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ABSTRACT 

 

The aim of this study was to integrate protein engineering techniques with fiber 

engineering technology to develop novel bioactive functional scaffolds that can 

be used as artificial skin, reconstructed tissue, and wound treatments for tissue 

engineering and regenerative medicine (TERM).  

Based on the published silkworm database and corresponding references, 

altogether 41 silkworm AMP genes in seven different families (attacin, cecropin, 

defensin, enbocin, lebocin, moricin, and gloverin) were identified, and one 

representative gene from each family were analyzed and cloned, including 

attacin2, cecropinB1, defensinA, enbocin1, lebocin3, moricinA1, and gloverinB.  

In order to gain recombinant silkworm AMPs, three common heterologous 

expression systems, involving yeast, Escherichia coli, and the insect cell system 

were utilized. Two AMP genes, attacin2 and cecropinB1, were sub-cloned into a 

vector pET-28a(+) separately and then were transformed into an expression host 

cell BL21. Through induced expression by IPTG, recombinant protein attacin2 

(Bmattacin2) was detected by SDS-PAGE, and then it was confirmed by 

Western blot. The investigation of solubility showed the recombinant Bmattcin2 

was expressed as an inclusion body. Further, the amino acid sequence of this 

recombinant Bmattacin2 was confirmed by using MALDI-TOF-TOF.  

The characterization of recombinant Bmattacin2 revealed it was a soluble 

glycine-rich AMP with positive net charges and it had a high ratio of α-helix 

(25%) in its secondary structure which may relate to its antimicrobial activity. 

The Radial diffusion assay and Minimal inhibitory concentration assay indicated 

Bmattacin2’s inhibition of both Gram-positive and Gram-negative bacteria. 
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Interestingly, Bmattacin2 exhibited particular activity in regard to killing cancer 

cells while it had no cytotoxicity in relation to normal cells. The degradation test 

showed majority of Bmattacin2 degraded after three days’ immersion in PBS 

buffer. All of these characterizations indicated Bmattacin2 is an ideal bioactive 

material for application in TERM. Although organic solvents were proved to 

have a negative effect on Bmattacin2’s function to some degree, Bmattacin2 still 

demonstrated antibacterial activity towards E.coli and S.aureus, indicating that 

Bmattacin2 could be used to make fibrous scaffolds together with synthetic 

polymers such as PLLA by electrospinning. 

In order to prepare massive Bmattacin2 for scaffold preparation, 

Bmattacin2’s expression was optimized. Three methods were applied, including 

the pilot method, DoE and double-colony selection. The optimization indicated 

the maximum expression was to induce expression at OD600 value 0.2 by 0.2 

mM IPTG for 1 hour, and this made Bmattacin2’s expression percentage reach 

up to 42.7%, equal to about 3.0mg/L.  

On the basis of optimized expression conditions, enough pure Bmattacin2 

was prepared and then was used to make the nanomembrane together with PLLA 

by electrospinning. The final constitution of Bmattacin2 in the nanofibrous 

membrane was 2%. The microstructure and morphology of electrospun 

PLLA/Bmattacin2 membrane were observed. The degradation of 

PLLA/Bmattacin2 membrane was conducted. Further, cell experimentation 

verified that electrospun PLLA/Bmattacin2 membrane had good compatibility 

with human normal cells and had significant inhibitive activity on E.coli and 

S.aureus. Moreover, the scaffold demonstrated significant anticancer cell 

activity.  
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In conclusion, the combination of protein engineering and fiber fabrication 

in this study has created a set of novel technologies to prepare bioactive 

scaffolds with characteristics of good compatibility, antimicrobial activity, and 

anticancer effect, which has a promising potential for biomedical applications 

such as skin reconstruction, wound treatment, and healing in TERM. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Introduction 

Tissue engineering and regenerative medicine (TERM) which consists of two 

indispensable elements, i.e. cells and scaffolds, is a multidisciplinary field 

applying regenerative biological substitutes to repair, maintain, or replace part of 

or whole tissue and its function. In terms of scaffolds, fiber fabrication is able to 

supply matrices which can contribute to the cell adhesion and proliferation. 

Recently, electrospinning has become an important technique for the preparation 

of nanofibrous scaffolds for TERM. The previous studies made electrospun 

nanofibers by using PLLA together with proteins made from wool and/or silk. 

These nanofibers, with additional inorganic nano particles such as Ag and ZnO, 

were able to gain antimicrobial and anti-infection properties; however, their 

cytotoxicity increased at the same time. Thus, it is very necessary to develop 

novel scaffolds with less or no cytotoxicity for skin reconstruction, wound 

treatment and healing of TERM.  

Silkworm, an insect of the Lepidoptera order, have been domesticated for 

more than 5,000 years in China. Economically and experimentally, it is of great 

value. In 2004, the silkworm genomic database was released by Southwest 

University, China. Totally more than 18,510 silkworm genes were revealed in 

this database together with their functional annotation, products and 

chromosomal mapping, extensive biological information, ESTs, and relative 

references. Among these genes, silkworm antimicrobial peptide (AMP) genes are 

capable of producing proteins which are proved to fight against a spectrum of 
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bacteria, viruses and fungi. Owing to this property, AMPs are helpful to prevent 

infection and promote wound healing. However, these functional proteins are 

very difficult to isolate from silkworm directly, in order to derive abundant 

amounts of these peptides, protein engineering must be introduced. Biologically, 

protein engineering is a frequently-used technique to produce useful and valuable 

proteins in bulk, including growth factors and functional peptides.  

Therefore, an attempt by integration of protein engineering techniques with 

fiber engineering technology has a potential to develop novel bioactive 

functional scaffolds with antibacterial and anti-infection activity but with no 

cytotoxicity so that they can be used as artificial skin, reconstructed tissue and 

wound treatments for TERM.  

 

1.2 Literature Review 

1.2.1 Tissue engineering and regenerative medicine 

Organ and/or tissue transplantation is a sophisticated medical technology which 

has saved the lives of millions of people; however, challenges are concomitant. A 

transplant rejection resulting from an immunological barrier is a 

common problem in transplant operations. Also, a supply of organ and/or tissues 

from limited donors is far from sufficient. Moreover, organ-allocation and ethical 

issues remain controversial topics of debate in this area. In this scenario, TERM 

emerged. 

As first proposed by Langer and Vacanti in 1993, tissue engineering is a 

multidisciplinary field applying regenerative biological substitutes to repair, 

maintain, or replace part of or whole tissue and its function (Figure 1) (Langer et 
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al., 1993; Stock et al., 2001). Most often, regenerative medicine has the same 

meaning as tissue engineering although its focus is mainly on producing tissue by 

using stem cells. Recently, these two terms are usually combined by researchers 

and abbreviated to TERM (Correia et al., 2014; Fisher et al., 2013). Cells and 

scaffolds are known as two fundamental elements in TERM.  

 

 

Figure 1.1 Concept of tissue engineering (Stock et al., 2001). 

 

1.2.1.1 Cells  

Cells are the basic units of every organism. A single embryonic cell can 

differentiate to form different kinds of tissue, all of which are integrated into an 

organism. TERM is just based on cells with the potential ability of proliferation 

and differentiation. Cells available in TERM must meet the following 

requirements: have strong differentiation ability, stable passage, be able to 

respond to stimuli signals, and easily be harvested and seeded in extracellular 
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matrix (ECM) (Nerem et al., 1995).  

Primary cells for TERM are taken from the same organism which is going 

to accept implantation. Despite their relatively slow rate of differentiation, they 

are still desirable with regard to their lower immunological response and 

pathogen transmission (Baiguera et al., 2012). Some specific primary cells can be 

directly obtained from tissue by biopsy; comparatively, such regenerative tissue 

can be easily cultured in vitro, which includes skin, bone, heart, liver, and 

bladder. Mertsching et al. prepared a viable endothelium by using human 

endothelial cells and then implanted it into the arm of a patient for 1 week. The 

investigation showed this transplant remained viable and fleshy, and the 

surrounding vascular network kept patent and in good condition (Mertsching et 

al., 2009). Some substitute cells are available when direct biopsy is difficult, for 

example, peripheral vein cells are suitable for making heart valves. However, 

some tissues such as spinal cord and peripheral nerve is not feasible by direct 

biopsy or by using substitutes, and this requires finding some new cell sources. 

In recent studies, stem cells have been verified as an ideal source for culture of 

these tissues. 

Stem cells are the original cells which have a potential ability to proliferate 

and differentiate into all kinds of tissue or organ under certain signals (Thomson 

et al., 1998). Stem cells have different categories according to different standards. 

Based on the stage, they can be divided into two broad types: embryonic stem 

cells and adult stem cells. Adult stem cells are a kind of cells with a high 

utilization rate in TERM. Compared with embryonic stem cells, less ethical 

issues and controversies surround them. Moreover, they can be generated easily 

and directly from organs/tissues. Adipose-derived stem cells have been proven to 
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be one kind of most impactful adult stem cell (Kim et al., 2014). With the 

advantage of their potential ability to differentiate into adipocytes, chondrocytes, 

myocytes, neuronal cells and osteoblasts, they play a vital role in therapeutic 

applications such as skin reconstruction, bone, and cartilage formation (Cardozo 

et al., 2012; Gwak et al., 2009; Kim et al., 2014; Miranville et al., 2004; Safford 

et al., 2002; Zuk et al., 2001). According to their potential function of 

differentiation, stem cells can be divided into totipotent stem cells, pluripotent 

stem cells, multipotent stem cells, and unipotent stem cells. Among these types 

of cells, pluripotent cells are the ideal cells capable of differentiating into all the 

other types of cells. Pluripotent stem cells and induced pluripotent cells have 

attracted increasing interest in recent TERM studies since Takahashi et al. took 

the lead in inducing mouse somatic cells to become pluripotent cells in 2006 

(Takahashi et al., 2006). This novel discovery helped him win the 2012 Nobel 

Prize together with Sir John who found the mature cells can be converted into 

pluripotent stem cells. Induced pluripotent cells smartly bypass the moral debate 

caused by human embryotic stem cell research; however, the induction of 

pluripotent stem cells involves the utilization of some factors mediated by 

retroviruses and leviviruses including Oct3/4 and Sox2 with either Klf4 and 

c-Myc or Nanog and Lin28, this increases the risk of tumorigenesis (Park et al., 

2008; Takahashi et al., 2007; Takahashi et al., 2006; Yu et al., 2007). Okita et al. 

improved the methods of induction by using an adenovirus-mediated gene 

delivery system, and based on this modified method, they programmed mouse 

primary hepatocytes to be pluripotent cells despite having a lower efficiency of 

induction (Okita et al., 2008). On the basis of fused cells between mouse 

embryonic stem (ES) cells and human fibroblasts, Bhutani et al. increased the 
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induction’s efficiency of pluripotent cells and effectively shortened this process 

to 1 day only (Bhutani et al., 2010). In 2011, Miyoshi et al. reported a vector-free 

method which may reprogram mouse and human cells to become pluripotent 

through direct transfection of double-stranded microRNAs. Most importantly, 

this method produced a final yield of pluripotent cells with a decreased risk of 

mutation and tumorigenicity (Miyoshi et al., 2011). In addition to the 

classifications above, a universal division of stem cells is based on their sources, 

comprising embryonic stem cells, bone marrow-derived mesenchymal stem cells, 

and cord-derived mesenchymal stem cells. All of these categorized cells have 

been cultured in vitro and applied for TERM.  

 

1.2.1.2 Scaffolds  

Scaffolds provide a three-dimensional (3-D) structure for cell differentiation into 

a tissue or organ. Basically, scaffolds must possess of following properties:  

(1) Appropriate physical, chemical, and mechanical properties to enable cell 

adhesion and proliferation; 

(2) Biocompatibility so that immunity of cells or related tissue cannot be 

induced by the scaffolds; 

(3) Biodegradability so that the scaffolds degrade during or after healing; 

meanwhile, the products of the degradation must be non-cytotoxic (Karp et 

al., 2003). 

 

1) Bone 

A wide spectrum of materials with various properties applied in bone TERM has 

been experimentally evaluated, including ceramics, synthetic polymers, natural 
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polymers and their composites. Owing to the properties of high compressive 

strength, non-toxic degradability, long-shelf life, and osteoconductivity, ceramics 

and ceramics-derived materials have become the most common kind of materials 

in this area (Nguyen et al., 2014). In a recent study, Lin et al. fabricated 

macroporous bioceramic scaffolds containing both silicon (Si) and strontium (Sr), 

attributing to the increased mRNA expression level of osteoblast-related rat stem 

cells and enhanced expression of vascular endothelial growth factor of human 

cells. They demonstrated the enhancive osteogenic and angiogenic effects of rat 

bone marrow mesenchymal stem cells and human umbilical vein endothelial 

cells based on these prepared scaffolds (Lin et al., 2013). 

 

2) Lung 

Regenerated lungs must display the biological function capable of perfusing 

microvasculature, ventilation, and air exchange. To retain a complex micro 

functional structure, recently, acellular scaffolds were utilized in lung TERM. Ott 

et al. introduced a low concentration of detergent (0.1% sodium dodecyl sulfate) 

based method to treat the lungs, and the obtained decellularized scaffolds were 

recellularized with human umbilical cord endothelial cells and carcinomatous 

alveolar basal epithelial cells. With their viability activated in a bioreactor, the 

regenerated lungs then were transplanted into rats. The rats which received 

orthotopic transplantation could normally maintain air exchange for several 

hours depending on the engineered lungs (Ott et al., 2010). 

 

3) Kidney 

In the last year, an interesting study by Song et al. created whole-organ scaffolds 
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by decellularizing the kidneys of rat, porcine, and human so that the functional 

architecture with growth factors and extracellular matrix proteins were retained 

(Song et al., 2013). For the sake of regenerated kidneys, human umbilical venous 

endothelial cells and rat neonatal kidney cells were respectively introduced into 

the renal artery and the ureter. A perfusion bioreactor of biomimetic environment 

was designed to culture the cell-seeded kidney constructs till the serial analyses 

showed the regenerated kidneys had similar characterizations to that of cadaveric 

kidneys. The test both in vitro and in vivo indicated the regenerated kidneys 

could play their roles in the production of urine although they were less 

functional than normal kidneys.  

 

4) Bladder 

Some synthetic polymers, including poly(glycolic acid) (PGA), poly(lactic acid) 

(PLA) and poly(lactic-co-glycolic acid) (PLGA), are suitable for applying to 

bladder TERM owing to their controllable microstructure, degradability, and 

strength (Pariente et al., 2001; Song et al., 2014). PGA firstly was used for 

making engineered bladders by Atala et al. in 2006; the bladders were implanted 

into seven patients aged 4-19 and maintained their function for 46 months on 

average (Atala et al., 2006). A study by Salem et al. in 2013 investigated the 

feasibility of scaffolds made of PLGA plus collagen or fibrin, and they found 

PLGA-Fibrin composites are preferable in bladder TERM because of their 

leaking/porosity properties (Salem et al., 2013). In addition to synthetic polymers, 

naturally derived materials, such as small intestinal submucosa, bladder acellular 

matrix (BAM), Bombyx mori silk, and so on, are favorable for the preparation of 

bladder scaffolds (Bolland et al., 2007; Rosario et al., 2008; Tu et al., 2013; 
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Zhang et al., 2005). Rosario et al. decellularized porcine bladders by two 

methods including using SDS and a hyperosmolar solution of NaCl, and then the 

obtained BAM was seeded with human urothelial and bladder stromal cells 

which could be attached only in the early stage (Rosario et al., 2008). Some 

interesting scaffolds based on Bombyx mori silk were prepared by Tu et al. 

recently (Tu et al., 2013), and these bi-layer matrices then were implanted into 

juvenile Yorkshire swine. The evaluations showed the silk-based scaffolds had 

increased the elastic modulus and ultimate tensile strength, and also reduced the 

death rate of implanted animals.  

 

5) Skeletal muscle 

Scaffolds are not necessary for skeletal muscle TERM (Dennis et al., 2001; 

Kosnik et al., 2001). However, due to their benefits, scaffolds consisting of 

materials ranging from synthetic polymer (e.g. PGA, poly(ε-caprolactone) (PCL), 

PLGA) to natural materials (eg. collagen, fibrin, hydrogel, acellular muscle ECM) 

are preferable in skeletal muscle TERM (Longo et al., 2012). Aviss et al. 

electrospun aligned PLGA fibers which could provide a topological architecture 

for murine myoblast adhesion, elongation, and alignment (Aviss et al., 2010).  

 

6) Heart and cardiac valve 

Ott et al. reported an engineered heart in 2008 (Ott et al., 2008). They 

decellularized rat hearts by coronary perfusion with detergents to make the 

acellular scaffolds with integral heart architecture, followed by seeding obtained 

constructs with rat aortic endothelial cells or neonatal cardiac cells. Cultured in a 

bioreactor, these engineered hearts showed some pump function in vitro. In order 
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to prepare the same cellular scaffolds, Wainwright et al. treated porcine hearts 

with a series of solutions to remove all the cells in 10 h (Wainwright et al., 2010). 

The acellular scaffolds were seeded with white leghorn chicken embryonic 

cardiomyocytes. Followed by 4 days’ culture, the organized chicken 

cardiomyocyte sarcomere structure was formed based on the support of these 

decellularized scaffolds. 

 

7) Skin 

Skin is the first barrier that protects the human body against microorganisms, 

toxic agents, ultraviolet radiation, and mechanical insults. Massive injury to the 

skin can even cause death eventually. The limitations in use of autograft-based 

and allograft-based therapeutic methods drive the development of skin 

substitutes in TERM. The usage of natural and natural-derived materials such as 

collagen (Powell et al., 2008; Rho et al., 2006), gelatin (Powell et al., 2008), silk 

fibroin (Min et al., 2004), and chitosan (Kossovich et al., 2010) in skin TERM 

research is very common. Rho et al. prepared a collagen nanofibrous scaffold by 

electrospinning and their further investigations showed that with coated type I 

collagen or laminin, these electrospun nanofibers were better for the 

enhancement of cell adhesion and proliferation, even for acceleration of the rats’ 

wound healing in the early stage (Rho et al., 2006). A study by Powell et al. 

made a comparison of wound contraction in mice between freeze-dried collagen 

skin scaffolds and electrospun collagen skin scaffolds, which indicated that 

although both groups had a high percentage of engraftment (87.5% in the 

freeze-dried group and 100% in the electrospun group), the electrospun collagen 

scaffolds had less effect of wound contraction which possibly resulted from their 
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greater homogeneity (Powell et al., 2008). Synthetic materials also have been 

used in skin TERM, including poly(L-lactide acid) (PLLA) (Beumer et al., 1993; 

Yuan et al., 2014), PLA (Nguyen et al., 2013; Shalumon et al., 2012), poly(lactic 

acid-co-glycolic acid) (PLAGA) (Kumbar et al., 2008), poly(3-hydroxy 

butyrate-co-3-hydroxyvalerte) (PHBV) (Sundaramurthi et al., 2013), PLGA 

(Kumbar et al., 2008), polyurethane (PU) (Heo et al., 2013) and PCL (Bonvallet 

et al., 2014; Venugopal et al., 2005). As early as 1998, Beumer et al. applied a 

PLLA matrix to culture human epidermal keratinocytes and dermal fibroblasts 

(Beumer et al., 1993). Kumbar et al. fabricated PLGA matrices with various 

fiber diameters ranging from 150 nm to 6000 nm by electrospinning (Kumbar et 

al., 2008). With diameters between 350 nm and 1100 nm, fibers could provide 

the most suitable environment for adhesion and proliferation of human skin 

fibroblasts. 

Functional materials with anti-oxidation, anti-inflammatory, and 

antimicrobial activity were used to prepare the tissue engineered skin scaffolds 

together with natural and synthetic materials. Rujitanaroj et al. electrospun some 

gelatin fiber mats containing silver nanoparticles, and they found these fibers had 

an obvious antibacterial effect on all selected bacterial strains, including 

P.aeroginosa, S.aureus, E.coli and methicillin-resistant S.aureus. Mohiti-Asli et 

al. used silver microparticles (AgMPs) as an alternative to silver nanoparticles (AgNPs) 

and loaded them on PLA nanofibers for the purpose of controlled release. Although they 

exhibited an inhibitive effect on S.aureus, the cytotoxicity of these fibers in relation to 

human epidermal keratinocytes could not be avoided (Mohiti-Asli et al., 2014). A 

similar study by Jin et al. observed that poly (L-lactic acid)-co-poly 

(ϵ-caprolactone) nanofibers loaded with a concentration of 0.25% silver 

nanoparticles could fight against S.aureus and Salmonella enterica. Moreover, 
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increasing the concentration of silver nanoparticles in these electrospun scaffolds 

resulted in enhanced antibacterial activity; however, the cytotoxicity in relation 

to human skin fibroblasts rose (Jin et al., 2012). 

In conclusion, although previous studies show that adding nanoparticles 

such as silver can enhance the antibacterial function of scaffolds, their 

cytotoxicity increases at the same time, which is unfavorable for wound healing; 

therefore, it is very necessary to develop a new kind of scaffold with a higher 

antibacterial function and lower cytotoxicity for skin TERM. 

 

1.2.1.3 Methods for preparing scaffolds 

Since the concept of TE was proposed, researchers have never stop searching for 

a better method for preparing scaffolds. During the first ten years, some methods 

were developed in this area, including fiber bonding (Mikos et al., 1993; Mooney 

et al., 1996), solvent casting/particulate leaching (Mikos et al., 1993), gas 

foaming (Mooney et al., 1996), phase separation/freeze drying (Sachlos et al., 

2003; Schoof et al., 2001) and rapid prototyping (Diogo et al., 2014). However, 

in the recent ten years, electrospinning has been introduced and become an 

indispensable technique for the preparation of nanofibrous scaffolds in TERM 

(Chen et al., 2014; Senel Ayaz et al., 2014). Each method for the preparation of 

scaffolds in TERM has its advantages and disadvantages, which are summarized 

and listed in Table 1.1. 
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Table 1.1 Advantages and disadvantages of methods for preparation of scaffolds 

Methods Advantages Disadvantages Reference 

Fiber bonding 
Large surface area 

Connected pores 

Weak stability 

High residence of 

organic solvent 

(Mikos et 

al., 1993; 

Mooney et 

al., 1996) 

Solvent 

casting/particulate 

leaching 

Connected pores 

Controllable size of pores 

Residual organic 

solvent 

Loss of growth 

factors 

(Mikos et 

al., 1993) 

Gas foaming 

Controllable structure of 

scaffold 

Uniform pores 

Good connection of pores 

Weak mechanical 

strength 

Closed pores 

(Mooney 

et al., 

1996) 

Phase 

separation/freeze 

drying 

Controllable porosity 

Without organic solvent 

Small-sized pores 

Unstable structure 

Weak strength 

(Sachlos et 

al., 2003; 

Schoof et 

al., 2001) 

Rapid prototyping 

3D scaffolds with 

complex geometries 

Meets individual 

requirements 

Necessary special 

apparatus 

Expensive 

equipment 

(Diogo et 

al., 2014; 

Peltola et 

al., 2008) 

Electrospinning 

High porosity 

High surface area to 

volume ratio 

Good homogeneity 

Weak strength 

Small-sized pores 

(Chen et 

al., 2014; 

Senel 

Ayaz et 

al., 2014) 

 

Electrospinning has a very complicated mechanism that when sufficiently 

high voltage is applied to liquid sample, the interaction between surface tension 

and electrostatic repulsion makes droplets at the tip of the spinneret erupt and 

stretch. Simply, electrospinning is a technique using electricity to make fibers 

from solution. Fibers both derived from natural and synthetic polymers are made 

by electrospinning for TERM. 

Li et al. prepared membrane by using hydroxyapatite(HA)-keratin 

nanocomposites together with PLLA, and the electrospun matrix was helpful to 
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promote the formation of bone (Figure 1.2) (Li et al., 2013). Using 

Poly(L-lactide-co-ε-caprolactone) and silk fibroin, Li et al. prepared a novel 

reinforced scaffold by combining electrospinning and biomineralization, and 

with a strength of 1.72 ± 0.50 MPa and a porosity of 82.8%, this fabricated 

scaffold could promote mouse pre-osteoblastic (MC3T3-E1) cell proliferation 

(Figure 1.2) (Li et al., 2012). Lin et al. coated PLLA fibers with polypyrrole to 

make a new three-dimensional fluffy conductive fibrous scaffold (3D-cFSs) by 

electrospinning. The prepared 3D-cFSs had a 2.086 um diameter on average and 

its inner pores were from 50 um to 100 um. Cell culture on 3D-cFSs 

demonstrated it could improve cell growth (Jin et al., 2012). Rapoport et al. 

reported that a ‘J’-shaped tubular scaffold was prepared by electrospinning and 

this scaffold had a high degree of fidelity which gave it the potential for 

substituting soft tissues such as blood vessels, ureter, etc. (Rapoport et al., 2012). 

Xu et al. firstly patterned a PDLLA/PCL composite scaffold by electrospinning 

and found a 50/50 blending ratio of this composite scaffold gave the best 

performance for application in TERM (Xu et al., 2012). Kim et al. made a 

macroporous and nanofibrous scaffold with a hybrid of hyaluronic acid (HA) and 

collagen by electrospinning and salt leaching. The cell culture on this new 

scaffold indicated the cell adhesion and proliferation had been improved (Kim et 

al., 2008). 

 

http://www.researchgate.net/researcher/39670437_Taek_Gyoung_Kim/
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Figure 1.2 Preparation of scaffolds by electrospinning. A. Strategy to introduce 

HA-keratin nanocomposites into polymer nanofibers by electrospinning (Li et al., 

2013). B. “Two steps method" for fabrication of the 3D composite scaffolds: Step 

1. Fabrication of nanoyarns by modified liquid-electrospinning. Step 2. Fiber 

reinforced scaffold fabrication and then separating scaffold from the roller after 

freeze-drying (Li et al., 2012). 

 

 

A       

B       
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1.2.2 AMPs  

1.2.2.1 Introduction of AMPs 

Since the discovery of penicillin in 1928, antibiotics have become the essential 

drugs for humans to kill and inhibit a diversity of bacteria. However, recently, the 

overuse and unsuitable use of antibiotics have led to a very serious problem. Due 

to selection pressure, antibiotic resistance increasingly rises. Therefore, an 

alternative to antibiotics is very necessary to impede microbe resistance. AMPs 

are verified as an appropriate candidate since they rarely induce bacterial 

resistance (Hancock et al., 1998).  

AMPs are a group of peptides with the ability to kill microbial invaders, 

which is the significant approach of the innate immune systems in most 

organisms (Boman, 1995). These peptides comprise generally less than 150-200 

amino acid residues. Because of the presence of multiple arginine and lysine 

amino acids, most AMPs are cationic (Hancock et al., 2000). AMPs possess a 

series of common features, such as thermal stability and broad-spectrum 

antimicrobial activity. Some of them have been demonstrated to inhibit the 

replication of some kinds of virus containing human immunodeficiency virus 

(HIV) (Masuda et al., 1992; Morimoto et al., 1991) and influenza A virus 

(Murakami et al., 1991). The anticancer activity and antiparasite effect of AMPs 

are also indicated (Diaz-Achirica et al., 1998; Shahabuddin et al., 1998).   

