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SUMMARY 

 

Bombyx mori silkworms are the main producer of silk worldwide. It has 

been used as high-end textile fibers and as surgical sutures, and is 

being further developed for various emerging biomedical applications 

including drug delivery, tissue engineering, sensing, and imaging. The 

silk fibroin features a hierarchical architecture consisting of β-sheet 

crystallites embedded in a less ordered amorphous matrix, which 

accounts for its unique combination of lustre appearance, soft-to-touch 

texture, and impressive mechanical properties. Notably, many 

applications of silk take advantage of its impressive mechanical 

properties, which by nature surpass many natural and synthetic 

materials. Interestingly, both the silkworm silk and spider dragline silk 

share similar hierarchical architecture but possess great disparity in 

mechanical properties.  

Inspired by spider dragline silk with much superior strength and 

toughness, there is an ever growing interest to enhance the 

mechanical properties of Bombyx mori silk. Here, we design a green 

and facile feeding method to modulate the structures of silk fibroin at 

the nanoscale using citric acid (CA), and achieved greatly enhanced 

mechanical properties. The silk obtained (i.e., CA silk) emerges to be 

the intrinsically toughest silkworm silk, with mechanical properties that 

exceed those of the previously reported natural and enhanced 

silkworm silk, and compare well with those of naturally produced spider 

silk (including those from spiders Araneus diadematus, Nephila 

clavipes, etc.).The underlying interactions of CA with fibroin structures 

are revealed by both advanced characterizations and simulations. It is 

found that CA interacts with fibroin, resulted in remarkably shorter 

crystallites, and thus giving the outstanding strength and toughness of 

the CA silk. The greatly enhanced mechanical properties are expected 

to lead to better functionalities and wider applications of the Bombyx 

mori silkworm silk. 



viii 
 

Silkworms usually produce white silk with normal feed containing no 

xenobiotics. Here, through introducing fluorescent xenobiotics into 

silkworm’s diet and monitoring the resulting color and fluorescence in 

the silkworm’s body, we established an understanding on 

the in vivo uptake of xenobiotics in silkworms that leads to direct 

production of intrinsically colored and/or luminescent silk by the 

silkworms. The molecular properties-directed absorption, distribution 

and excretion of xenobiotics were investigated using a series of 

fluorescent molecules as model compounds in a silkworm model. The 

efficient uptake of xenobiotics into silk is further studied through 

quantitative analysis of the intrinsically colored and highly luminescent 

silk secreted by silkworm. Criteria for effective uptake have been 

established based on the relationship between the structure-dependent 

hydrophobicity of various dyes vs. the amount selectively absorbed into 

the silk. The biological incorporation of dyes into silk, in particular its 

fibroin is a greener method of producing the functional silk because it 

eliminates the need of an external dyeing process, along with the 

resources (water, energy and additional chemicals) associated with 

conventional dyeing of silk. Beyond the absorption of dyes to produce 

color and luminescence in the silk, this feeding concept can also be 

expanded to incorporate other functional molecules (e.g., drugs, 

antibacterial agents, perfumes and nutrients) into silk with therapeutic 

or nutritional value.  
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Chapter 1 Introduction  

 

1.1 General Introduction on Bombyx Mori 

Silkworm Silk 

Bombyx mori silk features a unique combination of lustre appearance, 

soft-to-touch texture, and impressive mechanical properties. Bombyx 

mori silkworms are the main producer of silk worldwide. After being 

hatched from eggs, the silkworms live through five instars before 

undergoing metamorphosis into a moth [1]. The silk is produced 

throughout the instar stages in benign and aqueous conditions in silk 

glands. At the end of fifth instar, the silk is spun by the silkworms into a 

continuous thread of silk for cocoon formation. In its raw form, the silk 

consists of two fibroin fibers held together with a sericin on their 

surfaces (Figure 1.1) [2–8]. Upon removal of sericin, the fibroin fibers 

appear shiny and feel soft to the touch [9], and are highly sought after 

in the textile industry [10]. Moreover, the fibroin fibers are endowed 

with a combination of attractive strength, toughness, 

biocompatibility/biodegradability and thermal stability, representing one 

of the most impressive natural protein fibers that surpass many 

synthetic and natural fibers [5,11]. 

Besides being fabricated into braided, knitted and non-woven matrices, 

the versatile processability of fibroin also enables the regeneration of 

various morphologies from dissolved fibroin fibers (i.e., fibroin solution), 

including but are not limited to sponges, hydrogels, films, mats, 

microparticles and microneedles (Figure 1.2) [11–18]. These 

matrices/morphologies serve most notably as surgical sutures (e.g., 

SOFSILK™, PERMA-HAND™), carriers for controlled release and drug 

delivery, also scaffolds for tissue engineering of corneal [19–21], neural 

[22] and anterior cruciate ligament (ACL) constructs [14,23]. Recent 

advances have further developed fibroin as flexible interfacial 
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components in electronic and photonic devices including edible food 

sensors, organic light-emitting transistors, metamaterial silk composites, 

and in vivo bio-trackers/detectors [24,25]. Fibroin materials 

demonstrated good biocompatibility with various cell types by 

promoting their adhesion, proliferation, growth and functionality. In 

addition, there is a growing interest to introduce functionalities into silk 

fibroin while preserving its advantageous intrinsic properties, and also 

to incorporate silk fibroin in composite systems for improved 

performance [26–37]. In recent years, the mechanical performance of 

silk fibroin, which is related to its molecular constituent and packing, 

has received substantial investigations. One particularly appealing 

aspect in the research of this natural material today would be the 

possibility to create stronger and tougher silk. Reliable mechanical 

properties critically ensure the functionality and durability of the 

material in most applications. With better mechanical properties, silk 

fibroin materials can also have a higher safety factor against failure 

when used in load-bearing applications [5,7].  

 

 

Figure 1.1 An overview of the natural spinning by silkworms from the 
silk glands to produce fibroin fibers which consist of the ordered and 
disordered domains [5, 8].  
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Figure 1.2 Bombyx mori silkworm silk in various morphologies. (a) The 
raw silk consists of two fibroin fibers held together with a layer of 
sericin on their surfaces. After degumming to remove sericin, the fibroin 
fibers are dissolved in lithium bromide solution followed by dialyzing 
against ultrapure water or polyethylene glycol to obtain regenerated 
fibroin solution, (b) Silk braided, knitted, and non-woven matrices 
constructed from the fibroin fibers, (c) Silk sponges, hydrogels, films, 
nanofibrous mats, microparticles, and microneedles constructed from 
the regenerated fibroin solution [11–18]. 
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1.2 Constituent and Crystal Structure of Silk 

1.2.1 Constituent 

Silk fibroin consists of a light (L) chain polypeptide and a heavy (H) 

chain polypeptide linked together via a single disulfide bond at the C-

terminus of H-chain, forming a H-L complex [38,39]. The H-L complex 

also binds glycoprotein P25 in a ratio of 6:1 via hydrophobic 

interactions to form an elementary micellar unit. Necessarily, the 

formation of such micellar unit enables the transportation of a large 

amount of fibroin through silk gland lumen towards the spinnerets 

before spinning into fibers [11,40].  

 

 

Figure 1.3 (a) Each fibroin heavy chain (H-chain) consists of 
hydrophobic repetitive domains interspersed between hydrophilic non-
repetitive domains [7]. (b) Each repetitive domain consists of 
subdomains separated by GAAS tetrapeptides. (c) Each subdomain in 
turn consists of different repeating units of hexapeptides (represented 
by s, y, a or µ), and terminates with a tetrapeptide GAAS [6,7].  
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In silk fibroin material, H-chains form discrete β-sheet crystallites 

serving as the main structural component responsible for the superior 

mechanical properties, while L-chain plays little mechanical role as its 

size is much smaller than H-chain and besides, its sequence is also not 

associated with the formation of the crystalline region in silk fibroin 

[11,41]. The β-sheet crystallites are in turn embedded in a less-ordered 

(i.e., semi-amorphous) matrix. In terms of amino acid composition, the 

H-chain comprises primarily the three simplest amino acids, i.e., 

glycine (G) (~43–46%), alanine (A) (~25–30%) and serine (S) (~12%), 

whereas tyrosine (Y) (the larger amino acid with a polar side chain) 

occurs at ~5%. The next most abundant amino acid in H-chain is valine 

(V) (~2%), and this is followed by aspartic acid (D), phenylalanine (F), 

glutamic acid (E), threonine (T), isoleucine (I), leucine (L), proline (P), 

arginine (R), lysine (K) and histidine (H), which are present in much 

smaller percentages (i.e., less than 2% each) [6,11,42].  

Organizationally, the silk fibroin H-chain is a highly regular biopolymer 

that consists of 12 hydrophobic domains interspersed with 11 

hydrophilic domains (Figure 1.3a). The hydrophobic domains contain 

amino acids in repetitive sequence (i.e., therefore also referred to as 

repetitive domains), while the hydrophilic domains contain amino acids 

in non-repetitive sequence (i.e., also referred to as non-repetitive 

domains) [5–8]. The repetitive domains (comprising mainly glycine, 

alanine, serine, and also tyrosine, valine and threonine in lesser 

proportion) are capable of organizing themselves together into β-sheet 

crystallites via intramolecular or intermolecular forces including 

hydrogen bonds, van der Waals forces, and hydrophobic interactions, 

leading to the formation of highly ordered crystalline regions in silk 

fibroin. On the other hand, the non-repetitive domains (comprising 

mainly charged/acidic amino acids, e.g., glutamic acid, aspartic acid, 

arginine and lysine, which are not found in the repetitive domains [6,39]) 

form non-crystalline (semi-amorphous) region in silk fibroin [4]. 

Interestingly, 11 out of 14 proline residues in a H-chain are present at 

one each for all the 11 hydrophilic domains (also known as linkers), 
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which serve as β-turns to allow the chain reversal and facilitate folding 

into a micellar structure during silk processing in vivo [6,39].  

 

1.2.2 Crystal structure 

The crystal structure of fibroin in silk fibers was investigated by X-ray 

diffraction (XRD). The XRD patterns revealed that its molecular chains 

are orderly aligned along the axis of the silk fibers. Together with 

chemical analysis, it was proposed that the chains are made up of 

glycine and alanine with occasional substitution by other amino acids. 

The chains are held together by strong interactions, which were 

discovered to be hydrogen bonds between amide linkages of the 

adjacent chains [42,43].  

 

Figure 1.4 (a) Longer bond length (~2.97 Å) and NH---O bond angle 
deviating by 20° from linearity in parallel fibroin β-sheets, as compared 
with shorter bond length (~2.76 Å) and NH---O bond angle close to 
linearity in antiparallel fibroin β-sheets [44]. (b) Widely accepted polar-
stacking of antiparallel β-sheets, with the surface of one sheet 
projecting entirely methyl groups (side chains) of alanine residues and 
the other surface of the same sheet projecting only hydrogen atoms 
(side chains) of glycine residues. The intersheet distances alternate at 
5.5 Å and 3.7 Å respectively [42,44].  
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Oxygen Carbon Nitrogen Hydrogen 
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To clarify the packing of the chains, Marsh et al. proposed a pseudo 

unit based on the two established principles for proteins, i.e., the 

planarity of the six atoms in each amide linkage, and the tendency 

towards maximizing the number of hydrogen bonds during molecular 

arrangement. The repeats of the pseudo unit form β-sheet crystallites, 

which constitute β-strands with antiparallel arrangement (i.e., adjacent 

β-strands run in the opposite direction) rather than parallel 

arrangement (i.e., adjacent β-strands run in the same direction). This is 

mainly because, there are shorter linear hydrogen bonds (2.76 Å) 

between antiparallel β-strands as compared to longer non-linear 

hydrogen bonds (2.97 Å) between parallel β-strands (i.e., a bond angle 

deviating by 20° from linearity) (Figure 1.4a), which can offer greater 

stability to the β-sheet crystallites [42–44].  

Based on the pseudo unit, the side chains of adjacent β-strands are 

similar within each face in a β-sheet. In such a polar arrangement, the 

front face of the β-sheet projects only the glycine side chains (–H) (i.e., 

glycine face), while the back face of the same sheet projects only the 

alanine side chains (–CH3) (i.e., alanine face), as illustrated in Figure 

1.4b [42,44]. The β-sheets are stacked into a β-sheet crystallite in such 

a way that similar faces of adjacent β-sheets are facing each other (i.e., 

front-to-front and back-to-back). Important clues which led to the 

revelation of such front-to-front and back-to-back stacking of β-sheets 

were the intersheet distances, which were generated after feeding X-

ray equatorial reflections data into Patterson function – a convolution 

function to solve crystal structures. The calculated intersheet distances 

between two glycine faces (front-to-front) or two alanine faces (back-to-

back) are 3.7 and 5.5 Å, respectively. According to the pseudo unit, the 

β-sheet crystallite adopts an orthorhombic crystal lattice with unit cell 

dimensions a = 9.20, b = 9.40, and c = 6.97 Å [42], where a is the 

direction along the stacking of β-sheets, b is the direction in a β-sheet 

perpendicular to the strand axis, and c is the direction along the strand 

axis [42]. Subsequent investigations yielded similar results [41,45,46]. 
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Up till today, the polar-antiparallel arra\ngement in the β-sheet 

crystallites is still widely accepted.  

In addition to XRD, mathematical model, molecular modeling and 

nuclear magnetic resonance (NMR) spectroscopy have been explored 

as alternative or complementary techniques to examine the crystal 

structure of fibroin. For example, while the amino acid residues, glycine 

and alanine, have been widely accepted as the main constituents 

responsible for the formation of crystalline region of silk fibroin, the 

presence of larger residues such as serine and tyrosine in the β-sheet 

crystallite was still unascertained only until recent confirmation from 

NMR that the crystalline region could also accommodate serine and 

tyrosine residues [46–50]. The larger residues resulted in some degree 

of local disorder in the crystalline structure.  

To date, there are still disputes on the (anti)polarity and (anti)parallelity 

in the β-sheet crystallites of silk fibroin [51]. Four arrangements of 

strands are possible, and among them three have been suggested as 

being the crystal structure of fibroin. These include the previously 

established polar-antiparallel arrangement, and two other 

arrangements, i.e., polar-parallel and antipolar-antiparallel as 

discussed below.  

Polar-parallel arrangement. A polar β-sheet, i.e., a β-sheet with smaller 

glycine side chains and larger side chains (e.g., alanine, serine, and 

tyrosine) respectively at two different faces, can be obtained when 

there are glycine residues in virtually every alternate amino acid 

position of the repetitive domains. Zhou et al. determined the amino 

acid sequence of repetitive domains in H-chain, which have a strict 

occurrence of glycine residue in every alternate position (i.e., GX as 

basic repeating units, with X being mainly alanine, serine, tyrosine, 

valine or threonine), and this necessarily implies the need for the 

formation of polar β-sheets in silk [6,43]. Molecular modeling based on 

conformational energy calculations has also simulated the energetically 

favored structure of silk fibroin [46]. Specifically, using glycylalanyl 



9 
 

chains, also referred to as poly(GA), Fossey et al. derived a polar β-

sheet arrangement in the crystalline region (Figure 1.5a), reproducing 

the structure proposed by Marsh et al. [42] and experimental 

measurements [41,45,46]. The calculated energies indicated the polar 

conformation is more stable than the antipolar conformation (Figure 

1.5b). 

 

 

Figure 1.5 Schematic illustration of (a) polar and (b) antipolar poly (GA) 
β-sheets obtained by conformational energy calculations. The polar β-
sheet has an Ala face and a Gly face, while the antipolar β-sheet has 
two identical faces [46]. (c) Double-layered solenoid structure of fibroin 
β-sheet crystallite [6], in which consecutive subdomains in H-chain loop 
through the top and bottom layers alternately, and the adjacent β-
strands in each layer run in a parallel manner. Such a structure is 
proposed to be necessary for satisfactory packing of the amino acid 
side chains with obvious N- to C- directionality. In between the two 
layers, the bulkier side chains (i.e., tyrosine, valine and threonine) 
gather at the C-terminus, and smaller side chains (i.e., glycine, alanine 
and serine) gather at the N-terminus. 
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The H-chain sequence derived by Zhou et al. [6] showed that each 

repetitive domain comprises an average of five to six subdomains 

(Figure 1.3b), and each subdomain can often form a β-strand. Each 

subdomain of ~70 residues constitutes different repeating units of 

hexapeptides (i.e., GAGAGS, GAGAGY, GAGAGA, and GAGYGA, 

represented by s, y, a and µ, respectively, which are present in the H-

chain with the approximate abundance ratio of 32:9:2:3) (Figure 1.3c) 

[6]. The subdomain shows an obvious N- to C-directionality, in which 

the more common smaller amino acids of fibroin (i.e., glycine, alanine 

and serine) gather nearer the N-terminus while the less frequently 

occurred bulkier amino acids of fibroin (i.e., tyrosine, valine and 

threonine) gather nearer the C-terminus (e.g., 

sssssssGAGVGYµysGAAS). With such sequence, it was theoretically 

suggested that the β-sheet crystallite has a double-layered solenoid 

structure, in which consecutive subdomains loop alternately through 

the top and bottom layer, such as that shown in Figure 1.5c. The 

parallel running of β-strands within each layer of polar β-sheet allows 

regular packing of the side chains, i.e., the similar side chains of 

adjacent β-strands can gather at one terminus of β-sheets. GAAS 

tetrapeptides, which appear regularly between subdomains throughout 

the repetitive regions (Figure 1.3c), could form β-turns which are 

required to loop the strand into the double-layered solenoid structure 

[6]. With the proposed structure, Zhou et al. [6] raised the need for 

parallel arrangement in order for satisfactory packing of the β-sheets to 

occur. 

Antipolar-antiparallel arrangement. Takahashi et al. examined the 

crystal structure of fibroin using XRD and further analyzed the obtained 

data with mathematical model [41]. In the analysis which considered 

the sequence in the crystalline region as (-GAGAGS-)n, all the possible 

arrangements of strands, including polar-parallel, polar-antiparallel, 

antipolar-parallel and antipolar-antiparallel arrangements were taken 

into consideration. The calculated values using constrained least-

squares method led to a conclusion disputing the proposed structure 
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by Marsh et al. [42], i.e., instead of stacking in a polar manner, the β-

sheets are stacked in an antipolar manner, whereby larger side chains 

of adjacent strands point to opposite sides of β-sheets. In this proposed 

antipolar-antiparallel model, hydrogen bonds between adjacent strands 

assume four values (i.e., 2.76, 3.05, 3.17, and 3.41 Å). Also, serine 

side chains are possibly involved in inter-β-sheets hydrogen bonding, 

based on the calculated distances between hydroxyl groups of serine 

from adjacent sheets, which are shorter than the sum of their van der 

Waals radii, although it was acknowledged that such shorter than 

expected distance between hydroxyl groups of serine from adjacent 

sheets could also be due to disorder caused by intersheet stacking [41]. 

 

1.3. Mechanical Properties of Silk 

Naturally produced silk fibroin fiber (Bombyx mori) has a high ultimate 

tensile strength of 300 – 740 MPa [52–54]. It has also large breaking 

strain and high toughness exceeding those of synthetic fibers such as 

Kevlar [55,56]. The mechanical properties are listed in Table 1.1 along 

with those of other natural and synthetic fibers [11,52–55,57–63], and 

the representative stress-strain curve is shown in Figure 1.6 along with 

that of spider dragline silk [38]. Increasing evidences suggest that the 

impressive mechanical properties of silk are closely related to its 

hierarchical structures [64–67]. Although silkworm and spider silk have 

different primary structures (e.g., crystalline sequences, poly(GA) in 

silkworm silk and poly(A) in spider dragline silk [55]), they still possess 

similar hierarchical structures (i.e., β-sheet crystallites structure, and a 

semi-amorphous matrix with less ordered structures including helices 

and turns) [58,64]. Here, we review the structural dependency of the 

mechanical properties of Bombyx mori silkworm silk, incorporating 

relevant insights drawn from spider dragline silk to benefit the 

mechanical enhancement efforts of silkworm silk. 

