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Chapter 1 Introduction

1.1 Biological fibers

Biological fibers can be divided into three categories as follows: natural biological 

fibers, regenerated biological fibers, and synthetic biological fibers. Natural biological 

fibers consist of animal and plant fibers. Cotton, wool, hemp, and silk fibers are four 

typical natural biological fibers, which has been used for textiles in the last several 

millennia. The earliest evidence for humans using fibers can be traced back to 36,000 

BP in the Republic of Georgia [1, 2]. 

With the development of biological science and technology, regenerated biological 

fibers have caused the extensive concern in recent decades. Nowadays, various kinds of 

regenerated biological fibers have been fabricated such as bamboo pulp fibers, 

regenerated cellulose and silk fibers, calcium alginate fibers, and chitosan fibers [3-5].

Synthetic biological fibers are recently developed chemical fibers that are made of 

synthetic biopolymers. 

Biological fibers have broad potential applications because of their intrinsic 

properties including biodegradability, biocompatibility, biological safety, and in some 

case specific functions. Biological fibers have more classically been used in the textile 

industry. Natural fibers are amongst the most best-selling commodities around the word

because of their ease to obtain, excellent mechanical properties, and good 

hygroscopicity and warmth retention. Several regenerated biological fibers with special 

performances find their applications in medical and adsorbent materials. For examples, 

calcium alginate and chitosan fibers now have been widely used in medical dressings, 
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because of their unique gel-forming ability or antibacterial activity [6, 7]. Carbon fibers 

made from cotton and viscose fibers are efficient and recyclable sorbents for oils, 

organic solvents, and solid particulates in the air [8]. Furthermore, unlike most synthetic 

polymers, many biological macromolecules such as cotton cellulose and silk protein are 

capable of forming into well-defined structures across multiple levels of order because 

of intrinsic built-in sequences of chemical moieties. By re-construction of their

supramolecular structure, biological fibers find their potential in three dimensional (3D) 

biological scaffolds [9]. 

1.2 Antibacterial biological fibers

Nowadays, ongoing efforts in generating biological fibers have been extended to 

recreate the structural and functional character present in biological fibers or integrate 

functional nanomaterials such as carbon nanomaterials and inorganic nanomaterials into 

the fiber structure to increase the mechanical properties of biological fibers or impart 

advanced functions to them by altering the fabrication process or embedding or coating 

of functional materials to biological fibers. When forming these structure, the biological 

fibers in either random or aligned configurations can be endowed with advanced 

functions for different applications. Compared with moderate growth of conventional 

textiles, functional textiles show over proportional market growth [10]. Such functional 

textiles provide the textile industry with new opportunities and challenges, which has 

significantly changed our way of life.

In recent years, with the improvement of human living, control of harmful effects 

of microorganism become necessary [5]. Nowadays, the antimicrobial function has 

become very important in apparel and protective, decorative, and technical textile 
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products [11]. 

Biological textiles can provide a comfortable environment such as appropriate 

humidity and temperature to grow microorganisms. Imparting the antimicrobial 

function of textiles can protect consumers from pathogenic or odor-generating 

microorganisms that can cause medical and hygienic problems. Because of this, a large

number of antimicrobial agents suitable for textile application on the market have 

increased dramatically [11]. These antimicrobial agents can be generally divided into 

two categories-organic antimicrobial agents and inorganic agents. Organic antibacterial 

agents are commonly used antibacterial agents. However, recent researches show that 

many organic antibacterial agents have harmful or toxic effects on the human body and 

are found to lose their potency over time because of the development of drug resistance

[12]. Recently using inorganic nanomaterials has become popular for the antibacterial

treatment of textiles owing to their low bacterial resistance, broad antibacterial activity, 

and good biosafety because of their special antibacterial mechanism and simple 

chemical structure. Among them, nano-silver is the most powerful antibacterial agent, 

which has drawn extensive attention.

1.3 Molecule-functionalised nanomaterials

Polymer-functionalised inorganic nanomaterials consist of an inorganic core, made 

up of atoms with the number ranging from a few hundreds to a few thousands, and an 

organic outer layer of molecules. 

The interest in using nanomaterials, and especially nanoparticles (NPs), as a basic 

building block in advanced materials mainly owe to their unique size-dependent

physical, optical, electronic, and chemical properties [13]. The nano-size results in an 
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obvious quantum-confinement effect, defined by an increasing bandgap accompanied

by the quantization of the energy levels to discrete values [14]. NPs also possess

ultra-high surface-to-volume ratios and nontrivial surface areas. For example, when the 

NP size is less than 20 nm (about 2.5×105 atoms), the atom ratio of surface/volume is 

around 10%. When the diameter further decreases to 2 nm, the surface atoms can 

comprise 80% of the total. The typical quantum confined properties include the 

size-dependent photoluminescence of nanocrystalline semiconductor quantum dots, the 

plasmonic resonances of metal NPs, the electrical properties of carbon nanomaterials, 

and the paramagnetism and catalytic properties of certain inorganic NPs. For examples, 

ZnO nanoparticles (ZnONPs) and titanium dioxide nanoparticles (TiO2NPs) commonly 

generate green emission when excited by the ultraviolet (UV) light [15]. Recently, 

nanocrystals of cesium lead halide perovskites, a new comer optoelectronic material, 

were also found to have high photoluminescence performances with readily tunable 

bandgap energies and emission spectra over the entire visible spectral region of 410-700 

nm and related wide color gamut [16]. Besides, for many metal NPs, when the NP size 

is smaller than the wavelength of light, the free electrons can be displaced from the 

lattice of positive ions and collectively oscillate in resonance with the light, known as a 

localized surface plasmon resonance (LSPR). Gold nanoparticles (AuNPs) and silver 

nanoparticles (AgNPs) are two important candidates in supporting surface plasmons 

because of their high surface plasmonic resonances in the visible wavelength range [17]. 

The main applications of plasmonic nanomaterials include LSPR sensing and detection, 

enhancement or manipulation of the optical response of surrounding molecules, and 

manipulation of light with plasmonic circuitry [18]. Another direct evidence for the 

quantum Hall effect of nanomaterials is the electrical properties of graphene. Graphene 
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exhibits extremely high carrier mobility (over 15,000 cm2/V·s) and lower electrical 

resistivity (10-6 Ω·cm) compared with Ag and Cu because of the quantum effect of the 

one-atom-thick sheet of sp2-hybridized carbon [19]. Different from other nanomaterials, 

magnetic NPs such as iron oxide NPs possess unique nano-properties namely 

superparamagnetism, which now have been extensively investigated for their 

biomedical applications such as magnetic resonance imaging (MRI), drug delivery, and 

therapy [20]. The tremendous application potential in catalysis owes to the high specific 

surface area and surface chemical activity of nanomaterials [21]. AuNPs are one of the

important nanocatalysts and have been widely used in many catalytic reactions such as 

hydrogen purification for fuel cells, chemical synthesis, control of environmental 

pollution, and electro catalysis [22]. Recently research showed that supported AuNPs 

also showed high catalytic efficiency on CO oxidation [22].

Inorganic NPs allow for attachment of molecules on their surfaces, which should 

be contributed to their high surface chemical activity and high surface-to-volume ratio. 

The reason for functionalization of molecules are as follows:

(1) Improvement of solution stability of inorganic NPs. 

Core-shell structured inorganic NPs can be stabilized against aggregation through 

coating outer layers of organic molecules. The molecules on the surface of NPs can 

provide electrostatic, steric, or electrosteric repulsion among NPs, imparting them with 

good solution stability [23]. For example, long-chain alkyl surfactants such as oleic acid 

and oleyalmine can provide steric shielding for NPs to avoid agglomeration. Note that 

the good water stability of inorganic NPs is very important for the applications in 

biomedicine, pollution treatment, and functional textiles.
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(2) Adjustment of the surface charges of inorganic NPs. 

The surface charges of inorganic NPs are tunable by surface modification with 

cationic or anionic molecules. For their application in biomedicine, the surface charge

of molecule-capped NPs is in favour of their interaction with molecules on the cell 

surface and therefore improves their cellular uptake. Studies point out that positively 

charged NPs seem to exhibit higher internalization into cells compared with the neutral 

and negatively charged NPs [23]. Another application for charged inorganic NPs is 

heavy metal or dye molecules adsorption. For example, molecule-functionalised 

magnetic NPs can be used for the wastewater treatment. Fresnais et al. reported 

negatively-charged poly(acrylic acid)-functionalised magnetic NPs with adsorption 

capacity of methylene blue molecules up to 803 mg/g [24].

(3) Imparting multi-functions to inorganic NPs. 

The most important purpose for surface functionalization of inorganic NPs with

molecules is imparting new functions to NPs. Today, molecule-functionalised inorganic 

NPs have been one of most popular research in nanoscience and technology. 

Molecule-functionalised inorganic NPs can be used with three opposite functional goals. 

One focuses on utilizing the inherent structural, special recognition, or catalytic 

properties of capping molecules to assemble composite nanomaterials with advanced 

functions. One typical case is using DNA as programmable and sequence-specific 

“glues” to design precisely space-controlled advanced materials [25, 26]. Zhang et al. 

reported a general strategy for the creation of heterogeneous nanoparticle superlattices

using DNA and carboxylic based conjugation. This study showed that all major types of 

functionality including plasmonic (Au), magnetic (Fe2O3), catalytic (palladium), and 
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luminescent (CdSe/Te@ZnS and CdSe@ZnS) can be integrated into binary systems in a 

rational manner [27]. The second is utilizing the nano-properties of inorganic NPs. For 

example, citric acid-capped AgNPs exhibit strong antibacterial activity because of their 

antibacterial Ag core. The functions of capping molecules are the prevention of AgNPs 

from agglomeration and chlorination/oxidation. The third is that both inorganic core and 

organic shell play important roles in the functions of composite NPs. For example, 

molecule-functionalised paramagnetic NPs can be applied in biomedical and 

pharmaceutical applications such as drug delivery, hyperthermia, biosensing, and 

biochemical separation because the magnetic core possesses an ability of magnetic 

accumulation of the NPs at the target site, whereas their functional shell is designed to 

serve as a molecular probe, a drug carrier able to release the drug, or an adsorbent for 

ions and specific molecules through ingenious design of the chemical structure of the 

capping molecules [28]. 

1.3.1 Molecule-functionalised silver nanoparticles

Since ancient times, metallic Ag has been very known to mankind for its 

antimicrobial properties [29]. With the booming development of nanotechnology and an 

increased risk of bacterial resistance compared to existing organic antimicrobial agents, 

a new form of Ag, i.e. AgNPs, have become a popular subject due to their superiority 

compared to bulk Ag and organic antibiotics including robust and broad-spectrum 

antimicrobial activity, low bacterial resistance, and good biosafety [12]. Studies indicate 

that AgNPs can inhibit over 650 disease-causing organisms in the body at very low 

concentration [12].  

Although exact antimicrobial mechanism is still subject to debate, researchers are 
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inclined to believe that the antimicrobial ability of AgNPs mainly derives from the 

interaction of Ag ions that are released from NP surfaces with important proteins and 

enzymes and the oxygen stress caused by peroxides such as O2
- and OH- that are formed 

on surfaces of AgNPs [30]. Owing to the excellent antimicrobial activity and unique 

antimicrobial mechanism, AgNPs have been widely used in food preservation, water 

disinfection, and medical devices.

Surface functionalization of NPs with molecules provides long-term chemical 

stability and protection of them against photo- or chemical degradation since chemically 

synthesized AgNPs are prone to chlorination or oxidation when they are directly 

exposed to air. Besides, capping molecules also provide sufficient electrostatic or steric 

repulsion for AgNPs imparting good water stability and preventing NP from 

agglomeration. These characteristics are very important for antibacterial 

functionalization of biological fibers because fast oxidation of metallic AgNPs leads to 

the short quality guarantee period. Besides, a stable coating solution able to generate 

uniform nanocoatings is the precondition of the finishing of fibers or textiles [31].

Finally, molecules capping the surface of AgNPs should be biocompatible and 

biodegradable to assure their biosafety.

Until now, various molecules are used to protect AgNPs against aggregation and 

oxidation including small molecules, polymers, and surfactants. Small molecules 

include carboxylic acid and its derivatives, amines, and amide derivatives, and 

organophosphorus. Citrate is the most common carboxylic acid used as a capping agent. 

Besides, carboxylic acids and amines with alkyl chains and organophosphorus such as 

oleic acid (OA), octadecylamine (ODA), and tri-n-octylphosphine oxide (TOPO) are 
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generic protectants for inorganic NPs. For examples, OA can be used for synthesis of 

metal NPs such as AuNPs [32] and AgNPs [33] and inorganic oxide NPs such as ZnO 

NPs [34], TiO2 NPs [35], Fe3O4 NPs [36], and PbS NPs [37]. However, the main

problems of these small molecules are that most of them show poor biocompatibility, 

lack solubility in water or strong binding affinity towards biological substrates, or have 

a low protection ability to prevent NPs from corrosion. Therefore, above 

molecule-capped AgNPs are rarely used in antibacterial AgNPs. Likewise, surfactants 

face similar problems for their applications in antibacterial textiles. Therefore, the most 

widely used capping molecules are polymers. 

Compared with small molecules, polymeric protection agents have several 

advantages. First, polymers are capable of serving as multiple binding sites or 

nanoreactors to control the size and size distribution of AgNPs. Second, polymers can

provide effective electrostatic repulsion and steric hindrance to prevent NPs from 

aggregation [38]. Third, polymers can form a thick coating on the surface of AgNPs, 

endowing NPs with good chemical stability. Fourth, polymers possess many functional 

groups, capable of imparting NPs with additional functions. Various types of polymers 

have been used as capping agents for AgNPs including linear polymers, hyperbranched 

polymers, and dendrimers. Linear polymers are cheap and effective modifiers.

Polysaccharides are common protection agents including compounds like gum arabic 

(GA), sophorolipids, and other sugars [30]. Recently, biological macromolecules such 

as silk fibroin, starch, and chitosan are very popular for the protection of AgNPs 

because of their biocompatibility and biodegradability [39, 40]. Besides, a synthetic

linear polymer like poly(vinyl pyrrolidone) (PVP), polyvinyl acetate (PVA), 

polyethylene glycol (PEG), and polyacrylic acid (PAA) are also used [41, 42]. However, 
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owing to linear chain entanglement, above synthetic NPs usually show broad size 

distribution, lower stability, and less surface functional groups compared with 

hyperbranched polymers and dendrimers. Li Zhang et al. have compared the 

conventional capping agents including PEG, PVA, and PAA with hyperbranched 

polymers in the synthesis of various nanocrystals. It was shown that PEG-, PVA-, and 

PAA-capped nanocrystals showed bigger size, wider polydispersity, or poor stability in 

water compared with hyperbrached polyglycerol [38]. 

Although plentiful polymers can protect AgNPs, the design of multifunctional 

AgNPs specific to biological fibers is still a great challenge. Nowadays, most studies 

mainly focus on their antibacterial core. The design of functions of the polymer core is

still under-explored. 

One of most desired functions for antibacterial treatment of biological textiles is 

high binding affinity of AgNPs towards biological substrates. This property can

increase the treatment efficiency, reduce the cost, precisely control the Ag content, and 

decrease or even eliminate Ag-containing wastewater and related environmental risks. 

Because of poor compatibility of metallic AgNPs to biomolecules, to obtain such 

functions, a capping polymer with a high binding ability or a recognition ability to 

biological molecules is necessary. 

Although same biological molecules such as DNA and special protein 

macromolecules can serve as programmable and sequence-specific “glues”, they are 

costly for practical applications. Conversely, dendrimers and hyperbranched polymers 

seem to be alternative functional polymers. Nowadays, dendrimers and hyperbranched 

polymers are popular research objects which have attracted a broad and long term 
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interest for academic researchers due to their unique three-dimensional (3D) 

hyperbranched morphological structure, multi-functionalities, programmable chemical 

and physical properties, and potential applications in catalysts, nanomaterials, and 

biomedicine [43-46]. A dendrimer consists of dendritic units and terminal units with 

perfectly branched structure. Hyperbranched polymers possess similar properties to 

their dendrimer analogues but the structure is much more irregular than dendrimers. The 

advantage of hyperbranched polymers is that they can be synthesized by “one-step” 

reaction while dendrimers need several reaction steps. Therefore, hyperbranched 

polymers is a much cheaper protectant. Furthermore, hyperbranched polymers possess 

non/low entanglement, good solubility, quasi-spherical structure, and abundant 

functional end groups, which is also suitable for functionalization of NPs [45]. In 

addition, their nano-cavity structure and terminate functional groups make 

hyperbranched polymers suitable to serve as nano-carriers. Many guest molecules can 

be embedded into above nanocarrier systems, including drugs, dyes, imaging agents, 

catalysts, metal NPs, and enzymes [45]. Finally, by choosing appropriate functional end 

groups or binding/grafting special functional molecules to their terminated groups, 

hyperbranched polymers can be endowed with an ability of specific molecular 

recognition and combination [47]. One of our research purposes is to design 

polymer-functionalised AgNPs with a strong binding ability to biological molecules 

such as silk macromolecules and cotton cellulose. Such functional NPs can 

spontaneously and nearly completely assemble onto biological substrates through strong 

supramolecular interactions, making environmental-friendly fabrication of antibacterial 

AgNP coatings possible.

1.4 Nanofabrication technology 
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In this section, we focus on the nanocoating technology that is applicable for 

textiles. The methodology for coating AgNPs on textiles is vital to the antibacterial 

function of the final product. For example, the aggregation state of AgNP coatings can 

affect the antibacterial activities by affecting the specific surface areas of AgNPs that 

are dispersed on the fiber surface. In addition, AgNPs clusters are prone to precipitate to 

the sediment when they re-dissolve in the aqueous solution [48]. Therefore, AgNPs

should be mono-dispersed on the fiber surface. 

With widespread application of AgNPs in functional textiles, the mass production 

of AgNPs in textile industry will inevitably increases health and ecosystem risks. 

Though the long historical use of Ag has not shown obvious negative effects, there is a 

great concern about the potential risks of AgNPs in the natural environment [49]. Indeed, 

recent studies have shown that AgNPs have toxic effects on various organisms including 

aquatic and terrestrial plants, algae, vertebrates, invertebrates, microorganisms, and 

human cells [30]. Thus, the coating process should avoid producing large quantities of 

AgNP-containing wastewater. Besides, the complete uptaking of AgNPs by biological 

substrates is also necessary for quality control and cost-saving. 

In summary, an ideal coating technology for textiles should achieve a uniform 

coating and nearly complete uptaking of AgNPs by fibers through a simple and 

inexpensive coating strategy. 

1.4.1 Traditional nanofabrication technology

Various coating strategies have been developed or are under development to impart 

an antimicrobial function to biological fibers. Most of the common coating strategies 

can be categorized to the top-down nanocoating technology. The pad-dry-cure processes 
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are one classical strategy for antibacterial coating on textiles. Spraying, sputtering, and 

evaporation are also used for coating. However, these physical coating technologies 

have similar disadvantages. 

(1) Since AgNPs are physically assembled onto the fiber surface, their binding 

forces are dominated by weak Van der Waals’ forces, leading to poor antibacterial 

durability. 

(2) Because of the poor binding affinity of AgNPs to biological molecules, 

AgNP-containing wastewater is inevitable during the treatment. 

(3) The physical coating cannot achieve the precise control of density, uniformity, 

and thick of AgNP coatings, resulting in unstable product quality.

Except physical coating strategies, chemical coating strategies including in-situ 

deposition and the sol-gel process become popular in recent studies. In-situ deposition 

technology involves in-situ generation of inorganic NPs under pre-determined reaction 

conditions and their subsequent deposition on fiber surface or first attachment of 

inorganic precursors on the fiber surface followed by subsequent in-situ generation of 

inorganic NPs [50, 51].

The sol-gel technology involves preparation of nanosol by hydrolysis of inorganic 

precursors, coating nanosol on textiles, and drying [10]. Like in-situ deposition, this 

technology allows fabrication of various inorganic nanocoatings on biological 

substrates.

Although chemical coating strategies are simpler and more inexpensive, they still 

face same shortcomings to physical coating strategies. Besides, all these technologies 
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only achieve a spatial arrangement of AgNPs on the fiber surface at a macro level. The 

precise spatial arrangement of AgNPs on a molecular or even a nanoscale level is still 

unreachable.

1.4.2 Self-assembly technology

Self-assembly refers to the process by which discrete components such molecules 

and NPs spontaneously organize due to direct specific interactions and/or indirect

interactions, through their environment [52]. Notably, the organization of independent 

building blocks into ordered macroscopic structures need direct interactions or indirect

interactions [52]. In this section, we mainly discuss molecule-driven self-assembly 

because it shows highest application possibility for nanocoating technology. 