 

1.2.2.2 Classification of AMPs 

Up to now, a considerable number of AMPs has been isolated from a variety of 

species including bacteria, fungi, plants, and animals. These peptides can be 

divided into four main classes according to their structure: β-sheet, α-helical, 
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loop, and extended peptides (Hancock et al., 1998), which are shown in Figure 

1.3 (Koradi et al., 1996). The first two kinds of peptides are very common in 

nature, and in addition, thousands of synthetic peptides can also be classified into 

these structural classes (Powers et al., 2003). 

 

 

 

Figure 1.3 Structural classes of antimicrobial peptides: (A) β-sheet. (B) α-helical. 

(C) Extended. (D) Loop. Disulfide bonds are indicated in yellow (Koradi et al., 

1996). 

 

1.2.2.3 AMPs in silkworm 

Insects are the largest species by biomass in the world, and they exist almost 

everywhere on the earth. The first AMP was found in an insect. To date, most 

AMPs identified are from insects, some of which are well studied, especially that 

of Drosophila (Imler et al., 2005; Lemaitre et al., 1997; Meister et al., 1997; 

Tzou et al., 2000). In addition, with a clear genetic background, silkworm is 
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another excellent model of insect to study in this area. On the basis of the 

published genome sequence in 2002, 35 AMP genes have been identified and 

divided into different gene families (Cheng et al., 2006; Xia et al., 2004). 

 

1) Cecropins 

Cecropins are a well-studied group of AMPs in insects. Generally, they consist of 

31-39 amino acids and their molecular weights are no more than 4000 Da. 

Originally isolated from Hyalophora cecropina (Hultmark et al., 1980), 

cecropins are rich in hydrophilic amino acid residues, in particular some alkaline 

amino acids at their N-terminal, such as Lys and Arg; whereas some more 

hydrophobic residues are contained at their C-terminal where amidation usually 

occurs. Owing to these structural features, the α-helices are easily formed to 

contribute to the antimicrobial activity against Gram-positive and Gram-negative 

bacteria. 

In silkworm, 11 cecropin genes in total were found based on the genome 

sequence and they were categorized into five types, A, B, C, D, and E (Cheng et 

al., 2006). BmcecropinA1 and BmcecropinA2 were cloned and their regulatory 

motifs were identified (Yamakawa et al., 1999; Yamano et al., 1998). 

BmcecropinD was isolated from the fat body of Bombyx mori  larvae after 

being artificially infected with bacteria, and its deduced amino acid sequence had 

high homology with cecropinD from Hyalophora cecropia, with up to 67% 

identity (Yang et al., 1999). 

 

2) Moricins 

Moricins are highly alkaline AMPs, which are found only in Lepidoptera. The 
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first moricin was isolated from the hemolymph of silkworm through induction by 

bacterial injection in 1995 (Hara et al., 1995). This peptide consists of 42 amino 

acids and contains a ɑ-helix at its N-terminal which is supposed to be responsible 

for its antibacterial activity against Gram-positive bacteria. Although its 

antifungal activity was not obvious, this moricin shows stronger activity towards 

bacteria. Interestingly, this moricin lacks modifications. Two types of cDNA 

encoding moricins were cloned in 1999 (Furukawa et al., 1999). The 

investigation showed the identity of these two cDNA sequences amounted to 

97.2%. Regulatory motifs for expression of both genes were also found. 

 

3) Enbocins 

A gene encoding enbocin was screened primarily from the immunized silkworm 

cDNA library. With related amino acid residues of Trp, Lys and Gly in its 

deduced amino acid sequence, enbocins were proved to have antibacterial 

activities against Gram-positive and Gram-negative bacteria (Kim et al., 1998). 

The analysis of its induction mechanism indicated that the gene expression of 

enbocin is triggered by bacteria and then occures tissue-specifically in the fat 

body of silkworm (Kaneko et al., 2007). At least two enbocin genes have been 

found in silkworm (Cheng et al., 2006; Kaneko et al., 2007). 

 

4) Gloverins 

Gloverins, first isolated from pupae of the giant silk moth Hyalophora Cecropia 

(Axen et al., 1997), are a kind of glycine-rich AMP. Subsequently they have 

been found in Helicoverpa armigera (Mackintosh et al., 1998), Trichoplusia ni 

(Lundstrom et al., 2002), Galleria mellonella (Seitz et al., 2003), and Bombyx 
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mori (Kaneko et al., 2007; Kawaoka et al., 2008). The investigations showed that 

gloverins could act only on Gram-negative bacteria. Based on the silkworm 

genome (Xia et al., 2004), at least seven gloverin genes have been found (Cheng 

et al., 2006) and six of them are divided into gloverinA, the other three being 

classified as gloverinB. Kawaoka S. et al. obtained four gloverin genes from the 

cDNA library of bacterial-induced silkworm fat body, which were termed 

gloverin1-4. Possibly caused by interstrain variations, none of these four genes 

show the 100% identity with the gloverin genes reported by Cheng et al. 

(Kawaoka et al., 2008). 

 

5) Lebocins 

Lebocins are a class of proline-rich AMPs with a unique sugar chain as a result 

of O-glycosylation on a threonine residue of their amino acid sequence. This 

unique sugar chain was thought to be very crucial for the expression of 

antibacterial activity (Hara et al., 1995). Four lebocin genes were isolated from 

silkworm, which were termed lebocin1-4 (Chowdhury et al., 1995; Furukawa et 

al., 1997; Hara et al., 1995). The amino acid sequences of two lebocins, lebocin1 

and lebocin2, are 100% identical; however, the length of their sugar chains on 

their threonine residues varies. Lebocin3 exhibits the cooperative antibacterial 

relationship together with cecropinB, just like the synergetic effect observed 

between sarcotoxin IA and AFP in Sarcophaga peregrinee (Bao et al., 2005; 

Hara et al., 1995; Yamakawa et al., 1999). 

 

6) Defensins 

Defensins are widely found in a variety of organisms (Bevins et al., 1996; 
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Broekaert et al., 1995; Garcia et al., 2008; Lamberty et al., 1999; Lee et al., 2004; 

Mandrioli et al., 2003). This group of AMPs usually contains three or four 

intramolecular disulfide in structure, and their antibacterial activity mainly 

focuses on bacteria and fungi. Although not found in the published silkworm 

genome sequence, two defensin genes, defensinA and defensinB, were cloned 

from silkworm; however, these two genes had only 27% identity on sequence 

(Kaneko et al., 2008; Wen et al., 2009). 

 

7) Attacins 

Just like gloverins, attacins contain a high component of glycine but less cysteine 

residues, and they mainly fight against Gram-negative bacteria. As the minor 

content of inducible AMPs in the hemolymph, it is very difficult to isolate. 

However, the cDNA sequences of two silkworm attacins were revealed 

(Sugiyama et al., 1995; Taniai et al., 1996). As a result, the difference between 

their deduced amino acid sequences was clear. The analysis of regulatory motifs 

suggested that the sequence of CATT(T/A) was the binding region for nuclear 

protein rather than κB-like motif, which contributes to gene expression of attacin 

to some degree. However, unlike cecropinB1, the role of this motif is not 

mandatory for attacin gene expression (Hiromitsu Tanaka, 2005). 

To sum up, although the whole genome sequence of silkworm has been 

published for more than ten years, and based on this, most silkworm AMPs have 

been found, the usage of these functional proteins is still limited due to the 

difficulty of mass production. Thus, in order to derive abundant amounts of these 

peptides, protein engineering for recombinant expression must be introduced. 
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1.2.3 Recombinant expression of AMPs 

The traditional method of obtaining proteins is to extract them from organisms; 

however, for AMPs, there are some difficulties. First, most AMPs are expressed 

in organisms through induction by foreign invaders, and this exists temporarily, 

usually for no more than 48 hours. Second, the mount of inducible AMPs is 

usually small, compared with that of some proteins with a crucial function in 

organisms. Third, no class of AMPs occurs alone, meaning one kind of microbe 

can induce the expression of different classes of AMPs. Therefore, it is very 

tough to isolate a one pure kind from the others. Taking this into consideration, 

heterologous expression system is necessary for large-scale expression of AMPs. 

Up to now, three kinds of heterologous expression system are very popular for 

recombinant expression of AMPs. 

 

1.2.3.1 Escherichia coli 

Escherichia coli (E.coli) is a universal heterologous expression system for 

recombinant protein expression. A number of proteins from a variety of 

organisms have been expressed in this prokaryotic organism; however, due to the 

harm to host cell and sensitivity to cellular proteases, sometimes, AMP genes 

cannot be expressed directly in E.coli. To solve this problem, recently, an 

approach was established for expression of an AMP as the fusion protein for the 

reason that fused proteins lose its activity generally; however, this activity can be 

recovered after the effective cleavage (Chen et al., 2005; Huang et al., 2008; 

Peng et al., 2004; Xu et al., 2005).  

Sarcotoxin IA, a cecropin-like AMP of Sarcophaga peregrine, was 

expressed as a fusion protein with a green fluorescent protein (GFP) partner. 
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After specific cleavage by the cyanogen bromide (CNBr), recombinant 

sarcotoxin IA was released and exhibited their antibacterial activity to Bacillus 

megaterium VKM 41, Pseudomonas aeruginosa PAO, and E.coli C600 (Skosyrev 

et al., 2003). Similarly, a cecropin of Musca domestica was expressed by fusing 

a mature gene with the thioredoxin and 6×His tag. By introducing an 

enterokinase cleavage site, the fusion protein was processed to release the 

cecropin protein. The subsequent investigation showed that the recombinant 

Musca domestica cecropin has a broad spectrum of activity against fungi, 

Gram-positive and Gram-negative bacteria (Xu et al., 2007). 

 

1.2.3.2 Pichia pastoris 

Pichia pastoris (P.pastoris) is a powerful heterologous expression system 

supporting high-level production of recombinant protein (Faber et al., 1995). 

Compared with the other expression systems, P.pastoris possesses a set of 

advantages: 1) High yield of target protein at lower cost; 2) Stability; 3) Better 

for eukaryotic protein folding and other post-translation modifications; 4) Target 

proteins can be secreted out of the cells so that the following purification is more 

convenient (Cereghino et al., 2000; Cregg et al., 1993). A number of active 

AMPs were obtained by heterologous expression in P.pastoris (Cabral et al., 

2003; Li et al., 2005; Wang et al., 2008).  

A constitutive AMP from shrimp, penaeidin, has been expressed in 

P.pastoris with amounts up to 108 mg/L. The activity studies indicated that the 

recombinant protein exhibited activity towards some Gram-positive and 

Gram-negative bacteria, and also had low activity against some fungi (Li et al., 

2005). A housefly recombinant cecropin was obtained through yeast expression, 
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which showed a broad spectrum of inhibition on Gram-positive and 

Gram-negative bacteria, and some fungi. Interestingly, the recombinant cecropin 

with 6×His tag at its C-terminal presents a slightly higher activity against fungi 

possibly due to the enhancement of its cationic effect and stability (Jin et al., 

2006). 

 

1.2.3.3 Insect cells 

The Baculovirus-insect cell expression system is also a strong system for protein 

heterologous expression. It has some merits: 1) The recombinant protein usually 

has full bioactivity; 2) It contains post-translation mechanisms, such as 

methylation and glycosylation; 3) The insert can be very long; 4) It has the 

highest amount of recombinant protein in eukaryotic expression systems; 5) 

More than one gene can be expressed at the same time. Owing to these 

advantages, this system is a very good choice for expression of AMPs.  

Gloverin1-4 from silkworm were expressed in insect cell sf-9 and all the 

recombinant propeptides significantly exhibited their activities against E.coli 

(Kawaoka et al., 2008). Another AMP from silkworm, enbocin, was obtained 

through heterologous expression in Sf21. Because of correct processing in insect 

cells, the recombinant enbocin exerts the antibacterial activities against 

Gram-positive and Gram-negative bacteria (Kim et al., 1998). Silkworm cells 

were used to express AMP sarcotoxin IA from flesh fly. The recombinant 

sarcotoxin IA seemed stable only if p-chloromercuribenzenesulphonic acid, a 

cysteine proteinase inhibitor, existed in the culture. Although exhibiting activities 

to inhibit bacteria, the C-terminus of the recombinant sarcotoxin IA lacks 

amidated arginine which is found in natural sarcotoxin IA; This is probably 
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because the used silkworm cell lacked the related enzyme (Yamada et al., 1990). 

Based on the review above, AMPs are proven to fight against a spectrum of 

bacteria, viruses and fungi. Owing to this property, AMPs are a good natural 

material which is helpful to prevent infection and promote wound healing. 

However, it has not been utilized in TERM due to the limitations on high 

production. Thus, protein engineering must be introduced to solve this problem 

and help to take full advantage of the functional proteins in TERM. 

 

1.3 Knowledge gaps 

On the basis of a systematic review of recent studies, a clear overview of this 

research area has been generated. To sum up, all knowledge gaps are identified 

and listed as follows:  

1) Infection is one of the serious problems in skin TERM; previous studies 

show that adding nanoparticles such as silver can increase the antibacterial 

function of scaffolds, but its cytotoxicity increases at the same time; 

therefore, it is very necessary to develop a new kind of scaffold with higher 

antibacterial function and lower cytotoxicity for skin TERM; 

2) In total, around 18,510 genes have been identified from silkworm, some of 

which can translate into functional proteins which can be utilized in a variety 

of research areas; however, these genes and their translated proteins have not 

been well used; 

3) Silkworm AMPs, which can be induced by foreign invaders, have 

antibacterial effect on a wide spectrum of bacteria. The traditional method to 

extract silkworm AMPs is to isolate them directly from fat body and 
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hemolymph of the organism. However, it is difficult and time-consuming; 

therefore, how to obtain a large amount of silkworm AMPs in an easy and 

fast way is the problem;    

4) Gene cloning and expression in a heterologous system is a process of protein 

engineering technology, which is verified as an effective way to develop 

useful and functional proteins. Fiber fabrication supplies requisite scaffolds 

that can stimulate cell adhesion and proliferation. The integration of a 

protein engineering technique with fiber engineering can develop novel 

bioactive functional scaffolds for TERM. However, little research in this 

new area has been reported. 

 

1.4 Objectives 

The aim of this study was to develop a novel scaffold with antibacterial and 

anti-infection activity by integration of the protein engineering technique with 

fiber engineering technology, so that it can be used for skin reconstruction and 

wound healing in TERM. To fill in the generated research gaps, the detailed 

objectives of this study were as follows: 

1) To identify functional genes from silkworm; 

2) To isolate the identified AMP genes from silkworm; 

3) To express the AMP genes in E.coli, P.pastoris, or insect cells to produce 

functional proteins; 

4) To characterize the properties of the recombinant AMPs; 

5) To optimize the process to obtain the maximum recombinant expression of 

AMPs; 
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6) To electrospin fibrous scaffolds by using the prepared functional silkworm 

AMPs together with PLLA; 

7) To investigate the morphology and physical properties of the new scaffolds; 

8) To study the cell adhesion and proliferation, antibacterial function and 

cytotoxicity of the new electrospun scaffolds.  

 

1.5 Originality and Significance 

This study aimed to develop a novel bioactive scaffold for wound healing and 

skin reconstruction in TERM, and involves the integration of protein engineering 

and fiber engineering technology, which has a sound impact on further studies: 

1) Silkworm AMPs have been massively expressed in heterologous hosts and 

their antimicrobial activity has been verified, all of which is an effective way 

to provide abundant silkworm AMPs or other functional proteins for further 

studies and applications; 

2) Recombinant silkworm AMPs have been used to make fibers together with 

PLLA,  and this newly prepared scaffold has a potential application in 

TERM; this attempt is a beginning to apply silkworm functional AMPs in 

TERM; 

3) Recombinant AMPs can fight against bacteria and kill cancer cells, which 

shows their latent capacity in medical application; 

4) This study was an attempt to integrate protein engineering with fiber 

engineering technology, which may provide a meaningful way to introduce 

more useful and valuable proteins from a variety of species into application 

in TERM.   
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1.6 Research methodology 

Based on the generated objectives, the related methodologies implemented are 

listed as follows: 

1) To identify functional genes in silkworm; 

Silkworm genome has more than 18,510 genes based on the published data by 

Southwest University. These genes were surveyed by using bioinformatics 

software and by investigating the published articles or other references. 

According to this primary assessment, 5-10 genes, especially AMP genes, were 

selected and their sequence information was investigated in an online silkworm 

database (http://silkworm.swu.edu.cn/silkdb/). And also, their sequences were 

downloaded for further study.  

 

2) To isolate the AMP genes from silkworm; 

On the basis of sequence information, primers of AMP genes were designed. 

Polymerase chain reaction (PCR) was carried out by using fat body cDNA of 

induced silkworm as a template together with the designed primers. PCR 

products were ligated into the vectors and then verified by sequencing. 

 

3) To express the AMP genes in E.coli, P.pastoris, or insect cells to produce 

functional proteins; 

The verified AMP genes were inserted into the related expression vectors. After 

further confirmation by sequencing, these genes were expressed in E.coli, 

P.pastoris, or insect cells. SDS-PAGE and Western blot were implemented to 

detect recombinant AMPs (Figure 1.4).  

 

http://silkworm.swu.edu.cn/silkdb/
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Figure 1.4 Process of protein expression 

 

4) To characterize the properties of recombinant AMPs; 

The recombinant AMPs were purified by affinity chromatography. The chemical 

properties of recombinant AMPs were analyzed by bioinformatics software, and 

also the biological properties were characterized.  

 

5) To optimize the process to obtain the maximum expression of AMPs; 

The process of gene expression was optimized in order to obtain maximum 

recombinant AMPs for scaffold fabrication. Both the traditional method of ‘one 

factor at a time’ and design of experiment method were adopted for optimization, 

as more recombinant AMPs would be prepared for making the novel scaffolds.  

 

6) To prepare the fibrous scaffolds by using prepared functional silkworm 

AMPs together with PLLA; 

The prepared recombinant AMPs was used for scaffold fabrication together with 

PLLA by electrospinning. Meanwhile, some pure PLLA membrane was made 
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and set as a control for further investigation. 

 

7) To investigate the morphology and physical properties of the new scaffolds; 

The microstructure of fabricated scaffolds was investigated by Fourier transform 

infrared spectrometry (FTIR). The morphology was observed by SEM and the 

diameter of fibers was measured. The tensile strength of scaffolds was tested by 

Instrons 5560. And also, the release property was investigated by Bicinchoninic 

acid (BCA) assay. 

 

8) To study the antibacterial function, cell adhesion and proliferation, 

cytotoxicity and anticancer effect of the new electrospun scaffolds;  

The AATCC 100 method was used to investigate the antibacterial function of the 

new scaffolds. HFF1 (human foreskin fibroblast) was used in this study to test 

the cell proliferation and cytotoxicity of the novel electrospun scaffolds. HCT 

116 (human colorectal carcinoma) was used to investigate the anticancer effect. 

 

1.7 Framework of the thesis 

This thesis contains eight chapters in total (Figure 1.5).  
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Figure 1.5 Outline of the thesis 

 

Chapter 1 is an outline of the thesis, in which the background is presented 

followed by literature review. The research gaps are generated based on the 

review, and then the objectives are listed. To achieve these objectives, the relative 

methodologies are introduced. 

Chapter 2 describes the results of silkworm AMP genes’ identification and 

cloning. 

Chapter 3 presents the process of vector construction, gene expression in 

different expression systems and detection of recombinant AMPs. 

Chapter 4 studies the properties of an expressed silkworm AMP, Bmattacin2, 

including its first and second structure, degradation, antimicrobial activity, and 

anticancer effect. 

Chapter 5 illustrates the optimization of Bmattacin2’s expression for 

preparation of enough protein for scaffold making. 

Chapter 6 depicts the electrospinning of scaffold by using recombinant 
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Bmattacin2 together with PLLA and the subsequent investigation of electrospun 

scaffolds. 

Chapter 7 investigates the antimicrobial property, cell adhesion and 

proliferation, and anticancer activity of the new scaffolds. 

Chapter 8 summarizes the whole thesis and draws a conclusion. 
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CHAPTER 2 IDENTIFICATION AND CLONING OF 

SILKWORM AMP GENES 

 

2.1 Introduction 

This chapter aims to describe the first two achieved objectives of this study 

which are to identify and clone silkworm AMP genes. First of all, silkworm 

functional genes were surveyed based on published databases and papers. It was 

found that, among them, AMP genes are remarkable because of the antimicrobial 

effect of their translated products. A total of 41 AMP genes were found in 

silkworm, and they were divided into attacin, cecropin, defensin, enbocin, 

lebocin, moricin, and gloverin. There were two attacin genes, named attacin1 and 

attacin2, located in the same scaffold and their protein sequence contains a high 

component of glycine. Cecropin is the dominant AMP in silkworm and it has 11 

identified genes, categorized into five groups of A, B, C, D, and E. DefensinA 

and defensinB genes only have 27% identity on their amino acid sequence. At 

least two enbocin genes have been discovered in silkworm. Four silkworm 

lebocin genes, lebocin1-lebocin4, have been isolated respectively. Moricin has 

two subfamilies in silkworm, and in each subfamily’s gene sequences have 

extremely high identity. Gloverins are rich in glycine, up to 15%, and they are 

highly conserved in silkworm. One gene in each AMP category was chosen for 

expression, including attacin2, cecropinB1, defensinA, enbocin1, lebocin3, 

moricinA1, and gloverinB. Since three expression systems of insect cells, yeast, 

and E.coli were adopted for expression, the different pairs of primers for each 

selected genes were designed for different systems. Then, PCR was carried out 
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by using infected silkworm cDNA as the template. These genes with differently 

designed restriction enzyme sites were cloned, followed by verification of their 

sequences by sequencing.  

 

2.2 Materials  

2.2.1 Strains 

E.coli DH5α  

 

2.2.2 Plasmids 

pMD18-T simple vector (Takara Company) 

 

2.2.3 Reagents and buffers 

General chemicals were obtained from Invitrogen, Takara, Sigma, and GE 

Company. 

 Luria-Bertain (LB) broth: 1% tryptone, 0.5% yeast extract, and 0.5% NaCl. 

 Luria-Bertain (LB) agar: 1% tryptone, 0.5% yeast extract, 0.5% NaCl, and 

1.5% agar.  

 S.O.C medium: 2% tryptone, 0.5% yeast extract, 0.5% NaCl, 2.5 mM KCl, 

10 mM MgCl2, and 20 mM glucose. 

 10× TBE buffer: 108 g tris base, 55 g boric acid, 9.3 g EDTA dissolved in 1 

L of ddH20. 

 Phosphate buffered saline (PBS): 0.01 M Na2HPO4, 0.01 M NaH2PO4, 0.15 

M NaCl, PH 8.0. 
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2.3 Methods 

2.3.1 Identification of silkworm AMP genes 

The silkworm genome database was released by Southwest University in 2004, 

and it contained genomic information of more than 18,510 genes together with 

their functional annotation, products and chromosomal mapping, extensive 

biological information, ESTs, and relative references (Xia et al., 2004). On the 

basis of this database and relative references, silkworm AMP genes were selected 

for this study. All of these genes in different AMP families were identified and 

then summarized. 

Owing to the unique Gene ID or accession number, the full cDNA sequence 

and predicted amino acid sequence of selected silkworm AMP genes were 

downloaded from the online silkworm genome database 

(http://silkworm.swu.edu.cn/silkdb/) and National Center for Biotechnology 

Information (NCBI) database (http://www.ncbi.nlm.nih.gov/gene/). 

A signal peptide, usually consisting of 5-30 amino acids, guides a 

synthesized protein to certain organelles while it does not contribute to protein’s 

function. Therefore, it is better to be excluded in heterologous expression. In this 

study, the signal peptide of each silkworm AMP was predicted on the SignalP 

website (http://www.cbs.dtu.dk/services/SignalP/) and then was removed from 

each downloaded amino acid sequence. 

 

2.3.2 Gene cloning 

The purpose of gene cloning is to obtain abundant copies of the gene of interest 

through a set of experiments and the details for cloning silkworm AMP gene are 

in Figure 2.1. 

http://silkworm.swu.edu.cn/silkdb/
http://www.cbs.dtu.dk/services/SignalP/
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Figure 2.1 Protocol of cloning an AMP gene 

 

 Primer design  

The primers of silkworm AMP genes for three different expression systems, 

including yeast expression, prokaryotic expression, and insect cell expression, 

were designed according to the downloaded cDNA sequence. In each pair of 
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primers, two restriction enzyme sites were introduced for following in-frame 

clone, and 6×His tag sequence was placed ahead of the stop codon to facilitate 

Western blot analysis and protein purification.  

 

 PCR reaction, gel extraction, and ligation 

Fat body cDNA of induced silkworm (DAZAO), as the template for the PCR 

reaction, was a gift from a project co-investigator and co-supervisor, Dr. LAN 

Xi-Qian in Southwest University, China (Wen et al., 2009). The PCR reaction 

condition was as follows: preheating to 94°C for 5min, 30 cycles of: denaturation 

at 94°C for 40 s, annealing at 55°C for 40 s, extension at 72°C for 60 s, and 

finally 72°C for 10 min. The PCR product was extracted according to the 

protocol of E.Z.N.A.Gel Extraction Kit (Omega) after agarose gel 

electrophoresis, and then ligated to pMD18-T simple vector.  

 

 Preparation of DH5α competent cells 

DH5α strain was inoculated in 5 ml of LB at 37°C overnight; then 1 ml of the 

culture was added to 100 ml of LB for 2-3 hours’ incubation until the OD600 

reached 0.4-0.5, followed by the cells being centrifuged at 4000×g for 15 min at 

4°C. The pellet was resuspended in 50 ml of 0.1 M CaCl2, and then kept on ice 

for 10 min. The suspension was centrifuged at 4000×g for 15 min at 4°C, and the 

cell pellet was resuspended in 10 ml of 0.1 M CaCl2, and then kept on ice for 

another 10 min. After being centrifuged at 4000×g for 15 min at 4°C, the cells 

were resuspended in 1 ml of 0.1 M CaCl2. The suspension was kept on ice 

overnight. The cells were aliquot in 100 μl in 1.5 ml tubes with a 15% glycerol 

concentration, and then the competent cells were stored at -80°C before being 
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used. 

 

 Transformation and selection 

Each ligation product was mixed with competent cells gently in the tube, and 

then the tube was placed on ice for 30 min. After being shocked at 42°C for 1 

min, 500 μl of room temperature S.O.C was added immediately into the tube. 

The content was incubated with 250 rpm at 37°C for half an hour. The cells were 

then plated out on the LB agar with 100 μg/ml ampicillin and incubated 

overnight.   

2-4 colonies from each transformation were picked and cultured overnight 

in 5 ml of LB containing 100 μg/ml ampicillin, and then the plasmid DNA of 

each colonies was isolated according to the protocol of E.Z.N.A.® Plasmid Mini 

Kit (Omega) and then used as the template for PCR identification. The PCR 

product was analyzed by agarose electrophoresis. Further, the nucleotide 

sequence of the positive clone was determined by sequencing. 

