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Chapter 1 Introduction 
Bombyx mori silk(The following is abbreviated as silk), a protein fiber derived 

from Bombyx mori silkworm cocoons, is known to be one of the strongest natural 

biomaterials[1]. Silk, has been employed for many years in textile in China. Silk protein 

is a natural macromolecular material composed of 18 kinds of amino acids, among 

which the content of glycine (43~ 46%), alanine (25~30%) and serine (12%) is about 80% 

of the total amino acid [2-4]. It is soft and shiny, and is known as the "fiber queen". Silk 

protein is often used as textile raw materials because of its good heat preservation, 

hygroscopicity, and moisture. Because of its soft, elegant, comfortable wearing and 

superior thermal performance, its textiles are popular among the public. Silk fabric is 

very popular in many overseas markets due to its excellent mechanical properties, luster, 

smoothness and comfort properties. 

In addition, silk protein has stable physical and chemical properties, unique 

biodegradability and biocompatibility, which make it a very promising biological 

material [5-7]. At present, the preparation and development of new silk protein 

composites have developed rapidly and have been applied in many fields such as 

medicine, materials, food and environmental protection [8-10]. In order to meet some 

specific requirements across different fields, silk with enhanced mechanical properties 

is always required. A lot of new strategies include gene transfection, variations in 

spinning process and chemical or physical modifications of the silk. In recent years, 

scientists have developed a variety of methods for modification or enhancements of 

fibroin protein, such as regenerated silk method[11-13], the feeding and breeding 

improved environment law[14], mechanical drawing method[15-18], chemical grafting 

method and feeding the rearing method[19-25].  

These methods have certain influence on nature of silk fiber, such as weakening 

mechanical properties of regenerated silk fiber, or affecting fiber's spinnability, or 

making fibers losing the unique properties of silk such as luster, softness, and so on. 
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These limitations restricts the application and development of silk fibroin composites. It 

is precious to prepare the fast durable functional silk fibroin bio-composite material, silk 

composite fiber or regenerated silk composite fiber with specific function, while 

retained the excellent characteristics of the natural silk as textile fiber material.  

1.1 Structure and properties of silk fiber 

Different from cotton and wool containing various substances, silk fibers are 

mainly composed of long-chain polypeptides. Silk protein is secreted by the silkworm. 

The length of silk protein secreted by each silkworm is 1000 ~1500 meters. Silk protein 

is the smallest, the softest and the lightest natural protein fiber in nature. Silk protein 

fiber has incomparable advantages over other synthetic fiber such as the low cost in 

production. The silk fiber is composed of silk protein and sericin protein: each silk 

protein fiber contains 70 to 75 percent of the silk protein, including 20 ~ 25% of silk 

glue and 5% of impurities (carbohydrate and pigment etc.)[26, 27]. Silk fiber (SF) is a 

naturally created protein fiber, mainly consisting of a gummy outer layer (sericin) and 

two core filaments (fibroin)[28]. As shown in Figure 1.1, the silk protein has distinct 

structure: triangular cross-section. 

 
Figure 1.1 Unwashed native Bombyx mori silkworm silk[15]  
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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 degrees of hydrogen bonding[29]. The synergistic effect of sericin and 

fibroin protein plays an important role in the protection of silkworm larvae[30]. Silk 

fibroin is a main component to provide mechanical properties of silk protein. Silk 

protein is the most valuable research component; sericin protein is a water-soluble 

globular protein, is a kind of potential biological allergens, often with the reeling 

process in hot water was removed[31].  

Silk fibroin is the main body of silk protein, with good biodegradability and 

biocompatibility[32]. Silk fibroin is a fibrous protein, including 900 ~ 1400 fibrils with 

a diameter of 1 m, and along the longitudinal axis alignment (fibril is composed of 

the micro fibril, microfibril with a diameter of 10 ~ 15 nm), formed silk fibroin fibers 

with a diameter of 10 ~ 18 m. The molecular weight of silk protein is very high, 

besides, molecular structure and molecular interaction are extremely complex. The silk 

protein is composed of the heavy chain (H chain, a molecular weight of 391 kDa), light 

chain (L chain, molecular weight 28 kDa) and P25 protein (molecular weight of 25 

kDa).The heavy chain contains a large amount of glycine, and the light chain contains 

more alanine, glutamate, and phenylalanine. The heavy chain contains 11 crystalline and 

non-crystalline regions, with the light chain combined with the disulfide covalent bond 

and the molar ratio is 6:1. The P25 protein is connected by hydrophobic interaction with 

them[33]. The confirmation of silk fibroin molecules is composed of Silk I structure and 

Silk II structure. Silk I structure contains random coil and �-helix, and Silk II structure 

is mainly antiparallel �-sheet [34-36]. In the three conformations, the antiparallel 

�-sheet energy is the lowest and therefore the most stable. 

The amino acid sequence in the crystalline region of the silk fibroin is mainly 

composed of glycine residues alternating with alanine and serine; the sequence in the 

amorphous region contains a tyrosine-rich domain[37, 38]. Silk fibroin fibers gain 
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smoothness and clear surfaces with good chemical activity, which can be easily 

combined with other functional materials [39-43]. And 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 [44, 45]. In general, the ultimate fracture strength of 

natural silk fiber is between 300 and 740 Mpa, and the fracture elongation is around 

20%. 

1.2 Silk fibroin Nanocomposite material 

In natural biological silk, the mechanical properties of silk fibroin fiber are second 

only to natural spider silk. Compared to spider silk, silkworm silk protein is cheaper and 

more productive. Although silk has excellent mechanical properties and good 

biocompatibility, from the application point of view, natural silk fiber is currently used 

only in the field of textile and surgical suture area, the performance of a single to a 

certain extent, which limits the application of natural silk fiber. Therefore, in recent 

years, many researchers employed through a variety of technical treatment or adopt the 

method of integration with other functional materials, to modify functions of silk 

material. New function lead to new applications of silk fiber and improve the added 

value of natural silk. In this case, the new features of silk different from the 

conventional application are being discovered, based on the unique small size effect, 

surface effect and biological effect of nanomaterial. Therefore, the study of 

nanomaterials of silk is becoming a hot research area. 

1.2.1 Spinning method of regenerated silk fibroin solution  

Spinning method of regeneration silk fibroin solution is the process of converting 

the silk fibroin from the fiber to the solution and then into the fiber. During this process 

the silk fiber is dissolved into a protein solution, and then the silk protein solution is 

transformed into a silk fiber process by spinning. The content of β-sheet in fiber has 

great influence on mechanical properties of silk fibers. The silk fibers obtained by 
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solution regeneration method are smooth and uniform, but the mechanical properties are 

not as good as the raw silk fiber.  

Generally speaking, the regenerated silk fibroin fiber is prepared through stretch 

spinning of silk fibroin solution[46], wet spinning [13, 47-52], dry spinning [53-58], 

and electrospinning[59-63], and so on. In order to improve the mechanical properties of 

the fibroin fiber, the researchers usually add nanomaterials to the silk fibroin solution 

before the spinning process as an enhancer. Common nano enhancers include carbon 

nanotubes, graphene, metal nanomaterials, etc. There are a lot of researchers on the 

regenerated silk fibroin fiber, and the kinds of literature have been summarized in detail 

[57, 64-66]. Therefore, this paper just introduces a few representative studies and the 

latest development.  

Pan et al. added a small amount of titanium dioxide nanoparticles to the silk 

protein solution, and the silk protein/titanium dioxide composite fiber was obtained by 

dry spinning. The results show that the fiber is more resilient than silk fiber[12]. Pan et 

al. made the carbon nanotubes mixed with silk fibroin solution, through the electrostatic 

spinning technology to obtain the silk fibroin/carbon nanotube composite fiber, and the 

Raman images showed that carbon nanotubes were dispersed homogeneously in silk 

fibroin fibers [11]. 

Fibers of regenerated silk fibroin (RSF) are usually brittle and weak. Y Bai et al. 

prepared composite fibers of RSF reinforced via functional graphene oxide (FGO) with 

high strength by the wet spinning. The greatest force at the hybrid fibers was 697 ± 22 

MPa up to break, which is a 58.7% improvement over the breakage force of pure RSF 

silk fiber[13]. Yifeng Huang et al. and Salvador A. C. et al. provided a new 

methodology to produce regenerated silk fibroin films as a good candidate material for 

usages in controlled release[43]. 

The smooth and uniform silk protein fiber can be obtained by means of dissolution 

and regeneration method; at the same time, after simple treatment, the enhancement 

agent can be distributed evenly to the inside of the fibroin fiber, thus obtain the 
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composite fiber material with uniform performance. After years of development and 

continuous improvement, the preparation of silk fibroin fiber has become more and 

more mature.  

There is no doubt that when adding inorganic compounds in the proper regenerated 

silk fibroin spinning solution such as carbon nanotubes[11, 67-69], graphene[70-74], 

nanotitanium oxide[12, 75-77], nanohydroxyapatite[76, 78-82], montmorillonite[83, 84], 

even gold[70, 85] or silver[86, 87] nanoparticles, as long as the regenerated silk fibroin 

fiber can be smoothly spun nanofibers in spinning process under the  appropriate 

condition, the performance has been improved more or less. However, the value is far 

from the expectation. Compared with natural silk, the regenerated fiber by this method 

has a large gap in mechanical properties, and it has no spinnability, which limits the 

scope and scale of its application. In addition, it leads to the longer cycle, higher 

requirements for instruments and solvents, and higher costs. Furthermore, a high 

concentration of salts as solvents will have a corrosive effect on the instrument, 

shortening the service life of the instrument. 

1.2.2 New silk fiber via feeding silkworm functional nanomaterials  

The method of feeding and rearing silkworm is a new method for the development 

of in-situ enhanced silk. Nanomaterials have unique properties, such as surface effect, 

small size effect, and quantum confinement effect, etc., which lead to its unique optical, 

electric, magnetic, thermal and mechanical properties. With the development of science 

and technology, nanomaterials are becoming more and more popular. In recent years, 

the researches on the usage of nanomaterials feeding method more to improve the 

performance of silk fibroin mechanics research has achieved rapid development, 

involving the nanomaterials mainly include fluorescent dye molecules ferrosoferric 

oxide, carbon nanotubes, graphene, and titanium dioxide, and so on.  

At first, Tansil et al. fed silkworm rhodamine functional fluorescent dye molecules, 

such as to gain with fluorescent colour cocoon. The results showed that dye molecules 
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exist in Bombyx mori silk fibroin, which is obviously different from ordinary color 

cocoons (the normal colored cocoon pigment molecules exist in silk glue)[19, 20]. In 

2014, Anuya et al. further studied this experiment, they found that the proper molecular 

weight and hydrophilicity of the dye were the key to the color cocoons. It also found 

that a large number of dye molecules were present in the silk fibroin when the silkworm 

was fed Direct acid fast red and Mordant black 17, which showed that after the feeding 

of exogenous substances can participate in silkworm silk protein synthesis in the body 

and the assembly process, and the rearing method enhancing silk by subsequent added 

food laid a theoretical basis for the study of dynamic performance[21].  

In 2014, Wang et al. were able to obtain the magnetic silk fibroin fiber by spraying 

the silkworm with the nano-grade ferrosoferric oxide (Fe3O4). Fe3O4 resulted in the 

reconstruction of some proteins on the surface of the silk fibroin. The silk fibroin fiber 

not only has good magnetic properties, but also has great mechanical properties and 

thermal stability, and in addition, the thermogravimetric analysis indicates that a small 

amount of trioxide is present in the fibroin fiber [22]. 

In addition, Wang et al. have coated the surface of mulberry leaf with MWCNT 

and fed the silkworm. The maximum fracture strength of silk protein fiber was 1.69 Gpa, 

24 % higher than the blank group silk fiber, and the fracture elongation rate was 24 %. 

