electrodes or semiconductor devices [21-23]. Among many different 

nanoscale-capable synthesis methods such as melt-blown, drawing, template 

synthesis, phase separation, and self-assembly, electrospinning has risen as a simple 

yet versatile and cost-effective technique for fabricating nanofibers [24-28]. By 

applying an electric force on a drop of polymer solution to overcome the surface 

tension, nanofibers can be drawn and collected on a collector [29-31].     

However, the antibacterial effect of such silver species is not significantly 

compared yet. Therefore, in our report, we investigated the antibacterial activity of 
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various silver species; silver nitrate, silver oxide nanoparticles, and silver 

nanoparticles, embedded in PAN nanofibrous scaffolds, against E. coli and B. 

subtilis. All the antibacterial tests were performed in triplicate and via three cycles to 

evaluate the bactericidal sustainability. The cytotoxicity against mouse cells – 

NIH3T3 dermal fibroblasts was examined over a 7-day course; the cytotoxicity of 

silver is considered dependent on cell lines, dose, and time of exposure [32].   

 

3.2. Experimental 

3.2.1 Materials  

Polyacrylonitrile (PAN, Mw 150,000 g/mol) was acquired from Sigma-Aldrich, 

Tokyo, Japan. N,N-dimethylformamide (DMF), silver nitrate (AgNO3 - 99.8%), 

sodium hydroxide (NaOH 97%), and sodium borohydride (NaBH4) were purchased 

from Wako pure chemical industries, Osaka, Japan. Escherichia coli (Hfr 3000) was 

received from The Coli Genetic Stock (CGSC; Yale Univ., New Haven, CT, USA). 

Bacillus subtilis (168) was received from Dr. Ogasawara, Shinshu University, Japan. 

The petri dishes were provided by Sansei Medical Co., LTD., Japan.         

3.2.2 Silver species incorporated in PAN nanofibers  

Three different PAN solutions were prepared with 8 wt. % polymer in DMF and 

then vigorously stirred for 24 h. Subsequently, AgNO3 was added to two solutions 

and they were further stirred for 2 h. The calculated silver-salt amounts were 1/20 

and 1/5 corresponding to as-spun composite nanofibers in weight. Electrospinning 

was carried out for 24 h for each sample with same parameters, 15 cm distance from 

tip to collector, 40 % relative humidity, and 20 °C room temperature. The process 

ensured the relatively equal in thickness of all electrospun sheets. Three electrospun 

samples were denoted as PAN, AgNO3-PAN 1/20, and AgNO3-PAN 1/5.  
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To prepare silver (I) oxide nanoparticles incorporated PAN nanofibers, the AgNO3-

PAN 1/20 and 1/5 nanofibers were immersed in NaOH 1 M solutions for 2 h. The 

resulted samples were named as Ag2O-PAN 1/20 and Ag2O-PAN 1/5, respectively.  

Similarly, the zero-valent silver nanoparticle/PAN composite nanofibers were 

achieved by treating AgNO3-PAN 1/20 and 1/5 with NaBH4 0.5 M solutions to 

reduce silver salt to metallic silver nanoparticles. The resultant samples were 

indicated as Ag-PAN 1/20 and Ag-PAN 1/5.          

 

Scheme 3. 1 Experimental design 

3.2.3 Characterization 

Scanning Electron Microscope photographs and Energy Dispersive X-Ray 

Spectroscopy graphs were acquired on SEM-EDS (JSM-6010LA, JEOL, Japan). 

Transmission Electron Microscopy images were taken on TEM (2010 Fas TEM, 

JEOL, Tokyo, Japan). X-ray Photoelectron Spectroscopy surveys were collected on 

XPS (Kratos Axis-Ultra DLD, Kratos Analytical). Fourier Transform Infrared (FT-

IR) spectra were acquired on Prestige-21, Shimadzu Co., Ltd., Japan. Wide-angle X-

ray diffraction (XRD) graphs were taken on X-ray diffractometer (Miniflex 300, 

Rigaku Co., Ltd., Japan). Inductively coupled plasma-atomic emission spectroscopy 

(ICP-AES; Shimadzu ICPS-1000 IV; Shimadzu, Kyoto, Japan) was utilized for 

measuring silver release. 
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3.2.4 Silver release study and antibacterial effect 

The silver release profiles were studied by immersing 0.02 g nanofibers in 50 mL 

distilled water under gentle agitation, 100 rpm during the period of 7 days. 5 mL 

liquid samples were extracted for ICP tests at certain time periods for examining the 

silver concentrations.   

Disk diffusion tests and antimicrobial efficacy were assessed against Escherichia 

coli strain (Hfr 3000) and Bacillus subtilis strain (168). The bacteria were cultured in 

the LB liquid medium for 24 h, at 37 °C for E. coli and 30 °C for B. subtilis. The 

cultured bacteria were diluted with saline water to the bacterial concentration of 10
6
 

colony forming unit per milliliter - CFU/mL, confirmed by optical density at 600 nm. 

In halo tests, 200 µL amounts of bacteria suspension (10
6
 CFU/mL) were smeared 

over agar plates. Afterward, the rounded specimens were gently placed on agar plates, 

which were then cultured over 24 h. The diameters of inhibition zones were 

measured in mm.    

The reduction of viability due to the effects of silver species was quantified by log 

reduction after 8 h immersion of silver composite samples in bacterial medium and 

24 h culture of bacterial medium on agar plates subsequently in order to count viable 

bacteria cells. Precisely, 0.01 g nanofibers were incubated in 2 mL bacterial 

suspension at 37 °C for E. coli and 30 °C for B. subtilis. The log reduction was 

calculated as follows: 

 

Where A is the number of viable microorganisms of negative control sample, B is 

the number of viable microorganisms of tested samples. 

After the first antibacterial tests, all samples were extracted and examined against 

with fresh bacteria. The antibacterial sustainability was assessed through two more 
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incubation cycles. The gradual decrease in antimicrobial activity was expected 

because of the reduction of silver loadings after each cycle. 

3.2.5 In vitro cell adhesion 

NIH3T3 cells used for biocompatible evaluation test were obtained from Riken 

Bioresource Center (ID: RCB1862, Riken Bioresource Center, Tsukuba, Japan). The 

specimens were cut into small pieces and tests were done in triplicate. Firstly, all 

specimens were sterilized by 70 % ethanol solution, then washed with PBS three 

times. For the cell adhesion tests, 1 mL cell suspension aqueous solution containing 

50,000 cells was dripped over 0.001 mg nanofiber scaffolds, the specimens were kept 

for 3 h for cell attachment. Cell-seeded composite specimens were then rinsed with 

PBS to remove  unattached cells and maintained in growth medium, using 96-well 

plates, at 37 °C, and 5% CO2 for 7 days. The numbers of attached and grown cells on 

the nanofibers were quantified on days 1, 4, and 7; the method was described on 

section 2.5 of previous published article [33]. In detail, nanofiber specimens were 

placed in micro-tube, buffer solution (0.5% Triton X100 in PBS) was subsequently 

added to remove attached cells from the scaffolds. The buffer solutions containing 

cells were sampled and quantified at UV wavelength of 340 nm, using LDH assay 

method [34].      

  

3.3. Results and discussion  

3.3.1 Morphology study of nanofiber membranes 

SEM images show thin and highly uniform PAN nanofibers with average diameters 

of 301 ± 63 nm, Figure 3.1 (a). The average diameters of the as-spun silver 

composite nanofibers slightly decreased as the higher silver-salt amounts added to 

the polymer solutions, 275 ± 52 and 243 ± 58 nm, Figure 3.1 (b) and (c) for AgNO3-
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PAN 1/20 and 1/5, respectively. It can be explained by the higher conductivity of the 

spinning solution, which decreases the electrostatic potential and produces thinner 

nanofibers [35].      

For the silver nanoparticle/nanofiber composite samples, fine nano-sized silver 

nanoparticles can be spotted gathering on the PAN nanofibers, Figure 3.1 (d), (e), (f) 

and (g) corresponding to Ag2O-PAN 1/20, Ag2O-PAN 1/5, Ag-PAN 1/20, and Ag-

PAN 1/5, respectively. The morphology of composite nanofibers was rough with 

grain-like particles attaching to the surfaces. More particles aggregated, after 

reactions, on the surfaces of nanofibers with the higher silver loadings, when we 

compared Figure 3.1 (e, g) against Figure 3.1 (d, f).   

 

Figure 3. 1 - Morphology of (a) as-spun PAN nanofibers; AgNO3-PAN (b) 1/20 and 

(c) 1/5, Ag2O-PAN (d) 1/20 and (e) 1/5; Ag-PAN (f) 1/20 and (g) 1/5. Colors of 

samples are represented on inset photos. 

 

For a closer look at the nano-size of silver particles, TEM images were obtained. 

TEM photographs depict the round-shaped silver nanoparticles embedded in/on 

nanofiber strands; the density and size of particles could be well distinguished; more 

particles with larger size on composite nanofiber samples containing higher silver 

amounts can be observed. The incorporation of silver nanoparticles into the polymer 
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matrix occurred following the reactions of silver salts with sodium hydroxide or 

sodium borohydride to form mono-valent or zero-valent silver nanoparticles. 

As-spun PAN nanofiber, AgNO3-PAN 1/20 nanofiber, and AgNO3-PAN 1/5 

nanofiber present images of smooth, translucent, and featureless fibers, Figure 3.2 (a), 

(b), and (c). Interestingly, at higher magnification, some silver particles at the size of 

few nanometers were detected in AgNO3-PAN 1/20 and AgNO3-PAN 1/5 nanofibers, 

inset pictures. This observation can be explained by the partial reduction of AgNO3 

by DMF solvent after adding silver salt into the PAN/DMF solutions or 

photoreduction attributed to the contact of silver salt with any sources of light, 

leading to the particulate formation.  