 

 



12 
 

Table 1.1 Mechanical data of silkworm silk along with other fibrous 
materials [11,52–55,57–63].a 

Materials Young’s 

Modulus 

(GPa) 

Ultimate 

Strength 

(MPa) 

Breaking 

Strain 

(%) 

Toughness 

(MJ m-3) 

Ref. 

Silkworm silk 
fibroin (Bombyx 
mori)  

10–17 300–740 4–26 70–78 [11,52–
55] 

 

β-sheet 
crystallites 
(Bombyx mori) 

16–18 – – – [53,57] 

 

β-sheet 
crystallites 
(Bombyx mori)

b
   

22.6 – – – [58] 

Spider silk           
(Nephila 
clavipes) 

10.9 875 16.7 – [53] 

Spider silk            
(Nephila edulis) 

– 1300 38 200 [54,59] 

Spider silk         
(Araneus) 

10 1100 27 160 [55] 

Collagen 0.0018–
0.046 

0.9–7.4 24–68 – [60,61] 

Wool 0.5 200 50 60 [55] 

Nylon 1.8–5 430–950 18 80 [55,62] 

Kevlar 130 3600 2.7 50 [55] 

Polypropylene 4.6 490 23 – [63] 

a
 Unless specifically indicated, the data are extracted from experimental studies. 

b
 

Simulation data.  

 

 

1.3.1 Structure-dependent mechanical properties  

The strength and stiffness of silk are dictated mainly by β-sheet 

crystallites. In β-sheet crystallites, there are hydrogen bonds, together 

with intersheet van der Waals and hydrophobic interactions, which 

contribute significantly to the stability of the structure [58,68]. On the 

other hand, the extensibility and toughness of silk are governed mainly 

by the semi-amorphous matrix [17,64,69]. Upon tensile loading, the 
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material undergoes homogeneous stretching until the onset of yielding, 

when the material ceases to behave elastically and starts to deform 

plastically. Respectively, the semi-amorphous matrix and β-sheet 

crystallites of silk govern its mechanical behavior at small and large 

deformation during tensile loading. The semi-amorphous components 

start to unravel beyond yield point, after which the load is transferred to 

the β-sheet crystallites, which subsequently handle the load up to the 

point of fracture [64]. Fundamentally, silk fibroin can form 

intramolecular/intermolecular β-sheet crystallites [67,70], 

parallel/antiparallel β-sheet crystallites, as well as β-sheet crystallites of 

different sizes and orientations along fiber axis. Below, these structural 

aspects of the β-sheet crystallites are discussed pertaining to the 

mechanical properties of silk. 

 

 

Figure 1.6 Typical stress-strain curve for the single filament of 
silkworm silk (Bombyx mori) along with that of spider silk (Nephila 
edulis) [52]. 

 

Intermolecular vs. intramolecular β-sheet crystallites. Essentially, the 

splitting of intermolecular β-sheet crystallites leads to weakening of the 

overall molecular network in silk, and thus results in failure of the 
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material. On the contrary, the splitting of intramolecular β-sheet 

crystallites leads to lengthening of silk as they split (i.e., unfold) [56,65]. 

The content of intramolecular β-sheet crystallites significantly 

influences the mechanical properties of silk. Evidently, the superb 

mechanical strength and toughness of spider silk (Nephila pilipes) have 

been attributed to its high content of intramolecular β-sheet crystallites 

[56]. Spider silk has a content of about 57% of intramolecular β-sheet 

crystallites (of total β-sheet crystallites content), significantly above that 

of silkworm silk (18%). A possible explanation for the lower content in 

silkworm silk is that the H-chain has comparatively larger crystal-

forming domains [55], which increase their likelihood of interactions 

with those from neighboring H-chains to form intermolecular β-sheet 

crystallites when the domains are well-aligned during spinning [71]. 

With this understanding, the mechanical properties of silkworm silk 

may be further enhanced if there is a way to increase the amount of the 

intramolecular β-sheet crystallites in silk fibroin.  

Parallel vs. antiparallel β-sheet crystallites. Different arrangements of 

β-strands in β-sheet crystallites, i.e., parallel vs. antiparallel, have been 

proposed. When arranged in parallel sense, adjacent β-strands form 

lengthier and non-linear hydrogen bonds, whereas antiparallel adjacent 

strands are able to form shorter and linear hydrogen bonds [42]. The 

arrangement of the β-strands thus influences the mechanical properties 

owing to the geometrical and energetic differences in the hydrogen 

bonding. Mechanical properties of poly(GA) crystalline units, in both 

parallel and antiparallel arrangements, have been simulated to 

compare any difference in mechanical properties (Figure 1.7a). It was 

found that antiparallel β-sheet crystallites outperform the parallel 

counterparts, in terms of rupture strength and stiffness, as shown in 

Figure 1.7b. Experimental stress-strain data of silk fiber is also 

presented (green curve), and is of lower strength and stiffness than the 

simulation data. This is because the experimental result was calculated 

using cross-sectional area of fiber, which includes also the area 

contribution from semi-amorphous region, in addition to the β-sheet 
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crystallites. Meanwhile, it was also reported that the hydrogen bonds 

are stronger in the antiparallel arrangement [68].  

 

 

 

Figure 1.7 Mechanical properties of poly(GA) crystalline units from 
molecular dynamics simulations. (a) Simulation snapshots of the rupture 
process. Crystalline unit is in green with the pulled strand in red. The 
pulling force is depicted as a spring. (b) Stress-strain plots of the parallel 
(blue) and antiparallel (red) crystalline units (solid black curves for 
averages), with experimental result (green) in comparison. The inset 
shows the complete extension and rupture process [68]. (c) Relation 
between orientation function and breaking stress of silkworm silk fibers 
predicted based on a hierarchical network model. The solid circles 
indicate the orientation function values (f) from force-spun silkworm silk 
while higher values are represented by hollow circles  (f = 0 for no 
preferred orientation; f = 1 for perfect orientation) [77]. (d) Relation 
between orientation function and breaking stress of spider dragline silk 
[67]. 
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Size of β-sheet crystallites. The size of β-sheet crystallites has been 

investigated using both XRD and TEM. The reported crystallite 

dimensions of both silkworm and spider silk are listed in Table 1.2 

along with several other structural parameters [56,72–75]. So far, there 

has been no reported experimental research to correlate the size of β-

sheet crystallites to the mechanical properties of silkworm silk fibroin 

fibers. Instead, molecular modelling and simulation have been used to 

provide insights on the crystallite size-mechanical property correlation 

of silk fibroin [58]. Recent modeling and simulation studies showed that 

confining the dimensions of β-sheet crystallites to a few nanometers is 

mechanically advantageous [58,64]. Keten et al. [58] performed a 

series of large-scale molecular dynamics simulations to explore the 

size effect of Bombyx mori silkworm β-sheet crystallites on their 

mechanical properties (Figure 1.8a). Their findings indicated that the 

mechanical properties of silk are strongly dependent on the β-sheet 

crystallite sizes. It was found that β-sheet crystallites that are confined 

to a few nanometers can achieve higher strength, stiffness and 

toughness than larger β-sheet crystallites, as shown in Figure 1.8b [58]. 

The reported critical dimensions of crystallite for optimal mechanical 

properties are 2–4 nm along interchain direction and 1–2 nm along the 

strand axis (Figure 1.8c). Similar findings were also reported for spider 

silk β-sheet crystallites, whereby an increase in the strength and 

toughness was observed when the size was reduced from 10 to 6.5 nm, 

and further reduced to 3 nm [64]. The reason being that, larger β-sheet 

crystallites experience predominantly bending deformation, whereas 

smaller β-sheet crystallites experience predominantly shear 

deformation. Through nanoconfinement, a combination of uniform 

shear deformation that makes most efficient use of hydrogen bonds 

and the emergence of dissipative molecular deformation leads to 

significantly enhanced mechanical properties of β-sheet crystallites 

[58,64]. 
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Table 1.2 Structural parameters of silk fibers [56,72,73–75]. 

Silk Crystalline 
content 

(%) 

Crystallite size+ 

(nm) 

Ref. 

a b c 

Silkworm cocoon silk 
(Bombyx mori) 

40 4.1 2.3 10.3 [56] 

Silkworm silk fibroin 
(Bombyx mori) 

55 3.26 4.14 12.4 [74] 

Silkworm silk fibroin 
(Bombyx mori) 

27 4.8 1.6 20.4 [73] 

Silkworm silk fibroin 
(Bombyx mori) 

– 3.82 3.2 10.76 [72] 

Spider dragline 
(Nephila clavipes) 

22 2.7 2.1 6.5 [56] 

Spider dragline 
(Nephila clavipes) 

– 2 5 6 [75] 

+ 
a is the direction along the stacking of β-sheets, b is the direction in a β -sheet 

perpendicular to the strand axis, and c is the direction along the strand axis. 

 

 

Orientation of β-sheet crystallites. The β-sheet crystallites in silk fibers 

are known to be highly oriented along the fiber axis [76]. The relation 

between the crystallite orientation (measured by orientation function 

value, f) and breaking stress of silkworm and spider dragline silk fibers 

have been investigated, respectively using modeling [77] and 

experimental studies [67]. Typically, a higher orientation of β-sheet 

crystallites along fiber axis contributes to a higher breaking stress 

(Figure 1.7c–d). Presumably, the more oriented β-sheet crystallites are 

better positioned to sustain tensile load along the fiber axis [67]. 

Naturally spun silkworm silk (spinning speed 4 to 15 mm s-1) has been 

reported to have orientation function f of 0.84 [73], while the silk force-

spun at the natural spinning speed is more oriented (f=0.93 to 0.94). 

Furthermore, a range of different crystallite orientations have been 
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obtained by force-spinning the silkworm silk at different speeds (1–27 

mms-1). Typically, a higher spinning speed better orients the crystallites 

along the fiber axis (Table 1.3) [77]. A similar trend was also observed 

for spider silk [67,77].  

 

 

 

Figure 1.8 Size effects on mechanical properties of silkworm Bombyx 
mori β-sheet crystals from modeling and simulation. (a) Hierarchical 
structure of β-sheet crystal that combines strength, toughness and 
resilience, despite being composed of structurally inferior, weak 
building blocks, hydrogen bonds (h: strand length; L: β-sheet size). (b) 
Variation of strength, toughness and resilience (i.e., elastic energy 
storage capacity) of β-sheet crystal as a function of crystal size L. (c) 
Schematic phase diagram to show the interplay of the parameters h 
and L in defining the properties of crystallites, together with (bottom) 
schematic plot of the strength (S) of crystal as a function of strand 
length h, and (left) schematic plot of the strength (F) and toughness (T) 
of crystal as a function of L. Nanoconfinement of β-sheet crystal at 
critical strand length h* and critical β-sheet size L* provides maximum 
strength, toughness and stiffness [58]. 
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Table 1.3 Crystallite sizes and orientations of silk fibers as a function of 
force-spinning speed [67,77]. 

Silk Spinning 
Speed 

(mm s-1) 

Crystallite size 

(nm) 

Orientation 
function 

(f) 

Ref. 

a b c 

Silkworm silk 
fibroin 
(Bombyx 
mori) 

1 2.63 3.20 11.65 0.922 [77] 

4 2.57 3.18 11.48 0.930 

13 2.55 3.17 11.49 0.944 

20 2.55 3.16 11.49 0.945 

27 2.54 3.15 11.49 0.956 

Spider 
dragline 
(Nephila 
species) 

1 2.40 3.50 7.30 0.680 [67] 

2.5 2.30 3.40 7.10 – 

10 2.10 2.70 6.50 0.940 

25 2.20 2.70 6.40 – 

100 2.10 2.70 6.40 0.970 

 

 

1.3.2 Enhanced mechanical properties 

The mechanical properties of silkworm silk are not entirely limited by its 

constituent and natural production. The mechanical properties of silk 

fibers are highly dependent on various factors aside from the intrinsic 

structure. These factors include fed food, rearing conditions and health 

of silkworms, as well as spinning process variation and genetic 

modification of silkworms. Table 1.4 lists the mechanical data of silk 

fibroin matrices constructed directly from silk fibers [14–16,78,79].  

The food quality and rearing conditions greatly influence the health 

level of silkworms, which in turn influence the mechanical properties of 

produced silk [80–82]. In terms of food source, mulberry leaves are the 

only practical feed for Bombyx mori silkworms. Mulberry leaves contain 

mainly water along with a rich source of protein and carbohydrates, 

and the quality is subjected to the influence of various factors such as 
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plant species, position of leaves (extent of exposure to sunlight), 

ripening stage of the leaves, soil quality, etc. Feeding on good quality 

fresh mulberry leaves ensures good health of the silkworms to produce 

mechanically superior silk. Besides, artificial diet containing mulberry 

leaf powder (with high nutritional value preserved through refrigeration 

during storage) is also suitable for feeding silkworms. Meanwhile, 

rearing conditions including temperature and humidity have been 

reported to affect the assimilation of food in silkworms, and thus 

influence their health to a large extent. Specifically, silkworms that are 

fed with good quality mulberry leaves, reared at high temperature (e.g., 

28°C) along with high humidity (e.g., 70–90%) during early 

stages/instars, and reared at lower temperature (e.g., 23–24°C) along 

with low humidity (e.g., 65–70%) during late stage (i.e., the fifth instar), 

are known to produce mechanically superior silk [81,82]. On the 

contrary, poor food quality and suboptimal rearing conditions result in 

various illnesses and diseases which hinder the production of high 

quality silk. 

The spinning of silk fibers takes place via the extrusion of the silk dope 

stored in glands through the spinnerets of silkworms into the external 

environment by mechanical shearing, stretching, and continued 

evaporation of water [4,7]. It is understood that the delicate gland 

conditions in vivo (i.e., silk dope acidification, concentration change of 

metal ions, and water content reduction) play critical roles in the proper 

folding of fibroin from gel to micelles and finally liquid crystals, leading 

to the production of mechanically superior silk fibers [3,4,7]. In addition, 

variation in temperature, humidity [80], drawing rate [54], and 

absence/presence of electric field [73] during spinning are also known 

to greatly affect the mechanical properties of silk. Being a 

photosensitive insect, Bombyx mori silkworms also react to light. It was 

reported that the spinning process slows down significantly in complete 

darkness and the resulting silk quality is inferior [82]. Here, the natural 

spinning process is described, followed by two modified spinning 
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processes (i.e., by applying external force or spinning in electric field) 

as well as gene transfection to obtain enhanced silk. 

Natural spinning. Silkworms extrude silk naturally at speeds oscillating 

between 4 to 15 mm s-1 by moving their heads in ‘figure of eight’ 

motion [54]. Just prior to leaving the silk glands, the silk dope 

(containing up to 30% wt/vol fibroin in water) exists as a water-soluble 

liquid crystalline state which ensures a low viscosity for easy spinning 

through the spinnerets into external environment. Being a liquid 

crystalline state, the viscosity of the silk dope is independent on 

environmental temperature [83]. However, the temperature is known to 

affect the spinning rate of silkworms, a temperature range of 22–25°C 

is favorable during spinning. Additionally, a humidity level of 60–70% is 

favorable during spinning [82].   

 

 

Table 1.4 Mechanical data of various silkworm silk fiber matrices [14–
16,78,79]. 

Matrices Young’s 
Modulus  

(GPa) 

Load  

(N) 

Breaking 
Strain 

(%) 

Ref. 

Nonwoven mats     

[16,78,79]      wet 0.035–0.075  – 36–55 

     dry 0.45–0.70  – 25–34 

Braided cords         
(parallel bundle) 

1740+  2214  26.5 [14] 

Braided cords             
(wire-rope bundle) 

354+  2337 38.6 [14] 

Knitted mats  45–50+  252–257 ~50 [15] 

+ Values expressed indicate stiffness (N/mm) rather than Young’s modulus. 
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Figure 1.9 Stress-strain curves of mechanically enhanced Bombyx 
mori silk fibers. (a) Degummed silks obtained by force-spinning at 
speed 4, 13, 20 and 27 mm s-1, as compared to Nephila spider dragline 
silk (20 mm s−1) and degummed cocoon silk spun naturally by Bombyx 
mori silkworm at speeds oscillating between 4 and 15 mm s−1 [54]. (b) 
Degummed silk produced by Bombyx mori silkworm placed in an 
alternating electric field during spinning (blue curve) [73]. (c) 
Degummed genetically-modified silk containing spider silk sequence 
(Nephila clavipes). The best mechanical performances measured for 
the parental silkworm silk and representative spider dragline silk are 
compared with those produced by genetically-modified silkworms at 
different lineages (spider 6-GFP Line 1 and 4, spider 6 Line 7). 
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1.3.2.1 Enhanced silk 

Force-spinning at a controlled drawing rate. When silkworms are being 

immobilized, the silk can be artificially drawn by external force (i.e., 

force-spinning) to achieve superior mechanical properties, including 

strength, toughness and extensibility. Such force-spinning extrudes the 

silk at a constant speed and in a single direction, thereby eliminating 

any inconsistencies associated with the natural spinning (i.e., ‘figure of 

eight’ spinning motion). Different force-spinning speeds were applied to 

obtain silk with greatly enhanced breaking strain as compared to 

naturally spun counterpart (Figure 1.9a) [54]. It was reported that slow 

force-spinning (e.g., 4 mm s-1) produced highly extensible silk with 

breaking strain comparable to that of Nephila spider silk, whereas fast 

force-spinning (e.g., 13 mm s-1) resulted in stronger and tougher silk 

with breaking stress and toughness approaching that of Nephila spider 

dragline silk. 

Modulated spinning in electric field. When silkworms spin in alternating 

electric field, the silk produced are stronger, tougher and more 

extensible than naturally spun silk, as shown in Figure 1.9b. The 

enhanced silk fibers have β-sheet crystallites more oriented along the 

fiber axis, while the crystallinity and crystallite sizes are similar to that 

of naturally spun silk [73]. This strategy for enhancing the mechanical 

properties is based on the use of electric field to align the liquid-crystals 

(i.e., the water-soluble liquid crystalline state) of silk fibroin in the silk 

gland. Electric field has been shown to be able to align protein dipoles 

along the direction of the field [84]. The better oriented β-sheet 

crystallites are thus able to withstand the higher load applied along the 

fiber axis upon stretching during tensile test. 

Gene transfection. The gene sequence of spider silk (e.g., Nephila 

clavata or Nephila clavipes) has been successfully transfected into 

silkworms via piggyBac vector, and this has enabled its co-expression 

in silk glands of the transgenic silkworms [85,86]. Even at low 

expression level, the genetically-modified silk has an overall improved 
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mechanical performance (Figure 1.9c). It is noted that the favorable 

effect could also be observed through subsequent silkworm lineages, 

occasionally with highly enhanced effect. Successful incorporation of 

the guest proteins into the silk requires that their expression occurs in 

spatial and temporal proximity to the endogenous silk proteins [85,86]. 

Besides, successful gene transfection relies greatly on environmental 

and genetic factors and thus explains the low rate of attaining the 

desired phenotypic expression [86].  