 

2.4 Results  

2.4.1 Identification of silkworm AMP genes 

The genomic draft sequence of silkworm was completed in 2004 and the 

database was released later (Xia et al., 2004). In this database, more than 18,510 

genes together with their functional annotation, products and chromosomal 

mapping, extensive biological information, ESTs, and relative references are 

revealed. On the basis of this database and corresponding reference, it is found 

that silkworm AMP genes are attractive owing to the antimicrobial activity of 
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their translated proteins. Moreover, unlike the side-effects of antibiotics, the 

antimicrobial activity of AMPs does not cause bacterial resistance. Therefore, 

AMPs are proposed as an appropriate substitute for antibiotics (Hancock et al., 

1998). Possessing antimicrobial activity, AMPs are very helpful in medicine 

because infections, especially skin infections, caused by diverse bacteria, are a 

quite common problem. Thus, in this study, silkworm AMP genes were selected 

for expression to obtain their functional peptides, and then these expressed 

proteins would be used to make scaffolds together with PLLA by electrospinning 

for the purpose of application in TERM.  

Up to now, 41 AMP genes have been revealed, and they can be divided into 

seven families, including attacin, cecropin, defensin, enbocin, lebocin, moricin, 

and gloverin (Table 2.1). Moreover, there are some subfamilies in cecropin, 

defensin, moricin, and gloverin. In terms of each AMP family, genes have not 

only analogous sequences and structures, but also similar translated product with 

similar function. Only a portion of silkworm AMP genes and their proteins in 

different families have been identified and analyzed (Table 2.1). In this study, 

one representative gene from each family was identified for expression, including 

attacin2, cecropinB1, defensinA, enbocin1, Lebocin3, moricinA1, and gloverinB. 
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Table 2.1 AMP genes in silkworm 

AMP Subfamily Number Reference 

Attacin  2 
(Sugiyama et al., 1995; 

Taniai et al., 1996) 

Cecropin 

CecropinA 2 (Yamano et al., 1998) 

CecropinB 5 (Taniai et al., 1995) 

CecropinC 1  

CecropinD 2 (Yang et al., 1999) 

CecropinE 1  

Defensin 

DefensinA    1 (Wen et al., 2009) 

DefensinB 1 (Kaneko et al., 2008) 

Enbocin  3 
(Kaneko et al., 2007; 

Kim et al., 1998) 

Gloverin 

GloverinA  6  

GloverinB  1  

Lebocin   4 

(Chowdhury et al., 1995; 

Furukawa et al., 1997; 

Hara et al., 1995) 

Moricin 

MoricinA  4 (Hara et al., 1995) 

MoricinB  8  
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According to their Gene ID or accession number listed in Table 2.2, the full 

cDNA sequence of each identified gene was downloaded from the silkworm 

genome database and NCBI gene database and then analyzed.  

 

Table 2.2 Gene ID or accession number of identified silkworm AMP genes 

Gene name Gene ID Reference 

Attacin2 BGIBMGA002739-TA (Sugiyama et al., 1995) 

CecropinB1 BGIBMGA 000024-TA (Taniai et al., 1995) 

DefensinA NM_001043905 (Wen et al., 2009) 

Enbocin1 BGIBMGA000039-TA (Kim et al., 1998) 

Lebocin3 AB003035 
(Furukawa et al., 1997; 

Hara et al., 1995) 

MoricinA1 BGIBMGA011495-TA (Hara et al., 1995) 

GloverinB BGIBMGA013863-TA (Cheng et al., 2006) 

 

 

 Attacin2 

The full CDS of silkworm attacin2 (BGIBMGA002739-TA) contains 645 

nucleotides in sequence, and relatively, its predicted protein sequence has 215 

amino acids, of which, the first 26 amino acids comprise the signal peptide, so 

that the mature peptide has 189 amino acids in length (Figure 2.2).  
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Figure 2.2 Nucleotide sequence and deduced amino acid sequence of silkworm 

mature attacin2. Stop codon is indicated by asterisk ( * ). 

 

 CecropinB1  

The silkworm cecropinB1 gene (BGIBMGA 000024-TA) encoding the mature 

peptide is 126 bp in length (Figure 2.3).  

 

 

1   CAA GCC GGC AGC TTC ACA GTG AAC TCG GAT GGA ACC TCC GGG                                 

1     Q   A   G    S   F    T   V   N    S    D   G   T    S   G                                                     

43  GCC GCC CTG AAG GTC CCT CTC ACC GGC AAC GAC AAG AAC GTA                                    

15    A   A    L   K   V    P   L    T   G    N   D   K    N   V                                          

85  CTC AGC GCC ATC GGG TCC GCC GAC TTC AAC GAC CGC CAC AAG                                   

29    L   S    A   I    G    S   A    D   F   N    D   R    H   K                                        

127 CTC AGC GCC GCC TCC GCA GGG CTC GCT CTG GAC AAT ATA AAC                                   

43   L    S   A    A   S    A   G    L    A   L    D   N   I   N                                           

169 GGG CAC GGG CTG AGC CTG ACC GGG ACC CGC ATT CCC GGC TTC                               

57   G   H    G    L   S    L   T    G   T    R   I    P   G    F                                 

211 GGG GAG CAG CTC GGC GTC GCA GGC AAG GTC AAC TTG TTC CAC                               

71   G   E    Q   L    G   V    A   G    K   V   N    L   F   H                                   

253 AAT AAC AAC CAC GAC CTG AGC GCC AAG GCG TTC GCG ATC AGG                                 

85   N   N   N   H    D   L    S    A   K    A   F    A   I    R                                 

295 AAC TCG CCC AGC GCC ATC CCC AAC GCG CCC AAC TTC AAC ACG                                    

99   N   S    P    S    A   I    P   N    A   P    N   F   N    T                                    

337 CTG GGC GGC GGA CTG GAC TAC ATG TTC AAA CAG AAG GTG GGC                                    

113  L    G   G    G   L    D   Y   M   F   K    Q   K   V   G                                   

379 GCA TCG CTG AGC GCG GCG CAC TCT GAC GTC ATC AAC CGG AAT                                       

127  A    S   L    S   A    A    H   S    D   V   I    N    R  N                                            

421 GAC TAC TCG GCC GGC GGT AAG CTG AAC CTG TTC CAA TCT CCG                                

141  D   Y    S   A    G   G    K   L   N    L   F    Q   S    P                                

463 TCC AGC TCG CTC GAC TTC AAC GCC GGC TTC AAG AAG TTT GAT                                    

155  S    S   S    L    D   F   N    A   G    F   K   K   F    D                                   

505 ACG CCT TTT TAC AGA TCT TCG TGG GAG CCC AAT GTA GGA TTC                                        

169  T    P   F   Y    R   S   S   W    E    P   N   V   G    F                                  

547 TCC TTC TCT AAA TTC TTC TAA                                                                         

183  S    F   S   K   F    F   *                                                                         



43 

 

 

Figure 2.3 Nucleotide sequence and deduced amino acid sequence of silkworm 

mature cecropinB1. Stop codon is indicated by asterisk ( * ). 

 

 DefensinA 

The silkworm defensinA (NM_001043905) gene encoding the mature peptide 

(111 bp) is listed in Figure 2.4. 

 

 

Figure 2.4 Nucleotide sequence and deduced amino acid sequence of silkworm 

mature defensinA. Stop codon is indicated by asterisk ( * ). 

 

 Enbocin1 

The silkworm enbocin1 (BGIBMGA000039-TA) gene encoding the mature 

peptide is 120 bp in length (Figure 2.5). 

 

 

 

 

 

1   GCT CCC GAA CCC AGG TGG AAG ATC TTC AAG AAA ATT GAA AAA        

1    A    P    E   P    R   W   K   I    F   K   K    I    E   K         

43  ATG GGC AGG AAC ATC CGT GAT GGC ATC GTC AAA GCG GGC CCG        

15   M   G    R   N   I    R   D   G    I    V   K   A    G    P         

85  GCG ATC GAG GTC CTC GGT TCG GCT AAA GCT ATA GGA AAA TGA         

29   A    I    E   V    L   G    S   A    K   A   I    G   K    *        

1   ATA TGG TGC GAG TTC GAA GAA GCA ACA GAG ACT GCG ATT TGT    

1    I    W   C   E    F   E    E   A   T    E    T   A    I   C     

43  CAG GAA CAT TGT CTT CCC AAA GGC TAT TCT TAT GGA ATA TGT      

15   Q    E   H   C   L    P   K   G   Y    S   Y   G    I   C        

85  GTT AGT AAC ACT TGC AGT TGC ATT TAA                            

29   V   S    N   T    C   S   C    I   *                                
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Figure 2.5 Nucleotide sequence and deduced amino acid sequence of silkworm 

mature enbocin1. Stop codon is indicated by asterisk ( * ). 

 

 Lebocin3 

The silkworm lebocin3 (AB003035) gene encoding the mature peptide is as long 

as 180 bp (Figure 2.6). 

 

 

Figure 2.6 Nucleotide sequence and deduced amino acid sequence of silkworm 

mature lebocin3. Stop codon is indicated by asterisk ( * ). 

 

 MoricinA1 

The silkworm moricinA1 (BGIBMGA011495-TA) gene encoding the mature 

peptide is as long as 129 bp (Figure 2.7). 

 

 

1   AAA CCT TGG AAC TTC TTC AAG GAA ATC GAG CGC GCC GTG GCG                      

1     K   P   W   N   F   F    K    E   I    E   R   A    V    A                

43  AGG ACG CGA GAT GCC GTC ATC AGC GCG GGT CCG GCG GTG GCG                

15    R   T   R    D   A   V    I    S   A    G   P    A    V   A                    

85  ACG GTA GGC GCA GCT GCC GCC GTC GCG TCC GGC TAG                 

29    T   V   G    A   A   A    A    V   A    S    G   *                 

1   GAC CTG CGG TTT TTG TAC CCT CGA GGG AAA CTG CCT GTT CCA 

1     D   L    R   F   L    Y   P    R   G   K    L   P    V   P 

43  ACG CTT CCT CCG TTT AAC CCC AAG CCA ATA TAT ATT GAT ATG 

15    T   L    P   P    F   N    P   K    P   I   Y   I   D   M 

85  GGA AAC CGT TAC CGA CGA CAT GCG TCG GAG GAT CAA GAA GAA 

29   G    N   R   Y    R   R   H    A   S    E   D    Q   E   E 

127 TTG CGG CAT TAT GAT GAG CAC TTT CTG ATT CCG AGG GAC ATT 

43   L    R   H   Y   D   E    H   F    L   I    P   R    D   I 

169 TTC CAA GAA TAG 

57   F    Q   E   * 
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Figure 2.7 Nucleotide sequence and deduced amino acid sequence of silkworm 

mature moricinA1. Stop codon is indicated by asterisk ( * ). 

 

 GloverinB 

The only gene in gloverinB (BGIBMGA013863-TA) family encoding the mature 

peptide is as long as 486 bp (Figure 2.8). 

 

1   GCA AAA ATA CCT ATC AAG GCC ATT AAG ACT GTA GGA AAG GCA           

1     A   K   I    P   I   K    A   I    K   T   V   G    K   A           

43  GTC GGT AAA GGT CTA AGA GCC ATC AAT ATC GCC AGT ACA GCC         

15    V   G   K   G    L   R   A    I   N   I    A    S   T   A             

85  AAC GAT GTT TTC AAT TTC TTG AAA CCG AAG AAA AGA AAG CAT           

29    N   D   V   F   N   F    L   K    P   K   K   R   K    H          

127  TAA                                                                        

43    *                                                                        
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Figure 2.8 Nucleotide sequence and deduced amino acid sequence of silkworm 

mature gloverinB. Stop codon is indicated by asterisk ( * ). 

 

2.4.2 Gene clone 

2.4.2.1 Primer design 

 Primer design for yeast expression 

In order to clone AMP genes into the vector pPICZα-A, XhoI and XbaI or EcoRI 

(only for gloverinB) (underlined) were introduced to the forward and reverse 

primer respectively and 6×His tag (double underlined) was cited for the 

purification. The length of each PCR product is noted in brackets under the gene 

in Table 2.3. 

1   CAA GTT TCT ATG CCT CCT GGT TAC GCA GAG AAG TAT CCG ATC      

1     Q   V   S   M   P    P   G   Y    A   E    K   Y   P    I        

43   ACC AGC CAA TTT TCA AAG TCA GTC CGA CAC CCT CGC GAT ATT        

15     T   S   Q    F   S    K   S   V    R   H   P    R   D    I          

85  CAC GAC TTT GTC ACT TGG GAC AAG GAA ATG GGG GGA GGG AAG       

29    H   D   F   V    T   W   D   K    E   M   G   G    G   K                

127  GTC TTC GGG ACT TTG GGA GAG AGC GAC CAA GGA CTT TTT GGT         

43     V   F   G    T   L   G    E    S    D   Q   G    L   F   G               

169  AAA GGT GGT TAC AAC AGG GAG TTC TTC AAT GAT GAC CGC GGC          

57     K   G   G   Y   N    R   E    F   F    N   D   D    R   G              

211  AAA CTG ACC GGA CAG GCT TAC GGC ACC AGA GTA TTA GGG CCT            

71     K   L   T   G    Q   A   Y    G   T    R   V   L    G   P                

253  GGA GGC GAC AGT ACC AGT TAC GGT GGT CGT CTA GAC TGG GCC           

85    G    G   D    S   T    S   Y    G   G   R    L   D   W   A             

295  AAT GAG AAC GCC AAG GCT GCT ATT GAC TTG AAC AGG CAA ATT           

99    N    E   N   A    K   A    A   I    D   L   N    R   Q    I           

337  GGT GGC AGC GCT GGG ATA GAA GCA TCA GCT TCC GGC GTG TGG           

113    G   G   S    A    G   I    E   A    S   A   S    G    V   W             

379  GAT CTT GGT AAG AAC ACT CAC TTG TCA GCC GGC GGA GTG GTC            

127    D   L   G   K   N    T   H   L    S   A    G   G    V   V             

421  TCT AAG GAG TTC GGT CAC AGA AGG CCT GAT GTC GGT TTA CAG            

141    S   K   E   F    G   H    R   R   P    D   V   G    L   Q               

463  GCC CAG ATT ACT CAC GAG TGG TAA                                        

155    A   Q   I   T    H   E    W   *      
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Table 2.3 Designed primers of silkworm AMP genes for yeast expression 

Gene Primer  Primer sequence 

Attacin2 

(612bp) 

Forward primer 
5’-CCGCTCGAGAAAAGACAAGCCGGCAGCT

TCACAGT-3’ 

Reverse primer 
5’--TGCTCTAGATTAATGATGATGATGATGA

TGGAAGAATTTAGAGAAGGAGA-3’ 

CecropinB1 

(171bp) 

Forward primer 
5’-CCGCTCGAGAAAAGAATGGCTCCCGAAC

CCAGGTGGAAGA-3’ 

Reverse primer 
5’-TGCTCTAGATTAATGATGATGATGATGAT

GTTTTCCTATAGCTTTAGCCGAA-3’ 

DefensinA 

(156bp) 

Forward primer 
5’-CCGCTCGAGAAAAGAATATGGTGCGAGT

TCGAAGA-3’ 

Reverse primer 
5’-TGCTCTAGATTAATGATGATGATGATGAT

GAATGCAACTGCAAGTGTTA C-3’ 

Enbocin1 

(165bp) 

Forward primer 
5’-CCGCTCGAGAAAAGAAAACCTTGGAACT

TCTTCAA-3’ 

Reverse primer 
5’-TGCTCTAGATTAATGATGATGATGATGAT

GGCCGGACGCGACGGCGGCAG-3’ 

Lebocin3 

(216bp) 

Forward primer 
5’-CCGGAATTCGACCTGCGGTTTTTGTACCC

T-3’ 

Reverse primer 
5’-TGCTCTAGATTAATGATGATGATGATGAT

GTTCTTGGAAAATGTCCCTCG -3’ 

MoricinA1 

(174bp) 

Forward primer 
5’-CCGCTCGAGAAAAGAGCAAAAATACCTA

TCAAGGC-3’ 

Reverse primer 
5’-TGCTCTAGATTAATGATGATGATGATGAT

GATTATGCTTTCTTTTCTTCGGTT-3’ 

GloverinB 

(528bp) 

Forward primer 
5’-CCGCTCGAGAAAAGAGTTTCTATGCCTCC

TGGTT-3’ 

Reverse primer 
5’-CCGGAATTCTTAATGATGATGATGATGAT

GCCACTCGTGAGTAATCTGGG-3’ 
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 Primer design for prokaryotic expression 

The prokaryotic expression vector pET28a (+) was used for AMP gene cloning 

and expression. NcoI and XhoI (EcoRI for gloverinB) (underlined) were 

introduced into the forward and reverse primer respectively to prepare for 

expression vector construction and 6×His tag (double underlined) was cited to 

purify the recombinant protein. The length of each PCR product is noted in 

brackets under the gene in Table 2.4.  

 

Table 2.4 Designed primers of silkworm AMP genes for prokaryotic expression 

Gene Primer Primer sequence 

Attacin2 

(606bp) 

Forward primer 
5’-CATGCCATGGGCCAAGCCGGCAGCTTC

ACAGT-3’ 

Reverse primer 
5’-TGCCTCGAGTTAATGATGATGATGATGA

TGGAAGAATTTAGAGAAGGAGA-3’ 

CecropinB1 

(162bp) 

Forward primer 
5’-CATGCCATGGCTCCCGAACCCAGGTGG

AAGA-3’ 

Reverse primer 
5’-CCGCTCGAGTTAATGATGATGATGATGA

TGTTTTCCTATAGCTTTAGCCGAA-3’ 

GloverinB 

(519bp) 

Forward primer 
5’-CATGCCATGGTTTCTATGCCTCCTGGTT-

3’ 

Reverse primer 
5’-CCGGAATTCTTAATGATGATGATGATGA

TGCCACTCGTGAGTAATCTGGG-3’ 

 

 Primer design for insect cell expression  

Primers for insect cell expression were designed and prepared on the basis of the 

sequence encoding mature peptide and the length of each PCR product is noted 

in brackets under the gene in Table 2.5. 
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Table 2.5 Designed primers of silkworm AMP genes for insect cell expression 

Gene Primer Primer sequence 

Attacin2 

(599bp) 

Forward primer 
5’-GACGACGACAAGATGCAAGCCGGCAG

CTTCACAGT-3’ 

Reverse primer 
5’-GAGGAGAAGCCCGGTGCGAAGAATTT

AGAGAAGGAGA-3’ 

CecropinB1 

(153bp) 

Forward primer 
5’-GACGACGACAAGATGGCTCCCGAACC

CAGGTGGAAGA-3’ 

Reverse primer 
5’-GAGGAGAAGCCCGGTGCTTTTCCTATA

GCTTTAGCCGAA-3’ 

GloverinB 

(515bp) 

Forward primer 
5’-GACGACGACAAGATGGTTTCTATGCCT

CCTGGTT-3’ 

Reverse primer 
5’-GAGGAGAAGCCCGGTGCCCACTCGTG

AGTAATCTGGG-3’ 

 

2.4.2.2 PCR reaction, gel extraction, and ligation 

 PCR reaction, gel extraction, and ligation for yeast expression 

The PCR reaction was performed based on the protocol, and then agarose gel 

electrophoresis was used to detect the PCR product (Figures 2.9, 2.10, and 2.11). 

Six PCR products of genes except that of lebocin3 were obtained, and then each 

PCR product was extracted from the gel and ligated to the pMD18-T simple 

vector. 
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Figure 2.9 Gel electrophoresis of the PCR product. Lane M. DL2000 marker; Lane 

1. PCR product of enbocin1; Lane 2. PCR product of attacin2. 

 

 

 

 

 

Figure 2.10 Gel electrophoresis of the PCR product. Lane 1. PCR product of 

cecropinB1; Lane M. DL2000 marker. 
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Figure 2.11 Gel electrophoresis of the PCR product. Lane 1. PCR product of 

moricinA1; Lane 2. PCR product of defensinA; Lane 3. PCR product of 

gloverinB; Lane M. DL2000 marker. 

 

 

 PCR reaction, gel extraction, and ligation for prokaryotic expression 

The PCR reaction was performed based on the protocol, and then agarose gel 

electrophoresis was used to detect the PCR product (Figure 2.12). Following this 

the PCR product was extracted from the gel and ligated to the pMD18-T simple 

vector. 
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Figure 2.12 Gel electrophoresis of the PCR product. Lane 1. PCR product of 

cecropinB1; Lane 2. PCR product of attacin2; Lane 3. PCR product of gloverinB; 

Lane M. DL2000 marker. 

 

 PCR reaction, gel extraction, and ligation for insect cell expression 

The PCR reaction was performed based on the protocol, and then agarose gel 

electrophoresis was used to detect the PCR product (Figure 2.13). Following this 

the PCR product was extracted from the gel and ligated to the pMD18-T simple 

vector. 
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Figure 2.13 Gel electrophoresis of the PCR amplification product. Lane 1. PCR 

product of attacin2; Lane 2. PCR product of cecropinB1; Lane 3. PCR product of 

gloverinB; Lane M. DL2000 marker. 

 

2.4.2.3 T-A clone 

 T-A clone for yeast expression 

According to the protocol, DH5α competent cells were prepared. Each ligation 

product was transformed into the prepared competent cells and the recombinant 

plasmid was identified by PCR and double-enzyme digestion respectively. 

Agarose gel electrophoresis was used to analyze the results (Figures 2.14, 2.15, 

2.16, 2.17, 2.18, and 2.19). 
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Figure 2.14 Identification of the recombinant plasmid of attacin2. Lane 1. 

Recombinant plasmid DNA; Lane 2. Double-enzyme digestion identification; 

Lane M. DL2000 marker; Lane 3. PCR identification; Lane 4. Negative control 

of PCR. 

 

 

Figure 2.15 Identification of the recombinant plasmid of cecropinB1. Lane 1. 

PCR identification; Lane 2. Double-enzyme digestion identification; Lane 3. 

Recombinant plasmid DNA; Lane M. DL2000 marker. 
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Figure 2.16 Identification of the recombinant plasmid of defensinA. Lane 1. 

Double-enzyme digestion identification; Lane 2. Recombinant plasmid DNA; 

Lane 3. PCR identification; Lane M. DL2000 marker.  

 

 

 

Figure 2.17 Identification of the recombinant plasmid of enbocin1. Lane 1. 

Recombinant plasmid DNA; Lane 2. Double-enzyme digestion identification; 

Lane 3. PCR identification; Lane M. DL2000 marker. 
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Figure 2.18 Identification of the recombinant plasmid of gloverinB. Lane 1. 

Recombinant plasmid DNA; Lane 2. Double-enzyme digestion identification; 

Lane M. DL2000 marker; Lane 3. PCR identification; Lane 4. Negative control 

of PCR. 

 

 

Figure 2.19 Identification of the recombinant plasmid of moricinA1. Lane 1. 

Negative control of PCR; Lane 2. PCR identification; Lane M. DL2000 marker; 

Lane 3. Double-enzyme digestion identification; Lane 4. Recombinant plasmid 

DNA. 



57 

 

 T-A clone for prokaryotic expression 

Each ligation product was transformed into the prepared competent cells and the 

recombinant plasmid was identified by PCR and double-enzyme digestion 

respectively. Agarose gel electrophoresis was used to analyze the results (Figures 

2.20, 2.21, and 2.22). 

 

 

Figure 2.20 Identification of the recombinant plasmid of attacin2. Lane 1. 

Negative control of PCR; Lane 2. PCR identification; Lane M. DL2000 marker. 
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Figure 2.21 Identification of the recombinant plasmid of cecropinB1. Lane 1. 

PCR identification; Lane M. DL2000 marker. 

 

 

 

Figure 2.22 Identification of the recombinant plasmid of gloverinB. Lane 1. PCR 

identification; Lane M. DL2000 marker. 
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2.5 Discussion 

To sum up, in silkworm, seven different families containing at least 41 AMP 

genes were found, including attacin (2), cecropin (11), defensin (2), enbocin (3), 

lebocin (4), gloverin (7), and moricin (12). Among them, seven representative 

genes from each family were identified (Figure 2.23).  

 

 

Figure 2.23 Identification of silkworm AMP genes 

 

The two silkworm attacin genes are located next to each other in the same 

scaffold (Cheng et al., 2006). One of them, attacin2, was identified for 

expression in all of the three expression systems, including yeast, E.coli, and 

insect cell expression systems. 

Cecropin contains a total of 11 genes which belong to the five A, B, C, D, 

and E subfamilies. CecropinC and CecropinE had no supported proof in the 
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Silkworm genome 

with more than 
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silkworm expressed sequence tags (EST) database (Cheng et al., 2006). 

CecropinB1 and CecropinB2 were identified and their regulated proteins were 

analyzed. In this study, CecropinB1 was cloned and tended to be expressed in all 

of the three expression systems. 

Although their information was not found in the silkworm genome database 

as early as 2004, silkworm definsinA and definsinB were reported and analyzed 

in 2008 and 2009 respectively (Kaneko et al., 2008; Wen et al., 2009). DefinsinA 

was identified in this study for yeast expression. 

Two enbocin genes are present in silkworm and their sequences were 

investigated (Kaneko et al., 2007; Kim et al., 1998). One of them, enbocin1, was 

cloned for yeast expression. 

Four silkworm lebocin genes were reported; two of them were isolated from 

a fat body cDNA library of silkworm larvae immunized with E.coli, and the other 

two were from a silkworm genomic library (Chowdhury et al., 1995; Furukawa 

et al., 1997). The lebocin3 gene, selected in this study, failed to be amplified by 

PCR, which was possibly caused by improper denaturation temperature, 

unsuitable time of annealing, or inappropriate enzyme. Future work will attempt 

to identify the detailed reason and clone it again. 

Seven genes in the gloverin family are classified in the gloverinA and 

gloverinB subfamilies. However, some of these gloverin genes are entitled 

gloverin1-4 in some references, and their deduced alleles were analyzed in light 

of the silkworm EST database (Kaneko et al., 2007; Kawaoka et al., 2008). In 

this thesis, the classification of the silkworm gloverin gene referred to method of 

Cheng et al., and the only gene in the gloverinB subfamily was selected for the 

following experiment (Cheng et al., 2006).  
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The moricin family, has the most genes, which are distributed over two 

subfamilies: four in moricinA and eight in moricinB. Functional moricinA1 was 

isolated from the hemolymph of the silkworm by Hara S. et al. in 1995 (Hara et 

al., 1995) and then its full cDNA sequence was analyzed by Furukawa S. et al. in 

1999 (Furukawa et al., 1999). However, it was not expressed in a heterologous 

system. In this study, cDNA sequence encoding mature moricinA1 was cloned 

and it would be expressed in yeast. 

 

2.6 Conclusions  

In this chapter, the first two objectives of this study were achieved and described. 

AMPs are a group of proteins capable of fighting against a spectrum of bacteria, 

viruses and fungi. Owing to this property, AMPs may contribute to prevent 

infection and promote wound healing. Therefore, they are a proper choice for 

application in skin TERM. Totally, 41 silkworm AMP genes have been identified, 

and seven of them were selected in this study. Taking advantages of the databases, 

their sequences (attacin2, cecropinB1, defensinA, enbocin1, lebocin3, moricinA1, 

and gloverinB) were downloaded and analyzed.  

Three expression systems including yeast, E.coli and insect cells were 

selected for use in this research. Since the different expression systems have 

different vectors, the primers of the different AMP genes for the three expression 

systems were designed. For the yeast expression system, six genes of seven, 

including attacin2, cecropinB1, defensinA, enbocin1, moricinA1, and gloverinB, 

were cloned except lebocin3. Each of them had two specific restriction enzyme 

sites which facilitate construction of the expression vectors. For the prokaryotic 
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expression system, pET28a(+) was chosen as the expression vector. Three genes 

(attacin2, cecropinB1, and gloverinB) with the relative restriction enzyme sites 

were cloned. The same three genes were also selected for insect cell expression. 