The mechanical properties of silk protein fiber were comparable to spider silk. The 

MWCNT are embedded within the silk fibroin, and the cross-section of the silk protein 

fiber is changed from a triangle to an ellipse. The contents of Silk I structure, thermal 

stability and conductivity of the Silk protein fiber are significantly improved due to the 

existence of MWCNT[23]. Qi Wang et al. reported mechanically enhanced silk directly 

collected from Bombyx mori larval silkworms fed with single-walled carbon nanotubes 

(SWNTs) and graphene. However, they also found that parts of the fed carbon 

nanomaterials were incorporated into the as-spun silk fibers, whereas the others went 

into the excrement of silkworms[25]. 
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The above research shows that: (1) nanomaterials can be entered into silk by the 

metabolism of silkworm;(2) the embedding of functional nanomaterials is the 

fundamental cause of enhancing silk fibroin synthesis in situ.(3) silkworm feeding 

method can be used to synthesize silk protein/functional nanomaterials in situ, which is 

of constructive significance for the preparation of new biomaterials. Silkworm feeding 

method forms the silk fibroin/functional nanomaterials and composite materials through 

setting new functional materials to silk fibroin. The existence of nanomaterials can not 

only enhance the mechanical properties of the silk fibroin, but also makes the silk 

fibroin molecules with the performance of the nanomaterials. The method brings a new 

way to study the new performance of silk, and poses a great challenge in the 

development of technology about finding the right dose and examine individual 

differences of feeding quantity, and it is also a considerable challenge to keep the health 

of silkworms during the feeding period. Under the existing conditions, it will have a 

long way to go from small-scale rearing laboratory experiment to industrialized 

large-scale preparation of high-performance silk. 

Regenerated silk fibroin fiber can be turned into the functional fiber via blending 

nanocomposites by the means of dissolution and regeneration method. However, under 

the existing process conditions, the regenerated fiber has a large gap in mechanical 

properties, even if the carbon nanotubes or graphene are added. The most important 

thing is that the regenerated silk lost a lot of excellent properties of natural silk because 

its internal microstructure has been destroyed in the regenerated silk fiber process, 

which directly results in the fact that the regenerated fibers are usually not spinnable. 

From the angle of textile science, defects in the fiber are quite obvious.  

As for silkworm feeding method, it can be used to synthesize silk 

protein/functional nanomaterials in situ, which is of constructive significance for the 

preparation of new biomaterials. To some extent, we are optimistic. Nevertheless, under 

the existing conditions, even if we don’t consider about the production scale and 

quantity requirements, it is a great challenge to produce uniform functional silk. Now 
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we can only look forward to the further development of technology and the joint efforts 

of researchers in this area. 

1.3 Graphene and graphene-based materials 

Graphene and graphene-based materials have recently gained extensive interests 

for their good application potential in composite nanomaterials because of their unique 

physicochemical properties. Graphene is a single atom thick sheet made out of carbon 

atoms arranged in a honeycomb structure, which is the thinnest, strongest and stiffest 

material and has excellent heat and electronic conductivity, remarkably outperforming 

metals and metal composites[88-92]. Because of the poor affinity to natural fibers, 

naked functional nanoparticle coatings on natural fibers usually suffer from a function 

decrease under external physical and chemical stimuli, thereby leading to a poor 

function durability.  

Similar to graphene, graphene oxides (GOs) also received extensive attention due to 

their similar structural properties. Generally, the main difference between graphene and 

GOs is the addition of oxygen atoms bound with the carbon scaffold[93]. Although GOs 

lost their electronic conductivity after oxidation, they inherit mechanical good properties 

from graphene. Besides, GOs possesses comparative advantages including good 

solubility in water and ease to tailor surface properties by functionalization, because of 

their particular surface functional groups such as hydroxyl and carboxyl groups[94-99]. 

Therefore, GOs gain certain advantages in medicine, adsorbing materials, sensors, 

functional composites etc. One typical case is the preparation of macroscopic 

multifunctional graphene-based hydrogels and aerogels in aqueous solution through 

reduction of GOs by ferrous ions and in situ attachment of nanoparticles on GOs. Such 

functional hydrogels possess excellent adsorption capacity for oil and metal ions[100]. 

With the excellent performance of graphene and graphene-based nanomaterials 

more and more found in recent years, graphene research has been widely involved in 

various fields of scientific research. The latest research reports on graphene materials 
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each year are growing up particularly and have been summarized in detail in the 

literature [101-142]. 

1.4 Silk fibroin and graphene / graphene-based materials 

Silk, a protein-based natural polymer, is a flexible but strong material. Graphene 

oxide has so many hydroxyl and carboxyl groups, which is easy to react with the amino 

groups of the silk. It is a good strategy to prepare graphene and silk composite fibers 

served as the carrier of functional composite fibers. 

Silk fibroin and graphene are both promising biomaterials described in the 

bibliography [39, 90, 143-148]. Hybrid scaffolds combining their properties could be 

attractive for tissue engineering applications [41, 146, 149, 150]. Salvador A. C. et al. 

provided a new methodology to produce electrospun fibroin scaffolds coated with 

graphene materials for application in biomedicine. The excellent biocompatibility of 

silk fibroin meshes was maintained after coating with graphene, being the proliferation 

results equal in all the treatments 7 days after the seeding (Tukey, p > 0.05) [146]. 

Graphene oxide has been uniformly adsorbed on silk-fibroin meshes and then 

chemically reduced to get a conductive, electroactive and very stable coating. Used as a 

self-supported working electrode in NaCl aqueous solution, the coated mesh supports 

the electrochemical characterization of the adsorbed graphene[151]. Silk protein 

nanofibers adhered on reduced graphene oxide (rGO) sheets are used as templates to 

regulate the formation of nanostructured iron oxide composites to develop a simple but 

effective strategy for the formation of metal oxide nanomaterials with superior 

performance, achieving porous nanorod structures that could not be attained in control 

experiments[152]. 

In the specific R & D process, silk fiber as a biomedical material, plays a key role 

in the design and synthesis of nanocomposite materials with controllable process, 

loading with nanoparticles dispersed on the surface of the chains. Silk fiber is often used 

as the first choice of bio-material for researchers from various fields [144, 145, 
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153-159]. Kook In Han et al. prepared flexible silk fiber (SF) coated with graphene 

oxide (GO) via electrostatic force without adhesive intermediates, which showed the 

feasibility of capacitive humidity sensor [160]. Liu, Ying et al. developed a flexible, 

simple-preparation, and low-cost graphene-silk pressure sensor based on soft silk 

substrate through thermal reduction, which can achieve the sensitivity value of 0.4 kPa-1, 

and the measurement range can be as high as 140 kPa[161]. 

1.5 The purpose of this study 

In order to obtain functional silk fiber, one of the effective means is coating the silk 

fibers with specific functional materials, such as organic materials and nanomaterials. 

When specific functional materials are attached on the outer surface, the obtained 

biological fibers can exhibit the combined properties of the original components. 

However, the structure of silk is single, which limits the application of silk materials. 

In this case, we aim to design and develop a coaxial cable model and multilayer 

composite silk nanofibers, the synergistic effect of nanomaterials can be the better, 

given the silk fiber more new features and new applications, and as far as possible to 

retain the characteristics of silk fiber. Preserving the original characteristics and shape 

of silk provides infinite possibilities for the development and utilization of the textile 

field, and even more fields in the future, for example, wearable sensors for pulse, blood 

pressure, temperature and humidity, and so on. 

So we go back to the source of the problem and our original intention, how can we 

hit such a goal? 1. Understanding the compatibility between natural silk and the 

functional nanomaterials (including graphene-based materials and functional 

nanoparticles) is essential to advance the use of silk in functional applications. 2. How 

to assemble nanocomposite fiber to achieve the quantitative controllability is also an 

unavoidable problem. 

We have to turn to graphene oxide instead of graphene, because a large number of 

functional groups of graphene oxides sheets can react with the functional groups of silk 
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to produce crosslinking reactions, besides, they can absorb each other through the 

opposite charges under the certain solution conditions. Luckily, hyperbranched 

poly(amide-amino) (HBPAA) can enhance the reaction between GOs and silk fiber, 

which here serves as a strong guiding agent and glue because of their comparative 

advantages including cationic and amphipathic characteristics, three-dimensional 

structure, and dense amino end groups that can capture and fix negatively charged 

hydroxyl/carboxyl-contained GOs nanosheets compared to linear cationic electrolytes. 

It is worth noting that the final GO-coated silk composite fiber can be reduced to 

graphene-silk composite fiber according to the specific needs. 

When we come to the quantitative controllability of the coating, layer by layer 

(LbL) self-assembly technology is considered as an advisable choice. Due to direct 

specific interactions and/or indirect interactions in their environment, it is feasible to 

achieve the process of self-assembly by the spontaneous organization of discrete 

components such molecules and NPs. The organization independent building blocks 

into ordered macroscopic structures need direct interactions or indirect interactions. 

Self-assembly of nanoparticles has been identified as an important process where the 

building blocks spontaneously organize into ordered structures by thermodynamic and 

other constraints[162]. This technique has been used for a long time and has been 

reported in a lot of literature [163-170], so no more details here. As for our case, silk is 

tough, but it becomes soft when exposed to water. Here a strong affinity of 

amine-functionalized Graphene oxide (AFGO) was designed, by coating the silk fibers 

with AFGO by LbL self-assembly technique onto the silk fibers to prepare of AFGO @ 

silk composite. 

To sum up, graphene oxide coated silk material can be made of silk composite 

fiber through the layer by layer self-assembly technology, which not only makes the 

compatibility between natural silk and the functional nanomaterials, but also achieves 

the quantitative controllability. Meanwhile, the characteristics of silk fiber will be 

retained as far as possible.  
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1.6 Composition of this study 

In this study, self-assembly strategies were developed to coat functional 

nanoparticles onto the surface of silk fibers in the controllable and 

environmental-friendly way. And then, a special LbL assembly technology was 

developed to prepare a tightly-adhered GOs coating. In particular, a GOs coating was 

prepared by cycle impregnation of two separate solutions of HBPAA and GOs. The 

developed LbL self-assembly technology may provide a controllable approach to coat 

GOs on the surface of biological fibers and graphene-based functional materials. At the 

same time, the prepared graphene and silk composite fiber can serve as the carrier of 

functional composite fibers, which has increased the chances of more choices to 

develop multi-functional composite fibers.  

In Chapter 2, graphene oxide (GO)-coated silk fibers were fabricated through 

HBPAA-induced LbL self-assembly technology.  

The closely adhered GOs coatings were achieved by circular incubation with 

solutions of HBPAA and GOs, with HBPAA serving as the "molecular glue" that could 

bind single or multi-layered GOs to the surface of silk fibers. The surface’s chemical 

and physical properties of designed GOs /HBPAA-coated silk fibers were also 

characterized. In the experiments, GOs nanosheets were synthesized by a modified 

Hummers’ method and were characterized by atomic force microscopy (AFM), 

transmission electron microscopy (TEM), X-ray diffraction (XRD), and X-ray 

photoelectron spectroscopy (XPS). Owing to the positive charges and abundant amino 

end groups of HBPAA, our developed technology was able to tightly bind GOs to the 

silk surface and control their loading capacity. The Fourier transform infrared (FT-IR) 

spectroscopy, XPS, XRD, thermos-gravimetric characterizations confirmed the 

attachment of HBPAA and GOs. With the increased density of GOs coatings, a silk 

surface in a small part was observed by Field emission scanning electron microscopy 
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(FESEM), to check the situation of GOs spreading on the surface of silk fibers and any 

self-folding though excessive stacking. 

In chapter 3, GO-encapsulated Ag NP-coated silk fibers with hierarchical coaxial 

cable structure were fabricated by the molecule-directed self-assembly. 