In the cases of silver nanoparticle/PAN composite nanofibers, the size distributions 

of silver oxide nanoparticles and metallic silver nanoparticles were calculated from 

several TEM images to form the statistic histograms. The mean particulate sizes, 

measured and calculated on image J, with standard deviations were  12.01 ± 2.35 and 

14.3 ± 4.88 nm for Ag2O-PAN 1/20 and Ag-PAN 1/20 nanofibers, Figure 3.2 (d) and 

(f), respectively. For the Ag2O-PAN 1/5 and Ag-PAN 1/5 samples, the bulkier 

particles aggregated after chemical reduction. In Figure 3.2 (e) and (g), the mean 

sizes with standard deviations were calculated as 34.57 ± 12.66 nm for Ag2O-PAN 

1/5 and 32.37 ± 22.59 for Ag-PAN 1/5. In Ag-PAN 1/5 samples, there were few 

particles with size larger than 100 nm, formed inside PAN nanofibers. It could be 

explained as the hydrogen generated from the hydrolysis of sodium borohydride 

penetrated into the PAN polymer matrix and reacted with AgNO3 [36, 37]. The 

reduction could, therefore, happen inside the nanofibers and form 100-nm sized 

silver particles, Figure 3.2 (g).   
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Figure 3. 2 - TEM images of (a) as-spun PAN, AgNO3-PAN (b) 1/20 and (c) 1/5, 

Ag2O-PAN (d) 1/20 and (e) 1/5, Ag-PAN (f) 1/20 and (g) 1/5 with particle size 

histograms. 

3.3.2 FT-IR spectral analysis  

In Figure 3.3, PAN nanofibers show typical peaks at 2930, 2245, 1450, 1070, and 

1040 cm
-1

 characterizing CH2 asymmetric stretching, C≡N symmetric stretching, 

CH2 bending, C‒C stretching, and C‒C≡N combination mode, respectively [38]. 

Those peaks were also present in all silver-PAN composite nanofibers. Noticeably, 

there were slight negative shifts of CH2 asymmetric stretching due to the interactive 

influences of silver salts toward the group, AgNO3-PAN 1/20 and 1/5.  [39]. 

In Figure 3.3 (B),  peaks at 1410, 1390, 1305, and 1040 cm
-1

 could be ascribed for 

nitrate groups in AgNO3 [40, 41].  Those peaks were eliminated from spectra of 

Ag2O-PAN 1/20, Ag2O-PAN 1/5, Ag-PAN 1/20, and Ag-PAN 1/5, demonstrating 

that the silver salt was depleted and the reaction between silver salt and NaOH or 

NaBH4 happened completely.  

The rising band at 3400-3500 cm
-1

 must be due to the vapor absorption into the 

PAN composite nanofibers. It is believed that the highly adsorptive properties of 

AgNO3 and Ag nanoparticles toward vapor gave rise to this band, Figure 3.3 (A) [42].  
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Figure 3. 3 - FT-IR spectra of PAN nanofibers, AgNO3-PAN 1/20, 1/5, Ag2O-PAN 

1/20, 1/5, Ag-PAN 1/20, and 1/5. 

3.3.3 X-ray diffraction study 

To investigate the differences and the variations of crystallinity before and after 

chemical reactions, XRD characterization was performed. Pristine PAN nanofibers 

show 2 typical wide bands centered at 2θ = 17 ° and 26.5 °. The penetration of silver 

salt into the polymer matrix made positive shift for the 17 ° band and the decreasing 

intensity for 26.5 ° band. The penetration of silver nitrate into the polymer matrix 

were supposed to make these changes [43].  

Two wide typical bands of PAN also appear in all chemical-reduced silver/PAN 

composite nanofibers, Figure 3.4 (d), (e), (f), and (g). Those two bands were 

positionally identical to two bands of pristine PAN. It could be perceived as the 

influences of silver salt to the crystalline structure of the polymer were eliminated, 

due to the complete reactions of AgNO3 with reagents NaOH or NaBH4.  

The presence of silver oxide nanoparticles and silver nanoparticles manifested via 

two different sets of peaks. Figure 3.4 (d) and (e) illustrates XRD patterns of Ag2O-

PAN 1/20 and 1/5 with diffraction peaks at 2θ = 32.8 °, 38.1 °, 55.9 °, and 65.4 ° 
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correlating to (111), (200), (220), and (311) crystal planes of cubic Ag2O [44]. Figure 

3.4 (g) and (h) demonstrates characteristic peaks of Ag-PAN 1/20 and 1/5; peaks at 

38 °, 44 °, 64.5 °, and 77 ° could be indexed to (111), (200), (220), and (311) crystal 

planes of Ag(0) [45]. The intensities of those peaks increased due to the increase in 

size and number of silver nanoparticles. There was no shifting in peak positions of 

Ag2O and Ag, thus, it can be interpreted as no changes in the interlayer of d-spacing 

of lattice caused by impurities [45, 46].  

 

Figure 3. 4 - XRD spectra of (a) PAN nanofibers, AgNO3-PAN (b) 1/20, (c) 1/5, 

Ag2O-PAN (d) 1/20, (e) 1/5, Ag-PAN (f) 1/20, and (g) 1/5.  

3.3.4 XPS analyses 

The chemical properties of the nanofibrous surfaces were analyzed on XPS. Broad 

XPS surveys present O 1s (530 eV), N 1s (398 eV), Ag 3d (366-372 eV), and C 1s 

(284 eV) characteristic peaks on all composite samples graphs, confirming the 

existence of these elements in all samples, Figure 3.5. The presence of oxygen in 
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both Ag-PAN samples can be explained by the oxidation of silver (0) nanoparticles, 

the oxidation happened during the synthesis process. The silver nanoparticles 

presented very high surface area which facilitated the oxidation of metallic silver 

(Ag
0
) to mono-valent silver oxide (Ag2O). Moreover, the silver species chemisorbed 

on the zero-valent silver nanoparticles could also contribute to the peaks of oxygen in 

XPS data of Ag-PAN samples.  

In Figure 3.5 (II), magnified XPS spectra of Ag 3d region show negative shifts, 

comparing Ag-PAN 1/5 against Ag-PAN 1/20 and Ag2O-PAN 1/5 against Ag2O-

PAN 1/20. By contrast, the two silver peaks in AgNO3-PAN 1/20 and 1/5 shifted 

positively. These shifts occurred due to the surface-chemistry changes of PAN 

nanofibers [47].  

The oxygen signal (O 1s) shifted toward lower binding energy, which indicated 

that the electronic density around some surface oxygen atoms had increased.  

 

Figure 3. 5 - (I) XPS surveys, (II) XPS high resolution spectra over silver region, 

and (III) XPS high resolution spectra over oxygen region for AgNO3-PAN (a) 1/20, 

(b) 1/5, Ag-PAN (c) 1/20, (d) 1/5, Ag2O-PAN (e) 1/20, and (f) 1/5. 

 

The C 1s signals could be interpreted as the combination of two major signals from 

carbon species of different functionality. The C 1s peak at BE = ~ 285 eV was 

assigned to C-C, C-H and C≡N chemical groups present in PAN without any 

specifically altered chemistry [48]. The second peak at around 283.5 eV, could be 
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assigned for those same chemical groups in PAN with shifted binding energy. It 

could be rationalized as the results of the interaction between some carbon atoms and 

silver. The interaction geometries are proposed in Scheme 3.1. The atomic 

interaction assumingly happened at the surface contact of PAN polymer matrix and 

silver. Atomic interactions led to electron transfer between carbon, nitrogen, oxygen, 

and silver [49]. The relatively changed intensities and the negative shifts of the 

second peak altered upon silver loadings on the top layer of the specimens. The trend, 

which could be deduced from observing the spectra, was with the higher silver 

doping on the surface layer of composite scaffolds, the atomic percentages of 

influenced carbon atoms increased. By calculating the ratios between split carbon 

signals, the atomic percentages of silver-influenced carbon atoms relative to the total 

number of carbon atoms were 14.85, 24.45, 25.62, 23.33, 18.16, and 40.82 at.% in 

AgNO3-PAN 1/20, 1/5, Ag-PAN 1/20, 1/5, Ag2O-PAN 1/20, and 1/5, Figure 3.6. 

 

Figure 3. 6 - XPS spectra of C 1s peaks, and deconvoluted XPS AgNO3-PAN (a) 

1/20, (b) 1/5, Ag-PAN (c) 1/20, (d) 1/5, Ag2O-PAN (e) 1/20, (f) 1/5. 
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Scheme 3. 2 - Proposals for the interactive geometry of polyacrylonitrile and silver 

nanoparticles 

 

For surface nitrogen chemistry, the N 1s spectra were split into three signals on 

XPS data of AgNO3-PAN specimens and two signals for the rest. In Figure 3.7, the 

highest binding energy was attributed to the N
+5

 species from AgNO3 [50], this peak 

was not present in other specimens due to the removal of silver salt after the reaction 

with NaOH or NaBH4. The middle peak came from nitrile of PAN (C≡N), and the 

peak at lowest binding energy is characterized as the charged nitrogen atoms, 

belonging to C≡N groups of PAN polymer and having interaction with silver.    

 

Figure 3. 7 - XPS spectra of N 1s, deconvoluted XPS AgNO3-PAN (a) 1/20, (b) 1/5, 

Ag-PAN (c) 1/20, (d) 1/5, Ag2O-PAN (e) 1/20, (f) 1/5. 
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3.3.5 Silver release profiles 

Ag
+
 release is considered the determining factor for the antibacterial effects, thus, it 

is important to investigate the silver release rates of all silver composite samples 

before carrying out antibacterial tests. In order to study the kinetics and quantitative 

release of silver from silver composite nanofibers, release tests were performed and 

the concentrations of dipping solutions were quantified on ICP. The data were 

acquired over the periods of seven days. Figure 3.8 (a) and (b) were cumulative 

silver release, using ppm as the unit on y axis. Figure 3.8 (c) and (d) exhibit 

percentages of silver releases against total silver-loading amounts, calculated based 

on the data on Figure 3.8 (a) for the course of 24 h and (b) for the course of 7 days. 

AgNO3-PAN 1/20 and 1/5 samples present rapid release profiles with more than 90 

wt.% silver reserves after 1 h, 94.15 ± 2.65 and 92.25 ± 3.02 wt.%, respectively, 

Figure 3.8 (c) due to the high solubility of silver nitrate. Ag2O-PAN 1/20 and 1/5 

samples show considerable amounts discharged after the first 24 h, 42.90 ± 3.86 and 

25.41 ± 0.83 wt.%, respectively. The mechanism of mono-valent silver species, 

which detached from the nanofiber specimens, could be ascribed to the leaching and 

the dissolution of silver oxide nanoparticles. Ag-PAN 1/20 and 1/5 demonstrated a 

slower initial release of silver and the release over the course of 7 days showed more 

gradual profiles, compared to Ag2O-PAN 1/20 and 1/5. The amounts of silver 

releases were directly proportional to the silver-doping amounts of the composite 

nanofibers. After 7 days, the silver discharge was 15.19 ± 1.58 and 53.37 ± 1.88 ppm 

for Ag2O-PAN 1/20 and 1/5.  Zero-valent silver samples showcased 6.41 ± 1.35 and 

11.27 ± 0.98 ppm of silver discharge, Ag-PAN 1/20 and 1/5, respectively. Similar to 

Ag2O-PAN, higher silver doping amounts presented higher silver discharge. 
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Figure 3. 8 - Silver release behavior of silver composite samples over the period of 

24 h (a) and (c), and 7 days (b) and (d). The data in (c) and (d) were calculated based 

on (a) and (b). 