Since the purchased vector had a unique protocol for introducing the target genes, 

in which digestion is not needed, these three genes could be directly inserted into 

the vector which will be described in the next chapter in detail. All the cloned 

genes were verified by sequencing to ensure all the nucleotide bases coincided 

with that of the downloaded gene sequences.  
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CHAPTER 3 EXPRESSION OF SILKWORM AMP 

GENES 

 

3.1 Introduction 

This chapter describes the third achieved objective of this study, that is, 

expression of silkworm AMP genes in selected expression systems. In Chapter 2, 

six AMP genes from silkworm were identified, including attacin2, cecropinB1, 

defensinA, enbocin1, moricinA1, and gloverinB. In order to express these genes 

in different systems, a series of primers were designed. PCR was carried out to 

obtain these genes according to the prepared template and primers. In this chapter, 

these cloned genes were inserted into the planned vectors and then expressed in 

selected systems. Yeast expression was the first choice in this research for two 

reasons. The first is its high yield of target protein at a lower cost, and the other is 

the convenience of downstream purification if the recombinant protein can be 

secreted out of the yeast cells. All of the six genes were cloned with the 

appropriate restriction enzyme sites which would facilitate vector construction of 

yeast expression. The vector pPICZɑA in frame with the ɑ-factor secretion signal 

was used for expression and the yeast cell line X-33 was the host cell. In addition, 

three genes of six, attacin2, cecropinB1, and gloverinB, were also cloned for 

prokaryotic and insect cell expression. For prokaryotic expression, the vector 

pET-28a(+) and the E.coli strain BL21 will be used for AMPs’ expression. For 

insect cell expression, the vector pIEx/Bac-1 Ek/LIC and the insect cell line Sf9 

will be utilized. Both SDS-PAGE and Western blot was implemented for 

detection of recombinant proteins. 
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3.2 Materials 

3.2.1 Strains 

 Bacterial strains 

Escherichia coli DH5α  

Escherichia coli BL21 (DE3) 

 Yeast strains 

X-33 (Invitrogen Company) 

 Insect cell lines  

   Spodoptera frugiperda 9 (Sf9) (Novagen Company)  

 

3.2.2 Vectors 

 pPICZα A vector  

pPICZα A (Invitrogen Company) is a vector used to express the gene of interest 

and secrete the recombinant protein in yeast (Figure 3.1). With the length of 

3593 bp, it has some functional elements for determination of the protein 

expression. Among them, a 5’ AOX1 promoter is for methanol-inducible, 

high-level expression and target plasmid integration; a ɑ-factor secretion signal is 

to secrete the recombinant protein out of the yeast cells; a multiple cloning site is 

to allow the insertion of the target gene into this vector; a c-myc epitope 

(Glu-Gln-Lys-Leu-Ile-Ser-Glu-Glu-Asp-Leu) is mainly for recombinant protein 

detection; a C-terminal polyhistidine (6×His) tag can be used both for protein 

detection and purification; the Zeocin
TM

 resistance gene is for selection of 

transformants in E.coli and yeast. 
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Figure 3.1 Plasmid map of vector pPICZα A (Invitrogen Company) 

 

 pIEx/Bac-1 Ek/LIC vector (Novagen Company) 

The pIEx/Bac-1 Ek/LIC (Novagen Company) expression vector was developed 

for easy cloning and expression of the genes of interest in insect cells (Figure 

3.2). This vector has a unique ligation-independent cloning (LIC) site, which 

allows the directional insertion of PCR-amplified genes, and this makes the 

vector construction easier. In addition, the hr5 enhancer and ie1 promoter 

contribute to the transient transfection and early baculovirus expression, while 

the p10 promoter drives late and very late baculovirus expression. 6×His tag at 

C-terminal can be used for detection and purification of recombinant protein.  
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Figure 3.2 Plasmid map of vector pIEx/Bac-1 Ek/LIC (Novagen Company) 

 

 pET-28a(+) 

The pET System developed by Novagen Company is an impactful system for 

prokaryotic expression of the genes of interest (Figure 3.3). More than 50 series 

of pET vectors can be used for the expression of recombinant protein in E.coli. 

The selection of a pET vector is mainly based on the cloning strategy and the 

application of expressed protein. pET-28a(+) is one of the pET vectors carrying 

the basic T7 promoter, T7 terminator, and multiple cloning sites; in addition, it 

has a universal 6×His tag for detection and purification of recombinant protein. 
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Figure 3.3 Plasmid map of vector pET-28a(+) (Novagen Company) 

 

3.2.3 Reagents and buffers  

General chemicals were obtained from Invitrogen, Takara, Novagen, Sigma and 

GE Company. 

 Low salt LB broth: 1% tryptone, 0.5% yeast extract, and 0.5% NaCl. 

 Low salt LB agar: 1% tryptone, 0.5% yeast extract, 0.5% NaCl, and 1.5% 

agar. 

 YPD broth: 1% yeast extract, 2% peptone, and 2% dextrose (glucose). 

 YPD agar: 1% yeast extract, 2% peptone, 2% dextrose (glucose), and 2% 

agar. 

 YPDS broth: 1% yeast extract, 2% peptone, 2% dextrose (glucose), and 1 M 

sorbitol. 

 YPDS agar: 1% yeast extract, 2% peptone, 2% dextrose (glucose), 2% agar, 
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and 1 M sorbitol. 

 Buffered glycerol-complex medium (BMGY): 1% yeast extract, 2% peptone, 

100 mM potassium phosphate, pH 6.0, 1.34% YNB, 0.0004% biotin, and 1% 

glycerol or 0.5% methanol. 

 Buffered methanol-complex medium (BMMY): 1% yeast extract, 2% 

peptone, 100 mM potassium phosphate, pH 6.0, 1.34% YNB, 0.0004% 

biotin, and 0.5% methanol. 

 Breaking buffer: 50 mM sodium phosphate, pH 7.4, 1 mM PMSF, 1 mM 

EDTA, and 5% glycerol. 

 LB broth: 1% tryptone, 0.5% yeast extract, and 1% NaCl. 

 LB agar: 1% tryptone, 0.5% yeast extract, 1% NaCl, and 1.5% agar.  

 S.O.C medium: 2% tryptone, 0.5% yeast extract, 0.5% NaCl, 2.5 mM KCl, 

10 mM MgCl2, and 20 mM glucose. 

 10×TBE buffer: 108 g tris base, 55 g boric acid, 9.3 g EDTA dissolved in 1 

L of ddH20. 

 5×Protein loading buffer: 0.16 M Tris-HCI (pH 6.8), 62.5% glycerol, 5% 

sodium dodecyl sulphate (SDS), 0.025% bromophenol blue, 250 mM DTT, 

and β-mereaptoethanol. 

 12% Separating gel (5.5 ml): 

30% acrylamide/bis solution                      2200 μl 

4×separating gel buffer                          1375 μl 

25% APS                                       55 μl 

N, N, N', N'-tetramethylethylenediamine (TEMED)     5.5 μl 

ddH20                                      1864.5 μl 

 5% Stacking gel (2 ml): 
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30% acrylamide/bis solution                       333 μl 

4×stacking gel buffer                             500 μl 

25% APS                                      20 μl 

TEMED                                        2 μl 

ddH20                                      1145 μl 

 5×Electrophoresis buffer: 15.1 g tris, 72 g glycine, 5 g SDS dissolved in 1 L 

of ddH2O. 

 Coomassie brilliant blue stain solution: 0.6 g coomassie blue R-250, 100 ml 

acetic acid, 250 ml methanol, 250 ml ddH2O. 

 Destain solution: 100 ml acetic acid, 100 ml methanol, 800 ml ddH2O. 

 10× Transfer buffer: 144 g glycine, 30 g tris, 3.75 g SDS dissolved in 1 L of 

ddH20, with 200 ml methanol added per liter when diluted to 1× prior to use. 

 TBST: 10 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5% non-fat milk, and 0.05% 

tween20. 

 Binding buffer: 20 mM sodium phosphate, 0.5 M NaCl, 20-40 mM 

imidazole, pH 7.4. 

 Elution buffer: 20 mM sodium phosphate, 0.5 M NaCl, 500 mM imidazole, 

pH 7.4. 

 PBS buffer: 0.01 M Na2HPO4, 0.01 M NaH2PO4, 0.15 M NaCl, PH 8.0. 

 

3.3 Methods 

3.3.1 Expression of silkworm AMP genes in yeast 

 Construction of expression vectors for yeast expression 

The plasmid of each selected gene (attacin2, cecropinB1, defensinA, enbocin1, 
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moricinA1, and gloverinB) from the T-A clone for yeast expression was digested 

with the enzymes XhoI and XbaI or EcoRI (for gloverinB) and the extracted 

fragment containing the target gene was ligated to the yeast expression vector 

pPICZα-A, which was digested with the same enzymes (Figure 3.4). Each 

ligation product was transformed into DH5α competent cells based on the 

method described in Chapter 2 2.3.2.  

Two to four colonies from each transformation were picked and cultured 

overnight in 5 ml LB containing 25 μg/ml Zeocin. The plasmid DNA of each 

colony was isolated according to the protocol of the Plasmid Mini Kit (Omega) 

and then was used as the template for PCR identification. The PCR product was 

analyzed by agarose electrophoresis. Further, sequencing was used for 

identification of recombinant plasmids to ensure the insert was correct. 
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Figure 3.4 Schematic representation of expression vector construction for yeast 

expression 

 

 Linearizing recombinant plasmid 

5-10 μg of each verified recombinant plasmid was prepared and then digested 

with SacI. The linearized plasmid was resuspended in 10 μl of sterile, deionized 
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water.  

 

 Preparation of yeast competent cells for electroporation 

5 ml of yeast strain X-33 was grown in YPD in a 50 ml conical tube at 30°C 

overnight, and then 0.1-0.5 ml of the overnight culture was inoculated into 500 

ml of fresh medium in a 2 liter flask. This culture was grown overnight again to 

an OD600 = 1.3-1.5. Yeast cells were collected by centrifuging at 1500×g for 5 

minutes at 4°C and then resuspended with 500 ml of ice-cold (0°C) sterile water. 

This suspension of yeast cells was centrifuged and then resuspended with 250 ml 

of ice-cold (0°C), sterile water. The suspension was centrifuged and then 

resuspended in 20 ml of ice-cold (0°C) 1 M sorbitol. Following this, the 

suspension was centrifuged and then resuspended in 1 ml of ice-cold 1 M 

sorbitol for a final volume of approximately 1.5 ml. Finally, the cells were 

aliquot in 80 μl in 1.5 ml tubes. 

 

 Transformation and selection of transformants 

The fresh prepared yeast competent cells were mixed with 5-10 μg of each 

linearized recombinant plasmid DNA respectively, and each mixture was 

transferred to an ice-cold (0°C) 0.2 cm electroporation cuvette and then 

incubated on ice for 5 minutes. The mixture was pulsed at 25 uF, 2.5 KV, and 20 

Ω and then mixed with 1 ml of ice-cold 1 M sorbitol in the cuvette. The mixture 

was transferred to a sterile 15 ml tube and then incubated at 30°C without 

shaking for 1-2 hours. 50-200 μl of this culture was spread on separate YPDS 

plates containing 100 μg/ml Zeocin. The plate was incubated for 2 to 3 days at 

30°C until colonies formd. 10-20 colonies were picked and cultured (streaked for 
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single colonies) on fresh YPD containing 100 μg/ml Zeocin overnight. Cells 

were collected by centrifuging at 1500×g for 5 minutes at 4°C. The plasmid DNA 

of each colony was isolated according to the protocol of the Plasmid Mini Kit 

(Omega) and then was used as the template for PCR identification. The PCR 

product was analyzed by agarose electrophoresis. Further, the nucleotide 

sequence of the positive clones was determined by sequencing. 

 

 Expression of recombinant plasmid in yeast 

The verified recombinant strain was inoculated in 10 ml of BMGY medium in a 

125 ml baffled flask and grown for at least 1 day at 30°C in a shaking incubator 

set to 250 rpm. The cells were centrifuged at 1500×g for 5 minutes at room 

temperature and then were resuspended in 1 ml of BMMY medium to induce 

expression. The cells in the BMMY medium were cultured at 30°C in a shaking 

incubator to continue growth overnight. The next day, 100 μl of the culture was 

collected for gel analysis, and 100 μl of 40% methanol was added. The cells were 

cultured at 30°C overnight. The cultured cells were harvested by centrifuging for 

10 minutes at 1500×g. The supernatants and cell pellets were collected separately 

and then were analyzed for protein expression by SDS-PAGE and Western blot.  

 

 Detection of recombinant protein in yeast by SDS-PAGE 

The pellet was resuspended in 100 μl breaking buffer and then vortexed for 30 

seconds together with glass beads, after which, the sample was placed on ice for 

30 seconds. This was repeated for a total of eight cycles. Following this, this 

sample was centrifuged at maximum speed for 10 minutes at 4°C and then the 

clear supernatant was collected. 40 μl of the collected supernatant and 
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supernatant were mixed with 10 μl of 5×protein loading buffer separately. Each 

mixture was heated immediately for 5 minutes at 100°C. 10 μl of each sample 

was loaded for SDS-PAGE analysis.  

 

 Detection of recombinant protein in yeast by Western blot  

The gel after SDS-PAGE analysis was transferred onto a polyvinylidene 

difluoride (PVDF) membrane. The mouse anti-His Antibody (GE Healthcare) 

was used to react with 6×His tag at the N-terminal of the recombinant protein 

according to the Western blot protocol.  

 

3.3.2 Expression of silkworm AMP genes in insect cells 

3.3.2.1 Construction of expression vectors for insect cell expression 

The pIEx/Bac-1 Ek/LIC expression vector has a unique LIC site, which allows 

the directional insertion of PCR-amplified gene, and this makes the vector 

construction easier. The PCR product of each AMP gene was directly ligated to 

pIEx/Bac-1 Ek/LIC expression vector (Figure 3.5). Each ligation product was 

transformed into DH5α competent cells based on the method described in 

Chapter 2 2.3.2.  

Two to four colonies from each transformation were picked and cultured 

overnight in 5 ml of LB containing 25 μg/ml Zeocin. The plasmid DNA of each 

colony was isolated according to the protocol of the Plasmid Mini Kit and then 

used as the template for PCR identification. The PCR product was analyzed by 

agarose electrophoresis. Further, sequencing was used for identification of 

recombinant plasmids to ensure the insert was correct. 

   



75 

 

 

Figure 3.5 Schematic representation of expression vector construction for insect 

cell expression 

 

3.3.2.2 Plasmid transfection 

 Cell Preparation 

15 ml of fresh dilution of Sf9 cells from an exponentially growing shake culture 

was prepared and then diluted in prewarmed 28°C serum-free medium to 4 × 10
5
 

cells/ml. One hour prior to transfection, 0.5 ml (2×10
5
 cells) was added to each 

well of a 24-well plate. 

 



76 

 

 Transfection 

For each sample to be transfected, 0.4 mg of plasmid DNA and 2 ml of Insect 

GeneJuice Transfection Reagent were diluted with 20 ml of serum free medium 

respectively. The diluted DNA was dropwise added to the diluted Insect 

GeneJuice Transfection Reagent (Novagen Company) and then the mixture was 

immediately gently vortexed to avoid precipitation. This Insect GeneJuice/DNA 

mixture was incubated at room temperature for 15 minutes, and then 160 ml of 

serum-free medium was added. This transfection mixture then was added to the 

prepared cells and then cells were incubated at 28°C for 48 hours. Finally, these 

cells were harvested for analysis. 

 

3.3.2.3 Detection of recombinant protein in insect cells by SDS-PAGE 

The collected cells were mixed with 200 μl of RIPA lysis buffer (Beyotime 

Company), and then were centrifuged at 10000×g for 5 minutes at 4 °C. 40 μl of 

the suspension after treatment was mixed with 10 μl of 5×protein loading buffer. 

The mixture was heated immediately for 5 minutes at 100°C. 10 μl of each 

sample was loaded for SDS-PAGE analysis.  

 

3.3.2.4 Detection of recombinant protein in insect cells by Western blot   

The method was described in 3.3.1. 

 

3.3.3 Expression of silkworm AMP genes in E.coli 

 Construction of expression vectors for prokaryotic expression 

Each recombinant plasmid was digested with restriction enzymes NcoI and XhoI 

(EcoRI for gloverinB). The extracted DNA fragment was then ligated into the 
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prokaryotic expression vector pET-28a(+) after the same treatment with the same 

enzymes (Figure 3.6). Each ligation product was transformed into the DH5α 

competent cells and the positive transformant was identified by the PCR reaction 

and further by sequencing.  

 

 

Figure 3.6 Schematic representation of expression vector construction for 

prokaryotic expression 
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 Preparation of BL21 competent cells 

The method for BL21 competent cell preparation is the same as that for E.coli 

strain DH5α, which was described in Chapter 2 Section 2.3.4. 

 

 Expression of recombinant plasmid in BL21 

Each recombinant plasmid was transformed into the BL21 competent cells and 

the transformant containing recombinant plasmid was inoculated in 3 ml of LB 

and cultured at 37°C with shaking at 250 rpm overnight. 100 μl of the culture 

was added to 10 ml of LB and cultured to an OD600 of approximately 0.6. Prior to 

induction, 10 ml of LB culture was split into 2×5 ml culture. IPTG was added to 

1 mM to one of 5 ml culture and the other one was set as a control without 

induction. After another four hours’ incubation, 1 ml of culture of each was 

collected for further analysis. 

 

 Detection of recombinant protein in E.coli by SDS-PAGE  

All collected cultures were centrifugated at 10000×g for 1minute at 4 °C. The 

pellet was resuspended in 500 μl lysis buffer and then was kept on ice for 20 

minutes. The suspension was treated by sonication on ice till the cells were 

completely disrupted. 40 μl suspension after treatment was mixed with 10 μl 

5×protein loading buffer. The mixture was heated immediately for 5 minutes at 

100°C. 10 μl of each sample was loaded for SDS-PAGE analysis.  

 

 Detection of recombinant protein in E.coli by Western blot   

The method was described in Section 3.3.1. 
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 Solubility of recombinant attacin2 

The suspension from 5.2.9 was centrifuged at 10000×g for 5 minutes at 4°C then 

the pellet and supernatant were collected separately. The pellet was resuspended 

in 200 μl lysis buffer. 40 μl of the supernatant and suspension were mixed with 

10 μl 5×protein loading buffer respectively. 10 μl of each sample was separated 

by 12% gel. 

 

 Purification of recombinant attacin2 

1 liter of LB was used to culture the E.coli cells containing the recombinant 

plasmid following the conditions described above. After four hours’ induction, 

E.coli cells were harvested by centrifugation at 5000×g for 10 minutes. The cell 

pellet was washed twice, and then was suspended in cold 20 mM Tris-HCl and 

lyzed by sonication. The lysate was centrifuged for 30 minutes at 14000×g at 4°C 

and the pellet was dissolved in 6 M urea. After the centrifugation at 14000×g for 

30 minutes at 4°C, the supernatant was collected and filtered. HisTrap affinity 

column (GE Healthcare) was used to purify recombinant attacin2 following the 

instructions. An Amicon Ultra-15 Centrifugal Filter (Millipore) was used for 

protein dialysis and concentration. Finally, recombinant attacin2 was stored in 

PBS, pH8.0. 

 

 Concentration of purified recombinant attacin2 

The BCA (bicinchoninic acid) Protein Assay Kit (Thermo scientific) was used to 

measure the concentration of recombinant attacin2. Albumin standard (BSA) was 

diluted according to Table 3.1. Standard and recombinant attacin2 were mixed 

well with prepared working reagent separately. The mixture was covered and 
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incubated at 37°C for 30 minutes then cooled at room temperature. The 

absorbance at 562 nm of each sample was measured on a plate reader. The 

standard curve was drawn by plotting the average blank-corrected 562 nm 

measurement for each BSA standard versus its concentration in μg/ml. The 

concentration of recombinant attacin2 was determined based on the standard 

curve. 

 

Table 3.1 Preparation of diluted Albumin (BSA) standards 

 

 

 Characterization of recombinant attacin2 by MALDI-TOF- TOF 

The pure recombinant attacin2 was sent to BGI Company for characterization by 

MALDI-TOF-TOF. The protocol is shown in Figure 3.7. 
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Figure 3.7 Protocol for characterization of recombinant attacin2 by 

MALDI-TOF-TOF 

 

3.4 Results 

3.4.1 Expression of silkworm genes in yeast 

 Construction of expression vectors  

Six AMP silkworm genes (attacin2, cecropinB1, defensinA, enbocin1, moricinA1, 

and gloverinB) for yeast expression were cloned in pMD18-T simple vector. 

Each of these plasmids was digested with enzymes XhoI and XbaI or EcoRI (for 

gloverinB) and the extracted fragment containing the target gene was ligated to 

yeast expression vector pPICZα-A with the same digestion. After transformation, 

the recombinant plasmids were identified by PCR. Further, the sequencing was 

used for identification of each recombinant plasmid to ensure the insert was 

correct. Three vectors containing the genes (attacin2, cecropinB1, and enbocin1) 
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were constructed (Figures 3.8, 3.9, and 3.10). 

 

 

Figure 3.8 Identification of the recombinant plasmid of attacin2. Lane M. 

DL2000 marker; Lane 1, PCR amplification product. 

 

 

 

Figure 3.9 Identification of the recombinant plasmid of cecropinB1. Lane M. 

DL2000 marker; Lane 1. PCR amplification product. 



83 

 

 

 

Figure 3.10 Identification of the recombinant plasmid of enbocin1. Lane M. 

DL2000 marker; Lane 1. PCR amplification product. 

 

 Transformation and selection of transformants 

5-10 ug plasmid of three vectors containing the different genes was digested with 

enzyme SacI independently, and then the complete linearized plasmid was 

transformed into the yeast competent cells (X-33) according to the protocol 

(Invitrogen). The transformants were selected on the YPDS plates containing 

zeocin and the different inserts were verified by PCR using the primers of AOX1 

and their own primers respectively (Figures 3.11, 3.12, and 3.13). 

All three vectors containing the different genes were integrated into the 

genome of yeast cell line X-33. Tens of recombinant strains were identified for 

each of the three genes. 
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Figure 3.11 Detection of recombinant yeast strain of attacin2 after transformation. 

Lane 1. Negative control; Lane 2. PCR Identification by using attacin2 primers; 

Lane 3. PCR Identification by using AOX1 primers; Lane M. DL2000 marker. 

 

 

Figure 3.12 Detection of recombinant yeast strain of cecropinB1 after 

transformation. Lane 1. Negative control; Lane 2. PCR Identification by using 

cecropinB1 primers; Lane 3. PCR Identification by using AOX1 primers; Lane 

M. DL2000 marker. 
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Figure 3.13 Detection of recombinant yeast strain of enbocin1 after 

transformation. Lane 1. Negative control of PCR; Lane 2. PCR Identification by 

using enbocin1 primers; Lane 3. PCR Identification by using AOX1 primers; 

Lane M. DL2000 marker. 

 

 Expression of silkworm AMP genes in yeast 

Two to three identified recombinant strains containing each one of three genes 

(attacin2, cecropinB1, and enbocin1) were cultured for small-scale expression 

based on the protocol provided by invitrogen. After induction, both the medium 

and cells were collected for detection of recombinant proteins by SDS-PAGE 

and Western blot. Unfortunately, no recombinant protein was detected through 

yeast cell expression even though the experiment was repeated twice.   

 

3.4.2 Expression of silkworm genes in insect cells 

 Construction of expression vectors 
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The PCR products of cecropinB1, attacin2, and gloverinB were ligated 

respectively to the insect cell expression vector pIEx/Bac-1 Ek/LIC. Then, the 

ligation product was transformed into the DH5α competent cells. After primary 

PCR verification (Figures 3.14, 3.15, and 3.16), the recombinant plasmids of the 

three different genes were analyzed by sequencing to ensure all the clones were 

correct before they were expressed in insect cells. 

 

   

Figure 3.14 PCR identification of recombinant plasmid of attacin2. Lane 1. PCR 

identification; Lane M. DL2000 marker. 
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Figure 3.15 PCR identification of recombinant plasmid of cecropinB1. Lane 1. 

PCR identification; Lane M. DL2000 marker. 

 

 

 

Figure 3.16 PCR identification of recombinant plasmid of gloverinB. Lane 1. 

PCR identification; Lane M. DL2000 marker. 
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 Expression of silkworm AMP genes in insect cells  

All the three constructed vectors were separately used for transfection of insect 

cell line Sf9 together with Insect GeneJuice Transfection Reagent. After 48 hours’ 

incubation, the cells were harvested for characterization. Unfortunately, no 

recombinant protein was detected even though the experiment was repeated three 

times. 

 

3.4.3 Expression of silkworm genes in E.coli 

 Construction of expression vectors  

Attacin2 and cecropinB1 were subcloned into the prokaryotic expression vector 

pET-28a(+) through the digestion by introduced restriction enzyme sites. The 

PCR reaction was used to detect the insert (Figures 3.17 and 3.18). The 

sequencing result demonstrated both of the two clones were correct. 

 

 

Figure 3.17 PCR identification of recombinant plasmid of attacin2. Lane 1. 

Negative control. Lane 2. PCR identification; Lane M. DL2000 marker. 
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Figure 3.18 PCR identification of recombinant plasmid of cecropinB1. Lane 1, 

Negative control; Lane 2. PCR identification; Lane M. DL2000 marker. 

 

 Expression of silkworm AMP genes in E.coli 

The recombinant plasmid pET-28a/attacin2 and pET-28a/cecropinB1 were 

separately transformed into the BL21 competent cells, and then the transformants 

containing each recombinant plasmid were individually inoculated. After four 

hours’ induction by IPTG, 1 ml of culture of each was collected and separated by 

SDS-PAGE. The electrophoresis result indicated a significant difference in a 

protein band between the samples, and this unique band had a molecular mass of 

22 KD, which was consistent with the deduced size of attacin2 (Figure 3.19 A). It 

revealed that attacin2 was expressed in E.coli after induction. Further analysis by 

Western blot also demonstrated that attacin2 was expressed in prokaryotic 

expression system E.coli (Figure 3.19 B). For the other expression, no 

recombinant cecropinB1 was detected. 
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Figure 3.19 SDS-PAGE (A) and Western blot analysis (B) of recombinant 

attacin2 in E.coli. A. Lane M. Protein maker; Lane 1. Sample of 

pET-28a/attacin2 with induction; Lane 2. Sample of pET-28a/attacin2 without 

induction. B. Lane 3. Sample of pET-28a/attacin2 with induction; lane 4. Sample 

of pET-28a/attacin2 without induction. The arrows indicate the recombinant 

attacin2. 

 

 Investigation of solubility of recombinant attacin2 

As the preparation of purification, the solubility of recombinant attacin2 was 

investigated. The results indicated that the recombinant attacin2 was mainly 

expressed as the inclusion body in BL21. However, a bit of soluble attacin2 was 

detected in the supernatant (Figure 3.20). 
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Figure 3.20 Analysis of recombinant attacin2’s solubility by SDS-PAGE. Lane 1. 

Deposit of lysate; Lane 2. Supernatant of lysate; Lane M. Protein maker. The 

arrow indicates the recombinant attacin2. The arrow indicates the recombinant 

attacin2. 

