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ABSTRACT 

Chemotherapy is the most commonly used method in cancer therapy today, which 

always uses one or more chemotherapeutic drugs to prolong life or to reduce 

symptoms. Current chemotherapy drugs exhibit substantial adverse side-effects on 

normal tissues and organs of the human body if administered orally or by other 

traditional routes. Therefore, the major challenge in chemotherapy is the 

development of a drug delivery system (DDS) to deliver chemotherapeutic drugs 

safely and efficiently. Nanostructured DDS is a promising candidate in future therapy 

due to its high surface to volume ratio and better intracellular uptake efficiency. 

Current nanostructured DDSs are mainly dispensed orally; thus some of the existing 

problems can still not be addressed adequately, such as lack of tissue specificity as 

well as the complexity and expense of systems. Here, we supply an implantable, 

degradable, and controllable nanofibrous DDS, which not only can protect and 

deliver chemotherapeutic drugs to the specific site, but also can achieve controllable 

drug release accordingly, therefore minimizing the side-effect on normal cells. The 

purpose of this project was to develop novel nanostructured DDSs in supercritical 

CO2 for cancer therapy. 

First, the natural compound curcumin (CM) was used as the drug model in this 

project due to its multi-functional bioactivities and low toxicity. In order to enhance 

the water solubility of CM, CM nanoparticles (NPs) with a spherical shape and mean 

particle size of ~325 nm were successfully prepared via solution-enhanced dispersion 
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by supercritical CO2 (SEDS) for the first time. The influence of process parameters 

on particle size was systematically investigated and the mechanism of CM NPs 

formation was also studied. The results indicate that both precipitation temperature 

and flow rate of the solution have a positive effect on particle size, while 

precipitation pressure shows a negative effect. The mechanism of NP formation was 

elucidated with the formation and growth of CM nuclei in the gaseous miscible phase 

evolved from initial droplets generated by the liquid-liquid phase split. Moreover, the 

water solubility and dissolution rate of CM NPs were higher than that of original CM 

powder. To characterize CM NPs and explore their application in biomedical fields, 

anti-bacterial, anti-oxidant, anti-cancer effect and cytotoxicity activities were 

evaluated. The results show that CM NPs exhibit a time-dependent intracellular 

uptake activity. CM NPs exhibit an improved inhibitory effect against 

Staphylococcus aureus and effective anti-oxidant activity. Meanwhile, CM NPs 

possess an enhanced anti-cancer effect due to the cell cycle arrest in the G2/M phase, 

accompanied by inducing apoptotic cells. Importantly, the cytotoxicity of CM NPs is 

obviously reduced. However, the water solubility and cell uptake efficiency of CM 

NPs is still limited. 

Secondly, to further increase the water solubility and cell uptake efficiency, CM 

was incorporated into silk fibroin (SF) carriers to generate CM-SF NPs via SEDS. 

The obtained CM-SF NPs (20 MPa pressure, 1:2 curcumin: silk fibroin ratio, 1% 

final concentration) showed irregular spherical shapes with a controllable particle 
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size <100 nm and a narrow size distribution as well as high drug loading and 

encapsulation efficiencies. Meanwhile, the solubility of the CM was greatly 

increased, and CM was kept being released for 196 h. Moreover, the pressure during 

SEDS was such that it could induce the change in the secondary structure of the SF 

from α-helix to β-sheet. Thus, more β-sheet content in the SF caused a slower 

degradation rate and slow drug release. To explore the potential of CM-SF NPs in 

cancer therapy, in vitro intracellular uptake efficiency, anti-cancer effect, and 

cytotoxicity activities were evaluated. Higher water solubility and better 

time-dependent cellular uptake of CM-SF NPs was a strong indication of increased 

anti-cancer ability. MTS results show that the resulting CM-SF NPs possess 

enhanced dose- and time-dependent anti-cancer effects, which can be explained by 

the cell cycle arrest in the G2/M phase in association with inducing apoptotic cells. 

Importantly, CM-SF NPs exhibit low cytotoxicity on normal cell NCM460 but high 

toxic effect on cancer cell HCT116 at smart concentration (~10 μg/mL). 