 

3.3.6 Antibacterial activity of silver PAN composite nanofibers 

The antibacterial effects of the composite nanofibers were assessed against typical 

gram negative and gram positive bacteria, E. coli and B. subtilis. The negative 

control tests were also performed to confirm the antimicrobial activities of the 

scaffolds were the effects of silver alone.  

In Figure 3.9, on the first cycle, the clear halo zones were observed for all 

specimens of silver composite nanofibers. The Ag2O-PAN 1/5 specimens exhibited 

the most expansive halo zones against both gram bacteria. The Ag2O-PAN 1/20 

showed secondly effective antibacterial activities against E. coli and the Ag-PAN 1/5 
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possessed the second largest inhibition zones against B. subtilis. Quantitatively and 

visually, the least expansive halo zones were demonstrated by AgNO3-PAN 1/20 

specimens, intriguingly, despite the silver-release results.      

For the second and the third cycles, the Ag2O-PAN 1/20, 1/5, the Ag-PAN 1/20, 

and 1/5 reduced the inhibitory halos sharply after each cycle. The Ag2O-PAN 1/20 

showed very small antibacterial zones on the third cycle. Similarly, the Ag2O-PAN 

1/5 also presented the significantly diminished   antibacterial characteristics. We 

surmised that the silver loadings on Ag2O-PAN samples were  reduced faster after 

each cycle, attributed to the fast silver discharge. The robust antibacterial properties 

surprisingly belonged to AgNO3-PAN samples. Comparing the halo zones between 

samples having the same silver loading, AgNO3-PAN on the third cycle showed the 

most expansive inhibition zones.   
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Figure 3. 9 - (a) Mean diameters of inhibition zones of disk diffusion test with 

standard deviations, (b) Representative images of inhibition zones for three cycles 

 

Quantitative assessment of the bactericidal efficiency was also carried out for 3 

cycles, each cycle in triplicate. The results demonstrated an impressive 3-log 

reduction for all silver composite scaffolds against E. coli and 4-log reduction against 

B. subtilis, on the first cycle. The Ag2O-PAN 1/5 demonstrated the most potent 

bactericidal properties against both strain bacteria. Evaluating the bactericidal actions 

of all samples after 3 cycles, the robust toxicity of AgNO3-PAN toward both 

bacterial strains was slightly better than Ag2O-PAN and Ag-PAN samples, 
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comparing samples at the same silver loading amounts. The results were in line with 

the results of disk-diffusion tests.  

The antibacterial results were opposite to the silver release in the case of AgNO3-

PAN, which showed rapid discharge of silver, but in antibacterial tests, the 

antibacterial effects of those samples were weaker than other composite samples on 

the first cycle. The phenomena must be attributed to the interference of NaCl in 

bacterial medium. The instant salt metathesis reaction between AgNO3 and NaCl 

created AgCl, the silver halide then aggregated to form almost insoluble silver salt 

particles (the dissolution of AgCl is 1.9 mg/L) [51, 52]. However, the silver poly-

chloride complexes, [AgCl2]
−
, [AgCl3]

2−
 and [AgCl4]

3−
 - products of reactions 

between AgCl and Cl
−
, could form in the cases of Ag2O-PAN and Ag-PAN samples 

in liquid medium; when the Cl
−
/AgCl ratio is high enough, chloride (Cl

−
) can react 

with AgCl and the dissolution of halide salt occurs [53]. 
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Figure 3. 10 - (a) Bactericidal efficacy based on agar plate counting method, 

representative images of bactericidal efficacy of all samples based on agar plate 
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counting method, negative control samples at 103 CFU/mL, other samples at 106 

CFU/mL against (b) E. coli and (c) B. subtilis 

 

3.3.7 Biocompatibility evaluation of composite nanofibers 

Potential cytotoxicity of the silver composite samples toward mammalian cells 

while applying in wound dressings is of concern, due to argyria or blue-gray 

discoloration of the skin. Therefore, the cyto-compatibility was necessary to be 

evaluated. All samples were tested for 7 days with mouse fibroblast cells (NIH3T3). 

The viability of NIH3T3 cells grown on the nanofiber scaffolds was investigated on 

days 1, 4, and 7. Mouse fibroblast proliferation could take place on silver nanofiber 

composite scaffolds containing not too high silver concentrations; reportedly, there is 

no cytotoxic effect at concentration lower than 50 μg/mL [54]. On the Ag-PAN 1/5 

sample, the constant cell reduction was observed, indicating the cell proliferation did 

not happen on this scaffold.  
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Figure 3. 11 - The proliferation of NIH3T3 cells on days 1, 4, and 7. Values are 

expressed as means ± standard deviation. *, #, & indicate significant difference (P < 

0.05 compared with control). 

 

In Figure 3.12, SEM analyses of mouse fibroblast cells on antibacterial scaffolds 

exhibited the cell adherence and the proliferation on the day 3. Due to the inhibitory 

actions of silver at high concentrations, the morphology of cells changed to round 

shape, Figure 3.12 (c), (e), (f), and (g), compared to spindle-like shape on Figure 

3.12 (a), (b), and (d).  

 

Figure 3. 12 - SEM images of NIH3T3 cells attached on nanofibers after 3-day 

culture; (a) as-spun PAN nanofibers; AgNO3-PAN (b) 1/20 and (c) 1/5, Ag2O-PAN 

(d) 1/20 and (e) 1/5; Ag-PAN (f) 1/20 and (g) 1/5 
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3.3.8 The formation of AgCl on the surfaces of AgNO3-PAN 1/20 and 1/5 due to 

the interference of halide anions  

All silver containing samples after the antibacterial assay were further characterized 

to examine the alteration of silver species and the morphology of the nanofibers. 

There were significant differences in the morphology of AgNO3-PAN 1/20 and 1/5 

samples with the newly formed of AgCl nanoparticles, Figure 3.13 (a). The 

confirmation of silver halide presence was further investigated by XRD and FTIR, 

Figure 3.13 (b) and (c). Due to the reaction with halide anions in the bacterial 

medium, the set of new peaks in XRD spectrum can be ascribed to the peak 

diffraction of AgCl. The removal of –NO3 peaks in FTIR of the sample further 

demonstrated the depletion of AgNO3 due to the reaction with halide salts.  

 

Figure 3. 13 - (a) SEM image of AgNO3-PAN 1/5 nanofibers after the first cycle of 

antibacterial assay against E. coli with the newly formed AgCl nanoparticles detected 

on the surfaces, (b) XRD, and (c) FTIR spectra of AgNO3-PAN nanofibers before 

and after the antibacterial tests.  

 

3.4. Conclusion 

Conclusively, three different silver species were successfully embedded into PAN 

nanofibers for the evaluation upon antimicrobial efficacy and NIH3T3 fibroblast 

compatibility. All samples were well characterized, TEM images displayed 

nanosized particles on all composite nanofibers, suggesting different reductive 
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mechanisms happened to aggregate silver nanoparticles. XRD verified the natures of 

different silver species via various synthesizing routes. Surprisingly, the silver salt 

composite nanofibers showed relatively weakest bactericidal properties against E. 

coli and B. subtilis. The interference of halide salt in bacterial medium could be the 

major explanation for the deterioration of antibacterial effects. Whereas, the 

passivation layer of AgCl instituting on Ag nanoparticles or Ag2O nanoparticles, 

which presented a barrier to prevent the penetration of silver ions to the liquid 

environment, could be demolished by the formation of poly-chloride complexes. 

Ag2O-PAN and Ag-PAN demonstrated good antibacterial efficiency on the first 

cycle. Noticeably, the bactericidal actions of zero-valent Ag nanoparticles against 

microbial organisms were less potent than Ag2O nanocomposite samples on the first 

cycle, due to the slower release rate. To discharge silver, the zero-valent silver 

nanoparticles need to follow the oxidation and dissolution, whereas the silver oxide 

nanoparticles at the form of mono-valent silver could be released directly through the 

dissolution process.  
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CHAPTER 4 Synthesis and attachment of silver and copper 

nanoparticles on cellulose nanofibers and comparative antibacterial 

study works 
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4.1 Introduction 

Cellulose is a natural material thus considered environmentally friendly in contrast 

to fossil fuel-based commodity polymers regarding biodegradability and the 

environmental consequences [1]. In consideration of new composite materials with 

low environmental impact, cellulose is rising as a promising alternative for oil-

derived polymers and has attracted much interest in academia, as well as industrial 

sectors. In recent years, cellulose or cellulosic derivatives have been widely utilized 

for electrospinning to fabricate nano-sized fibers with multiple functions [2]. 

Cellulose nanofibers offer good mechanical properties – approximately 5 MPa in the 

tensile test [3], chemical resistance, and thermal stability [4]. Cellulose nanofibers 

have presented great potential in filtration, food packaging, electronic devices, food 

additives, and medical and cosmetic products [5].  

Pathogenic bacteria are the root of numerous diseases and infections which cause 

human sickness. To cure those infectious diseases, diverse antibacterial agents have 

been utilized, including metallic nanoparticles [6]. Silver nanoparticles are 

considered as a new class of antibacterial agent, with sustainable activity against a 

wide spectrum of bacteria [7]; until now no life-threatening risks ensuing from 

inhalation, ingestion or dermal application of AgNPs have been reported hence 

AgNPs in suitable doses are considered to be safe for humans [8]. For thousands of 

years, copper has been used as a powerful antibiotic agent and liquid disinfection [9]. 

Moreover, copper promotes human cell and tissue regeneration during wound 

treatment and has been combined with other materials to improve the healing effects 

[10]. Copper in small doses exhibits negligible cytotoxicity on human cells, yet lethal 

effects on bacteria [11].  