 

1.3.2.2 Enhanced regenerated silk 

There are several ways to influence/enhance the mechanical 

properties of regenerated silk. Degummed silk fibers are often 

dissolved into fibroin solution and reconstructed into regenerated silk 

morphologies for increasing use in various applications. Regenerated 

silk can generally be classified into four morphological types, i.e., 

sponges, hydrogels, films, and mats. Table 1.5 lists the mechanical 

data of various regenerated silk fibroin morphologies [87–96]. The 

mediocre mechanical properties of regenerated silk as compared to 

native silk fibers are often attributed to the protein degumming and 

dissolution processes, during which some level of chain hydrolysis 

inevitably occurs. Be that as it may, the mechanical properties of the 

regenerated silk have been enhanced considerably through various 

processing strategies. Various factors, for examples, fibroin 

concentration, processing temperature, methanol/salt treatment, water 

annealing treatment, pore size/distribution, etc., are known to influence 

the mechanical properties of fibroin regenerated silk and can thus be 

adopted as strategies for mechanical enhancement. Besides, fibroin 

can also be physically blended or chemically cross-linked with guest 

polymers for mechanical enhancement. In the followings, relevant 

mechanical enhancement strategies are discussed for the individual 

morphological types.  
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Table 1.5 Mechanical data of various regenerated silk morphologies 
[87–96]. 

Morphologies
+
 Pore size 

(μm)/ 
Porosity 
(%) 

Young’s 
Modulus 
(GPa)/ 
Stiffness 
(N/mm) 

Ultimate 
Strength 
(MPa)/ 
Load (N) 

Breaking 
Strain 
(%)/ 
Extensio
n (mm) 

Ref. 

Methanol-treated 
sponges (concentration 
6 wt%) 

151±40 
(87.6%) 

0.00043 
GPa^ 

0.02 MPa^ – [87–
89]  

HFIP-derived sponges 
(concentration 17 w/v%) 

15–202 0.00045–
0.001 
GPa^  

0.175–0.25 
MPa^ 

– [90]   

Aqueous-derived 
sponges (concentration 
4 w/v%) 

940±50 
(95%) 

0.00007 
GPa^ 

0.011 
MPa^ 

– [91]  

650±30 
(97%) 

0.0001 
GPa^ 

0.012 
MPa^ 

– [91]  

470±30 
(97%) 

0.00013 
GPa^ 

0.013 
MPa^ 

– [91]  

Aqueous-derived 
sponges (concentration   
8 w/v%) 

920±50 
(92%) 

0.0013 
GPa^ 

0.1 MPa^ – [91]  

750±20 
(94%) 

0.00153 
GPa^ 

0.125 
MPa^ 

– [91]  

640±30 
(95%) 

0.00194 
GPa^ 

0.14 MPa^ – [91]  

Aqueous-derived 
sponges (concentration 
10 w/v%) 

920±50 
(85%) 

0.00333 
GPa^ 

0.32 MPa^ – [91]  

Hydrogels 
(concentration 8% w/v)  

– – 0.0252 
MPa^ 

– [92]  

Films (as cast) – 3.9 GPa 47.2 MPa 1.9% [93]  

Films (methanol-
treated) 

– 3.5 GPa 58.8 MPa 2.1% [93]  

Films (water-annealed) – 1.9 GPa  67.7 MPa 5.5% [93]  

Films (ultrathin, i.e., 20–
100 nm; spin coating 
and spin-assisted layer-
by-layer assembly) 

– 6–8 GPa 100 MPa 0.5–3% [94]  

Electrospun mat 
(concentration of 3%, 
electric field of 1 kV/cm 
and 10-15 cm spinning 
distance)  

– – 15 MPa 40% [95]  

Electrospun mat 
(concentration of 15%, 
electric field of 2 kV/cm 
and 5 cm spinning 
distance) 

– 0.515  7.25 MPa 3.2% [96]  

+ 
Concentration

 
values refer to that of fibroin solution used to prepare the morphologies. 

^ Compression instead of tensile mechanical test results. 
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Fibroin sponges. Fibroin sponges are usually prepared from fibroin 

solution by freeze-drying and particles-leaching using porogens (e.g., 

salt crystals, sugar crystals or paraffin beads) [87–91,97,98]. Several 

factors known to affect the mechanical properties are initial fibroin 

concentration and methanol/salt treatment during sponge fabrication, 

as well as the resulting pore size and distribution of the sponges. Firstly, 

a higher initial concentration of fibroin solution leads to a molecular 

network which is more tightly packed, and thereby results in stronger 

and stiffer sponges. Secondly, methanol/salt treatment is used to 

induce molecular crystallization into β-sheets so as to impart water 

stability and mechanical integrity to the sponges. Thirdly, smaller pore 

size comes with more closely distanced/situated pore walls which act 

to stop crack propagation, and thus also results in stronger and stiffer 

sponges. Lastly, a uniform distribution of pores within the sponges 

allows for more homogeneous distribution of mechanical stresses, 

which facilitates their effective dissipation and thus results in 

mechanically enhanced fibroin sponges. For example, fibroin sponges, 

which are aqueous-processed, have more homogeneous/uniform pore 

distribution, and hence are mechanically more superior to non-aqueous 

solvent (HFIP)-processed counterparts [11,91]. 

Fibroin hydrogels. Fibroin hydrogels are formed via sol-gel transition 

through the aggregation of fibroin molecules into β-sheets or cross-

linking of fibroin molecules to form an interconnected network in 

aqueous solution. The gelation is induced upon heat/cold treatment, 

mechanical agitation/sonication, pH change, and/or cross-linking using 

ionic species such as Ca2+ ions [92,99–101]. Increasing the initial 

concentration of fibroin solution results in hydrogels with enhanced 

compressive strength, modulus and strain. This is due to more tightly 

packed fibroin molecular network and reduced pore size, which help in 

stress distribution. Increasing the gelation temperature similarly leads 

to enhanced mechanical properties due mainly to reduced pore size. 

Meanwhile, cross-linker species/concentration, gelation pH, and 

degree of swelling can also affect the mechanical properties.                                                                                                                                                                                                                                                                                                                                                                                                  
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Fibroin films. Fibroin films are prepared by dry-casting, spin-coating, or 

spin-assisted layer-by-layer assembly techniques [93,94,102–105]. 

Dry-casted fibroin films are weak both in terms of strength and 

breaking strain [104], and are especially brittle in dry state [102,105]. 

Meanwhile, spin-coating and spin-assisted layer-by-layer assembly 

methods are able to produce ultrathin (tens of nanometers) and 

mechanically robust free-standing silk fibroin films with superior 

ultimate tensile strength (~100 MPa) and toughness (328 kJ m–3) 

rivaling many conventional polymer composites (<100 kJ m–3) [94]. 

Such films result from the physical formation of β-sheets during the 

spin coating process without requiring any chemical cross-linking 

reactions. However, the brittleness of fibroin films (breaking strain of 

0.5–3% [94]) is still a major limitation hindering its practical use. One 

strategy known to produce non-brittle fibroin films is the water-

annealing technique (i.e., long hours of immersion in water or exposure 

to water vapor). Water-annealing of casted fibroin films has resulted in 

reduced β-sheet content (i.e., three-fold less β-sheet content than 

methanol-treated films [106]) as well as highly organized molecular 

packing, both of which collectively render the films stronger and more 

extensible (i.e., stretchy) [93]. The mechanical properties of water-

annealed films can be regulated by controlling the temperature during 

water-annealing, i.e., a lower temperature treatment (e.g., 4°C) 

produces softer and more stretchy films due to lowered crystallinity, 

whereas a higher temperature treatment (e.g., 95°C) produces stiffer 

and stronger films due to increased crystallinity [107].  

Fibroin mats. Electrospun fibroin mats are fabricated by spinning silk 

fibroin solution into micro- or nanofibers in an electric field. The 

mechanical properties of the fibers are greatly influenced by solvents 

system (e.g., methanol, formic acid), fibroin concentration, electric field 

strength, and spinning distance (i.e., distance between spinneret and 

collecting plate) [95,96]. AFM studies showed that the stiffness of 

fibroin-based nanofibrous matrix can be enhanced by decreasing the 

spinning distance, while the flexibility can be enhanced by increasing 



28 
 

the spinning distance [108]. The weaker mechanical properties of the 

electrospun fibroin mats may be attributed to the unrealized orientation 

at both the molecular and fibrillar levels. Several processing strategies 

such as fiber drawing, aligning, and annealing may be helpful for 

attaining mechanically robust electrospun fibroin mats [96].     

Blended/cross-linked fibroin with guest polymers. Natural polymers 

(e.g., cellulose, chitosan, polyacrylamide, sodium alginate and sodium 

poly-glutamate) and synthetic polymers (e.g., polyethylene oxide, 

polyurethane, polyvinyl alcohol and nylon 66) are popular guest 

polymers to enhance the mechanical properties of regenerated fibroin 

[87,105,109,110–113]. Physical blending of fibroin with natural polymer 

such as recombinant collagen gives rise to sponges which have 

compressive stress ~33 times higher than pure fibroin sponges, along 

with enhanced biocompatibility [87]. Furthermore, blended fibroin-

cellulose films have both enhanced strength and ductility (i.e., up to 

ten-fold increase in the extensibility). The improved mechanical 

properties were respectively attributed to the presence of 

intermolecular hydrogen bonding between cellulose and fibroin, and 

the intrinsic hygroscopicity of cellulose [105]. In another case, 

polyacrylamide was first cross-linked with N,N’-methylenebisacrylamide 

to form an interconnected network, which allows fibroin chains to form 

mechanically more superior hydrogels through hydrogen bonding to the 

network [111]. These examples demonstrated that polymer blending is 

a good strategy to enhance the mechanical properties [104]. Besides 

physical blending, chemical cross-linking strategy involving guest-

polymer has been adopted to enhance the mechanical properties of 

regenerated fibroin by selecting guest polymers that possess functional 

groups for covalent cross-linking with fibroin [11,112]. For instance, 

fibroin-collagen hydrogels cross-linked by 1-ethyl-3-(3-

dimethylaminoprophy) carbodiimide hydrochloride are mechanically 

superior to pure fibroin hydrogel as well as most other protein-based 

hydrogels [113]. 
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1.4 Functionalization of Silk 

To expand the use of silk fibroin, it is often required to introduce new 

functionalities through the incorporation of various functional 

components in the material. Some examples of functional components 

include drugs, peptides, proteins (e.g., fluorescent proteins, antibodies, 

growth factors, enzymes, haemoglobin) [11,34,112,114], 

metals/semiconductors and their nanoparticles [9,115–117], conductive 

polymers, etc. The functionalized silk can effectively direct/impart 

cellular response, antibacterial activity, stimuli-responsive ability, 

therapeutic effect, electrical conductivity, specific optical properties, 

and/or sensing functions [11,19,112,118,119]. In most cases, it is 

always desirable to introduce functionalities into silk while preserving 

its superior inherent features such as the high mechanical strength and 

toughness.  

Genetic modification has been successfully applied to produce 

fluorescent colored silk [120]. A gene vector was constructed for 

inserting fluorescent color gene into the silkworm genome. In the vector, 

the color gene is bound on both ends by the N-terminal and C-terminal 

gene sequence of the fibroin H-chain, which enables its binding to the 

fibroin L-chain via a disulphide bond. This binding consequently allows 

its co-expression in the silk glands together with silk fibroin protein to 

produce transgenic fluorescent colored silk cocoons (Figure 1.10a). 

The mechanical strength of the red colored fluorescent silk is about 14% 

higher compared to the control (Figure 1.10b), whereas the introduction 

of the green and orange fluorescent proteins in the silk results in a 

slight decrease in their mechanical strength [120].  

On the other hand, ready-produced fibroin fibers or regenerated fibroin 

[19] have been functionalized through functional component 

incorporation and/or morphological molding/surface topological 

patterning. Firstly, the incorporation of functional components to silk 

fibroin is done through physical adsorption or chemical cross-linking, 

which can have an effect on the mechanical properties. There are 
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some examples to illustrate the indefinite mechanical influence of post-

functionalization through functional component incorporation. It was 

reported that the chemical cross-linking of TiO2 onto silk led to a 

significant drop in the tensile strength and a rise in stiffness of silk [117]. 

In comparison, the physical adsorption of TiO2 onto silk resulted in 

significantly enhanced mechanical properties including the modulus, 

ultimate tensile strength, breaking strain and toughness [121]. Besides, 

another study reported that fluorescent silk fibers prepared via physical 

dye adsorption have similar breaking stress, strain, and energy to 

those of unmodified silk [122]. Meanwhile, electrospun silk mats coated 

with conductive polymer (e.g., polypyrrole) supported higher load as 

compared to the non-coated counterpart [123]. These findings indicate 

that the choice of functional components and the associated 

functionalization process can significantly influence the mechanical 

properties of silk. In addition, it is also important to take into 

consideration of the nature and concentration of cross-linker(s) as well 

as other conditions (e.g., pH and temperature) used during the 

functionalization process [124].  

Secondly, silk fibroin in regenerated forms can be functionalized using 

soft lithographic technique (i.e., micro-molding). For example, 

regenerated silk solution was molded to fabricate needle-like 

morphology by micro-molding technique, providing an advanced 

option/route for drug delivery [18]. From the mechanical point of view, 

cone-shaped microneedles were reported to be stronger than pyramid-

shaped microneedles. The functional microneedles were additionally 

subjected to water vapor annealing for enhancing their mechanical 

strength. Silk microparticles were also embedded into silk 

microneedles to further increase the mechanical strength at higher 

drug load [125]. In another example, regenerated silk solution was 

molded to fabricate films with topologic patterns by micro-molding 

technique [19,20,118,119]. This produces mechanically robust 

functionalized films with features such as air holes or linear/concentric 

surface grooves on the order of nano/micro-scale, which improve 
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extracellular matrix production, guide cellular alignment, diffract light, 

etc. During the functionalization process, however, the mechanical 

stress imposed during the peeling of the silk films from the master 

generated undesirable artifact (i.e., smudging/distortion of patterns). 

This can be overcome by allowing the film to float off the master 

facilitated by the use of surfactants [119]. 

 

Figure 1.10 Genetically modified fluorescent colored silk (Bombyx 

mori). (a) Optical and fluorescent images of the fluorescent colored 

cocoons (green (EGFP), red (DsRed-M), and orange (mKO) silk) 

exposed under white light and a blue LED (imaged through a yellow 

filter), respectively. (b) Stress-strain curves of the fluorescent colored 

silk fibers produced by genetically modified strains compared to control 

(w1) and commercial race (C146 x J137) [120].  
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1.5 Applications of Silk 

A great variety of applications have been demonstrated to utilize the 

numerous favorable intrinsic properties of silk fibroin, including its 

lustrous appearance, smooth texture, good 

biocompatibility/biodegradability, versatile processability, ease of 

functionalization, thermal stability, etc. Most notably, many applications 

take advantage of its excellent mechanical properties, besides 

benefiting from the low-cost and abundant supply of the material. 

Today, silk fibroin is a valuable textile material, and also an attractive 

biomaterial in various medical/pharmaceutical fields, mainly tissue 

engineering, drug delivery, optics, sensing, diagnostics, etc. In the 

following, the applications of silk fibroin are discussed from the 

mechanical perspectives. 

 

1.5.1 Textile 

Selection and design of materials for use as textile are greatly 

dependent on their aesthetic appeal and functional performance [126]. 

Today, there are different natural (i.e., silk, cotton and wool fibers) and 

synthetic (e.g., polyamide, polyester and polyacrylic fibers) materials 

available for use as textile. Among them, silk fibroin fibers are 

outstanding with exceptionally lustrous/fine appearance, soft-to-touch 

texture, ease of dyeing, superior mechanical properties, good 

biocompatibility and impressive moisture-absorption abilities. So far, 

silk fibroin still remains as an attractive textile choice, particularly for 

fashion apparel, luxury clothing (e.g., shirts, ties and formal dresses) 

and furnishings (e.g., upholstery and beddings). 

Conventional incorporation of colors into textiles requires harsh dyeing 

conditions (e.g., elevated temperature and extreme pH) followed by 

multiple washing/rinsing steps to clear excess dyes, which not 

necessitate a great deal of water and energy, but also deteriorate the 

structures and thus the original properties of silk fibers. Besides, the 

silk can also be coated or covalently attached with antibacterial agents 
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(e.g., silver nanoparticles, TiO2@Ag nanoparticles, etc.) to achieve 

decent antibacterial activity (e.g., against Escherichia coli, 

Staphylococcus aureus, and Pseudomonas aeruginosa bacteria), 

along with UV protective effect and self-cleaning ability [116]. Due to 

the favorable intrinsic properties and such facile incorporation of color, 

antibacterial, sunscreen and self-cleaning properties, the silk is 

increasingly sought after as the material of choice in the development 

of antibacterial apparel, sportswear, military uniforms, filtration fabrics, 

cosmetic textiles and therapeutic/surgical/medical textiles [126–128]. 

More often than not, these diversified textile applications place 

considerable demands on the mechanical performance of silk to 

provide mechanical protection/support, resist wear and tear, etc. 

Manifestly, these applications also created the demands for silk fibers 

with mechanical properties to satisfy varying requirements in terms of 

the stiffness/flexibility of the textile. 

 

1.5.2 Surgical suture 

With desirable combination of high strength, low bacterial adherence 

and good handling/tying characteristics, silk fibroin is a commonly used 

suture material, which is absorbable after 60 days in vivo [2,129–131]. 

Silk is typically braided when used as suture, rendering it susceptible to 

inducing inflammatory reactions [132]. In comparison, the use of non-

braided sutures usually reduces the incidence of inflammatory 

reactions due to the smoother surface and the absence of grooves for 

adherence of inflammatory-causing substances (i.e., mainly immune 

cells such as neutrophils, lymphocytes, fibroblasts, histiocytes and 

giant cells) [133]. The foreign body response following implantation in 

vivo has been reviewed for the commonly available sutures in the 

market [2]. It follows that the use of non-braided silk suture is desirable, 

and this inevitably demands a stronger and tougher silk, which is 

expected to be obtained from the efforts in the mechanical 

enhancement of silk. 
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1.5.3 Tissue engineering  

Silk fibroin possesses superior mechanical properties, which can 

readily meet the mechanical requirements of tissue engineering 

scaffolds to provide a stable template for tissue regeneration including 

ligament, tendon, cartilage, bone, skin, liver, trachea, nerve, cornea, 

eardrum, bladder, etc. [30,134,135]. The use of fibroin as tissue 

engineering scaffolds requires that their mechanical properties 

resemble those of the original tissue, in order to render good 

biomechanical compatibility and support. The construction of fibroin 

into different matrices/morphologies offers a wide range of useful 

mechanical properties for the regeneration of various human tissues 

(Tables 1.4 and 1.5). The numerous choices of fibroin 

matrices/morphologies along with the versatile processability thus 

provide diverse options for tailoring their mechanical properties to 

match those of the respective tissues, ranging between the values of 

hard and soft tissue [14,91,136–140]. Particularly for load bearing 

applications, the ultimate tensile strength of the tissue engineered 

construct should exceed the stress experienced during normal human 

activity, whereas the Young’s modulus should not exceed that of the 

original tissue so as to avoid stress shielding (e.g., in bone tissue) 

[25,141,142]. Besides supporting the load, the mechanical properties of 

the scaffolds (e.g., stiffness) are also known to influence cellular 

behaviors (e.g., adhesion, proliferation, and function) [143–146]. 

 

1.5.3.1 Non-woven and woven silk scaffolds 

Silk fibroin fibers can be fabricated into non-woven or woven matrices 

for use as tissue engineering scaffolds. Typically, to form non-woven 

matrices, silk fibers are degummed followed by acid partial dissolution 

of fiber surface and subsequent crosslinking between fibers into non-

woven mats. Whereas to form woven matrices, silk fibers are 

degummed followed by braiding, or first knitted followed by degumming, 

into braided cords and knitted mats respectively. 
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Non-woven mats. Non-woven mats of silk fibroin have large fiber 

surface area, rough surface topography, high porosity and pore 

interconnectivity [33,78], which are favorable for cellular attachment 

and tissue regeneration. Besides, the mats demonstrated substantial 

ability to induce vascularization in regenerating tissue [16,79]. For 

instance, the mats guided formation of vascularized reticular 

connective tissue in vivo with no traces of fibrosis. The numerous 

attractive features of non-woven mats as tissue engineering scaffolds 

have seen its use in the regeneration of a range of tissues (e.g., 

vascular tissue, epithelial tissue, reticular connective tissue, fibroblast 

tissue, glial tissue, keratinocyte tissue, osteoblast tissue) [16,79]. 