Finally, in order to achieve topical treatment of cancers with improved 

therapeutic efficiency and reduced side-effects, an implantable CM-SF nanofibrous 

matrix with controllable fibre diameter (<100 nm) was prepared via SEDS (20 MPa 

pressure, 8 mL/min flow rate, 35°C). Flow rate and concentration of the solution 

determined the formation of a nanofibrous structure. The drug release rate of CM-SF 

nanofibrous matrices can be modulated via ethanol vapor treatment (25-37oC, 6-12 

h). Afterwards, the treated CM-SF nanofibrous matrices were used to evaluate the 
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anti-cancer effect. The results show that treated CM-SF nanofibrous matrices have 

better intracellular uptake ability, which results in higher anti-cancer efficiency. The 

mechanism of inhibition on the growth of colon cancer cells can be explained by cell 

cycle arrest in the S phase in association with inducing apoptotic cells. Moreover, in 

vivo tumor inhibition results indicate that CM-SF nanofibrous matrices after ethanol 

vapor treatment also exhibit better tumor inhibition effect than other groups, which 

can be explained by the sustained drug release to the specific site. Therefore, it is 

concluded that the implantation of CM-SF nanofibrous matrices supplies a novel 

treatment of tumors in the future. 

 In conclusion, these supercritical-based nanostructured DDSs (i.e. CM NPs, 

CM-SF NPs and CM-SF nanofibrous matrices) have great potential in the fields of 

cancer therapy, drug delivery and healthcare. 
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CHAPTER 1 INTRODUCTION 

1.1 Introduction 

This introduction contains a short description of the issues that initiated the PhD 

project and a review of research and literature on drug delivery systems, 

multi-functional drug (curcumin), natural biomaterial (silk fibroin), and supercritical 

fluids technology. This chapter consists of the following parts: the first part gives the 

background of drug delivery systems. The second part presents a literature review on 

recent research progress in drug delivery systems, curcumin, silk-based biomaterials 

and supercritical fluids technology. Then several research gaps are summarized from 

the literature review, which initiate my thesis objectives. Finally, we identify the 

significance and originalities. The main objective of this chapter is to make a 

rationale for developing a nanostructured curcumin-silk fibroin drug delivery system 

for future cancer therapy by understanding previous research in this field. 

 

1.2 Background 

Cancer is the leading cause of death in developed countries and the second most 

life-threatening disease in developing countries. Statistics reveal that in 2012 there 

were 14.1 million new cases of cancer and 8.2 million deaths the world over (Cancer 

Research UK). More than 50% of patients die of various cancers due to lack of 

efficient treatment. Chemotherapy is the most commonly used method today, which 
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always uses one or more chemotherapeutic drugs to prolong life or to reduce 

symptoms. However, current chemotherapeutic drugs have significant side-effects on 

human normal cells and tissues if administered orally or by other traditional routes. 

This toxic effect will result in the most common symptoms: myelosuppression, 

mucositis and alopecia. Therefore, the major challenge in chemotherapy is the 

development of drug delivery systems (DDSs) to deliver chemotherapeutic drugs 

safely and efficiently. Nanostructured DDSs are promising candidates for future 

therapy due to their high surface to volume ratio and better intracellular uptake 

efficiency. Current nanostructured DDSs are mainly dispensed orally; thus some of 

the existing problems still cannot be addressed adequately such as lack of tissue 

specificity as well as complexity and the expense of systems. Here, we supply an 

implantable, degradable and controllable nanofibrous DDS, which not only can 

protect and deliver chemotherapeutic drugs to the specific site, but also can achieve 

controllable drug release accordingly, therefore minimizing the side-effects on 

normal cells. 

In this project, a natural polyphenolic compound curcumin (CM) was used as a 

drug model, which is isolated from the rhizome of Curcuma longa Linn (turmeric). It 

has been observed that CM possesses high cytotoxic activity against most cancer 

cells, antioxidant and anticarcinogenic effects owing to the two phenolic groups. 

Except for the bioactivities mentioned above, CM also has antispasmodic and 

anticoagulant activities. Importantly, CM does not show any side-effects in clinical 
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trials when orally administered with a dose of 8 g/day. Though CM has promising 

multi-functions, the major limitations are poor water solubility, slow dissolution rate, 

rapid intestines metabolite, and low bioavailability in vivo. 

In order to overcome these drawbacks, silk fibroin (SF) was introduced into this 

DDS as a carrier. SF is a protein created by spiders, the larvae of Bombyx mori, and 

other moth genera such as Antheraea, Cricula, Samia and Gonometa, and numerous 

other insects.  Good biocompatibility, FDA-approved (Allergan Medical, Inc.) uses 

in medical devices, complete and controllable in vivo biodegradability, structural 

stability to >170oC, stable at extremes of pH and capable of being autoclaved for 

sterilization makes SF a perfect carrier material for encapsulating insoluble drugs or 

active ingredients. 