Supramolecular molecular self-assembly can simply be divided into three classes, which 

is expounded as follows: 

(1) Molecular-molecular self-assembly. There are many molecular-molecular 

self-assembly phenomena in the natural word. For examples, the formation and 

evolution of biological cells, the synthesis of the protein in biological cells, the storage 

and transfer of genetic information among DNA molecules are all realized through 

intermolecular self-assembly. Hydrogen-bond interactions play an important role in 

molecular-molecular self-assembly. Two important discoveries can evidence the 

significance of hydrogen bonding in biological structure: the α-helix and β-pleated sheet 

structures of protein architecture and the Watson-Crick base-pairing in the DNA double 

helix [53]. Hydrogen bonds are weak attractions, with a binding strength less than 

one-tenth that of a normal covalent bond [53]. The weakness of an individual bond is 

such that is often not sufficient to provide a necessary driving force for self-assembly 
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system. However, this can overcome by construction of multi-hydrogen bonding 

interactions. Therefore, the design and engineering of the hydrogen-bond structure are

very important. Except DNA and protein, the self-assembly of amphiphilic 

hyperbranched polymers also attracted increasing interesting. For example, Yan et al. 

prepared honeycomb-like microporous films by self-assembly of amphiphilic 

hyperbranched polymers through slow evaporation of a chloroform solution of the 

precursors in a humid atmosphere [45]. 

(2) Nanoparticle-nanoparticle self-assembly. Nanoparticle-nanoparticle 

self-assembly is often guided by molecules. One of the interesting subjects is 

DNA-guided self-assembly of NPs. For examples, Pal et al. developed a robust strategy 

for the assembly of AgNPs into well-defined nano-architectures [54]. The demonstrated 

strategies showed a potential application in photonic structures enabled by the precise 

spatial control of AgNP structures. Nykypanchuk et al. reported the formation of 3D 

crystalline assemblies of Au NPs mediated by supramolecular interactions between 

complementary DNA molecules attached to the nanoparticles’ surface [55]. However, 

DNA-guided self-assembly strategy is too costly. In spite of this, such cooperative 

self-assembly concept inspires us to design complementary molecules to achieve similar 

cooperative self-assembly (see chapter 3 and 4). 

(3) Self-assembly of nanoparticles on macroscale materials. Undoubtedly, most 

researches focus on self-assembly of NPs on a two dimensional (2D) surface such as 

glass, silicon, or biological substrates. For examples, Yap et al. prepared ordered arrays 

of uniform clusters on flat silicon and glass chips, by electrostatic self-assembly of 

citrate-capped Au NPs onto polyelectrolyte templates [56]. Conversely, self-assembly 
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of NPs on 3D biological fibers is still a great challenge because of their complex surface 

and relatively weak surface chemical activity. Unlike above substrates, biological fibers 

should maintain their physico-chemical construction and related crystal structure. In 

other words, any obvious damages to biological fibers are not encouraged in the 

functional treatment.

In summary, the supramolecular self-assembly technology is a spontaneous spatial 

arrangement process. Their spontaneous molecular-level spatial arrangement of NPs 

make a simple, environmental-friendly, and precisely controlled coating of NPs on 

biological fibers possible. 
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1.5 The purpose of this study

In brief, the purposes of this study are to develop different supramolecular 

self-assembly strategies to environmentally-friendly and controllably coat 

polymer-functionalised AgNPs onto biological fibers.

The aim to choose AgNPs as function materials is to impart an excellent 

antibacterial function to biological fibers. Supramolecular self-assembly technologies 

were developed to avoid the environment pollution and control spatial distribution of 

AgNPs on the fiber surface by employing intermolecular interactions including 

electrostatic and hydrogen bonding interactions and realize nearly complete adsorption 

of AgNPs by biological fibers.
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1.6 Composition of this study

In this study, three supramolecular self-assembly strategies were developed to 

controllably and environmental-friendly coat AgNPs on the surface of biological fibers.

In Chapter 2, AgNPs with a high binding affinity towards biological molecules 

were designed and synthesized through functionalization of AgNPs with hyperbranched 

poly(amide-amine) (HBPAA). As a cationic polymer, HBPAA possesses a positive 

charge and high density of amino end groups. Therefore, the strong intermolecular 

forces between the HBPAA and biomacromolecules can guide AgNPs onto the fiber 

surface. 

Next, an environmental-friendly approach was developed for the preparation of 

AgNP-coated biological fibers by HBPAA-guided self-assembly of AgNPs on the 

surface of biological fibers (cotton, silk, and calcium alginate fibers) in aqueous 

solution. The self-assembly of HBPAA-functionalised AgNPs on biological fibers was 

realized through electrostatic and hydrogen bonding interactions between biological 

macromolecules and HBPAA molecules that were capped on the surface of AgNPs. 

Scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) 

were used to characterize AgNPs on the fiber surface. Antibacterial tests were carried 

out to evaluate their antibacterial activity. 

In Chapter 3, different from HBPAA-guided self-assembly strategy, HBPAA was 

coated on the surface of silk fibers to evaluate its trapping effect of AgNPs. We further 

designed a complementary molecule namely hydroxyl-terminated hyperbranched 

poly(amine-ester)s (HBPAE) and related HBPAE-functionalised AgNPs. Because of the 

mutual recognition and combination between HBPAA and HBPAE, the self-assembly 
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of HBPAE-functionalised AgNPs on the HBPAA-modified fiber surface would be 

environmentally friendly and efficient.

In Chapter 3, we report an efficient and environmentally-friendly approach for the 

preparation of AgNP-coated silk fibers through self-assembly of HBPAE-functionalised 

AgNPs on HBPAA-modified silk fibers driven by intermolecular interactions between 

hydroxyl-terminated HBPAE and amino-terminated HBPAA. As-prepared 

HBPAE-functionalised AgNPs were characterized by dynamic light scattering (DLS), 

Ultraviolet–visible (UV–Vis) spectroscopy, Fourier-transform infrared (FTIR) 

spectroscopy, and transmission electron microscopy (TEM). The self-assembly process 

was conducted by successively impregnating silk fibers with HBPAA and AgNPs 

solutions. Their self-assembly behavior was detailedly studied to find out the optimal 

conditions for complete adsorption of AgNPs by silk fibers. Finally, the antibacterial 

activities of resulting silk fibers against Staphylococcus aureus and Escherichia 

coli were quantitatively evaluated.

In Chapter 4, we designed an environmentally-friendly and energy-efficient 

bottom-up nanocoating strategy for cotton fibers by the cooperative self-assembly of 

complementary AgNPs that are functionalised by HBPAA and HBPAE, respectively. 

Owing to intermolecular recognition and interactions between HBPAA and HBPAE, 

heterostructured AgNPs could be selectively assembled on the surface of cotton fibers. 

As-prepared heterostructured AgNP coatings were studied by SEM and XPS. The 

antibacterial activities of cotton fibers against Staphylococcus aureus and Escherichia 

coli were also evaluated.

In Chapter 5, special hierarchical structured Fe3O4 NPs/AgNPs dual-coated silk 
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fibers were prepared via a simple cooperative self-assembly technology. Specifically, 

silk fibers were sequentially immersed in solutions of positively charged 

HBPAA-functionalised AgNPs and negatively charged citric acid-capped Fe3O4 NPs. 

As-prepared hierarchical structured silk fibers were characterized by XRD, FESEM, and 

VSM. Besides, water-soluble hydroxyl-terminated hyperbranched poly(amino-ester) 

(HBPAE)-capped titanium dioxide nanocrystals (TiO2 NCs) were also synthesized for 

coating a cotton fabric via an amino-terminated hyperbranched poly(amidoamine) 

(HBPAA)-mediated self-assembly strategy to produce a controllable and uniform TiO2

coating on the cotton surface. It was demonstrated that hydroxyl-modified TiO2 NCs 

were egg-shaped and had a narrow size distribution. A TiO2 NC-coated cotton fabric 

was prepared by sequential impregnation with solutions of HBPAA and TiO2 NCs. The 

attachment of HBPAA to TiO2 NCs was evaluated by FTIR, FESEM, and XRD.

Finally, in Chapter 6, the conclusion of this study is described.
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Chapter 2 Preparation and controlled coating of 

HBPAA-functionalized silver nanoparticles on 

cotton and silk fibers through self-assembly
2.1 Introduction

Cotton fibers (CFs) are amongst the most popular and best-selling raw materials all 

over the world for their wide applications in clothes, home furnishings, and various 

textile-based industrial products such as toys, home accessories, and medical gauzes and 

bandages, due to the excellent mechanical and thermal properties including excellent 

hygroscopicity and breathability, satisfied strength and flexibility, and good thermal 

insulation. As a natural and abundant biomaterial, cotton is mainly composed of 

cellulose with polymerization degree ranged in 1×104-1×105. The supramolecular 

structure of cotton cellulose can be divided into three levels. Initially, dozens of 

cellulose macromolecules are combined to form a crystallized microfibril with a 

diameter of 6 nm through intermolecular interactions mainly dominated by hydrogen 

bonding. Several elementary fibrils are further assembled into fibrils with a diameter 

ranging in 10-25 nm. The fibrils further form macrofibrils that range from 0.1 to 1.5 μm 

in diameter and finally the cotton fiber. 

The Bombyx mori silk fiber (SF) is a naturally created protein fiber, mainly 

consisting of a gummy outer layer (sericin) and two core filaments (fibroin) [1]. Sericin 

is an amorphous protein that can be removed by the degumming process. Silk fibroin is 

composed of numerous minute fibrils, which could be separated into β-sheet crystals 

with strong hydrogen bonding and a non-crystalline (amorphous) region with varying 
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degrees of hydrogen bonding. The amino acid sequence in the crystalline region of the 

silk fibroin is mainly composed of glycine residues alternating with alanine and serine 

and the sequence in the amorphous region contains a tyrosine-rich domain [2]. SFs are 

known to be one of the strongest natural fibers with excellent mechanical properties and 

have been used for textiles in the last several millennia. 

Currently, CFs and SFs have also attracted considerable interest from researchers 

in the preparation of functional biomaterials in the fields such as biomedicine, tissue 

engineering, and biosensing because of their good mechanical properties, excellent 

biocompatibility, and controllable biodegradability [3-6]. Recently, functionalization of 

biological fibers by coating various nanomaterials has become an interesting subject in 

the field of materials science and nanotechnology because of their ability to combine the 

desirable properties of both nanoscale materials and biological fibers to improve 

mechanical, optical, electronic, or magnetic properties for potential applications in 

biomedicine [7]. Among the various nanomaterials, silver nanoparticles (AgNPs) are 

one of the most attractive nanomaterials because of their outstanding biomedical and 

optical performances [8-10]. Specifically, AgNPs exhibit excellent broad spectrum 

antimicrobial activity and relatively low bacterial resistance, which have made them 

extremely popular in antibacterial textiles. Because of these novel properties, surface 

coating of biological fibers with AgNPs has been intensively investigated to extend their 

utility in biomedical applications.

Most traditional assembly approaches of nanomaterials on biological substrates 

depend on a chemical or physical coating. Because of their poor compatibility with 

organic materials, it is hard to achieve complete attachment of inorganic nanoparticles 
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on biological fibers using chemical coating methods such as in situ deposition and sol–

gel coating, causing inevitable environmental problems and waste of nanomaterials [11]. 

Physical coating methods that are able to make full use of nanomaterials such as 

sputtering and evaporation are only suitable for flat surfaces and the nanoparticles are 

exposed to the external environment, which is prone to oxidation. Thus, the assembly of 

nanomaterials, especially for nanometallic materials, on biological substrates in a facile, 

fast, and green manner remains challenging. 

Supramolecular self-assembly is the spontaneous association of different materials 

under equilibrium conditions into a stable and structurally well-defined assembly 

mediated by intermolecular interactions such as non-covalent bonds or hydrogen bonds

[12]. The advantage of this self-assembly technology is that inorganic nanomaterials can 

be spontaneously transferred and concentrated onto organic materials from their 

colloidal solution, making the fast, efficient, and environmentally friendly self-assembly 

of nanomaterials on fiber substrate possible [13, 14]. Notably, because the strengths of 

individual van der Waals interactions and hydrogen bonds are very weak compared with 

thermal energies, to gain sufficient driving force, molecules that are capped on the 

surface of nanoparticles should interact with substrates by a sufficient number of weak 

non-covalent interactions or multiple hydrogen bonds. Furthermore, these interactions 

between the capping molecules and the bio-substrates should overwhelm the entropic 

advantages of the disintegration of the ordered assembly into a dissociated state. In 

consideration of the low compatibility of AgNPs to biological fibers, the surface 

modification of AgNPs with dense functional groups is essential. Molecules capped on 

the surface of AgNPs should be water soluble, biodegradable, and biocompatible, able 

to protect AgNPs from oxidation and agglomeration, and possess a huge number of free 
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functional groups capable of forming strong chemical interactions with 

biomacromolecules. Currently, a variety of functional polymers can be used as capping 

agents to prepare water-soluble AgNPs, including linear polymers, hyperbranched 

polymers, and dendrimers. Polymeric modifiers can not only serve as multiple binding 

sites or nanoreactors to control the size and size distribution of nanoparticles but also 

provide sufficient steric hindrance and functional groups to prevent nanoparticle 

aggregation and improve their surface chemical activity [15]. Among them, linear 

polymers are cheap and effective modifiers; however, owing to linear chain 

entanglement, the synthetic nanoparticles usually show broad size distribution, lower 

stability, and less surface functional groups compared with hyperbranched polymers and 

dendrimers. Li Zhang et al. have compared the conventional capping agents including 

PEG, PVA, and PAA with hyperbranched polymers in the synthesis of various 

nanocrystals. It was shown that PEG-, PVA-, and PAA-modified nanocrystals showed 

bigger size, wider polydispersity, or poor stability in water compared with hyperbrached 

polyglycerol [15]. Although dendrimers can be used to prepare uniform and stable 

AgNPs, their synthesis is time consuming and complicated. By contrast, hyperbranched 

polymers have comparable properties to their dendrimer analogs including a 

three-dimensional structure, low viscosity, and abundant functional end groups, but they

can be synthesized in a ‘‘one-step’’ reaction that is much easier than that of dendrimers

[16]. To this end, amino-terminated hyperbranched poly(amine-amine) (HBPAA) is 

chosen as the capping agent for surface modification of AgNPs because of its 

biocompatibility, amphipathicity, abundant amino end groups, and torispherical nature, 

which not only controls the growth and stabilization of nanoparticles but also endows 

the NP surface with dense amino-functional groups [17]. Above positively-charged 
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HBPAA molecules on surfaces of AgNPs is able to recognize negatively-charged 

biological fibers and bind with receptor biomacromolecules on the fiber surface through 

electrostatic and hydrogen bonding interactions.

In this study, we present an efficient and environment-friendly assembly approach 

to prepare homogenously distributed AgNP-coated biological fibers through 

intermolecular self-assembly technology. AgNPs were capped by amino-terminated 

HBPAA to endow NPs with high binding ability towards polyanionic biomolecules. The 

use of HBPAA as the capping agent is because HBPAA possessing a three-dimensional 

spherical structure with a hydrophobic core and hydrophilic amino end groups not only

stabilizes and protects AgNPs in aqueous phase but also have an ability of specific 

recognition for anionic biomolecules through multi-intermolecular interactions. In the 

experiment, we selected cotton fibers (CFs) silk fibers (SFs), and calcium alginate fibers 

(CAFs) as demonstrations to evaluate the self-assembly ability. Our studies showed that

HBPAA-capped AgNPs (HBPAE/AgNPs) can completely assemble onto biological 

fibers at room temperature. Notably, the self-assembly ability of HBPAA/AgNPs on

CFs, SFs, and CAFs is different. CAFs showed much stronger capture ability of AgNPs 

than SFs and CFs. Nevertheless, the self-assembly ability on CFs and SFs could be 

improved by increasing the incubation temperature. Antibacterial tests showed that all 

biological fibers had excellent antibacterial activities. In summary, the developed 

self-assembly technology may provide simple, efficient, and environment-friendly 

coating strategy for precise control of Ag content of antibacterial biological fibers, 

which is significant for quality control of antibacterial textiles. 

2.2 Experimental
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2.2.1 Materials 

SFs were obtained from the Ueda Fujimoto Co., Ltd (Japan). CFs were obtained 

from Zhangjiagang Nellnano Nanotechnology Co., Ltd (China). CAFs were obtained 

from the Qingdao Bright Moon Group Co. (China). HBPAA was synthesized as 

described in our previous paper [18, 19]. Silver nitrate and nitric acid were purchased 

from Wako Pure Chemical Industries, Ltd. (Japan). Staphylococcus aureus (ATCC 

6538) and Escherichia coli (ATCC 8099) were obtained from College of Life Science,

Soochow University (China). Nutrient broth and nutrient agar were purchased from 

Scas Ecoscience Technology Inc. (China).

2.2.2 Preparation of HBPAA/AgNPs

HBPAA/AgNPs were synthesized by dissolving 18.75 μmol HBPAA in 45 mL 

deionized water and adding the HBPAA solution to 5 mL of 46.3 mM silver nitrate at 35 

oC using a well-described procedure. The reaction mixture was slowly heated to 90 oC 

and kept stirring at 90 oC for 3 h. This resultant solution was dialyzed against distilled 

water for 72 h.

2.2.3 Characterization of HBPAA/AgNPs

The morphology and size of HBPAA/AgNPs were characterized using a 

JEM-2100F transmission electron microscope (TEM) (JEOL, Japan). The 

hydrodynamic size and surface charge of AgNPs in the aqueous solution were evaluated 

using a Nano ZS90 Zetasizer (Malvern, UK). The ultraviolet-visible (UV-vis) spectra 

from 250 to 700 nm were recorded on a Shimadzu UV-2700 spectrophotometer 

(Shimadzu, Japan). The Fourier transform infrared spectroscopy (FT-IR) images were 
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collected on a Perkin Elmer Spectrum 100 FT-IR spectrometer (Perkin Elmer, USA). 

The silver content was measured by the inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) method.

2.2.4 Self-assembly between HBPAA/AgNPs and biological fibers

2.2.4.1 Self-assembly of HBPAA/AgNPs on CFs 

The influence of Ag concentration on the self-assembly of HBPAA/AgNPs on CFs 

was evaluated by incubating one gram of CFs in 100 mL of AgNP solutions with Ag 

concentrations ranging in 5 100 mg/L at 35 oC for 180 min. To study the effect of 

temperature on the self-assembly, 1 g of CFs were incubated in 100 mL of AgNP 

solution (100 mg/L) for 180 min under different temperature conditions (35, 45, 55, 65, 

75, 85, and 95 oC). The resulting CFs were rinsed by deionized water and cured at 120 

oC for 20 min. As a control, CFs were treated with 0.3 mM HBPAA solution at 95 oC for 

180 min. 

2.2.4.2 Self-assembly of HBPAA/AgNPs on SFs

Similar to CFs, the influence of Ag concentration on the self-assembly of 

HBPAA/AgNPs on SFs was evaluated by incubating 1 g of SFs in 100 mL of AgNP 

solutions with Ag concentrations in the range of 5 100 mg/L at 35 oC for 180 min. To 

study the effect of temperature on the self-assembly, 1 g of SFs were incubated in 100 

mL of AgNP solution (400 mg/L) under different temperature conditions (35, 45, 55, 65, 

75, 85, and 95 oC) for 180 min. The resulting CFs were rinsed by deionized water and 

cured at 120 oC for 20 min. As a control, SFs were treated with 0.3 mM HBPAA 

solution at 95 oC for 180 min.
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2.2.4.3 Self-assembly of HBPAA/AgNPs on CAFs

The influence of Ag concentration on the self-assembly of HBPAA/AgNPs on

CAFs was evaluated by incubating 1 g of CAFs in 100 mL of AgNP solutions with Ag 

concentrations in the range of 100 400 mg/L at 35 oC for 180 min. The resulting CAFs 

were rinsed by deionized water and cured at 120 oC for 10 min. As a control, CAFs 

were treated with 0.3 mM HBPAA solution at 35 oC for 180 min. 

2.2.5 Characterization of HBPAA/AgNP-coated biological fibers

The morphology of HBPAA/AgNP-coated biological fibers were observed using a 

Hitachi S-5000 field emission scanning electron microscope (FESEM) (Hitachi, Japan). 

Surface analysis by X-ray photoelectron spectroscopy (XPS) was performed using a 

Kratos Axis Ultra DLD spectrometer (Kratos Analytical, Japan). The collected spectra 

were analyzed using a curvefitting program, XPSPEAK 4.1. 

The Ag content in the biological fibers was measured via a Vista MPX inductively 

coupled plasma atomic emission spectroscope (Varian, USA). A total of 10 mg of the 

sample was dissolved in 10 mL HNO3 solution (65%) and diluted to 100 mL with 

deionized water. A total of 1 mL of the diluted solution was then drawn to measure the 

concentration of silver ion (Cion, mg/L). Silver content Cag, mg/g) in the fibers was 

calculated by Equation (1):

(1)

2.2.6 Antibacterial test

The antimicrobial activity of biological fibers was tested against E. coli and S. 