 

 Purification of recombinant attacin2 

The 6×His tag was designed in recombinant attacin2 for purification. HisTrap 

affinity column (GE Healthcare) was used to purify recombinant protein. The 

buffers after column loading were collected and analyzed by SDS-PAGE. 

Although a little attacin2 was present in the wash pool, most of the attacin2 was 

obtained in the eluted pool after purification (Figure 3.21). 
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Figure 3.21 Analysis of samples before and after purification by SDS-PAGE. 

Lane 1. Pellet after being treated with urea solution; Lane 2. Washed pool; Lane 

3. Eluted pool; Lane M. Protein marker. The arrow indicates the recombinant 

attacin2. The arrows indicate the recombinant attacin2. 

 

 Concentration of purified recombinant attacin2 

Figure 3.21 shows the obtained attacin2 after purification had a very high purity 

so that scarcely any other proteins were reflected in the same lane. Then, the 

concentration of this pure attacin2 solution was measured by the BCA method. 

The standard curve was drawn based on the average absorbance of BSA 

standards in different concentrations at 562 nm (Figure 3.22). According to 

calculations by the formula of standard curve, the final concentration of pure 

recombinant attacin2 is 205.4 μg/ml, equal to 10 μmol/L. 
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Figure 3.22 Standard curve of BCA assay 

 

 

 Characterization of recombinant proteins by MALDI- TOF-TOF 

The peptide mass fingerprinting (PMF) of recombinant attacin2 is shown in 

Figure 3.23. The data analysis showed it had a 65.42% identity with 

Bm_nscaf2556_13 from the silkworm database (Figure 3.24). Actually, 

Bm_nscaf2556_13 is the location of attacin2 in the silkworm genome, which 

demonstrated that the recombinant attacin2 was identical to predicted attacin2. 
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Figure 3.23 PMF of recombinant attacin2. The finger at the peak is peptide mass to 

charge ratio (m/z). 

                                  

 

 

 

 

Figure 3.24 Matched peptides between recombinant attactin2 and 

Bm_nscaf2556_13. A. PMF of matched peptides. The finger at the peak is 

peptide mass to charge ratio (m/z). B. Matched peptides (shown in red bold) in 

sequence. 

A 

B 
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3.5 Discussion 

Direct extraction of AMPs from silkworm is time-consuming and it has some 

difficulties. First, most AMPs are an induced expression by foreign invaders, and 

this period is short, usually no more than 48 h. Second, the expression of AMPs 

is always small. Third, the triggers usually induce the expression of a set of 

classes of AMPs at the same time. As a result, it is very hard to isolate a pure 

kind from each other. Thus, in order to solve this problem and achieve a mass 

production of silkworm AMPs, heterologous expression was introduced. 

Generally, the E.coli, yeast and insect cell expression systems are very common 

for heterologous expression. All seven identified silkworm AMP genes, 

including attacin2, cecropinB1, defensinA, enbocin1, lebocin3, moricinA1, and 

gloverinB, were intended to express in yeast. In addition, three of them, attacin2, 

cecropinB1, and gloverinB, were planned to express both in E.coli and insect 

cells (Figure 3.25). 
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Figure 3.25 Expression of identified silkworm AMP genes in three expression 

systems 

  

Since silkworm is a kind of insect, the insect cell expression system is the 

first choice for silkworm AMP genes’ expression because it can provide a close 

environment for post-translation proceeding, such as methylation and 

glycosylation. Silkworm gloverin1-4 were expressed in insect cell Sf9, and these 

recombinant propeptides indicated the very weak activity against E.coli, which 

might result from the inactive form of propeptids (Kawaoka et al., 2008). 

Enbocin1 was expressed in Sf21. Because of the correct processing in this kind 
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of insect cell, the recombinant enbocin1 exerted antibacterial activity against 

Gram-positive and Gram-negative bacteria. However, the yield of 

unprocessed-recombinant enbocin1 was only 6 μg/ml (Kim et al., 1998). This 

study, attempted to express three genes, including cecropinB1, attacin2, and 

gloverinB, in insect cell Sf9, but failed. Unlike that of the other two expression 

systems, there is no easy way to detect the gene of interest in insect cells, which 

means it is very difficult to verify if the gene of interest is transfected into the 

insect cell. The failed transfection cannot lead to the expression. This is a 

possible reason for the failure of expression in this study. The other possible 

reason is that the expression was too small to detect by Western blot.  

Other than that of silkworm, some AMP genes were expressed in the yeast 

expression system (Jin et al., 2006; Li et al., 2005; Wang et al., 2008). A 

constitutive AMP from shrimp, penaeidin, was expressed in P. pastoris and the 

investigation of activity indicated it could act against some Gram-positive and 

Gram-negative bacteria, and also had low activity against some fungi (Li et al., 

2005). A housefly recombinant cecropin was also obtained through yeast 

expression, and it showed a broad spectrum of activity against Gram-positive, 

Gram-negative bacteria, and some fungi (Jin et al., 2006). In this study, three of 

six genes, including attacin2, cecropinB1, and enbocin1, were integrated into the 

genome of yeast strain X-33. However, it was disappointing that no recombinant 

expression of these three AMP genes was detected both in the supernatant and in 

the cell. In order to investigate the reasons for the failed expression, a lot of 

attempts were made, such as increasing the cell density for induction, 

concentrating the collected samples by trichloroacetic acid (TCA) and acetone, 

studying a time course induction and changing strain X-33 to GS115. However, 
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no recombinant protein was detected either (data not shown). In the future, more 

studies will be conducted in relation to this part owing to the lowest cost of 

large-scale expression in yeast. 

Prokaryotic expression, especially in E.coli, is commonly used for 

heterologous expression. Some AMPs were expressed as a fusion protein in 

E.coli, and then the fusion tags were removed to recover activity (Wang et al., 

2010; Xu et al., 2007). In fact, in this study, in addition to pET-28a(+), 

pET-30a(+) was used for fusion expression of silkworm AMP genes (cecropinB1 

and attacin2). Both recombinant fusion proteins were detected by SDS-PAGE 

and Western blot (data not shown). Recombinant cecropinB1 together with S tag 

and 6×His tag was around 10 KD, whereas recombinant attacin2 with both the 

two tags was approximately 26 KD. However, the cleavage of fusion tag 

involves enterokinase which is very expensive. In addition, this process makes 

part of the target recombinant lost. Therefore, these two recombinant proteins 

were not purified and analyzed. On the other hand, the direct expression of 

recombinant attacin2 was detected by using pET-28a(+) vector, although as the 

form of inclusion body, the recovery of its activity is easy and economic 

compared with the cleavage of tags (Figure 3.25). 

 

3.6 Conclusions 

In this chapter, the third objective was achieved and described. Diverse vectors 

for the three kinds of expression systems were constructed. For yeast expression, 

pPICZα-A developed by Invitrogen was used as the expression vector. Three of 

six genes, including attacin2, cecropinB1, and enbocin1, were inserted into the 
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vector pPICZα-A respectively. Then, all three constructed vectors were 

separately transformed into the yeast cell line X-33. However, no recombinant 

protein was detected by SDS-PAGE and Western blot both in the medium and in 

the yeast cell, even though the experiment was repeated twice.  

For insect cell expression, three genes, including cecropinB1, attacin2 and 

gloverinB, were directly inserted into the vectors pIEx/Bac-1 Ek/LIC after PCR 

amplification. The prepared recombinant plasmids were used to transfect the 

insect cell line Sf9 separately. The analysis of the harvested cells indicated that 

no expressed protein was detected even after repetition. 

For prokaryotic expression, the expression vector pET-28a(+) from 

Novagen was chosen. Attacin2 and cecropinB1 were subcloned into the vector 

pET-28a(+) separately through double-enzyme digestion and ligation. Following 

this, they were transformed into the expression host BL21. After the expression 

of induction by IPTG, recombinant attacin2 was detected by SDS-PAGE, and 

further it was confirmed by Western blot. The investigation of solubility showed 

that the recombinant attcin2 was expressed as the inclusion body. After 

purification, the pure attacin2 was characterized by MALDI-TOF-TOF. The 

result indicated that the recombinant attcin2 was identical to the predicted 

attacin2.  
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CHAPTER 4 CHARACTERIZATION OF 

RECOMBINANT BMATTACIN2’S PROPERTIES 

 

4.1 Introduction  

This chapter describes the achievement of the fourth objective which is 

characterization of recombinant attacin2’s properties. In Chapter 3, silkworm 

attacin2 (Bmattacin2) was expressed in E.coli strain BL21, and then was purified. 

The amino acid sequence of gained recombinant Bmattacin2 was confirmed by 

MALDI-TOF-TOF. In order to find the connections between the Bmattacin2’s 

sequence and properties, the primary structure and secondary structure of 

Bmattacin2’s peptide sequence were analyzed in this chapter. Moreover, the 

antimicrobial effect of Bmattacin2 was studied by Radial diffusion assay and 

Minimal inhibitory concentration assay. Since some AMPs’ inhibitive ability on 

anticancer cells has been verified, in this study, the cancer cell HCT116 was used 

to investigate that of Bmattacin2. It is known that degradation affects a protein’s 

function directly. In order to know the process of Bmattacin2’s degradation, the 

related experiment was conducted. 

  

4.2 Materials 

4.2.1 Strains 

 Bacterial strains 

E.coli BL21 (DE3) 

E.coli ATCC 25922 
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S.aureus ATCC 25923 

Seiiatio maicesceis (S.maicesceis) 

Bacillus bombysepticus (B.bombysepticus) 

 Cell lines  

HCT116 (Human colorectal carcinoma) 

 

4.2.2 Reagents and buffers  

General chemicals were obtained from Invitrogen, Takara, Novagen, Sigma and 

GE Company. 

 LB broth: 1% tryptone, 0.5% yeast extract, and 1% NaCl. 

 LB agar: 1% tryptone, 0.5% yeast extract, 1% NaCl, and 1.5% agar.  

 5×Protein loading buffer: 0.16 M Tris-HCI (pH 6.8), 62.5% glycerol, 5% 

SDS, 0.025% bromophenol blue, 250 mM DTT, and β-mereaptoethanol. 

 12% Separating gel (5.5 ml): 

30% acrylamide/bis solution                2200 μl 

4×separating gel buffer                    1375 μl 

25% APS                                 55 μl 

TEMED                                 5.5 μl 

ddH20                                1864.5 μl 

 5% Stacking gel (2 ml): 

30% acrylamide/bis solution                 333 μl 

4×stacking gel buffer                       500 μl 

25% APS                                 20 μl 

TEMED                                   2 μl 

ddH20                                 1145 μl 
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 5×Electrophoresis buffer: 15.1 g tris, 72 g glycine, 5 g SDS dissolved in 1 L 

of ddH20 

 Coomassie brilliant blue stain solution: 0.6 g comassie blue R-250, 100 ml 

acetic acid, 250 ml methanol, 250 ml ddH2O. 

 Destain solution: 100 ml acetic acid, 100 ml methanol, 800 ml ddH2O. 

 10×Transfer buffer: 144 g glycine, 30 g tris, and 3.75 g SDS dissolved in 1 L 

of ddH20, with 200 ml of methanol added per liter when diluted to 1× prior 

to use. 

 TBST: 10 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5% non-fat milk, and 0.05% 

tween20. 

 Binding buffer: 20 mM sodium phosphate, 0.5 M NaCl, 20 mM imidazole, 

pH 7.4. 

 Elution buffer: 20 mM sodium phosphate, 0.5 M NaCl, 500 mM imidazole, 

pH 7.4. 

 PBS buffer: 0.01 M Na2HPO4, 0.01 M NaH2PO4, 0.15 M NaCl, PH 8.0. 

 

4.3 Methods 

4.3.1 Analysis of Bmattacin2’s sequence 

4.3.1.1 Primary structure of Bmattacin2 

The protein sequence of silkworm attacin1 and attacin2 was downloaded from 

the online silkworm genome database (http://silkworm.swu.edu.cn/silkdb/) which 

was described in detail in Chapter 2 Section 2.3.1. The two protein sequences 

were aligned by Clustal W (Thompson et al., 1994). The isoelectric point (pI) 

and charge at pH 7.0 of Bmattacin2 were predicted by Protein calculator v3.3 

http://silkworm.swu.edu.cn/silkdb/
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online (http://www.scripps.edu/~cdputnam/protcalc.html). 

 

4.3.1.2 Secondary structure of Bmattacin2 

The second structure of Bmattacin2 was determined by GOR secondary structure 

prediction method version IV (http://pbil.ibcp.fr/htm/index.php). 

 

4.3.2 Biological properties of Bmattacin2 

4.3.2.1 Antimicrobial activity of Bmattacin2 

 Radial diffusion assay 

The antimicrobial activity of purified attacin2 against four bacteria, including 

two Gram-positive bacteria (S.aureus ATCC 25923 and B.bombysepticus) and 

two Gram-negative bacteria (E.coli ATCC 25922 and S.maicesceis), was 

evaluated by Radial diffusion assay (Steinberg et al., 1997). A single colony of 

each bacterial strain was inoculated in 5 ml of LB at 37°C overnight, and then 50 

μl of culture was added to 5 ml of LB for 3-4 hours’ incubation until the OD600 

reached 0.4. 1 ml culture was mixed with 100 ml of sterile LB agar at around 

55°C, and then the mixture was aliquot in petri dishes. The pure Bmttacin2, PBS 

buffer (negative control), and antibiotics (positive control) were distributed to the 

wells (5 mm in diameter) respectively and then was incubated overnight at 37°C. 

The clearing zone indicates the susceptibility of the bacteria to the sample. 

 

 Minimal inhibitory concentration assay 

The minimal inhibitory concentrations (MIC) of purified attacin2 on four 

selected strains including E.coli ATCC 25922, S.aureus ATCC 25923, 

B.bombysepticus and S.maicesceis were investigated by Broth microdilution 

http://pbil.ibcp.fr/htm/index.php
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assay with miner modification. A single colony of each bacteria strain was 

inoculated in 5 ml of LB at 37°C overnight; then 50 μl of culture was added to 5 

ml of LB for 3-4 hours’ incubation until the OD600 reached 0.4. The bacterial 

concentration was then diluted to 1.5×10
8 

colony-forming unit(CFU)/mL 

according to the Mcfarland standard 0.5. The serial dilutions of purified 

Bmattacin2 were transferred to a 96-well plate together with bacteria culture to 

ensure the final concentration of bacteria was 5×10
4 

CFU/well. The whole 

volume of Bmattacin2 and bacteria mixture was 100 μl. The OD value at 600 nm 

of the mixture in the 96-well plate was measured before and after 18 hours’ 

incubation. The MIC was equal to the lowest concentration of Bmattacin 2 which 

maintained the OD600 value before and after incubation.  

 

4.3.2.2 Anticancer activity 

 Cell culture 

HCT116 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 

medium supplemented with 10% fetal bovine serum and 1% 

penicillin-streptomycin solution at 37°C in a humidified incubator containing 5% 

CO2. Then, 0.25% trypsin with EDTA Tetrasodium was added to the medium. 

After cells were detached, trypsin was neutralized by adding growth medium. 

Cells were harvested and resuspended in fresh medium; later they were counted 

by using the haemocytometer (Precicolor HBG, Germany). 

 

 MTS assay 

MTS(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfopheny

l)-2H-tetrazolium) assay (CellTiter 96® AQueous One Solution Cell Proliferation 
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Assay, Promega Company) was carried out to measure the anticancer cell activity 

of recombinant protein attacin2. HCT116 cells were seeded on a 96-well plate 

and cultured at 37°C for 24 hours. After washing with PBS, cells were incubated 

with different concentrations of Bmattacin2 (0 μg/ml, 20 μg/ml, 40 μg/ml, 60 

μg/ml, and 120 μg/ml) respectively for 24 hours. Medium was removed and the 

cells were washed with PBS. 100 μl of fresh medium without serum was added 

to each well. 20 μl of prepared solution for MTS solution was added to each well 

and then the plate was incubated at 37°C for 4 hours. Finally, the absorbance at 

490 nm was recorded by the micro-plate reader (TECAN infinite F200). The 

collected data was analyzed by OrginPro 8 (OriginLab Corporation). 

 

 Intracellular observation 

HCT116 cells were seeded on 96-well plates for 24 hours. After washing with 

PBS, cells were incubated with 40 μg/ml of Bmattacin2 for 24 hours. After 

incubation, the cells were gently washed with PBS, and then were fixed with 4% 

paraformaldehyde in PBS buffer at room temperature for 15 minutes. After that, 

the cells were permeabilized with 0.1% Triton X-100 in PBS for 5 minutes at 

room temperature. Then the cells were incubated with 1 μg/ml TRICE-phalloidin 

in darkness for 30 minutes, and the nuclei of cells were additionally 

counterstained with 1 μg/ml DAPI in PBS. After treatment, the cells were 

visualized using the fluorescent microscope Eclipse 80i (Nikon Company). 

 

4.3.3 Degradation of Bmattacin2 

1 mg/ml recombinant Bmattacin2 in PBS buffer was kept at 37°C for 1 day, 2 

days, 3 days and 30 days. A sample at each time point was collected and 
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analyzed by SDS-PAGE and Western blot. 

  

4.4 Results 

4.4.1 Analysis of Bmattacin2’s sequence 

4.4.1.1 Primary structure of Bmattacin2 

So far, two attacins have been discovered in silkworm, and they are located on 

the same scaffold. These two attacins have quite a high degree of identity in 

amino acid sequence, which can reach up to nearly 94% (Figure 4.1).  

 

 

Figure 4.1 Deduced amino acid sequences of Bmattacin1 and Bmattacin2. The 

differences between the two sequences are shown by shadow. The conserved 

glycine residues are shown in boxex. The arrow indicates the cleavage site of the 

signal peptide. 
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Mature Bmattacin2 has 188 amino acids in total. Among them, 21 are 

glycine residues which are relatively conserved during evolution (Figure 4.2). 

This demonstrates Bmattacin2 is a glycine-rich AMP just like most attacins from 

other species. In terms of electric charge, there are 21 cationic amino acids in 

total, including lysine (K), arginine (R), and histidine (H), which are more than 

that of anionic amino acids (13) consisting of aspartic acid (D) and glutamic acid 

(E) (Figure 4.2). The dominance of cationic amino acids may contribute to 

Bmattacin2’s high isoelectric point (9.23). In addition, this also brings out the net 

charge of 4.1 for Bmattacin2 when at pH 7.0. Such a cationic charge of AMPs 

possibly relates to the antimicrobial effect to some degree. 

Bmattacin2 is a soluble protein although the number of hydrophobic amino 

acids (80 in total) is more than that of hydrophilic amino acids (68 in total) in 

sequence (Figure 4.3), probably because the distribution of hydrophilic groups is 

mainly at the outer layer of this protein structure. 

 

 

Figure 4.2 Cationic and anionic amino acids in the mature Bmattacin2 sequence 
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Figure 4.3 Hydrophilic and hydrophobic amino acids in the mature Bmattacin2 

sequence 

 

4.4.1.2 Secondary structure of Bmattacin2 

Some secondary structures consisting of α-helix, β-sheet, extended strand, and 

loop contribute to the antimicrobial activity of AMPs. For mature peptides of 

Bmattacin2, as high as 25% α-helix is determined by GOR secondary structure 

prediction method version IV. In addition, the extended strand structure accounts 

for 17.6%, and the rest is coil (Figure 4.4). 
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Figure 4.4 Prediction of Bmattacin2’s secondary structure. The ɑ-helix is shown 

as rectangles, the extended strand is shown as arrows, and the random coil is 

shown as straight lines.  

 

In conclusion, Bmattacin2 is a soluble glycine-rich silkworm AMP. The 

prediction indicated Bmattacin2 has 25% α-helix in secondary structure and the 

net charge of 4.1 when at pH 7.0 (Figure 4.5). All of these characteristics are 

closely related to the function of Bmattacin2. 

 

Figure 4.5 Schematic diagram of Bmattacin2 
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4.4.2 Biological properties of Bmattacin2 

4.4.2.1 Antimicrobial activity of Bmattacin2 

 Radial diffusion assay 

In order to test the antimicrobial activity of gained Bmanttacin2, the radial 

diffusion assay was carried out. Two kinds of bacteria which are usually found in 

infected silkworms, S.maicesceis and B.bombysepticus, together with two 

common bacterial strains in the lab, E.coli ATCC 25922 and S.aureus ATCC 

25923 were selected. The investigation indicated that the recombinant 

Bmattacin2 exhibited obvious inhibition of S.maicesceis although this effect was 

lower than that of antibiotics, no matter ampicillin or kanamycin (Figure 4.6). 

However, Bmattacin2 did not show its activity against B. bombysepticus, E.coli 

ATCC 25922, and S.aureus ATCC 25923 in this experiment.  

 

 

Figure 4.6 Antimicrobial activity of recombinant Bmattacin2 on S.maicesceis by 

radial diffusion assay 
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 MIC assay 

Further, the Broth microdilution assay with minor modification was used to study 

the antimicrobial activity of Bmattacin2. The results demonstrated Bmattacin2’s 

inhibition of all of these bacteria. The MIC of Bmattcin2 on B.bombysepticus and 

S.aureus ATCC 25923 was about 60 μg/ml, and this was even lower for 

S.maicesceis and E.coli ATCC 25922, just around 20 μg/ml. 

 

4.4.2.2 Anticancer activity of Bmattacin2 

Some AMPs have shown their ability against cancer cells, as has Bmattacin2. 20 

μg/ml Bmattacin2 could kill nearly half of HCT116 cells after 24 hours’ 

incubation (Figure 4.7). With the increase of Bmattacin2’s concentration, this 

anticancer effect became more obvious. When its concentration attained 120 

μg/ml, more than 90% of HCT116 cells were killed which showed that a high 

concentration of Bmattacin2 has a strong lethality to HCT116 cells (Figure 4.7). 

Interestingly, the lethality of Bmattacin2 was only selective to cancer cells, 

which meant it was non-toxic to normal cells (LIU, 2014). 
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Figure 4.7 Cell viability assay of HCT116 after being treated with different 

concentrations of Bmattacin2 for 24 hours (
＊

p<0.05, OD value is significant 

different compared with control, each experiment was repeated at least three 

times.). 

 

Furthermore, the morphology of HCT116 cells with and without incubation 

together with Bmattacin2 was observed. For 24 hours’ incubation, both the 

cytoskeleton stained by FITC labeled phalloidin and nucleus stained by DAPI 

indicated that HCT116 cells treated with 40 μg/mL Bmattacin2 had abnormal 

clusters while these aggregations were not found when Bmattacin2 was absent 

(Figure 4.8). These clusters probably contributed to the final death of cells. And 

also, a similar effect was found on human skin cancer cell A375 (LIU, 2014). 
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Figure 4.8 Fluorescence staining of HCT116 without (A and C) and with (B and 

D) 40 μg/mL Bmattain2 after 24 hours’ incubation. A and B. Cytoskeleton 

stained by TRICE-phalloidin; C and D. Nucleus stained by DAPI. The arrows 

indicate the abnormal aggregations and clusters of HCT116 cells. 

 

4.4.2.3 Degradation of Bmattacin2 

For investigation of Bmattacin2’s degradation, Bmattcin2 in PBS buffer was kept 

at 37°C for 1 day, 2 days, 3 days, and 30 days. The analysis of the collected 

Bmattacin2 samples by SDS-PAGE and Western blot (Figure 4.9) revealed that 

part of Bmattacin2 began to degrade on the first day (1 day) which was reflected 

by a weaker band (Lane 1) compared with that of the positive control (Lane 4). 

This degradation increased on the second day (2 days). However, partial 

Bmattacin2 still existed which could be detected by both SDS-PAGE and 

Western blot (Lane 2). The majority of Bmattacin2 was degraded on the third day 
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C   

    

B    

D    
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(3 days). Although it had a weak band in SDS-PAGE analysis, it was invisible in 

Western blot analysis, which meant the 6×His-tag at the C-terminal of 

Bmattacin2 was nearly degraded (Lane 4). On the 30th day, Bmattacin2 was 

completely degraded and no Bmattacin2 could be detected by either SDS-PAGE 

or Western blot (Lane 5). 

 

 

Figure 4.9 Analysis of Bmattacin2 after being kept at 37°C for 1 day, 2 days, 3 

days, and 30 days by SDS-PAGE (A) and Western blot (B). Lane M. protein 

marker; Lane 1. Bmattacin2 was kept for 1 day; Lane 2. Bmattacin2 was kept for 

2 days; Lane 3. Bmattacin2 was kept for 3 days; Lane 4. Bmattacin2 as a positive 

control; Lane 5. Bmattacin2 was kept for 30 days. The arrows indicate the bands 

of Bmattacin2. 
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4.5 Discussion 

Both attacins in silkworm are glycine-rich AMPs and the domains with these 

glycine residues are weakly-conserved during evolution just like the attacins 

family from other species (Kwon et al., 2008). The characterization showed 

Bmattacin2 has a net charge of 4.1 at pH 7.0 which is possibly due to the 

accumulation of cationic amino acids. The possession of the positive charge in 

the functional structure of Bmattacin2 is likely a reason for the abnormal 

aggregations of cancer cells (Figure 4.10). Meanwhile, Bmattacin2 has as high as 

25% of α-helix in its secondary structure, which is verified as a structure likely 

correlated with the antimicrobial activity (Park et al., 2000).  
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Figure 4.10 Structure and property of Bmattacin2 

 

Silkworm enbocin1 and gloverin1-4 were expressed in insect cells Sf21 and 

Sf9 respectively (Table 4.1) (Kawaoka et al., 2008; Kim et al., 1998). 

Recombinant silkworm enbocin1 could fight against both Gram-positive and 

Gram-negative bacteria. However, this activity on Gram-positive bacteria was 

stronger than that on Gram-negative bacteria (Kim et al., 1998). Recombinant 

silkworm gloverin1-4 demonstrated their antimicrobial effect on Gram-negative 

bacteria, E.coli (Kawaoka et al., 2008). In this study, recombinant silkworm 

Bmattacin2, had verified inhibition of both Gram-positive and Gram-negative 
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bacteria, although this effect was stronger on Gram-positive bacteria. It is worth 

noting that recombinant Bmattacin2 was the first silkworm AMP verified to have 

cancer cell killing activity (Figure 4.13). 

 

Table 4.1 Recombinant silkworm AMPs and their activity on bacteria 

AMP Expression system Antimicrobial activity 

Enbocin1 Insect cell Sf21 G(+) and G(-) bacteria 

GloverinA1-4 Insect cell Sf9 G(-) bacteria 

 

Generally, the structure of a recombinant protein is unstable and easily 

degrades. It is worse that this degradation makes the protein lose its activity. For 

Bmattacin2, the majority of protein had degraded on the third day; Although it 

had a weak band in SDS-PAGE analysis, it was invisible in Western blot analysis, 

which meant the 6×His-tag at the C-terminal of Bmattacin2 was nearly degraded.  

 

4.6 Conclusions 

This chapter covered the fourth objective of this study, in which, the sequence, 

structure and properties of Bmattacin2 were characterized. Bmattacin2 is a 

glycine-rich AMP just like most attacins from other species. And the domains 

with these glycine residues are weakly-conserved in the attacin family. In the 

primary structure of Bmattacin2’s mature peptide sequence, more cationic amino 

acids (21) than anionic amino acids (13) were found, which may contribute to the 

positive net charge of Bmattacin2. Although hydrophobic amino acids are 
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dominant in Bmattacin2’s sequence, it is still a soluble protein. The prediction 

indicated there was a high ratio of α-helix (25%) in Bmattacin2’s secondary 

structure, and this may be related to its antimicrobial activity. 