The supercritical fluid (SCF) technique was employed to construct this 

implantable, degradable and controllable drug-release nanofibrous DDS. Compared 

with conventional nanotechniques, SCF-based nanonization processes present many 

advantages, including mild operating temperature, less or no solvent residue, 

efficient separation, and is environmentally benign. First, CM NPs, CM-SF NPs and 

CM-SF nanofibrous matrices were formed by the SCF method, and then the 

formation mechanism, physiochemical characters and biological activities (especially 

anti-cancer effect) are studied and evaluated in the following chapters. 

 

http://en.wikipedia.org/wiki/Bombyx_mori
http://en.wikipedia.org/wiki/Antheraea
http://en.wikipedia.org/wiki/Cricula
http://en.wikipedia.org/wiki/Samia_(moth)
http://en.wikipedia.org/wiki/Gonometa
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1.3 Literature Review 

1.3.1 Drug delivery system (DDS) 

Over the past decades, DDSs have drawn great attention from many researchers in 

biomedicine, biomaterials, bioengineering and many other related areas. DDSs can 

provide a platform to deliver drugs, proteins, enzymes, genes or any bioactive 

ingredients to specific locations of the human body to treat diseases, especially 

cancers. These DDSs offer various advantages including increasing the 

bioavailability of loaded drugs, allowing targeting and control of drug release, and 

reducing side-effects on normal cells (Zhang et al., 2013). To date, many different 

forms of DDS have been designed and synthesized, such as hydrogels, micelles, 

dendrimers, liposomes, films, scaffolds, microneedles, nano/micro structured 

matrixes, and so on (Bangham, 1968; Cao et al., 2015; Chen et al., 2009c; 

Ramalingam et al., 2015; Zhang et al., 2015). However, conventional DDSs show 

low drug loading and cell uptake efficiency. Therefore, nanostructured DDSs have 

been developed in recent years. 

 

1.3.2 Nano structured drug delivery system 

Among various nanoformulations, nanoparticles (NPs) are developing as an 

important nano carrier for drug delivery due to the higher surface to volume ratio, 

efficient cell uptake and selected drug accumulations in target sites (Panyam et al., 

2003). It is believed that the particle size has the most important effect on the 
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physicochemical properties of NPs (Fig. 1.1). A previous study reported that the 

cellular uptake of 100 nm NPs was 15-250 times higher than 1 and 10 μm 

microparticles (Desai et al., 1996). Chithrani and Chan (2007) claimed that efficient 

uptake of NPs depends on their particle size. Thus, they showed that 50 nm gold 

particles exhibit the most effective intracellular uptake. Additionally, particle size 

also has an impact on the water solubility of hydrophobic drugs. Chen et al. prepared 

nano sized methotrexate (MTX), which showed enhanced water solubility compared 

to original MTX powder (5.9 μg/ml versus 3.7 μg/ml in 42 h, and 12.6 μg/ml versus 

10.8 μg/ml in 92 h) due to the reduced particle size and crystal state (Chen et al., 

2012b). Currently, nano sized DDSs are usually based on oral or injectable 

administration. However, these have been found to be inappropriate for novel 

therapeutic drugs such as natural compounds, proteins and genes. In order to address 

the requirements of future chemotherapy, implantable drug delivery systems (IDDs) 

are being developed. 
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Fig. 1.1 (A) Enhanced permeability and retention effect of NPs (above), and NPs are 

internalized by cell through: i) clathrin-mediated endocytosis; ii) 

clathrin-independent endocytosis; iii and iv) high drug concentration within cells is 

favored by this transportation. (Lee et al., 2014) 

 

1.3.3 Implantable drug delivery system 

IDDSs originated in the 1960s when silicones were applied to prolong therapeutic 

efficiency, and then this delivery manner was recognized as a potential solution to 

address the issues associated with oral administration of specific therapies. The 

benefits of IDDSs are summarized in Table 1.1. Generally, IDDSs can be divided 
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into non-degradable and degradable systems. Polymeric materials play a key role in 

both non-degradable and degradable IDDSs. In addition to drug delivery, the 

components may have additional functions in structural support and improvement of 

stability or biocompatibility. Parts of the polymers that have been approved for 

IDDSs are listed in Table 1.2. As it can been seen, most non-degradable IDDSs 

utilize synthetic polymers, which may face some problems such as the requirement 

for subsequent surgery to remove the IDDS, cost/benefit ratio and training. 