There are several well-reported routes to synthesizing metallic nanoparticles, 
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including chemical, physical, photochemical and biological methods [12]. Chemical 

methods, with three main elements involved metal precursors, reducing agents, and 

stabilizing agents, can be used to regulate metal nanoparticles in a variety of sizes 

and shapes with high uniformity and time-saving feature [13]. The physical route has 

been described as implementing heat generating systems [14], electric discharge 

plasma [15], and an electric arc discharge [16] to reduce metal precursor to metal 

nanoparticles. Recently, biological methods, employing bacteria or substances 

extracted from plants for silver or copper nanoparticle synthesis, have emerged as an 

environmentally friendly, economical, and promising route [17-19]. When 

integrating into medical devices, it is a necessity to eliminate any consequent risk for 

human health, as well as environments. Therefore, photochemical approaches 

without the use of additional reagents are regarded as sustainable alternatives for 

silver nanoparticles syntheses. 

The electrospinning method is an effective approach to fabricate ultra-thin fibers 

with high specific surface area and controllable porosity, hence ideal for applications 

in tissue engineering scaffolds, wound dressings, and drug delivery [20]. To conduct 

electrospinning, the desired polymers are first dissolved in solvent systems, single or 

co-solvent. A high voltage power supply with adjustable voltages and a rotary 

collector to obtain fibers in random orientation are the required apparatus. The 

former one produces electrical force to overcome the surface tension of the droplet, 

and an electrified fluid jet is subsequently spun and elongated. While the jet is 

traveling through the air, the solvent evaporation takes place, and thin fibers 

accumulate at the collector [21, 22]. 

Attempts to incorporate metal nanoparticles into the polymer matrix of nanofibers 

have made significant progress [23, 24]. Metal nanoparticle-based composite 
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nanofibers demonstrate great advantages to facilitate the uniform distribution and the 

controllable release of silver or copper at the bacteria contact surfaces [25]. For this 

reason, we opted for silver and copper nanoparticles loaded on cellulosic nanofibers 

as a functional composite material with antibacterial effects. There have been several 

scientific articles investigating the synthesis and growth of silver nanoparticles on 

fibers via the UV-induced method [26-29]. The absorption of silver ions in cellulose 

was governed by the hydroxyl groups on cellulose nanofibers [30], and the UV light 

played the role of reducing agent. The introduction of copper nanoparticles and their 

antibacterial properties have also been presented on other research papers [31, 32]. In 

our study, we successfully coating the silver and copper metals in the nanofibrous 

cellulosic framework and juxtaposed the UV-facilitating synthesis of AgNPs and the 

chemical synthesis of CuNPs regarding the metal loading effectiveness on the 

nanofibrous scaffolds, the metal release properties, and the antibacterial activity 

against two representative bacteria strains, E. coli and B. subtilis. 

 

4.2 Experimental 

4.2.1 Materials  

Cellulose acetate (39.8 acetyl weight content, average Mw = 30,000 g mol
-1

) was 

purchased from Sigma Aldrich Chemical Co., Ltd (USA). Dimethylformamide 

(DMF 99.8 %), acetone (99.5%), 65 wt% nitric acid (HNO3) of analytical grade, 

silver nitrate (AgNO3) (99.8%), and copper (II) acetate (Cu(CH3COO)2) (97%) were 

obtained from Wako Pure Chemical Industries, Ltd. (Japan). All chemicals were 

used without any additional purification. Escherichia coli strain (Hrf 3000) was 

received from the Coli Genetic Stock (CGSC; Yale Univ., New Haven, CT, USA). 

Bacillus subtilis strain (168) was provided by Dr. Ogasawara, Shinshu University, 
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Japan. The Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Laboratories 

Japan. The Luria-Bertani broth was purchased in an analytical grade from Nacalai 

Tesque, INC., Kyoto, Japan. The Petri dishes were supplied by Sansei Medical Co., 

LTD., Japan.  

 

4.2.2 Fabrication of cellulose nanofibers 

Firstly, cellulose acetate was dissolved in the mixture of Acetone/DMF with the 

weight ratio between two solvents 2/3 to prepare a 20 wt% solution of the polymer. 

The solution was vigorously agitated for 24 h to ensure all components mixed 

thoroughly. The electrospinning was set up with a high voltage power supply (Har-

100*12, Matsusada Co., Tokyo, Japan), a collector, and a syringe pump. A 20-ml 

plastic syringe, with a metallic needle affixed to it, was used to contain the prepared 

solution. The inner diameter of the needle was 1.2 mm, and the distance between the 

tip of the needle and the collector was adjusted to 18 cm. The syringe pump was set 

to a flow-rate of 1 ml h
-1

, and the spinning was performed for 48 h. The parameters 

were set as voltage of 15 kV, room temperatures, and humidity of approximately 

40%. 

Once the spinning process was completed, the cellulose acetate nanofibrous sheet 

was removed from the collector and immersed in sodium hydroxide solution 0.1 M 

for 36 h. The deacetylation reaction took place slowly to transform CANFs to CNFs. 

The CNFs were then submerged in dilute nitric acid 0.001 M for 1 h to remove all 

excessive amount of NaOH and subsequently washed several times with distilled 

water. Afterward, the resulted nanofiber mat was cut into round-shaped specimens 

with a diameter of 12 mm in preparation for further processes.  
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Scheme 4. 1 - Deacetylation reaction to transforming cellulose acetate nanofibers to 

cellulose nanofibers 

 

4.2.3 The synthesis of silver nanoparticles and copper nanoparticles on the 

surfaces of cellulose nanofibers 

For the formation of silver nanoparticles on the surfaces of CNFs, we opted for the 

UV facilitation method, which was employed by shaking circular cellulose 

specimens in AgNO3 solutions 0.01, 0.05, and 0.1 M under the radiation of UV light 

for 24 h, gradually activated the reduction of AgNO3 to AgNPs on the surfaces of the 

CNFs. Samples were denoted as Ag/CNFs 0.01, 0.05, and 0.1.  

To embed CuNPs in the CNFs, rounded cellulosic specimens were immersed in 

Cu(CH3COO)2 solutions 0.01, 0.05, and 0.1 M under gentle agitation for 24 h. Those 

specimens were taken out and dried at room temperature for 48 h. The chemical 

reduction to copper nanoparticles was implemented by immersing dried specimens in 

NaBH4 0.5 M. Resultant samples were indicated as Cu/CNFs 0.01, 0.05, and 0.1.  

After the metal nanoparticle incorporation, all specimens were washed with DI 

water several times and dried in program control oven (AS ONE DOV-600P, 

MonotaRo Co., Ltd., Japan) for 24 h at 60 °C.  

 

4.2.4 Characterization 

Scanning Electron Microscope (SEM, JSM-6010LA, JEOL, Japan) and 

Transmission Electron Microscopy (TEM, JEOL 2010 Fas TEM, Tokyo, Japan) were 
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employed for morphological study. Fourier Transform Infrared (FT-IR, Prestige-21, 

Shimadzu Co., Ltd., Japan) was used for chemical compositions. Elemental analysis 

was studied on X-ray Photoelectron Spectroscopy (XPS, Kratos Axis-Ultra DLD, 

Kratos Analytical) and Energy Dispersive X-Ray Spectroscopy (SEM-EDS, JSM-

6010LA, JEOL, Japan).  

Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES, Shimadzu 

ICPS-1000 IV, Shimadzu, Kyoto, Japan) was implemented to determine the silver 

and copper release in solutions and the metal contents of all treated samples. To 

investigate the silver or copper contents of composite nanofiber samples, samples 

were first immersed in concentrated HNO3 solutions, the reactions between silver or 

copper species and HNO3 ensued to dissolve all metal nanoparticles to the solutions. 

The resultant solutions were then sampled and quantified on ICP.   

 

4.2.5 Silver and copper release kinetics and antibacterial assessment assay  

The metal release profiles of nanofibrous samples were examined by submerging 

0.15 g CNFs containing silver or copper in 50 mL distilled water under the gentle 

shaking condition - 100 rpm for 7 days. 2 mL of liquid specimens were extracted 

after certain periods of time in order to measure the silver or copper release. 

The E. coli and B. subtilis were chosen as subjects of the antibacterial evaluation. 

The bacteria were cultured in the LB liquid medium for 24 h, at 37 °C in the case of 

E. coli and 30 °C in the case of B. subtilis. Subsequently, the cultures were diluted 

with saline solution to about 10
6
 colony forming unit (CFU)/ml, verified by optical 

density at 600 nm.  

In regard to the inhibition zone test, 200 µL bacteria suspension at the density of 

10
6
 CFU/mL was spread on each agar plate; then specimens were gently placed on 
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top of that. Agar plates were, subsequently, cultured for 24 h before being evaluated.  

For bactericidal efficacy evaluation, 0.01 g of nanofiber webs were soaked in 1 mL 

LB broth inoculated with bacteria at the concentration of 10
6
 (CFU)/ml under mild 

shaking of 50 rpm for 8 h. Afterward, bacterial broths were sampled, properly 

diluted, and spread on the agar plates for 24-h culture in order to count the live 

bacteria cells. The log reduction was calculated as follows: 

Log Reduction = log10 (A/B) 

Where A is the number of bacteria colonies counted and calculated on the agar disk 

after culturing the negative control sample with bacterial broths. B is the number of 

bacteria colonies counted and calculated on the agar disk after culturing cellulosic 

samples containing metal with bacteria.        

 

4.3 Results and discussion  

4.3.1 Morphology and color study of nanofibers 

Figure 4.1 (a) and (b) show SEM micrographs of electrospun CANFs and CNFs, no 

significant changes in the morphologies were observed between them. CANFs and 

CNFs presented the smooth, featureless morphology with mean diameters of 393±98 

nm and 411±120 nm, respectively. The cellulosic nanofibers displayed a wide range 

of diameter distribution. The nanoparticulate formation on the surfaces of the 

cellulose nanofibers can be observed in Figure 4.1 (c, d, e, f, g, and h). The mean 

diameters of Ag/CNFs 0.01, 0.05, and 0.1 were 430 ± 153, 440 ± 115, and 456 ± 100 

nm, whereas the mean diameters of Cu/CNFs 0.01, 0.05, and 0.1 were 407 ± 73, 428 

± 79, and 506 ± 77, respectively. These composite fibers presented coarser diameters, 

compared to CANFs and CNFs, due to the swelling on account of the penetration of 

silver nitrate and copper (II) acetate into the polymer matrix, as well as the newly 
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formed nanoparticles on the fiber scaffold could also affect the nanofiber diameters. 

The nanoparticles were observed to be well distributed on CNFs.         