Radial diffusion assay verified recombinant Bmatacin2’s obvious inhibition 

of S. marcescens although this effect was lower than that of antibiotics. Further 

investigations revealed that MIC of Bmattcin2 for B. bombysepticus and E.coli 

ATCC 25922 was about 60 μg/ml, while this was even lower for S.maicesceis 

and S.aureus, just around 20 μg/ml. Interestingly, Bmattacin2 exhibited selective 

activity cancer cell killing activity. 40 μg/ml Bmattacin2 could made HCT116 

cells cluster abnormally which may ultimately cause cell apoptosis. The high 

concentration of Bmattacin2 had a comparatively high level of lethality to 

HCT116. As many as 90% of cancer cells were killed when Bmattacin2’s 

concentration reached 120 μg/ml. This kind of effect was also found on human 

skin cancer cell A375. 

The recombinant proteins have a problem of degradation. For Bmattacin2, 

the majority of Bmattacin2 was degraded on the third day when it was kept at 

37°C since only a weak band could be examined by SDS-PAGE.  
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CHAPTER 5 OPTIMIZATION OF BMATTACIN2’S 

EXPRESSION 

 

5.1 Introduction 

This chapter concerns the fifth objective of optimizing Bmattacin2’s expression 

in this study. In Chapter 3, Bmattacin2 was expressed in E.coli and was then 

purified. In Chapter 4, Bmattacin2’s sequence, structure, and properties were 

characterized. In order to attain as much recombinant Bmattacin2 as possible for 

scaffold making, optimization of Bmattacin2’s expression was implemented. 

Optimization of a protein expression is the procedure to find the best conditions 

for protein expression so that the maximum production can be obtained with the 

lowest cost in the shortest time. For optimization of Bmattacin2’s expression, 

three methods were used, including the traditional ‘One factor at a time’ method 

as a pilot experiment, Design of experiment (DoE) and double-colony selection. 

‘One factor at a time’ method can investigate the effect of IPTG concentration, 

OD600 value, and time of induction on Bmattacin2’s expression separately, and 

then find out a suitable condition for Bmattacin2’s expression. However, this 

method is to simply investigate the factors of protein expression one by one, so 

the interactions between factors are easily ignored. DoE is an efficient method 

that can be used to change one or more process factors so that the corresponding 

yields and conclusions are determined. In order to verify if DoE is suitable for 

the optimization of protein expression and also to reveal if there is any 

interaction between the factors that has a significant influence on the protein’s 

expression, the optimization of expression for the protein Bmattacin2 was carried 
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out using the DoE concept. In addition, the long-term stocking of expression 

strain pET-28a/attacin2/BL21 in glycerol caused low yields of Bmattacin2. In 

order to solve this problem, double-colony selection was used to select a colony 

with high yields and high stability in glycerol stock (Sivashanmugam et al., 

2009).  

 

5.2 Materials 

5.2.1 Strains 

 Bacterial strains 

E.coli BL21 (DE3) 

 

5.2.2 Reagents and buffers  

General chemicals were obtained from Invitrogen, Takara, Novagen, Sigma, and 

GE Company. 

 LB broth: 1% tryptone, 0.5% yeast extract, and 1% NaCl. 

 LB agar: 1% tryptone, 0.5% yeast extract, 1% NaCl, and 1.5% agar.  

 5×Protein loading buffer: 0.16 M Tris-HCI (pH 6.8), 62.5% glycerol, 5% 

SDS, 0.025% bromophenol blue, 250 mM DTT, and β-mereaptoethanol. 

 12% Separating gel (5.5 ml): 

30% acrylamide/bis solution               2200 μl 

4×separating gel buffer                   1375 μl 

25% APS                                55 μl 

TEMED                                5.5 μl 

ddH20                               1864.5 μl 
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 5% Stacking gel (2 ml): 

30% acrylamide/bis solution                333 μl 

4×stacking gel buffer                      500 μl  

25% APS                                20 μl 

TEMED                                  2 μl 

ddH20                                1145 μl 

 5×Electrophoresis buffer: 15.1 g tris, 72 g glycine, 5 g SDS dissolved in 1 L 

of ddH20. 

 Coomassie brilliant blue stain solution: 0.6 g comassie blue R-250, 100 ml 

acetic acid, 250 ml methanol, 250 ml ddH2O. 

 Destain solution: 100 ml acetic acid, 100 ml methanol, 800 ml ddH2O. 

 

5.3 Methods 

5.3.1 ‘One factor at a time’ method 

The bacterial cells with recombinant plasmids from a glycerol stock were diluted 

to an OD600 of 0.05–0.1, and then were streaked onto a LB agar plate. A single 

colony from the plate was cultured in 3 ml of LB at 37°C with shaking at 250 

rpm overnight. 

 

 Effect of IPTG concentration on Bmattacin2’s expression 

0.5 ml of culture was added to 50 ml of LB and cultured to an OD600 of 

approximately 0.6. 5 ml of culture was prepared for each sample. 0.2 mM, 0.4 

mM, 0.6 mM, 0.8 mM, 1.0 mM, 1.2 mM, 1.4 mM, and 1.6 mM IPTG were used 

respectively in each 5 ml of culture for induced expression of Bmattacin2 and 
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one 5 ml of culture without IPTG was set as an uninduced control. After another 

four hours’ incubation, 1 ml of culture of each sample was collected and 

analyzed by SDS-PAGE. 

 

 Effect of time of induction on Bmattacin2’s expression 

0.5 ml of culture was added to 50 ml of LB and cultured to an OD600 of 

approximately 0.6. 5 ml of culture was prepared for each sample. IPTG was 

added to 1 mM in each 5 ml of culture to induce the expression of Bmattacin2 for 

0, 1, 2, 3, 4, 5, 6, 7, and 8 hour(s) respectively, and then 1 ml of culture of each 

sample was collected and analyzed by SDS-PAGE. 

 

 Effect of OD600 value on Bmattacin2’s expression 

5 ml of culture was prepared for each sample and cultured to an OD600 of 

approximately 0.4, 0.6, 0.8, 1.0, 1.2, 1.3, and 1.4 respectively. IPTG was added 

to 1 mM in each 5 ml of culture. After another four hours’ incubation, 1 ml of 

culture of each sample was collected and analyzed by SDS-PAGE. 

 

5.3.2 DoE 

In order to identify the significant factors and interactions for the expression of 

recombinant protein Bmattacin2, the DoE method was applied to optimize this 

expression. 

 

 Process flow chart 

The process flow chart indicates the basic steps of the experiment. It was helpful 

to review the protocol before starting the experiment. 
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 Cause effect diagram 

A number of factors which could possibly influence the effects of the experiment 

were listed. 

 

 Pilot experimental results 

After the SDS-PAGE electrophoresis and Coomassie brilliant blue staining, the 

band intensities of protein in gels were quantified by Bandscan software to 

analyze the expression percentage of the recombinant protein in total protein 

(Figure 5.1).  

 

 

Figure 5.1 Analyzing protein band by BandScan software 

 

 Factor screening factorial design 

Four experimental factors, including A (Concentration of antibiotic 

(Kanamycin)), B (Incubate time), C (Concentration of IPTG), and D (OD600 

value), with 2 levels (high and low) were considered at the same time to explore 

the effect on the expression percentage of the recombinant protein. 

Sixteen combinations and four center points were measured in terms of the 
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protein expression percentage. Minitab 16 was applied to conduct the statistical 

analysis of the experimental result.  

 

5.3.3 Double-colony selection  

The bacterial cells with recombinant plasmids from a glycerol stock were diluted 

to an OD600 of 0.05–0.1, and then were streaked onto the LB agar plates. Several 

colonies were picked from the plates next morning, and the expression level of 

each colony was checked using the traditional IPTG-induction expression 

followed by SDS-PAGE. The colony with the highest protein expression was 

selected and went through another round of selection following the procedure 

described earlier.  

 

5.4 Results 

5.4.1 ‘One factor at a time’ method 

The “One factor at a time” method is a traditional method for the optimization of 

a protein’s expression. It entails setting each factor as a variable in turn whilst 

fixing the others, which means the factors are investigated one by one, and then 

they are combined to define the best conditions. IPTG concentration, OD600 

value, and time of induction are usually considered in this method of 

optimization. 

 

 Effect of IPTG concentration on Bmattacin2’s expression 

The expression of Bmattacin2 was induced under the serial concentrations of 

IPTG, ranging from 0 to 1.6 mM while the other conditions followed the 
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standard protocol, and then these expressions were detected by SDS-PAGE. 

Except the very low expression of Bmattation2 without IPTG in lane 1, no 

significant difference of expression was observed among the other IPTG 

concentrations. 0.2 mM IPTG was enough for maximum expression of 

Bmattacin2 (Figure 5.2). 

 

 

Figure 5.2 Effects of IPTG concentration on Bmattacin2’s expression. Lane M. 

Protein marker; Lane 1-9. Bmattacin2’s expression was induced by IPTG 

concentration of 1.6 mM, 1.4 mM, 1.2 mM, 1.0 mM, 0.8 mM, 0.6 mM, 0.4 mM, 

0.2 mM, and 0 mM respectively. The arrow indicates the band of expressed 

Bmattacin2. 

 

 Effect of time of induction on Bmattacin2’s expression 

The OD600 value when induction began was set as 0.6 and IPTG was added to 1 

mM to induce the expression of Bmattacin2 for 0, 1, 2, 3, 4, 5, 6, 7, and 8 hour(s) 

respectively, and then the expressions of Bmattacin2 were checked by 

SDS-PAGE. Bmattacin2 was not expressed when IPTG was just added to the 

culture (0 hour). Two hours later, it had maximum expression (Lane 7). However, 
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after that, the yields began to decrease (Figure 5.3).  

 

 

Figure 5.3 Effects of time of induction on Bmattacin2’s expression. Lane M. 

Protein marker; Lane 1-9. Bmattacin2’s expressions were induced for 8 hours, 7 

hours, 6 hours, 5 hours, 4 hours, 3 hours, 2 hours, 1 hour, and 0 hour respectively. 

The arrow indicates the band of expressed Bmattacin2. 

 

 Effect of OD600 value on Bmattacin2’s expression 

OD600 value represents the bacterial density when induction begins. The 

expressions of Bmattacin2 started with seven different OD600 values, which were 

related to seven different bacterial densities, were tested, and then investigated by 

SDS-PAGE. The results indicated that the yield of Bmattacin2 was a little higher 

with an OD600 value of 1.0, compared with that of other OD600 values (Figure 

5.4). 
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Figure 5.4 Effects of OD600 value on Bmattacin2’s expression. Lane M. Protein 

marker; Lane 1-7. Bmattacin2 started to be expressed when OD600 values were 

0.4, 0.6, 0.8, 1.0, 1.2, 1.3, and 1.4 respectively. The arrow indicates the band of 

expressed Bmattacin2. 

 

To sum up, the best conditions for Bmattacin2’s expression are to start 

induction at an OD600 value of 1.0 with 0.2 mM IPTG and the time of induction 

is 2 hours. Based on this optimized condition, the expressed Bmattacin2 can 

reach around 35% of total proteins, and the purified recombinant Bmattacin2 was 

approximately 2.4 mg/L. 

 

5.4.2 DoE 

The traditional ‘one factor at a time’ method for optimization of protein 

expression just considers the influence of each single factor and this ignores the 

connections between factors. DoE is a scientific method that can be used to 

change one or more process factors so that the corresponding yields and 

conclusions are determined. However, little research has been conducted to 
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introduce DoE in the optimization of protein expression. In this research, in order 

to verify if DoE is suitable for optimization of protein expression and also to 

reveal if there is any interaction between the factors that have a significant 

influence on the protein’s expression, the optimization of expression for the 

protein Bmattacin2 was carried out using the DoE concept. 

 

 Process flow chart 

The first step of DoE is to draw a process flow chart which can help to review 

the whole experiment before optimization. In this research, the expression of 

protein Bmattacin2 could be divided into six steps as below (Figure 5.5). 

 

 

Figure 5.5 Process flow chart of Bmattacin2’s expression 

 

 Cause-effect diagram 

A number of factors which might influence the expression of Bmattacin2 were 

listed in a cause-effect diagram (Figure 5.6). 
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Figure 5.6 Cause-effect diagram of Bmattacin2’s expression 

 

 Factor screening factorial design 

Four experimental factors, including A (Concentration of antibiotic 

(Kanamycin)), B (Incubate time), C (Concentration of IPTG), and D (OD600 

value), with two levels (high and low) were considered at the same time to 

explore the effect on the expression percentage of the recombinant Bmattacin2 

(Table 5.1). 
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Table 5.1 Table of design of experiments 

Factors Units Low level (-) High Level (+) 

A. Concentration of antibiotic ug/mL 0 100 

B. Incubate time hour(s) 1 7 

C. Concentration of IPTG mM 0.2 1.6 

D. OD600 value ------- 0.4 1.2 

 

Sixteen combinations and four center points were designed and in total 20 

experiments were conducted for the measurement of Bmattacin2’s expression 

level. The intensity of bands analyzed by BandScan is listed in Table 5.2 in the 

form of the expression percentages (%). 

Table 5.3 and Table 5.4 show the results of the regression analysis. The 

impacts are significant if the corresponding P-value is less than 0.05. The results 

from the analysis demonstrated that the two factors (Incubate time and OD600 

value) and their interactions had a significant effect on the percentage of 

recombinant protein expression. 
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Table 5.2 Analyzed results of protein expression percentage 

 Factors Results 

Std 

Order 

Run 

Order 

Center 

Pt 
Blocks 

Antibiotic 

(μg/mL) 

Incubate 

time 

(hours) 

IPTG 

(mM) 
OD600 

Expression 

percentage 

(%) 

1 1 1 1 0 1 0.2 0.4 41.1 

2 2 1 1 100 1 0.2 0.4 42.7 

3 3 1 1 0 7 0.2 0.4 6.3 

4 4 1 1 100 7 0.2 0.4 17.7 

5 5 1 1 0 1 1.6 0.4 42.6 

6 6 1 1 100 1 1.6 0.4 35.8 

7 7 1 1 0 7 1.6 0.4 19.4 

8 8 1 1 100 7 1.6 0.4 15.9 

9 9 1 1 0 1 0.2 1.2 23.9 

10 10 1 1 100 1 0.2 1.2 19.6 

11 11 1 1 0 7 0.2 1.2 10.6 

12 12 1 1 100 7 0.2 1.2 13.3 

13 13 1 1 0 1 1.6 1.2 10.0 

14 14 1 1 100 1 1.6 1.2 17.3 

15 15 1 1 0 7 1.6 1.2 18.2 

16 16 1 1 100 7 1.6 1.2 10.7 

17 17 0 1 50 4 0.9 0.8 21.1 

18 18 0 1 50 4 0.9 0.8 13.8 

19 19 0 1 50 4 0.9 0.8 17.0 

20 20 0 1 50 4 0.9 0.8 11.3 
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Table 5.3 Factorial fit: expression percentage versus Antibiotic, Incubate time, 

IPTG, OD value estimated effects, and coefficients for expression percentage (%) 

(coded units) 

 

 

Table 5.4 Factorial fit: analysis of variance for expression percentage (%) (Coded 

units) 

 

 

The normal probability plot (Figure 5.7) shows the results and factors that had a 

significant impact on the production of Bmattacin2. In total, two factors and one 

interaction had positive effects. Among them, B (Incubate time) had the most significant 

impact on the output of Bmattacin2. D (OD600 value) also had an obvious influence on 

Bmattacin2’s expression (Figure 5.8). With increase of incubate time, the final 

percentage of recombinant protein decreased. The same influence happened to 
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the OD600 value. In addition, there was another positive influence which was an 

interaction between B (Incubate time) and D (OD600 value) which could not be ignored 

(Figure 5.9) although this influence was smaller than that of either individual one. 
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Figure 5.7 Normal probability plot of the standardized effects on protein 

expression percentage 
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Figure 5.8 Main effects plot (data means) for expression percentage 
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Figure 5.9 Interaction plot for protein expression percentage 
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Figure 5.10 Contour plot of protein expression percentage vs incubation time and 

OD value 

 

Contour plot (Figure 5.10) shows the steepest ascent of Bmattacin2’s 

expression related to factor B (Incubate time) and D (OD600 value), indicating 

that the expression percentage was negatively connected with the increase of B 

(Incubate time and D (OD value). According to this figure, it is clear that the 

most efficient area is near the origin.  

To sum up, the analysis of DoE suggested that the two factors (Incubate 

time and OD600 value) and their interaction significantly influenced the 

expression of Bmattacin2. As data shown in Table 5.2, the optimization made 

Bmattacin2’s expression percentage reach up to 42.7% which is a relatively high 

expression level, and the related production of pure Bmattacin2 was about 3.0 

mg/L. 
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5.4.3 Double-colony selection  

After recombinant plasmid pET-28a/attacin2 was transformed into BL21, the 

BL21 strain containing pET-28a/attacin2 was stored together with glycerol. 

However, the expression level for this stored strain decreased possibly because 

the original plasmid-contained strain became unstable in the glycerol stock. In 

order to find a stable strain with a high expression level, double-colony selection 

was introduced. In this protocol, at first, three colonies from the original strain 

were checked for expression level and the analysis showed their expressions 

were almost the same. One of them (Colony 2) was applied to the first round, and 

then the expression level of three colonies based on this was checked by 

SDS-PAGE (Lane 1-4 of Figure 5.11 A). Colony 2-3 displaying a higher 

expression level than that of others; therefore it was selected for the next round. 

The following second round of selection revealed colony 2-3-3 (Lane 7 of Figure 

5.11 A) from colony 2-3 had the comparatively high yields. Interestingly, after 

double-colony selection, all colonies achieved a higher expression level (Figure 

5.11 B). 
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Figure 5.11 Analysis of samples of double colony selection by SDS-PAGE. A. 

Lane 1-4. Samples of first round selection; Lane 5-8. Samples based on 2-3; 

Lane M. Protein maker; Lane 1. Colony 2-3 without induction; Lane 2-4. 

Colonies 2-1, 2-2, and 2-3 with induction; Lane 5-7. Colonies 2-3-1, 2-3-2, and 

2-3-3 with induction; Lane 8. Colony 2-3-3 without induction. B. Lane 1-6. 

Colonies based on 2-3-3; Lane M. Protein maker; Lane 1. Colony 2-3-3-1 

without induction; Lane 2-6. Colonies 2-3-3-1, 2-3-3-2, 2-3-3-3, 2-3-3-4, and 

2-3-3-5 with induction. 

A 

B 
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5.5 Discussion 

Although the prokaryotic expression system lacks the necessary 

post-transcriptional modification mechanism, E.coli remains a powerful system 

for the expression of heterologous protein since it possesses the merits of high 

production, lower cost, and easy culturing (Peti et al., 2007; Swartz, 2001). 

However, due to the difference in origin, the sequence itself, the function, and the 

process of translation and folding, the production of each recombinant protein 

apparently varies. Therefore, careful optimization plays a vital role in this 

expression because of its potential for enhancement of production of the target 

protein.   

Some factors can be optimized before induction of expression, such as 

codon usage and well-prepared starting culture (Sivashanmugam et al., 2009). 

However, temperature, OD600 value, IPTG concentration and time of induction 

are generally considered factors during the process of expression (Table 5.5). 
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Table 5.5 Factors and their effect on protein expression in E.coli 

Factor Effect 

Temperature Solubility 

IPTG concentration 
Stability of plasmid 

Growth of host cells 

Antibiotic 
Stability of plasmid 

Selection pressure of host cells 

OD600 value 
Density of host cells 

Copy of plasmid 

Time of induction 
Growth of host cells 

Copy of plasmid 

 

The general temperature for prokaryotic expression is 37°C. However, 

lowering it will increase the solubility of some proteins (Pacheco et al., 2012). In 

addition, lowering the temperature can reduce the degradation by proteinases for 

some recombinant proteins with a protein mass of less than 10 KD. Hardly any 

research has revealed that temperature has a significant influence on the 

production of recombinant protein with a mass of more than 20 KD, which is the 

main reason why it was not chosen in this DoE investigation.  

0.5 to 1.0 mM IPTG is suitable for the induction of most proteins. 

Occasionally, a lower IPTG concentration can have certain negative effects on 

some recombinant proteins’ expressions (Tabatabaee et al., 2013), while a higher 

concentration makes the plasmid’s stability and cell growth decline which may 

affect the final protein production (Pan et al., 2008; Xu et al., 2006). In this study, 

no significant influence of the IPTG concentration on Bmattacin2’s expression 
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was observed even at low (below 0.5 mM) or high (above 1.0 mM) IPTG 

concentrations (Figure 5.2 and Figure 5.8). 0.2 mM IPTG was enough for the 

expression of Bmattcin2 under all conditions. However, in order to lower the 

production cost, it is still very important to determine the lowest IPTG 

concentration to maximize protein expression. Actually, this is essential for 

large-scale protein expression in industry since the use of oversaturated IPTG is a 

waste of money (Malakar et al., 2012).  

The lack of a selective antibiotic in the expression system slightly decreases 

the stability of the plasmid especially after 6 hours’ induction. In such a situation, 

the host cells lacking plasmid can rapidly grow in culture, which may eventually 

reduce the productivity of the target protein (Einsfeldt et al., 2011; Xu et al., 

2006). Small effect caused by the change in kanamycin concentration was 

detected in another protein’s expression in my experiment (data not shown), 

although this was not applicable for the expression of Bmattacin2. However, this 

can verify that the appropriate antibiotic in the E.coli expression system can 

mildly improve the expression of the recombinant protein.  

It is well-known that the OD600 value at the beginning of induction has an 

obvious impact on the production of most recombinant proteins. The OD600 value 

for traditional induction is 0.6 when the cells are in the best condition for growth; 

however, some high-cell-density bacterial expression methods have been 

developed, in which the production of protein can be raised several times 

(Sivashanmugam et al., 2009; Studier, 2005). For Bmattacin2’s expression, the 

influence brought about by the OD600  value is quite clear(Figure 5.4, Figure 5.8 

and Figure 5.9), however, the increase in the OD600  value did not result in a 

higher final yield possibly because of the negative effects of the declining 
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oxygen level and pH as well as the increase of proteases in the culture (Jana et al., 

2005; Structural Genomics et al., 2008).  

The time of induction is a factor which clearly has to be taken into 

consideration in almost all optimizations of protein expressions. Incubation for 

three hours can make most recombinant proteins detectable. Extending the time 

of induction does not always lead to high yields of target protein because the 

longer times of induction also have unfavorable effects on cell growth. In this 

work, the production of Bmattacin2 stopped increasing after 2 hours’ induction 

which may due to the toxicity of expressed Bmattacin2 to the host cells (Figure 

5.3 and Figure 5.9).  

It is worth noting that not only can the two factors, the OD600 value and the 

time of induction, separately affect the production of Bmattacin2, but also their 

interaction can have a significant influence. This interaction has never been 

considered in other optimizations of protein expressions. The neglect of 

interaction leads to the discriminatory results of Bmattacin2’s optimization. The 

best conditions provided by ‘one factor at a time’ are to start induction at an 

OD600 value of 1.0 by 0.2 mM IPTG with a time of induction of 2 hours. 

However, DoE optimization indicated the maximum expression is to achieved by 

inducing expression at an OD600 value of 0.4 by 0.2 mM IPTG for 1 hour (Figure 

5.12). The final yields verify that DoE creats a comparatively better condition of 

Bmattacin2’s expression. Therefore, simply investigating the optimization of a 

protein expression using a ‘one factor at a time’ method is not reasonable for all 

recombinant proteins. Contrastingly, DoE has been shown to provide an easy and 

fast way for optimizations through the use of a limited number of experiments, 

which also highlights the potential interactions of the factors. 
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Figure 5.12 Optimized condition for expression of Bmattacin2 by using DoE 

 

5.6 Conclusions 

In this chapter, accomplishment of the fifth objective of this study was described. 

Three methods were applied for optimization of Bmattacin2’s expression. The 

traditional method, the ‘One factor at a time’ method, indicated the best condition 

for Bmattacin2’s expression are to start induction at an OD600 value of 1.0 with 

0.2 mM IPTG with a time of induction of 2 hours. Based on this optimized 
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condition, the expressed Bmattacin2 could reach around 35% of total proteins, 

and the purified recombinant Bmattacin2 was approximately 2.4 mg/L.  

DoE optimization indicated the maximum expression is achieved by inducing 

expression at an OD600 value 0.2 of 0.2 mM IPTG for 1 hour, and this optimization 

made Bmattacin2’s expression percentage reach up to 42.7% which is a relatively 

high expression level and the final maximum production of pure Bmattacin2 was 

about 3.0 mg/L. The final yields demonstrated that DoE created a comparatively better 

condition for Bmattacin2’s expression.  

Besides, a stable strain with a higher expression level was obtained through 

double-colony selection in this study.  
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CHAPTER 6 NANOFIBROUS MEMBRANE WITH PLLA 

AND RECOMBINANT BMATTACIN2 

 

6.1 Introduction 

This chapter concerns the preparation of scaffolds for application in TERM by 

electrospinning (the sixth objective) and then investigates the morphology and 

physical properties of the new scaffolds (the seventh objective). Electrospinning 

has become an indispensable technique for the preparation of nanofibrous 

scaffolds for TERM in recent years. However, electrospinning involves using a 

solvent of organic solution which may have a negative effect on Bmattacin2’s 

structure and activity. Therefore, the investigation of this effect is necessary 

before electrospinning. In this chapter, the influence by organic solutions on 

Bmattacin2 will be investigated as the preparation for making scaffolds by 

electrospinning. Enough Bmattacin2 was prepared under the optimized 

conditions, and then added to PLLA solution to form the PLLA/Bmattacin2 

suspension. This suspension was electrospun to nanomembrane which can be 

used as a scaffold in TERM, especially in skin TERM. The microstructure of this 

electrospun nanomembrane was observed by FTIR. The morphology was 

investigated by SEM. And also, the parameters of fundamental nanofibers 

consisting of nanomembrane were characterized, such as fiber diameter and 

tensile strength. Finally, the release property and degradation of Bmattacin2 in 

electrospun nanomembrane was investigated. 
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6.2 Materials 

6.2.1 Strains 

 Bacterial strains 

E.coli ATCC 25922 

S.aureus ATCC 25923 

 

6.2.2 Reagents and buffers  

PLLA with an average molecular weight of 200,000 g/mol (2002D-Grade) was 

purchased from NatureWorks Company. General chemicals were obtained from 

Invitrogen, Takara, Novagen, Sigma, and GE Company. 

 LB broth: 1% tryptone, 0.5% yeast extract, and 1% NaCl. 

 LB agar: 1% tryptone, 0.5% yeast extract, 1% NaCl, and 1.5% agar.  

 5×Protein loading buffer: 0.16 M Tris-HCI (pH 6.8), 62.5% glycerol, 5% 

SDS, 0.025% bromophenol blue, 250 mM DTT, and β-mereaptoethanol. 