Consequently, there is a need to optimize the mechanical as well as 

morphological properties according to the specific requirements of 

individual tissue types [147].   

Braided cords. Braided cords of silk fibroin were fabricated to closely 

mimic the hierarchical arrangement of collagen fibers in native ACL. 

The braided cords are sufficiently tough to withstand cyclic loading 

experienced by ACL tissue in daily activities [14]. Besides, the braided 

cords also exhibit triphasic load deformation, typically observed for 

native ACL, which is necessary for prevention of damage due to creep 

and fatigue [148]. When seeded onto the braided cords, human bone 

marrow stromal cells adhered, proliferated and differentiated into 

desired ligament tissues [14]. Nevertheless, as the braided cords 

provide only limited space available for cellular in-growth, nutrients 

infiltration and extracellular matrix deposition, they face significant 

challenges in maintaining long term viability of the tissue [15].  

Knitted mats. Knitted mats of silk fibroin have generous openings 

favorable for the cellular in-growth, nutrients infiltration and 

extracellular matrix deposition. Supplementation of microporous silk 

sponges at the openings of the knitted mats can mimic an extracellular 

matrix environment to exert positive effects on the growth, 

differentiation and function of human mesenchymal stem cells (hMSC). 

Such combined knitted mats with sponges, when rolled into cylindrical 
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shape, have good mechanical properties that are potentially sufficient 

to withstand the loading of ACL during daily activities [15]. It is noted 

that the mechanical properties of knitted matrices can be further 

optimized, for example, by adjusting the yarn densities or via 

mechanical stimulations during the tissue culturing process [149].  

 

1.5.3.2 Regenerated silk scaffolds 

Regenerated silk solution can be used to prepare different 

morphologies including sponges, hydrogels, films and mats under all-

aqueous processing conditions, which have good biocompatibility as 

tissue engineering scaffolds. The regenerated silk fibroin morphologies 

exhibit many attractive features such as large surface area, favorable 

surface texture smoothness/roughness and high porosities [91]. 

Despite being mechanically less superior when compared to native silk, 

the versatile processability of regenerated silk allows for mechanical 

enhancement through various strategies as described in Section 

1.3.2.2. Mechanically enhanced regenerated silk morphologies 

possess good mechanical properties useful for various tissue 

engineering applications [11]. Furthermore, they can also be 

conveniently imbued with growth factors to stimulate, guide and/or 

accelerate tissue healing and growth [11,112].  

Fibroin sponges. Fibroin sponges have high porosities of up to 97% 

(v/v) [91]. Highly porous sponges provide large interior surface area 

and interconnected pore spaces, allowing for cell anchorage, 

proliferation and migration, as well as nutrients and oxygen diffusion 

into the scaffold [11,33]. Fibroin sponges were shown to support the 

differentiation and growth of cartilage tissue-related cells, along with 

the secretion of extracellular matrices typical of cartilage tissue [88,89]. 

Besides, fibroin sponges attached with RGD sequence were also 

shown to favorably direct the proliferation and differentiation of human 

mesenchymal stem cells (hMSC) to express bone cells or 

chondrocytes phenotypes, along with cellular deposition of respectively 
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desired extracellular matrix [150,151]. Moreover, fibroin sponges 

formed in knitted silk scaffold were able to mimic an extracellular matrix 

environment to exert positive effects on cellular growth, differentiation 

and function [15]. Remarkably, the fairly homogeneous cell distribution 

and extracellular matrix accumulation achieved in fibroin sponges are 

helpful for maintaining mechanical integrity of the tissue construct and 

facilitating load transfer from scaffold to the regenerating tissue after 

implantation.  

Fibroin hydrogels. Fibroin hydrogels have a high water content [152] 

that makes them physically and mechanically similar to natural soft 

tissues such as cartilage, skin and intervertebral disc [92,153], and 

thus are important tissue engineering scaffold materials. Being 

injectable, fibroin hydrogels are appealing as minimally invasive 

scaffolds [152]. Fibroin hydrogels have demonstrated ability to heal 

critical-size distal femur trabecular bone defects in rabbit model [154], 

specifically by inducing cellular proliferation and stimulating the 

expression of TGF-β1 (Transforming Growth Factor-β1), resulting in 

the formation of new trabecular bone formation with morphology close 

to normal physiological bone. In addition to facilitating a speedy bone 

healing and remodeling, the hydrogels also did not elicit any 

inflammatory reactions [154]. Recent studies on fibroin hydrogels have 

focused on improving the less than satisfactory mechanical properties 

of most fibroin-based hydrogels [111,113], which have limited their use 

in load-bearing applications. 

Fibroin films. Given their high water and oxygen permeability [155], 

fibroin films are particularly appealing as wound dressings, skin or 

corneal replacement grafts [102]. It was reported that fibroin films 

induced a higher cell proliferation and lower inflammatory response as 

compared to collagen films [156]. Despite the brittleness (in dry state) 

of conventionally processed fibroin films, water/vapor-annealed fibroin 

films are mechanically robust in dry/hydrated state and have extremely 

smooth surface (<5 nm root mean square roughness), which enables 
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surface topographical patterning with features on the order of 

nano/micro-scale for directing cellular response and alignment 

[19,20,119]. The linear or concentric surface pattern has guided cellular 

alignment as well as enhanced extracellular matrix production and 

cellular function [19]. Above all, fibroin films can achieve extremely 

good optical transparency [93], essential for cornea tissue engineering. 

Along with surface topological patterning, fibroin films chemically 

attached with RGD peptide for corneal tissue regeneration resulted in 

well-aligned tissue architecture, giving rise to highly transparent and 

mechanically stable cornea tissue construct resembling that of native 

corneal tissue [19,20]. A stack of silk films, each pre-seeded with cells, 

can also be sturdily punched into three-dimensional construct 

mimicking the transparent stromal layer of the corneal tissue [21].   

Fibroin mats. Electrospun non-woven mats demonstrated biomimetic 

features desirable for use as tissue engineering scaffolds. The 

nanofibrous electrospun mats have morphology mimicking the 

extracellular matrix of natural tissues and possess high surface area 

favorable for cellular attachment [157]. Fibroin-based electrospun mats 

of various stiffnesses were shown to modulate the migration, 

aggregation and differentiation of human mesenchymal stem cells 

(hMSC) into chondrocytes for cartilage tissue regeneration [158]. They 

were also shown to serve as a prospective scaffold for bone tissue 

regeneration by providing a favorable environment to support 

mineralized bone tissue formation [159]. When coated with conductive 

polymers (e.g., polyaniline, polythiophene and polypyrrole) to make 

them electrically conductive, the non-woven mats have a good 

electrical conductivity and are able to stimulate cellular growth when 

subjected to a low electrical field, which render them especially useful 

for guiding neutrite growth and extension [123]. With these favorable 

features, electrospun mats would make an ideal choice as scaffolds, 

given that the mechanical properties meet the tissue requirements.  
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1.5.4 Therapeutic agent delivery 

The development of silk fibroin material for use as carriers of 

therapeutic agents (e.g., small molecular or protein-based 

drugs/growth factors) is advantageous due to its mild processing 

options, superior mechanical properties and excellent stabilizing effect 

[112,160,161]. The loaded therapeutic agents are subsequently 

delivered via various routes (i.e., localized, systemic, or cellular) to 

achieve the desired therapeutic effects. The mechanical roles of silk 

fibroin for controlled release and delivery applications are discussed in 

terms of the following three aspects. 

 

1.5.4.1 Entrapment and protection of agents  

Therapeutic agents are either surface loaded or bulk loaded in fibroin 

carriers depending on the amount of drug to be loaded and the 

required release kinetics in vitro/in vivo. In surface loading, the 

therapeutic agents are coated directly onto native/regenerated fibroin 

carriers. In bulk loading, they are entrapped into regenerated fibroin 

carriers [112,160,161]. Bulk loading is generally preferred over surface 

loading as it allows the loading of therapeutic agents at higher 

quantities. For bulk loading, therapeutic agents are first mixed into 

regenerated silk solution followed by fabrication into mechanically 

stable carriers (microparticles, sponges, films, etc.). The mechanical 

robustness can be achieved without the use of high temperature and 

UV-curing, through either aqueous processing condition or methanol 

treatment, thereby avoiding damage to the therapeutic agents [98] 

during carrier fabrication. The bioactivities of the entrapped therapeutic 

agents (e.g., enzymes, growth factors, antibodies) were not destroyed 

during the fabrication process [98,162]. Also, the entrapped enzymes 

(e.g., glucose oxidase, lipase, horseradish peroxidase) demonstrated 

significant bioactivities even after a long storage period of ten months 

[163,164].  
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1.5.4.2 Release of agents  

With substantial amount of β-sheet crystallites in fibroin as mechanical 

barriers to the therapeutic agents, the entrapped agents can be 

gradually diffused out of the fibroin through the semi-amorphous 

regions between the β-sheet crystallites to achieve sustainable release 

with low initial burst. The release profile may be conveniently controlled 

by varying the β-sheet content and thus the crystallinity of the fibroin, 

as compared to other parameters such as the size and diffusivity of the 

agents, as well as the osmotic pressure [102,112,160,161,165,166–

168]. With regards to this, however, any accompanying changes in the 

mechanical properties upon tuning of release profile have to be taken 

into consideration. On the other hand, there is a great interest to 

develop fibroin-based smart carriers, i.e., carriers that can offer 

controlled release profile in response to mechanical loading, which are 

particularly attractive for use in stimuli-sensitive/responsive applications 

[168].   

 

1.5.4.3 Delivery of agents 

Fibroin carriers can be employed for localized, systemic, or even 

cellular delivery of therapeutic agents. In these modes of delivery, the 

mechanical properties of fibroin carriers are known to play important 

roles.  

Localized delivery. Localized delivery often requires the direct 

placement of fibroin carriers in contact with the targeted tissue/organs. 

This can be achieved through i) suture securing, ii) bioadhesion, or iii) 

transdermal piercing [18,169,170] by utilizing the good mechanical 

properties of fibroin: i) The implantable fibroin carriers have to be able 

to withstand suturing, and also sustain the tension of the surrounding 

tissue to which it is being secured to; ii) The bioadhesive fibroin carriers 

(e.g., in transmucosal delivery system) have to be mechanically robust 

to achieve good adhesion strength to the targeted tissue (e.g., mucous 

membrane) for delivering the therapeutic agents, and also offer 
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mechanical protection to them in some cases (e.g., ulcers and wound 

surfaces); iii) The transdermal fibroin carriers such as the fibroin 

microneedles have to be able to pierce through the skin without being 

fractured (i.e., fracture force>100 mN/needle) to deliver the therapeutic 

agents [18,171].  

Systemic delivery. Systemic delivery typically requires the systemic 

circulation of carriers to eventually reach the targeted site. Fibroin 

carriers have been investigated for systemic delivery of therapeutic 

agents through injection, oral ingestion, or inhalation [172]. So far, 

there is no report regarding the influence of mechanical properties of 

fibroin carriers on biological responses. It was reported that the 

mechanical properties of carriers influence biological responses such 

as retention time in blood stream, immune response, and cellular 

internalization [173]. 

Cellular delivery. Cellular delivery normally requires the 

encapsulation/coating of cells within a semi-permeable matrix/barrier 

through which cell-secreted therapeutic agents (growth factors, etc.) 

can be diffused out and delivered to targeted tissue for imparting 

therapeutic effects [152,174,175]. Good mechanical properties of 

fibroin ensure the faithful encapsulation of cells, especially when 

mechanical stresses are induced upon injection to the targeted site, or 

present at the site of application [152,174,176]. A mechanically stable 

coating not only keeps the cells from being recognized by immune 

cells/antibodies thereby avoiding immune response, but also ensures 

steady release kinetics through the coating. Besides, it is feasible to 

tune the release kinetics through the coating while maintaining the 

essential mechanical properties [152].    

 

1.5.5 Optics and sensing  

Fibroin is being actively investigated for use as supporting and/or 

interfacial substrates in optics and sensors [25,103,177]. Fibroin has a 

higher refractive index than air, water and many other substrates, 
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rendering it extremely useful in confining and guiding the propagation 

of light wave [178]. The use of fibroin in optics and sensing is 

particularly appealing due also to its good combination of mechanical 

and lightweight properties, along with its biocompatibility and 

bioresorbability. Fibroin has been imbued with dyes/probes or 

patterned to generate various optical and sensing components useful 

in bioinstrumentation, pharmaceutics, medical diagnostics and 

therapeutics applications. Most notably, fibroin has been developed as 

waveguides (i.e., optical fibers), diffraction gratings, lens arrays, 

electrical sensors, oxygen sensors, pH sensors, glucose sensors, food 

sensors, etc [25,34,112,115,123,164,178–180]. Various studies have 

also demonstrated its immense potential for use as 

implantable/ingestible optics or sensors [24,114]. In the following, the 

mechanically demanding roles of silk fibroin as optics and sensors are 

described. 

Mechanical immobilization. Fibroin can achieve mechanical stability 

with aqueous processing often without the need for chemical 

crosslinking or UV-curing [18]. As such, optical or sensing probes, 

especially biological probes (e.g., hemoglobin, myoglobin, enzyme 

peroxidase, antibody Immunoglobulin G) can easily be incorporated 

into fibroin via mechanical entrapment [13,34,24,178–180]. The use of 

biological probes (e.g., antibodies or enzymes) in imaging and sensing 

applications is often favored over chemical (i.e., nonbiological) probes 

due to their higher level and broader range of sensitivities and 

specificities. With the ease of mechanical entrapment, biological 

probes are easily attached onto biologically produced fibroin without 

damage, as compared to commonly used materials (e.g., silica, silicon, 

polydimethylsiloxane or polymethacrylmethacrylate) [180]. For example, 

antibodies such as normal mouse IgG are mechanically immobilized on 

the surface of fibroin films, with preserved bioactivities to recognize 

antigens [13]. Besides, proteins such as haemoglobin are similarly 

immobilized in fibroin film-based diffraction gratings, with preserved 
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bioactivities to sense and detect oxygen via spectral absorption change 

[179].  

Processing and handleability.  Fibroin can offer good mechanical 

properties as substrates to impart functional components (e.g., 

graphene, metallic electrodes, etc.) by direct-writing [158], inkjet 

printing [24] and transfer printing [103,181], which can produce 

mechanically robust one-dimensional waveguides [178], two-

dimensional films (conformal or free-standing) [94,119,179], or even 

more complex three-dimensional structures [158,182,183]. The good 

mechanical properties of fibroin are essential to allow its mechanical 

processing and handling for optics and sensing applications (e.g., 

shaping of optics/sensing elements, construction of electrical/light-

coupling input faces, surface-smoothing, etc.) [24,184–186]. 

Tissue contact and device miniaturization. The combined mechanical 

flexibility and toughness of fibroin (e.g., ultrathin conformal films) 

render it mechanically compatible with biological tissues to allow 

intimate integration of sensing elements onto biological tissues, as 

compared to rigid and bulky traditional systems (e.g., braces, clamps, 

etc.) [103,181]. For example, fibroin films imprinted with gold electrode 

arrays are used for high resolution brain signal sensing in vivo, 

benefited from their ability to flex without fracturing to achieve high 

degree of instant conformal contact with the brain tissue [103] upon 

contact with water. Besides, fibroin combines lightweight, strength and 

toughness even at reduced dimensions (i.e., tens of nanometers), 

making it particularly attractive for use in miniaturized devices. 

Miniaturization often introduces new and better functionalities (e.g., 

better sensitivity, signal and light propagation), overcomes space and 

size constraints and also promotes cost-effectiveness [187]. 

Miniaturized devices are also useful in minimally invasive medical 

diagnostics and treatment applications [188] based on optics and 

sensing principles.  
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1.6 Research Motivations and Objectives 

Bombyx mori silkworm silk fibroin has demonstrated its incredible 

features suitable for advanced applications in the fields of textiles, 

tissue engineering, drug delivery, imaging, and sensing. It is 

progressively being developed into sensing, tracking, light transmitting, 

or drug releasing elements of bioelectronics, biophotonics, microfluidics, 

and also into medical optical fibers for minimally invasive medical 

diagnostics and treatment applications. Most applications take 

advantage of fibroin’s mechanical properties. In addition to the direct 

use and the delicate replication of fibroin’s natural structure and 

properties, there is a growing interest to introduce more new 

functionalities into silk. Emerging applications of silk also often require 

the use of fibroin in small amount due to current trend towards 

miniaturized devices to achieve better functionalities, to overcome 

space and size constraints, and to be cost-effective. For many 

applications, good mechanical properties of silk fibroin are important for 

its functionalities, durability, aesthetic values, etc.  

In this study, it is hypothesized that by feeding molecules to silkworms 

which can reach the silk within the gland and interact with the silk 

protein in the gland, it is able to change the structures of the silk (in 

terms of the structural content and nanocrystallite dimensions) to 

achieve better mechanical properties. The purpose of this study is to 

greatly enhance the mechanical properties of silk fibroin by 

investigating its structures at the nanoscale combined with in vivo 

uploading of substance into silk to effectuate changes to the structures, 

based on natural silk production and spinning process. Besides, it is 

also the purpose of this study to investigate the fate of xenobiotics in a 

silkworm model and the effect of molecular properties on the biological 

incorporation of various molecular materials into silk, in order to gain a 

better understanding to select, design and synthesize appropriate 

molecules for uptake of substances into silk through a feeding 

technique. The specific objectives of this thesis are: 
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1. To explore the structure and mechanical properties of the silk 

through investigating the mechanical behaviour of β-sheet 

crystallites.  

2. To modulate the structure of silk using a feeding approach with 

selected substance to achieve greatly enhanced mechanical 

properties comparable to the spider dragline silk, and to 

characterize the silk in terms of the structural content and 

hierarchical structures.  

3. To investigate the enhanced mechanical properties of the silk in 

relation to any structural changes through understanding the 

interaction of selected substance with silk fibroin. 

4. To explore the concentration effect of selected substance on the 

uptake in silkworms and on the structures/mechanical properties of 

the silk.  

5. To investigate the in vivo absorption, distribution and excretion of 

xenobiotics in a silkworm model after being consumed by silkworm 

together with the mulberry leave feed, by studying their fate in the 

silkworm body and their uptake into silk using a series of 

fluorescent substances as model compounds. 
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Chapter 2 Structure-Dependent Mechanical 
Property of Silk 

 

2.1 Introduction 

The Bombyx mori silk fibroin exhibits a number of superior properties in 

strength, ductility, biocompatibility, and biodegradability that enable a 

wide range of applications in apparel/medical textiles, surgical sutures, 

tissue engineering scaffolds, drug/gene carriers, optical components 

and sensors [11]. Silk fibroin comprises hydrophobic (i.e., water-hating) 

β-sheet crystallites (hereafter simply referred to as crystallites) 

embedded in a hydrophilic (i.e., water loving) amorphous matrix 

[41,189] that holds moisture, as illustrated in Figure 2.1. The crystallites 

consist of poly(glycine-alanine) (i.e., poly(Gly-Ala)) peptide chains as 

the main structural component,  with adjacent chains held together by 

hydrogen bonds in an antiparallel arrangement to form β-sheets [6]. 