Table 1.1 Summary of benefits of IDDS. (Kleiner et al., 2014) 

No. Benefits 

1. 
Patient compliance — patient does not need to think about taking medication 

throughout the dosing interval of the IDDS. Less dosing required. 

2. 
Fewer side effects — controlled release and usually much lower dose with 

improved control at site of action for extended periods of time; adverse effects 

away from site of action are minimized; peaks and valleys in plasma drug 

concentration from repeated immediate release dosing are avoided. 

3. 
Lower dose — if action is site specific, drug has to overcome fewer biological 

barriers, such as first pass hepatic effects, before coming to the active receptor. 

4. Drug stability improved — protection of drug being too rapidly metabolized. 

5. 
Suitability over IV administration — hospital stay may not be required for 

chronic illnesses. 

6. 
Drug allergy—if allergic or other adverse reaction to drug is experienced, 

immediate removal is possible. 

 

Thus, there is a strong motivation to develop or replace non-degradable 

therapeutic IDDSs with biodegradable ones for clinical use, especially for cancer 

therapy. A successful case of a biodegradable IDDS for brain tumour therapy is the 

Gliadel® wafer (Perry and Schmidt, 2006) which is a dime-sized biodegradable 

polyanhydride disk designed for delivering chemotherapeutic drugs directly into the 
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surgical cavity after the tumour has been removed. Another case of a biodegradable 

IDDS is Zoladex®, which is designed for the treatment of prostate and breast cancer. 

The drug goserelin acetate is dispersed in a PLGA matrix. The encapsulated drug is 

released by a combination of diffusion and erosion mechanisms for 3 months. 

However, little has been reported on the development of nanostructured 

biodegradable IDDSs, which could offer the potential of high drug loading and better 

cell uptake. 

Table 1.2 Summary of polymers used in approved IDDS. (Lyu and Untereker, 2009) 

Polymer Applications Type 

Poly(dimethyl 

siloxane) 

Rate controlling membrane for drug 

delivery, catheters, adhesives, tissue 

filling, prosthesis. 

Non-degradable 

Polyurethanes (PU) Matrix for drug delivery devices, 

catheters, structural components. 

Non-degradable 

Polyethylene (PE) Orthopedic parts, drug delivery rate 

controlling membrane. 

Non-degradable 

Poly(methyl 

methacrylate) 

(PMMA) 

Bone cement, drug delivery to the eye and 

bone investigated. 

Non-degradable 

Fluoropolymer 

(PTFE and PVDF 

and copolymers) 

Coating for DES, liner in transdermal 

patch, vascular graft. 

Non-degradable 

Poly(ethylene-co-vi

nyl acetate) (PEVA) 

Drug delivery coating, rate controlling 

membrane for drug delivery (transdermal 

patch and ocular). 

Non-degradable 

Poly(ethylene 

terephthalate) (PET) 

Vascular graft, orthopedic, backing in 

transdermal patch. 

Non-degradable 

Poly(lactide) Drug-loaded microparticles, sutures, 

structural components, orthopedic, coating 

and backbone of DES. 

Degradable 

Polyanhydride Matrix in monolithic delivery devices. Degradable 

Collagen Tissue filling, tissue engineering scaffolds, 

drug delivery. 

Degradable 
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1.3.4 Ideal drug delivery system 

In my opinion, an ideal DDS for future cancer therapy should have high 

bioavailability, efficient cell uptake, controlled drug release and smart treatment. To 

construct such ideal DDSs, there are still some limitations to overcome: the first one 

is the lack of therapeutic drugs that possess multi-biomedical functions but low 

cytotoxicity. The second one is lack of natural polymers with controllable 

degradation and good compatibility associated with mechanical properties. The third 

one is the requirement for an easy control, good repetition, “green” and economic 

nanotechnology. 

 

1.3.5 Chemotherapy drugs 

At present, more than 100 chemotherapy drugs are used. According to their mode of 

action, chemotherapy drugs can be defined as alkylating agents, vinca alkaloids, 

anthracyclines, antimetabolites, aromatase inhibitors and topoisomerase inhibitors. 