Ag/CNFs 0.01, 0.05, and 0.1 samples exhibited a range of brown colors, with or 

without yellow tints, the yellow tints could be spotted in the case of Ag/CNFs 0.1 – 

Figure 4.1 (e*). These colors were ascribed to partly the interactions between silver 

ions and cellulose, as well as the nanoparticulate formation of silver. Whereas 

Cu/CNFs presented a range from grey to black colors, the saturated black color 

belonged to Cu/CNFs 0.1, Figure 4.1 (h*). 

 

 

Figure 4. 1 - Morphology and color appearances of (a, a*) cellulose acetate 

nanofibers; (b, b*) cellulose nanofibers; Ag/CNFs 0.01 (c, c*), 0.05 (d, d*), and 0.1 

(e, e*); Cu/CNFs 0.01 (f, f*), 0.05 (g, g*), and 0.1 (h, h*)  

 

TEM images revealed the porous structure of the CANFs which was also reported 

in [33], and all post-treated CNFs inherently adopted that porous feature. The high 

porosity of CANFs could be explained by the phase separation occurred in a co-

solvent system of DMF and acetone. This phenomenon sometimes happens in a 

single solvent system but the polymer solution is electrospun in a high humidity 
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environment, in which water plays the role of the second solvent. Scheme 4.2 

illustrates the pore-forming phenomenon in cellulosic nanofibers. In essence, the 

phase separation occurs due to the intrinsic distinctions between two solvents, which 

lead to the heterogeneity in polymer density from area to area. After solvents have 

been removed by the evaporation process, the pores form at lower polymer-density 

spots.         

 

Scheme 4. 2 - A schematic model explaining the progress of pore formation in 

cellulose acetate nanofibers 

 

AgNPs and CuNPs were detected on the surfaces of CNFs after the photo-induced 

treatment or chemical reduction. The sizes of silver particles were measured from 

several TEM photographs and the results were charted in Figure 4.2 (c, d, e, f, g, and 

h).  The average sizes of AgNPs were 8.2 ± 2.3, 12.9 ± 4.3, and 18.5 ± 5.3 nm 

respective to treatment in AgNO3 solutions 0.01, 0.05, and 0.1 M under UV radiation. 

The concentrations of silver salt treating solutions positively influenced the sizes of 

the AgNPs, the higher the concentrations the larger the particle sizes. In the case of 

Cu/CNFs samples, the average sizes of CuNPs were 6.5 ± 1.7, 6.7 ± 1.6, and 9.6 ± 

2.8, respectively. The CuNPs possessed a more uniform size, and the difference 

between copper decorated cellulose samples was less significant.  
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Figure 4. 2 - TEM images of (a) CANFs; (b) CNFs; Ag/CNFs (c) 0.01, (d) 0.05, (e) 

0.1; Cu/CNFs (f) 0.01, (g) 0.05, and (h) 0.1. 

 

4.3.2 Silver and copper contents 

To determine the metal contents in all treated CNFs samples, 0.015 g of metal 

composite nanofibers was immersed in 50 mL concentrated HNO3 solution for 24 h. 

ICP was subsequently performed on these solutions to quantify the silver or copper 

concentrations. The results from the ICP analysis disclosed the metal contents of all 

composite samples as follows: 0.4 ± 0.2, 3.8 ± 1.0, 6.8 ± 1.7 wt% for Cu/CNFs 0.01, 

0.05, and 0.1; whereas, Ag/CNFs 0.01, 0.05, and 0.1 possessed silver contents of 6.0 

± 1.4, 8.7 ± 0.8, and 13.6 ± 0.9 wt%, respectively, Figure 4.3. The UV induced 

synthesis method proved to be effective on loading silver on the nanofiber platforms 

with the highest silver content of 13.6 wt%, treated in AgNO3 0.1 M solution. The 

highest copper loading amount was 6.8 ± 1.7 wt% for Cu/CNFs 0.1. There was a 

strong correlation between metal contents against the concentrations of treating 

solutions. 
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Figure 4. 3 - (I) Copper contents; (II) copper release profiles of Cu/CNFs 0.01, 0.05, 

and 0.1; (III) Silver contents; and (IV) silver release profiles of Ag/CNFs 0.01, 0.05, 

and 0.1. 

 

4.3.3 FT-IR spectral study 

The FT-IR spectroscopy graphs of CANFs and CNFs reported in Figure 4.4, 

verified the transformation of cellulose acetate into cellulose. The FTIR spectrum of 

CANFs presented three distinctive peaks at 1750, 1375, and 1230 cm
-1

 which 

characterized carbonyl C=O stretching, C-CH3 bending, and C-O stretching of acetyl 

groups in cellulose acetate, respectively [34]. The two peaks at 1750 and 1230 

disappeared in the spectroscopy of CNFs, indicating that the acetyl groups were 

completely removed after the deacetylation reaction with NaOH. The wide-stretching 

band at 3500-3600, ascribed to the O-H group in CA nanofiber graph, shifted to the 
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new position at 3200-3500 in the case of CNFs nanofiber, and the intensity 

noticeably increased. Conclusively, the CANFs were fully converted into CNFs.   

CNFs showed the typical band at 3200-3500 and peaks of CNFs at 2890, 1640, 

1375, 1160, and 1020, attributed to O-H stretching, C-H stretching, H-O-H bending 

of absorbed water, C-OH bending, C-O antisymmetric bridge stretching, and C-O-C 

pyranose ring skeletal vibration, respectively [35]. For CNFs treated in AgNO3 under 

UV excitation, the peak at 820, ascribed to -NO3 bending [36], indicated the presence 

of nitrate group in Ag/CNF samples. We surmise that a small amount of AgNO3 

penetrated into the CNFs during immersion treatment. The difference in intensity of 

the 820 cm
-1

 peak must be due to the difference in the quantities of silver nitrate 

absorbed in the nanofibers; hence, the results suggested that the concentration 

variation of the treating solutions is one of the factors to alter the silver contents. 

After immersing CNFs in copper (II) acetate, the acetyl groups were present on 

CNFs, identified by peaks at 1750, 1375, 1230, and 1050; those peaks were similar 

to CANFs. After the reduction of copper (II) acetate by sodium borohydride, these 

peaks disappeared in Cu/CNFs samples, which demonstrated the absolute conversion 

of copper (II) acetate to zerovalent copper nanoparticles – Cu (0) nanoparticles.      



 

74 

 

 

Figure 4. 4 - FT-IR spectra of CANFs, CNFs, Ag/CNFs, copper (II) acetate CNFs, 

and Cu/CNFs.  

 

4.3.4 X-ray diffraction study 

To identify the nature of metallic nanoparticles, X-ray diffraction patterns were 

acquired. CANFs presented two typical diffraction peaks, centered at 2θ = 9° and 

22.5°, which characterized semi-crystallinity of acetylated structure of cellulose 

acetate [37]. After the deacetylation reaction, the CNFs displayed peaks which can 

be ascribed to cellulose II crystallites [38, 39]. No Ag/CNF samples showed 

diffraction peaks for silver, from which we surmised that the nature of silver 

nanoparticles reduced by UV-excitation was a mixture of zerovalent silver, 

monovalent silver, and silver salt - AgNO3; therefore, specific diffraction silver 

peaks did not appear on silver composite nanofibers. This heterogeneity of AgNPs 
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was thought to cause the difficulty of detecting the silver by XRD. By contrast, 

CuNPs, reduced by chemical method, could be characterized by 3 typical diffraction 

peaks at 2θ = 44°, 51.5°, and 75°, corresponding to 111, 200, and 220 planes of 

copper nanoparticles [40].  

 

Figure 4. 5 - XRD spectra of CANFs, CNFs, Ag/CNFs, and Cu/CNFs. 

 

4.3.5 XPS analysis 

The presence of metal nanoparticles on CNF samples under UV treatment or 

chemical synthesis method was further verified by XPS spectra analysis. In Figure 

4.5 (I) and (III), the peaks of O 1s (530.0 eV), C 1s (280.0 eV), and either Ag 3d 

(from 372.1 eV to 366.1 eV) or Cu 2p (from 952.3 eV to 932.4 eV) could be 

observed in all wide spectra. There are noticeable differences in the intensity of the 

metal element peaks between samples. Figure 4.5 (II), the magnified area at 378 – 
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362 eV identifies the silver element, peak positions at 372.1 and 366.1, the gap 

between two peaks was 6 eV. The Cu2p1/2 and Cu2p3/2 signals at 950.6 and 930.6 eV, 

which were assigned to Cu
0
, demonstrated the reduction of copper (II) acetate to 

metallic copper. The peak gap was recorded to be about 20 eV [41].     

 

 

Figure 4. 6 - (I, III) XPS wide spectra, and XPS high resolution spectra of the silver 

region (II) and copper region (IV) for Ag/CNFs 0.01 (a, a*), 0.05 (b, b*), 0.1 (c, c*), 

and Cu/CNFs 0.01 (d, d*), 0.05 (e, e*), 0.1 (f, f*) 
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Figure 4. 7 - EDS spectra of Ag/CNFs 0.01 (a), 0.05 (b), 0.1 (c), Cu/CNFs 0.01 (d), 

0.05 (e), and 0.1 (f) 

 

4.3.6 Metal release kinetics 

The release of metal ions over time from the nanoparticles was evaluated to 

anticipate the bactericidal effects of cellulose composite samples. On the one hand, a 

speedy release of copper or silver is necessary for the application of wound dressing, 

thus, the wound is instantaneously cleaned off contaminating organisms; but on the 

other hand, a slow rate of release ensures a sustainable feature for the membrane in 

long-term applications. Figure 4.3 (II) and (IV) indicates a rapid initial release at the 

first day for all Cu/CNFs and Ag/CNFs samples, followed by a more gradual 

discharge of copper or silver into the aqueous environment. The copper release of 

Cu/CNFs 0.01 sample was stable and almost unchanged during the 7-day course, 

Figure 4.3 (II). The maximum amounts of silver, discharged at the point of time of 7 

days, were 26.47, 43.78, and 56.18 ppm for Ag/CNFs 0.01, 0.05, and 0.1, 

respectively; whereas they were 0.87, 13.76, and 23.11 for Cu/CNFs 0.01, 0.05, and 



 

78 

 

0.1. These values accounted for 8.79, 10.04, and 8.25 wt% of the total silver loading 

amounts on the respective Ag/CNF samples; and 4.5, 8.98, and 8.3 wt% of the total 

copper loading amounts on respective Cu/CNF samples.  