The extensive inter-chain interactions in the highly ordered crystallites 

contribute to the superior strength of the silk fibroin. The amorphous 

domain, on the other hand, is mostly disordered and acts as a soft 

matrix in the silk fibroin [46,57,58,65,67,68,190–193].   

Figure 2.1 Schematic β-sheet crystallites embedded in the amorphous 
matrix of silk fibroin. Water molecules are represented by blue dots. 

Crystallite Amorphous matrix 
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There is a great interest in the influence of moisture on the structure 

and strength of silk fibroin. The mechanical property of silk is known to 

be influenced unfavourably by humidity, however previous studies 

showed only the effect of moisture on the amorphous matrix of the silk, 

or the silk fibroin as a whole [192,194,195]. There is an intriguing 

question on how do water molecules affect the structure and failure 

strength of silk crystallites? There has been no systematic 

experimental or modelling analysis focusing on the effect of moisture 

on the mechanical behaviour of the crystallite domain. In this study, 

molecular dynamics simulations were performed on a typical silk 

crystallite unit in environments with different degrees of hydration to 

investigate the effect of moisture on its structure and strength. Besides, 

when silk is subjected to tensile loading, the fracture should be dictated 

by the weakest rupture strength of the crystallite. An important question 

naturally follows: what failure process dictates the strength of silk? 

Accordingly, pull-out tests for a β-chain within a crystallite unit were 

also performed to assess the chain location-dependent strength, 

aiming to identify the critical failure process that dictates the breaking 

strength of silk. Results obtained show that water molecules have the 

effect of hindering the formation of hydrogen bonds between β-chains 

in the crystallite domain. Furthermore, the ultimate tensile force (UTF) 

for pulling out a β-chain from a crystallite unit is strongly chain location-

dependent, from which identify the weakest link that dictates the failure 

process was identified. 

 

2.2 Theoretical Simulations 

2.2.1 Models 

An antiparallel β-sheet crystallite unit that represents the crystallite 

domain of Bombyx mori silk was selected as a model system for 

simulations. The initial coordinates for the atomistic model of the 

crystallites were obtained from Protein Data Bank with the entry of ‘2slk’ 
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and the sequence of poly(Gly-Ala) [46]. Figure 2.2a illustrates the 

structure of the crystallite unit consisting of four layers of antiparallel β-

sheets. Each layer of the crystallite unit consisting of five peptide 

chains, where Ala residues are displayed in blue and Gly residues in 

yellow, as shown in inset of Figure 2.2. The end view of the four-layer 

crystallite, where the targeted β-chains to be pulled out are labelled as 

surface layer (SL), middle layer (ML), surface layer-middle chain 

(SLMC), surface layer-corner chain (SLCC) and middle layer-middle 

chain (MLMC) is also shown. The figures were generated using the 

visual molecular dynamics (VMD).  

 

 

Figure 2.2 Crystallite structure and simulation set-up. (a) Structure of a 
four-layer silk β-sheet crystallite. Inset: top, top view of one layer of the 
silk β-sheet crystallite structure, each layer consists of five peptide 
chains. The residues displayed in blue represent Ala residues while 
those in yellow represent Gly residues. Cap residues are coloured in 
grey; bottom, end view of the β-sheet crystallite structure. Surface layer 
(SL) and middle layer (ML) are labelled, respectively. Representative 

a 

b 
Top view of a layer  

in crystallite 

End view of crystallite 
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chains are highlighted in red circles: (1) SLMC, (2) SLCC and (3) 
MLMC. (b) β-sheet crystallite structure in the water box. 

 

2.2.2 Simulation methods 

The protein was parameterized using Amber force field [196]. To 

simulate the crystallite structure in a water environment, the crystallite 

was solvated in a water box [197] (Figure 2.2b). To simulate the 

crystallite structure in a water-free environment (hereafter simply 

referred to as vacuum), the crystallite was placed in a box without 

water molecules. In all cases, energy minimization was first carried out, 

followed by molecular dynamics simulation for up to 5 ns to obtain the 

equilibrium configurations. Periodic boundary conditions and a time 

step of 0.001 ps were adopted. Molecular dynamics simulations were 

performed at the temperature of T = 300 K and a pressure of P = 1 bar. 

The box dimensions are 6.0 × 6.5 × 6.8 nm3. The electrostatic 

interaction of water solvent is evaluated by the particle mesh Ewald 

method. All simulations were carried out using Gromacs, and 

presented in figures using visual molecular dynamics (VMD) [198,199].  

Equilibrated structures were adopted as the starting configurations for 

mechanical tests. Pull-out tests were carried out using steered 

molecular dynamics simulations [200]. For the targeted chain(s) to be 

pulled out from the crystallite, the terminal residue(s) were subjected to 

a force along the chain direction by pulling a spring with a constant 

velocity. A counter force was applied to the rest of the chains in the 

crystallite. Specifically, if one layer of the β-chains is pulled away from 

the crystallite, the pulling force is applied to the end residues of all the 

chains in this layer, whereas a counter force is applied to the rest of the 

chains in the crystallite. The pulling rate is 0.5 nm ns−1 with a spring 

constant of 830 pN nm−1 [68]. 
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2.3 Results and Discussion 

Although water environment has been known to have significant impact 

on the mechanical properties of the amorphous domain of silk [195], its 

effect on the crystallite domain remains unexplored. Equilibrium 

simulation was performed on the crystallite domain in both vacuum and 

water environment. The root-mean-square deviation (RMSD) of the β-

chains is within 2 Å without unreasonable fluctuations.  

 

 

 

Figure 2.3 Hydrogen bond analyses of the β-sheet crystallite structures. 
(a) Snapshot of the equilibrated structure in vacuum (i.e., water-free) 
environment, showing the β-chains on surface layer of the equilibrated 
crystallite. (b) Snapshot of the equilibrated structure in water 
environment, showing the β-chains on surface layer of the equilibrated 
crystallite. The hydrogen bonds between the β-chains are displayed in 
blue. (c) Snapshot of two representative β-chains on the SL interacting 
with water molecules. The β-chains are displayed in yellow, water 
molecules are displayed in purple, and the hydrogen bonds are 

a b 

c 

Representative 
hydrogen bond 

d 

http://d10k7sivr61qqr.cloudfront.net/content/royinterface/11/96/20140305/F4.large.jpg?width=800&height=600&carousel=1
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displayed in blue. (d) Force–displacement curves for pulling out the 
SLMC from the crystallite in vacuum and in water environment, 
respectively. 

 

 

2.3.1 Water effects on crystallite domain 

2.3.1.1 Hydrogen bond analyses 

Hydrogen bond formation in β-sheet crystallite provides strength and 

stability to the crystalline structure. The behaviour of hydrogen bonds in 

the crystallite was assessed upon exposure to the vacuum and water. 

Figure 2.3a and 2.3b show the surface layer of the equilibrated 

crystallites exposed to vacuum and water environment, respectively, 

displaying hydrogen bonds formed in the structures. The hydrogen 

bonds were analysed using VMD default definition for hydrogen bonds, 

i.e., by tracking N–O in the β-sheet layer. It was determined that in the 

β-sheet layer, there are 22 hydrogen bonds in vacuum, as compared 

with eight in water. To assess the stability of hydrogen bonds [201,202] 

in vacuum and in water, the lifetimes of hydrogen bonds were obtained 

from long time molecular dynamics simulations of each system up to 

50 ns [203]. The hydrogen bond lifetimes in water are consistently 

lower in water than in vacuum. The lifetime of hydrogen bond in the 

surface layer is 212.52 ± 13.40 ps in vacuum, and drops to 43.36 ± 

2.84 ps in water. Likewise, the lifetime of hydrogen bond in the middle 

layer is 286.16 ± 28.47 ps in vacuum, and drops to 58.56 ± 9.37 ps in 

water. Both the number and stability of hydrogen bonds in the 

crystallite are lower in water, as compared with in vacuum. Figure 2.3c 

shows the interaction configurations of two β-chains in crystallites 

interacting with water molecules on the surface layer. 

To simulate conditions with different degrees of hydration, in addition to 

vacuum (water-free) and the fully-hydrated system (100%), it was also 

taken into consideration two intermediate systems containing 10% and 

50% of the number of water molecules used for the fully-hydrated 
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environment. The activation energy of the hydrogen bond is able to 

reflect the strength of hydrogen bond [204], with higher activation 

energy corresponding to higher bond strength. The activation energies 

of the hydrogen bond were compared among these systems. The 

activation energy of a representative hydrogen bond in the crystallite, 

as highlighted in Figure 2.3a, was obtained by calculating the mean 

first passage time τmfp [204]. Molecular dynamics simulation was 

carried out for each system at 300 and 350 K for 1 ns, respectively, 

and the activation energy barrier is calculated via 1/τmfp = A 

exp(−(Ea/kBT)), where A is the attempting frequency, and Ea is the 

activation energy. The hydrogen bond activation energy in vacuum is 

2.86 kcal mol−1, while the value reduces to 1.02 kcal mol−1, in water. As 

tabulated in Table 2.1, the hydrogen bond activation energies in 

systems with 10 and 50% degree of hydration take intermediate values. 

The higher the water content, the weaker is the hydrogen bond. Overall, 

hydrogen bond analyses suggest that the interactions between β-

chains and water molecules compete with the inter-chain hydrogen 

bond interaction (Figure 2.3c), and thus water molecules have a 

weakening effect on hydrogen bond formation in the crystallite.  

 

Table 2.1 Hydrogen bond energy for the representative hydrogen bond 
in the crystallite in environment with different degree of hydration. A 

denotes the attempting frequency, and Ea denotes the activation 
energy. 

Degree of hydration 

 

A  

(ps-1) 

Ea  

(kcal/mol) 

Vacuum 24.34 2.86 

10% water  16.47 2.58 

50% water  9.23 2.21 

Full water 5.84 1.02 
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2.3.1.2 Crystallite strength and stability 

To prove that water molecules weaken the strength and stability of the 

silk β-sheet crystallites, pull-out tests were carried out on the targeted 

β-chain from the crystallite in vacuum and in water. The pull-out of the 

middle chain in the surface layer (SLMC) is selected as the 

representative case for comparison. For each system, the UTF is 

defined as the peak rupture force when the targeted β-chain is pulled 

away from the crystallite. The force-displacement curves for the pull-

out tests in the two environments are shown in Figure 2.3d. It is seen 

that the UTF in water is much lower than that in vacuum.  

 

Table 2.2 Specific interaction energies between selected β-chain(s) 
and the rest of the chains in the crystallite unit. 

Targeted Chain(s) 

 

 

Interaction energy per length  

(kJ/(mol nm)) 

In vacuum  In water  

SLMC -244.50 -231.56 

SLCC -125.32 -92.47 

MLMC -283.26 -275.43 

SL -417.74 -367.55 

ML -582.94 -543.98 

 

To further understand the strength and stability of the crystallite in 

water, the specific interaction energy was also computed, of which is 

defined as the interaction energy between the targeted β-chain(s) and 

the rest of the crystallite divided by the length of the peptide.  The 

specific interaction energies are calculated based on the equilibrium 

structure of the crystallite, and consist of both electrostatic interaction 

energy and van der Waals energy. The specific interaction energy for 

each of the targeted β-chain(s) in crystallite in vacuum and water 

environment, respectively, is tabulated in Table 2.2. It is seen that for 
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all the cases (i.e., β-chain(s) in different locations in the crystallite), the 

specific interaction energy is weaker in water than that in vacuum, 

confirming that the crystallite structure is less stable in water. 

Overall, these simulations demonstrated the weakening effect of water 

molecules on the crystallite. Along with the reduction in the number, 

lifetime, and strength of hydrogen bond in water, the specific interaction 

energy of β-chain(s) in the crystallite also decreases in water as 

compared with in vacuum. These consequently imposed a weakening 

effect on the crystallite in water environment.  

 

2.3.2 Water effects on the whole silk fibroin  

Silk fibroin molecule is a heterogeneous, multiblock co-polymer with 

backbones containing alternating hydrophilic and hydrophobic amino 

acid sequences [4]. Structurally, silk fibroin is composed of β-sheet 

crystallites that are embedded in a matrix of amorphous domain 

(Figure 2.1). The fibroin molecule has a more extended chain structure 

at the initial production stage. Upon in vivo processing, the hydrophobic 

blocks begin to assemble and organize to form β-sheets. Meanwhile, 

the hydrophilic blocks promote silk solubility in water and also have the 

function of preventing premature aggregation of β-sheets during in vivo 

assembly. The β-sheet crystallites are eventually formed upon spinning. 

With the presence of the hydrophilic blocks, silk fibroin not only retains 

water even after spinning and drying in air, but also easily absorbs 

water from the environment [205]. 

Water has been reported to play an important role in the mechanical 

properties of silk. Dehydration has been cited to be a major cause of 

brittleness, rigidity and decreased softness in silk (e.g., excavated silk) 

[206,207]. Considering silk fibroin as a whole, water influences not only 

the amorphous domain, but also the crystallite domain as 

demonstrated in this study by molecular dynamics simulations. On the 

one hand, water plays the role as a plasticizer [207], which helps to 
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enhance chain mobility in the amorphous domain of silk, in this way it 

increases the flexibility and plasticity, and thus reduces the brittleness 

of the silk fibroin. Hence, dehydrated silk, which lacks water as 

plasticizers in the amorphous region, will be brittle, and water is thus 

beneficial in the amorphous region. On the other hand, concerning the 

β-sheet crystallite, which mainly dictates the strength of silk, it has 

been demonstrated in this study via molecular dynamics simulations 

that water weakens the strength of the β-sheet crystallite. The strength 

of crystallite, given by the hydrogen bonds between β-sheet layers, 

was affected by moisturization, with four cases investigated: the 

crystallite fully-hydrated in (i) 100% water (ii) 50% water (iii) 10% water 

and (iv) vacuum box, as shown in Table 2.1. The vacuum state reflects 

the extreme case when the silk fibroin is fully-dehydrated (e.g., 

excavated silk). Comparing these different solvation states 

demonstrates that water has a weakening effect on the mechanical 

property of silk. These findings provide useful insights to potentially 

tune the mechanical property of silk, for example by feeding suitable 

molecules to the silkworms to control the water content in the produced 

silk. 

 

2.3.3 Single chain pull-out 

To identify the critical process that governs the failure strength of β-

sheet crystallite in silk, pull-out simulations were performed. First of all, , 

single chain pull-out (i.e., pull-out of one β-chain) from crystallite is 

investigated, i.e., SLMC, MLMC and SLCC pull-out. The pull-out 

simulations are carried out in water box since experimental tests on silk 

fiber were typically carried out in moisture-containing environments [4]. 

The representative snapshots during the single chain pull-out tests are 

shown in Figure 2.4a.  

The force-displacement curves for pulling out a single chain from the 

three different locations in the crystallite are shown in Figure 2.5. The 

UTF for pulling out the MLMC is 1613.52 pN, which is the highest 
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among the three cases; the UTF for SLMC is weaker, which is 691.90 

pN; and that of the SLCC is the weakest, with the value of 557.11 pN. It 

is noted that the UTF for MLMC obtained by previous molecular 

dynamics simulation [58] is about 1500–2300 pN for crystallites with 

sizes of approximately 6.56–1.87 nm, in good agreement with the 

present value of MLMC (1613.52 pN).  

 

 

Figure 2.4 Representative snapshots for pulling out the β-chain(s) from 
different locations of the crystallite unit. (a) SLMC, MLMC and SLCC. 
(b) SL and ML. The chain(s) being pulled out are displayed in yellow, 
while the rest are displayed in purple. 

 

On the other hand, the UTF for SLCC is only one-third that for MLMC 

due to much less confinement by inter-chain hydrogen bonds, and after 
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the initial rupture during the pull-out process, the interaction between 

this chain and the rest of the crystallite is too weak so that no obvious 

re-bonding process is observed. Representative snapshots for pulling 

out SLCC from the crystallite unit are also shown in Figure 2.5. From 

Table 2.2, it is seen that the specific interaction energy between MLMC 

and the rest of the crystallite in the water environment is the strongest 

(i.e., −275.43 kJ/(mol nm)), as compared with that between SLCC and 

the rest of the crystallite in the water environment, which is the weakest 

(i.e., -92.47 kJ/(mol nm)). 

 

 

Figure 2.5 Force-displacement curves for pulling out one single chain 
from three different locations of the crystallite unit. Snapshots for 
pulling out the SLCC are also shown. The β-chain with residues 
displayed in blue and yellow is the targeted peptide chain, while the 
rest are displayed in purple. 

 

 

2.3.4 Middle layer versus surface layer pull-out 

Then, whole layer pull-out (i.e., pull-out of one layer of β-chains) from 

crystallite is investigated, i.e., SL vs. ML pull-out. The representative 
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snapshots during the pull-out tests are shown in Figure 2.4b. The 

force-displacement curves for pulling-out SL and ML are shown 

respectively in Figure 2.6.  The UTF for pulling out pulling out ML is 

2550.03 pN, and the configuration of the crystallite corresponding to 

UTF is given in the inset of Figure 2.6. Right after the peak force, the 

bonds between the pulled layer and its two adjacent layers are broken, 

leading to the ultimate failure of the crystallite. The subsequent abrupt 

decrease in force indicates the brittle nature of the ML failure. As for 

the pull-out of the SL, the first peak in the force-displacement curve 

corresponds to the initial rupture (see the inset of Figure 2.6), 

subsequently during the sliding of the β-chains out of the crystallite, 

bonds are able to reform between the layer being pulled-out and its 

adjacent layer. The configuration of the crystallite corresponding to the 

second peak is also shown in the inset of Figure 2.6. Compared to the 

ML, the UTF for pulling out the SL is much lower, i.e., 708.88 pN, 

occurring at the second peak. 

 

 

 

Figure 2.6 Force-displacement curves for pulling out the ML and the 
SL, respectively. Snapshots of the crystallite unit corresponding to the 
rupture force at peaks are also provided. Residues of the peptides in 
the targeted layer are displayed in blue and yellow, while the rest are 
displayed in purple. 



59 
 

As listed in Table 2.2, in water, the specific interaction energy between 

the ML and the rest of the crystallite unit is −543.98 kJ/(mol nm), while 

the SL has a weaker specific interaction energy of −367.55 kJ/(mol nm) 

with the crystallite unit. The higher energy barrier explains the larger 

UTF needed to pull-out the ML from the crystallite unit, when compared 

with SL pull-out. In addition, the difference in the specific interaction 

energies (ML vs. SL) is greater in the water environment (176.43 

kJ/(mol nm)) than in vacuum (165.2 kJ/(mol nm)). This is because from 

the molecular structure point of view, the ML is less accessible to water 

molecules, and resultantly the hydrogen bonds formed between the ML 

and neighbouring layers are less affected by the water molecules. 

However, owing to the re-bonding process, the resilience of the SL is 

comparable to that of the ML, despite its much lower UTF than the ML. 

Therefore within one crystallite unit, the ML shows more brittle 

behaviour while the SL exhibits more ductile behaviour.  

Considering silk fibroin as a whole, the amorphous regions will unravel 

first during tensile loading, and the load will then be passed on to the β-

sheet crystallites [64,72], which are linked to the amorphous regions 

via surface/interior β-chains. Thereafter, tensile fracture most probably 

happens in the surface of crystallite domains, since our findings show 

that rupture force of β-chains on the surface of the crystallites is much 

weaker than the interior ones. Based on the present structural and 

energetic analyses, it is concluded that when the silk fibre is subjected 

to tensile loading, the fracture should start from the pulling of the corner 

chain in the silk fibroin, which is the weakest link that dictates the 

failure strength. 