38

aureus by a shake-flask method according to GB/T 20944.3-2008 (China). A sample of 

testing fibers (0.75 g) was immersed into a flask containing 70 mL 0.3 mM 

phosphate-buffered saline (PBS, monopotassium phosphate, pH ~7.2) culture solution 

with cell concentration of 1×105–4×105 colony forming units (cfus)/mL. The flask was 

then shaken at 150 rpm on a rotary shaker at 24 oC for 18 h. Samples of 1 mL were 

taken at a specified time, diluted 10-fold in saline, and then transferred onto nutrient 

agar plates (Difco). All plates were incubated at 37 oC for 24 h and the colonies formed 

were counted. The percentage reduction (cfu, %) was determined as in Equation (2):

                                                       

Where c and a are the bacterial colonies of pristine fibers and the 

HBPAA/AgNP-coated fibers, respectively. All experiments were performed in triplicate 

with three substrates and the mean values were calculated. 

2.3 Results and discussion

2.3.1 Characterization of HBPAA/AgNPs

Amino-functionalised HBPAA/AgNPs were prepared by hydrothermal reaction 

using HBPAA as the reducing and capping agent, which can prevent NPs from 

aggregation, oxidation, and degradation, as well as endow the particle surface with 

positive charges and abundant amino groups.

The synthesis of HBPAA/AgNPs can be directly observed during the experiment. 

Upon heating of a silver nitrate/HBPAA mixture at 90 oC, the solution slowly turned 

yellow and finally dark red after several hours. The formation of AgNPs can also be 
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verified using an UV-vis spectrophotometer [Figure 2.1(a))]. The UV-vis spectra of 

as-prepared AgNPs exhibited a strong absorption band at 404 nm corresponding to the 

characteristic surface plasmon resonance of metallic AgNPs [20]. The sharp band of 

AgNPs indicated the presence of well-separated AgNPs with narrow size distribution in 

water. This was further confirmed by the TEM image of AgNPs [Figure 2.1(c)], which 

revealed that the monodispersed AgNPs had an average diameter of about 8.9 nm and a 

narrow dispersion. The observed large-scale HBPAA/AgNPs with a regular spherical 

structure indicated HBPAA has a good control of particle shape. The hydrodynamic size 

of these AgNPs is around 10.1 nm (3–85 nm), which agreed very well with the 

anticipated size [Figure 2.1(b)].

The small size and narrow size distribution of as-prepared AgNPs were due to the 

unique structure of HBPAA. Because of its spherical three-dimensional structure with 

inner nano-cavities and numerous internal secondary amino groups, HBPAA can entrap 

the silver ions into the confined inner cavity, reduce them to form small-sized silver 

nanocrystals, and prevent them from further aggregation through electrostatic and steric 

hindrance effects.
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Figure 2.1 (a) UV-vis adsorption spectra of the solution of HBPAA/AgNPs. (b) In situ 

size distribution of HBPAA/AgNPs. (c) TEM and (d) high resolution TEM images of 

HBPAA/AgNPs.

To examine more closely the nature of the Ag/HBPAA interface, in particular the 

possible chemical interactions between the HBPAA and AgNPs, FTIR spectroscopy was 

employed to detect the chemical transformation. Figure 2.2 displays the FTIR spectra of 

HBPAA and HBPAA/AgNPs. The overall FT-IR spectra of HBPAA/AgNPs showed 

similar pattern to that of HBPAA, indicating HBPAA was successfully attached onto the 

surface of AgNPs and no major chemical structure transformations in HBPAA in the 

chemical reaction. However, some distinct features in amino/amide regions were 

observed. The adsorption peaks of amino A, amide B, amide I, and amide II at 3288, 

3065, 1645, and 1549 cm-1 slightly shifted to 3285, 3067, 1643, and 1558 cm-1, 
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respectively. In addition, the adsorption peak of amide III at 1273 cm-1 greatly 

strengthened and shifted obviously to 1305 cm-1. These changes indicated that some 

chemical interactions formed between HBPAA molecules and AgNPs, probably owing 

to the coordination between N and Ag. Finally, the zeta potential test found that the 

as-prepared AgNPs had positive surface charge (+38 mV), also suggesting capping by a 

surface layer of HBPAA.

Figure 2.2 FTIR spectra of (a) HBPAA and (b) HBPAA/AgNPs.

2.3.2 Preparation of HBPAA/AgNP-coated CFs, SFs, and CAFs

The mechanism of self-assembly of HBPAA/AgNPs on the surface of biological

fibers could be explained on the basis of electrostatic and hydrogen bonding interactions 

between the negatively charged carboxyl/hydroxyl groups in biological fibers and 

positively charged amino groups that are coated on the surface of AgNPs, as shown in 

Scheme 2.1. By virtue of the acidity of their hydroxyl and carboxyl constituent units, 
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CFs, SFs, and CAFs exhibit a net negative charge in weakly acidic aqueous medium. 

Conversely, HBPAA/AgNPs possessed a positive charge with the zeta potentials of +38 

mV. Therefore, when biological fibers were incubated in AgNPs solution (pH=8.2), 

positively-charged AgNPs can adsorb onto the oppositely-charged biomacromolecules 

in biological fibers by electrostatic and hydrogen-bonding interactions. In addition, 

because of the abundant amino end groups, quasispherical branched architecture, good 

solubility, and polycationic nature, HBPAA/AgNPs can easily bind to biological fibers 

via intermolecular hydrogen bonding between amino end groups and pendent 

carboxylate and/or hydroxyl groups of biomacromolecules. 

Theoretically, the self-assembly ability between HBPAA/AgNPs and biological 

fibers is highly dependent on the surface chemical activity of biological fibers. 

Therefore, SFs is expected to possess stronger adsorption ability for HBPAA/AgNPs 

because most hydroxyl pendent groups in cotton cellulose is passivated, thereby leading 

to relatively weak surface chemical activity. Similarly, HBPAA/AgNPs are expected to

have strong binding affinity to carboxyl-containing biological fibers. Therefore, we 

chose CAFs as a control to explore the effect of surface functional groups on the 

self-assembly. 
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Scheme 2.1 Schematic illustration of HBPAA-mediated assembly of AgNPs on the 

surface of CFs, SFs, and CAFs.

To prove our speculation, the adsorption ability of AgNPs by CFs, SFs, and CAFs 

was explored. Figure 2.3-2.7 showed the AgNPs concentration-dependent Ag content in 

CFs, SFs, and CAFs at room temperature (35 oC). In the case of CFs, by increasing the 

AgNP concentration from 5 to 100 mg/L, their adsorption by cotton showed an initial 

increase (5-15 mg/L) and then a decrease (15-100 mg/L). The maximum capacity for 

complete adsorption of HBPAA/AgNPs was only 1.5 mg/g. Conversely, SFs showed a 

much higher adsorption ability. Up to 35 mg/L of HBPAA/AgNPs were completely
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adsorbed on SFs, indicative of their higher compatibility than CFs. This is because silk 

protein possesses more active functional groups on the silk surface than on the cotton 

surface.

In the case of CAFs, with increasing the concentration of AgNPs from 100 to 400 

mg/L, the Ag content of CAFs increased proportionally from 10 to 30 mg/g, and then 

reached a plateau beyond 300 mg/L (Figure 2.7). The adsorption efficiency of AgNPs 

decreased from near 100 % to 75.2% (red line). The capacity for the complete 

adsorption of HBPAA/AgNPs by CAFs can reach up to 30 mg/g, which was 10 times 

higher than by silk and cotton. 

Based on above analyses, two important conclusions were as follows.

Firstly, HBPAA/AgNPs are very sensitive to surface functional groups of 

biological fibers In our experiment, HBPAA/AgNPs show much stronger binding 

ability to carboxyl-containing CAFs than to hydroxyl-containing CFs and SFs. Secondly, 

the adsorption ability was highly dependent on the Ag concentration. When the Ag 

concentration increased to a high value, the adsorption ability of HBPAA/AgNPs was 

inhibited because of the increased electrostatic repulsion among NPs.

Interestingly, although CFs and SFs showed weak adsorption for HBPAA/AgNPs 

at room temperature compared to CAFs, their adsorption ability can be improved by 

elevating the temperature. As shown in Figure 2.4 and 2.6, by rising the incubation 

temperature from 35 to 95 oC, the adsorption capacity of HBPAA/AgNPs by CFs and 

SFs increased up to 8.05 and 21 mg/g, respectively. This is probably contributed by the 

improvement of chemical activity of HBPAA and biomacromolecules in high 

temperature.
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Figure 2.3 Ag concentration dependent-Ag content in CFs (black line) at room 

temperature and the corresponding adsorption efficiency of AgNPs by CFs (red line).

Figure 2.4 Temperature dependent-Ag content in CFs. The concentration of

HBPAA/AgNPs was set as 100 mg/L.
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Figure 2.5 Ag concentration dependent-Ag content in SFs (black line) and the 

corresponding adsorption efficiency of AgNPs by CFs (red line).

Figure 2.6 Temperature dependent-Ag content in SFs. The concentration of 

HBPAA/AgNPs was 400 mg/L.
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Figure 2.7 Ag concentration dependent-Ag content in CAFs (black line) and the 

corresponding adsorption efficiency of AgNPs by CAFs (red line).

2.3.3 SEM morphology of the HBPAA/AgNP-coated CFs, SFs, and CAFs  

The characteristic microstructure of CFs can be observed by FESEM. As displayed 

in inset of Figure 2.8(a), the convolution of CFs was clearly observed at a low 

magnification (1,000 times). The CFs showed dense paralleled macrofibrils and a clean 

and smooth surface at a magnification of 20,000 × [Figure 2.8(b)], in good agreement 

with the morphology characteristics of CFs. The texture of CFs at nanoscale level was 

shown in Figure 2.8(b). Grooves with irregular shapes were found among fibrils 

although the whole surface appeared smooth. Conversely, HBPAA/AgNP-coated CFs 

exhibited a much rougher surface [Figure 2.8(c)]. After the assembly of 

HBPAA/AgNPs on a cotton surface, numerous well-dispersed NPs were found on the 

surface of CFs compared with pure CFs. The diameter of the spherical particles was 

found to vary from 10 to 100 nm [Figure 2.8(d)], which was in line with the 

morphological features of HBPAA/AgNPs that were determined by TEM. Interestingly, 
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although HBPAA/AgNPs densely bond to cotton cellulose, they followed the same 

distribution rules, i.e., monodispersion. This mainly contributed by electrostatic 

repulsion among HBPAA/AgNPs. It also indicates that HBPAA was responsible for the 

attachment and distribution of HBPAA/AgNPs on the surface of CFs. 

Figure 2.9 shows the FESEM images of pure SFs and HBPAA/AgNPs-coated SFs 

(20 mg/g). Unlike CFs, pure SFs exhibited a much smoother surface as shown in Figure 

2.9(a) and 2.9(b). Nevertheless, we found several polymeric attachments on the SF 

surface, mainly belonging to unremoved sericin during the degumming process. By

treatment SFs with HBPAA/AgNPs at high temperature, high density of NPs, actually 

HBPAA/AgNPs, appeared on the SF surface [Figure 2.9(c)], indicative of their high 

self-assembly efficiency. Notably, these HBPAA/AgNPs were monodispersed on the 

surface of SFs, compliant with distribution rules on the surface of CFs. An advantage of 

such interesting characteristic is that we can control the coating thickness and coating 

layer number of NPs on biological substrates or even design a heterostructured NP 

coating by Layer-by-Layer (LbL) self-assembly technology (see our studies in chapter 3 

and 4).

SEM images of the surface of blank CAFs and the AgNP-coated CAFs are shown 

in Figure 2.10. Pure CAFs displayed a flat, dense, and smooth surface [Figures 2.10(a) 

and 2.10(b)]. Unlike pure CAFs, high-density of white spots uniformly spread around 

on a surface of coated CAF [Figure 2.10(c)], which indicated a high level of adhesion of 

HBPAA/AgNPs on the fiber surface. As can be seen in Figure 2.10(d), these particles 

were fairly monodisperse and exhibited nearly circular cross-sections. The diameter of 

particles was in range of 1–100 nm, also suggesting that the AgNPs were fairly 
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monodisperse. These results suggest that the functionalized HBPAA/AgNPs have been 

successfully attached to the fiber surface and no further aggregation of the AgNPs 

occurred on the surface of CAFs.

In summary, the HBPAA-guided self-assembly of HBPAA/AgNPs on CFs, SFs, 

and CAFs are simply, effective, and exhibited good monodispersity, mainly owing to 

supramolecular interactions between HBPAA and cotton cellulose. 

Figure 2.8 SEM images of the ((a) × 20,000; (b) × 60,000) blank CFs and ((c) × 20,000; 

(d) × 60,000) HBPAA/AgNP-coated CFs (8 mg/g).
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Figure 2.9 SEM images of the ((a) × 20,000; (b) × 60,000) blank SFs and the ((c) × 

20,000; (d) × 60,000) HBPAA/AgNP-coated SFs (20 mg/g).
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Figure 2.10 SEM images of the ((a) × 20,000; (b) × 60,000) blank CAFs and the ((c) × 

20,000; (d) × 60,000) HBPAA/AgNP-coated CAFs (30 mg/g).

2.3.4 XPS analysis of the HBPAA/AgNP-coated CFs, SFs, and CAFs

XPS analysis was performed to identify the presence of AgNPs on the surface of 

CFs, SFs, and CAFs. As shown in Figure 2.11(a), 2.12(a), and 2.13(a), all recorded XPS 

survey spectra showed signals for C, O, and Ag species. The presence of C and O 

signals are expected because they are the main constituent elements of CFs, SFs, and 

CAFs. Besides of above elements, for CAFs, a signal of Ca2s was also detected, which 

was in line with the chemical structure of CAFs. Two peaks at around 368 and 374 eV 

observed in all spectra were responsible for Ag3d, indicating AgNPs were successfully 

bound to the fiber surface. 

To identify the valence state of HBPAA/AgNPs on the fiber surface, 

high-resolution scans were also conducted on the Ag3d XPS for HBPAA/AgNP-coated 

CFs, SFs, and CAFs. As shown in Figure 2.11(b), 2.12(b), and 2.13(b), all 

HBPAA/AgNPs coated on CFs, SFs, and CAFs have a single predominant valence state. 

The binding energy corresponding to the Ag3d5/2 peaks for CFs, SFs, and CAFs were

around 368.2 eV, indicative of metallic Ag [21]. Similarly, their binding energy of the 

Ag3d3/2 peaks were around 374.2 eV. As a result, the difference between the binding 

energy of Ag3d5/2 and 3d3/2 peaks for all biological fibers were approximately 6.0 eV, 

also suggesting the characteristic of metallic Ag3d states [21]. Our studies indicated that 

HBPAA/AgNPs were able to maintain their metallic state, indicating HBPAA have a 

good protection effect. 
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Figure 2.11 (a) Broad scan XPS spectrum of HBPAA/AgNP-coated CFs and (b) the 

high-resolution Ag3d XPS spectrum of HBPAA/AgNP-coated CFs (8 mg/g).
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Figure 2.12 (a) Broad scan XPS spectrum of HBPAA/AgNP-coated SFs and (b) the 

high-resolution Ag3d XPS spectrum of HBPAA/AgNP-coated SFs (20 mg/g).
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Figure 2.13 (a) Broad scan XPS spectrum of HBPAA/AgNP-coated CAFs and (b) the 

high-resolution Ag3d XPS spectrum of HBPAA/AgNP-coated CAFs (30 mg/g).

2.3.5 Antibacterial activity of HBPAA/AgNP-coated CFs, SFs, and CAFs

The antibacterial activity of CFs, SFs, and CAFs was qualitatively evaluated using 

gram-negative E. coli and gram-positive S. aureus bacteria cells with blank CFs, SFs, 

and CAFs as the controls, respectively, the results of which are presented in Table 2.1. 
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In the cases of CFs and SFs, because of their excellent biocompatibility, the increase of 

surviving cells indicates they were no antibacterial activities against S. aureus or E. coli. 

After coated with HBPAA/AgNPs, the antibacterial activities of HBPAA/AgNP-coated 

CFs and SFs showed good inhibition effects. CFs and SFs showed high antibacterial 

effects with antibacterial rates over 98 % against S. aureus or E. coli when Ag content 

was as low as 0.5 mg/g, indicative of high antibacterial activities of HBPAA/AgNPs.

Similarly, CAFs did not show antibacterial activities against S. aureus or E. coli, 

indicating they was insufficient to inhibit the bacterial growth. By contrast, 

HBPAA/AgNP-coated CAFs exhibited excellent antibacterial activities. The bacterial 

reduction rates of both S. aureus and E. coli can reach above 99% when the Ag content 

was over 1 mg/g.

The antimicrobial activities of AgNP-coated CFs, SFs, and CAFs are Ag

content-dependent. In the case of CFs, with the increase of HBPAA/AgNPs from 1 to 5 

mg/g, the bacterial reduction rates of S. aureus increased from 98.3% to 99.99% and E. 

coli from 98.92% to 99.99%. In the case of SFs, HBPAA/AgNPs showed similar 

antibacterial efficiencies against S. aureus and E. coli. However, HBPAA/AgNP-coated 

CAFs exhibited weaker antibacterial activities. When the Ag content of coated CAFs 

increased from 0.5 mg/g to 5 mg/g, their antibacterial rates increased from 97.31% for S. 

aureus and 98.38% for E. coli to 99.92% and 99.63%, respectively, which were much 

lower than that of CFs and SFs. Nevertheless, the growth of S. aureus and E. coli could 

be completely inhibited when Ag content was up to 10 mg/g. The related weak 

antibacterial activities of HBPAA/AgNP-coated CAFs are because CAFs showed much

stronger binding ability for both HBPAA/AgNPs and Ag cation, finally preventing their 

release from the solid organic surface to aqueous phase.
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Based on this experiment, it is concluded that the HBPAA/AgNP-coated CFs, SFs, 

and CAFs produced using our practical procedure demonstrated dose-dependent 

antibacterial activities. 

The high antibacterial activity of HBPAA/AgNP-coated fibers is attributed to the 

excellent antibacterial properties of AgNPs. Generally, the antibacterial activity of 

AgNPs to bacteria can be explained by two mechanisms. One is the oxidative stress 

generated by reactive oxygen species (ROS), including oxygen superoxide (·O2
-), 

hydrogen peroxides (H2O2), and the hydrogen radical (·OH) formed at the surface of the 

AgNPs. The other is the interaction of silver cations with sulfhydryl groups of vital 

enzymes and proteins, causing their denaturation [22, 23]. Therefore, assembling 

AgNPs on biological fibers can provide them with excellent antibacterial properties.

Table 2.1 Antibacterial activity of CAFs

Antibacterial activity

Sample

S. aureus E. coli

silver 

content 

(mg/g)

Surviving 

cells 

(CFU/mL)

Reduction

%

Surviving 

cells 

(CFU/mL)

Reduction

%

CFs 0 8.46×106 - 2.85×106 -

SFs 0 1.2×107 - 2.17×106 -

CAFs 0 2.37×106 - 8.70×106 -

HBPAA/AgNP-

coated CFs

0.5 3.41×103 98.3 3.24×103 98.92

1 1.66×103 99.17 1.17×103 99.61

1.5 1.24×103 99.4 6.65×103 99.78
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2 1.82×102 99.91 1.84×102 99.94

5 17 99.99 13 99.99

HBPAA/AgNP-

coated SFs

0.5 2.5×103 98.75 4.71×103 98.43

1 8.07×102 99.6 6.9×103 99.77

1.5 1.67×102 99.92 62 99.98

2 64 99.97 35 99.99

5 11 99.99 21 99.99

HBPAA/AgNP-

coated CAFs

0.5 2.14×104 97.31 4.86×103 98.38

1 1.44×103 99.28 2.70×103 99.1

1.5 1.28×103 99.4 1.83×103 99.39

2 5.8×103 99.71 1.29×103 99.57

5 1.64×102 99.92 1.11×103 99.63

10 0 100 0 100
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2.4 Conclusions

A supramolecular self-assembly strategy for preparation of HBPAA/AgNP-coated 

CFs, SFs, and CAFs in the AgNP solution was presented in this work. The 

self-assembly of HBPAA/AgNPs on biological fibers was guided by HBPAA molecules 

that are capped on the surface of AgNPs. HBPAA/AgNPs were synthesized by reduction 

of Ag nitrate in aqueous solution using HBPAA as the reducing and capping agent. The 

as-prepared HBPAA/AgNPs exhibited small size and narrow size distribution. The 

average size of AgNPs measured by dynamic light scattering (DLS) was around 10.1 

nm. Due to its unique quasi-spherical structure and large numbers of amino end groups, 

HBPAA/AgNPs were endowed with positive charges and high binding affinity towards 

biological fibers such as CFs, SFs, and CAFs. Our test showed that the assembly ability 

of AgNPs on CFs, SFs, and CAFs was Ag concentration and temperature-dependent. 