For protecting AgNP coatings from detachment, we designed the graphene oxide 

(GO)-encapsulated Ag nanoparticle (AgNP)-coated silk fibers with GO serving as the 

protective films through HBPAA-directed self-assembly. By introducing two 

dimensional GO nanosheets, a robust, hard, and closely-fitted protective films can be 

achieved on the fiber surfaces through self-stacked of GOs. To design a well-defined 

hierarchical structure, silk fibers were hierarchically coated with HBPAA-capped 

AgNPs (HBPAA/AgNPs) and GOs by successively impregnating the fibers in the 

solutions of HBPAA/AgNPs and GOs. In such structure, HBPAA served as "a 

double-sided tape" not only gluing AgNPs to the fiber surfaces but also adhere GOs to 

the surfaces of HBPAA/AgNPs. The developed coaxial cable-structured coatings could 

isolate Ag nanocoatings from external stimuli, opening a potential route to improve the 

function persistence and biosafety of AgNP-coated bio-textiles. As-prepared GOs by a 

modified Hummer’ method and AgNPs were studied by TEM and AFM. The fact of 

HBPAA/AgNPs coatings encapsulated by GOs was examined FESEM. GOs coated to 

metallic AgNP surfaces was characterized by XPS and XRD. 

In chapter 4, Fabrication of hierarchical structured graphene oxide-Fe3O4 hybrid 

nanosheets and Ag nanoparticles bimetallic coated silk fibers were fabricated through 

self-assembly. 

To design and fabrication of well-organized hierarchical structured graphene oxide 

(GO)-Fe3O4 hybrid nanosheets and Ag nanoparticles (AgNPs), bimetallic coated silk 

fibers via a facile and simple assembly technology remain a significant challenge. Here 

we prepared novel hierarchical structured GO-Fe3O4NPs/AgNPs bimetallic coated silk 
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fibers via a special electrostatic self-assembly technology using positively charged 

AgNPs and negatively charged GO-Fe3O4NPs as the building blocks. Specifically, 

GO-Fe3O4NPs/AgNPs bimetallic coated silk fibers were facilely obtained by sequential 

impregnation with solutions of HBPAA-capped AgNPs and citric acid-capped 

GO-Fe3O4NPs. In the present work, special hierarchical structured 

GO-Fe3O4NPs/AgNPs bimetallic coated silk fibers have been prepared via a simple 

electrostatic self-assembly technology. Silk fibers were sequentially immersed in 

solutions of positively charged AgNPs and negatively charged GO-Fe3O4NPs as the 

building blocks. The excellent magnetic property and durable antibacterial property of 

the as-prepared bimetallic coated silk fibers will be studied further. Morphological 

studies of the as-prepared GO-Fe3O4NPs hybrid nanosheets was conducted by TEM and 

high-resolution TEM. The surface of pristine SF, GOs, AgNPs@SFs, GO-Fe3O4NPs 

nanosheets and GO-Fe3O4NPs/AgNPs@SFs were observed by FESEM. As-prepared 

hierarchical structured silk fibers were characterized by XRD, SEM, and FESEM. 

Chapter 5 summarizes the conclusion of this study. 
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Chapter 2 Preparation of graphene oxide-coated 
silk fibers through HBPAA [a molecular glue] 
-induced layer-by-layer self-assembly 

2.1 Introduction 

Silk fiber is a natural protein polymer that has been used as a textile fabric for 

thousands of years [1]. It received widespread attention for textile, surgical suture, drug 

delivery and tissue engineering due to its excellent mechanical properties, 

biodegradability and biocompatibility [2, 3]. In recent years, the functional finishing of 

Silk fiber has attracted great interest of many researchers. For instance, many metal nano 

particles (NPs) such as TiO2 NPs [4], Ag NPs [5, 6] and Fe3O4 NPs [6, 7] have been 

successfully used to prepare metal NPs coated silk fibers. And these functionalized silk 

fibers were endowed with remarkable UV protection properties, antimicrobial properties 

and magnetic properties.  

Graphene is a single atom thick sheet made out of carbon atoms arranged in a 

honeycomb structure, which is the thinnest, strongest and stiffest material and has 

excellent heat and electronic conductivity, remarkably outperforming metals and metal 

composites [8-12]. Graphene oxide (GO) is a kind of inorganic nano-materials. Although 

GOs lost their electronic conductivity after oxidation, they inherit good mechanical 

properties from graphene. Similar to graphene, graphene oxides (GOs) also received 

extensive attention due to their similar structural properties. Generally, the main 

difference between graphene and GOs is the addition of oxygen atoms bound with the 

carbon scaffold [13]. Besides, GOs possesses comparative advantages including good 

solubility in water and ease to tailor surface properties by functionalization based on their 

particular surface functional groups such as hydroxyl and carboxyl groups [14-19]. 

Therefore, GOs gain certain advantages in medicine, adsorbing materials, sensors, 

functional composites, etc. One typical case is the preparation of macroscopic 
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multifunctional graphene-based hydrogels and aerogels in aqueous solution through 

reduction of GOs by ferrous ions and in situ attachment of nanoparticles on GOs. Such 

functional hydrogels possess excellent adsorption capacity for oil and metal ions [20]. 

Graphene and GOs also have drawn the extensive attention of textile designers 

because of its outstanding physicochemical properties. Due to the excellent mechanical 

properties, the integration of graphene and their derivatives in natural biological fibers 

may improve their mechanical properties or electrical and thermal conductivity [21]. 

Interestingly, very recently, graphene and GOs were also reported to have good 

antibacterial activity. Liu, et al. found that GOs showed highest antibacterial activity 

compared with reduced GOs and graphite towards Escherichia coli and the mechanism 

[22] includes initial cell attachment on graphene-based nanomaterials, followed by cell 

membrane damage of bacteria caused by direct contact with the extremely sharp edge of 

GOs [23-25]. Notably, graphene is hydrophobic in nature and also cannot be dissolved in 

conventional organic solvents whereas the GO is hydrophilic. Nevertheless, the GO is 

easy to be reduced to graphene using various reducing agents [26-29]. This property is 

very useful for their application in functional textiles.  

Generally speaking, the common strategy for functionalization of textile fibers with 

nanomaterials is dependent on water-based coating technology including pad-dry-baking 

finishing, spraying, in-situ deposition, sol-gel dipping. Thus, the initial coating of GOs 

nanosheets on textile fibers with subsequent reduction of GOs into graphene may 

overcome the poor dispersibility of graphene in water and enhance the electrical 

conductivity. However, GO is synthesized in strong acid and oxidant environment, which 

indicates in-situ deposition and sol-gel coating is not applicative. The existing problems 

for two former strategies are poor closeness, weak bonding strength between 

biomacromolecules and GOs, and inevitable enfoldment of nanosheets. An alternative 

solution is molecular-guided assembly technology, based on using functional molecules 

to guide and adhere nanosheets onto biological substrates. 

In this paper, a special layer-by-layer (LbL) assembly technology[30] was 
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developed to prepare a tightly-adhered GOs coating. Particular, a GOs coating was 

prepared by cycle impregnation of two separate solutions of hyperbranched poly 

(amide-amino) (HBPAA) and GOs. Hyperbranched polyamides here serve as a strong 

guiding agent and glue because of their comparative advantages including cationic and 

amphipathic characteristics, three-dimensional structure, and dense amino end groups 

that can capture and fix negatively charged hydroxyl/carboxyl-contained GOs nanosheets 

compared to linear cationic electrolytes. We detailedly demonstrated LbL assembly 

process. The surface chemical and physical properties of designed GOs /HBPAA-coated 

silk fibers were also characterized.  

2.2 Experimental methods 

2.2.1. Materials  

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

synthesized according to our previous research[31]. Graphite, which was supposed to 

expand to nearly 200 times its original size after being treated at about 1000oC, 

Concentrated sulfuric acid (H2SO4, 98%), hydrogen peroxide (H2O2, 30%), and 

potassium permanganate (KMnO4) were purchased from Wake Pure Chemical 

Industries CO., LTD. Dimethylformamide (DMF), Poly (diallyldimethylammonium 

chloride) (PDDA; Mw: 20000) and sodium polyacrylate (PAAS; Mw: 30000) were 

purchased from Aldrich. All other reagents were at least of analytical reagent grade and 

used without further purification. Distilled water was used in all the processes of 

aqueous solution preparations and washings. 

2.2.2. Preparation of Graphene Oxides (GOs) 

GOs were synthesized by oxidizing graphite powder using a modified Hummers 

method [32-34]. In the given process, graphite(2.0 g) and NaNO3(1.0 g) were added to 

50 mL of concentrated H2SO4(98%), and the mixture was mechanically stirred in an ice 

bath for 2 h. KMnO4(7.3 g) was slowly added to the mixture, then 7 mL of H2O2 and 
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150 mL of deionized water were added respectively. Thus the color of the mixture 

changed from brown into the bright yellow. The mixture was filtered and washed 

several times with 3% HCl solution and deionized water. GO was vacuum-dried at 40°C 

for 24 h and obtained as brown solid. The obtained product was dispersed in 500 mL 

water through ultrasonication. In the end, solid form of GO was obtained by 

centrifugation and vacuum drying at 40°C for 24 h. 

2.2.3. LbL assembly of HBPAA and GOs on silk fibers 

GOs/HBPAA coated silk fibers were prepared by cycle impregnation of silk fibers 

with solutions of HBPAA and GOs. In brief, HBPAA-coated silk fibers were firstly 

prepared by adding silk fibers into 40 mL of 20 g/L of HBPAA aqueous solution and 

kept stirring at 70 oC for 30 min. The resulting HBPAA-coated silk fibers were then 

transferred to 100 mg/L of GOs solution and kept stirring for another 10 min at room 

temperature to completely uptake GOs. By repeating above processes, a dense GOs 

coating can be obtained. Notably, except for the first cycle, the coating of HBPAA on 

silk fibers were conducted at room temperature. Finally, the as-prepared 

GOs/HBPAA-coated silk fibers were dried and cured at 120 oC for 10 min.  

2.2.4. Testing and analysis 

2.2.4.1. Characterization of GOs 

The morphology of graphene oxides was investigated using a JEOL-2100F 

transmission electron microscope (TEM) (JEOL, Japan) operating at an accelerating 

voltage of 120 kV. For Fourier transform infrared (FTIR) measurement, the graphene 

oxides 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, Japan). The surface chemical structure of 

the GOs was characterized by X-ray photoelectron spectroscopy (XPS) using an X-ray 

diffractometer (Krotos, Japan, AXIS Ultra DLD). The crystal structure of pristine and 
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modified Silk fibers was examined by an X-ray diffractometer (XRD) (Rigaku, Japan, 

R-AXIS D53C). And the instrument was calibrated with (CDFN-SRM675 Mica) prior 

to analysis. 

2.2.4.2. Characterization of GOs/HBPAA-coated silk fibers 

The morphology and size of the composite silk fibers were observed using a 

field-emission scanning electron microscope (FESEM) (Hitachi, Japan, S4800). The 

Fourier transform infrared (FT-IR) spectroscopic analysis was carried out using a 

Shimadzu FTIR (Shimadzu, Japan, IR Prestige-21). The surface chemical structure of 

the SF was characterized using an X-ray diffractometer (Krotos, Japan, AXIS Ultra 

DLD). The crystal structure of pristine and modified Silk fibers was examined by an 

X-ray diffractometer (XRD) (Rigaku, Japan, R-AXIS D53C). And the instrument was 

calibrated with (CDFN-SRM675 Mica) prior to analysis. Thermogravimetric analyses 

(TGA) were conducted on a TG 8120 (Rigaku Thermo Plus, Japan) at a heating rate of 

10°C/min and a nitrogen flow rate of 150 mL/min. 

2.3. Results and discussion 

2.3.1. Properties of GOs 

Prior to practice our concept, it should be noted that to apply a colloidal coating of 

two-dimensional nanomaterials on natural fibers, the nanomaterial should possess two 

important properties: high water stability and good flexibility to avoid possible 

precipitation and gain the adaptive capacity for complicated and rough silk surface by 

shape self-adaptation. Interestingly, GOs can fully meet above requirements due to their 

amphiphilic nature and nanoscale thickness. 