 

2.4 Summary 

In summary, the mechanical response of a β-sheet crystallite unit 

subjected to pull-out tests was investigated via molecular dynamics 

simulations. It is found that water molecules play a weakening role in 
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the formation of hydrogen bonds between β-chains, thus decreasing 

the stability of the β-sheet crystallite compared with that in vacuum. 

The rupture force for pulling out the β-chain(s) from the crystallite unit 

varies with the location of the chain(s) in the crystallite unit. This work 

shows that the pulling of the SLCC has the lowest UTF. Hence, it is the 

weakest link that controls the failure strength of silk fibre, clarifying the 

inconsistency between experimental and theoretical failure strengths of 

silk fibre.  
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Chapter 3 Intrinsically Toughest Silk 

 

3.1 Introduction  

Nature produces silk fibers with impressive mechanical properties 

surpassing those of many other natural and synthetic materials. As 

biologically produced protein materials, the silk fibers are obtained from 

arthropods including spiders (Araneus diadematus, Nephila clavipes, 

etc) and silkworms (Bombyx mori, etc.) [1,53,55,56]. Bombyx mori 

silkworms are the main producer of silk worldwide. The silk is a highly 

prized material of immense commercial value. The surface coating 

sericin is typically removed to reveal fibroin as the main structural 

component of silk. Particularly well-known for its lustrous appearance, 

soft-to-touch texture and excellent mechanical properties, the Bombyx 

mori silk fibroin (hereafter also referred to as silk) is conventionally 

used as textiles and surgical sutures. Current advances have also 

demonstrated its superior biocompatibility, facile processability, 

controllable biodegradability, tunable optical properties, and ease of 

functionalization in native or regenerated morphologies. These qualities 

render the silk extremely useful in a range of medical and engineering 

applications, including drug delivery, tissue engineering, sensing, and 

imaging [14,19–25,188]. Notably, many applications of silk take 

advantage of its impressive mechanical properties, which by nature 

surpass many natural and synthetic materials. 

The mechanical strength and toughness of silk depend not only on its 

molecular structure but also on its hierarchical architecture. Upon 

spinning by the silkworm, the silk dope produced in the silk gland is 

transformed into a solidified semi-crystalline fibrous network consisting 

of β-sheet crystallites embedded in a less ordered amorphous matrix. 

Interestingly, both the silkworm silk and spider dragline silk (e.g., 

Nephila or Araneus spider dragline silk) share similar hierarchical 

architecture but possess great disparity in their mechanical properties 
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[56,58,64–67,208]. Inspired by spider dragline silk with much superior 

strength and toughness [55,56,74,75,209], there is an ever growing 

interest to enhance the mechanical properties of Bombyx mori silk. 

Several approaches were reported to produce mechanically enhanced 

silk. Firstly, it was shown that one is able to enhance the mechanical 

properties of the silk through changing the silk spinning condition 

[54,73]. Specifically, by way of force-spinning (i.e., artificially drawing 

the silk from silkworms at controlled speeds) [54] or modulated-

spinning (i.e., allowing the silkworm to spin in an electric field) [73], 

stronger and tougher silk fibers were obtained. The application of those 

external forces was reported to result in more aligned crystallites along 

the fiber axis to better support the load, thus rendering the silk fibers 

stronger and tougher [54,73,77]. Secondly, it was shown that one can 

obtain mechanically enhanced silk by transfecting gene sequence of 

spider silk into silkworm for its co-expression with the silkworm silk. 

Successful gene transfection relies greatly on environmental and 

genetic factors, and incorporation of the spider silk proteins into the 

silkworm silk requires that their expression occurs in spatial and 

temporal proximity to the endogenous silk proteins, which makes it 

challenging to attain the desired phenotypic expression [85,86]. 

Considering that silkworms are easily domesticated, and that they 

produce silk in extremely large scale worldwide at about 70,000 tons 

per year [83], it makes great economic sense to make direct use of the 

silkworm silk in vivo production and processing system to produce 

mechanically tough fibers for use in various fields of applications. 

Following this, a couple of interesting questions naturally arise: Can 

feeding approach, a green and cost-effective method, be adopted to 

enhance the mechanical properties of Bombyx mori silkworm silk? If 

yes, then what are the underlying mechanisms? Clearly, answers to 

these questions are able to provide a novel route to control the 

structure and the resulting mechanical properties of silkworm silk for its 

much wider use.  
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To greatly enhance the mechanical properties of silkworm silk, a facile 

feeding approach proposed here is to employ a substance that is 

capable of both entering the silk gland and modulating the structure of 

the silk. Experimentally, citric acid (CA) molecules were mixed into 

mulberry leaf at 0.05 wt% to make modified feed (i.e., CA feed), as 

compared to a typical mulberry leaf feed without added CA molecules 

(i.e., normal feed). Remarkably, CA silk fibroin (hereafter also simply 

referred to as CA silk) with significantly enhanced mechanical 

properties was successfully obtained, which exhibits mechanical 

toughness nearly double that of control silk fibroin (hereafter also 

simply referred to as control silk) and comparable to that of spider 

dragline silk. Both advanced characterizations and computational 

simulations are used to reveal the underlying interactions of CA with 

fibroin structures and the structural changes that lead to the great 

enhancement in mechanical properties. Experimental findings show 

that the CA silk features remarkably short crystallites which rendered 

the silk mechanically strong and tough.  

 

3.2 Materials and Methods 

3.2.1 Materials 

Domesticated silkworms (Bombyx mori) were obtained from Carolina 

Biological Supply Company, USA. Mulberry leaf powder was obtained 

from Recorp Inc., Canada, and citric acid (CA) anhydrous was obtained 

from Fisher Scientific.  

 

3.2.2 Experimental methods 

3.2.2.1 Silkworm culturing, feed preparation and silk degumming 

Normal feed was prepared by microwaving mulberry leaf powder (100 

g) with water (300 mL). Modified feed was prepared by microwaving 

mulberry leaf powder (100 g) with water (300 mL) followed by mixing 
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CA (50 mg) at 0.05 wt%. Other weight percentages were also prepared 

in the same way. Domesticated silkworms were cultured on the normal 

feed throughout the larval stage up to the second day of the fifth instar. 

Starting from the third day of fifth instar, silkworms were transitioned to 

the modified feeds to produce CA silk while the control silk was 

obtained from silkworms continued on the normal feed. The silkworms 

were continuously fed until they started spinning.  

 

3.2.2.2 Tensile testing of silk 

Silk fibers were individually mounted onto paper frames with a 20 x 5 

mm window for tensile testing. The paper frame was fixed to the grips 

and then cut, so that the load during testing was exerted directly on the 

fiber. The fibers were loaded on a universal tester (Instron Double 

Column Universal Tester 5569 with a 5 N load cell) at a strain rate of 2 

mm min-1. The gauge length of each tensile sample was individually 

determined from the distance between the two grips at the starting 

position using the Bluehill software on a computer connected to the 

tester. Slack correction was also performed to remove ‘toe’ region of 

the stress-strain curves. For each sample, a 10 mm-segment was 

mounted on a specimen holder using carbon tape, sputter-coated with 

gold under vacuum, and imaged under a scanning electron microscope 

(SEM) (JEOL LV SEM 6360LA) to determine the fiber cross-sectional 

area for tensile stress calculation. The smallest diameter along each 

fiber was adopted, from which the cross-sectional area of the fibroin 

fiber was derived. Mechanical data presented as average ± standard 

deviation. Statistical significance performed using one-way ANOVA 

(*p<0.01, **p<0.005; n=5). 

 

3.2.2.3 Structural characterization of silk 

To remove the sericin, the silk fibers was added into a degumming 

solution (10 mL) consisting of Savinase enzyme (10 mg, Novozymes, 

Denmark) and Triton-X (10 mg) in 1 gL–1 NaHCO3 solution, followed by 
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heating at 55 °C for 1 h. The degummed silk was then collected, rinsed 

with water, and dried in air for two days before further characterization. 

For determination of crystallite dimensions, parallel bundle of the 

degummed fibers were mounted on a cardboard frame and the X-ray 

diffraction (XRD) patterns were collected on an XRD system (Bruker 

D8 General Area Detector Diffraction System) using a beam size of 0.5 

mm and a radiation wavelength of 1.5418 Å (CuKα). The sample-to-

detector distance was 5 cm and the exposure time was 20 min. Radial 

integration was carried out on the obtained XRD patterns along both 

the equatorial (5–40°) and meridian (5–37.5°) axes. The resultant 

spectra were fitted into component peaks characteristic of silk fibroin. 

Crystallite sizes along a, b and c directions were determined 

respectively from the (200) and (120) crystalline peaks from the 

equatorial spectra, and (002) crystalline peak from the meridian spectra 

using Scherrer’s formula, L = 0.9  /(FWHM x cos), where L = 

crystallite size along a, b or c direction, 0.9 = Scherrer’s constant,   = 

wavelength of incident x-ray (1.5418 Ǻ for Cu Kα radiation),  = peak 

position, and FWHM = full-width at half-maximum. Scherrer’s formula 

provides a lower bound to the crystallite size. Specifically, a is the 

direction along the stacking of β-sheets, b is the direction in a β-sheet 

perpendicular to the chain axis, and c is the direction along the chain 

axis.  

For determination of structural contents, the degummed fibers were cut 

into short strands (~2 mm in length) that were mixed with KBr and 

compressed into disk before testing on a Fourier transform infrared 

(FTIR) spectrometer (Perkin Elmer FTIR Spectrum 2000). The infrared 

spectra were collected for each sample (n=3) at a resolution of 4 cm-1. 

Sixteen scans were performed for each sample to increase the signal-

to-noise ratio by a factor of four. After baseline correction, second 

derivative analysis was performed to 1600–1710 cm-1 of the FTIR 

spectra (the Amide I region) to identify the structural component peak 

positions of the silk, the structural contents in the silk were quantified 

through the area analysis of the structural component peaks fitted in 
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the region of the baseline-corrected FTIR spectra. The percentage of 

each structure was determined by calculating the area percentage 

under the respective component peaks with respect to the total area 

under the spectra. Data presented as average ± standard deviation. 

Statistical significance performed using ANOVA single factor analysis 

of variance (*p<0.10; **p<0. 05; n=3).  

 

3.2.2.4 Extraction of silk dope and haemolymph  

Haemolymph was extracted from silkworms (n=3) prior to silk spinning 

using a needle syringe. The pH of the haemolymph was measured 

using a micro combination pH electrode (Lazar Research Laboratories, 

model PHR-146, USA). The data were presented as average ± 

standard deviation. To obtain silk fibroin dopes, the silkworms (n=3) 

were dissected in Insect Ringer solution containing 128 mM NaCl, 1.8 

mM CaCl2. 2H2O, 1.3 mM KCl and 50 mM Tris. Silk glands were 

removed from the dissected silkworms, washed with distilled water, 

and peeled off their gland epithelial layers to obtain silk dope. The silk 

dopes were degummed to remove the sericin. The obtained fibroin 

dopes (n=3) were allowed to dry in air and 3 mg of each dried fibroin 

dope were then individually dissolved in 100 L of 9.3 M LiBr solution 

at 70 °C for 3 h to quantify the content of CA.  

 

 

3.2.2.5 Quantification of CA 

The silk dope or fibers (3 mg) were dissolved by heating in 100 L of 

9.3 M LiBr solution at 70°C for 3h. Upon dissolution of the silk, CA 

molecules were released and the obtained solution was analyzed to 

quantify the amount of CA based on a spectrophotometric method. To 

determine the amount of CA in the silk, dope or haemolymph (n=3), the 

solution samples (100 µL) were added to a mixture of 4 mL of Fe(NO3)3 

solution and 1 mL of HNO3, and topped up to 25 mL in a glass vial 

using distilled water. The CA reacted with Fe3+ at a ratio of 1:1 to form 
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ferric-citrate complex. Next, the solution was illuminated at 1000 W/m2 

(Newport Corporation USA, solar simulator, model 66901) for 10 min to 

allow the ferric-citrate complex to turn into violet complex via 

photochromism, and then allowed to rest in shade for 30 min at 4°C to 

stabilize the color development. Thereafter, the absorbance of the 

solution at 520 nm was measured using a UV-Vis spectrophotometer. 

The actual amounts of CA were then calculated by reading off the 

calibration curve prepared using the same measurement parameters. 

The data were presented as average ± standard deviation. 

 

3.2.3 Theoretical simulations 

3.2.3.1 Molecular structure of CA 

The molecular structure of CA was constructed using Material Studio 

7.0 (Accelrys Inc., San Diego, CA) and the charge on CA was 

calculated using the Antechamber module in the Amber 9 software 

[210]. Energy minimization was conducted on the structure of CA to 

equilibrate the structure.  

 

3.2.3.2 Molecular dynamics simulation of the interaction of CA and 

fibroin molecules 

All the molecular dynamics simulations were carried out using 

Gromacs [211] and presented in figures using visual molecular 

dynamics (VMD) code [212]. For simulating the interactions of CA with 

fibroin molecules, two fibroin molecules in extended configuration were 

arranged in an antiparallel manner with an initial distance of 5 Å 

between them as the initial structure. Each molecule comprises a 

crystalline sequence intercalated between two amorphous sequences 

as given below. Molecular dynamics simulation was first carried out on 

the extended structure of the two fibroin molecules in an implicit water 

box for 50 ns. Afterwards the obtained configuration was solvated in an 

explicit water box, and 20 ns of molecular dynamics simulation was 

carried out to obtain their equilibrated structure (control). In comparison, 
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the same configuration was first surrounded by 144 CA molecules and 

then solvated in an explicit water box followed by 20 ns of molecular 

dynamics simulation to obtain their equilibrated structure. The 

dimension of the water box was 8.6×7.0×13.5 nm3. The sequences of 

fibroin chain are adopted in the above simulations: (i) crystalline 

sequence: GAGAGSGAGAGAGSGAGAGSGAGAGSGAGAGSGAGS 

GAGAGSGAGAGSGAGAGYGAGAGSGAAS, (ii) amorphous 

sequence: GAGAGAGAGAGTGSSGFGPYVAHGGYSGYEYAWSSES 

DFGTGS. The sequences are respectively adopted from the GX 6.5 

and Linker 6 of Bombyx mori silk fibroin as published by Zhou et al 

[213].  

 

3.2.3.3 Molecular dynamics simulation of the interaction of CA and 

fibroin crystallites 

A poly(GA) crystallite with two-layer β-sheets was extracted from 

Protein Data Bank with the entry of “2slk” [46]. Each layer consists of 

five -chains. Each -chain comprises of six residues (three repeating 

GA sequences) and the chain is acetylated at one end and methylated 

at the other end, i.e., two cap residues. Molecular dynamics simulation 

was first carried out on the structure of crystallite in an explicit water 

box for 5 ns. The equlibrated structure of crystallite was used for the 

calculation of the binding energy with CA and each of its ionized forms 

by energetic analysis after energy minimization The dimension of the 

water box was 3.0×3.8×6.5 nm3. 

For simulating the interaction when the CA is in the crystalline domains, 

eight CA molecules were located in between the two poly(GA) 

crystallites. The G (glycine) residues are displayed in yellow, the A 

(alanine) residues are displayed in blue, the cap residues are displayed 

in grey, and the CA molecules are displayed in green. The system was 

solvated in an explicit water box and the simulation was carried out for 

5 ns. The dimension of the water box was 6.3×6.4×6.6 nm3.  
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3.3 Results and Discussion 

3.3.1 Enhanced mechanical properties and structural 

changes in CA silk fibroin 

Figure 3.1a shows the stress-strain curves of silk fibroin produced with 

CA feed (i.e., CA silk), compared with silk fibroin produced with normal 

feed (i.e., control silk), along with the fracture surfaces. The mechanical 

properties of CA silk are found to be significantly enhanced, being 

much stronger and more ductile than control silk. The mechanical 

properties are tabulated in Table 3.1. Remarkably, the CA silk obtained 

exhibits significantly higher ultimate tensile strength of 840 ± 39 MPa, 

along with significantly higher toughness (i.e., energy to failure) of 225 

± 14 MJ/m3 that almost double those of the control silk.  

The CA silk has significantly higher breaking strain at 38 ± 2 %, 

compared with 32 ± 2 % of the control silk. It is additionally noted that 

the toughness exceed those of spider dragline silk fibers (i.e., 160–200 

MJ/m3) [53–55,59,214]. With the greatly enhanced strength and 

ductility, the silk obtained in this study emerges to be the intrinsically 

toughest silkworm silk, with mechanical properties that far exceed 

those of the previously reported silkworm silk (including the enhanced 

force-spun, modulated-spun and genetically-modified silkworm silk), 

and compare well with those of naturally produced spider silk (including 

those from spider species such as Araneus diadematus, Nephila 

clavipes, etc.) [53,55,56,54,73]. Figure 3.1b and Figure 3.1c show the 

fracture surface of CA silk and control silk respectively. 
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Figure 3.1 Stress-strain curves and fracture surfaces of CA silk vs. 
control silk fibroin. (a) Stress-strain curves of CA silk vs. control silk. 
Fracture surfaces of (b) CA silk and (c) control silk, respectively at 
40,000x magnification (scale bars: 100 nm). 

 

c 

b 

a 
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Table 3.1 Tensile properties of CA silk vs. control silk (*p<0.01, 
**p<0.005; n=5). 

 

Silk has a hierarchical architecture that is built from structures including 

the β-sheets, helices, turns and random coils (Figure 3.2a) 

[58,64,68,69]. The mechanical properties of silk are greatly dependent 

on its hierarchical structures. The CA silk and control silk were 

examined both using Fourier transform infrared (FTIR) spectroscopy 

and X-ray diffraction (XRD). Remarkable changes in the structures of 

the CA silk as compared to the control silk were detected by FTIR (a 

commonly used technique to quantify the structural contents in proteins 

including the silk [215–217]) through area analysis of the structural 

component peaks. The structural component peak positions of the silk 

were identified by performing second derivative analysis (Figure 3.3) in 

1600–1710 cm-1 region of the FTIR spectra (Figure 3.4). FTIR findings 

indicated a significantly reduced content of β-sheets in CA silk (20.7 ± 

1.1%) (Figure 3.2b).  

As detected by XRD (a commonly used technique to quantify the 

crystallite sizes in the silk [56,67,72]), the CA silk features remarkably 

short crystallites of 4.38 nm. The control silk, on the other hand, 

features lengthy crystallites at 8.99 nm that are comparable to those 

typically observed in the silkworm silk (e.g., 10.30 nm [56]). Figure 3.5a 

 

Control silk CA silk 

Young’s modulus (GPa) 5.93 ± 1.42 9.57 ± 1.70* 

UTS (MPa) 571.56 ± 71.12 840.38 ± 38.67** 

Breaking strain (%) 31.82 ± 1.88 38.38 ± 1.89** 

Yield strength at 0.1% offset (MPa) 145.01 ± 20.70 221.77 ± 26.04** 

Yield strain (%) 2.78 ± 0.66 2.46 ± 0.76 

Toughness (MJ/m3) 120.74 ± 12.98 224.52 ± 14.31** 
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illustrates a β-sheet crystallite in three dimensions. The dimensions 

along the a, b and c directions correspond to the thickness, width and 

length of the crystallite respectively. The crystallite sizes along each 

direction were determined from the full width at half maximum (FWHM) 

of the crystalline peaks, (i.e., (200), (120), and (002), Figure 3.5b) fitted 

for the XRD patterns (Figure 3.6). Apart from the remarkably reduced 

crystallite length in CA silk, no remarkable changes were detected in 

the width and thickness of the crystallites of CA silk, as compared to 

the control silk (Figure 3.5c). 