They inhibit the growth of cancer cells, but due to their non-selective mode of action, 

normal cells may also be impacted leading to adverse side-effects. Side-effects may 

be acute or delayed. Mutagenic, carcinogenic and teratogenic effects are the most 

hazardous among delayed toxic effects. Mutagenic effects have been observed in 

mammalian systems for many chemotherapy drugs (Oestreicher et al., 1990). 

Similarly, teratogenic effects have been found for several chemotherapy drugs 

(Hemminki et al., 1985). Considering these adverse side-effects of current 
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chemotherapy drugs, more and more natural compounds are being discovered and 

isolated due to their high toxic effect on cancers but low toxicity to normal cells. 

 

1.3.6 Molecular mechanism of curcumin in biomedicine 

CM is a natural polyphenolic compound, isolated from the rhizome of Curcuma 

longa Linn (turmeric). It was first extracted in pure form by Vogel et al.; the structure 

of CM was elucidated and synthesized by Milobedeska et al. and Lampe et al. (Fig. 

1.2). Abundant attention has been attracted in recent years due to its multifunctional 

pharmaceutical effects, including anti-inflammation, anti-human immunodeficiency 

virus (anti-HIV), anti-microbial, anti-fungal, anti-oxidant, anti-amyloidal, 

anti-parasitic, anti-mutagenic, anti-cancer effect and so on (Fig. 1.3). Especially for 

anti-tumour treatment, it’s reported that CM could be effective against almost all 

tumour types, including gastrointestinal, genitourinary, melanoma, lung, breast, 

haematological, head and neck, neurological and sarcoma, without any obvious 

side-effects. 

 

Fig. 1.2 The chemical structure of CM. (a) Phenolic, (b) alkene linker, (c) 

β-diketone. 
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CM modulates multiple molecular pathways involved in the lengthy 

carcinogenesis process to exert its potent effects by several mechanisms such as 

inhibiting survival signals, promoting apoptosis, reducing the inflammatory cancer 

microenvironment and scavenging reactive oxidative species (ROS) (Fig. 1.4). 

Suksanti Prakobwong et al. found that CM could mediate the antiproliferative and 

apoptotic effects of cholangiocarcinoma (CCA) through activation of multiple cell 

signalling pathways, such as activating peroxisome proliferator-activated receptor 

gamma, death receptors, DR4 and DR5, as well suppressing the activation of nuclear 

factor (NF)- kB, transcription-3, Akt activation pathway, cell survival proteins such 

as B-cell lymphoma-2, B-cell leukemia protein xL, X-linked inhibitor of apoptosis 

protein, c-FLIP, cellular inhibitor of apoptosis protein (cIAP)-1, cIAP-2 and survivin 

and proteins linked to cell proliferation, such as cyclin D1 and c-Myc. Zhang et al. 

investigated formaldehyde-induced genotoxicity recently, indicating that CM could 

attenuate formaldehyde-induced genotoxicity through ameliorated DPCs and 

decreased NF-kB and AP-1 level for its ROS scavenging and anti-DPCs capacities in 

lung cancer A549 cell lines. 
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Fig. 1.3 Summary of biomedical functions of CM. (Naksuriya et al., 2014) 

 

Though CM has promising pharmaceutical characteristics, its clinic applications 

are limited due to low water solubility under acidic or neutral conditions, slow 

dissolution rate, extensive first pass metabolism, poor pharmacokinetics, low 

bioavailability in vivo, and sensitivity to alkaline conditions, thermal treatment, light, 

metallic ions, enzymes, oxygen, and ascorbic acid. Moreover, 60-70% of orally 

administered CM is eliminated in the faeces. Among all these limitations, poor 

bioavailability and rapid metabolism are the key obstacles; 2 g/kg CM aqueous 

suspension administered only provides a maximum plasma concentration of 1 μg/mL 

within 1 hour, and then decreases rapidly to an undetectable level in rats. Pan and his 

colleagues’ studies showed that intraperitoneal administered at 0.1 g/kg CM only 



13 

 

detected 2.25 μg/mL within 15 minutes, followed by a rapid decrease after 1 hour. 

Even high doses of orally administered CM (8-12 g daily) result in <1μg /mL in the 

plasma. 