In this study, GOs were synthesized by oxidizing graphite powder using a modified 

Hummers method. As displayed in Figure 2.1 a, the GOs showed excellent 

dispersibility in water and a lamellated liquid crystal phase with a brownish color that is 

derived from the nano-effect of GOs nanosheets. The synthetic GO solution can be 
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stored for several months, indicative of their good stability, attributing to the 

electrostatic repulsion among GOs. Furthermore, the GOs nanosheets consist of single 

layers whose size is ranged from hundreds of nanometers to several micrometers (see 

TEM photograph in Figure 2.1 c). As shown in Figure 2.1 b, the thickness of the GOs 

sheets was around 0.8 nm as measured by (AFM), suggesting the formation of a 

single-layered 2-D carbon nanosheet. The crystalline state was also analyzed by XPS 

and XRD. As shown in Figure 2.1 d, from XRD measurement, the characteristic peak 

at 11.3° (002), corresponding to a d-spacing of about 0.78 nm that is attributed to 

intercalation of water and other oxygen-containing groups trapped between GO sheets, 

agreeing well with that determined by AFM. The good chemical structure and nanoscale 

thickness of GOs ensure their further application in the surface coating of silk fibers. 
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Figure 2. 1 (a) AFM analysis for topographical investigation of the GOs and (b) 
thicknesses of GOs films measured by AFM. (c) TEM photograph and (d) XRD 

spectrum of GOs. 

2.3.2. LbL self-assembly of GOs on the surface of silk fibers 

In comparison with zero-dimensional nanoparticles and one-dimensional nanowire, 

two dimensional GOs have distinct nature including microscale surface and atom-sized 

thickness. Therefore, the coating of GO nanosheets on similar micro-sized silk fibers 

need an effective means to control their spatial arrangement to avoid self-folding and to 

improve chemical affinity to silk fibers, due to their flexibility and strong mutual 

repulsion. Therefore, we here developed a bottom-up LbL self-assembly strategy with 

the purpose of steadily, efficiently, and uniformly spreading GOs on silk surface. The 

mechanism of the LBL self-assembly is shown in Figure 2.2. The main principle of this 

technology is the introduction of cationic amino-terminated HBPAAs onto silk surface 

to guide GOs to controllably assemble onto the silk surface by intermolecular force 
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between the HBPAA and the carboxyl-containing GOs sheet. Interestingly, GOs 

possesses excellent amphiphilicity. The plane of the GO sheet is hydrophobic because it 

mainly consists of hydrophobic C-C=C groups though it contains some hydrophilic OH 

and COOH side groups, while the edge is hydrophilic due to COOH and OH end groups. 

Therefore, the self-arrangement of the negatively charged GOs on positively charged 

HBPAAs on the surface of silk fibers is mainly dependent on their hydrophilic COOH 

and OH groups. Therefore, in the first circle of LbL self-assembly, GOs tend to 

monodispersed on the surface of silk fibers because of their strong mutual electrostatic 

repulsion. This property can promote the uniformity of GOs coating on the silk surface, 

which is important for the subsequent LbL self-assembly process. 

 

 
Figure 2. 2 (a) Steps involved in fabrication of GOs /HBPAA -coated silk fibers by LbL 

self-assembly. The photos of (b) silk fibers, (c) HBPAA-coated silk fibers, and silk 
fibers treated with (d) one circle, (e) 3 circles, (f) 5 circles and (g) 10 circles. 
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Specifically, GO-coated silk fibers were constructed by cycle impregnation of silk 

fibers in solutions of HBPAA and GO. Prior to the design of LBL self-assembly, one 

important principle needs to declare: GOs should be completely assembled on the 

surface of silk fibers, with aiming to make full utilization of GOs. The employment of 

HBPAA as a mediator plays an important role in the assembly process not only because 

of its cationic characteristic but also their enhanced intermolecular interactions towards 

silk fibers and GO due to its three-dimensional structure, dense amino end groups, and 

low viscosity. Therefore, the HBPAA-mediated self-assembly showed much greater 

loading efficiency than that of cationic linear macromolecules. This advantage makes 

highly efficient and complete attachment of GOs possible.  

As a demonstration, the typical steps involved in the LbL self-assembly of GOs on 

silk fibers were exhibited in Figure 2.2 a. Briefly, silk fibers were first immersed in the 

solution of HBPAA at 70 oC for 1 h contact time. HBPAA-coated silk fibers were then 

dipped in GOs solution and stirring for 1 min. After black color of GOs disappeared, the 

GO-coated silk fibers were washed with deionized water and in turn immersed into 

HBPAA solution at room temperature. The density of GOs coating can be controlled by 

repeated circle impregnation. Notably, GOs can be completely adsorbed onto silk fibers 

in each circle, ensuring their high production and economic efficiency. Figure 2.2 b - g 

showed the photos of (b) silk fibers, (c) HBPAA-coated silk fibers, and silk fibers after 

treated with (d) one circle, (e) 3 circles, (f) 5 circles and (g) 10 circles LbL 

self-assembly. 

2.3.3. FTIR analysis  

FTIR measurement was applied to evidence the anchor of HBPAA to silk fibers. 

Figure 2.3 showed the FTIR spectra of silk fibers and HBPAA-coated silk fibers treated 

with ten cycles. In the case of pure silk, curve a showed typical adsorption bands of silk 

protein including CH2 asymmetric and symmetric stretching vibrations at 2924 and 

2850 cm-1, amide I ranged in 1700-1550 cm-1, and amide II ranged in 1550-1450 cm-1. 
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After ten circles treatment, the weak absorption peaks of CH2 asymmetric and 

symmetric stretching vibrations and amino III region were both strengthened, owing to 

the overlay effect of absorption bands of C-H vibrations and amino III from HBPAA. 

The phenomenon of the transfer of GOs from the liquid phase to the surface of silk fibers 

could be observed directly. 

 
Figure 2. 3 FTIR of (a) pristine silk fibers and (b) GOs /HBPAA coated silk fibers for 
ten circles LbL assembly, the photographs of the GOs solution and HBPAA coated silk 
fibers in one cycle LbL assembly under the stirring for (c) 0, (d) 1 and (e) 10 min, 
respectively.  



43 

Figure 2.3 c - e showed the typical photographs of the GOs solution and silk fibers 

in one cycle LbL assembly under the stirring for 0, 1 and 10 min, respectively. The 

characteristic brown color of GOs faded gradually in the solution accompanying 

gradually darken silk fibers during the LbL self-assembly process and finally, the 

solution of GOs became completely colorless transparent, confirming that GOs in the 

colloidal solution was coated on the HBPAA-coated silk fibers. Notably, since GOs 

could be completely adsorbed by silk fibers in each cycle, the precise adjustment of the 

adsorbed dose of the GOs could be achieved by design the cycle index of the LbL 

self-assembly. 

2.3.4. FESEM analysis  

The surface morphology of the silk fibers, particularly the dispersion state of GOs, 

was observed by FESEM. Figure 2.4 showed FESEM photographs of the pristine silk 

fiber, GOs/HBPAA coated silk fibers for one and ten circles treatments. Pure silk fibers 

exhibited a clean but a little-rugged surface (Figure 2.4a). With one circle treatment, 

GOs/HBPAA coated silk fibers showed the distinct surface pattern to their pristine silk 

fibers. Although it is difficult to observe the whole morphology of the GOs, numerous 

small wrinkles that were different from the surface texture of silk and a fraction of large 

buckling deformation were clearly visible, mainly caused by the crimp or warping of 

GO nanosheets (Figure 2.4b).  
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Figure 2. 4 FESEM photographs of the (a×7,000) pristine silk fibers and the 

GOs/HBPAA coated silk fibers with one circle (b×7,000) and ten circles treatment 
(c×7,000, d×30,000). 

Interestingly, except for a small part of large warps, GOs seem to be closely 

attached and monodispersed onto silk surface since the surface texture of silk can be 

clearly seen through these GO films. This indicates that GOs may keep their original 

thickness and were without serious accumulation, mainly attributing to their flexibility 

and strong electrostatic repulsion. After ten circles treatment, a multilayered GO films 

were found and their coating appeared much more stiffness compared to that treated 

with one circle as shown in Figure 2.4c and d. Nevertheless, GOs were found to well 

adhere to silk fibers although a fraction of upwarping zones was observed, which should 

be owed to strong electrostatic attraction and hydrogen bonding interactions between 

GOs and HBPAAs. The close attachment of GOs on silk surface is very important. The 

large contact area could enhance their adhesion strength with the final improvement of 

abrasive resistance of GO coating. In summary, GOs were closely attached on the silk 

surface though some warping of GOs existed.  
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2.3.5 TGA analysis  

 

Figure 2. 5 A Comparison of the thermogravimetric curves of silk fibers, SFs, and 

GOs/HBPAA coated silk fibers (GOs/HBPAA @SFs) treated with ten cycles. 

 

The thermal properties of two silk fibers were compared by TGA by increasing the 

temperature from 20 to 1000°C in a nitrogen atmosphere. The recorded TG curves were 

shown in Figure 2.5, where both silk fibers have about 4% moisture which was fast 

removed during the initial temperature increase stage, e.g. from 20 to 100°C. According 

to Figure 2.5, the normal silk fiber has a degradation temperature at about 167°C, and 

this temperature would be enhanced to about 228°C for the GOs/HBPAA-coated silk 

fibers (GOs/HBPAA @SFs) treated with ten cycles. This finding has not only again 

proven the presence of GOs/HBPAA on silk fibers but also importantly indicated that 

the GOs/HBPAA @SFs can enhance the thermal stability of silk fibers. 
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2.3.6. XPS analysis 

The surface composition of GOs/HBPAA coated silk fibers were measured by XPS 

(Figure 2.6). Silk fibers mainly consist of glycine residues alternating with alanine and 

serine in the crystalline region, whereas the sequence in the amorphous region contains 

a tyrosine-rich domain. Thus, silk fibers are considered to mainly contain carbon (C), 

oxygen (O), and nitrogen (N), in line with the measurement from the wide-scan XPS 

spectra of silk fibers (red line in Figure 2.6a). Conversely, GOs are a one-atom-thick 

two-dimensional plane of sp2-bonded carbon with a small quantity of epoxy groups 

spread across the basal planes and hydroxyl and carboxyl end groups in the peripheries 

of the plane, with main composition component of C and the small amount of O[35]. 

Therefore, after coating GOs on silk fibers, the relative ratios of C, O, N elements in 

GOs/HBPAA coated silk fibers will change. As shown in Figure 2.6a, in comparison 

with pristine silk, the ratio of C/O greatly increased while O/N seemed to remain about 

the same, contributing to the attachment of GOs on the surface of silk fibers because of 

the much higher content of C element in GOs. Besides, because GO nanosheets do not 

contain N element, the O/N ratio showed no obvious change. The presence of GOs on 

silk fibers can also be evidenced by the photoelectron lines of C1s XPS of silk fibers 

and GOs/HBPAA coated silk fibers. The main carbon functional structures of silk fibers 

can be deconvoluted to three major peaks including C=C/C-C, C=O (amide), and C-O 

(epoxy and alkoxy) (Figure 2.6a) [36]. After coating GOs, changes of their related 

proportion appeared. As displayed in Figure 2.6b, the proportion of C-O increased 

while that of C=O decreased. Considering that GOs have much higher content of C-O 

bond compared to silk, above changes should be attributed to the attachment of GOs on 

the surface of silk [37].
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Figure 2. 6 XPS spectra: (a) wide scan spectra of pristine silk fibers (black) and 
GOs/HBPAA coated silk fibers for ten circles treatment (red) and (b) Related N1s and 
C1s spectra of (b, d) pristine silk fibers and (c, e) GOs /HBPAA coated silk fibers (ten 
cycles). 
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Interestingly, the attachment of HBPAAs on silk fibers can be evidenced from the 

curve fitting of N1s peaks of XPS spectra. Since GOs is an N-free carbon material, the 

chemical transformation of N element in GOs/HBPAA coated silk fibers can be 

responsible to HBPAAs. Besides, although HBPAAs show similar chemical 

composition to silk macromolecules, the related ratio of amino and acylamide groups 

were distinct. Silk mainly contains acylamide groups while amino groups dominate in 

HBPAAs, meaning the relative content of amino groups in HBPAAs is much higher 

than in silk. Figure 2.6 d - e showed the fitting curves of the N1s XPS spectra of silk 

fibers and GOs/HBPAA coated silk fibers. As amino and acylamide groups are main 

functional groups of nitrogen in the silk and HBPAA. The N1s peak could be 

deconvoluted into two component peaks corresponding to amino and acylamide 

nitrogen at 398.5 eV and 399.8 eV, respectively. In the case of silk, the N element 

mainly exists in acylamide and amino groups was not found. However, in the case of 

GOs/HBPAA coated silk fibers, the N1s peak greatly broadened and the relative 

proportion of amino groups greatly increased, almost same to that of acylamide, 

indicating that amino-terminated HBPAAs have been anchored to the surface of silk 

fibers. 