 

 

Figure 3.2 Structures in CA silk vs. control silk. (a) Structure 
representations of the silk fibroin fiber illustrating the hierarchical 
architecture, along with (b) the experimentally determined (i.e. FTIR) 
structural contents in CA silk vs. control silk (*p<0.10; **p<0.05; n=3). 
(c) The structural contents of silk fibroin folded in the presence and 
absence of CA (i.e., CA silk vs. control silk) simulated by molecular 
dynamics.  
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Figure 3.3 FTIR method to analyse structural contents of silk fibroin. 
Top, Structural component peak positions of the silk are identified by 
performing second derivative analysis in the 1600–1710 cm-1 region of 
the FTIR spectrum. Bottom, The dash line represents the original (i.e. 
pre-fitting) FTIR spectrum, while the solid line represents the spectral 
fit. Below the spectrum are the component peaks for structural 
assignments in silk fibroin (i.e., the peaks centred at 1615.8, 1623.4, 
1630.0, 1637.8, 1649.9, 1659.4, 1668.2, 1673.4, 1680.3, 1690.0, and 
1697.8 cm-1) (see inset Table for structural assignments) [215–217].  
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Figure 3.4 FTIR spectra of control silk (a) and CA silk (b), both 
normalized to the Amide I peak. Inset show individual spectrum of 
control and CA silks (1000 to 2000 cm-1). 
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Figure 3.5 Silk fibroin crystallites. (a) Schematic drawing of a β-sheet 
crystallite with arrows indicating directions, where a is the direction 
along the stacking of β-sheets (i.e., thickness), b is the direction in a β-
sheet perpendicular to the β-chain axis (i.e., width), and c is the 
direction along the chain axis (i.e., length). (b) FWHM of (200), (120), 
and (002) crystalline peaks of the CA silk and control silk, 
corresponding to the diffraction of planes in the a, b and c direction, 
respectively. (c) Crystallite sizes of the CA silk vs. control silk; a larger 
FWHM value corresponds to a smaller crystallite size.  

 

The reduction in β-sheets content is further validated using Raman 

microspectroscopy, i.e. a non-invasive optical characterization method 

(no sample preparation is required, unlike IR techniques). It was also 

determined for CA silk a drastically reduced content of β-sheets 

(19.9%), as compared with control silk (38.9%). Collectively, these 

structural characterizations revealed that CA silk features significantly 

reduced content of β-sheets and unprecedentedly short β-sheet 

crystallites previously not observed in silkworm silk. The β-sheet 

crystallites are shorter along the β-chain axis direction as revealed by 

XRD, which coincides with the overall drop in the content of β-sheets. 

 

c 

b a 
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Figure 3.6 XRD of silk fibroin fibers. (a) equatorial XRD spectra of 
control silk vs. CA silk. (b) meridian XRD  spectra of control silk vs. CA 
silk. All spectra were individually fitted into crystalline peaks. XRD 
patterns of the control silk and CA silk are also shown in inset. 

 

3.3.2 Interaction of CA with silk fibroin  

To understand the observed changes in the silk nanostructures, 

molecular dynamics simulations were performed to computationally 

assess the interaction of CA with fibroin during its organization from 

extended to folded configuration. The adopted fibroin molecule for the 

simulations comprises a crystalline sequence intercalated between two 

amorphous sequences, and is initially in extended configuration to 

represent the native unfolded fibroin (Figure 3.7). Two such molecules 

are placed in an antiparallel manner and subsequently allowed to fold 

into equilibrium, both in the absence (Figure 3.7a) and presence 

(Figure 3.7b) of CA respectively. In both cases, the equilibrated 

configurations consist of β-sheets, turns, helices and random coils. The 

CA greatly reduces the content of β-sheets in the folded configuration 

and increases the content of turns (Figure 3.2c) in agreement with 

a 

b 
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experimental findings described above (Figure 3.2b), as compared with 

the case in the absence of CA. Clearly, the CA markedly reduces the 

content of β-sheets in the folded fibroin configuration and led to the 

formation of shorter crystallites. 

 

Figure 3.7 Molecular dynamics simulations – The folding of silk fibroin 
molecules in the absence or presence of CA molecules. Two extended 
fibroin molecules arranged in antiparallel manner are allowed to fold 
into equilibrium configuration, in the absence or presence of CA 
respectively. (a) Snapshot of the equilibrium fibroin configuration folded 
in the absence of CA. (b) Snapshot of the equilibrium fibroin 
configuration folded in the presence of CA. Yellow ribbons represent β-
structures while green ribbons represent turns. The β-sheets structures 
disappear as indicated by red arrows. 

 

The interaction of CA with fibroin β-sheet crystallites was investigated 

by molecular dynamics simulations. CA molecules were located 

between two β-sheet crystallites as initial configuration; each crystallite 

consists of a two-layer β-sheet structure extracted from Protein Data 

Bank (PDB) (Figure 3.8a). The CA, initially located between the two β-

sheets crystallites, is spontaneously expelled out upon simulation 
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(Figure 3.8b) when the two β-sheet crystallites interact to form a four-

layer β-sheet structure. The binding energy between a CA and a β-

chain (i.e., a fibroin chain in the middle of a two-layer β-sheet) is -30.25 

kJ/mol, which is greatly smaller than that between two β-chains (-96.74 

kJ/mol). As a result, CA is readily expelled out in the event of the 

stacking between the β-sheet crystallites. Overall, these findings show 

that CA favorably interacts with silk fibroin to reduce the content of β-

sheets while CA does not reside in fibroin crystallites. 

 

 

3.3.3 Short crystallites in CA silk fibroin  

The heavy chain of Bombyx mori silk fibroin is a 5,263-residues 

polypeptide, consisting of 2,377 repeats of GX as the building blocks of 

β-sheets in crystalline domain (G: glycine; X being A: alanine, S: serine, 

Y: tyrosine, V: valine or T: threonine) [6]. Of the 2,377 repeats of GX, 

there are ~4,421 small amino acid residues (glycine, alanine and serine) 

and ~333 bulky amino acid residues (tyrosine, valine and threonine). 

The ratio of small amino acids to bulky residues is 1:13, i.e., a ratio of 

one bulky residue to 13 small amino acids in the crystalline domain. It 

tends to form stable β-sheet crystallites of 13 small residues in length 

when the bulky residues are at the periphery of the crystallites. This is 

equivalent to a small crystallite of ~4.55 nm in length, calculated based 

on the standard distance of 3.5 Å for a peptide bond in a β-sheet [7]. 

Spectacularly, β-sheet crystallites of 4.38 nm in CA silk, a very close 

size to the predicted one, were obtained through feeding CA at 0.05 wt% 

in modified feed to silkworm, which resulted in intrinsically toughest 

silkworm silk. Without feeding CA, much lengthier β-sheet crystallites of 

8.99 nm in control silk were obtained with weaker mechanical 

properties, indicating CA plays a critical role in greatly reducing the 

length of β-sheet crystallites to 4.38 nm in CA silk to greatly enhance 

mechanical properties. Correspondingly, the short crystallites in the CA 

silk have shorter β-chains of 13 residues, as compared with lengthier 

β-chains of 26 residues in the control silk. 
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In addition to 0.05 wt%, different weight percentages of CA from 0 to 1 

wt% in feeds were also fed to silkworms, and different crystallites 

between 4 - 11 nm in length were obtained (Figure 3.9), corresponding 

to approximately 13, 16, 26 (control) and 31 residues in length. The 

mechanical properties varied proportionately with the crystallite length. 

As shown in Figure 3.9a, a higher ultimate strength was obtained with 

shorter crystallites in the silk. Likewise, a higher toughness (Figure 

3.9b) of CA silk was also obtained with shorter crystallites in the silk. At 

0.05 wt% CA, the best mechanical properties were achieved with 

shortest crystallites of 4.38 nm in the silk. Besides, β-sheet crystallites 

are known to unravel during loading through the breakage of hydrogen 

bonds between β-chains [56]. In comparison to lengthier crystallites, 

the short crystallites in the CA silk have lesser number of hydrogen 

bonds between β-chains and can unravel to release the length of 

protein chain with less difficulty. This allows the CA silk to deform 

plastically to a greater extent before fracture, endowing it with greatly 

enhanced toughness, as observed in the larger region of plastic 

deformation in the stress-strain curve of CA silk as compared to the 

control silk. 

 

 

3.3.4 Concentration effect of CA on silk fibroin 

structures and mechanical properties  

The concentration of CA in silk fibroin dope (i.e., fibroin in gland) after 

feeding silkworms with 0 (i.e., control), 0.05, 0.5 and 1.0 wt% of CA in 

feeds was determined. The crystallite length in the silk was found to 

decrease proportionately (i.e., a linear relationship) in response to an 

increase in the concentration of CA in the dope (Figure 3.9c), that in 

turn gave increasingly enhanced mechanical properties. Accordingly, 

the highest concentration of CA in the dope was achieved at the 

feeding of 0.05 wt% of CA, which resulted in the shortest crystallite in 

the silk that in turn gave the best ultimate strength and toughness.  
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Figure 3.8 Molecular dynamics simulations – The fate of CA molecules 
in the crystalline domain of silk fibroin. (a) Initial configuration of 
poly(GA) crystallites and CA molecules. The glycine (G) residues are 
displayed in yellow and the alanine (A) residues are displayed in blue, 
and the chains are capped at both ends (cap residues displayed in 
grey). The CA molecules were located in between the two crystallites. 
(b) Snapshot of the configuration at 5 ns of molecular dynamics 
simulation: The CA molecules are expelled from the crystalline domain 
spontaneously.  

 

Experimentally, after ingestion, CA was first transferred to the 

haemolymph of a silkworm through the gut epithelial (i.e., gut wall). As 

tabulated in (Figure 3.9c), a higher weight percentage of CA in feed led 

to a higher concentration of CA in the haemolymph. This can be 

attributed to the leaky gut wall, which allows hydrophilic molecules 

smaller than 400 Da to pass through via paracellular pathway into the 

haemolymph (molecular weight of CA = 192.12 Da) [218]. The CA was 
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subsequently transferred from the haemolymph into silk dope through 

amphiphilic lipid layers of gland epithelial (i.e. gland wall). Like the 

ionized forms (mono-, di- and tri-ionized citrates), neutral CA is also 

hydrophilic and readily dissolves in the haemolymph. Unlike the ionized 

forms, neutral CA can also dissolve in organic solvents (e.g. alcohol, 

ether, ethyl acetate) and is thus permeable through the gland wall into 

silk dope. 

With feeding CA at 0.05 wt% in modified feed, the pH of the 

haemolymph is lowered from the typical value of 6.57 ± 0.02 (control) 

to 6.23 ± 0.04. In comparison, with feeding more CA at 1.0 wt%, the pH 

of the haemolymph was raised to 6.82 ± 0.07 (the higher pH is 

attributed to the alkalinizing effect of CA [219]). The haemolymph at the 

lower pH contains more CA in neutral form [220], and thus accounts for 

the higher uptake of CA into the dope. As further understood from 

energetic analysis, the neutral form of CA has also the strongest 

binding to fibroin, while the increasingly ionized forms have much 

weaker binding to fibroin (Table 3.2). Consequently, the neutral form of 

CA plays the most important role in the formation of short crystallites to 

strengthen the mechanical properties of the silkworm silk.  

 

Table 3.2 Binding energy of a β-chain with a citric acid in its neutral 
(CA) or ionized forms (i.e., CA- , CA2-, CA3-). 

Interaction Binding energy  

(kJ/mol) 

Inter-chain -96.74 

One chain- one CA -30.25 

One chain- one CA- -22.71 

One chain- one CA2- -20.29 

One chain- one CA3- -16.21 
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Figure 3.9 Enhanced mechanical properties of CA silk with shorter 
crystallites. (a,b) Ultimate tensile strength and toughness of silk fibroin 
fibers (n=5) as a function of crystallite length. (d) Crystallite length in 
silk fibroin fibers as a function of the concentration of CA in dried silk 
fibroin dopes obtained from silk glands (n=3). The concentration of CA 
in haemolymph and silk fibroin dope as a function of weight 
percentages (wt%) of CA in feed is tabulated.  

 

3.4 Summary 

In summary, we demonstrated a facile way to tune the structures at 

nanoscale to greatly toughen and strengthen the silkworm silk. By 

designing a feeding technique to drastically shorten the length of 

crystallites, we are able to simultaneously enhance both the strength 

and ductility of the silk through an enhanced architecture, providing a 

facile and versatile route to toughen the silk and widen its engineering 

applications [221]. The feeding technique presented here will contribute 

to the manufacture of intrinsically toughest silk fibers in a scalable, 

cost-effective, environmentally-friendly and sustainable manner, that 

will also reduce the environmental footprints of man-made fibers. 

a 
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Chapter 4 Intrinsically Colored Silk 

 

4.1 Introduction  

Silk fibers are obtained from arthropods, most notably silkworms and 

spiders [222–224]. The Bombyx mori silkworm silk is the most widely 

used type of silk, which is highly prized for its superior aesthetic value 

and strength. The silkworm silk consists of a gummy outer layer (i.e., 

sericin) and core filaments (i.e., fibroin, here simply referred to as silk), 

which is made up of two domains: ordered β-sheet crystallites with 

strong hydrogen bonding, and disordered amorphous region with 

varying degrees of hydrogen bonding [4,52,54,69,83,194,225–228]. 

After removing sericin, the degummed silk (i.e., fibroin) has excellent 

biocompatibility and has been exploited to produce biomaterials in 

various forms such as sutures, drug delivery carriers and tissue 

engineering scaffolds [2,26]. In recent years, more efforts have been 

directed towards modifying properties or enhancing functionalities of 

silk by integrating with various materials, and the resulting functional 

silk has been used to make optical and electronic components in 

diagnostic and therapeutic devices, where biocompatibility, 

degradability and flexibility are required [229–231]. We foresee a great 

demand to produce various colored and functional silk materials 

containing stimuli-sensitive dyes and drugs (i.e., xenobiotics) that can 

be applied for wound dressing with monitoring/sensing features and 

tissue engineering scaffolds with anti-bacterial, anti-coagulant or anti-

inflammatory features, and many others.   

Xenobiotics are foreign substances in living organisms that are not 

produced in vivo and are not from normal diets, which have been 

extensively studied in the fields of genetics, proteomics, drug delivery, 

biooptics and biomaterials [2,54,232–235]. With normal feed containing 

no xenobiotics, silkworms usually produce white silk. In this study, 

through introducing xenobiotics into silkworm’s diet and monitoring the 



84 
 

resulting color and fluorescence in the silkworm’s body, we established 

an understanding on the in vivo uptake of xenobiotics in silkworms that 

leads to direct production of intrinsically colored and/or luminescent silk 

by the silkworms. The molecular properties-directed absorption, 

distribution and excretion of xenobiotics were investigated using a 

series of fluorescent molecules as model compounds in a silkworm 

model. Rhodamine dyes were included due to their wide applications in 

biology and biotechnology. The efficient uptake of xenobiotics into silk 

is further studied through quantitative analysis of the intrinsically 

colored and highly luminescent silk secreted by silkworm. Conventional 

dyeing of silk and silk fabrics/products into different colors involves 

harsh processing conditions such as high temperature and pH, and 

necessitates additional steps to remove excess dye molecules and to 

restore the original properties of silk. The biological incorporation of 

dyes into silk, in particular its fibroin is a greener method of producing 

the functional silk because it eliminates the need of an external dyeing 

process, along with the resources (water, energy and additional 

chemicals) associated with it. Beyond the absorption of dyes to 

produce color and luminescence in the silk, this feeding concept can 

also be expanded to incorporate other functional molecules (e.g., drugs, 

antibiotics, perfumes and nutrients) into silk with therapeutic or 

nutritional value. The findings will provide first-hand insights to better 

understand the molecular properties that allow specific materials to be 

incorporated into silk while it is being produced in the silk gland. 

Furthermore, this new development also paves a way to produce 

various functional silk embedded with stimuli-sensitive dyes or drugs as 

novel biomaterials for in vivo applications. 

 

4.2 Materials and Methods 

4.2.1 Materials 

 

Rhodamine 101 (98%), Rhodamine 110 (99%), Rhodamine 116 (98%), 
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Rhodamine 123 (98%), Rhodamine B (98%), sulforhodamine 101 

(95%), acridine orange (99%) and fluorescein sodium (95%) were 

obtained from Sigma Aldrich. All reagents were used without further 

purification. 

 

4.2.2 Experimental methods 

4.2.2.1 Preparation of silkworm feed 

Normal feed was prepared by mixing 100 g mulberry powder (Recorp 

Inc, Canada) with 300 mL water followed by microwaving to make a 

thick green paste. Modified feed was prepared by thoroughly mixing 

0.05 wt% of individual dyes into 50 g normal feed. 

4.2.2.2 Culture and dissection of silkworms 

Silkworms were cultured on normal feed until the second day of their 

fifth instar. Starting on the third day of their fifth instar, the silkworms 

were transitioned to modified feed containing various fluorescent 

molecules until they started spinning their cocoons. Dissection of the 

silkworms were carried out in Insect Ringer solution containing 128 mM 

NaCl, 1.8 mM CaCl2. 2H2O, 1.3 mM KCl and 50 mM Tris. The 

extracted silk glands were placed in pH 6.6 phosphate buffer for 

imaging. 

4.2.2.3 Measurement of partition coefficient 

Each fluorescent dye was first dissolved in 1 mL MES buffer at a 

concentration of 1 μM and then partitioned with 1 mL octanol. MES 

buffer was used as the aqueous phase. The concentrations of the dye 

in each phase were determined using a Shimadzu RF-5301 

fluorescence spectrophotometer. 

4.2.2.4 Quantification of dye in silk 

A piece of silk cocoon was weighed and degummed as described 

previously [235]. The resulting solution was measured using 

http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#bib7
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fluorescence spectrophotometer to determine the amount of dye in silk 

sericin. The degummed silk was thoroughly rinsed and further 

dissolved by heating in 9 M LiBr solution at 70 °C for 3 h. The obtained 

solution was measured using fluorescence spectrophotometer to 

determine the amount of dye in silk fibroin. Total amount of dye in silk 

can be obtained by summing up these two components together. 

 

4.3 Results and Discussion 

4.3.1 Absorption of fluorescent xenobiotics in silkworms 

 

Figure 4.1 In vivo uptake of Rhodamine B into a silkworm to produce 
intrinsically colored and luminescent silk. Photographs documenting 
the development of silkworm fed with dye-modified feed from the third 
day of fifth instar until the complete formation of its cocoon, taken 
under room light (a) and UV irradiation (b). 

 

A model xenobiotic compound, i.e., Rhodamine B (excitation 

wavelength: 540 nm; emission wavelength: 625 nm) was mixed into 

mulberry powder to make modified feed that was fed to silkworms 

starting from the third day of their fifth instar. Figure 4.1 illustrates the 

development of a typical silkworm from the start of consumption of 

a b 

http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#gr1
http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#gr1
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Rhodamine B until the formation of its cocoon. The in vivo absorption 

of Rhodamine B shows up as color change of the body of the silkworm, 

observable within two hours on the modified feed and became 

saturated within a day (Figure 4.1a). The silkworm appears highly 

fluorescent upon ultraviolet (UV) irradiation (Figure 4.1b). At the end of 

fifth instar, the silkworms on modified feed started producing 

intrinsically colored and highly luminescent silk, and the cocoons 

constructed from the silk appear pink under room light (appears orange 

under UV irradiation), as compared to those produced by silkworms on 

normal feed which appear white. Inside the cocoons, the silkworms 

developed normally into moths that produced eggs and second 

generation silkworms normally (Figure 4.2). This is an early indication 

that Rhodamine B was not toxic to the silkworms, as will be discussed 

later. 