 

4.3.7 Antibacterial activity against Escherichia coli and Bacillus subtilis 

The antibacterial performance of the composite nanofibers was evaluated against E. 

coli (gram-negative) and B. subtilis (gram-positive) bacteria. To confirm that CNFs 

have no antibacterial activity, CNF specimens were used as the negative control. For 

all composite samples, disk diffusion test was done in triplicate and the inhibition 

zones were measured three times. The expansive degrees of halo zones along with 

standard deviation are illustrated in Figure 4.8 Cu/CNFs 0.01, 0.05, 0.1, Ag/CNFs 

0.01, 0.05, and 0.1 distinctively demonstrated inhibitory zones against bacteria. 

There was a correlation between the metal release of the silver or copper composite 

nanofibers and the sizes of the bacterial inhibition zones, to some extent. With the 

higher metal release amounts, the sizes of inhibition zone were observed to be more 

expansive. The results indicated that the antibacterial properties of the composite 

nanofibers were proportionally related to the amounts of the silver or copper releases.  

Noticeably, better comparatively expansive inhibition zones against E. coli than B. 

subtilis could be observed in the antibacterial assay of Ag/CNF specimens. However, 

Cu/CNFs exhibited better antibacterial activity against gram-positive bacteria. The 

inhibition zones of Cu/CNFs were 15.9 ± 0.8, 18.5 ± 0.7, and 21.2 ± 0.7 mm against 

B. subtilis, while only 13.2 ± 0.5, 13.7 ± 0.2, and 14.8 ± 0.4 mm against E. coli. The 

antibacterial results of CuNPs against B. subtilis were even higher than those of 

AgNPs. The resultant data agreed well with other scientific reports [42, 43]. 
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Figure 4. 8 – (a) Mean diameters of inhibition zones with standard deviations against 

(I) E. coli and (II) B. subtilis of the composite specimens, (b) Representative 

photographs of inhibition zone of CNFs – as the negative control, Cu/CNFs 0.01, 

0.05, 0.1, Ag/CNFs 0.01, 0.05, and 0.1 

 

The bactericidal efficacy against gram-negative E. coli and gram-positive B. 

subtilis for the specimen/bacterial broth ratio at 0.01 g/mL was evaluated by agar 

plate counting as shown in Figure 4.9. The pristine CNF specimens were also 

prepared as negative controls. Quantitative analyses were carried out in triplicate 

exhibited an impressive more than 2-log reduction for all composite samples. The 

disk counting method also demonstrated better bactericidal activity against E. coli 

with silver but copper showed better antibacterial properties against B. subtilis. The 
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results were in line with those of disk diffusion tests and other reports [43, 44].   

 

 

Figure 4. 9 – (a) Bactericidal efficacy of the composite specimens based on agar 

plate counting method, (b) Representative photographs of bactericidal efficacy of all 

samples based on agar plate counting method 

 

It was concluded that composites of AgNPs and CNFs synthesized via UV-

inducing method exhibited a superior antibacterial activity than the composite 

material Cu/CNFs synthesized via chemical route against gram-negative bacteria – E. 

coli. However, the copper composite samples showed better antibacterial activity 

against gram-positive bacteria – B. subtilis.     
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4.4 Conclusion 

The syntheses of silver and copper nanoparticles decorated cellulose nanofibers via 

two routes, induced through UV excitation or reduced by the chemical reaction, were 

reported. The study demonstrated that silver and copper nanoparticles loaded on 

cellulosic scaffolds had potential to exert good antimicrobial properties against E. 

coli and B. subtilis. The metal release amounts were observed to be proportionally 

related to the contents of copper or silver loaded. All metal/cellulose composite 

nanofibers exhibited good antibacterial activity in terms of inhibition zones and log 

reduction. Against E. coli, silver samples displayed superior antibacterial activity, 

whereas, against B. subtilis, the copper samples demonstrated better.       
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CHAPTER 5 Zinc oxide nanoparticles attached to polyacrylonitrile 

nanofibers with hinokitiol as gluing agent for synergistic 

antibacterial activities and effective dye removal 
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5.1. Introduction 

Nanofibers with the advantages of nanoscale structures, have demonstrated 

improved chemical and mechanical properties compared to bulk materials, and acted 

as an ideal scaffold for loading functional agents such as antibiotics with enhanced 

contact area to pathogenic organisms. Ag, Cu, TiO2, and ZnO can be incorporated in 

nanofibers to exert antibiotic effects on membranes. ZnO with varied morphologies 

was reported to display powerful antifungal and antibacterial activities against a wide 

range of pathogens but observed to be negligibly toxic toward human cells [1]. ZnO 

in microscale or nanoscale also exhibits high chemical activity due to their surface 

properties which produce reactive oxygen species via Haber-Weiss and Fenton 

reaction mechanisms [2].  

Recently, different forms of antimicrobial materials, extracted from plants and 

marine creatures including polysaccharides, peptides, oils, polyphenols, and chitosan, 

have been extensively studied because they have a propensity of being non-toxic and 

environmentally benign [3]. Hinokitiol is a natural compound, being extracted from 

Chamaecyparis, which possesses antibacterial characteristics without significant 

cytotoxicity against human endothelial cells and epithelial cells [4]. The antibacterial 

activities of hinokitiol, partly due to the metabolic suppression toward cell 

membranes and respiration inhibition, have been reported toward pathogenic bacteria 

including legionella pneumophila, aggregatibacter actinomycetemcomitans, 

staphylococcus aureus, and fusobacterium nucleatum [5]. Furthermore, hinokitiol 

was demonstrated to exhibit antifungal effects against helicibasidium mompa and 

roselliania necatrix. The anti-inflammatory effects in various cells were also studied 

and proved to be significant by numerous mechanisms [6].  

Organic dyes used for production of textiles, leather, and plastics have been 
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released excessively into the environment posing severe problems to the ecosystem. 

Among common water treatment techniques, adsorption has been employed 

effectively for removing toxic dyes. In this study, we successfully utilized zinc oxide 

as a bifunctional agent for the antibacterial application and dye removal. 

Antibacterial assessment was performed against Escherichia coli and Staphylococcus 

aureus, they represent gram negative and gram positive bacteria. S. aureus can cause 

bacteremia and endocarditis, whereas E. coli accounts for approximately 85% of 

urinary tract infections [7]. Zinc oxide has been reported to presents highly 

adsorptive behavior toward anionic dyes at around neutral pH [8], but according to 

our experiments ZnO nanoparticles were slowly discharged into water leading to the 

dwindling adsorptive capacity. The addition of hinokitiol to the composite nanofibers 

was proved to show synergistic bactericidal actions and help to hold ZnO particles 

firmly on the nanofibers.  

 

5.2. Experimental 

5.2.1 Materials  

Polyacrylonitrile (PAN, Mw 150,000 g/mol) was purchased from Sigma-Aldrich, 

Tokyo, Japan. N,N-dimethylformamide (DMF), zinc chloride (ZnCl2 - 96%), sodium 

hydroxide (NaOH 97%), ethanol (99.5%), and Hinokitiol (HT) were acquired from 

Wako pure chemical industries, Osaka, Japan. Staphylococcus aureus (NBRC 12732) 

and Escherichia coli (NBRC 3972) were received from the National Institute of 

Technology and Evaluation, Biological Resource Center (NBRC), Japan. The petri 

dishes were provided by Sansei Medical Co., LTD., Japan. CI reactive blue 19 

(vinylsulfone) and CI reactive red 195 (monoazo-monochlorotriazine + vinylsulfone) 

were provided by Sumitomo Chemical Co., Ltd., Japan. 
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5.2.2 Zinc oxide and hinokitiol integrated in PAN nanofibers  

Three bottles containg PAN polymer at 8 wt. % in DMF solvent were prepared. 

The PAN solutions were vigorously stirred for 24 h to dissolve the solute completely. 

ZnCl2 were then added to two bottles to produce the salt polymer solutions in order 

that the weight ratios between Zn and PAN would be 1/8 and 1/2. Electrospinning 

was performed for 24 h for all three different nanofiber samples namely PAN, ZnCl2-

PAN_Lo, and ZnCl2-PAN_Hi. ZnCl2-PAN_Lo and ZnCl2-PAN_Hi were related to 

the ratios between Zn and PAN of 1/8 and 1/2, respectively. The electrospinning 

fundamental parameters were selected as the tip to collector distance was 15 cm, 

relative humidity was 40 %, and room temperature was kept at 25°C.  

ZnO-PAN nanofibers were prepared by dropping NaOH dissolved in ethanol over 

ZnCl2-PAN nanofibers. The NaOH-Ethanol solution was prepared with the 

concentration of 1 g NaOH in 50 mL ethanol. The dribbling amounts of NaOH 

solution needed were calculated so that the reaction between alkali and zinc salt 

happened completely. The resulted Zn(OH)2-PAN nanofibers was further gone 

through dehydration treatment at 150°C for 2 h, employing electric furnace (AMF-

9P-III THV, Asahi Rika Seisakujo), to produce ZnO nanoparticles. Afterward, the 

soaking nanofibers were let for the reaction to happen completely and to dry at room 

temperature for a few hours before being washed with ethanol and distilled water 

several times, removing all impurities. Eventually, ZnO-PAN_Lo and ZnO-PAN_Hi 

were acquired. 

To prepare nanofibers containing hinokitiol, hinokitiol solutions with two 

concentrations were prepared by adding 1 g or 4 g in 50 mL ethanol. The solution 

containing lower Hinokitiol concentration was denoted as HT_Lo and the higher one 

was named as HT_Hi. Afterward, PAN nanofibers were treated with HT_Lo or 
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HT_Hi solutions by slowly dropping 1 mL solution over each 0.1 g nanofibers, 

resulting in HT-PAN_Lo and HT-PAN_Hi samples. Similarly, ZnO-HT-PAN_Lo 

and ZnO-HT-PAN_Hi nanofibers were obtained from ZnO-PAN_Lo treated with 

lower HT solution and ZnO-PAN_Hi treated with higher HT solution, respectively.   