2.4. Conclusions 

In the study, the tightly-adhered GOs coatings were achieved by a LbL assembly 

method with solutions of HBPAA and GOs, which HBPAA served as the “molecular 

glue”. FTIR, FESEM, and XPS were used to characterize the as-prepared GO-coated silk 

fibers. The FTIR measurement showed that absorption peaks of CH2 asymmetric and 

symmetric stretching vibrations and amino III region both strengthened, indicating 

attachment of HBPAA. FESEM indicated that GOs were well spread on the silk surface 

and were no serious stacking even after ten cycle treatments. Wide-scan, C1s, and N1s 

XPS analysis further confirmed the attachment of HBPAA and GOs. In the experiment, 

GOs were able to completely adsorb onto silk fibers, indicating our LbL self-assembly 
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technology was efficient and what's more, the GO content in silk fibers could increase 

with the coating cycle which makes the GO content is easier to be controlled. And this 

method can be applied as the templates for the control synthesis of GOs coated silk fiber. 

The GOs coated silk fiber prepared in this study may have potential in the application of 

medical material and electron device. 
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Chapter 3 Graphene oxide-encapsulated Ag 

nanoparticle-coated silk fibers with hierarchical coaxial cable 

structure fabricated by the molecule-directed self-assembly 

3.1 Introduction 

Bombyx mori silk, a protein fiber derived from Bombyx mori silkworm cocoons, is 

known to be one of the strongest natural biomaterials [1]. Different from cotton and 

wool containing various substances, silk fibers were mainly composed of long-chain 

polypeptides. 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 degrees of hydrogen bonding[2]. 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.[3, 4] Silk fibroin fibers gain smooth and clear surfaces with good 

chemical activity, which can be easily combined with other functional materials [5-7]. 

One interest subject is coating inorganic materials to silk fibroin fibers to create 

multiscale composite materials for medical applications.  

Inorganic nanoparticles (NPs) have emerged as indispensable building blocks for 

various functional biomaterials owing to their unique physico-chemical properties that 

can extend the applicability of traditional biomaterials to various fields such as 

biomedicine, drug delivery, biosensors, and wearable devices [8, 9]. However, their 

potential in nanocoatings on natural fibers remains somehow underestimated because of 

same weaknesses such as low adhesion strength, uncontrollable spatial arrangement of 

NPs, and the lack of biocompatibility. Besides, because NPs coatings are exposed to the 

external complex physical and chemical environment, a function decrease under 

persistent external stimuli such as sunlight radiation, mechanical friction, and chemical 
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action (e.g., oxidation and chlorination) is inevitable during use. In the electrical 

industry, cables were usually designed to a coaxial structure to protect the internal 

metallic wires from corrosion. Inspired by this, we plan to encapsulate nanocoatings by 

a robust protective layer possessing higher chemical and thermodynamic stability and 

better mechanical properties. GO nanosheets are surely the most ideal candidate in the 

present study because of their extraordinary chemical, mechanical, optical, and thermal 

properties [10].  

In this study, we demonstrated GO-encapsulated AgNP-coated silk fibers through 

molecule-directed self-assembly. To construct a hierarchical structure, a stepwise 

colloidal self-assembly technology was developed by successively impregnating silk 

fibers with HBPAA/AgNPs and GOs. HBPAA capping on the AgNP surfaces were 

served as an effective "adhesive glue", not only directing AgNPs to silk surfaces to form 

a stable, uniform, and mono-dispersed nanocoatings but also attracting GOs to the 

AgNP surfaces and forming a closely bonded sandwich structure. Notably, GOs were 

reported to have high antibacterial activities against various bacteria [11]. Therefore, the 

GO-encapsulated AgNP-coated silk fibers were supposed to gain synergic antibacterial 

effects. In addition, by encapsulating AgNPs in metal-free GO films, AgNPs were 

isolated from the human body, which may improve the biosecurity.  
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Figure 3. 1 Schematic representation of the colloidal self-assembly procedure of GO-encapsulated 

AgNP-coated silk fibers. 
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3.2 Experimental 

3.2.1 Preparation of GO-encapsulated AgNP-coated silk fibers by HBPAA-directed 

self-assembly 

GOs and HBPAA/AgNPs were prepared by our reported method [12, 13].Two 

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

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

rinsed thoroughly with water to remove unattached HBPAA. Silk fibers were immersed 

into a 100 mL of 1.5 mg/mL aqueous solution of HBPAA/AgNPs. By keeping stirring at 

95 °C for 2 h, as-prepared AgNP-coated fibers were rinsed in deionized water three 

times and dried in an oven at 90 oC. Subsequently, coated fibers were impregnated with 

100 mL of GO colloid solution (1.5 mg/mL, pH=6.3) and kept stirring at 90 °C for 3 h. 

Finally, the resulting samples were rinsed with deionized water, cured in an oven at 120 
oC, and encapsulated in sample bags.  

3.2.2 Measurements  

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

transmission electron microscope (TEM) (S-4800; Hitachi, Japan) operating at an 

accelerating voltage of 120 kV. The morphology and size of the composite SFs were 

observed using a field-emission scanning electron microscope (FESEM) (S4800; 

Hitachi, Japan). The surface chemical structure of the GOs, silk fibers, 

HBPAA/AgNP-coated silk fibers, and GO-encapsulated AgNP-coated silk fibers were 

characterized by X-ray photoelectron spectroscopy (XPS) using an X-ray diffractometer 

(Krotos, Japan, AXIS Ultra DLD). The crystal structure of pristine and modified SFs 

was examined by an X-ray diffractometer (XRD) (D8 ADVANCE, Bruker, Germany). 
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3.3 Results and discussion 

3.3.1 Characterization of GOs and as-prepared HBPAA/AgNPs 

In this work, GO sheets were prepared by the oxidation and exfoliation of nature 

graphite in the aqueous solutions using a modified Hummer’ method. As shown in 

Figures 3.2 a and b, as-prepared GO showed a film-like morphology. The height 

difference between two red short dashes is around 1 nm, indicative of a one-atom-thick 

GO sheet. HBPAA/AgNPs were prepared through reduction of silver nitrate by HBPAA 

in the aqueous solution. As-prepared AgNPs exhibited a uniform particle size with the 

mean grain size of around 10.5 nm and good crystallinity (Figures 3.2 c and d). 

 

Figure 3. 2 (a, b) AFM image of a typical GO sheet deposited on silicon and the corresponding 

height profiles; (c) TEM and (d) high-resolution TEM of as-prepared HBPAA/AgNPs.  
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3.3.2 GO-encapsulated AgNP-coated silk fibers through self-assembly 

The self-assembly approach to generate hybrid silk is sketched in Figure 3.3. 

Before starting the assembly procedure, silk fibers were degummed to remove the 

soluble sericin. Cleaning the silk fiber surfaces was necessary because sericin on the silk 

surfaces is incompetent to support HBPAA/AgNPs (pH>7.8 in aqueous solution) and 

GOs due to its high solubility in alkaline solution. The obtained silk fibroin fibers were 

then transferred to a colloidal solution of HBPAA/AgNPs. By heating the mixture, the 

HBPAA could transport AgNPs to silk fibroin surfaces by intermolecular interactions 

between HBPAA and silk fibroin macromolecules. The AgNPs tended to form 

monolayer coatings because of the electrostatic repulsion among positively charged 

AgNPs. Besides, HBPAA/AgNPs could be nearly completely adsorbed by silk as shown 

in Figure 3. Therefore, AgNP density on the silk surfaces could be controlled through 

adjusting the AgNP concentration. As such, functions of AgNP coatings such as the 

antibacterial activities and surface plasmon resonance (SPR) would be tunable. The 

subsequent assembly of GOs to AgNP surfaces was carried out by impregnating 

AgNP-coated silk fibers in GOs solution. HBPAA attached on AgNP surfaces could 

attract negatively charged GOs and form a stable hierarchical structure through 

amino-carboxyl interactions.  
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Figure 3. 3 Schematic representation of the colloidal self-assembly procedure of GO-encapsulated 

AgNP-coated silk fibers.  
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3.3.3 FESEM analysis  

The coaxial cable structure of ternary hybrid fiber composites were confirmed by 

FESEM. As shown in Figures 3.4 a -d, the clean and smooth surfaces of silk fibers were 

captured by dense mono-dispersed nanoparticles after self-assembly of HBPAA/AgNPs 

to the silk surface. For the GO encapsulated sample, spatial arrangement of GOs on the 

silk could be divide into two aggregation forms. GO nanosheets tend to closely adhere 

to the fiber surface and form continuous film-like protective layers (Figures 3.4 f and g). 

Nevertheless, other untrapped GOs were distorted and self-stacked to large bulges as 

observed in Figure 3.4 e. The hierarchical coaxial cable structure could be evidenced by 

observing the morphological characteristics of the defect zone of the GO coating. As 

shown in Figure 3.4 h, numerous nanoparticles were uniformly adhered to the 

GO-uncovered zone whereas the trace of AgNPs were not found on the GO surfaces, 

indicating that AgNPs were hidden under the GO multilayers.  

Notably, since most silk fiber surface was tightly covered by the robust GO 

nanosheets owing to strong adhesion strength between carboxyl-containing GOs and 

amino-functionalized AgNPs, it is expected that HBPAA/AgNPs could be well 

protected from various external stimuli.  
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Figure 3. 4 FESEM images of the (a × 4,00K, b × 30,0K) pure silk fiber, (c × 4,00K, d × 30,0K) 

AgNP-coated silk fiber, and (e × 4,00K, f × 30,0K, g×30.0K, h ×60.0k) GO-encapsulated AgNP-coated 

silk fiber.  
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3.3.4 XPS and XRD analysis  

The elementary composition and surface chemistry of the silk fiber composites 

were investigated by XPS (Figure 3.5). All wide-scan XPS spectra showed three 

ultra-strong peaks located at around 284, 398, and 532 eV, attributed to C1s, N1s, and 

O1s, respectively. They were mainly derived from silk. In the C1s XPS spectra in 

Figure 4b, on the basis of the chemical construction of silk, HBPAA, and GOs, C1s 

peaks can be deconvoluted into four major peaks, that is, C-C/C=C, C-O(H)/C-N, 

C=O/N-C=O, and O=C-O [14]. After self-assembly of HBPAA/AgNPs to the silk 

surfaces, the relative intensity of the C-O(H)/C-N bond slightly increased, indicating the 

successful attachment of amide-rich HBPAA. By contrast, the introduction of GOs to 

HBPAA/AgNP-coated silk fibers greatly changed the chemical property of silk surfaces. 