 

Fig. 1.4 Molecular targets of CM. C, CM; CIAP, cleavage inhibitor of apoptosis; 

FADD, Fas-associated protein with death domain; FLIP, FLICE like inhibitory 

protein; DISC, death-inducing signaling complex; MOMP, mitochondrial outer 

membrane permeabilization; PKC, protein kinase C; PLC, phospholipase C; XIAP, 

X-linked inhibitor of apoptosis protein; VEGF, vascular endothelial growth factor; 

FGF, fibroblast growth factor; PDGF, platelet derived growth factor; EGF, epidermal 

growth factor. (Park et al., 2013) 
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1.3.7 Curcumin polymeric nanoformulations 

In order to overcome the drawbacks mentioned above, numerous strategies have 

been taken over the last decades, including NPs, nanofibres, hydrogels, micelles, 

dendrimers, liposomes, films and so on (Fig. 1.5). All these forms are designed to 

further increase water solubility, stability in vivo and bioavailability. Among these 

formulations, polymeric NPs are the main nanoformulations studied in recent years, 

which can improve the circulation time of the loaded drug and may improve its 

accumulation concentration at the pathological site through the enhanced permeation 

and retention (EPR) effect as well as with promising advantages of good 

compatibility and low cytotoxicity. 

Shen et al. (2013) fabricated two types of stable CM loaded polymeric NPs 

using a multi-inlet vortex mixer (PLGA and PEG-b-PLA NPs). In the study, slow 

release of CM from polymeric particles was observed for up to 21 days. Higher 

solubility and stability was also achieved. Moreover, they discovered that CM-loaded 

PLGA and PEG-b-PLA NPs exhibited better morphine tolerance ability than 

unformulated CM at the same dose due to these hydrophilic polymers increasing the 

bioavailability of CM. Recently, natural polymers were also used to encapsulate CM. 

Gupta et al. used a capillary-microdot technique to generate CM-loaded SF NPs 

within 100 nm. The introduction of SF carriers could facilitate incorporated drugs 

transport into breast cancer cells. 
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Fig. 1.5 Different CM nanoformulations for cancer therapy. Inset represents the 

internalization of green fluorescence CM NPs into breast cancer (MCF-7). (Lee et al., 

2014; Yallapu et al., 2012) 

 

Knowledge gap 

1. The effect of particle size on water solubility of CM needs investigation. 

2. Interactions between cells and CM NPs are unclear. 

 

1.3.8 Silk fibroin from silkworms 

Silk, a fibrous protein produced by silkworms, has been popular in the textile 

industry for centuries due to its excellent mechanical properties. Silks are 

synthesized and isolated from specialized epithelial cells that line glands in spiders of 
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the class Arachnida and from worms, scorpions, mites, butterflies, bees, and moths. 

SF and silk sericin are two components in silk structure (Fig. 1.6). SF, the 

central structure of silk (~75-80%) surrounded by sericin, consists of repeated amino 

acid sequences (Gly-ser-Gly-Ala-Gly-Ala)n, while the high glycine content 

contributes to tight packing of the beta sheets, which results in silk’s rigid structure 

and tensile strength. The combination of stiffness and toughness makes it an 

emerging biomaterial. 

 

Fig. 1.6 Silkworms, natural silks (a) and their compositions (b). (Sobajo et al., 2008) 

 

Biomaterials selection is a key problem in the biomedicine of wound healing, 

drug delivery and tissue engineering. In general, many synthesized biomaterials have 

advantages of flexibility in process and modification, and low cell toxicity; however, 

they also suffer several disadvantages such as inflammation, immune reaction and 

lack of bio-functions. Tissue engineering, especially for implantable devices such as 

bone scaffolds, tubular stents and fixation screws, and completely biodegradable and 

resorbable natural biomaterials with good mechanical properties are emerging 

alternatives. Polysaccharides and protein materials would be ideal selections due to 

being completely degradable, decomposing into nutrient elements (i.e. 
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monosaccharides or amino acids) which are resorbed by human tissues and organs. 

Therefore, SF (especially produced by silkworms) as a pure protein biomaterial 

used in biomedicine has drawn great attention in recent years due to its good 

mechanical strength, biodegradability, resorbability, biocompatibility and minimal or 

no immunogenicity. SF is also amenable to aqueous or organic solvent processing, 

and can be chemically modified to suit a wide range of biomedical applications. 

Indeed, the first biomedical application of SF was as sutures in wound treatment. 

Silkworm SF, with unique properties and larger yield in comparison with spider silks 

and other natural proteins are becoming a perfect alternative in biomedical 

applications. In this review, we summarize various forms of SF-based products used 

in biomedical applications, and also introduce several advanced biomedical SF-based 

products in the recent years. 