 12% Separating gel (5.5 ml): 

30% acrylamide/bis solution                2200 μl 

4×separating gel buffer                    1375 μl 

25% APS                                 55 μl 

TEMED                                 5.5 μl 

ddH20                                1864.5 μl 

 5% Stacking gel (2 ml): 

30% acrylamide/bis solution                 333 μl 

4×stacking gel buffer                       500 μl 

25% APS                                 20 μl 
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TEMED                                   2 μl 

ddH20                                 1145 μl 

 5×Electrophoresis buffer: 15.1 g tris, 72 g glycine, 5 g SDS dissolved in 1 L 

of ddH20 

 Coomassie brilliant blue stain solution: 0.6 g comassie blue R-250, 100 ml 

acetic acid, 250 ml methanol, 250 ml ddH2O. 

 Destain solution: 100 ml acetic acid, 100 ml methanol, 800 ml ddH2O. 

 10×Transfer buffer: 144 g glycine, 30 g tris, 3.75 g SDS dissolved in 1 L of 

ddH20, with 200 ml of methanol added per liter when diluted to 1× prior to 

use. 

 TBST: 10 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5% non-fat milk, and 0.05% 

tween20. 

 Binding buffer: 20 mM sodium phosphate, 0.5 M NaCl, 20 mM imidazole, 

pH 7.4. 

 Elution buffer: 20 mM sodium phosphate, 0.5 M NaCl, 500 mM imidazole, 

pH 7.4. 

 PBS buffer: 0.01 M Na2HPO4, 0.01 M NaH2PO4, 0.15 M NaCl, PH 8.0. 

 

6.3 Methods 

6.3.1 The influence of organic solutions on Bmattacin2  

Pure recombinant Bmattacin2 powder was prepared by freeze-drying. 1 mg of 

Bmattacin2 was treated with 5 ml of chloroform, acetone, and ethanol 

respectively. After evaporation, the protein powder of each sample was collected 

and analyzed by FTIR together with untreated Bmattacin2 power which was set 
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as a control.  

1 mg of Bmattacin2 was treated with 5 ml chloroform, acetone, and ethanol 

respectively. After evaporation, the Bmattacin2 powder of each sample was 

dissolved in 500 μl of PBS buffer. The concentration of these samples was 

measured by BCA. And then, these samples were analyzed by SDS-PAGE and 

Western blot.  

For antimicrobial experiment, a single colony of each bacteria strain (E.coli 

ATCC 25922 and S.aureus ATCC 25923) was inoculated in 5 ml of LB at 37°C 

overnight, and then 50 μl of culture was added to 5 ml of LB for 3-4 hours’ 

incubation until the OD600 value reached 0.4. The bacterial concentration then 

was diluted to 1.5×10
8 

CFU/ml according to the Mcfarland standard 0.5. The 

samples were transferred to a 96-well plate together with bacterial culture to 

ensure the final concentration of Bmattacin2 was 60 μg/ml and concentration of 

bacteria was 5×10
4 

CFU/well. The PBS buffer was set as a negative control and 

antibiotic kanamycin was set as a control. The whole volume of Bmattacin2 and 

bacteria mixture was 100 μl. The OD value of the mixture in the 96-well plate at 

600 nm was measured after incubation at 37°C for 4 hours. A0 was the OD600 

value of negative control and A was the OD600 value of the sample. The final 

antimicrobial activity equaled to (A0-A)/A0 × 100%. The collected data was 

analyzed by OrginPro 8 (OriginLab Corporation). The values were reported as 

the mean for all of the results. 

 

6.3.2 Preparation of nanofibrous membranes by electrospinning 

A PLLA solution with a concentration of 1.0% was prepared by dissolving PLLA 

in a mixed organic solution of chloroform (wt 90%) together with DMF (wt 
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10%). 1 mg of prepared Bmattacin2 powder was dispersed in 5 g PLLA solution 

to form the PLLA/Bmattacin2 suspension. A syringe with a needle connected to 

high-voltage electricity was used to load and deliver this suspension. 

Electrospinning was carried out at a voltage of 15 KV, a flow rate of 0.3 ml/min 

and a 10 cm distance from the needle tip to the receptor, a grounded aluminum 

foil. Meanwhile, the pure PLLA nanofibrous membrane was also prepared as a 

control based on the same parameters.  

 

 

Figure 6.1 Preparation of nanofibrous membranes by electrospinning 

 

6.3.3 Characterization of electrospun membranes 

 Microstructure of electrospun membranes 

The electrospun PLLA/Bmattacin2 membrane and PLLA membrane were 

compressed to films together with potassium bromide powder respectively, and 

then their microstructures were investigated by FTIR (Nicolet 5700, Thermo Co. 

USA). All spectra were recorded in absorption mode at 2 cm
−1

 interval 
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wavenumbers from 500 cm
−1

 to 2500 cm
−1

. 

 

 Morphology of electrospun membranes 

The morphology of electrospun membranes was observed by a scanning electron 

microscope (SEM) (LEICA, Stereoscan 440). The diameter of electrospun 

nanofibers were measured by Nano Measurer 1.2 by selecting fibers randomly at 

more than three different locations. More than 100 different fibers were 

measured for each sample. The collected data was analyzed by OrginPro 8 

(OriginLab Corporation). The values are reported as the mean ± standard 

deviation (SD) for all of the results. 

 

 Mechanical property of electrospun membrane 

The electrospun membranes were cut into 50×10 mm strips respectively and then 

the mechanical performance of these membranes were characterized by Instrons 

5560 (Instron, Canton, MA) with a load cell of 10 N. Each tensile test was 

performed at room temperature with a crosshead speed of 5 mm/min and a 

preload of 0.1 MPa. All reported tensile strength and tensile stress values 

represent the average of 7–8 measurements. The collected data was analyzed by 

OrginPro 8 (OriginLab Corporation). The values are reported as the mean ± SD 

for all of the results. 

 

 Release property and degradation of Bmattacin2 in nanofibrous 

membrane 

Electrospun membrane loaded with 1 mg of Bmattacin2 was immersed into 3 ml 

of PBS solution with a pH 7.0 at 37°C in a shaking incubator at 100 rpm. 25 μl of 
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sample was collected at 0, 1, 2, 4, 8, 16, 24, 48, 96, and 192 hour(s) and then the 

same volume of PBS solution was added to the solution. The concentration of 

Bmattacin2 for all collected samples was measured by BCA.  

    The electrospun membranes were cut into 25×25 mm strips and then were 

immersed into 3 ml of PBS solution. These strips were collected at 0, 1, 2, 4, 8, 

16, 24, 48, 96, and 192 hour(s) and then were airdried. The microstructures of all 

collected strips were analyzed by FTIR. All spectra were recorded in absorption 

mode at 2 cm
−1

 interval wavenumbers from 500 cm
−1

 to 2500 cm
−1

. The 

morphology of all collected strips was observed by SEM. 

 

6.4 Results 

6.4.1 The influence of organic solutions on Bmattacin2 

Pure recombinant Bmattacin2 would be used to make scaffolds together with 

PLLA by electrospinning. Electrospinning involves using a solvent of organic 

solution which possibly has a negative effect on Bmattacin2’s structure and 

activity. Therefore, the investigation of this effect was necessary in advance. 

Powdered Bmattacin2 protein treated or untreated with organic solutions was 

collected and analyzed by FTIR (Figure 6.2). Three peaks reflecting amide I, 

amide II, and amide III characterized the treated and untreated samples. The first 

and also the sharpest peak at 1634 cm
-1 

indicated the amide I of this protein, 

which was found in all of these four samples. The second peak at 1530 cm
-1

 

reflected amide II while the third peak at 1258 cm
-1 

represented amide III. For 

these two peaks, Bmattacin2 treated with chloroform or acetone was stronger 

than that of untreated Bmattacin2. In addition, more obvious peaks were 
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observed in chloroform or acetone treated Bmattacin2 between 1258 cm
-1 

and 

1634 cm
-1

, which possibly resulted from the change of Bmattacin2’s secondary 

structure. However, the detailed variations and whether Bmattacin2’s activity is 

affected by these variations need to be confirmed further. Compared with the 

other two organic solutions, ethanol was mild in that it did not influence the 

microstructure of Bmattacin2 since Bmattacin2 and the ethanol treated 

Bmattacin2 had almost the same result under FTIR analysis.  

 

Figure 6.2 FTIR analysis of Bmattacin2 treated with organic solutions 

 

Further, SDS-PAGE and Western blot were used to analyze the degradation 

of these samples. They showed there was no significant difference between 

treated and untreated Bmattacin2. However, treated Bmattacin2 had a weaker 

band than that of untreated Bmattacin2 under Western bolt examination which 

indicated the degradation was accelerated after treatment with organic solutions 

(Figure 6.3). 



152 

 

 

 

Figure 6.3 Analysis of Bmattacin2 treated with organic solutions by SDS-PAGE 

(A) and Western blot (B). Lane 1. Bmattacin2 treated with acetone; Lane 2. 

Bmattacin2 treated with chloroform; Lane 3. Bmattacin2 treated with ethanol; 

Lane 4. Untreated Bmattacin2 as a positive control; Lane M. protein marker. The 

arrow indicates the band of Bmattacin2. 

 

The antimicrobial activity of recombinant Bmattacin2 was the key point of 

this study. In order to find out if this activity is influenced by the treatment of 

different organic solutions, a comparison of antimicrobial effect between treated 

and untreated Bmattacin2 on both E.coli and S.aureus was made. With the 

treatment with ethanol or chloroform, the antimicrobial activity of recombinant 

Bmattacin2 on E.coli underwent a small decline after four hours’ incubation of 
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around 4%. However, the treatment with acetone made Bmattacin2 almost lose 

its effect, with only 4% activity remaining (Figure 6.4). The antibacterial activity 

of Bmattacin2 against S.aureus was 27%, which was weaker than that on E.coli 

at the same time point. However, with the treatment with different organic 

solutions, no matter ethanol, acetone, or chloroform, this activity decreased by 7% 

approximately (Figure 6.4). All this verified that ethanol or chloroform has a 

small negative influence on recombinant Bmattacin2’s activity, while acetone has 

a more disadvantageous effect.  
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Figure 6.4 Antimicrobial activity of Bmattacin2 with or without treatment with 

organic solutions on E.coli (A) and S.aureus (B) 
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6.4.2 Characterization of electrospun membranes 

 Microstructure of electrospun membranes 

Fibrous PLLA membrane and PLLA membrane loaded with Bmattacin2 at a 

concentration of 2% were prepared by electrospinning. In order to evaluate the 

microstructure of these electrospun nanomembranes, FTIR spectra was used. 

Three peaks representing amide I, amide II and amide Ш at 1634 cm
-1

, 1531 cm
-1

, 

and 1258 cm
-1

 respectively were detected for samples of Bmattacin2 and the first 

peak at 1634 cm
-1

 was also clear in the spectra of PLLA/Bmatttacin2 

nanomembrane although the latter two peaks were too weak to be observed. In 

addition, the peak at 1757 cm
-1

 is a characteristic peak of PLLA which was also 

found in the spectra of PLLA/Bmatttacin2 nanomembrane (Figure 6.5), which 

confirmed that the electrospun PLLA/Bmatttacin2 nanomembrane consisted of 

PLLA and Bmattacin2. 

 

Figure 6.5 FTIR spectra of PLLA/Bmattacin2 membrane, PLLA membrane, and 

Bmattacin2 
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 Morphology of electrospun membranes 

PLLA nanomembrane and PLLA/Bmattacin2 nanomembrane with Bmattacin2 at 

a concentration of 2% were prepared by electrospinning and these membranes’ 

morphologies were observed by SEM (Figure 6.6). It was observed that PLLA 

fibers had a cylindrical shape and smooth structure, whereas PLLA/Bmattacin2 

fibers were prolate and bandy, which possibly was due to loaded Bmattacin2 in 

these electrospun fibers (Figure 6.6).  
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Figure 6.6 Morphology of electrospun PLLA fibers and PLLA/Bmattacin2 fibers 

with 2% Bmattacin2. A and C. PLLA fibers at a magnification of 1000× and 

5000× respectively; B and D. PLLA/Bmattacin2 fibers at a magnification of 

1000× and 5000× respectively.  

     

The diameter of PLLA fibers ranged from 430 nm to 1140 nm, and the 

average value was 824 ± 126 nm. More than half of the fibers had a diameter of 

around 800 nm (Figure 6.7), which showed electrospun PLLA fibers had a steady 

size. With loaded 2% Bmattacin2, electrospun PLLA/Bmattacin2 fibers had an 

irregular structure, which was not as cylindrical but as bandy. These fibers had 

diameters ranging from 170 nm to 2180 nm (Figure 6.8) and their mean width 

reached up to 980 ± 405 nm.  

A     B     

C     D     
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Figure 6.7 Diameter distributions of PLLA fibers 

 

 

Figure 6.8 Diameter distributions of PLLA /Bmattacin2 fibers 
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 Mechanical property of electrospun membranes 

Fiber diameter is closely associated with tensile strength. Generally, a smaller 

diameter endows fibers with higher mechanical strength. The electrospun PLLA 

membrane, in this study, had a tensile strength of 3.6 ± 0.6 MPa and tensile strain 

of 11.8 ± 2.7% (Table 6.1). The incorporation of 2% Bmattacin2 into PLLA 

fibers made the diameter rise, and as a result, the tensile strength decreased to 2.7 

± 0.3 MPa at the same time. Interestingly, the tensile strain of PLLA/Bmattacin2 

matrix doubled compared with that of PLLA membrane, which may be more 

beneficial for wound healing in TERM. 

 

Table 6.1 Tensile strength of PLLA and PLLA/Bmattacin2 membrane 

Membrane 

Maximum 

load    

(cN) 

Tensile 

strength 

(MPa) 

Tensile 

strain   

(%) 

Young's 

modulus 

(MPa) 

PLLA 35.9 ± 6.2 3.6 ± 0.6 11.8 ± 2.7 123.8 ± 21.0 

PLLA/Bmattacin2 27.1 ± 2.8 2.7 ±0.3 24.2 ± 3.9 45.7 ± 13.2 

 

 Release property and degradation of Bmattacin2 in electrospun 

membrane 

It is known that recombinant Bmattacin2 is a bioactive and biodegradable 

material. Most of the recombinant Bmattacin2 degraded in the first three days 

when it was kept in PBS solution at a pH of 7.0 at 37°C. Moreover, the organic 

solution used in electrospinning had some negative influence on the structure and 

effect of Bmattacin2. Thus, the investigation on release property and degradation 

of Bmattacin2 in electrospun membrane was necessary to ascertain this influence 
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and to characterize this membrane’ properties. The results of such investigation 

indicated that most Bmattacin2 (160 μg/ml) was released in the first 4 hours 

which might be due to two reasons (Figure 6.9). One is Bmattacin2 is a soluble 

protein and easily dissolves in water. The other is Bmattacin2 aggregates to form 

macroparticles which are too big to be coated into the fiber (Figure 6.6). Thus, 

most of Bmattacin2 rapidly dissolved when the membrane was immersed. It is 

worse that the degradation of Bmattacin2 became faster which could last for just 

under 48 hours (Figure 6.9). Following this, the concentration of Bmattacin2 

remained at a very low level over the next days (5 μg/ml). The analysis of the 

collected membranes by FTIR showed a small amount of Bmattacin2 was still 

coated on the membrane since the first peak of protein Bmattacin2 at 1634 cm
-1

 

was detected in each collected sample at different time points (Figure 6.10). 

Further, the observation by SEM also indicated a small amount of Bmattacin2 

was there on the fibers inside the membrane (Figure 6.11). In addition, some 

Bmattacin2 might be coated in the fibers. As the degradation of PLLA and 

release of this little part of Bmattacin2, the low concentration of Bmattacin2 

could be retained after 48 hours.  
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Figure 6.9 Release property and degradation of Bmattacin2 in electrospun 

membrane 

 

Figure 6.10 FTIR spectra of the collected PLLA/Bmattacin2 membranes at 

different time points. 
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Figure 6.11 Morphology of the collected PLLA/Bmattacin2 membranes at 

different time points. A. 0 hour; B. 2 hours; C. 4 hours; D. 8 hours; E. 24 hours; 

F. 48 hours; G. 96 hours; H. 192 hours.  

A     B     

C    D    

E     F    

G   H   
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6.5 Discussion 

Organic solutions can influence the structure of a protein and make the protein 

lose its activity. However, the use of the organic solution during the process of 

electrospinning did not completely inactivate some functional proteins (Wang et 

al., 2011). The investigation in this study showed the treatment with organic 

solutions did decrease the activity of recombinant Bmattacin2. However, 

significant antimicrobial activity of treated Bmattacin2 was indicated, which 

ensures that the electrospinning of scaffolds by using recombinant Bmattacin2 

together with synthetic polymers such as PLLA is feasible. 

The scaffolds for skin TERM can be prepared by various methods, such as 

gas foaming, phase separation/freeze drying, electrospinning, and so on. 

Electrospinning is the widespread technique for fabricating scaffolds in skin 

TERM because the electrospun scaffold has a controllable diameter of fibers, 

high surface area to volume ratio and high porosity, which can provide a 

favorable environment for cell adhesion and proliferation. So far, a series of 

natural and synthetic materials was utilized for preparation of scaffold by 

electrospinning, and these electrospun scaffolds generated impressive impact on 

skin TERM (Table 6.2). 
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Table 6.2 Materials used for preparation of scaffold in skin TERM 

Materials Category Function of electrospun scaffold Reference 

Collagen Natural 

Good tensile strength 

Effect on early-stage wound 

healing 

Reduction of wound contraction 

(Powell et al., 2008; 

Rho et al., 2006) 

Gelatin Natural 

Formation of a basal keratinocyte 

layer 

High cell viability 

(Heo et al., 2013; 

Powell et al., 2008) 

Chitosan Natural 

Acceleration of burn healing 

Antimicrobial effect 

Hydrating features 

(Naseri et al., 2014; 

Park et al., 2006) 

Silk 

fibroin 
Natural 

Good oxygen and water vapor 

permeability 

Minimal inflammatory reaction 

(Min et al., 2004; 

Park et al., 2006) 

PLLA Synthetic 

Loading drugs for inhibition of 

inflammation and improving 

wound healing 

(Jin et al., 2012; 

Mohiti-Asli et al., 

2014) 

PLAGA Synthetic 
Adhesion and growth of human 

skin fibroblasts 

(Kumbar et al., 

2008) 

PCL Synthetic 

Cell adhesion and maintaining 

the characteristic shape of 

fibroblasts 

Acceleration of wound closure 

and regeneration of healthy 

dermal tissue 

(Bonvallet et al., 

2014; Gautam et 

al., 2014) 

PU Synthetic 

Increase of blood clotting ability 

Enhancement of burn-wound 

closure 

(Heo et al., 2013; 

Kim et al., 2009) 

PHBV Synthetic 

Contribution to adhesion and 

proliferation of human 

keratinocytes 

(Sundaramurthi et 

al., 2013) 
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With biocompatibility and biodegradability, PLLA is a frequently-used 

polymer for the fabrication of scaffolds, which is verified to be adequate for cell 

adhesion and differentiation. In this study, PLLA was used to fabricate membrane 

together with functional protein Bmattacin2 for the purpose of application in 

TERM. The fabricated PLLA/Bmattacin2 fibers had a wide range of diameters 

from 170 nm to 2180 nm, however, their average diameter (980 ± 405 nm) was 

higher than that of PLLA fibers (824 ± 126 nm). The small fiber diameter 

accounts for its higher surface area, higher tensile properties, lower porosity, and 

lower wettability (Xie et al., 2006). Some of these connections were confirmed 

in this study such that PLLA fibers with a small diameter did have a higher 

tensile strength (3.6 ± 0.6 MPa) than that of PLLA/Bmattacin2 fibers (2.7 ± 0.3 

MPa). It is known that appropriate tensile modulus of human skin grafts range 

from 15 MPa to 150 MPa (Ma et al., 2007). The two kinds of scaffold prepared 

in this study, PLLA membrane and PLLA/Bmattacin2 membrane, had tensile 

modulus of 123.8 ± 21.0 MPa and 45.7 ± 13.2 MPa respectively, both of which 

are appropriate for application in human skin TERM. 

Since the Bmattacin2 obtained in this study is a bioactive and biodegradable 

material, the progress of Bmattacin2’s degradation in electrospun scaffold must 

be investigated in addition to the release property (Figure 6.12). This 

investigation verified that the degradation of Bmattacin2 was accelerated after 

being loaded on the membrane, which might be due to the treatment with organic 

solution during the electrospinning. The released Bmattcin2 could only last for 

just under 48 hours in PBS at 37°C. However, after that, Bmattacin2 was kept at 

a low concentration (5 μg/ml) which might have two reasons. The first is the 

direct release of some Bmattacin2 coated on the PLLA fibers. The other one is 
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that the degradation of PLLA/Bmattacin2 composite fibers releases some coated 

Bmattacin2. Generally, these investigations of release and degradation provided a 

reference for the further characterization of electrospun PLLA/Bmattacin2 

membrane’s properties.  

 

 

Figure 6.12 Release and degradation of Bmattacin2 in electrospun membrane 

 

6.6 Conclusions 

In this chapter, the sixth and seventh objectives of this study were covered. In the 

preparation for scaffold making, the influence of organic solutions on Bmattacin2 

was investigated. The results indicated that the organic solutions might have an 

acceleration effect on Bmattacin2’s degradation. And also, they had a negative 

influence on Bmattacin2’s function to some degree. Bmattacin2 treated with 
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acetone almost lost its inhibitive activity towards E.coli although it retained some 

of it in relation to S.aureus. The other two, ethanol and chloroform, made the 

antimicrobial activity of Bmattacin2 decrease by 4%-7%. Although undergoing a 

slight decrease, Bmattacin2 had an approximate activity of 20%-30% for E.coli 

and S.aureus which indicated that Bmattacin2 is capable of making scaffolds 

through electrospinning. Thus, enough recombinant Bmattacin2 was prepared 

and then was used to fabricate membrane together with PLLA. The electrospun 

PLLA/Bmattacin2 membrane contained a 2% concentration of Bmattacin2 and 

had a wide range of diameters from 170 nm to 2180 nm. The measurement 

indicated that the average diameter of PLLA/Bmattacin2 fibers was 980 nm ± 

405 nm which was a little higher than that of PLLA fibers of 824 ±126 nm. With 

this bigger diameter, PLLA/Bmattacin2 had a smaller tensile strength of around 

2.7 ± 0.3 MPa. However, the tensile modulus of PLLA/Bmattacin2 was 45.7 ± 

13.2 MPa and the tensile strain increased to 24.2 ± 3.9% which indicated this 

electrospun PLLA/Bmattacin2 membrane was fit for use as a scaffold in human 

skin TERM. Further, as a preparation for characterization of electrospun 

PLLA/Bmattacin2 membrane’s properties, the investigation of the release 

property and degradation of Bmattacin2 in membrane revealed that most of the 

Bmattacin2 rapidly dissolved when the membrane was immersed and the 

degradation of Bmattacin2 became faster so it could only last for just under 48 

hours.  
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CHAPTER 7 BIOLOGICAL FUNCTION OF 

NANOFIBROUS MEMBRANES 

 

7.1 Introduction 

This chapter aims to achieve the eighth objective of studying cell adhesion and 

proliferation, antibacterial function, and cytotoxicity of electrospun scaffolds. In 

Chapter 6, enough pure Bmattacin2 was prepared and was then used to make the 

nanomembrane together with PLLA by electrospinning. The final constitution of 

Bmattacin2 in nanomembrane was 2%. PLLA/Bmattacin2 fibers had diameters 

ranging from 170 nm to 2180 nm and their tensile strength was 2.7 ± 0.3 MPa. 

The further investigation of the release property and degradation of Bmattacin2 

in electrospun membrane revealed that most Bmattacin2 rapidly dissolved when 

the membrane was immersed and then could only last for just under 48 hours in 

PBS. Based on these investigations, the antimicrobial activity of 

PLLA/Bmattacin2 membranes was investigated by AATCC100. Cell adhesion 

and proliferation on PLLA/Bmattacin2 membranes were determined. And also, 

the anticancer cell effect of these electrospun nanomembranes was studied.  

 

7.2 Materials  

7.2.1 Strains  

 Bacterial strains 

E.coli ATCC 25922 
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S.aureus ATCC 25923 

 Cell lines  

HFF1 (Human foreskin fibroblast) 

HCT 116  

 

7.2.2 Reagents and buffers  

General chemicals were obtained from Invitrogen, Takara, Novagen, Sigma, and 

GE Company. 

 LB broth: 1% tryptone, 0.5% yeast extract, and 1% NaCl. 

 LB agar: 1% tryptone, 0.5% yeast extract, 1% NaCl, and 1.5% agar.  

 PBS buffer: 0.01 M Na2HPO4, 0.01M NaH2PO4, 0.15 M NaCl, PH 8.0. 

 Saline (0.85%): 0.85 g NaCl in 100 ml of ddH2O. 

 

7.3 Methods 

7.3.1 Antimicrobial activity of PLLA/Bmattacin2 membranes 

 AATCC 100 method 

AATCC100 was used to determine the activity of electrospun PLLA/Bmattacin2 

membrane. The electrospun PLLA/attacin2 membrane (2% of Bmattacin2) and 

PLLA membrane (negative control) were cut into pieces measuring 2.5 cm
2
. 

After UV sterilization, two pieces were placed into each well of a 6-well tissue 

culture plate. A single colony of each bacteria strain (E.coli and S.aureus) was 

inoculated in 5 ml of LB at 37°C overnight; then 50 μl of culture was added to 5 

ml of LB for 3-4 hours’ incubation until the OD600 value reached 0.4, and then 

the bacterial concentration was diluted to 1×10
5
-2×10

5
 CFU/ml. 500 μl of 
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bacterial culture was added to each well and then the plate was incubated at 37°C 

for 4 hours. After incubation, the culture in each well was neutralized with 4 ml 

of iced saline (0.85%). 50 μl of mixture of each well was spread on a LB agar 

plate and incubated at 37°C overnight. The colonies on each agar plate were 

counted and the antimicrobial effect of each sample was calculated by the 

following formula: 

 

 

 

Each kind of sample underwent another two repetitions. The collected data 

was analyzed by OrginPro 8 (OriginLab Corporation). The values are reported as 

the mean ± SD for all of the results. 

 

 Live/dead bacterial staining on PLLA/Bmattacin2 membranes  

The electrospun PLLA/Bmattacin2 nanomembrane (2% of Bmattacin2) and 

PLLA membrane (negative control) coated on glass disks (1 cm
2
) were prepared. 

After UV sterilization, glass disks with membrane were placed into the wells of a 

24-well tissue culture plate. A single colony of each bacteria strain (E.coli and 

S.aureus) was inoculated in 5 ml of LB at 37°C overnight. Following this, 50 μl 

of culture was added to 5 ml of LB for 3-4 hours’ incubation until the OD600 

value reached 0.4 and then bacterial concentration was diluted to 1.5×10
8 

CFU/ml according to the Mcfarland standard 0.5. 100 μl of bacterial culture was 

added to the center of each glass disk and then the culture plate was cultured at 

37°C for 4 hours. The bacteria on membrane were stained by SYTO 9 and 

propidium iodide and then were observed by the fluorescent microscope Eclipse 

Viable count of PLLA - Viable count of PLLA/attacin2  

Viable count of PLLA 
× 100% 
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80i (Nikon Company).  

 

 Bacterial morphology on PLLA/Bmattacin2 membranes 

The morphology of bacteria on membranes was observed by SEM.  