The maximum Ag content of coated CFs, SFs, and CAFs can reach up to 8.05, 21, and 

30 mg/g. Both SEM and XPS analysis showed that the high density of metallic AgNPs 

uniformly distributed on surfaces of CFs, SFs, and CAFs, indicating the supramolecular 

self-assembly technology was efficient. Finally, the antibacterial property of coated 

fibers was measured by the shake-flask method. The HBPAA/AgNP-coated CFs and 

SFs showed excellent antibacterial activities with antibacterial rates over 99% at Ag

content of 1.5 mg/g although HBPAA/AgNP-coated CAFs showed weaker antibacterial 

activities. 
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Chapter 3 Preparation and controlled coating of 

HBPAE-functionalised silver nanoparticles on 

silk fibers through HBPAA-guided self-assembly

3.1 Introduction

In Chapter 2, we demonstrated the excellent binding ability of

HBPAA-functionalised silver nanoparticles (HBPAA/AgNPs) towards silk fibers (SFs) 

and cotton fibers (CFs), suggesting the strong combining capacity between HBPAA and

hydroxyl- and/or carboxyl-dominated biomolecules. We believe that its remarkable

physicochemical properties including three-dimensional (3D) cavity structure, 

amphiphilic nature, high density of amino end groups, and positive surface charges

should be responsible for the good compatibility between HBPAA/AgNPs and cotton 

cellulose and silk fibroin. Inspired by this, HBPAA possesses a possibility of serving as 

trapping molecules for various molecule-capped AgNPs, independently. Theoretically, 

with coating HBPAA on the surface of biological fibers, HBPAA-modified

bio-substrates are capable of trapping hydrogen acceptor and/or anionic 

molecule-functionalised inorganic NPs. To verify our concept, we further designed and

synthesized hydroxyl-terminated hyperbranched poly(amine-ester)s-functionalised 

silver nanoparticles (HBPAE/AgNPs) as a special model to verify the strong 

supramolecular interactions between the hydrogen-donor and hydrogen-acceptor 

polymers. HBPAE is designed to possess the same physicochemical structure as 

HBPAA except its functional end groups. Particularly, HBPAA owns high density of 

amino end groups whereas HBPAE has rich hydroxyl end groups. This interesting 
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differences impart them with diverse chemical properties, i.e., one is a hydrogen donor 

and the other is hydrogen acceptor, this endowing them with an ability of mutual 

recognition and combination. Together with their opposite surface charges, their

supramolecular interactions may overwhelm electrostatic repulsion among NPs and 

their kinetic energy, probably achieving high adsorption capacity for HBPAE/AgNPs at 

room temperature. In the experiment, we chose SFs as the bio-substrate because of their 

clean, smooth, and compact surface, which can reduce the interference from impurities 

on fiber surface. 

In summary, we aim to develop an efficient and environment-friendly assembly 

approach to fabricate homogenously distributed AgNPs coated SFs through 

suparmolecular self-assembly technology. To gain a powerful driving force, SFs and 

AgNPs were modified by HBPAA and HBPAE, respectively. HBPAA is a 

three-dimensional spherical polymer with a unique structure consisting of a 

hydrophobic core and a hydrophilic shell possessing dense amino end groups, capable 

of self-assembly onto the surface of SFs by supramolecular interactions between 

HBPAA and silk macromolecules. Similarly, HBPAE is a 3D spherical polymer with 

numerous hydroxyl end groups. This interesting structural characteristic provides 

application possibilities not only as a capping agents for NPs, but also as a guiding 

molecule to HBPAA due to molecular recognition between HBPAA and HBPAE. Duo to 

the strong electrostatic and hydrogen bonding interactions, high concentration of 

HBPAE/AgNPs can assembled completely onto HBPAA-modified SFs (HBPAA/SFs) in 

a very short time at room temperature. Thus, the developed self-assembly technology 

may provide simple, efficient, and environment-friendly coating strategy for precise 

control of Ag content of coated fibers, which is significant for quality control of 
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antibacterial textiles. 

3.2 Experimental

3.2.1 Materials

SFs were obtained from the Ueda Fujimoto Co., Ltd. (Japan). HBPAA was 

synthesized as described in chapter 2. 1,1,1-Tris(hydroxymethyl) propane (TMP), 

2,2′-iminodiethanol, p-toluenesulfonic acid (p-TSA), methyl acrylate, acetic 

anhydride,methanol, silver nitrate (AgNO3), sodium borohydride (NaBH4), potassium 

hydroxide, and nitric acid were purchased from Wako Pure Chemical Industries, Ltd. 

(Japan). Staphylococcus aureus (ATCC 6538) and Escherichia coli (ATCC 25922) were 

obtained from College of Life Science, Soochow University (China). Nutrient broth and 

nutrient agar were purchased from Scas Ecoscience Technology Inc. (China).

3.2.2 Synthesis of HBPAE

HBPAE was synthesized as follows [1]: methyl acrylate (0.24 mol, 18.66 g), 

2,2'-iminodiethanol (0.24 mol, 25.23 g), and methanol (24 mL) were mixed in a three 

necked glass reactor equipped with a gas inlet pipe for N2 addition. The mixture was 

allowed to react at 35 C for 4 h under a N2 atmosphere. The oily AB2 type monomer 

was synthesized and then the mixture was transferred to an eggplant-shaped flask for an 

automatic rotary vacuum evaporator. After removing the methanol under low pressure, 

TMP (10 mmol, 0.134 g) and p-TSA (0.9 g) were added into the flask. The flask was 

then placed in an oil bath previously heated to 110 C. After 10 h of reaction under a N2

atmosphere, a vacuum was applied for 2 h before the reaction mixture was removed 

from the flask. This solution was dialyzed against distilled water using Slide-a-Lyzer 

dialysis cassettes (Pierce, molecular weight cut-off 3,500) for 1 day to remove 
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impurities. The dry polymer was obtained by freeze drying.

3.2.3 Synthesis of HBPAE/AgNPs

HBPAE/AgNPs were synthesized by adding 10 mL of 7.8 g/L AgNO3 solution into 

40 mL of 20 g/L HBPAE aqueous solution using a well-described procedure. This was 

followed by adding 1 mL of 1 g/L NaBH4 to the above mixture. The colloidal solution 

was stored in a brown colored bottle at 5 C. The concentrations for the experiments 

were prepared by dilution of the solution using deionized water.

3.2.4 Sequential assembly of HBPAA and HBPAE/AgNPs on SFs

The process assembly for SFs were similar. Specifically, two grams of fiber 

samples was first immersed into a beaker containing 100 mL of 10 g/L HBPAA 

solution at 98 C. After 1 h of contact time, samples were removed from the solution 

and rinsed thoroughly with water to remove unattached HBPAA. The as-prepared 

HBPAA-coated SFs were then dipped in 100 mL of colloidal solution of 

HBPAE/AgNPs (10–100 mg/L, pH~7.8) for 10 min. The resultant samples were 

subsequently dried at 90 C for 30 min. As a control, HBPAE/HBPAA dual-coated SFs 

(HBPAE/HBPAA/SFs) were prepared by impregnating HBPAA/SFs in 100 mL of 

HBPAE solution following the same procedure as above.

3.2.5 Characterization of HBPAE/AgNPs

The morphology and crystal structure of HBPAE/AgNPs were investigated using a 

JEOL-2100F transmission electron microscope (TEM) (JEOL, Japan) operating at an 

accelerating voltage of 120 kV. The Zeta potential of AgNPs as a function of pH in the 

aqueous solution was evaluated by dynamic light scattering using the Zetasizer Nano 
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ZS system (Malvern, UK). Ultraviolet–visible (UV–Vis) spectra were obtained using 

UV–Vis adsorption spectrophotometry (Shimadzu, Japan). For Fourier-transform 

infrared (FTIR) measurement, the AgNPs solution was poured into acetone and the 

resulting precipitates were dried for characterization. The FTIR spectra were performed 

on a Shimadzu FTIR, IR Prestige-21 infrared spectrometer (Shimadzu). 

3.2.6 Antibacterial activity evaluation of HBPAE/AgNPs

HBPAE/AgNPs in a colloidal solution was first tested for antimicrobial activity by 

the agar well-diffusion method. The agar plate was prepared by pouring the solid culture 

onto sterile circular plates and allowing it to solidify. One milliliter of microbial culture

(1×106–5×106 cfu/mL) was uniformly distributed on each plate. Three millimeter oxford 

cups were placed on the plates and filled with water, HBPAE solution, and 

HBPAE/AgNPs colloidal solution (10 mg/L). The plates were placed in an incubator for 

24 h at 37 C. The diameter of the zone of inhibition was then measured and recorded. 

The antimicrobial activity of colloidal solutions of AgNPs was further tested by 

studying the growth kinetics of E. coli and S. aureus by measuring the optical density of 

the microbial culture at 546 nm after 0–24 h of incubation using a UV–Vis 

spectrophotometer. In addition, the effect of the concentration of AgNPs on 

antimicrobial activity was tested by measuring the optical density of the microbial 

culture at 546 nm after 4 h of incubation [2].

3.2.7 Characterization of HBPAE/AgNP-coated HBPAA/SFs

The morphology and size of SFs were observed using a field-emission scanning 

electron microscope (FESEM) (S4800; Hitachi, Japan). The surface chemical structure 

of the fiber was characterized using an X-ray diffractometer (AXIS Ultra DLD; Krotos, 
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Japan). The crystal structures were examined by an X-ray diffractometer (XRD) (D8 

ADVANCE, Bruker, Germany). The Ag content was measured in acidified solutions by 

a Vista MPX inductively coupled plasma atomic emission spectrometer (Varian, USA). 

3.2.8 Antibacterial activity evaluation of HBPAE/AgNP-coated HBPAA/SFs

The antimicrobial activity of composite fibers was assessed according to the 

standard shake-flask method according to GB/T 20944.3-2008 (China) [3]. The 

antimicrobial activity was investigated against two types of bacteria (E. coli and S.

aureus). A sample of treated fibers (0.75 g) was dipped into a flask containing 0.3 mM 

phosphate-buffered saline (70 mL, PBS, monopotassium phosphate, pH~7.2) culture 

solution with cell concentration of 1×105–4×105 colony-forming units (cfu)/mL. The 

flask was then shaken at 150 rpm on a rotary shaker at 24 C for 18 h. Samples of 1 mL 

were taken at a specified time, diluted tenfold in saline, and then transferred onto 

nutrient agar plates (Difco). All plates were incubated at 37 C for 24 h, and the 

colonies formed were counted. The percentage reduction (cfu, %) was determined as 

follows:

                                                  (1)

where C and A are the bacterial colonies of blank fibers and treated fibers, respectively. 

All experiments were performed in triplicate with three substrates and the mean values 

were calculated.
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3.3 Results and discussion

3.3.1 Synthesis of HBPAE/AgNPs

HBPAE was synthesized by a one-step procedure by alcoholysis at 110 C using 

TMP and N,N-diethylol-3-amine methylpropionate (AB2 monomer) with p-TSA as the 

esterification catalyst [4], as shown in Scheme 3.1. A major requirement for the synthesis 

of polymer-functionalised AgNPs is that the capping polymer should be chemically 

compatible to metallic Ag. HBPAE consists of ester backbone linkages, interior tertiary 

amino groups, and numerous hydroxyl end groups on the outer shell, possessing high 

binding affinity to metallic AgNPs. Furthermore, owing to their amphiphilic feature, 

HBPAE are capable of forming micelles in aqueous solution, where three-dimensional 

template HBPAE served as a spatially restricted reaction vessel.

UV–vis spectroscopy is an effective structural characterization technique for 

AgNPs. The position, magnitude, and shape of the absorption peak are strongly 

dependent on particle shape and size. As shown in Figure 3.1(a), compared with 

AgNO3/HBPAE mixture solution, the absorption spectrum of HBPAE/AgNPs solution 

showed a strong absorption band with a maximum of 416.5 nm, which could not only 

verify the formation of metallic AgNPs in the solution but also their spherical features. 

The sharp band of AgNPs indicates the presence of well-separated AgNPs with a 

narrow size distribution. The inset of Figure 3.1(a) is a typical photograph of a colloidal 

solution of HBPAE/AgNPs that formed in the reaction. The wine-red color of the 

solution derived from localized surface plasmon resonance (LSPR) effect of AgNPs was 

clearly observed, also suggesting the formation of AgNPs. Figure 3.1(c) is a typical 

low-magnification TEM of HBPAE/AgNPs. It shows that the monodispersed AgNPs 
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with nearly spherical shapes possessed an average diameter of 11.8 nm. The 

corresponding high-resolution TEM image in Figure 3.1(d) shows the lattice spacing 

with a d spacing of 0.24 nm, in good agreement with the lattice spacing of (111) planes 

of face-centered-cubic Ag (JCPDS No. 04-0783). The obvious (111) crystal plane and 

regular shape indicate high crystalline quality. The high crystallinity is also supported

by the SAED pattern as shown in the inset of Figure 3.1(c), which showed a strong 

diffraction ring composed of several individual spots indexed as (111), (220), and (311). 

The advantage of HBPAE/AgNPs is their abundant free hydroxyl groups, imparting the 

NPs with ultra-high binding affinity towards cationic hydrogen-bond donor molecules, 

making HBPAA-templated self-assembly possible.
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Scheme 3.1 Synthesis of HBPAE and HBPAE/AgNPs
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Figure 3.1 (a) UV-vis adsorption spectra of the (black) mixture solution of 

AgNO3/HBPAE and (red) colloidal solution of HBPAE/AgNPs, (b) Zeta potential of 

HBPAE/AgNPs as a function of pH, and (c) TEM and (d) high resolution TEM images 

of HBPAE/AgNPs. The inset of figure 1a displays the typical photograph of as-prepared 

HBPAE/AgNPs solution. The inset of figure 1c shows the SAED pattern of 

HBPAE/AgNPs.

As shown in Figure 3.1(b), the zeta potential of hydroxyl-functionalised AgNPs 

was measured as approximately −15 mV. It is believed that the chemical interactions 

between the hydroxyl groups and Ag was responsible for the attachment of HBPAE on 

the surface of AgNPs, which was confirmed by the FTIR spectra. As shown in Figure 

3.2, the characteristic absorption peaks of the C=O stretch (around 1729 cm−1), C–N 

stretch (around 1608 cm−1), and C–O–C antisymmetric stretch (around 1184 and 1028 
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cm−1) were present both in the HBPAE and HBPAE/AgNPs, indicating the presence of 

HBPAE on the surface of hybrid NPs. Conversely, HBPAE also showed characteristic 

O–H stretching vibration and in-plane bending bands centered at 3331 and 1361 cm–1. 

However, there are several differences for HBPAE capped on the Ag surface. The 

absorption peak of the O–H stretching vibration was obviously broadened and greatly 

shifted towards a lower frequency for HBPAE/AgNPs, which can be attributed to the

interactions between the OH groups of the HBPAE and Ag. Furthermore, the O–H 

in-plane bending band greatly strengthened, probably associating with the enhanced 

polarization of O–H via OH–Ag interactions. The weakened C=O stretching vibration 

adsorption and blue shifted C–N stretch vibration band suggest the interior amide 

groups of HBPAE may also be responsible for the combination.

Figure 3.2 FTIR spectra of (black) pure HBPAE and (red) HBPAE/AgNPs.

3.3.2 Antibacterial activity of HBPAE/AgNPs
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To evaluate the antibacterial activity of HBPAE/AgNPs, the inhibition zone 

method was first carried out by using deionized water and HBPAE as the control. E. coli

and S. aureus were selected as a demonstrate strain here. Figure 3.3(a) reveals the 

images of the inhibition zone of deionized water, HBPAE, and HBPAE/AgNPs. No 

inhibition zone around the oxford cups of the deionized water and HBPAE were found, 

indicating that HBPAE has no antibacterial effects. On the contrary, HBPAE/AgNPs on 

the bacteria inoculated surfaces killed all the bacteria around them, and a distinct 

inhibition zone was clearly visible surrounding the samples [Figure 3.3(a)]. The 

observed zone of inhibition is a result of the release of active biocidal species Ag ions 

from the HBPAE/AgNPs into the surrounding aqueous medium. This also demonstrates 

that their good antibacterial activities against E. coli and S. aureus derives from AgNPs. 

Notably, the antimicrobial activity of HBPAE/AgNPs was highly dependent on the 

concentration of the AgNPs. As shown in Figure 3.3(b), by increasing the concentration 

of HBPAE/AgNPs from 0.5 to 3 mg/L, the antimicrobial activity was significantly 

improved. No significant increase in antimicrobial activity was observed beyond 4 

mg/L, which seems to be the minimum concentration that should be used. Figure 3.3(c)

shows the growth kinetics of E. coli and S. aureus in the presence of HBPAE/AgNPs. 

Compared with the pristine sample, the growth of both E. coli and S. aureus was greatly 

inhibited indicating the strong antibacterial activity of HBPAE/AgNPs. In addition, the 

absorption of two types of bacteria tended to be gradually decreased with the increase of 

contact time between HBPAE/AgNPs and bacteria. This implies that HBPAE/AgNPs

have antibacterial effects resulting not only in the inhibition of bacterial growth but also 

in killing bacteria. AgNPs exhibit good antimicrobial activity owing to their strong 

binding to the electron-donating groups in the bacterial cells. Once Ag ions are released 
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into the pathogenic environment, they could attach to the surface of the bacterial cells 

and even penetrate into them, resulting in the antimicrobial activity [5]. 

Figure 3.3 (a) The inhibition zones of deionized water, HBPAE, and HBPAE/AgNPs 

against E. coli and S. aureus (the concentration of AgNPs: 10 mg/L), (b) the effect of 

concentration on antimicrobial activity of HBPAE/AgNPs against E. coli and S. aureus, 

and (c) the growth kinetics of E. coli and S. aureus in the presence and absence of 

HBPAE/AgNPs (4 mg/L).

3.3.3 Assembly of HBPAE/AgNPs onto HBPAA/SFs

The HBPAE/AgNP-coated HBPAA/SFs were prepared by sequential impregnation 

of SFs in a colloidal solution of HBPAA and HBPAE/AgNPs (pH=7.8). As shown in 
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Scheme 3.2, prior to AgNP coating, to improve the binding ability towards 

HBAPE/AgNPs, SFs were first modified with HBPAA by impregnation in HBPAA 

solution at 98 C for 1 h. The surface modification of HBPAA introduced positive 

charges and abundant amino groups onto the SF surface. 

The attachment of HBPAA was confirmed by FTIR. As shown in Figure 3.4, the 

FTIR spectra of the SFs and HBPAA/SFs provided the same pattern. For pure silk, the 

characteristic IR bands of amide I and amide II were observed in the ranges of 1700–

1550 cm−1 and 1550–1450 cm−1, respectively. The bands of HBPAA/SFs showed 

almost the same features. Because amino I and amino II are sensitive to secondary 

structures such as α-helices and β-sheets, this indicates that there were no significant 

conformational transformations during the self-assembly process. However, some slight 

differences in the bands of the CH2 stretching vibration and amino III were observed. 

The weak absorption peaks of the CH2 asymmetric and symmetric stretching vibration 

at 2924 and 2850 cm−1 were enhanced greatly, obviously owing to the enhancement 

effect of the strong adsorption of the CH2 asymmetric and symmetric stretching 

vibration in HBPAA. Furthermore, the amino III region at approximately 1260 cm−1

was also strengthened, which could be attributed to the superposition of amino III from 

HBPAA. Furthermore, it is noticed that no new absorption peaks appeared in 

HBPAA/SFs, suggesting no chemical reaction occurred during HBPAA/SFs formation. 

In summary, it is concluded that HBPAA has been anchored onto the silk and does not 

change the chemical structure of the silk fibroin molecule.
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Figure 3.4 FTIR spectra of (a) pure SFs, (b) HBPAA/SFs, and (c) HBPAA.

To introduce the AgNP coating, HBPAA-coated SFs were immersed in the 

colloidal solution of HBPAE/AgNPs (pH=7.8) at room temperature for 10 min as shown 

in Scheme 3.2. They were subsequently rinsed for 1 min in deionized water and dried in 

an oven. Owing to strong electrostatic and hydrogen-bonding interactions, 

HBPAE/AgNPs could self-assemble onto HBPAA-coated SFs from their colloidal 

solution in a very short time. 

The assembly process of AgNPs on the SF surface can be followed by UV–Vis. As 

shown in Figure 3.5(a), the UV–Vis absorption spectrum of HBPAE/AgNPs had a broad 

UV absorption band in the UV–Vis region, and had a characteristic peak of AgNPs at 

416.5 nm. After impregnation for 10 min, this characteristic peak almost disappeared, 

indicative of complete adsorption of AgNPs on the surface of HBPAA/SFs [6]. 

Furthermore, the phenomenon of the transfer of HBPAE/AgNPs from the liquid phase 

to the organic surface of HBPAA/SFs can be observed directly. Figures 3.5(b) shows the 

typical photographs of color transformation from the AgNPs solution to HBPAA/SFs 

during the assembly procedure. Specifically, the characteristic yellow color of the 



79

AgNPs faded gradually in the solution during the self-assembly process and finally the 

solution was colorless and transparent. In contrast, the color of HBPAA/SFs changed 

from white to bright yellow, further verifying that AgNPs in the colloidal solution were 

successfully assembled onto the surfaces of HBPAA/SFs.