 

5.2.3 Antibacterial assays 

Disk diffusion tests were evaluated against Escherichia coli strain (NBRC 3972) 

and Staphylococcus aureus (NBRC 12732) for PAN sample - as negative control, 

ZnO-PAN, HT-PAN, and ZnO-HT-PAN samples in triplicate. Both bacteria were 

cultured in the LB broth for 24 h at 37°C. The bacterial mediums were then diluted to 

suitable concentrations by saline water. The used bacterial concentration in our tests 

was 10
6
 colony forming unit per milliliter – CFU/mL. Thereafter, 200 µL volume of 

bacterial suspension with concentration of 10
6
 CFU/mL were spread over the agar 

plates. The nanofibrous specimens were then placed on agar plates to measure halo 

zones after culturing over the 24-h course. The diameters of the inhibition zones 

were presented in mm with standard deviations.    

 

5.2.4 Characterizations 

The morphology of nanofibers was observed by scanning electron microscopy 

(SEM, JSM-6010LA by JEOL, Japan) and transmission electron microscopy (TEM, 

2010 Fas TEM, JEOL, Tokyo, Japan) with the voltage of 200 kV. The average 

diameters of nanofibers were measured over 100 nanofiber strands for each sample 

and the size of ZnO nanoparticles were sampled for 500 particles. The calculations 

were implemented on analysis software (Image J) and Excel, and the results were 

displayed with mean values and standard deviations. Fourier Transform Infrared (FT-
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IR) spectrophotometer (Prestige-21, Shimadzu Co., Ltd., Japan) was performed to 

verify distinctions between chemical groups of all samples, the range of wavelength 

was from 400 to 4000 cm
-1

 with accumulation over 20 scans for each graph. X-ray 

diffraction instrument (XRD) with CuKα anode (Miniflex 300, Rigaku Co., Ltd., 

Japan), operating at 30 kV and 500 mA, was utilized to detect diffraction angles and 

thus exhibit crystallinity of all nanofibrous samples. Elemental analysis was studied 

on energy dispersive X-ray spectroscopy (SEM-EDS, JSM-6010LA, JEOL, Japan).   

 

5.2.5 Batch adsorption  

The adsorption of blue and red dyes was examined using batch adsorption test for 

PAN, HT-PAN_Hi, ZnO-PAN_Hi and ZnO-HT-PAN_Hi samples. The amount of 10 

mg nanofibers was immersed in 15 mL solutions containing either reactive blue dye 

or reactive red dye with the initial concentration of 0.01 g/L. During the adsorption 

process, all solutions were shaken at room temperature of 25 °C, the agitation speed 

of 150 rpm, for 26 h. All solutions were sampled for UV-Vis spectrophotometer 

(Shimadzu UV-2600 spectrophotometer, Japan) after every 2 h time interval.     

 

5.3. Results and discussion  

5.3.1 Morphology study of nanofiber membranes 

SEM images of neat PAN, HT-PAN_Lo, HT-PAN_Hi, ZnCl2-PAN_Lo and ZnCl2-

PAN_Hi were taken to show uniform, smooth, and bead-free nanofibers with the 

average diameters of 469±78, 474±84, 481±83, 398±89, 349±85 nm, from Figure 5.1 

(a) to (e). The addition of ZnCl2 to the PAN solution increased the conductivity and 

thus the stretching of the nanofibers, resulted in smaller fiber diameters for ZnCl2-

PAN samples.  In Figure 5.1 (f) to (i), the success of ZnO synthesis could be 
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confirmed with the well decoration of spherical particles on nanofibers. The 

diameters of nanofibers containing ZnO increased slightly due to the additional size 

of ZnO nanoparticle clusters. The immersion treatment in Hinokitiol solutions did 

not make recognizable changes to the nanofibrous morphology. The diameters of 

ZnO-PAN_Lo, ZnO-PAN_Hi, ZnO-PAN-HT_Lo, and ZnO-PAN-HT_Hi were 

410±105, 421±103, 415±87, and 430±90, respectively.   

 

 

Figure 5. 1 - Morphology of (a) neat PAN nanofibers, (b)HT-PAN_Lo, (c) HT-

PAN_Hi, (d) ZnCl2-PAN_Lo, (e) ZnCl2-PAN_Hi, (f) ZnO-PAN_Lo, (g) ZnO-

PAN_Hi, (h) ZnO-HT-PAN_Lo, and (i) ZnO-HT-PAN_Hi nanofibers 

 

To have better-detailed observation of ZnO nanoparticles and the covering layer of 

Hinokitiol, TEM analysis was performed, Figure 5.2. PAN and ZnCl2-PAN 

nanofibers exhibit featureless and regular images. By contrast, the results given in 
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Figure 5.2 (b) and (c) show thin layer of Hinokitiol over the surface of PAN 

nanofibers and in Figure 5.2 (f) and (g) the decoration of ZnO nanoparticles at 

nanosize, aggregating together to form nanoparticulate clusters. Due to lack of 

bonding or adhesive agents to connect nanoparticles together, ZnO might leach out 

form the nanofibrous scaffold irreversibly. Therefore, Hinokitiol coating could 

maintain and secure ZnO nanoparticles to the surface of PAN nanofibers via metal-

oxygen bonding complexes [9]. Hinokitiol ligand with two oxygen atoms forms 

complexes with Zn, involving minimal intermolecular interaction between ligand and 

metal, and thus complexes can hinder solubility [10]. In Figure 5.2 (i), HT layer 

covering ZnO nanoparticle cluster could help to avoid ZnO nanoparticles from 

dispersing into the aqueous environment. 
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Figure 5. 2 - TEM images of (a) as-spun PAN, HT-PAN (b) _Lo and (c) _Hi, 

ZnCl2_PAN (d) _Lo and (e) _Hi, ZnO-PAN (f) _Lo and (g) _Hi, (j) ZnO 

nanoparticles with particle size histogram, ZnO-HT-PAN (h)_Lo and (i)_Hi 

 

5.3.2 FT-IR spectral analysis  

In Figure 5.3, the typical FTIR peaks of PAN nanofibers were recorded at 2930, 

2245, 1450 cm
-1

 assigned to CH2 asymmetric stretching, C≡N symmetric stretching, 

and CH2 bending [11] and these peaks appeared in all sample spectra. The rising of 
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peak at 1655 cm
-1

 and the band 3200-3600 cm
-1

 in the spectra of ZnCl2-PAN 

nanofibers due to the high capacity of vapor absorption from surroundings in zinc 

salt. The diminution of these peak and band in ZnO-PAN nanofibers demonstrated 

that the reaction between ZnCl2 and NaOH had happened completely. In Figure 5.3 

(f), (g), (h), and (i), peaks at ca. 1590, ca. 1500, and ca. 1220 cm
-1

 characterized C=O 

stretching, C=C stretching, and C-O stretching, which confirmed the success of 

Hinokitiol incorporated in the nanofibers [4, 12].     

 

Figure 5. 3 - FT-IR spectra of (a) PAN nanofibers, (b) ZnCl2-PAN_Lo, (c) ZnCl2-

PAN_Hi, (d) ZnO-PAN_Lo, (e) ZnO-PAN_Hi, (f) HT-PAN_Lo, (g) HT-PAN_Hi, 

(h) ZnO-HT-PAN_Lo, and (i) ZnO-HT-PAN_Hi nanofibers 

 

5.3.3 X-ray diffraction study 

Neat PAN nanofibers present 2 wide bands centered at around 2θ = 17° and 26.5°, 

which was reported in our previous report [11]. Due to the influences of ZnCl2 to the 
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polymer matrix, ZnCl2-PAN samples show some positive shifts of the 17° band to 

the new positions. The success of synthesizing ZnO could be assuredly confirmed by 

XRD analysis with the results given in Figure 5.4, displaying sharp peaks at Bragg’s 

angles of approximate 32.5°, 35°, 37°, 48°,57.5°, 63.5°, and 68.5° indexed as (100), 

(002), (101), (102), (110), (103), and (112) of hexagonal zinc oxide. At the 

temperature of 150 °C, the zinc hydroxide decomposed to zinc oxide, characterized 

as nano-scale structure. The presence of ZnO in ZnO-HT-PAN_Lo and ZnO-HT-

PAN_Hi with identical set of peaks regarding Bragg’s angles and intensities 

demonstrated that integrating Hinokitiol did not affect the crystallinity of ZnO 

nanoparticles.Moreover, Hinokitiol also did not exhibit any influences toward the 

crystalline nature of the PAN nanofibers in HT-PAN samples, Fig 5.4. (f) and (g).  
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Figure 5. 4 - XRD spectra of (a) PAN nanofibers, (b) ZnCl2-PAN_Lo, (c) ZnCl2-

PAN_Hi, (d) ZnO-PAN_Lo, (e) ZnO-PAN_Hi, (f) HT-PAN_Lo, (g) HT-PAN_Hi, 

(h) ZnO-HT-PAN_Lo, and (i) ZnO-HT-PAN_Hi nanofibers 

 

5.3.4 EDS analyses 

The Energy Dispersive X-Ray Spectroscopy (SEM-EDS) analysis presents the 

elemental composition on the surfaces of the nanofibers, Figure 5.5. There were no 

significant changes between PAN, HT-PAN_Lo, and HT-PAN_Hi samples in terms 

of elemental ratios which indicated that the integration of Hinokitiol in the 

nanofibers did not disturb noticeably the chemical composition of the nanofibers. 

The existence of zinc element was evidently proved in Figure 5.6 (d-i). The 

disappearance of chlorine peaks in ZnO containing samples demonstrated the 

reactions between ZnCl2 and NaOH happened completely. Moreover, the newly-

formed oxygen peak, as well as the remaining high intensity of zinc peak, verified 

the success of ZnO synthesis and clarified the attachment of zinc nanoparticles on the 

nanofibers, Figure 5.5 (f-i).      
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Figure 5. 5 - EDS spectra of (a) PAN, (b) HT-PAN_Lo, (c) HT-PAN_Hi, (d) ZnCl2-

PAN_Lo, (e) ZnCl2-PAN_Hi, (f) ZnO-PAN_Lo, (g) ZnO-PAN_Hi, (h) ZnO-HT-

PAN_Lo, and (i) ZnO-HT-PAN_Hi nanofibers 

 

5.3.5 Surface wettability 

Neat PAN nanofibers were found to be slightly hydrophilic with the average water 

contact angle of 65°, Figure 5.6. After treating in Hinokitiol solution, the surface of 

HT-PAN nanofibers reduced hydrophilic performance marginally. In published 

reports, Hinokitiol was considered as hydrophobic agents, thus the integration of it to 

the nanofibers impairs the hydrophilic characteristic [13]. Moreover, the 

hydrophilicity of PAN was significantly decreased with the introduction of ZnO 

nanoparticles adhered to PAN nanofibers. With the potential to be used as surface 

functional agent, ZnO coating provides the controllable hydrophobic property for the 

nanofibrous membranes.      
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Figure 5. 6 - Contact angle measurement of nanofiber sheets with reproduction on 

ten specimens each sample, the results were presented on average values with 

standard deviations 

 

5.3.6 Antibacterial activity of silver PAN composite nanofibers 

Antibacterial effects of nanofibrous samples were evaluated following disk 

diffusion test method, Figure 5.7. Inhibition zones were obviously visible for 

samples containing HT or ZnO. Hinokitiol has been demonstrated to show 

antimicrobial properties against a wide spectrum of oral bacteria, fungi, and germs. 