Since GOs contain high content C-O(H), C=O, and O=C-O bonds, the remarkable 

proportion increase of three oxygen-containing groups in ternary fiber composites 

suggested large amounts of GOs were assembled to the silk surfaces (see blue line of 

Figure 3.5). In the Ag3d XPS spectra shown in Figure 4c-4f, the Ag 3d3/2 and Ag3d5/2 

peaks of HBPAA/AgNPs-coated silk and GO-encapsulated HBPAA/AgNP-coated silk 

were both around 374.1 and 368.1 eV, indicating the metallic state of HBPAA/AgNPs 

[15]. This can also be evidenced by their XRD patterns, in which AgNPs showed the 

pure face-centered-cubic phase of metallic Ag (JCPDS No. 04-0783) (Figure 3.5 g) [15]. 

The good chemical stability of AgNP coatings derived from the good protection and 

high reducibility of HBPAA.  
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Figure 3. 5 (a) Wide-scan, (b) C1s, and Ag3d (c) XPS spectra and (g) XRD patterns of silk fibers 

(black), HBPAA/AgNP-coated silk fibers (red), and GO-encapsulated AgNP-coated silk fibers (blue). 
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3.4 Conclusions 

GO-encapsulated AgNP-coated silk fibers with hierarchical coaxial cable structure 

were successfully fabricated through HBPAA -directed self-assembly. HBPAA was 

served as a “molecule glue” to adhere GOs, AgNPs, and silk together. The ternary 

hierarchical structure was constructed by sequentially impregnating silk fibers in 

solutions of HBPAA/AgNPs and GOs. Our FESEM analysis suggested that the ternary 

silk composites possessed dense mono-dispersed HBPAA/AgNPs coatings closely 

encapsulated by GOs. XPS and XRD characterizations showed that large amounts of 

GOs were successfully coated to metallic AgNP surfaces. The developed coaxial cable 

structure may provide an effective strategy to protect the functional nanocoatings on the 

fiber surface. 
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Chapter 4 Fabrication of hierarchical structured graphene 

oxide-Fe3O4 hybrid nanosheets and Ag nanoparticles 

bimetallic coated silk fibers through self-assembly  

4.1 Intrudction 

More and more multi-component nanocomposites include two or more types of 

nanoparticles and have attracted increasing attention in catalysis, photography, 

electronic, antibacterial, and optical applications due to their unique functions[1-7]. 

Bombyx mori silk, a protein fiber derived from Bombyx mori silkworm cocoons, is 

known to be one of the strongest natural biomaterials.[8] And because of its good 

biocompatibility, biodegradation, and friendly environmental performance, silk is an 

interesting and possible support functional nanoparticles, such as biomaterial for 

magnetic NPs and antibacterial AgNPs associated with this study. Silk fiber is often 

used as the first choice for researchers [5, 6, 9, 10]. While Fe3O4 and γ-Fe2O3 

nanoparticles with good biocompatibility and low toxicity can be used for recycling of 

AgNPs without a decrease in their antibacterial activities. In the specific R & D process, 

silk fiber as a biomedical material plays a key role in the design and synthesis of 

nanocomposite materials with controllable loading with nanoparticles dispersed on the 

surface of the chains. And all of these applications required suitable stabilization of the 

magnetic nanoparticles to prevent their aggregation and chemical transformation. The 

usual route is chosen in situ preparation of Fe3O4 and AgNPs using silk fiber as a 

bio-template, which is hard to prevent aggregation of Fe3O4NPs and chemical 

transformation of AgNPs[1, 11-15].  

Based on our previous studies[6, 10], we also attempted to improve the process and 

design a new structure for the multifunctional nanocomposite fiber materials. Design 

and fabrication of well-organized hierarchical structured GO-Fe3O4NPs hybrid 

nanosheets and AgNPs bimetallic composite coated silk fibers to meet multi-functional 
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requirements via a facile and simple assembly technology remain a significant challenge. 

We select octadecylamine (ODA) modified graphene to prepare GO-Fe3O4 hybrid 

nanosheets to overcome the above difficulties, because the hydrophobic property of the 

octadecylamine, the good dispersibility of graphene oxide is obviously improved, which 

effectively prevent the aggregation of Fe3O4NPs, when Fe3O4NPs grow on the surface 

of GO-ODA[3]. In this case, based on our previous studies [10] and the carrier of 

graphene or graphene oxides and silk fibers, by encapsulating AgNPs in metal-free GO 

films, AgNPs were isolated from the human body, which may improve the biosecurity 

to prevent AgNPs from chemical transformation.  

Here we prepared novel hierarchical structured GO-Fe3O4NPs/AgNPs bimetallic 

composite coated silk fibers via a special electrostatic self-assembly technology using 

positively charged AgNPs and negatively charged GO-Fe3O4NPs hybrid nanosheets as 

the building blocks. Specifically, GO-Fe3O4NPs/AgNPs bimetallic composite coated 

silk fibers were facilely obtained by sequential impregnation with solutions of 

HBPAA-capped AgNPs and citric acid-capped GO-Fe3O4NPs hybrid nanosheets. 

4.2 Exiperimental 

4.2.1 Materials  

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

synthesized according to our previous research[16]. GOs were synthesized by oxidizing 

graphite powder using a modified Hummers method [17-19]. Octadecylamine (ODA), 

AgNO3, and FeCl3·6H2O, FeCl2·4H2O, citric acid and NH3·H2O (25 wt %) were 

purchased from Wake Pure Chemical Industries CO., LTD... All other reagents were at 

least of analytical reagent grade and used without further purification. Distilled water 

was used in all the processes of aqueous solution preparations and washings. 
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4.2.2 Preparation of GO-Fe3O4NPs/AgNPs dual-coated silk fibers by electrostatic 

assembly  

4.2.2.1 Synthesis of positively charged AgNPs 

GOs and HBPAA/AgNPs were prepared by our reported method [6, 16, 20]. The 

mechanism of interaction between Ag NPs and silk fibroin was illustrated in Figure 4.1. 

Positively charged HBPAA-capped 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. 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. 

 
Figure 4.1 Schematic illustration of mechanism of interaction between Ag NPs and silk 

fibroin.  
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4.2.2.2 Synthesis of negatively charged GO-Fe3O4 NPs [3, 6, 15] 

First, 500 mg of GO and five drops of ammonia were added into 200 mL distilled 

water to form a graphene oxide aqueous dispersion by ultrasonication for 2 h. 

Meanwhile, 500 mg of octadecylamine (ODA) was dissolved in 100 mL ethanol, and 

then the solution was added into the graphene oxide aqueous dispersion. Then the 

reactive system was refluxed at 90 °C with mechanical stirring for 20 h so that GO can 

be modified by ODA. Second, the temperature of the reaction was turned to 80 °C and 

the reactive system was purged with N2. 540.6 mg FeCl3·6H2O and 198.8 mg 

FeCl2·4H2O were added into the reactive system. After reacting for 30 min, 30 mL 

NH3·H2O (25 wt %) was added into the mixture rapidly. The system was then stirred at 

80 °C for 2 h under N2. Owing to the electrostatic attraction of negative charges on GO 

and positive charges on the surface of Fe3O4 particles, Fe3O4 particles grew on the GO 

surface. Third, with permanent magnets, the product was then washed with excess hot 

ethanol and water several times to delete excess ODA and free GO in the solution. 

Finally, citric acid was added to the reaction mixture until to pH=6.3. The as-prepared 

GO-Fe3O4NPs were separated, purified, and redissolved in 200 mL of water. The 

mechanism of interaction between GO nanosheets and Fe3O4 NPs was illustrated in 

Figure 4.2. 

 

Figure 4.2 Schematic illustration of mechanism of interaction between GO nanosheets 
and Fe3O4 NPs.  



75 

4.2.2.3 Preparation of GO-Fe3O4NPs/AgNPs dual-coated silk fibers by electrostatic 

assembly 

Silk fibers (0.5 g) were added into 100 mL of AgNP solution (pH=8.4) and kept at 

95 °C with constant magnetic stirring for 30 min. The prepared AgNPs coated silk fibers 

were rinsed in deionized water for several times and air-dried. Next, 0.5 g of AgNPs 

coated silk fibers were added to 50 mL of GO-Fe3O4 colloid solution (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. The mechanism of 

interaction between GO-Fe3O4 and Ag NPs@SFs was illustrated in Figure 4.3. 

 
Figure 4.3 Schematic illustration of mechanism of interaction between GO-Fe3O4 and 
Ag NPs@SFs.   



76 

4.2.3 Measurements  

The morphology and size of AgNPs, GO-Fe3O4NPs hybrid nanosheets, and the 

composite SFs were observed using a field-emission scanning electron microscope 

(FESEM) (S4800; Hitachi, Japan). The morphology of Fe3O4NPs and GO-Fe3O4NPs 

hybrid nanosheets were investigated using a JEOL-2100F transmission electron 

microscope (TEM) (JEOL, Japan) operating at an accelerating voltage of 120 kV. The 

chemical composition and surface chemistry of silk fibers and the GO-Fe3O4NPs hybrid 

nanosheets encapsulated AgNP-coated silk fibers were characterized by X-ray 

photoelectron spectroscopy (XPS) using an X-ray diffractometer (Krotos, Japan, AXIS 

Ultra DLD) in the region of 0 ~1150 eV.  

4.3 Results and discussion 

4.3.1 Synthesis of GO-Fe3O4 NPs/AgNPs -coated silk fibers. 

The typical synthesis of GO-Fe3O4NPs/AgNP-coated silk fibers through 

self-assembly technology was illustrated in Figure 4.4. According to our previous 

work[6], because of the cationic characteristic of HBPAA and their enhanced 

intermolecular interactions towards silk fibers and GO due to its three-dimensional 

structure, dense amino end groups, and low viscosity. HBPAA here serves as a strong 

guiding agent and glue because of their comparative advantages including cationic and 

amphipathic characteristics, three-dimensional structure, and dense amino end groups 

that can capture and fix negatively charged hydroxyl/carboxyl-contained GOs nanosheets 

compared to linear cationic electrolytes. Meanwhile, based on another our previous 

work[10], silk fibers were hierarchically coated with HBPAA-capped AgNPs 

(HBPAA/AgNPs) and GOs by successively impregnating the fibers in the solutions of 

HBPAA/AgNPs and GOs. In such structure, HBPAA served as a “double-sided tape” 

not only gluing AgNPs to the fiber surfaces but also adhere GOs to the surfaces of 

HBPAA/AgNPs. Therefore, the HBPAA-mediated self-assembly showed much greater 
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loading efficiency than that of cationic linear macromolecules. This advantage makes 

highly efficient and complete attachment of GOs possible. 

Because of Fe3O4 nanoparticles with good biocompatibility and low toxicity, and 

these nanoparticles could be easily recycled without a decrease in their antibacterial 

activities due to the synergistic effects between the AgNPs and Fe3O4NPs with large 

amounts of active sites. And in order to protect AgNPs coatings from detachment, we 

designed the graphene oxide (GO)-encapsulated AgNP-coated silk fibers with GO 

serving as the protective films through HBPAA-directed self-assembly. The 

employment of ODA plays an important role to effectively prevent the aggregation of 

Fe3O4NPs when Fe3O4NPs grow on the surface of GO-ODA in the assembly process.  

The potential mechanism is presented in Scheme in Figure 4.4 shown, hierarchical 

structured GO-Fe3O4NPs/AgNPs bimetallic composite coated silk fibers via a special 

electrostatic self-assembly technology using positively charged AgNPs and negatively 

charged GO-Fe3O4NPs as the building blocks. Specifically, GO-Fe3O4NPs/AgNPs 

bimetallic composite coated silk fibers were facilely obtained by sequential 

impregnation with solutions of hyperbranched polyamide (HBPAA)-capped AgNPs and 

citric acid-capped GO-Fe3O4NPs hybrid nanosheets.  
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Figure 4.4 Schematic representation of the colloidal self-assembly procedure of 

GO-Fe3O4 NPs/AgNP-coated silk fibers.  