Figure 3.5 (a) UV–Vis adsorption spectra of a solution of HBPAE/AgNPs (black) 

before and (red) after the assembly process; the blue line represents the HBPAE 

solution without AgNPs. (b) Photographs of HBAPE/AgNPs solution and HBPAA/SFs 
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before and after the assembly process. The concentration of AgNPs used in the above 

experiments was 30 mg/L.

Scheme 3.2 presents a schematic of the self-assembly of HBPAE/AgNP-coated 

HBPAA/SFs through intermolecular-induced self-assembly between HBPAA, silk 

macromolecules, and HBPAE. Silk fibroin fiber is composed of β-sheet crystals with

strong hydrogen bonding and an amorphous non-crystalline region with varying degrees 

of hydrogen bonding. The crystalline region of silk fibroin is mainly composed of 

glycine residues alternating with alanine and serine, whereas the sequence in the 

amorphous region contains a tyrosine-rich domain. The unconjugated tyrosine residues 

and amide residues along the protein backbone in the amorphous region are capable of 

forming intermolecular hydrogen-bonding interactions with hydrogen-donor or acceptor 

molecules, endowing the silk surface with certain intermolecular assembly ability. 

Nevertheless, this binding ability is greatly weakened owing to the high crystallinity of 

silk fibroin and the lack of unconjugated functional groups in the amorphous region. To 

modify the chemical activity of the silk surface, HBPAA was employed to modulate the 

surface chemistry of silk fibroin through intermolecular self-assembly technology. 

Because HBPAA possesses a huge number of active amino end groups on the outer 

surface, it can readily assemble onto the SF surface through electrostatic and 

multi-hydrogen bonding interactions. Moreover, because of its three-dimensional 

quasi-spherical structure, the high density of amino active groups of the unbound 

HBPAA hemisphere maintains its ultrahigh affinity towards hydrogen bond acceptor 

molecules. Conversely, naked AgNPs cannot assemble onto the surface of the silk 

fibroins directly because of the lack of functional groups. The modification of the 

capping ligands to make the nanoparticles compatible with HBPAA is also required. To 
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accomplish this, the AgNPs were functionalized by modification of the nanoparticle 

surface with HBPAE. Because of the huge number of hydroxyl end groups, 

HBPAE/AgNPs could be anchored to HBPAA in a facile manner through molecule 

recognition and self-assembly.

Scheme 3.2 (i) Steps involved in the fabrication of HBPAE/AgNP-coated HBPAA/SFs 

by intermolecular self-assembly. (ii) The corresponding mechanism of self-assembly of 

HBPAE/AgNPs on the surface of HBPAA/SFs.

3.3.4 Self-assembly ability of AgNPs on surface of SFs 
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The self-assembly ability was further quantitatively analyzed by measuring the Ag 

content of the SFs as a function of concentration of the HBPAE/AgNPs. Figure 3.6

depicts the concentration-dependent Ag content of HBPAA/SFs. It is demonstrated that 

the amount of attached AgNPs on the HBPAA/SF surface increased with increasing Ag 

concentration. Up to 160 mg/L of HBPAE/AgNPs can completely self-assemble onto 

HBPAA/SFs within 10 min at room temperature. This implies that up to 8 mg/g of 

AgNP-coated SFs can be obtained with complete adsorption. Most importantly, because 

the Ag content can be controlled by simply adjusting the concentration of 

HBPAE/AgNPs, the assembly process would be fast, controllable, and quantifiable. 

Although some recently developed, solution-based coating methods such as in-situ 

deposition, sol–gel coating, and layer-by-layer assembly can introduce even higher 

density AgNP coatings, the precise control of Ag content and complete loading of 

AgNPs on fibers remain as insurmountable obstacles. Our developed intermolecular 

self-assembly may provide an efficient and environmentally-friendly solution.
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Figure 3.6 The concentration-dependent Ag content of HBPAA/SFs at room temperature 

with an impregnation time of 10 min.

3.3.5 Antimicrobial tests

After developing a robust and practical procedure for producing AgNP-coated SFs, 

their antimicrobial activity was further evaluated, which is very important for 

biomedical applications. In the case of SFs, to test the antimicrobial effects, E. coli and 

S. aureus were selected as test organisms, and SFs, HBPAA/SFs, HBPAA/HBPAE/SFs, 

and HBPAE/AgNP-coated HBPAA/SFs were evaluated qualitatively according to the 

standard shake-flask method (China) (GB/T 20944.3-2008). As shown in Table 3.1, SFs 

showed no inhibition effects on E. coli and S. aureus, confirming pristine silk had no 

influence on the antibacterial activity. Because silk fibroin consists of 

(Gly-Ala-Gly-Ala-Gly-Ser) repeating amino acid sequences, SFs are believed to be in 
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favor of bacteria growth. A slight decrease in colony formation was detected for 

HBPAA/SFs, verifying the weak antibacterial activity of HBPAA against E. coli and S. 

aureus, which was attributed to the abundant amino end groups and the cationic features 

of HBPAA. It is known that the outer membrane of Gram-positive bacteria such as E. 

coli consists of lipopolysaccharides containing phosphate and pyrophosphate groups, 

while Gram-negative bacteria such as S. aureus contains peptidoglycan, both of which 

render the cell surface negatively charged [7]. Thus, cationic HBPAA can entrap 

negatively charged bacteria, interact with the cell membranes, and influence the 

bio-function of the cell membrane, thereby leading to cell death. With further binding of 

HBPAE to the surface of HBPAA, the antibacterial activity of SFs showed a slight 

decrease, suggesting HBPAE did not promote the antibacterial activity of HBPAA. The 

weakened antibacterial activity could result from the inactivation of HBPAA as it forms 

strong electrostatic and hydrogen-bonding interactions with HBPAE. In contrast, by 

binding HBPAE/AgNPs to HBPAA/SFs, HBPAE/AgNP-coated HBPAA/SFs showed 

very high antibacterial activity. The minimum antibacterial rates of 

HBPAE/AgNP-coated HBPAA/SFs against E. coli and S. aureus were both over 98 %, 

compared with 23.04 % and 11.05 % for HBPAE/HBPAA/SFs. This proves that the 

strong antibacterial ability of HBPAE/AgNP-coated HBPAA/SFs is mainly related to 

the antibacterial effect of AgNPs. Moreover, the antimicrobial ability of 

HBPAE/AgNP-coated HBPAA/SFs was concentration dependent [8]. When the Ag 

content increased from 0.5 to 1.5, and 8 mg/g, the bacterial reduction rates against E. 

coli and S. aureus increased from 98.46 % and 98.14 %, to 99.91 % and 99.69 %, and 

then over 99.9%, indicative of a positive correlation between inhibition ability and Ag 

content. To achieve a stable antibacterial effect, the minimum inhibitory content of 
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AgNPs on SFs was determined as 1.5 mg/g. 

Notably, the aforementioned self-assembly ability experiments clearly revealed 

that the capacity for complete loading of HBPAE/AgNPs on HBPAE/SFs was up to 8 

mg/g, which is about 5 times higher than the minimum inhibitory value. Therefore, two 

advantages are expected: (i) Stable antibacterial activity can be obtained by precisely 

controlling the Ag content of the SFs and (ii) the Ag content can be controlled to a very 

low value, avoiding excessive loading of AgNPs and saving costs. 

Table 3.1 Antibacterial activities of the SFs.

Silk samples

Ag 

content

(mg/g)

Antibacterial activities

E. coli S. aureus

Surviving 

cells (cfu/mL)

% 

Reduction

Surviving 

cells 

(cfu/mL)

% 

Reduction

SFs - 2.11×106 - 6.48×106 -

HBPAA/SFs - 1.23×105 46.52 2.53×105 33.42

HBPAA/HBPA

E /SFs

-
1.77×105 23.04 3.38×105 11.05

HBPAE/AgNP-

coated 

HBPAA/SFs

0.5 3.54×103 98.46 7.07×103 98.14

1 1.08×103 99.53 3.12×103 99.18

1.5 2.07×102 99.91 1.18×103 99.69

2 1.61×102 99.93 1.03×103 99.73

5 13 99.99 1.14×102 99.97

8 11 99.99 27 99.99
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3.3.6 SEM analysis

The surface morphology of the SFs was investigated by FESEM. Figure 3.7 

displays FESEM photographs of the SF, HBPAA/SF, and HBPAE/AgNP-coated 

HBPAA/SF. Pure SF exhibited a clean and smooth surface with dense paralleled 

microfibrils [Figures 3.7(a) and 3.7(b)], verifying successful removal of sericin from the 

silk surface after degumming. By contrast, HBPAA/SF exhibited a rough surface 

morphology in the nanoscale [Figure 2.7(d)], which was probably because of the 

random assembly of HBPAA nano-quasispheres along the microfibrils of SF. As 

expected, HBPAE/AgNP-coated HBPAA/SF showed a similar surface pattern to 

HBPAA/SF. Nevertheless, except for the rugged microfibrils, numerous raised 

nanoparticles were observed and were well distributed on the HBPAA/SF surface 

[Figures 2.7(e) and 2.7(f)], which is attributed to the attachment of AgNPs on the 

surface of HBPAA/SF through intermolecular interactions. Conversely, the diameter of 

these monodispersed spherical nanoparticles shown in Figure 2.7(f) ranged from 10 to 

100 nm, which was in line with the morphological characteristics of AgNPs determined 

by TEM. In general, the aggregation state of AgNPs on the fiber surface strongly affects 

the antibacterial activity of AgNPs and the stability of the products because AgNP 

aggregation will lead to loss of an inhibitory effect on bacterial growth. The good 

distribution of HBPAE/AgNPs on HBPAA/SF may contribute to obtaining stable 

antibacterial effects. 
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Figure 3.7 FESEM photographs of (a×15,000, b×60,000) pristine SF, (c×15,000, 

d×60,000) HBPAA/SF, and (e×15,000, f×60,000) HBPAE/AgNP-coated HBPAA/SF (2 

mg/g).

3.3.7 XPS and XRD analysis

To gain a better understanding of the surface chemical state of the SFs, XPS 

analysis was performed. The survey spectrum of SFs [Figure 3.8(a))] showed that pure 

SFs mainly contain carbon (C), oxygen (O), and nitrogen (N). After assembly of 
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HBPAA on SFs, the relative intensity of the N in HBPAA/SFs increased significantly, 

confirming that HBPAA had been successfully anchored to the surface of the SFs 

because HBPAA has a much higher content of N than SFs. This was further supported 

by comparing the high-resolution N1s spectra of SFs and HBPAA/SFs. Figures 3.8(b)–

8(d) show the fitting curves of the N1s XPS spectra of SFs, HBPAA/SFs, and 

HBPAE/AgNP-coated HBPAA/SFs. The N1s peak could actually be deconvoluted into 

two major peaks at 398.9 and 399.7 eV, attributed to amino and acylamide groups [9]. 

For HBPAA/SFs, the proportion of functional amino groups greatly increased after the 

HBPAA coating. As amino-dominated HBPAA possesses much more amino end groups 

than SFs, it is confirmed that the increased proportion of amino groups was mainly 

attributed to the HBPAA coating. Notably, after further assembly of HBPAE/AgNPs 

onto the surface of HBPAA/SFs, the relative intensity of N decreased and that of O 

increased, suggesting that the hydroxyl-dominated HBPAEs were anchored to the 

surface of the HBPAA/SFs, as analyzed from wide-scan XPS in Figure 3.8(a). Moreover, 

the concentration of amino groups on HBPAA/SF surface decreased, as observed from 

the deconvoluted N1s spectra of HBPAE/AgNP-coated HBPAA/SF in Figure 3.8(d). 

Considering XPS is a highly surface-sensitive probing technique, the weakened N 

intensity may be because of the combined shielding effects of hydroxyl-dominant 

HBPAE and AgNPs. Therefore, it is demonstrated that HBPAA and HBPAE/AgNPs 

successively assembled onto the SF surface, further verifying our presumption about the 

self-assembly mechanism.

Furthermore, the presence of AgNPs on the HBPAE/AgNP-coated HBPAA/SF can 

be evidenced by the photoelectron lines of the wide-scan XPS. As shown in Figure 

3.8(a), besides C, O, and N, two new doublet peaks at round 370 eV were observed 
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when compared with SFs and HBPAA/SFs, which can be attributed to Ag3d3/2 and 

Ag3d5/2, indicative of successful attachment of AgNPs on the surface of the SFs. In the 

high-resolution Ag3d XPS spectra in Figure 3.8(e), the peaks of Ag3d5/2 and Ag3d3/2 at 

368.16 and 374.17 eV were at the characteristic positions of metallic AgNPs, indicating 

no change to the chemical valence state of the AgNPs after their transfer from water to 

the air/SF interface [10]. The good chemical stability may be attributed to their high 

crystallinity and good protection from HBPAE.
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Figure 3.8 XPS spectra: (a) wide scan, N1s spectra of (b) SFs, (c) HBPAA/SFs, and (d) 

HBPAE/AgNP-coated HBPAA/SFs, and (e) Ag3d spectra of HBPAE/AgNP-coated 

HBPAA/SFs (1.5 mg/g).

The crystal structure of the SF was further evaluated by XRD. Figure 3.9 displays 

XRD patterns of SFs, HBPAA/SFs, and HBPAE/AgNP-coated HBPAA/SF. The 
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pristine silk generated the diffraction peaks at around 9.2°, 20.6°, and 24.3°, which can

be indexed to the (100), (210), and (211) diffractions of the β-sheet crystalline structure 

of the silk fibroin, respectively [11]. After sequentially coating HBPAA and 

HBPAE/AgNPs on SFs, the characteristic peaks of the silk fibroin exhibited little 

change, indicating the assembly process did not influence the microcrystalline structure 

of the silk fibroin. Furthermore, the XRD pattern of HBPAE/AgNP-coated HBPAA/SF

showed four additional diffraction peaks at around 38.3°, 44.3°, 64.4°, and 74.5°, which 

can be indexed to the (111), (200), (220), and (311) diffractions of the 

face-centered-cubic phase metallic Ag (JCPDS No. 04-0783), respectively, suggesting 

good chemical stability of AgNPs [12]. This also verifies that AgNPs with an excellent 

crystalline structure were successfully assembled onto the HBPAA/SFs. The good 

crystallinity, excellent chemical stability, and monodispersity of AgNPs on the silk 

surface are important for the physical and chemical properties of the functional SFs. 

These advantages guaranteed the quality of the final product.  

Figure 3.9 XRD of (back) SFs, (blue) HBPAA/SFs, and (red) HBPAE/AgNP-coated 
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HBPAA/SFs (8 mg/g).



93

3.4 Conclusions

The assembly of AgNPs on the surface of natural SFs was demonstrated. It was 

achieved through the intermolecular self-assembly of HBPAE/AgNPs on HBPAA/SFs. 

HBPAE/AgNPs were synthesized through a simple reduction of AgNO3 in the liquid 

phase, employing three-dimensional structured HBPAE as the template and capping 

agent. Because of the space limitation of HBPAE micelles, the as-prepared AgNPs 

exhibited uniform morphology with an average particle diameter of 11.8 nm. Further 

research confirmed that HBPAE were successfully bonded to the surface of AgNPs 

through chemical interactions between the hydroxyl/amide groups and the Ag atom. 

The binding of HBPAA onto the molecules in the silk endowed the SF surface 

with cationic charges and a huge number of amino end groups, allowing further 

assembly of hydroxyl-dominated HBPAE/AgNPs. Because up to 160 mg/L of AgNPs 

can be rapidly and completely adsorbed from a colloidal solution to the surface of 

HBPAA/SFs (2 g) at room temperature, the Ag content of SFs up to 8 mg/g can be 

accurately controlled by simply adjusting the concentration of the HBPAE/AgNPs. The 

antibacterial tests showed that HBPAE/AgNP-coated HBPAA/SFs exhibited excellent 

inhibition activities against both E. coli and S. aureus. The antibacterial activity was 

concentration dependent and the minimum content of AgNPs for antibacterial activity 

was determined as 1.5 mg/g. Furthermore, FESEM, XPS, and XRD analyses confirmed 

that the assembly of AgNPs on the surface of the SFs exhibited high monodispersity, 

good crystallinity, and excellent chemical stability, owing to the trapping effect of 

HBPAA and protective effect of HBPAE. In summary, our developed 

intermolecular-induced assembly procedure is efficient, controllable, and 

environmentally friendly. The precise control of the Ag content of coated fibers can 
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ensure the stability of the product quality and reduce unnecessary waste of resources, 

which may offer a new approach for controlled preparation of antibacterial textiles.

In summary, our study well verified our previous speculation. This technology can 

be used for environmental-friendly preparation of various inorganic NPs, without 

limited by the surface chemistry of fibers.  
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Chapter 4 Eco-friendly preparation of 

antibacterial cotton fibers by the cooperative

self-assembly of HBPAA- and HBPAE-

functionalized silver nanoparticles

4.1 Introduction

Recently, scientists focused extensive research on the surface modification of 

biological fibers to improve their physical and chemical properties or impart new 

properties. One of interesting strategies is to coat nanomaterials on the natural fiber, 

with the purpose of turning the natural fiber into a multifunctional material that not only 

integrate the advantages of both the macroscopic natural fiber and the nanomaterial but 

also overcome their instinct drawbacks or even create new performances from their 

intrinsic properties [1, 2]. Such functional biological fibers will be helpful to transform 

natural fibers into high-tech and high-added-value products with advanced 

functionalities. Thereinto, one of hotspots for research is design and engineering of 

antimicrobial textiles by integration of antimicrobial nanomaterials into textile fibers

[3-7]. 

Since ancient times, metallic silver has been very known by mankind for its 

antimicrobial properties [6]. With the booming development of nanoscience and 

nanotechnology and an increased risk of bacterial resistance compared to existing 

organic antimicrobial agents, a new form of silver namely silver nanoparticles (AgNPs) 

have become a popular subject due to their superiority compared to bulk silver and 

organic antibiotics including robust and broad-spectrum antimicrobial activity, low 
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bacterial resistance, and good biosafety. Although exact antimicrobial mechanism is 

still subject to debate, researchers are inclined to believe that the antimicrobial ability of 

AgNPs mainly derives from the interaction of Ag ions that are released from NP 

surfaces with important proteins and enzymes and the oxygen stress caused by 

peroxides such as O2
- and OH- that are formed on surfaces of AgNPs [8]. Owing to the 

excellent antimicrobial activity and unique antimicrobial mechanism, AgNPs have been 

widely used in food preservation, water disinfection, and medical devices. Nevertheless, 

recently studies indicate that AgNPs may pose a potential threat to eco-environment. 

Toxicity of AgNPs has been found for unicellular aquatic flora and fauna, which are the 

basis of the biological chain. Therefore, reduce of waste AgNPs is of great concern for 

their further development. In general, AgNPs can be discharged to the environment in 

every phase of manufacture and use of antibacterial products. To eliminate potential 

environment risks, researches recently have been devoted to design a green synthesis 

approach for AgNPs and biocompatible AgNPs by carefully engineering their core-shell 

structure. Surprisingly, few researches dedicate in the elimination of discharged AgNPs 

during the production process of antibacterial fibers/textiles. We point out that the waste 

AgNPs produced during the manufacture process may pose an even greater threaten 

because the continuous emission of AgNP-containing wastewater in certain area may 

not only quickly change the ecological structure due to their strong antimicrobial effects 

and but also has an adverse effect on humanity by bioaccumulation and concentration of 

Ag element through water food chain.

Molecular-induced NP self-assembly on the biomolecule surface is described as 

spontaneous spatial arrangement of NPs functionalized by functional polymers that can 

recognize biomolecular targets. This spatial arrangement is driven by electrostatic 
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attraction, hydrogen bonding, host-guest interactions. As such, the self-assembly may 

may provide an alternatively eco-friendly method for generating NP coatings that can

overcome the above-mentioned shortcomings. The advantages of such bottom-up 

strategies lie in the simplicity and high-efficiency of the preparation process. In 

previous chapters, AgNPs functionalized by amino-terminated hyperbranched 

poly(amidoamine) (HBPAA) were successfully designed and found capable of being 

completely adsorbed by carboxyl-rich calcium alginate fibers (CAFs) and 

hydroxyl-containing silk fibers (SFs) depending on strong molecular interactions 

between the capping molecule and the biomolecule on the fiber surfaces. However, this 

strategy achieves lower efficiency for cotton compared with CAFs and SFs because of

the relatively inert hydroxyl groups on cotton surface. Consequently, weaker

intermolecular driving forces were compared with electrostatic repulsion forces among 

HBPAA-functionalized AgNPs (HBPAA/AgNPs). In fact, the surface AgNP charges 

adversely influence AgNP properties in the following manners: (i) the charges improve 

AgNP water stability and provide electrostatic attractions towards the oppositely 

charged organic surface or (ii) inhibit their attachment on the oppositely charged 

organic surface because of the charge repulsion among NPs. To overcome this barrier, 

we developed an NP cooperative self-assembly technology by designing two distinct

AgNPs with the NP surface functionalized with amino-terminated HBPAA and 

hyperbranched poly(amine-ester)s (HBPAE) capable of mutual recognition and 

combination to overcome the charge steric hindrance. Such charge steric hindrance was 

surmounted by converting the electrostatic repulsion among NPs to electrostatic 

attractions. Particularly, the AgNP coating was constructed by the alternate 

self-assembly of positively charged HBPAA/AgNPs and negatively charged 
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hydroxyl-terminated HBPAE-functionalised AgNPs (HBPAE/AgNPs) on the cotton 

surfaces. HBPAA and HBPAE were selected as capping agents because of their 

similarly unique advantages of 3D spatial structure, amphipathicity, and dense 

functional end groups. As such, the agents afforded the AgNPs with good protection

from agglomeration and corrosion. Meanwhile, the agents also enabled mutual 

recognition and combination because of their opposite charges and ability to form 

hydrogen bonding through amino-hydroxyl interactions.  