The inhibition zones against both bacterial strains were significantly larger for PAN 

nanofibers consisting HT or ZnO with higher contents, 13.4 ± 0.6 mm for HT-

PAN_Hi compared to 11.7 ± 0.8 mm for HT-PAN_Lo, similarly 15.8 ± 1.4 mm for 

ZnO-PAN_Hi in comparison with 13.2 ± 0.7 ZnO-PAN_Lo, all were against E. coli. 
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Similarly for S. aureus, the zone diameters were 11.3 ± 0.6, 13.6 ± 1, 13.3 ± 0.9, and 

15.5 ± 0.5 for HT-PAN_Lo, HT-PAN_Hi, ZnO-PAN_Lo, and ZnO-PAN_Hi, 

respectively. The combination of HT and ZnO resulted in strong synergistic action 

against S. aureus. The sizes of the inhibition zones of ZnO-HT-PAN samples 

extensively expanded. It has been reported that HT could have synergistic effects if 

combined with transition metals due to metal-oxygen bonding interaction [14, 15]. 

However, the synergism of HT and ZnO was not clearly exhibited in the case of E. 

coli. We surmised that distinctions in the membrane structures between gram-

negative and gram-positive had affected the results. Generally, gram-negative 

bacteria have been proven to have an outer membrane, which serves as the barrier for 

protection and exhibits strong resistance toward hydrophobic agents such as ZnO and 

Hinokitiol. The presence of both hydrophobic agents in PAN nanofibers decreased 

the wettability of the ZnO-HT-PAN_Lo and ZnO-HT-PAN_Hi samples, which in 

turn deteriorated the synergism.        
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Figure 5. 7 - (a) Representative images of inhibition zones, (b) and (c) Calculated 

inhibition zones of nanofibrous samples based on disk diffusion test with standard 

deviations 

 

5.3.7 Dye absorption kinetics and the leaching phenomena of ZnO into solutions  

As a function of time, the dye adsorption was inspected over the course of 26 h, 

Figure 5.8 and 5.9. The reducing in intensity of UV peaks confirmed the adsorption 

of dye into ZnO containing samples, Figure 5.8 (c), (d), (g), and (h). Whereas, PAN 

and HT-PAN_Hi samples did not show any adsorptive properties, which was 

demonstrated by unvaried intensity of absorptive peaks, Figure 5.8 (a), (b), (e), and 

(f). The alteration of color could be qualitatively reported by monitoring the dye 

solutions, photos of dye solutions were taken at the appointed time before UV-vis 

tests were taken. The dye solutions gradually became less colored as a result of ZnO 

removing effects. However, due to the leaching disadvantage of ZnO, the blue-dye 

and red-dye solutions including ZnO-PAN_Hi nanofibers were slightly opaque, 

Figure 5.9-I (a) and (c) - representative images at the 8 h time point after contact. We 

believe that ZnO nanoparticles were discharged into the solution due to the combined 

effect of the agitation at 150 rpm and the affinity of dye molecules. Whereas, 

solutions containing ZnO-HT-PAN were clear, proving that the zinc oxide particles 
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were well retained within the nanofibrous webs, Figure 5.9-I (b) and (d).       

 

Figure 5. 8 - UV-Visible spectra of reactive-dye solutions in relation to time of 

contact with (a) and (e) PAN, (b) and (f) HT-PAN_Hi, (c) and (g) ZnO-PAN_Hi, (d) 

and (h) ZnO-HT-PAN_Hi 

 

For quantitative assessment, the percentages of dye removal by adsorption were 

calculated based on the reducing intensities of UV peaks. The removed amount of 

dye went up sharply in the first 6 h for ZnO-HT-PAN_Hi samples, demonstrating the 

adsorptive nature of ZnO toward both reactive dyes, Figure 5.9-II. After that, the 
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removed percentages increased gradually and reached 100% at the time point of 24 h. 

In the case of ZnO-PAN_Hi, due to the dispersion of ZnO from nanofibers to the 

liquid environment, dye molecules adsorbed to ZnO were simultaneously released 

back to the solution. In Figure 5.9-I (c), the precipitation of ZnO nanoparticles, 

which had captured dye molecules, were detected.     

 

Figure 5. 9 - (I) The ZnO-leaching phenomena at the 8-h time point for ZnO-

PAN_Hi samples in dye solutions (a) and (c), compared to ZnO-HT-PAN_Hi 
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samples with Hinokitiol coating (b) and (d). (II) The adsorption kinetics of ZnO-

PAN_Hi and ZnO-HT-PAN_Hi toward blue and red dyes 

 

5.4. Conclusion 

We successfully synthesized PAN nanofibers containing ZnO nanoparticles with 

Hinokitiol acting as gluing agent, denoted as ZnO-HT-PAN, for the antibacterial and 

dye removing purposes. By adding Hinokitiol to the ZnO-PAN nanofibers, the 

composite samples exhibited synergistic antibacterial activities against S. aureus. 

ZnO and Hinokitiol are both hydrophobic agents, adding them to nanofibers thereby 

reduced the hydrophilicity of the resulted nanofibers, inadvertently, hindered the 

synergism toward gram-negative bacteria, E. coli. However, Hinokitiol demonstrated 

effective prevention of the leaching of ZnO nanoparticles to aqueous environments, 

hence improved the dye removal efficiency and potentially the recyclability.      
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CHAPTER 6 Conclusions 

Nanotechnology is a hot pot for researcher to focus on with varied potentials. 

However, moving nanofibers from the current state to commercialization and 

implementation is still a big challenge for academia and industry. The dissertation 

illustrated several synthesizing methods for fabricating different composite 

nanofibers with or without additional substances and compounds to enhance the 

functionalities; these methods are straightforward and simple with the potential to be 

applied in industrial scale. Chapter 2, 3, and 4 presented composite nanofibers with 

single function of either heavy metal adsorption or antibacterial activities. In chapter 

6, the PAN nanofibers containing Hinokitiol and ZnO were introduced with duo-

function of antibacterial effects and dye removal.  

Natural polymers are considered as one of the safest nanomaterials, in the form of 

nanofibers with long and highly porous features, they can serve as a promising 

platform for environment applications. For the application of heavy metal adsorption, 

in Chapter 2, the hybrid system of chitosan and cellulose overcame the drawbacks of 

each component, the instability of chitosan and the non-adsorptive property of 

cellulose. The resulted nanofibers showed good metal adsorption property with 

enhanced mechanical characteristics. With the nanofibrous structure, the material has 

significantly enhanced the adsorption capacity and efficiency. The adsorption 

capacities against As(V), Pb(II), and Cu(II) ions were 26.7, 39.7, and 81.51 mg/g. 

The adsorption data were fitted with Langmuir and Freundlich isotherm models with 

the calculated maximum capacities were 39.4, 57.4, and 112.6 mg/g for As(V), 

Pb(II), and Cu(II), respectively. The chitosan cellulose nanofibers possess great 

potential to be used as an adsorbent in wastewater effluents. 
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Silver contributes a promising approach for new antimicrobial development 

against the drug resistance. The mechanism of actions can be regarded as the 

dissolution via oxidation. In chapter 3, different silver species could exert various 

bactericidal mechanisms toward bacteria under the interference of halide salt in 

bacterial medium. Thus, investigation of various silver species integrated in 

nanofibrous scaffold regarding antibacterial properties is an interesting research. The 

silver salt - AgNO3 unpredictably exhibited weakest bactericidal effects, due to the 

impediment of NaCl in the medium, resulted in the aggregation of Ag ions to form 

AgCl nanoparticles. Whereas, the passivation layer of AgCl instituting on Ag2O or 

Ag nanoparticles presented a barrier to prevent the diffusion of silver ions to the 

environments. The AgCl layer can be demolished by the formation of poly-chloride 

complexes. Therefore, Ag2O and Ag exhibited good antibacterial efficiency on the 

first cycle. The discharge rate of silver from Ag2O was higher than Ag, which led to 

the better bactericidal actions. To release silver, zero-valent silver needs to follow the 

oxidation and dissolution, whereas the silver oxide can be released with single step. 

In chapter 4, silver and copper could be base substances to build biological system. 

There are several scientific articles about physical and chemical synthesis of copper 

and silver based composite materials. Our synthetic strategy is to incorporate silver 

and copper to cellulosic nanofibers with easily scalable, simple, cost-effective, and 

environmentally friendly approach. Silver and copper nanoparticles were 

successfully decorated on cellulosic nanofibers to grant the polymeric fibers the 

antibiotic effects. The resulted composite nanofibers presented good antibacterial 

activities against both gram negative and gram positive bacteria. The metal release 

was observed over the course of 7 days and was proved to be direct proportional to 

the metal contents.  
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In the chapter 5, we successfully introduced PAN nanofibers encompassing ZnO 

nanoparticles with Hinokitiol, which added to the system synergistic antibacterial 

activities against gram positive bacteria – S. aureus. Moreover, Hinokitiol enhanced 

the adsorption of ZnO nanoparticles and kept the particles secured within the 

nanofibrous membrane. The resulted nanofibers exhibited duo functions, 

antibacterial activities and dye adsorption characteristic. This research showcased the 

potential of nanofibers to span over applications in the fields of water and 

environment, and healthcare.  

The combination of different substances in electrospun mesh can provide strong 

base materials for the water filters or wound dressing of the future, although 

challenges are still there to be overcome. The water filters with the nanotechnology 

should be able to remove bacterial contamination and other inorganic or organic 

toxins, while still are mechanically or chemically stable for long-term uses. 

Innovative research involving varied bio-materials are helping scientific world to 

battle the antimicrobial resistance – a slowly emerging epidemic. The end of 

traditional antibiotics is coming, ushering the era of new advanced biomaterials. 

Electrospinning technique with new sets-up and innovative composite materials 

could possibly help humankind to a better life.  
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