79 

4.3.2 TEM analysis 

InFigure 4.5a, a micrograph representing a few as-prepared GO-Fe3O4NPs hybrid 

nanosheets, is provided. The graphene sheets with linear dimensions in this image 

appear to be between 100–300 nm, they are flat and with almost negligible creasing and 

the graphene layers itself appears to have nanometer size folds especially around the 

edges. From the red area enlarged view of GO-Fe3O4NPs hybrid nanosheets, an 

HRTEM image of the graphene surrounded by Fe3O4 nanoparticles is provided inFigure 

4.5b. The Fe3O4NPs have a size around 8 nm and they are relatively evenly distributed 

on the surface of the graphene sheets rather than agglomerated together around certain 

areas of the graphene sheets due to ODA effectively prevent the aggregation of 

Fe3O4NPs[3]. And representative HRTEM image (Figure 4.5b) showing a lattice-fringe 

spacing of 0.341 nm corresponding to the (111) crystal plane of the sheets. The inset 

shows the electron diffraction pattern of as-made GOs showing excellent crystallization 

of the GOs. Meanwhile, slightly distorted, hexagonal-shaped Fe3O4NPs with its 

embedded facets in the GO matrix. The measured lattice-fringes pacing of 0.297 nm and 

0.253 nm in these ribbons corresponds to the (220) and (311) crystal plane of the sheets, 

respectively (see Figure 4.5b). All of these results are consistent with those reported in 

the references [6, 15, 21, 22]. As Fig.4. 2 shown, Fe3O4NPs relatively evenly distributed 

on the surface of the graphene sheets, indicating GO-Fe3O4NPs nanosheets were 

successfully prepared by assembly technology.  
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Figure 4.5 Morphological studies of nanocomposites, (a) TEM and high-resolution 

TEM of as-prepared GO-Fe3O4NPs hybrid nanosheets.  
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4.3.3 FESEM analysis 

Comparing to the smooth surface of pristine SF (Figure 4.6 a), the surface of 

AgNPs@SFs was coated uniformly by densely-wrapped spherical NPs with diameters 

in the range of 1 - 30 nm, as displayed in Fig. 3b and c. The surface texture of silk can 

be clearly observed from the red area NO.1 enlarged view of AgNPs@SFs, and 

HBPAA-capped AgNPs densely scattering on the surface of silk fibers, which would 

make silk and functionalized graphene sheets integrated together tightly in the next 

process, just as countless solder joints. The whole morphology of the GOs nanosheets 

with numerous small wrinkles was observed from Figure 4.6 d - f. Figure 4.6d shows a 

clean GO sheet having a smooth finish and plenty of wrinkles owing to the thin 

structure of the sheet. From the red area NO.2 enlarged view of GO-Fe3O4NPs 

nanosheets (Figure 4.6 e) in the Figure 4.6 f, it is clear to observe that densely 

spherical NPs scattered on the surface of GO nanosheets. 

As shown in Figure 4.6 g – i, the morphologies and distribution state of AgNPs 

and Fe3O4NPs that are assembled on the surface of GOs and silk fibers was observed by 

FESEM. Fig. 4.3g and h indicated that GO-Fe3O4NPs hybrid nanosheets closely spread 

on the surface of silk fibers without any self-folding, though excessive stacking was 

observed in a small part of a silk surface with the increased density of GOs coatings. 

GO-Fe3O4NPs were observed coated the outermost layer of the fiber and Fe3O4NPs are 

uniformly distributed on the graphene oxide. From the red area NO.3 enlarged view of 

GO-Fe3O4NPs/AgNPs@SFs (Figure 4.6 g ), GOs with numerous small wrinkles that 

were different from the surface texture of silk and a fraction of large buckling 

deformation were clearly visible, mainly caused by the crimp or warping of GO 

nanosheets [23]. Except for a small part of large warps, GO-Fe3O4NPs nanosheets seem 

to be closely attached and monodispersed onto silk surface since the surface texture of 

silk can be clearly seen through these GO films from the red area NO.4 enlarged view 

of GO-Fe3O4NPs/AgNPs@SFs (Figure 4.6 i ), which proved their hierarchical structure. 
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An obvious hierarchical structure was observed, indicating GO-Fe3O4NPs nanosheets 

were successfully assembled onto the surface of AgNPs@SFs via electrostatic 

attractions between the positively charged HBPAA-capped AgNPs and negatively 

charged GO-Fe3O4NPs nanosheets. 

 

 
Figure 4.6 FESEM photographs of (a ×7,000) pristine SF, (b ×7,000, c ×50,000) 

AgNPs@SFs, (d ×30,000) Graphene oxides, (e ×10,000, f ×100,000) GO-Fe3O4NPs 

nanosheets and (g ×50,000, h ×7,000 and i ×100,000) GO-Fe3O4NPs/AgNPs@SFs. 
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4.3.4 XPS analysis 

In order to determine the chemical composition and surface chemistry of 

GO-Fe3O4NPs/AgNPs@SFs composite, X-ray photoelectron spectroscopy (XPS) 

measurements were carried out in the region of 0 ~1150 eV (Figure 4.7 a). All 

wide-scan XPS spectra showed photoelectron lines at a binding energy of about 284.5, 

399, and 532 eV, attributed to C1s, N1s, and O1s, respectively. They were mainly 

derived from silk, while it also obviously changed in the chemical composite fibers due 

to the participation of HBPAA-capped AgNPs and GO-Fe3O4NPs. After self-assembly 

of HBPAA/AgNPs to the silk surfaces and after GO-Fe3O4NPs nanosheets-encapsulated, 

in comparison with pristine silk, the relative intensity of the O1s and N1s bond 

obviously increased, indicating the successful attachment of amide-rich HBPAA and 

GO nanosheets. In contrast, the relative intensity of C1s bond slightly decreased, due to 

Fe3O4NPs distributing on the graphene oxide and GO-Fe3O4NPs encapsulating the 

outermost layer of the fiber, which shielded the detection of carbon elements of the 

GO-Fe3O4NPs/AgNPs@SFs composite. 

According to the analysis of wide-scan XPS spectrum, the sharp peaks at binding 

energies 56 eV is related to Fe3p electronic states, and have been appeared as an 

indication that the samples contain Fe elements. In Figure 4.7 b, two distinct peaks of a 

Fe2p level with binding energies at 710.4 and 723.8 eV were assigned to Fe2p3/2 and 

Fe2p1/2 spin-orbit peaks of Fe3O4, respectively, which indicates the formation of 

magnetite nanocomposite (i.e. the Fe3O4NPs onto GOs) [15, 24]. In the Ag3d XPS 

spectra shown in Figure 4.7 c, the Ag 3d3/2 and Ag3d5/2 peaks of GO-Fe3O4NPs 

nanosheets-encapsulated HBPAA/AgNP-coated silk were both around 374.1 and 368.1 

eV, indicating the metallic state of HBPAA/AgNPs [25].  
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Figure 4.7 (a) Wide-scan XPS spectra of silk fibers (SFs, red) and 

GO-Fe3O4NPs/AgNPs@SFs (blue) nanocomposites silk fibers, (b) Fe2p and (c) Ag3d 

spectra of the GO-Fe3O4NPs/AgNPs@SFs.  
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4.4. Conclusions 

In the present work, special hierarchical structured GO-Fe3O4NPs/AgNPs 

bimetallic coated silk fibers have been prepared via a simple electrostatic self-assembly 

technology. Silk fibers were sequentially immersed in solutions of positively charged 

AgNPs and negatively charged GO-Fe3O4NPs as the building blocks. As-prepared 

hierarchical structured silk fibers were characterized by XRD, SEM and FESEM. XRD 

and SEM characterizations demonstrated that silk fibers were hierarchically and 

uniformly coated by high dense AgNPs and Fe3O4NPs. Results from XRD showed that 

GO- Fe3O4NPs and AgNPs were anchored onto the surface of silk fibers. FESEM 

displayed that the high dense GO-Fe3O4NPs and AgNPs were hierarchically coated on 

the fiber surface. The as-prepared bimetallic coated silk fibers exhibited excellent 

magnetic property, which can be attributed to the high dense Fe3O4NPs assembled on 

the surface of silk fibers, and durable antibacterial property, which can be attributed to 

the high dense AgNPs assembled on the surface of silk fibers and protection from a 

robust, hard, and closely-fitted protective films of GO-Fe3O4NPs. 

 

  



86 

References 

 
[1] Dallas P, Tucek J, Jancik D, Kolar M, Panacek A, Zboril R. Magnetically 

Controllable Silver Nanocomposite with Multifunctional Phosphotriazine Matrix 

and High Antimicrobial Activity. Advanced Functional Materials. 

2010;20:2347-54. 

[2] Zhan Y, Wan X, Long Z, Fan Y, He Y. Two step hydrothermal synthesis of 

flowerbud-like magnetite/graphene oxide hybrid with high-performance 

microwave absorption. Russian Journal of Applied Chemistry. 2016;89:297-303. 

[3] Zha J-W, Huang W, Wang S-J, Zhang D-L, Li RKY, Dang Z-M. Difunctional 

Graphene-Fe3O4Hybrid Nanosheet/Polydimethylsiloxane Nanocomposites with 

High Positive Piezoresistive and Superparamagnetism Properties as Flexible Touch 

Sensors. Advanced Materials Interfaces. 2016;3:1500418. 

[4] Alvand M, Shemirani F. Fabrication of Fe3O4@graphene oxide core-shell 

nanospheres for ferrofluid-based dispersive solid phase extraction as exemplified 

for Cd(II) as a model analyte. Microchimica Acta. 2016;183:1749-57. 

[5] Liu X, Yin G, Yi Z, Duan T. Silk Fiber as the Support and Reductant for the Facile 

Synthesis of Ag–Fe3O4 Nanocomposites and Its Antibacterial Properties. Materials. 

2016;9:501. 

[6] Xu S, Song J, Morikawa H, Chen Y, Lin H. Fabrication of hierarchical structured 

Fe3O4 and Ag nanoparticles dual-coated silk fibers through electrostatic 

self-assembly. Materials Letters. 2016;164:274-7. 

[7] Mehdinia A, Rouhani S, Mozaffari S. Microwave-assisted synthesis of reduced 

graphene oxide decorated with magnetite and gold nanoparticles, and its 

application to solid-phase extraction of organochlorine pesticides. Microchimica 

Acta. 2016;183:1177-85. 

[8] Tao H, Kaplan DL, Omenetto FG. Silk Materials – A Road to Sustainable High 

Technology. Advanced materials. 2012;24:2824-37. 



87 

[9] Fei X, Jia M, Du X, Yang Y, Zhang R, Shao Z, et al. Green synthesis of silk 

fibroin-silver nanoparticle composites with effective antibacterial and 

biofilm-disrupting properties. Biomacromolecules. 2013;14:4483-8. 

[10] Xu S, Song J, Zhu C, Morikawa H. Graphene oxide-encapsulated Ag 

nanoparticle-coated silk fibers with hierarchical coaxial cable structure fabricated 

by the molecule-directed self-assembly. Materials Letters. 2016. 

[11] Chen D, Ji G, Ma Y, Lee JY, Lu J. Graphene-encapsulated hollow Fe(3)O(4) 

nanoparticle aggregates as a high-performance anode material for lithium ion 

batteries. ACS applied materials & interfaces. 2011;3:3078-83. 

[12] Ai L, Zhang C, Chen Z. Removal of methylene blue from aqueous solution by a 

solvothermal-synthesized graphene/magnetite composite. Journal of hazardous 

materials. 2011;192:1515-24. 

[13] Li X, Huang X, Liu D, Wang X, Song S, Zhou L, et al. Synthesis of 3D 

Hierarchical Fe3O4/Graphene Composites with High Lithium Storage Capacity 

and for Controlled Drug Delivery. The Journal of Physical Chemistry C. 

2011;115:21567-73. 