In this study, we designed a highly efficient and eco-friendly self-assembly approach 

to fabricate heterostructured AgNP-coated cotton fibers by NP cooperative 

self-assembly technology. In such system, cotton fibers served as the substrate, whereas 

the positively charged amino-dominated HBPAA/AgNPs and negatively charged 

hydroxyl-dominated HBPAE/AgNPs served as the cooperative building blocks. The 

surface modification of HBPAA and HBPAE aimed to enhance the agents’ binding 

capacity to hydroxyl-dominated cotton cellulose, impart high water and chemical 

stability to the AgNPs, and generate heterogeneous NPs that can mutually recognize and 

combine depending on the collective supramolecular interactions of long-range 

electrostatic attractions and short-range hydrogen-bonding interactions. AgNP coating 

was formed by the circular introduction of HBPAA/AgNPs and HBPAE/AgNPs to the 

cotton surface through a simple cyclic impregnation method. To realize the concept of 

environmental protection, HBPAA/AgNPs and HBPAE/AgNPs were completely 

adsorbed on the cotton surface by appropriately adjusting experimental conditions. The 

physical–chemical properties of the coated cotton were evaluated by Fourier transform 

infrared spectroscopy (FTIR), scanning electron microscopy (SEM), X-ray 

photoelectron spectroscopy (XPS), and X-ray diffraction (XRD).
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4.2 Experimental

4.2.1 Materials 

Cotton fibers were purchased from Zhangjiagang Nellnano Nanotechnology Co., 

Ltd (China). HBPAE and HBPAA were synthesized by previously reported methods. 

Silver nitrate (AgNO3), ethanol (99.5%), sodium borohydride (NaBH4), and nitric acid 

(HNO3, ~70%) were purchased from Wako Pure Chemical Industries, Ltd. (Japan). 

Escherichia coli (ATCC8099) and Staphylococcus aureus (ATCC 6538) were obtained 

from the College of Life Science, Soochow University (China). Nutrient broth and 

nutrient agar were purchased from Wako Pure Chemical Industries, Ltd (Japan).

4.2.2 Synthesis of HBPAA/AgNPs and HBAPE/AgNPs

Different from Chapter 2 and 3, prior to synthesis of functional AgNPs, HBPAE 

and HBPAA were dialyzed against deionized water using SnakeSkin® dialysis tubings 

(Thermo scientific, molecular weight cut-off 3500 D ) for 24 h to remove oligomers. 

Therefore, the as-prepared NPs were a little different from that synthesized in Chapter 2

and 3.

HBPAA/AgNPs were synthesized as described by our as our previously reported 

method. Specifically, HBPAA/AgNPs were fabricated by dissolving 2 g of HBPAA in 

45 mL of deionized water and adding HBPAA solution to 5 mL of 7.8 g/L AgNO3

aqueous solution at 35oC using a well-described procedure. The reaction mixture was 

slowly heated to 90 oC and kept stirring at 90 oC for 3 h. The resulting product was 

maintained in the refrigerator.
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HBPAE/AgNPs: Briefly, 5 mL of 7.8 g/L AgNO3 aqueous solution was mixed with 

45 mL of 12 g/L HAPAE solution under magnetic stirring at 30 °C. This was followed 

by the addition of 5 mL of 1 g/L of NaBH4 to the AgNO3/HBPAE mixture. The 

HBPAE-capped AgNPs sample thus was stored in refrigerator.

4.2.3 Cooperative self-assembly of HBPAA/AgNPs and HBPAA/AgNPs on CFs

The heterostructured AgNP coating was constructed by alternately coating 

HBPAA/AgNPs and HBAPE/AgNPs on CFs with final high-temperature curing. 

Primarily, their concentration ratio was set as 1:1 to ensure that HBPAA/AgNPs and 

HBPAE/AgNPs could be completely adsorbed by CFs through their cooperative 

adsorption. The bottleneck of the self-assembly was the initial adsorption of 

HBPAA/AgNPs by cotton fibers because their binding ability was much weaker than 

between HBPAA/AgNPs and HBPAE/AgNPs. Therefore, to guarantee the complete 

uptake of HBPAA/AgNPs, the optimal conditions should be first determined.

The effect of Ag concentration and incubation temperature on the adsorption of 

single HBPAA/AgNPs by cotton fibers was investigated to find their optimal conditions 

for the complete uptake of HBPAA/AgNPs by cotton fibers. Specifically, 1 g of fiber 

samples was completely infiltrated by pre-impregnation in deionized water for 10 min. 

The wet cotton fibers were then transformed onto 100 mL of solution of 

HBPAA/AgNPs with concentrations ranging from 10–100 mg/L. The mixture was then 

stirred for 120 min at 35–95 °C. The HBPAA/AgNP-coated cotton fibers were removed 

and washed with deionized water three times. The remaining concentration of 

HBPAA/AgNPs in the solution was measured by inductively coupled plasma atomic 

emission spectrometry (ICP–AES). The Ag content of the treated cotton fibers was then 

calculated by the following formula:
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(1)

where Cag, Co, and Ct are the Ag content of coated cotton fibers, initial concentration 

of HBPAA/AgNPs, and the concentration of HBPAA/AgNPs in the residual solution, 

respectively. 

The as-prepared HBPAA/AgNP-coated cotton fibers prepared under optimal 

conditions were circularly incubated with 100 mL of solutions of HBPAE/AgNPs and 

HBPAA/AgNPs with the above-determined concentration and temperature and 

incubation time of 0.5 h under stirring. After several times of treatment (including initial 

treatment by single HBPAA/AgNPs), a dense and controllable nanocoating was formed 

on the cotton surface. Finally, the as-prepared fiber samples were cleaned by tap water 

several times, cured in an oven at 120 °C for 20 min, and stored in a seal sample bag. 

4.2.4 Sample characterization

AgNP morphology was studied by transmission electron microscopy (TEM; 

JEM-2100F, JEOL, Japan). The hydrodynamic size and surface AgNP charge in the 

aqueous solution were evaluated using the Nano ZS90 Zetasizer (Malvern, UK). The 

UV–vis spectra at 300–700 nm were obtained using a UV-2700 spectrophotometer 

(Shimadzu, Japan). The Ag content was measured in acidified solutions by ICP–AES 

(Vista MPX; Varian, USA). 

The morphology and size of AgNPs on the fiber were characterized and analyzed 

by scanning electron microscopy SEM (Hitachi S-3000N, Hitachi, Japan) and field 

emission SEM (FESEM; Hitachi S-5000, Hitachi, Japan). The FTIR was collected on a 

Perkin Elmer Spectrum 100 FTIR spectrometer (Perkin Elmer, USA), which converted 
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fiber samples into powder using the KBr pellet infrared spectrometer test under a scan 

number of 32 and resolution of 4 cm−1. The chemical states and crystal structures of 

samples were analysed by XPS (AXIS Ultra DLD; Krotos, Japan) and XRD (D8 

ADVANCE, Bruker, Germany).

4.2.5 Evaluation of the antibacterial activity of CFs

The antimicrobial activity of CFs was measured against E. coli and S. aureus using 

a shake-flask method [GB/T 20944.3-2008 (China)]. Briefly, test and control CFs (0.75 

g) were immersed into a flask containing 70 mL 0.3 mM PBS (monopotassium 

phosphate, pH~7.2) culture solution with cell concentration of 1×105~4×105

colonyforming units (cfu)/mL in triplicates. Subsequently, the flasks were subjected to 

incubation on a rotary shaker at 24 oC for 18 h. The colonies formed after incubation 

were counted by spread-plating serial dilutions on an agar plate at 24 h. The percentage 

reduction (C, %) was determined using the following formula:

                                                                     

(1)

where C and A are the bacterial colonies of the control CFs and treated CFs, 

respectively. 

4.3 Results and Discussion

4.3.1 Characterization of HBAPA/AgNPs and HBPAE/AgNPs

Given the weak interactions between cotton and metallic AgNPs which is mainly 
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dominated by van der Waals forces, the poor compatibility of metallic AgNPs with 

biological fibers usually leads to low assembly efficiency, weak adhesive strength, and 

high environmental risks. Therefore, recent research focus has shifted to promoting their 

binding affinity by various strategies, such as modifying or grafting the fiber surface 

with cationic polyelectrolytes or cationic groups. Collectively, these strategies aim to 

convert weak van der Waals forces to robust long/short-range intermolecular forces,

such as electrostatic, hydrophobic, and hydrogen-bonding forces, with final 

improvement of their combination. However, this approach suffers from certain 

deterioration of mechanics and gloss of fibers. Recently, we adopted the opposite 

supramolecular self-assembly strategy: capping the AgNP surface with 

amino-terminated HBPAA to guide and immobilize NPs to the fiber surface by 

intermolecular electrostatic and hydrogen-bonding interactions while avoiding potential 

fiber damages. However, such approach remains sensitive to the surface chemical 

properties of biological fibers. 

To remedy this limitation, we further developed a supramolecular cooperative

self-assembly by alternate self-assembly of mutual recognized donator/acceptor 

molecule-capped AgNPs on the fiber surface mediated by supramolecular interactions 

among HBPAA, HBPAE, and cotton cellulose. The detailed self-assembly mechanism 

and procedure were illustrated in Figure 4.1. We first synthesized two heterostructured 

AgNPs separately functionalized with amino-terminated HBPAA and 

hydroxyl-terminated HBPAE. HBPAA and HBPAE were used as capping agents 

because these substances possess similar molecular features, including amphiphilicity, 

3D quasi-spherical structure, and abundant functional end groups suitable for protecting 

and stabilizing of AgNPs. Meanwhile, these agents endow two heterostructured AgNPs 
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with a special ability of mutual recognition and combination derived from the 

intermolecular electrostatic attraction and multiple hydrogen bonding interactions 

between HBPAA and HBAPE. The self-assembly is initially triggered by electrostatic 

and hydrogen bonding interactions between amino-functionalized HBPAA/AgNPs and 

hydroxyl-dominated cotton cellulose because HBPAA anchored to AgNPs surfaces 

possesses much higher binding ability to cotton cellulose than does hydroxyl-terminated 

HBPAE depending on their dense functional amino groups and polycationic features 

(Figure 4.1). Nevertheless, given the relatively chemical inertness of semicrystalline 

cotton cellulose, such intermolecular interactions are unsufficient to overcome 

combined obstacles of thermal energies and electrostatic repulsion among 

HBPAA/AgNPs, which is necessary to guide the massive HBPAA/AgNPs onto the 

cotton surface. Nonetheless, this disadvantage could be reversed by the alternate 

introduction of HBPAA/AgNPs and HBPAE/AgNPs onto the cotton surface for

transforming electrostatic repulsion into electrostatic attraction. By circular incubation 

with oppositely charged HBPAE/AgNPs and HBPAA/AgNPs, the attached 

heterostructured AgNPs shift turns to serve as trapping agents for oppositely charged 

AgNPs and further form multi-hydrogen bonding interactions, resulting in 

co-attachment of heterostructured AgNPs on cotton surfaces. Theoretically, a dense 

AgNP coating with controllable Ag content and environmental-friendly assembly 

procedure can be achieved by multi-cycle incubation of two reversed AgNPs and by 

ensuring the complete adsorption of AgNPs in each step through the careful design of 

experimental conditions.
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Figure 4.1 Schematic representation of cooperated self-assembly of HBPAA/AgNPs and 

HBPAE/AgNPs on a surface of the CF.

The synthetic methods of HBPAA/AgNPs and HBPAE/AgNPs were slightly 

dissimilar. HBPAA/AgNPs were synthesized by the hydrothermal reduction of AgNO3,

with HBPAA acting as the reducing and capping agent because of its reductive amino 

groups. By contrast, HBPAE/AgNPs were prepared by reducing an aqueous solution of 

AgNO3 using NaBH4 at ambient temperature with HBPAE only serving as the capping 

agent because of HBPAE’ weak reducibility. Because of narrower molecular weight 

distribution of HBPAA and HBPAE after the dialysis, synthetic NPs should be 
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re-characterized. Figure 4.2(a) shows the TEM image of monodispersed 

HBPAA/AgNPs with about 14.9 nm average diameter, in line with the hydrodynamic 

size measured by DLS [inset of Figure 4.2(a)]. The observed large-scale 

HBPAA/AgNPs exhibited a uniform size and a regular spherical structure, which were 

probably contributed by the relatively low reaction rate and rigorous space restriction of 

HBPAA. In comparison, the average hydrodynamic size of HBPAE/AgNPs possesses a 

much smaller hydrodynamic size of around 4.4 nm [inset of Figure 4.2(b)] and a slight 

wide size-distribution was observed from their TEM images [Figure 4.2(b)]. The 

smaller size is because the narrower molecular weight distribution of HBPAE compared

with that synthesized in Chapter 3. Moreover, HBPAA and HBPAE not only impart 

nano-size and good water stability to AgNPs but also opposite surface charges and 

complementary surface functional groups capable of mutual recognition and 

combination. As shown in Figure 4.2(e), The HBPAA/AgNPs possess a positive surface 

potential (+40.8 mV) derived from the numerous cationic amino groups in HBPAA. 

Conversely, HBPAE/AgNPs exhibited a slightly negative charge (-15.8 mV) attributed 

to weak acidic nature of HBPAE [Figure 4.2(f)]. The binding of HBPAA and HBPAE 

has been proved in our previous studies. The good capping effects of HBPAA and 

HBPAE on AgNPs are probably due to their three-dimensional (3D) cavity structure, 

abundant functional end groups, and their amphipathic characteristic. 



110

  Figure 4.2 TEM and high-resolution TEM images of (a, c) HBPAA/AgNPs and (b, d) 

HBPAE/AgNPs. Zeta potential of (e) HBPAA/AgNPs and (f) HBPAE/AgNPs. In situ 

size distribution measured by DLS of HBPAA/AgNPs and HBPAE/AgNPs were shown 
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in the inset of Figures 4.2(a) and 4.2(b), respectively.

4.3.2 Cooperative self-assembly of HBPAA/AgNPs and HBPAE/AgNPs on CFs

To eliminate potential environmental risks during the treatment, a fundamental 

principle is that two hereostructured AgNPs should adsorb onto CFs completely in each 

step. Thus, the concentration ratio between HBPAA/AgNPs and HBPAE/AgNPs was set 

as 1:1 to ensure their synergistically complete adsorption by CFs. In our experiment, 

coating CFs with heterostructured AgNPs was performed by cycle incubation of CFs

with colloidal solutions of HBPAA/AgNPs and HBPAE/AgNPs. Specifically, CFs are 

first incubated with a colloidal solution of HBPAA/AgNPs for 2 h. HBPAA/AgNPs 

were used as the starting coating solution because of their much stronger binding 

affinity to cotton cellulose than that of HBPAE/AgNPs attributed to the former’ opposite 

positive charges and high number of amino surface groups. 

As indicated in Chapter 2, only 15 mg/L HBPAA/AgNPs were completely 

adsorbed onto cotton fibers at room temperature. However, when the incubation 

temperature rises to 85 oC, 10-60 mg/L HBPAA/AgNPs can be completely adsorbed

onto the cotton surface, i.e., 1-6 mg/g of HBPAA/AgNP-coated cotton can be obtained 

by the complete adsorption, as shown in Figure 4.3. Therefore, the concentration of 

HBAA/AgNPs was set as 10-60 mg/L. For fabrication of cotton fibers with low Ag 

content, the temperature can be set as a low value (i.e. room temperature). In contrast, 

for fabrication of cotton fibers with Ag content over 10 mg/g, rising the temperature can 

decrease the treatment times.
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Figure 4.3 Adsorption of HBPAA/AgNP by the cotton as a function of HBPAA/AgNP 

concentration in the colloidal solution (incubation temperature: 85 oC; incubation time: 

2 h). The red line represents the adsorption efficiency of HBPAA/AgNPs by cotton as a 

function of the HBPAA/AgNP concentration.

By coating the cotton surface with HBPAA/AgNPs, the subsequent cooperative

self-assembly between HBPAA/AgNPs and HBPAE/AgNPs was much highly 

simplified because their ultra-strong intermolecular interactions. HBPAA/AgNP-coated 

CFs prepared by the aforementioned optimum experimental conditions were circularly 

transferred into colloidal solutions of HBPAE/AgNPs and HBPAA/AgNPs with the

same concentration (as determined above) under continuous stirring. Our study showed 

that the complete adsorption between HBPAA/AgNPs and HBPAE/AgNPs could 

achieve at room temperature within 30 min. This occurrence can be attributed to the 

supramolecular recognition and combination between HBPAA and HBPAE. 

Given that AgNPs were completely assembled onto cotton surface, the Ag content 

(Ccot,, mg/g) of coated cotton fibers can be calculated by the following formula:
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where CAg (mg/L) and n are the concentrations of AgNPs and treatment times, 

respectively. The concentrations of HBPAA/AgNPs and HBPAE/AgNPs were equal.

4.3.3 FTIR analysis 

HBPAA and HBPAE capping of the AgNP surface play a vital role in 

self-assembly because the agents impart the surfaces of heterostructured AgNPs with 

functional 3D polymer shells that possess opposite surface charges and abundant 

electron-donating or electron-acceptor groups, respectively. These groups not only 

protect and stabilize the AgNPs in colloidal solution but also endow the AgNPs with 

certain molecular recognition and combination ability. Therefore, NP transfer onto the 

cotton surface would accompany the chemical combination of HBPAA HBPAE, and

cotton cellulose. FTIR spectroscopy is a useful tool for representation of the chemical 

composition, spatial configuration, and functional groups of organic materials. As such,

FTIR can be utilized to confirm the existence of HBPAA and HBPAE and analysis the 

potential physiochemical influence of HBPAE and HBPAA on cotton. As shown in 

Figure 4.4(b), the FTIR spectrum of the pristine CFs shows typical characteristic peaks 

of cotton cellulose [10]. The broad band ranged from 3200 to 3500 cm−1 could be 

assigned to O-H stretching (intermolecular hydrogen bonds). The vibrations located at 

around 2918 and 2850 cm-1 are attributed to CH2 asymmetric stretching, which 

originates from the cellulose in the cell walls of cotton and wax substances attached on 

the cotton fiber surface. The band centered at around 1640 cm−1 corresponds to the 

deformation vibration of absorbed water molecules through hydrogen bonding in 
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amorphous regions of the cellulose macromolecules. The bands of 1250-800 cm−1

represent the fingerprint of cotton cellulose, which could be assigned to vibrations of 

COH in-plane bending, antisymmetric bridge C(1)-O-C(4) stretching, and C-O stretching. 

Notably, the vibrations located at 1161 and 896 cm-1 were attributed to β-D-glucoside 

bond, and their position and intensity were associated with the molecular weight of 

cotton cellulose. After introducing various densities of heterostructured AgNP coatings 

to CFs, the main chemical bonds and related intensity of cotton cellulose, including O-H 

stretching, asymmetric C-H stretching, COH in-plane bending, C-O-C stretching, and 

C-O stretching, remained unchanged. This result implied the absence of major 

molecular structural change and secondary conformation during the cooperative 

self-assembly process.

The absorption bands and the intensity of combined water at 1650 cm–1 and CH2

symmetric deformation at around 1429 cm–1 indirectly represent the proportion of 

amorphous and crystalline cellulose. In the case of 3 mg/g of heterostructured 

AgNP-coated cotton fibers, these absorption bands show almost the same intensity as 

that of the pristine cotton fibers, suggesting that the cooperative assembly process did 

not affect the crystal structure of cotton. Conversely, when Ag content increased to 15 

mg/g, obvious changes in vibrations from 1750 cm−1 to 1350 cm–1 were observed. The 

characteristic adsorption band of combined water around 1650 cm–1 was covered 

completely by absorption bands of amide I, amide II, and C–H vibrations in HBPAA 

and C=O, C–N, and C–H vibrations in HBPAE. This result suggests that HBPAE and 

HBPAA were anchored to the cotton, and their content were positively correlated to Ag 

content. The finding also implies that the cooperative self-assembly of the AgNPs 

achieved an important association with their functional capping molecules.
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Figure 4.4 (a) FTIR spectra of HBPAA (black) and HBPAE (red). (b) FTIR spectra of 

pristine CFs (black) and 3 mg/g (blue) and 15 mg/g (red) of heterostructured 

AgNP-coated CFs.