 

7.3.2 Cell adhesion and proliferation on PLLA/Bmattacin2 membranes 

 Cell culture 

HFF1 cells were cultured and prepared based on the method described in Chapter 

4 Section 4.3.2.2. 

 

 MTS assay 

Electrospun PLLA/Bmattacin2 membrane and PLLA membrane coated on glass 

disks (1 cm
2
) were prepared. After UV sterilization, the glass disks with 

membrane were placed into the wells of a 24-well tissue culture plate. HFF1 cells 

were seeded on glass disks with membrane for 1 day, 3 days, and 7 days. After 

incubation, medium was removed and the cells were washed with PBS. 100 μl of 

fresh medium without serum was added to each well. 20 μl of prepared solution 

for MTS solution was added to each well and then the plate was incubated at 

37 °C for 4 hours. Finally, the absorbance at 490 nm was recorded by the 

micro-plate reader (TECAN infinite F200). The collected data were analyzed by 

OrginPro 8 (OriginLab Corporation). 

 

 Morphology of HFF1 cells on PLLA/Bmattacin2 membranes 

The morphology of HFF1 cells on membranes at each time point was observed 

by SEM (LEICA, Stereoscan 440). 
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 Live/dead cell staining     

Cell permeable esterase-substrate fluorescein diacetate (FDA) together with cell 

nucleic acid stain propidium iodide (PI) were used to assess the viability of cells 

grown on the scaffolds. HFF1 cells were seeded on PLLA and PLLA/Bmattacin2 

membrane in a 24-well plate at the concentration of 6×10
4 

cells/cm
2
 and then 

were incubated at 37°C for 4 hours to allow cell attachment. 1 ml of growth 

medium was added to each well and then incubated for 1 day, 3 days, and 7 days. 

Then each membrane with HFF1 cells was washed by PBS three times and then 

the cells were stained by rinsing in 1 μg/ml FDA and 1 μg/ml PI for 5 minutes in 

darkness and at room temperature. The morphology was observed by the 

fluorescent microscope Eclipse 80i (Nikon, Japan). 

 

 Intracellular observation 

HFF1 cells were seeded on glass disks with membrane for 1 day, 3 days, and 7 

days. After incubation, cells were gently washed with PBS, and then were fixed 

with 4% paraformaldehyde in phosphate buffered saline at room temperature for 

15 minutes. After that, cells were permeabilized with 0.1% Triton X-100 in 

phosphate buffered saline for 5 minutes at room temperature. Then cells were 

incubated with 1 μg/ml TRICE-phalloidin in darkness for 30 minutes, and the 

nuclei of cells were additionally counterstained with 1 μg/ml DAPI in phosphate 

buffered saline. After treatment, the cells were visualized using the fluorescent 

microscope Eclipse 80i (Nikon Company). 

 

7.3.3 Anticancer cell activity of PLLA/Bmattacin2 membranes 

 Cell culture 
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HCT116 cells were cultured and prepared based on the method described in 

Chapter 4 Section 4.3.3.2. 

 

 MTS assay 

Electrospun PLLA/Bmattacin2 membrane and PLLA membrane coated on glass 

disks (1 cm
2
) were prepared. After UV sterilization, the glass disks with 

membrane were placed into the wells of a 24-well tissue culture plate. The 

cultured HFF1 cells were seeded on glass disks with membrane and then cultured 

at 37 °C for 24 hours. After incubation, medium was removed and the cells were 

washed with PBS. 100 μl of fresh medium without serum was added to each well. 

20 μl of prepared solution for MTS solution was added to each well and then the 

plate was incubated at 37 °C for 4 hours. Finally, the absorbance at 490 nm was 

recorded by the micro-plate reader (TECAN infinite F200). The collected data 

was analyzed by OrginPro 8 (OriginLab Corporation). 

 

7.4 Results 

7.4.1 Antimicrobial activity of PLLA/Bmattacin2 membranes 

 AATCC 100 method 

The antimicrobial activity of electrospun PLLA/Bmattacin2 membrane on E.coli 

and S.aureus was determined by AATCC100. The bacteria were cultured together 

with electrospun PLLA/Bmattacin2 membrane. After four hours’ incubation, 50 

μl of diluted culture of each sample was spread on a LB agar plate and incubated 

at 37°C overnight. The colonies on each agar plate were counted and the 

antimicrobial effect of each sample was calculated by the following formula: 
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The analysis indicated PLLA/Bmattacin2 membrane had 26.2% inhibition of 

E.coli while it had 32.3% inhibitive activity for S.aureus (Table 7.1), which was 

similar to that of chloroform treated Bmattacin2. 

 

Table 7.1 Antimicrobial activity of electrospun PLLA/Bmattacin2 membranes on 

E.coli and S.aureus 

                    E.coli                             S.aureus                       

                   PLLA                       PLLA/Bmattacin2                    PLLA PLLA/Bmattacin2              

 CFU               1.84 ± 0.09 ×10
5          

 1.34 ± 0.19 ×10
5              

 2.0 ± 0.24 ×10
5                                  

 1.35 ± 0.08 ×10
5            

 

Antimicrobial 

activity (%)              
             26.2                                     32.3                 

 

 Live/dead bacterial staining on PLLA/Bmattacin2 membranes  

Bacterial staining by SYTO 9 and propidium iodide can distinguish between live 

and dead bacteria. Live bacteria with intact membranes show green fluorescence 

whereas dead bacteria with damaged membranes glow red fluorescence. In this 

study, a certain concentration of E.coli and S.aureus, respectively, was cultured 

on PLLA and PLLA/Bmattacin2 membrane for 4 hours, and then were stained 

with SYTO 9 and propidium iodide. The fluorescent observation showed parts of 

bacteria, both E.coli and S.aureus, were dead on the PLLA/Bmattacin2 

membrane, while the vast majority of bacteria were alive on the PLLA 

Viable count of PLLA - Viable count of PLLA/attacin2  

Viable count of PLLA 
× 100% 
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membrane, which revealed that the electrospun PLLA/Bmattacin2 membrane 

could kill a number of bacteria on its surface (Figure 7.1).  

 

 

 

 

 

 

 

 



176 

 

 

Figure 7.1 Live/dead bacterial staining on PLLA or PLLA/Bmattacin2 

membranes after incubation. Live (A) or dead (B) E.coli on PLLA membrane; 

Live (C) or dead (D) E.coli on PLLA/Bmattacin2 membrane; Live (E) and dead 

(F) S.aureus on PLLA membrane; Live (G) and dead (H) S.aureus on 

PLLA/Bmattacin2 membrane. 
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 Bacterial morphology on PLLA/Bmattacin2 membranes 

To observe the morphology of bacteria on the surface of electrospun 

PLLA/Bmattacin2 membrane after incubation, SEM was performed. Both kinds 

of bacteria showed they possessed normal morphology on the surface of the 

PLLA nanomembrane (Figure 7.2 A and B). However, on the surface of the 

PLLA/Bmattacin2 membrane (Figure 7.2 C and D), the surface of these two 

kinds of bacteria were destroyed, which might result in the final death of these 

bacteria. This confirmed that electrospun PLLA/Bmattacin2 membrane has 

obvious activity against both these kinds of bacteria, E.coli and S.aureus. 
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Figure 7.2 SEM images of the antimicrobial effect on the surface of electrospun 

PLLA/Bmattacin2 membranes. A. E.coli on PLLA for 4 hours; B. E.coli on 

PLLA/Bmattacin2 for 4 hours; C. S.aureus on PLLA for 4 hours; D. S.aureus on 

PLLA/Bmattacin2 for 4 hours. Arrows indicate the deformed bacteria. 

 

7.4.2 Cell adhesion and proliferation on PLLA/Bmattacin2 membranes 

 MTS assay 

Proliferation of HFF1 cells gradually increased both on PLLA and 

PLLA/Bmattacin2 matrices which showed these kinds of matrices have favorable 

cell compatibility. In particular, at day 1 and day 3, there was no disparity of 

proliferation rate between these two membranes. However, at day 7, the 

PLLA/Bmattacin2 membrane had a slightly higher cell viability, which indicated 

that the PLLA membrane with loaded Bmattacin2 can accelerate the growth of 

 

A 

C 

B 

D 
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HFF1 cells (Figure 7.3). 

Figure 7.3 Proliferation of HFF1 cells on PLLA and PLLA/Bmattacin2 

membranes (p<0.05, each experiment was repeated at least three times.). 

 

 Morphology of HFF1 cells on PLLA/Bmattacin2 membranes 

Further, SEM was used to observe the morphology of cultured HFF1 cells on 

PLLA and PLLA/Bmattacin2 membranes. On day 1, the observation showed that 

HFF1 cells were tightly attached to both kinds of matrices (Figure 7.4 A and B). 

After two more days’ cultivation, HFF1 cells were spread on the surface of these 

nanofibrous matrices and readily coated on them (Figure 7.4 C and D). On day 7, 

with their growth and proliferation, HFF1 cells almost covered the whole of 

these matrices (Figure 7.4 E and F). This implied a good compatibility of both 

the PLLA and PLLA/Bmattacin2 nanomembranes. 
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Figure 7.4 Morphology of HFF1 cells attached to PLLA and PLLA/Bmattacin2 

membranes. Cells cultured on PLLA surface for 1 day (A), 3 days (C), and 7 

days (E); cells cultured on PLLA/Bmattacin2 surface for 1 day (B), 3 days (D), 

and 7 days (F). 

 

 Live/dead cell staining 

Fluorescent staining by a mixture of FDA and PI can distinguish between live and 

dead cells based on their luminescence. The live cells show green fluorescence whereas 

the dead cells glow red. The staining, at day 1, indicated most HFF1 cells attached to 

    

A    B    

C  D    

E    F    



181 

 

both PLLA (Figure 7.5 A) and PLLA/Bmattacin2 (Figure 7.5 B) membranes although 

very few dead cells were detected. At day 3, the attached HFF1 cells were alive and 

proliferated along the nanofibrous PLLA (Figure 7.5 C) and PLLA/Bmattacin2 (Figure 

7.5 D) fibers. At day 7, live HFF1cells spread all over the two kinds of matrices and 

hardly any dead cells were found (Figure 7.5 E and F). 
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Figure 7.5 Fluorescent staining of HFF1 cells cultured on the surface of PLLA 

and PLLA/Bmattacin2 membranes by FDA/PI. Cell culture on the surface of 

PLLA membrane for 1 day (A), 3 days (C), and 7 days (E); cell attachment on 

surface of PLLA/Bmattacin2 membrane for 1 day (B), 3 days (D), and 7 days (F). 

Scale bar = 100 μm. 
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 Intracellular observation 

To observe the intracellular morphology of cell growth, the cultured HFF1 cells 

on PLLA and PLLA/Bmattacin2 mats for 1 day, 3 days, and 7 days were stained 

with DAPI and TRICE labeled phalloidin. The DAPI stained nucleus of HFF1 

cells reflected with blue while the TRICE stained cytoskeleton showed red. The 

fluorescent microscopy images showed that the HFF1 cells adhered to both the 

PLLA and PLLA/Bmattacin2 mats and then spread on mats. After several days’ 

cultivation, the HFF1 cells had a fine proliferation rate on both kinds of mats 

(Figure 7.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



184 

 

 

Figure 7.6 Fluorescent staining of HFF1 cells cultured on the surface of PLLA or 

PLLA/Bmattacin2 membranes by DAPI/FITC. Cell culture on the surface of 

PLLA matrix for 1 day (A), 3 days (C), and 7 days (E); cell attachment on the 

surface of PLLA/Bmattacin2 matrix for 1 day (B), 3 days (D), and 7 days (F). 

Scale bar = 100 μm. 
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7.4.3 Anticancer cell activity of PLLA/Bmattacin2 membranes 

 MTS assay 

It is interesting that recombinant Bmattacin2’s anticancer cell activity was shown 

in Chapter 5. 120 μg/ml Bmattacin2 could kill more than 90% of HCT116 in 24 

hours while it did not influence the growth of normal cells. With loaded 

Bmattacin2, PLLA/Bmattacin2 membrane displayed its anticancer cell activity, 

killing more than 10% of HCT116 cells after 24 hours’ culturing together (Figure 

7.7) 

 

Figure 7.7 Cell viability assay of HCT116 cultured on PLLA and 

PLLA/Bmattacin2 membranes for 24 hours(
＊

p<0.05, OD value is significant 

different compared with PLLA, each experiment was repeated at least three 

times.). 
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7.5 Discussion 

As a first barrier to the human body, skin has to confront various dangers caused 

by microorganisms, toxic agents, ultraviolet radiation and mechanical insults. 

Consequently, wounding and injury to the skin are unavoidable. Wound infection 

due to bacteria impedes wound healing and increases the risks for the patient, 

which can ultimately even cause death (Robson, 1997). To improve wound 

healing in skin TERM, some nanoparticles and microparticles such as silver can 

be added to nanofibers for the purpose of increasing the antimicrobial activity of 

scaffolds; however, the cytotoxicity to cells is raised at the same time 

(Mohiti-Asli et al., 2014).  

Bmattacin2, expressed in this study, was verified to have selective toxicity 

to cancer cells, and this also indicated its good compatibility with normal cells 

(data not shown). Further, Bmattacin2 was used to prepare membrane together 

with PLLA, and this membrane exhibited the same compatibility compared with 

that of PLLA (Figure 7.8). Most importantly, PLLA/Bmattacin2 membrane could 

act against both Gram-positive and Gram-negative bacteria, E.coli and S.aureus, 

which is very helpful for wound healing in skin TERM (Figure 7.8). There is one 

more potential application of electrospun PLLA/Bmattacin2 in that it can be used 

for cancer therapy based on its significant anticancer effect on cancer cells 

(Figure 7.8). However, future study should focus on improving this effect of 

fibrous PLLA/Bmattacin2, since only approximately 10% activity remains after 

electrospinning. An alternative method to electrospinning for the preparation of 

membrane must be found further. There has been an interesting finding that 

PLLA loaded Bmattacin2 together with anticancer drug 5-FU greatly increase the 

effect of anticancer cell activity compared with that of PLLA loaded with each 
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one of them only (Figure 7.9) (LIU, 2014). This is possibly related to the 

mechanism of Bmattacin2 on cancer cells that with the positive charge at pH 7.0, 

Bmattacin2 can contribute to form channels on the membrane of cancer cells. On 

the one side, these channels could cause the death of cancer cells directly because 

of the loss of cell components. On the other side, these channels provide a way 

for drugs to be delivered into the cells and make the drugs more efficient. In the 

future, the detailed mechanism must be a study. 

 

 

Figure 7.8 Preparation of PLLA/Bmattacin2 membranes for TERM 
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Figure 7.9 Cell viability of HCT116 after seeding on fabricated nanofibrous 

membranes (PLLA, PLLA/5-FU, and PLLA/5-FU/ Bmattacin2) for 4 hours, 1 

day, 3 days, and 5 days. Data is presented as the mean with standard deviation 

from triplicate determinations, *p<0.05 (LIU, 2014). 

 

7.6 Conclusions 

This chapter reported the achievement of the eighth objective of this study. 

Nanofibrous PLLA/Bmattacin2 membrane was prepared by electrospinning. The 

investigation by AATCC 100 indicated electrospun PLLA/Bmattacin2 membrane 

significantly inhibited the growth of both kinds of bacteria, E.coli and S.aureus. 

The effect on E.coli was 26.2% while on S.aureus it was 32.3%. The fluorescent 

observation of bacteria showed parts of bacteria, both E.coli and S.aureus, were 

dead on the surface of PLLA/Bmattacin2 membrane, whereas hardly any dead 

bacteria were observed on that of PLLA membrane. Further, the morphology 

observed by SEM indicated the abnormal surface of both kinds of bacteria on the 
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surface of PLLA/Bmattacin2 membrane which probably caused the final death of 

the bacteria.  

The investigation of cell adhesion and proliferation showed both fibrous 

PLLA membrane and PLLA/Bmattacin2 membrane could promote cell 

attachment and growth. The observation of cell morphology on the surface of 

these membranes indicated that on day 1, HFF1 cells attached to the surface. 

After two more days’ cultivation, HFF1 cells were spread on the surface of both 

matrices. On day 7, with the growth and proliferation, HFF1 cells covered almost 

all of these matrices. All of these results verified the good compatibility of both 

fibrous PLLA and PLLA/Bmattacin2 membrane. 

   It is worth noting that 120 μg/ml pure recombinant Bmattacin2 could kill 

HCT116 cells at a rate of more than 90%. However, the electrospun PLLA with 

loaded Bmattacin2 had less effect although it could significantly kill around 10% 

of cancer cells HCT116.  

In conclusion, the electrospun PLLA/Bmattacin2 membrane had good 

compatibility which could improve the attachment and proliferation of human 

skin cell HFF1. It also exhibited the expected antimicrobial effect on the bacteria, 

E.coli and S.aureus, which would be helpful to avoid infection so as to accelerate 

skin wound healing. In addition, significant anticancer cell activity of this 

electrospun membrane was observed. With these characteristics, 

PLLA/Bmattacin2 matrix has a great potential for application in skin 

reconstruction, wound treatment, and healing of TERM. 
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CHAPTER 8 CONCLUSIONS AND FUTURE WORK 

 

8.1 Conclusions 

In this study, in order to develop the novel bioactive functional materials that can 

be used as artificial skin, reconstructed tissue, and wound dressing for TERM, 

research by integration of protein engineering techniques with fiber engineering 

technology was carried out. 

On the basis of a comprehensive literature reviews, four generated 

knowledge gaps were generated. To fill these research gaps, six objectives for 

this study were identified. The elaborated methodologies were performed to 

accomplish these objectives and the detailed conclusions are as follows (Figure 

8.1):  
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Figure 8.1 Framework of this thesis 

 

1) Identify functional genes from silkworm; 

On the basis of the silkworm database and corresponding reference, it was found 

that silkworm AMP genes were attractive owing to the antimicrobial activity of 

their translated proteins. In total, 41 silkworm AMP genes were identified, and 

seven of them were selected in this study. Based on the silkworm database and 

NCBI database, their sequences (attacin2, cecropinB1, defensinA, enbocin1, 

lebocin3, moricinA1, and gloverinB) were downloaded and analyzed. 

 

2) Isolate the targeting genes from silkworm; 

Since three different expression systems have different vectors for expression, 

the primers of the different AMP genes for these three expression systems were 

designed. For the yeast expression system, six identified genes, including 

attacin2, cecropinB1, defensinA, enbocin1, moricinA1, and gloverinB, were 
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cloned except lebocin3. Each of them had two specific restriction enzyme sites 

which facilitate to construction of the expression vectors. For the prokaryotic 

expression system, pET28a(+) was chosen as an expression vector. Three genes 

(attacin2, cecropinB1, and gloverinB) with the relative restriction enzyme sites 

were cloned. The same three genes were also selected for insect cell expression. 

Since the purchased vector had a unique protocol for introducing the target genes, 

the cloning of these three genes was based on the manual. All the cloned genes 

were verified by sequencing to ensure all the nucleotide bases coincided with 

those of the downloaded gene sequences (Figure 8.1 A to B).  

 

3) Express the genes in E.coli, P.pastoris, or insect cells to produce functional 

proteins; 

For yeast expression, pPICZα-A developed by Invitrogen was used as the 

expression vector. Three of six genes, including attacin2, cecropinB1, and 

enbocin1, were inserted into the vector pPICZα-A respectively. Then, all three 

constructed vectors were separately transformed into the yeast cell line X-33. 

However, no recombinant protein was detected. For insect cell expression, three 

genes, including cecropinB1, attacin2, and gloverinB, were directly inserted into 

the vector pIEx/Bac-1 Ek/LIC after PCR amplification. The prepared 

recombinant plasmids were used to transfect the insect cell line Sf9. The analysis 

of harvested cells indicated no expressed protein was checked even by repetition. 

For prokaryotic expression, the expression vector pET-28a(+) from Novagen was 

chosen. Attacin2 and cecropinB1 were subcloned into the vector pET-28a(+) 

separately through double-enzyme digestion and ligation. Following this, they 

were transformed into the expression host BL21. After expression of induction 
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by IPTG, recombinant attacin2 was detected by SDS-PAGE, and further 

confirmed by Western blot (Figure 8.1 B to C). The investigation of solubility 

showed the recombinant attcin2 was expressed as the inclusion body. After 

purification, the pure attacin2 was characterized by MALDI-TOF-TOF, which 

showed the recombinant attcin2 was identical to the predicted attacin2 (Figure 

8.1 C).  

 

4) Characterize the properties of recombinant proteins; 

The sequence, structure, and properties of Bmattacin2 were characterized. In 

terms of sequence, Bmattacin2 is a glycine-rich AMP and the domains with these 

glycine residues are weakly conserved in the attacin family. Bmatacin2 is a 

soluble protein with positive charges at a pH of 7.0, it has a high ratio of α-helix 

(25%) in its second structure, and these characteristics may be related to its 

antimicrobial activity. Radial diffusion assay showed recombinant Bmatacin2’s 

obvious inhibition of S.maicesceis (Figure 8.1 D) and the further investigations 

revealed that the MIC of Bmattcin2 on B. bombysepticus and E.coli(ATCC 

25922) was about 60 ug/ml, while this was even lower for S.maicesceis and 

S.aureus, of just around 20 μg/ml. In addition, Bmattacin2 exhibited selective 

cancer cell killing activity. A high concentration of Bmattacin2 has a 

comparatively high level of lethality to HCT 116, as much as 90% of cancer cells 

were killed when Bmattacin2’s concentration reached 120 μg/mL while no 

normal cells were influenced (Figure 8.1 E). The recombinant proteins have a 

problem of degradation. For Bmattacin2, the majority of Bmattacin2 was 

degraded on the third day when it was kept at 37°C since only a weak band could 

be examined by SDS-PAGE.  
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5) Optimize the process to obtain maximum recombinant protein expression; 

Three methods were applied for optimization of Bmattacin2’s expression (Figure 

8.1 C to G). The traditional method, ‘One factor at a time’ method, indicated the 

best conditions for Bmattacin2’s expression by starting induction at an OD600 

value of 1.0 with 0.2 mM IPTG with an time of induction of 2 hours. Based on 

these optimized conditions, the expressed Bmattacin2 could reach around 35% of 

total proteins, and the purified recombinant Bmattacin2 was approximately 2.4 

mg/L. However, DoE optimization indicated the maximum expression was 

achieved by inducing expression at an OD600 value of 0.2 by 0.2Mm IPTG for 1 

hour, and this optimization made the Bmattacin2’s expression percentage reach 

up to 42.7% which is a relatively high expression level and the related maximum 

production of pure Bmattacin2 was about 3.0 mg/L. The final yields show DoE 

provides comparatively better conditions for Bmattacin2’s expression. Besides, a 

stable strain with a higher expression level was obtained by double-colony 

selection in this study.  

 

6) Electrospin fibrous scaffolds by using prepared functional silkworm AMPs 

together with PLLA; 

Although organic solutions merely had an influence on Bmattacin2’s degradation, 

they had a negative effect on Bmattacin2’s function to some degree. However, 

Bmattacin2 was capable of making fibers together with synthetic polymer such 

as PLLA by electrospinning. Enough recombinant Bmattacin2 was prepared and 

was then used to fabricate membrane together with PLLA. The final 

concentration of Bmattacin2 in electrospun PLLA/Bmattacin2 was 2% (Figure 

8.1 F and G to H).  
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7) Investigate the morphology and physical properties of the new scaffolds; 

With a 2% concentration of Bmattacin2, the electrospun PLLA/Bmattacin2 had a 

wide range of diameters from 170 nm to 2180 nm. The average diameter of 

PLLA/Bmattacin2 membrane was 980 nm ± 405 nm which was a little higher 

than that of PLLA fibers, 824 ±126 nm. With this bigger diameter, 

PLLA/Bmattacin2 had a smaller tensile strength which was around 2.7 ± 0.3 

MPa. However, the tensile modulus of PLLA/Bmattacin2 was 45.7 ± 13.2 MPa 

and the tensile strain increased to 24.2 ± 3.9% which indicated this electrospun 

PLLA/Bmattacin2 membrane was fit for use as a scaffold in human skin TERM 

(Figure 8.1 H). 

 

8) Study cell adhesion and proliferation, antibacterial function and cytotoxicity 

of electrospun scaffolds.  

The investigation indicated electrospun PLLA/Bmattacin2 membrane 

significantly inhibited the growth of both kinds of bacteria, E.coli and S.aureus 

(Figure 8.1 I). Further live/dead bacteria staining and SEM confirmed these 

results. The study of cell adhesion and proliferation showed PLLA/Bmattacin2 

membrane had a similar compatibility to HFF1 cells compared with that of PLLA 

membrane (Figure 8.1 J). In addition, the electrospun PLLA with loaded 

Bmattacin2 had a significant anticancer effect which could kill around 10% of 

HCT116 cancer cells (Figure 8.1 K). 

In conclusion, silkworm AMP genes were identified, and then one of them, 

Bmattacin2, was expressed in E.coli. The recombinant Bmattacin2 could fight 

against Gram-positive and Gram-negative bacteria and could even kill cancer 

cells. Further, DoE was carried out for optimization of Bmattacin2’s expression. 
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Plenty of Bmattcin2 was prepared for membrane fabrication together with PLLA 

by electrospinning. The electrospun PLLA/Bmattacin2 membrane had good 

compatibility which could improve the attachment and proliferation of human 

skin cell HFF1. It also exhibited the expected antimicrobial effect on the bacteria, 

E.coli and S.aureus, which would be helpful in avoiding infection thereby 

accelerating skin wound healing. In addition, significant anticancer cell activity 

of this electrospun membrane was observed. With these characteristics, 

PLLA/Bmattacin2 nanomembrane has a great potential for application in TERM 

for skin reconstruction, wound dressing, and healing. 

 

8.2 Future work 

In this study, integrated research through protein engineering techniques and 

fiber engineering technology was conducted to develop novel bioactive 

functional nanomembrane that can be used as artificial skin, reconstructed tissue, 

and wound dressing for TERM. However, limitations existed in this study which 

should be improved in future work. 

Firstly, seven representative genes in each silkworm AMP gene family were 

identified and then attempted be expressed in three kinds of systems; however, 

only one gene, Bmattacin2, was expressed in E.coli. Further study should attempt 

to express these identified genes in the three expression systems, especially in 

yeast since this system possesses the merit of high yields.  

Secondly, although the optimization of expression could increase 

Bmattacin2’s production to 3.0 mg/L, and 5.0 mg of pure recombinant 

Bmattacin2 could be prepared in each experiment, this was too low to support 
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more experiments, especially animal experiments. It is necessary to express 

Bmattacin2 on a large scale which may involve using large equipment, such as a 

fermenter. 

Thirdly, in the preparation of membrane, the organic solution used in 

electrospinning had a negative influence on the activity of Bmattacin2 and it 

made its anticancer effect fall down sharply. Some better ways for membrane 

preparation must be adopted in future studies to maintain the activity of 

Bmattacin2.  

Fourthly, the anticancer effect of Bmattacin2 and its selectivity to cancer 

cells were verified in this study in cell model. This activity has significant 

application in cancer therapy. In future work, recombinant Bmattacin2 must be 

tested in animal experiments to confirm its inhibitive activity against tumors. 

Meanwhile, the antitumor effect of Bmattacin2 loaded PLLA membrane should 

also be investigated in animal model in future studies. 
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