 

 
 
Figure 4.2 Intrinsically colored silk cocoon produced through effective 
uptake of Rhodamine B into a silkworm. (a) Photographs of a silkworm 
with normal feed and its resulting white cocoon. (b) Room-light 
photographs of a silkworm with modified feed containing Rhodamine B 
and its resulting colored cocoon. (c) A colored silkworm that has 
consumed Rhodamine B spinning its cocoon. (d) A moth from a 
silkworm that consumed Rhodamine B, producing colored eggs and (e) 

a 

 

c d e 

b 

http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
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the second generation silkworm that was hatched and grown from a 
colored egg. 
 
 

4.3.2 Distribution of fluorescent xenobiotics into silk gland 

To understand the production of colored and luminescent silk, 

silkworms were dissected at various points after feeding with modified 

feed. After two days of feeding, Rhodamine B was observed 

dominantly in the silk gland than the rest of the body, as shown in the 

photograph under room light (Figure 4.3a). Rhodamine B was found 

primarily in the wall of silk gland within the first 2 h of feeding, with 

negligible absorption into the gland lumen, as observed under UV 

irradiation (Figure 4.3c) (Gland content normally appears transparent 

or semi-transparent under room light, and since silk is a protein that 

absorbs strong the UV region, UV irradiation was used to enable clear 

visualization of the gland content). In the next two days, the 

concentration of Rhodamine B gradually increased in both the gland 

wall and lumen, indicating that the xenobiotic molecules were first 

absorbed throughout the gland wall and subsequently diffused into the 

gland lumen. At the end of the second day, the final concentration of 

the dye in the gland lumen (i.e., the silk) is visibly higher than that in 

the gland wall (i.e., the epithelial cells) as shown in Figure 4.3d. The 

distribution of acridine orange (excitation wavelength: 502 nm; 

emission wavelength: 526 nm) was investigated next. After two days of 

feeding, acridine orange was observed dominantly in the silkworm’s fat 

body rather than the silk gland (Figure 4.3b). The acridine orange was 

only clearly observed in the silk gland wall after 12 h of feeding 

(Figure 4.3e). In the next two days, the concentration of acridine 

orange greatly increased in the gland wall, yet the concentration in the 

lumen was still very low (Figure 4.3f). In contrast to the finding for 

Rhodamine B which visibly dominates the gland content (i.e., the silk) 

(Figure 4.3d), after two days of feeding the concentration of acridine 

orange in the gland wall was visibly higher than the silk content in the 

gland lumen (Figure 4.3f). 

http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
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Figure 4.3 Molecular structure-dependent uptake led to spatial and 
temporal distribution of fluorescent molecules in silkworms, with 
dominant uptake of Rhodamine B into the lumen (i.e., silk content) and 
acridine orange in the epithelium (i.e., wall) of silk gland. Room-light 
photographs of dissected silkworms after two-day feeding with modified 
feed containing (a) Rhodamine B and (b) acridine orange. 
Photoluminescence photographs under UV irradiation of silk glands 
extracted from silkworms at various points of time after the start of 
feeding with modified feed: 2 h (c) and two days (d) with Rhodamine B, 
12 h (e) and two days (f) with acridine orange, showing the whole silk 
gland (left), the peeled gland lumen (middle) and the gland epithelium 
(right). 

 

Collectively, these experiments indicate that Rhodamine B dominantly 

distributes into the silk content inside gland lumen, whereas acridine 

orange retains more in silk gland wall with less penetration into the 

gland lumen. To verify the observed difference in the distribution of 

both dyes, it was further investigated the distribution of Rhodamine B 

2 days 
Rhodamine B 

a b 

c 

d 

e 

f 

2 days 
Acridine Orange 

Wall Content Gland Wall Content Gland 
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and acridine orange in a silkworm that had consumed an equimolar 

mixture of both dyes for two days (Figure 4.4a). Photographs of silk 

gland were taken under room light rather than UV irradiation to clearly 

differentiate the pink Rhodamine B in gland lumen from the yellow 

acridine orange in gland epithelium. In agreement with previous 

observation, acridine orange was found mainly on the epithelium of silk 

gland, while Rhodamine B was concentrated in the lumen of silk gland 

(Figure 4.4b). 

 

 

Figure 4.4 (a) Room-light photographs of dissected silkworms after 
two-day feeding with modified feed containing a mixture of Rhodamine 
B and acridine orange. (b) Room-light photographs of the silk gland of 
a silkworm after two-day feeding with a mixture of Rhodamine B and 
acridine orange in modified feed, showing the whole silk gland with 
partially peeled gland epithelium (left), the peeled gland lumen (middle) 
and the gland epithelium (right). 

 

4.3.3 Clearance of fluorescent xenobiotics in silkworms 

Upon absorption, the fate of xenobiotics could be conveniently 

monitored by visualizing the changes of color in the silkworm’s body as 

displayed in Figure 4.5. In the first experiment, we started with two 

silkworms that were first fed Rhodamine B for 2 days, resulting in 

intensely pink silkworms (Figure 4.5a1). One of these two silkworms 

a b 

2 days 

Acridine Orange 

Rhodamine B 

http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#fig1
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was switched to normal food without the presence of any dye additives. 

Within one day, this silkworm lost most of its original pink shade 

(Figure 4.5a2). The other pink silkworm was switched to a modified 

feed containing acridine orange for the next 2 days. Again, the 

silkworm lost its original color and instead took up the orange shade 

from acridine orange (Figure 4.5a3). 

 

 

Figure 4.5 Comparison of uptake and clearance of Rhodamine B and 
acridine orange. The experiment started with silkworms on normal diet 
at the 3rd day of 5th instar. Two silkworms were then fed with 
Rhodamine B while the other two fed with acridine orange for 2 days, 
resulting in a pink silkworms for Rhodamine B (1,a) and orange 
silkworms for acridine orange (1,b). Next, one pink silkworm and one 
orange silkworm were switched to normal feed for two days (2,a), 
resulting in a less intensely colored pink silkworm for Rhodamine B and 
almost no change in color for acridine orange (2,b). In a parallel 
experiment, one pink silkworm and one orange silkworm were switched 
to diet containing the other dye: pink silkworm fed with acridine orange 

a 

b 

2 3 

1 

1 

2 3 
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(3,a), and orange silkworm fed with Rhodamine B (3,b) resulting in 
silkworms with mixed colors.  

 

 

Figure 4.6 A comparison between silkworms after two days on 
modified feed (a), and two days on modified feed followed by two days 
on normal feed (b). For Rhodamine B, there was obvious loss of color 
from the silkworm’s body due to the gradual clearance of dye. In 
contrast for acridine orange there was no observable difference when 
supply of dye was stopped because the existing dye molecules were 
strongly retained by in the silkworm body. 
 
 

In the second experiment, we started with two silkworms that were fed 

with acridine orange for 2 days resulting in intensely orange silkworms 

(Figure 4.5b1). One of these silkworms was then switched to normal 

food without any dye additives. After one day or even up to seven days, 

the silkworm retained most of the original orange shade with no 

  

  

R
h

o
d

a
m

in
e
 B

 
A

c
ri

d
in

e
 o

ra
n

g
e

 
a b 



93 
 

appreciable change compared to the starting point (Figure 4.5b2). The 

other orange silkworm was switched to modified feed containing 

Rhodamine B for the next 2 days. Again, the silkworm maintained its 

orange color while at the same time absorbing the pink shade from 

Rhodamine B (Figure 4.5b3). 

This shows the ability of Rhodamine B to quickly be absorbed into most 

parts of the organism, and at the same time also efficiently cleared 

once the consumption was stopped. On the other hand, acridine 

orange was also quickly absorbed and distributed, but was retained 

very strongly with no appreciable clearance. A similar observation was 

also observed upon dissection of the silkworm (Figure 4.6). 

 

4.3.4 Effect of molecular lipophilicity  

In addition to the qualitative observation as documented above, the 

uptake of xenobiotics was quantitatively investigated by characterizing 

the silk secreted from silkworms. Here we make use of the silkworms 

to produce intrinsically colored and luminescent cocoons, in which the 

high content of a dye in silk fibers reflects an efficient uptake of this dye 

from the silkworm’s body into their silk glands. The convenient 

quantitative analysis can provide a better understanding of in vivo 

absorption and distribution of xenobiotics by correlating with their 

lipophilicity. 

Various fluorescent xenobiotics with different visible and emission 

colors have been tested and successfully incorporated into the 

silkworm’s body and silk. Aside from Rhodamine B, Rhodamine 110, 

Rhodamine 116 and Rhodamine 101 were also absorbed into 

silkworm’s body and cocoons, resulting in both visible colors and 

luminescence under UV irradiation (Figure 4.7A–E). As shown in 

Figure 4.7E, the uptaken amounts of various fluorescent molecules into 

silk are nonlinearly dependent on their partition coefficients (log P), a 

measure of lipophicity. 
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Figure 4.7 Absorption of various fluorescent xenobiotic compounds 
into silkworms and their silk. Room-light photographs of (A) silkworms 
and (B) cocoons taken under room light. Photoluminescence 
photographs of (D) silkworms and (C) cocoons taken under UV 
radiation. (E) The measured quantity of various fluorescent molecules 
in silk as a function of their partition coefficient (log P). a: fluorescein 
sodium (-0.79), b: sulforhodamine 101 (-0.69), c: Rhodamine 116 
(0.64), d: Rhodamine 110 (1.17), e: acridine orange (1.80), f: 
Rhodamine 101 (2.19), g: Rhodamine B (2.43). 

 

With negative log P at -0.79 and -0.69, highly hydrophilic fluorescein 

sodium and sulforhodamine 101 had negligible presence in silk (0.006 

and 0.001 µmole/g) because of their rapid clearance out of the 

silkworm’s body. With increased log P, lipophilicity, to a value similar to 

Thai golden silk (0.55), Rhodamine 116 was uptaken more in an 

amount two magnitudes higher in silk at 0.322 µmole/g. With a further 

increase of log P (>1), the absorption of fluorescent molecules into silk 

started to decrease due to reduced solubility. The amount of 

Rhodamine 110 (0.175 µmole/g) was around half that of Rhodamine 

116, while acridine orange only has an even lower concentration in silk 

at 0.012 µmole/g. However, there was a sharp reversal of this trend 

observed for Rhodamine 101 and Rhodamine B. The amount of 

Rhodamine B was approximately 8 times, 16 times, and two 

magnitudes higher than Rhodamine 116, Rhodamine 110 and acridine 

orange, respectively, at ~ 1 µmole/g. This reversal signifies the 
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presence of another factor that determines in vivo distribution, as will 

be discussed next. 

 

4.3.5 Effect of molecular self-assembly  

Based on the quantification of Rhodamine B in silk (Figure 4.7E), the 

concentration of this dye in gland lumen at the start of silk spinning was 

estimated at 1 mM, and dimers would be formed at such high 

concentration [236]. Molecular self-assembly of Rhodamine B exposes 

either its hydrophilic carboxylic acid or hydrophobic ethyl groups 

outward to adjust the overall lipophilicity of the dimers, resulting in a 

more efficient transfer of Rhodamine B molecules from silk gland 

epithelium to silk in gland lumen eventually leading to production of 

intensely colored and luminescent silk. On the other hand, the 

concentration of acridine orange inside the silk gland lumen was very 

low. This is because the non-amphiphilic structure of acridine orange 

does not allow tuning of lipophilicity even upon the formation of dimers 

[237]. Although the concentration of acridine orange in silk gland 

epithelium cells was high, these molecules were unable to transfer to 

the more hydrophilic silk. Acridine orange was thus retained mainly in 

gland cells with very low uptake into gland lumen and negligible 

expression in silk. Molecular self-assembly therefore plays a significant 

part in determining the in vivo distribution of xenobiotics. Since different 

parts of the body have different levels of lipophilicity, amphiphilic 

molecules that can tune their lipophilicity through self-assembly would 

be able to achieve a better distribution in vivo. 

 

4.3.6 Silkworms as animal model in xenobiotic screening 

The attained understanding of molecular structure-dependent 

distribution and uptake of substances in a silkworm model is useful not 

only for producing intrinsically colored and functional silk but also for in 

vivo screening of xenobiotic chemicals relevant to humans such as 

drugs or food additives. Silkworms have been used as animal model 
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due to their ease of handling, low breeding cost and short lifecycle. The 

silkworms are also well suited for screening of various xenobiotics, 

specifically to understand their in vivo absorption, distribution and 

excretion, due to several additional reasons. First, the silkworms are 

much smaller than mice, allowing an observable color change with a 

small amount of xenobiotics. At the same time, the silkworms are much 

bigger than fruit flies, thus allowing easy monitoring with naked eyes. 

Second, the silkworms have simple anatomy, mainly occupied by their 

fat body and silk gland [81]. The silk gland is primarily made up of 

epithelial tissue, allowing convenient study of the transfer process 

across the epithelium into the lumen of the gland—a transfer that 

occurs before xenobiotic absorption into tissues or organs in various 

organisms. Third, the silkworms produce silk fiber, providing a practical 

way to quantify xenobiotic uptake into silk gland. A high expression of 

xenobiotic in silk implies a high absorption into silkworm’s body and a 

selective distribution into the silk gland. 

In the silkworm model presented here, the series of Rhodamine 

compounds investigated, including Rhodamine 110, Rhodamine 116, 

Rhodamine 101 and Rhodamine B were all effectively absorbed in 

silkworms, and their in vivo absorption can be conveniently quantified 

from their uptake in the silk fiber. They contain the carboxyl and amine 

groups which offer solubility/bioavailability in silkworms. The acidic 

carboxyl groups, –COOH transform into negatively charged –COO– in 

the alkaline environment of the silkworms’s gut (pH 9.4–9.8 in midgut 

and pH 8.4 in hindgut) [238], leading to an increased solubility of these 

xenobiotics. Meanwhile, the basic amine groups become positively 

charged upon entering the silkworms’s acidic haemolymph [81], also 

leading to an increased solubility. It is clear that the conversion 

between negative and positive charge in basic and acidic conditions 

can facilitate the highly effective absorption and excretion of these 

xenobiotics, and also allow their transfer between various tissues in the 

silkworms’s body. For many applications, for example, to cross a 

biological membrane or barrier, a particle has to be hydrophobic, but 

http://www.sciencedirect.com.libproxy1.nus.edu.sg/science/article/pii/S0142961211010295#bib11
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before and after it has to be hydrophilic [239]. Many drugs in human 

disease diagnostics/treatments are weak acids or weak bases which 

contain the carboxyl and/or amine groups. The biological diffusion of 

drugs through the stomach or intestinal epithelial lining for effective 

uptake into the blood plasma depends on solubility/bioavailability of the 

drugs based on these acidic or basic groups [240,241]. It was shown in 

this study that silkworms have a unique advantage as invertebrate 

animal model for chemical screening because the substances in silk 

glands can be systematically studied through analysis of the resulting 

silk, in addition to dissection of silkworms. Thus, the use of silkworm as 

an animal model for in vivo chemical screening presents an alternative 

animal model [242–244] for low-cost and high throughput screening of 

drug candidates.  

 

4.4 Summary 

In summary, it was demonstrated that with modified feed containing 

xenobiotics such as dyes, one is able to obtain direct production of 

intrinsically colored and/or luminescent silk by the silkworms. We 

established an understanding of in vivo absorption, distribution and 

excretion of various xenobiotics using silkworms as a model and a 

series of fluorescent molecules as model compounds. In vivo uptake of 

xenobiotics is dependent on both molecular structure and self-

assembly properties. In comparison, molecules with lower partition 

coefficients were not retained due to their fast clearance out of the 

silkworm’s body; molecules with higher partition coefficient are retained 

effectively. Moreover, the direct uptake of various fluorescent 

xenobiotics across the epithelia into silk glands into its silk lumen was 

studied and quantified by measuring the fluorescence of intrinsically 

luminescent silk secreted by the glands. We foresee a simple low-cost 

silkworm model that allows convenient in vivo screening of a large 

number of xenobiotics, as well as production of various silk-based 

biomaterials with added functionalities. 
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Chapter 5 Conclusion and Future Work 

 

5.1 Conclusion 

In this research, a green and facile feeding technique was designed to 

greatly enhance the toughness of the silkworm silk. Citric acid (CA) 

was added in mulberry leaf paste and fed to silkworms to effectuate 

structural changes in silk for great enhancement in mechanical 

properties. The CA silk features crystallites as short as 4.38 nm as 

compared to the control (8.99 nm). Correspondingly, the short 

crystallites in the CA silk have shorter β-chains of approximately 13 

amino acid residues as compared with lengthier β-chains of 

approximately 26 amino acid residues in the control silk, which gave 

greatly enhanced toughness because the lesser number of hydrogen 

bonds associated with the shorter β-chains allows for unfolding upon 

stretching. The short crystallites of 4.38 nm are close to the predicted 

one at ~4.55 nm to form stable β-sheet crystallites of small residues in 

length (based on the ratio of small amino acids to bulky residues in the 

crystalline domain of 1:13, i.e., a ratio of one bulky residue to 13 small 

amino acids). Accordingly, the CA silk obtained in this study emerges 

to be the intrinsically toughest silkworm silk, with mechanical properties 

that surpass those of the previously reported silkworm silk, and 

compare well with or even exceed those of naturally produced spider 

silk, including those from spider species such as Araneus diadematus, 

Nephila clavipes, etc. The optimal enhancement in the mechanical 

properties was understood by both advanced characterizations and 

computational simulations, through revealing the underlying 

interactions of CA with fibroin structures as well as the resulting 

structural changes. This convenient way to tune the structures of silk 

fibroin at the nanoscale provides a green, facile and versatile route to 

toughen the silk and widen its engineering applications. This feeding 

technique presented here will contribute to manufacture mechanically 

toughest silk fibers in a scalable, cost-effective, environmentally-



99 
 

friendly and sustainable manner, that will also reduce the 

environmental footprints of man-made fibers. The intrinsically toughest 

silk is expected to possess a range of unprecedented new 

functionalities which enable it as a natural substitute for many synthetic 

materials and open up possibilities for numerous novel applications.    

Through introducing various xenobiotics into silkworm’s diet and 

monitoring the resulting color and fluorescence in the silkworm’s body, 

we established an understanding on the in vivo uptake of xenobiotics in 

silkworms that results in direct production of intrinsically colored and/or 

luminescent silk by the silkworms. The molecular properties-directed 

absorption, distribution and excretion of xenobiotics were investigated 

through dissection of the silkworms. The efficient uptake of xenobiotics 

into silk is further studied through quantitative analysis of the 

intrinsically colored and highly luminescent silk secreted by silkworm. 

In vivo uptake of xenobiotics is dependent on both molecular structure 

and self-assembly properties. Hydrophilic molecules were not retained 

due to their fast clearance out of the silkworm’s body, whereas 

hydrophobic molecules were retained effectively by the silkworm. The 

findings provide a better understanding to select, design and 

synthesize appropriate molecules for improving uptake efficiency of 

substances into the silk. The biological incorporation of dyes into silk, in 

particular its fibroin is a greener method of producing the functional silk 

because it eliminates the need of an external dyeing process, along 

with the resources (water, energy and additional chemicals) associated 

with it.  

 

5.2 Future Work 

Beyond the absorption of dyes to produce color and luminescence in 

the silk, this concept can also be expanded to incorporate other 

functional molecules (e.g., drugs, antibiotics, perfumes and nutrients) 

into silk with therapeutic or nutritional value. The resulting functional 
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silks would offer novel applications with performance and utility 

unattainable with current materials. The feeding method can also be 

combined with other strategies to produce silk with further enhanced 

properties and functionalities, for example, the artificial reeling 

techniques that have been shown to produce stronger, stiffer and more 

extensible silk.  Besides, the understanding gained on the mechanical 

behaviour of silk crystallites will be helpful in efforts to modify the silk, 

for example, by the incorporation of functional moieties to reduce the 

weakening effect of moisture, to further enhance the properties of silk 

fibroin. 
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