4.3.4 Morphological characterizations of functional CFs

The morphologies and distribution states of AgNPs assembled on the CF surface

significantly affect the function of the final nano-coating as observed by FESEM and 

SEM. As shown in Figure 4.5, the pristine CFs exhibited unique morphological 

characteristics, including nature-formed convolution and parallel-arranged macrofibrils 
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with a certain degree of orientation [Figure 4.5(a)-4.5(c)]. After coating with 

HBPAA/AgNPs and HBPAE/AgNPs, an obvious distinction presented between the 

uncoated and AgNP-coated CFs. Numerous monodispersed AgNPs and few of AgNP 

clusters were uniformly scattered on the cotton surface when Ag content was only 3

mg/g. Unlike monodispersed AgNPs on a fiber surface, Ag cluster formation was 

attributed to the chemical interactions between HBPAA and HBPAE [Figure 

4.5(d)-4.5(f)]. Even so, the diameter of the constituent AgNPs in nanoclusters remained 

unchanged relative to the determined sizes of the HBPAA/AgNPs and HBPAE/AgNPs 

as observed under FESEM when the NPs transferred from water to the solid cotton

surface. Hence, no crystallization growth of AgNPs occurred during the self-assembly 

process, as shown in Figure 4.5(f). Furthermore, the assembled AgNPs may have

inherited their intrinsic nano-properties after the spatial transformation. By further 

increasing the concentration of heterostructured AgNPs, we observed the coverage 

density of AgNPs on the cotton surface to proportionally increase as expected. 

Compared with that under low AgNP content and although monodispersed AgNPs 

remained as the dominant distribution mode, the proportion of the heterostructured 

AgNP clusters was slightly enlarged. Notably, this coating remained well distributed 

through a fraction of large aggregates, suggesting that heterostructured AgNPs tend to 

attach interfaces between the cotton and AgNPs rather than self-stacking during the 

self-assembly process. This effect was probably caused by the combined intermolecular 

forces among the HBPAA/AgNPs, HBPAE/AgNPs, and cotton cellulose, making 

AgNPs preferentially anchored to the negative charged cotton interfaces. The chemical 

characteristics of the nanocoating were further confirmed by the energy dispersive 

spectroscopy (EDS) mapping analysis of elements N and Ag. As displayed in Figure
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4.5(j)-4.5(l), additional N and Ag elements were found in the heterostructured 

AgNP-coated CFs compared with the pristine CFs, which should be ascribed to the 

attachment of HBPAA, HBPAE, and metallic AgNPs to the CFs. Notably, the N and Ag 

distributed evenly on the CF surfaces, which is in good agreement with FESEM 

measurements. This effect was mainly attributed to the ordered self-assembly of the 

heterostructured AgNPs on the CF surfaces.

Figure 4.5 FESEM images of (a-c) pure cotton and (d-f) 3 mg/g and (g-i) 15 mg/g of 
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heterostructured AgNP-coated CFs. (j-l) Corresponding EDS element mapping images 

showing the distribution of C, O, and Ag elements obtained from SEM (Ag content: 15 

mg/g).

4.3.5 XPS and XRD analysis

Metallic NPs are prone to corrosion when transferred from water to oxygen 

(O2)-rich air environment. Therefore, the capping of 3D-structured HBPAA and 

HBPAE serves another important purpose, i.e., the isolation of the NPs from O2, with 

final improvement of the NPs’ chemical stability. To verify the protective ability of the 

capping molecules, we conducted XPS spectra of pure cotton fibers and 3 mg/g and 15 

mg/g of the heterostructured AgNP-coated CFs. Figure 4.6(a) shows the wide-scan XPS 

spectra of pure CFs and 3 mg/g and 15 mg/g of heterostructured AgNP-coated CFs. The 

pure CFs showed only C1s and O1s peaks whereas N1s peaks at around 400 eV and 

Ag3d at around 374 and 368 eV were found in coated CFs, indicative of the attachment 

of heterostructured AgNPs. The intensities of N and Ag elements increase 

synchronously with increasing Ag content, suggesting their close integration. Moreover, 

the attachment of HBPAA and HBPAE could be further verified by analyzing the C1s 

XPS spectra of cotton and the 3 mg/g and 15 mg/g samples of heterostructured AgNPs 

as shown Figure 4.6(b). The C1s peaks of CFs could be classified into four categories as 

follows: C-C (284.5 eV), C-O (286.4 eV), C=O (287.8 eV), and O-C=O (289.0 eV).

These peaks were attributed by cellulose and impurities such as long chain fatty acids. 

Notably, with rising Ag content of the coated CFs, the intensities of C-O and C=O 

augment, attributing to the increased content of HBPAA and HBPAE. The Ag3d 

deconvolution shown in Figure 4.6(c) and 4.6(d) demonstrated that the heterostructured 
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AgNPs maintained their metallic character when AgNPs were transferred from water to 

the organic cotton surface.

To further examine the chemical stability, 15 mg/g of heterostructured AgNP-coated 

cotton fibers was stored in air for 1 month and then assessed by XRD. After the 

1-month storage, the diffraction peaks at 38.1°, 44.2°, 64.4°, and 77.4° remained

unchanged. All the peaks can be indexed to the (111), (200), (220), and (311) 

diffractions of the standard face-centered-cubic phase metallic Ag (JCPDS No. 

04-0783) without any characteristic diffractions peaks of AgO, indicating chemical 

stability.

Figure 4.6 (a) Wide-scan and (b) C1s XPS spectra of pure CFs (black) and 3 mg/g (red) 
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and 15 mg/g (blue) of heterostructured AgNP-coated CFs and Ag3d XPS spectra of (c) 

3 mg/g and (d) 15 mg/g of heterostructured AgNP-coated CFs

Figure 4.7 XRD of fresh prepared (black) heterostructured AgNP-coated CFs (15 mg/g)

and (red) stored for one month.

4.3.6 Antimicrobial activity of heterostructured AgNP-coated CFs

The heterostructured AgNP-coated cotton fibers with Ag content from 1.5 mg/g to 15 

mg/g were fabricated by the method described above, and their antibacterial activities 

against E. coli and S. aureus were quantitatively measured using the shake-flask method. 

Compared with biocompatible cotton fibers, the heterostructured AgNP-coated cotton 

fibers exhibited excellent antibacterial activities against E. coli and S. aureus (Table 1). 

The inhibition rates of E. coli and S. aureus both exceeded 99% when the Ag content 

was only 1.5 mg/g. As expected, the heterostructured AgNP-coated cotton fibers also 

showed Ag-content-dependent antimicrobial activity. The antibacterial rates against E. 

coli and S. aureus increased from 99.93% and 98.93% to 99.95 and 99.91%, 
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respectively, as Ag content increased from 1.5 mg/g to 3 mg/g. With further increase in 

Ag content to 6 and 15 mg/g, almost all of the E. coli and S. aureus were killed, 

indicating the materials’ powerful antibacterial effects. Notably, the antibacterial 

function of the coated cotton was derived from the synergistic effects of the AgNPs and 

the capping molecules. The functionalization of NP surfaces with HBPAA and HBPAE 

endowed the NPs with molecular selectivity, affecting their surface binding to bacterial 

cells. Particularly, the HBPAA and HBPAE molecules on the AgNP surfaces can trap 

lipopolysaccharide- and peptidoglycan-containing E. coli and S. aureus onto the cotton 

fiber surface by electrostatic or hydrogen-bonding interactions because of their highly 

active amino and hydroxyl groups. Consequently, the NPs exhibited efficient 

antibacterial activities. 

Table 4.1 The antibacterial activities of CFs and coated CFs against E. coli and S. 

aureus.

Cotton samples

Ag 
content

(mg/g)

Antibacterial activities

E. coli S. aureus

Surviving 
cells 
(cfu/mL)

%

Reduction

Surviving 
cells 
(cfu/mL)

%

Reduction

CFs - 4.52×106 - 1.37×107 -

Coated CFs

1.5 1.89×102 99.93 3.64×103 98.93

3 1.35×102 99.95 3.06×102 99.91

4.5 56 99.98 1.36×102 99.96
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6 31 99.99 37 99.99

15 0 100 0 100
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4.4 Conclusions

Heterostructured AgNP-coated cotton fibers with tunable Ag content were fabricated 

by an eco-friendly approach through supramolecular cooperative self-assembly of 

mutually recognized HBPAA/AgNPs and HBPAA/AgNPs. The as-synthesized 

HBPAA/AgNPs and HBPAE/AgNPs possessed opposite charges and high density of 

amino and hydroxyl groups, respectively, which were capable of forming strong 

electrostatic and intermolecular hydrogen-bonding interactions. The generation of a 

special heterostructured coating was dependent on two important characteristics. One is 

the good binding affinity of the HBPAA/AgNPs toward cotton cellulose derived from 

their dense functional amino groups. This attribute rendered the initial self-assembly 

between the HBPAA/AgNPs and cotton fibers possible. The other attribute is the ability 

of the HBPAA/AgNPs and HBPAE/AgNPs to mutually recognize and combine through 

ultra-strong supramolecular interactions. Therefore, the two distinct AgNPs could 

cooperatively self-assemble onto the cotton surface through a well-designed 

step-by-step assembly process. Specifically, heterostructured AgNP-coated cotton fibers 

were fabricated by the circular incubation of cotton fibers with HBPAA/AgNPs and 

HBPAE/AgNPs at room temperature. By carefully controlling the AgNP concentration 

and incubation time, the complete adsorption of heterostructured AgNPs on cotton 

fibers could be achieved. Further studies showed that the cooperative self-assembly 

maintained their high efficiency even after five cycle treatments. FESEM measurement 

suggested that the constructed heterostructured AgNP coating showed good uniformity, 

although a fraction of Ag nanoclusters exited. XPS and TEM analyses demonstrated the 

good chemical stability of AgNPs after spatial transfer from water to the organic solid 

surface, probably owing to the excellent protection afforded by HBPAA and HBPAE. 
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Our antibacterial tests showed that the fabricated heterostructured AgNP-coated cotton 

fibers exhibited Ag-content-dependent and tunable antibacterial ability because the Ag 

content in the cotton fibers could be precisely controlled. In summary, the advantages of 

cooperative self-assembly technology include environmental friendliness, precise 

control of Ag content, and high self-assembly capacity, indicating their potential 

application in antibacterial textiles. 
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Chapter 5 Fabrication of hierarchical structured 

Fe3O4 and Ag nanoparticles dual-coated silk and 

TiO2 nanoparticle-coated cotton through

self-assembly

5.1 Introduction

In Chapter 4, we demonstrated a cooperative self-assembly technology for

fabrication of heterostructured silver nanoparticle (AgNP)-coated CFs through 

functionalization of surfaces of NPs with mutually recognized HBPAA and HBPAE 

molecules. Actually, this technology can be extended to coat various heterogeneous 

inorganic NPs on biological fibers. In the present work, we demonstrate a new 

preparation methodology for special hierarchical structured Fe3O4 nanoparticles 

(Fe3O4NPs)/Ag nanoparticles (AgNPs) dual-coated silk fibers (SFs) through a simple 

cooperative self-assembly technology. The supramolecular self-assembly technology 

can also be used to coating other inorganic nanoparticles [here is Titanium dioxide 

nanocrystals (TiO2 NCs)] onto biological fibers.

Here we prepared novel hierarchical structured Fe3O4NPs/AgNPs dual-coated SFs 

through a unique cooperative self-assembly technology using positively-charged 

HBPAA/AgNPs and negatively-charged citric acid-functionalised Fe3O4NPs (CA/ 

Fe3O4NPs) as building blocks. Specifically, Fe3O4NPs/AgNPs dual-coated SFs were 

constructed by sequential impregnation with solutions of HBPAA/AgNPs and

CA/Fe3O4NPs. The as-prepared hierarchical structured SFs were finally characterized 

by XRD, FESEM, and VSM.
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We also prepared TiO2 NC-coated cotton fabrics by supramolecular self-assembly. 

Water-soluble hydroxyl-terminated hyperbranched poly(amino-ester) (HBPAE)-capped 

titanium dioxide nanocrystals (TiO2 NCs) were synthesized for coating a cotton fabric via 

a hyperbranched poly(amidoamine) (HBPAA)-mediated self-assembly strategy in order 

to produce a controllable and uniform TiO2 coating on the cotton surface. As-prepared 

TiO2 NCs were characterized by TEM, fFESEM, and XRD. It was demonstrated that 

hydroxyl-modified TiO2 NCs were egg-shaped and had a narrow size distribution. A TiO2 

NC-coated cotton fabric was prepared by sequential impregnation with solutions of 

HBPAA and TiO2 NCs. It was shown that HBPAA were chemically bound to the cotton 

surface. FESEM and XRD characterizations demonstrated that TiO2 NCs could 

self-assemble on a cotton fabric efficiently and distributed uniformly on the cotton 

surface.

5.2 Experimental

5.2.1 Synthesis of HBPAA/AgNPs and CA/Fe3O4NPs 

Positively charged HBPAA/AgNPs were synthesized by adding 48 mL of HBPAA 

solution (0.21 mM) to 2 mL of AgNO3 (46.3 mM) at 35 °C using a well-described 

procedure as shown in Chapter 2. The reaction mixture was slowly heated to 90 °C and 

kept stirring at 90 °C for 3 h. This resulting solution was dialyzed against distilled water 

for 72 h. 

Negatively charged CA/Fe3O4NPs were synthesized by adding 4 mL of 1M FeCl3

solution, and 1 mL of 2 M FeCl2 in 2 M HCl solution into 50 mL of water and 

temperature was increased to 70 °C. 0.8 M ammonia aqueous solution was 

instantaneously added to the mixture and kept this temperature for 20 min. Then 5 mL 
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of 2 mM CA was added to the reaction mixture and heated for 60 min at 90 °C. The 

as-prepared Fe3O4NPs were separated, purified, and redissolved in 200 mL of water [1]. 

5.2.2 Synthesis of HBPAE-capped TiO2 NCs

HBPAE-capped TiO2 NCs were synthesized using a modified hydrothermal 

method. Typically, 30 mL of ethanol solution containing titanium(IV) isopropoxide 

(35.2 mmol) and acetic acid (10 mmol) was dropwise added into 30 mL of 

water/ethanol mixed solution under vigorous stirring at 35 oC. The mixed solution was 

stirred for 1h and sequentially aged for 12 h to form a TiO2 gel. After the formation of 

the three-dimensional network gel, 0.2 mol of HBPAE in 20 mL distilled water was 

added into the mixture, continuously stirring for 1 h, and finally transferred into a 100 

mL Telfon-lined stainless-steel autoclave. The system was then heated at 200 °C for 

10 h. The obtained yellow precipitates were centrifuged and repeatedly washed with 

deionized water. The resultant TiO2 NCs were redispersed in deionized water.

5.2.3 Preparation of Fe3O4NPs/AgNPs dual-coated SFs by the cooperative 

self-assembly technology

SFs were added into 100 mL of AgNP solution (0.185 mM, pH=8.4) and kept at 

95 °C with constant magnetic stirring for 30 min. The prepared HBPAA/AgNP-coated 

SFs were rinsed in deionized water several times and air-dried. Next, 

HBPAA/AgNP-coated SFs were added into 50 mL of Fe3O4 colloid solution (1.6mM, 

pH=6.3) and kept at 35 °C for 10 min. The resulting dual-coated sample was 

repetitively washed with water and ethanol, and dried under vacuum for 5 h at 50 °C. 

5.2.4 Self-assembly of HBPAE-capped TiO2 NCs on HBPAA-modified cotton 

fabric
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The cotton fabric was first activated by alkaline treatment according the previous 

report [2]. Next, 2 g of activated cotton fabric was added into 100 mL of 10 g/L HBPAA

solution at 98 oC for 1 h. The obtained HBPAA-modified cotton fabric was rinsed with 

deionized water several times and air-dried, and then immersed subsequently in the 

solution of TiO2 NCs (100-340 mg/L) and held at 60 oC in water bath for 1 h with 

constant stirring. The resulting TiO2 NC-coated cotton fabric was washed with deionized 

water several times and oven- dried. The TiO2 content on the cotton fabric was estimated 

by subtraction method, i.e., the difference in TiO2 NC concentration in the solution 

before and after the assembly. The TiO2 NC concentration in the solution was quantified 

by digesting the sample in HNO3/HF mixture solution and then performing ICP-AES 

measurements (Vista MPX ICP-AES spectrometer) [3]. 

5.2.5 Sample characterization 

Fe3O4NPs/AgNPs dual-coated SFs were analyzed by XRD (Bruker, Germany, D8 

advance). FESEM (HITACH, Japan, S-5000), and vibrating sample magnetometer 

(VSM, USA, Lakeshore7307- 9309). 

The morphology and size of the TiO2 NC-coated cotton fabrics were observed 

using FEI Tecnai G220 TEM and FESEM (Hitachi S-4800 and S-5000) systems. UV-vis 

spectra were obtained using a Shimadzu UV-2700 spectrophotometer. FTIR spectra 

were recorded using a Perkinlmer Spectrum 100 FTIR spectrometer. Powder XRD 

patterns of the samples were obtained using a Shimadzu XRD-6100 X-ray 

diffractometer operated at 1320 W power (40 kV, 33 mA) and equipped with a Cu Kα 

radiation source.

5.3 Results and discussion
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5.3.1 Fabrication of hierarchical structured Fe3O4 and Ag nanoparticles

Hierarchical structured Fe3O4NPs/AgNPs dual-coated SFs were constructed using 

a cooperative self-assembly technique to sequentially coat positively charged AgNPs 

and negatively charged Fe3O4NPs on the surface of SFs. The potential mechanism is 

presented in Scheme 5.1. The positively charged HBPAA/AgNPs played a significant 

role in the assembly. Due to the cationic character of HBPAA, HBPAA/AgNPs were 

endow with positive charges with zeta potential of +38 mV, which can be assembled on 

the surface of negatively charged SFs through electrostatic attraction in alkaline 

medium. In addition, the surface of AgNPs was capped by HBPAA molecules, which 

could introduce positively charges to the surface of the fibers. Thus negatively charged 

Fe3O4NPs could be adsorbed on the AgNP surface through intermolecular electrostatic 

interactions. 

Scheme 5.1 Procedures of sequent assembly of HBPAA/AgNPs and CA/Fe3O4NPs on 

the surface of SFs.

The crystalline structures of SFs, HBPAA/AgNP-coated SFs, and 

Fe3O4NPs/AgNPs dual-coated SFs were firstly studied using XRD (Figure 5.1). All 
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XRD patterns display typical diffraction peaks at around 9.4°, 20.5°, and 24.3°, which 

can be attributed to the β-sheet crystalline structure of silk fibroin [4]. In the cases of the 

XRD patterns of HBPAA/AgNP-coated SFs and Fe3O4NPs/AgNPs dual-coated SFs, 

expect for the diffraction peak of silk fibroin, the diffraction peaks at 38.1°, 44.2°, 64.4°, 

and 77.4° can be respectively indexed to (111), (200), (220), and (311) diffractions of 

the face-centered-cubic phase metallic Ag (JCPDSNo.04-0783), indicating the 

attachment of metallic AgNPs. However, Fe3O4NPs/AgNPs dual-coated samples 

exhibited additional diffraction peaks located at 30.2°, 35.5°, 57°,and 62.7°, which 

suggests face centered cubic structured Fe3O4NPs (JCPDSNo.65-3107) were adsorbed 

on the Ag surface. These findings indicate that both AgNPs and Fe3O4NPs have 

assembled on the SFs. 

Figure 5.1 Representative XRD patterns of blank SFs (black), HBPAA/AgNP-coated 

SFs (red), and Fe3O4NPs/AgNPs dual-coated SFs (blue).
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The surface morphology of SFs is imaged by FESEM, as depicted in Figure 5.2. 

The blank SF displayed a smooth surface with visible grooves aligned along the fiber 

axis [Figure 5.2(a) and 5.2(b))]. HBPAA/AgNP-coated SFs are displayed in Figure

5.2(c) and 5.2(d). Densely-wrapped spherical NPs with diameters in the range of 1–50 

nm were observed on the surface of the SFs. It can therefore be concluded that the 

spherical NPs observed on the surface of SF [Figure 5.2(d)] should be easily contributed 

to the attachment of HBPAA/AgNPs. Notably, these assembled AgNPs were 

single-layered and monodispersed, which was due to the combined effects of both steric 

hindrance and electrostatic repulsion among HBPAA/AgNPs. Similar to the 

HBPAA/AgNP-coated SF, high dense NPs were also found on the surface of 

Fe3O4NPs/AgNPs dual-coated SF as shown in Figure 5.2(e) and 5.2(f). In order to 

confirm their hierarchical structure, HBPAA/AgNP-coated SFs were partially 

impregnated with Fe3O4NP solution in the experiment. The interface between 

impregnation area and non-impregnation area was investigated by FESEM. As 

displayed in the inset of Figure 5.2(f), an obvious hierarchical structure was observed. 