[14] Li J, Zhang S, Chen C, Zhao G, Yang X, Li J, et al. Removal of Cu(II) and fulvic 

acid by graphene oxide nanosheets decorated with Fe3O4 nanoparticles. ACS 

applied materials & interfaces. 2012;4:4991-5000. 

[15] Eskusson J, Rauwel P, Nerut J, Jänes A. A Hybrid Capacitor Based on 

Fe3O4-Graphene Nanocomposite/Few-Layer Graphene in Different Aqueous 

Electrolytes. Journal of The Electrochemical Society. 2016;163:A2768-A75. 

[16] Xu S, Chen S, Zhang F, Jiao C, Song J, Chen Y, et al. Preparation and controlled 

coating of hydroxyl-modified silver nanoparticles on silk fibers through 

intermolecular interaction-induced self-assembly. Materials & Design. 

2016;95:107-18. 

[17] Tung VC, Allen MJ, Yang Y, Kaner RB. High-throughput solution processing of 

large-scale graphene. Nature nanotechnology. 2009;4:25-9. 



88 

[18] Chen J, Yao B, Li C, Shi G. An improved Hummers method for eco-friendly 

synthesis of graphene oxide. Carbon. 2013;64:225-9. 

[19] Shahriary L, Athawale AA. Graphene oxide synthesized by using modified 

hummers approach. IJREEE. 2014;2:58-63. 

[20] Jiaqing X, Chenlu J, Sijun X, Jin T, Desuo Z, Hong L, et al. Strength-controllable 

graphene oxide amphiprotic aerogels as highly efficient carrier for anionic and 

cationic azo molecules. Japanese Journal of Applied Physics. 2015;54:06FF7. 

[21] Pasricha R, Gupta S, Srivastava AK. A facile and novel synthesis of 

Ag-graphene-based nanocomposites. Small. 2009;5:2253-9. 

[22] Jiang P, Yang X, Xin Y, Qi Y, Ma X, Li Q, et al. Facile synthesis of water-soluble 

and superparamagnetic Fe3O4 dots through a polyol-hydrolysis route. Journal of 

Materials Science. 2012;48:2365-9. 

[23] Suresh I, Chidambaram K, Vinod V, Rajender N, Venkateswara RM, Miroslav Č. 

Synthesis, characterization and optical properties of graphene oxide–polystyrene 

nanocomposites. Polymers for Advanced Technologies. 2015;26:214-22. 

[24] Lu J, Jiao X, Chen D, Li W. Solvothermal synthesis and characterization of Fe3O4 

and γ-Fe2O3 nanoplates. The Journal of Physical Chemistry C. 2009;113:4012-7. 

[25] Zhao S, Cheng Z, Kang L, Zhang Y, Zhao X. A novel preparation of porous 

spong-shaped Ag/ZnO heterostructures and their potent photocatalytic degradation 

efficiency. Materials Letters. 2016;182:305-8. 
 
 



 

 
 
 
 
 
 

Chapter 5: Conclusion 
  



 

  



89 

Chapter 5 Conclusion 
 

Silk is a kind of high strength natural filament fiber material with good mechanical 

properties; silk protein is not toxic and harmless and has good biocompatibility and 

degradation. However, because of the single structure, it limits the application of silk 

materials. Thus improving silk performance, preparation of silk/nano ions composite 

materials, in the development of new features of silk is of great significance. Graphene 

and graphene-based materials have recently gained extensive interests for their good 

application potential in composite nanomaterials because of their unique 

physicochemical properties. Due to the poor affinity of graphene to natural fibers, naked 

functional nanoparticle coatings on natural fibers usually suffer from a function 

decrease under external physical and chemical stimuli, thereby leading to a poor 

function durability. In the research, understanding the compatibility between nature silk 

and functional nanomaterials (including graphene-based materials and functional 

nanoparticles) is essential to advance the use of silk in functional applications. 

Compared with the traditional regenerated silk blend nanocomposites, the study of silk 

material the preparation does not change the internal structure of silk fibroin, fully 

retained the excellent characters of natural silk. 

Silk is tough, but it becomes soft when exposed to water. Here a strong affinity of 

amine-functionalized Graphene oxide (AFGO) was designed, by coating the silk fibers 

with AFGO by self-assembly technique onto the silk fibers to prepare of AFGO @ silk 

composites using self-assembly technique. And then, a special layer-by-layer (LbL) 

assembly technology was developed to prepare a tightly-adhered GOs coating. 

Particular, a GOs coating was prepared by cycle impregnation of two separate solutions 

of hyperbranched poly(amide-amine) (HBPAA) and GOs. HBPAA here serves as a 

strong guiding agent and glue because of their comparative advantages including 

cationic and amphipathic characteristics, three-dimensional structure, and dense amino 
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end groups that can capture and fix negatively charged hydroxyl/carboxyl-contained 

GOs nanosheets compared to linear cationic electrolytes. The developed LbL 

self-assembly technology may provide a controllable approach to coat GOs on the 

surface of biological fibers and graphene- based functional materials. At the same time, 

the prepared graphene and silk composite fiber can serve as the carrier of functional 

composite fibers, which has increased the chances of more choices to develop 

multi-functional composite fibers.  

In Chapter 2, graphene oxide (GO)-coated silk fibers were fabricated through 

HBPAA-induced LbL self-assembly technology. The closely adhered GOs coatings 

were achieved by circular incubation with solutions of HBPAA and GOs, with HBPAA 

serving as the "molecular glue" that could bind single or multi-layered GOs to the 

surface of silk fibers. We detailedly demonstrated LbL assembly process. The surface 

chemical and physical properties of designed GOs /HBPAA-coated silk fibers were also 

characterized. In the experiments, GOs nanosheets were synthesized by a modified 

Hummers method and were characterized by atomic force microscopy (AFM), 

transmission electron microscopy (TEM), X-ray diffraction (XRD), and X-ray 

photoelectron spectroscopy (XPS). Our developed technology was able to tightly bind 

GOs to the silk surface and control their loading capacity. Owing to the positive charges 

and abundant amino end groups of HBPAA, GOs were found to be completely adsorbed 

onto silk surface. Therefore, their assembly would be green and controllable. The 

Fourier transform infrared (FT-IR) spectroscopy, XPS, XRD, thermos-gravimetric 

characterizations confirmed the attachment of HBPAA and GOs. Field emission 

scanning electron microscopy (FESEM) indicated that GOs closely spread on the 

surface of silk fibers without any self-folding though excessive stacking was observed 

in a small part of a silk surface with the increased density of GOs coatings.  

In chapter 3, for protecting Ag NP coatings from detachment, we designed the 

graphene oxide (GO)-encapsulated Ag nanoparticle (Ag NP)-coated silk fibers with GO 

serving as the protective films through HBPAA-directed self-assembly. By introducing 
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two dimensional GO nanosheets, a robust, hard, and closely-fitted protective films can 

be achieved on the fiber surfaces through self-stacked GOs were also found. To design a 

well-defined hierarchical structure, silk fibers were hierarchically coated with 

HBPAA-capped Ag NPs (HBPAA/Ag NPs) and GOs by successively impregnating the 

fibers in the solutions of HBPAA/Ag NPs and GOs. In such structure, HBPAA served as 

a "double-sided tape" not only gluing Ag NPs to the fiber surfaces but also adhere GOs 

to the surfaces of HBPAA/Ag NPs. Our FESEM analysis suggested that the ternary silk 

composites possessed dense mono-dispersed HBPAA/Ag NPs coatings closely 

encapsulated by GOs. XPS and XRD characterizations showed that large amounts of 

GOs were successfully coated to metallic Ag NP surfaces. The developed coaxial 

cable-structured coatings could isolate Ag nanocoatings from external stimuli, opening a 

potential route to improve the function persistence and biosafety of Ag NP-coated bio 

textiles. 

In chapter 4, design and fabrication of well-organized hierarchical structured 

graphene oxide (GO)-Fe3O4 hybrid nanosheets and Ag nanoparticles (Ag NPs) 

bimetallic coated silk fibers via a facile and simple assembly technology remain a 

significant challenge. Here we prepared novel hierarchical structured GO-Fe3O4 NPs 

/Ag NPs bimetallic coated silk fibers via a special electrostatic self-assembly 

technology using positively charged Ag NPs and negatively charged GO-Fe3O4 NPs as 

the building blocks. Specifically, GO-Fe3O4 NPs/Ag NPs bimetallic coated silk fibers 

were facilely obtained by sequential impregnation with solutions of HBPAA-capped Ag 

NPs and citric acid-capped GO-Fe3O4 NPs. In the present work, special hierarchical 

structured GO-Fe3O4 NPs/Ag NPs bimetallic coated silk fibers have been prepared via a 

simple electrostatic self-assembly technology. Silk fibers were sequentially immersed in 

solutions of positively charged Ag NPs and negatively charged GO-Fe3O4 NPs as the 

building blocks. As-prepared hierarchical structured silk fibers were characterized by 

XRD, SEM, and FESEM. XRD and SEM characterizations demonstrated that silk fibers 

were hierarchically and uniformly coated by high dense Ag NPs and Fe3O4 NPs. Results 



92 

from XRD showed that GO- Fe3O4 NPs and Ag NPs were anchored onto the surface of 

silk fibers. FESEM displayed that the high dense GO-Fe3O4 NPs and Ag NPs were 

hierarchically coated on the fiber surface. The as-prepared bimetallic coated silk fibers 

exhibited excellent magnetic property, which can be attributed to the high dense Fe3O4 

NPs assembled on the surface of silk fibers, and durable antibacterial property, which 

can be attributed to the high dense Ag NPs assembled on the surface of silk fibers and 

protection from a robust, hard, and closely-fitted protective films of GO-Fe3O4 NPs.  

In this study, we prepared three kinds of silk nanocomposites, such as GO-coated 

silk fibers, GO-encapsulated Ag NP-coated silk fibers, and GO-Fe3O4 NPs/Ag NPs 

bimetallic coated silk fibers through LbL self-assembly technology of graphene oxide, 

silver nanoparticles and Fe3O4 NPs coating on natural silk surface. The surface coating 

materials can be controlled and assembled quantitatively by the number of cross-linking 

/ adsorption, HBPAA as a molecular glue in the course of the study, which is simple and 

easy to implement. Compared with the traditional regenerated silk blending 

nanocomposites, it is not necessary to dissolve and regenerate of silk, which eliminates 

the cumbersome process of experiment. At the same time, because the Nano ions are not 

embedded in silk fibroin, the as-prepared silk composite materials are coated with Nano 

ions outside the silk fiber. Therefore, the preparation of silk composite materials does 

not change the internal structure of silk fibroin, which fully retains the excellent 

characters and shape of natural silk. The experiment was the first, and no other reports 

have been reported before. 

Because the polyamine group has the opposite charge of the Nano ion, the 

preparation of nanocomposite materials is strong and not easy to fall off, and it is easier 

to give full play to the performance of the surface nanomaterials. Moreover, because the 

silk itself has good mechanical performance, stable physical and chemical properties 

and good biocompatibility, so the as-prepared silk nanomaterial fibers can be made of 

silk by the modern textile technology, in turn, which makes the original fiber material 

weaved all kinds of fabric with the corresponding fabric structure. This material also 
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can be used as the raw material for medical gauze or protective clothing, because of the 

excellent antibacterial properties of nanomaterials such as graphene and Nano silver. 

Therefore, the silk nanomaterial fiber with good performance has a vast prospect in 

various fields. This study has shed a light on the new research of silk nanomaterials, and 

also provided direction and data support for the new application of silk fiber as the 

traditional natural fiber. 

In addition, due to the haste of time, there are still many parts to be improved, so in 

the next step, we will continue to supplement and develop the current research: 1. 

In-depth study of the interaction between the functional materials and bacteria of the 

silky nanometer and the antimicrobial activity mechanism of the silk nanomaterials. 2. 

To study the textile technology of the application and development of the functional 

silk-based materials, providing reference and support for the application in more fields. 
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