In comparison with HBPAA/AgNP-coated SF, a second NP coating was formed over the 

Ag coating after treatment with Fe3O4NPs solution, indicating Fe3O4NPs were 

successfully assembled onto the surface of HBPAA/AgNPs through intermolecular 

electrostatic attractions between the positively charged HBPAA/AgNPs and negatively 

charged CA/Fe3O4NPs.
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Figure 5.2 FESEM images of the (a × 7,000, b × 30,000) blank SF, (c × 7,000, d × 

30,000) HBPAA/AgNP-coated SF and (e × 7,000, f × 30,000) Fe3O4NPs/AgNPs 

dual-coated SF. The inset of Figure 5.2(f) shows the interface between impregnation 

area (above the red line) and non-impregnation area (below the red line). The 

magnification of inset is 90,000.

  The magnetic Fe3O4NPs/AgNPs dual-coated SFs were exhibited by the attraction to 

a magnet as shown in Figure 5.3(a). Dual-coated SFs could be attracted onto the magnet 
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and lifted against gravity, indicative of their excellent magnetic property. The magnetic 

property of the Fe3O4NPs/AgNPs dual-coated SFs was also quantitatively determined 

by VSM at room temperature, and the hysteresis loop was presented in Figure 5.3(b). It 

is noted that the Fe3O4NPs/AgNPs dual-coated SFs showed slightly ferromagnetic 

property revealed by the magnified plot in the inset, with the coercivity (Hc) of 8.44 Oe 

and a remanent magnetization of 0.024 emu/g. Their weak ferromagnetic behavior may 

be due to the slight agglomeration of a small portion of Fe3O4NPs during the assembly 

process. In addition, the as-prepared Fe3O4NPs/AgNPs dual-coated SFs exhibited good 

magnetic value with saturation magnetization (Ms) of nearly 3.21 emu/g in comparison 

with reported literature [5,6], which is due to the high dense Fe3O4NPs attached on the 

SF surface. 
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Figure 5.3 (a) Photo of the magnetic property of Fe3O4NPs/AgNPs dual-coated SFs

under an external magnet, and (b) magnetic hysteresis loop of the Fe3O4NPs/AgNPs 

dual-coated SFs at room temperature.

5.3.2 HBPAA-mediated self-assembly of hydroxyl-modified anatase TiO2

nanocrystals on cotton fabric

HBPAE-capped TiO2 NCs were prepared by adding the desired amount of HBPAE 

solution to the TiO2 gel made in an acidic medium followed by hydrothermal reaction. 
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The TiO2 colloids prepared in acidic media are positively charged. They act as a support 

to adsorb HBPAE. Thus the negatively charged HBPAE can adsorb strongly onto the 

TiO2 NC surface. Upon hydrothermal dissolution-recrystallization reaction, 

well-crystallized TiO2 NCs are obtained in the liquid solution. 

The light absorption property of HBPAE-capped TiO2 NCs was first investigated 

by UV-vis spectroscopy. As shown in Figure 5.4(a), TiO2 NCs exhibited a strong 

absorption band below 380 nm, corresponding to the band gap energy of TiO2 NCs (3.2 

eV). Moreover, the as-synthesized TiO2 NCs in the presence of aqueous solution 

exhibited a transparent blue color [inset of Figure 5.4(a)], in accordance with the optical 

feature of TiO2 NCs reported in the literature [7]. It is noted that blue coloration is the 

characteristic of free conduction band electrons in TiO2, derived from oxygen vacancies 

or titanium interstitials that are formed during the synthetic process [8]. Furthermore, 

TiO2 NCs exhibited good water solubility. This may be due to the electrostatic repulsion 

and steric hindrance among hydroxyl-functionalised nanoparticles. 

Figure 5.4 UV-vis adsorption spectra of TiO2 colloidal solution. The inset of Figure 5.4

displays a typical photograph of the as-prepared TiO2 solution.
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Figure 5.5 TEM, (b) HRTEM, and (c) FESEM images of TiO2 NCs and the (d) XRD 

pattern of TiO2 NCs.

Figure 5.5(a) and 5.5(b) show TEM and HRTEM images of the as-prepared TiO2

NCs. It is clearly revealed that the TiO2 NCs were monodisperse nanocrystals. 

Furthermore, the as-prepared TiO2 NCs were egg-shaped and had a width of around 10 

nm and a length of 17.6 nm. The small size was probably due to the volume restriction 

effect of HBPAE micelles [9]. The HRTEM image of TiO2 NCs showed the 

unidirectional lattice fringes of the (101) plane with a lattice spacing of 0.35 nm 

(JCPDS No. 21-1272) [Figure 5.5(b)], affirming a preferential crystal growth along the 

(101) direction. Figure 5.5(c) displays the FESEM image of TiO2 NCs. No large 

nanoparticles were observed, indicative of their uniform size.

The crystallinity of the as-synthesized TiO2 NCs is further verified by XRD. As 

shown in Figure 5.5(d), broad reflection peaks were observed at 2θ values of 
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approximately 25.2, 37.9, 48, 53.9, 55.1, 62.8, 68.9, 70.4, and 75°, which can be 

indexed to diffraction peaks from the (101), (004), (200), (105), (211), (204), (116), 

(220), and (215) planes of anatase (JCPDS No. 21-1272). Note that there are no 

additional diffraction peaks corresponding to rutile or brookite phases, indicating their 

pure anatase phase. 

The modification of the surface chemistry of cotton fibers is necessary prior to the 

assembly of TiO2 NCs on a cotton surface. A cotton fiber is mainly composed of 

cellulose with repeating units of 1, 4-D-glucopyranose. Some side-chain OH groups of 

cellulose can be typically ionized in aqueous phase; thus, a cotton fiber carries certain 

negative surface charges, which exhibits electrostatic repulsion for negatively charged 

TiO2 NCs. To improve the surface affinity of cotton, Amino-terminated HBPAA is 

employed as a surface modifier. As a three-dimensional cationic polymer with dense 

amino groups on the outer surface, the positively charged HBPAA can readily bind to a 

cotton surface through strong electrostatic and hydrogen-bonding interactions. The 

anchored HBPAA can further serve as the cationic template for attracting negatively 

charged hydroxyl-functionalised TiO2 NCs through intermolecular interactions.

The modification of cotton with HBPAA was achieved by impregnating cotton 

fabrics with HBPAA solution at elevated temperatures. The HBPAA anchored on cotton 

surface was detected by FTIR. The FTIR spectra of a pure cotton fabric showed typical 

characteristic peaks of cellulose (the black curve of Figure 5.6). The broad band at 

3150-3500 cm-1 was attributed to the O-H stretching vibration. Two weak peaks at 1918 

and 2852 cm-1 resulted from the symmetric stretching vibrations of methylene groups. 

The characteristics of IR bands of the C-H, O-H, C-O, and C-O-C vibrations were 

observed in the range of 1500-900 cm-1. The absorption peaks at 897 and 1159 cm−1
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correspond to the C-O-C stretching vibrations at β-d-glucoside linkage [10]. After 

modification, the overall spectra of the HBPAA-modified cotton showed the same 

pattern [the red curve in Figure 5.6(a)], suggesting that the surface modification had no 

effect on the chemical structure of cotton. Nevertheless, some clues of chemical 

interactions between the HBPAA and the cotton were found in the bands of the O-H 

stretching, CH2 stretching, and C-O-C/C-O stretching vibrations. As shown in Figure

5.6(b), the broad band between 3700 and 3000 cm-1 was assigned to the O-H stretching 

vibration, which corresponds to intramolecular hydrogen bonds of O(2)H O(6) and 

O(3)H O(5) (3460-3410 cm-1 and 3375-3340 cm-1), and intermolecular hydrogen 

bonding of O(6)H O(3) (3310-3230 cm-1) in the cellulose crystalline structure [11, 12]. 

The decrease in the intensity of the O-H stretching vibration in HBPAA-modified 

cotton (3330-3230 cm-1) could be attributed to the disruption of intra- and 

intermolecular hydrogen bonds after the binding of HBPAA. The intensities of the CH2

asymmetric and symmetric stretching vibration regions located at around 2982-2851 

cm-1 as well as the absorption band in the range of 1600-1000 cm-1 slightly increased, 

probably resulting from the superposition of the adsorption of CH2 asymmetric and 

symmetric stretching vibrations, amide I, amide II, and amide III from the HBPAA. 

Conversely, the intensities of the adsorption peaks of C(6)-O at around 1028 and 984 

cm-1 decreased while the intensity of the adsorption peak of the C-O-C at 1053 cm-1

remained unchanged [Figure 5.6(c)] [11, 12]. This is probably attributed to the chemical 

interactions between amino groups in HBPAA and C(6)-OH groups in cotton. In 

summary, HBPAA chemically bound to the cotton fabric and had no effect on its 

chemical structure. 
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Figure 5.6 FTIR spectra of (I) cotton fabric, (II) HBPAA-modified cotton fabric, and 

(III) HBPAA.

TiO2 NCs were self-assembled onto the cotton fabric by HBPAA-mediated 

self-assembly strategy. Contributed by strong electrostatic and hydrogen bonding 

interactions between HBPAA and HBPAE, the HBPAA-modified cotton fabric could 

trap HBPAE-capped TiO2 NCs through intermolecular interactions. To evaluate the 

assembly ability of TiO2 NCs, the adsorption ability of TiO2 NCs on cotton as a 

function of the concentration of TiO2 NC solution was investigated. As shown in Table 
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5.1, the TiO2 content was TiO2 NC concentration-dependent. By increasing the of TiO2

NC concentration from 100 to 340 mg/L, the TiO2 content increased from 5 to 11.2 

mg/g. The adsorption efficiency of TiO2 NCs decreased from nearly 100 to 65.9 %. 

Notably, the pure cotton fabric showed little TiO2 adsorption (4.6% for 100 mg/L), 

indicative of poor chemical interactions. This probably results from the electrostatic 

repulsion between the cotton cellulose and the HBPAE. 

Table 5.1 TiO2 contents of cotton fabrics as a function of TiO2 NC concentration.

Sample
Concentration of TiO2

NCs (mg/L)

TiO2 content of 

fabric (mg/g)

Loading 

efficiency (%)

Pure cotton 100 0.23 4.6

Modified

cotton

100 ~5 ~100

180 8.9 98.9

260 10.8 83.1

340 11.2 65.9

Cotton cellulose consists of repeated cellobiose units joined by β-(1,4) linkage into 

chains. The polymerization degree ranges from 1×104 to 1.5×104. Several cellulose 

chains are combined to form an elementary fibril with a diameter of 3.5 nm. Elementary 

fibrils are assembled into microfibrils with a diameter ranging from 10 to 30 nm. The 

microfibrils further form macrofibrils that range from 0.1 to 1.5 μm in diameter [13]. 

The characteristic microstructure of cotton fibers can be observed by FESEM. As 

displayed in Figure 5.7(a), the convolution of cotton fibers was clearly observed at a 

low magnification (1,000 times). The cotton fibers showed dense paralleled macrofibrils 

with diameters of around 0.4 μm and a clean and smooth surface at a magnification of 
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10,000 × [Figure 5.7(b)], in good agreement with the morphology characteristics of 

cotton fibers. On the contrary, HBPAA-modified cotton fibers exhibited a smoother 

surface [Figure 5.7(c)], probably due to the attachment of the HBPAA. After the 

assembly of TiO2 NCs onto the cotton surface, numerous well-dispersed nanoparticles 

were found on the surface of cotton fibers compared with HBPAA-modified cotton 

fibers. The diameter of the spherical nanoparticles was found to vary from 10 to 100 nm, 

which was in line with the morphological features of TiO2 NCs determined by TEM. 

Note that HBPAA was responsible for the attachment of TiO2 NCs on the surface of 

cotton fibers. 

Figure 5.7 FESEM images of (a × 1000, b × 10000) pristine, (c × 10000) 

HBPAA-modified, and (d × 10000) TiO2 NC-coated cotton fiber (5 mg/g).

The crystalline structure of the TiO2 NC-coated cotton fabric was studied by X-ray 

diffraction analysis. Figure 5.8 shows representative XRD patterns of pristine, 
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HBPAA-modified, and TiO2 NC-coated cotton fabrics. The peaks at 2θ values of around 

15.2 , 16.7, 23, and 34.5o respectively correspond to the (101), (10 i ), (002), and (040) 

planes of the diffractions of the cellulose I crystalline structure of cotton fibers (JCPDS. 

No. 03-0226). After coated with TiO2 NCs, three reflection peaks centered at around 

25.2, 38, and 48° appeared and all diffraction peaks could be indexed to the (101), (004), 

and (200) diffractions of the anatase phase of TiO2, which were consistent with the 

values in the standard card (JCPDS No. 21-1272). This indicates the attachment of TiO2 

NCs on cotton fibers.

Figure 5.8 XRD patterns of (a) pristine, (b) HBPAA-modified, and (c) TiO2 NC-coated 

cotton fabric (5 mg/g).
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5.4 Conclusions 

Fe3O4NPs/AgNPs dual-coated SFs were prepared through a special cooperative 

self-assembly technology using positively charged HBPAA/AgNPs and negatively 

charged CA/Fe3O4NPs as building blocks. Results from XRD showed that 

HBPAA/AgNPs and CA/Fe3O4NPs were anchored onto the surface of SFs. FESEM 

displayed that the high dense Fe3O4NPs and AgNPs hierarchically distributed on the 

fiber surface. The as-prepared dual-coated SFs exhibited excellent magnetic property, 

which can be attributed to the high dense Fe3O4NPs that were assembled on the surface 

of SFs.

Supramolecular self-assembly can be also used to fabricate TiO2 NC-coated cotton. 

First, HBPAE-modified TiO2 NCs were synthesized via hydrolyzation followed by

hydrothermal reaction in liquid phase, employing HBPAE as the capping agent. 

As-prepared anatase TiO2 NCs were egged-shaped and exhibited a uniform morphology. 

To improve the binding affinity between HBPAE and cotton cellulose, HBPAA was 

anchored to cotton by simply impregnation of cotton with HBPAA aqueous solution at 98 

oC. The binding of HBPAA onto cotton endowed the cotton surface with cationic charges 

and huge numbers of amino end groups, allowing further self-assembly of 

hydroxyl-modified TiO2 NCs. The FESEM and XRD characterizations confirmed that 

TiO2 NCs were well dispersed on the cotton surface, which was probably due to 

electrostatic repulsions among HBPAE-capped TiO2 NCs. The as-prepared TiO2

NP-coated cotton fabric is expected to be used in various applications such as 

antimicrobial, anti-UV, and self-cleaning textiles.
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Chapter 6 Conclusion

Wastewater has been one of the most insurmountable problems in textile industry. 

Since the emerge and fast development of antimicrobial silver nanoparticle 

(AgNP)-coated textiles in recent several decades, AgNP-containing wastewater 

produced in the finishing process gradually poses a greater threat to the ecological 

environment than traditional organic dyes in textile industry because of their strong 

antimicrobial ability. Besides, although many nanocoating technologies have been 

developed to coat AgNPs on the surface of biological fibers, most of them are belong to 

top-down approaches. The precise control of Ag content and control of spatial 

arrangement of AgNPs on the fiber surface are still great challenges. To solve these 

problems, we developed three different supramolecular self-assembly technologies

aiming to environmental-friendly coat AgNPs on biological fibers. The spontaneous

arrangement of AgNPs on the fiber surface with good uniformity and mono-dispersity 

can achieve by controlling supramolecular forces including electrostatic attraction and 

hydrogen bonding interactions and electrostatic repulsion among NPs. The specific

methodologies and related conclusion are as follows.

In Chapter 2, an environmental-friendly approach has been developed for 

preparation of AgNP-coated cotton, silk, and calcium alginate fibers by hyperbranched 

poly(amidoamine) (HBPAA)-guided assembly of AgNPs on the surface of biological

fibers in aqueous solution. HBPAA-functionalized AgNPs (HBPAA/AgNPs) were 

synthesized in aqueous media using HBPAA as the reducing and capping agent. The 

self-assembly of HBPAA/AgNPs was realized by incubation of biological fibers in a 

colloidal solution of HBPAA/AgNPs. SEM and XPS characterizations demonstrated 
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that high density of metallic AgNPs were uniformly distributed on the fiber surface. The 

results of antibacterial tests indicated that the coated biological fibers exhibited high 

antibacterial activity against gram-positive and gram-negative bacteria.

In Chapter 3, we report an efficient and environmentally-friendly approach for the 

preparation of silver nanoparticle-coated silk fibers (SFs) through self-assembly of 

hyperbranched poly(amine-ester)s-modified AgNPs (HBPAE/AgNPs) on 

HBPAA-modified silk fibers (HBPAA/SFs) driven through intermolecular interactions 

between hydroxyl-terminated HBPAE and amino-terminated HBPAA. The 

HBPAE/AgNPs had a particle size of 11.8 nm and were slightly negatively charged. The 

self-assembly process was conducted by successively impregnating the SFs with 

HBPAA and HBPAE/AgNPs solutions. Up to 160 mg/L of HBPAE/AgNPs could 

completely self-assemble onto HBPAA/SFs (2 g) at room temperature within 10 min, 

allowing the Ag content of HBPAE/AgNP-coated HBPAA/SFs to be precisely 

controlled up to 8 mg/g by simply adjusting the concentration of the AgNPs. The 

antibacterial activity of HBPAE/AgNP-coated HBPAA/SFs was dose-dependent and the 

minimum Ag content was determined as 1.5 mg/g with an inhibitory rate of over 99%. 

Further characterization demonstrated that the as-prepared HBPAE/AgNP-coated 

HBPAA/SFs have unique structural features including well-dispersed NPs on the 

surface and good chemical stability. The developed self-assembly technology may 

provide a simple, efficient, and environmentally-friendly coating strategy for the precise 

control of Ag content on coated fibers, which is important for the quality control of 

antibacterial textiles.

In Chapter 4, we designed an environmentally-friendly and energy-efficient 
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bottom-up nanocoating strategy for cotton fibers by cooperated self-assembly of 

complementary AgNPs that are functionalised by amino-terminated HBPAA and 

hydroxyl-terminated HBPAE, respectively. HBPAA/AgNPs possess positively surface 

charges of + 40.8 mV and dense amino end groups while HBPAE/AgNPs own a slightly 

negatively surface charges (-15.8 mV) and abundant OH end groups. Therefore, owing 

to intermolecular recognition and interactions between HBPAA and HBPAE, 

heterostructured AgNPs could cooperatively self-assemble on the surface of biological

fibers. Specifically, cotton fibers were alternately incubated with solutions of 

HBPAA/AgNPs and HBAPE/AgNPs and finally dried in an oven. Our SEM, FESEM, 

and XPS studies confirmed that heterostructured AgNPs were uniformly coated on the 

surface of cotton fibers, indicative of their excellent physical and good chemical 

stability. The coated cotton fibers show excellent antibacterial capability. At very low 

Ag content (3 mg/g), the coated cotton fibers showed satisfactory antibacterial effects 

with the antimicrobial rates of over 99 %. The developed cooperated self-assembly 

strategy showed nearly complete uptaking of AgNPs by natural fibers and precise 

control of Ag content, indicating its good potential for practical production.  

In Chapter 5, we further used the cooperated self-assembly technology to coat 

HBPAA/AgNPs and citric acid-capped Fe3O4 NPs (CA/Fe3O4NPs) onto silk fibers. The

hierarchical structured Fe3O4NPs/AgNPs dual-coated silk fibers were fabricated by 

sequential impregnation of silk fibers with solutions of HBPAA/AgNPs and 

CA/Fe3O4NPs. As-prepared hierarchical structured silk fibers were characterized by 

XRD, FESEM, and VSM. XRD and SEM characterizations demonstrated that silk fibers 

were hierarchically and uniformly coated by high dense AgNPs and Fe3O4NPs. VSM 

analysis indicated that the as-prepared ternary composite fibers showed excellent 
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magnetic property.

Besides, the supramolecular self-assembly technology can be used to design other 

inorganic nanoparticle coatings. As a demonstration, in chapter 5, water-soluble 

hydroxyl-terminated hyperbranched poly(amino-ester) (HBPAE)-capped titanium 

dioxide nanocrystals (TiO2 NCs) were synthesized for coating a cotton fabric via an 

amino-terminated hyperbranched poly(amidoamine) (HBPAA)-mediated self-assembly 

strategy to produce a controllable and uniform TiO2 coating on the cotton surface. It was 

demonstrated that hydroxyl-modified TiO2 NCs were egg-shaped and had a narrow size 

distribution. A TiO2 NC-coated cotton fabric was prepared by sequential impregnation 

with solutions of HBPAA and TiO2 NCs. FESEM and XRD characterizations 

demonstrated that TiO2 NCs could self-assemble on a cotton fabric efficiently and were 

distributed uniformly on the cotton surface.
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