Silk produced by silkworms (e.g., Bombyx mori) has been explored to 

understand its forming mechanisms and its physical and chemical advantages have 

been exploited in the textile industry for a long time. Recently, it has been as an 

alternative biomaterial in biomedicine that has attracted much attention due to its 

good biocompatibility, biodegradability and excellent mechanical properties. SF 

powder is obtained by removing the outer layer sericin (25-30% of the cocoon mass) 

by a degumming process, i.e. boiling in calcium chloride/ethanol/water composite 

solution, followed by dialysis and spray drying (as show in Fig. 1.7). 
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Fig. 1.7 Preparation procedure of SF powder from natural silks. 

 

1.3.8.1 Source, chemistry and structure of silk fibrin 

Silks from silkworms can be roughly classified into mulberry and non-mulberry 

depending on the food sources. The domesticated mulberry silkworm Bombyx mori 

(B. mori) is the most famous member of the Bombycidae family. The non-mulberry 

silkworms of Indian origin all belong to the Saturniidae family, which contains 

Antheraea mylitta (A. mylitta), muga silkworm Antheraeaassamensis (A. assamensis), 

oak silkworm Antheraeapernyi (A. pernyi) and Philosamia ricini (P. ricini) or Samia 

cyn-thia ricini (S. cynthia ricini). The SF from non-mulberry silkworms has become 

more and more important because of its superior qualities. 

The amino acid sequences of SF vary from species to species. SF from B. mori 

primarily comprises glycine (Gly, 43%), alanine (Ala, 30%) and serine (Ser, 12%) 

(shown in Fig. 1.8 (a)). SF contains heavy (H) chains and light (L) chains (1:1 ratio) 

linked together by disulphide bonds. The H chains consist of 12 domains that form 
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the crystalline regions in silk fibres, which are interspersed with a primary sequence 

that is non-repetitive and thus forms fewer organized domains in the fibres. The 

hydrophobic domains in H chains consist of Gly-X repeats, with X being Ala, Ser, 

Thr and Val (Zhou et al., 2001). The L chains are hydrophilic and relatively elastic. 

P25 protein plays a significant role in maintaining the integrity of the complex 

(Tanaka et al., 1999). The primary sequence results in a hydrophobic protein with a 

natural co-block polymer design. High yield of fibroin is partly due to the formation 

of disulphide bonds between the H and L chains. 

The secondary structure and hierarchical organization also determine many 

properties of SF. It is reported that there are three crystalline states of silk, including 

the glandular state prior to crystallization (silk I), the spun silk state which consists of 

the β-sheet secondary structure (silk II), and an air/water assembled interfacial silk 

(silk III, with a helical structure). The silk I structure is the aqueous state but is 

unstable, and easily converts to a β-sheet structure when exposed to organic solvent 

(e.g., methanol, ethanol and so on) or high concentration saline solution (e.g., 

potassium chloride). The β-sheet structures are asymmetrical (as show in Fig. 1.8, 

(b)): one side is hydrogen side chains from Gly and the other side has the methyl side 

chains from the Ala that populate the hydrophobic domains; thus the methyl groups 

and hydrogen groups interact to form the inter-sheet stacking in the crystals. The 

inter- and intra-chain hydrogen bonds form between amino acids perpendicular to the 

axis of the chains and the fibre. The silk II structure is insoluble in water and most 
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organic solvents (except hexafluoroisopropanol, formic acid and ion liquids). 

     

       (a)                             (b) 

Fig. 1.8 Amino acids repeats (a) and β-sheet structure (b) of SF. (Murphy and Kaplan, 

2009) 

1.3.8.2 Mechanical property 

Silk raw fibres provide excellent stiffness and elasticity (Table 1.3). Silk fibres are 

tougher than Kevlar; the strength-to-density ratio of silk is ten times higher than that 

of steel (Rajkhowa et al., 2000). Spider silk fibres in particular have high 

extensibility and exhibit remarkable strain hardening behaviour. Strain hardening 

refers to increases in stress as a fibre is extended in the plastic region beyond the 

yield point. Such behaviour is particularly important for energy absorbing materials. 

Stress-strain curves of the wild silkworm silk fibres exhibit shape and strain 

hardening similar to that of spider or dragline silks (Reddy and Yang, 2010). 

However, most of the materials developed from SF solution are brittle and weak. For 

example, the dry tensile strength of silk film is about 0.02 GPa and elongation at 

break is less than 2% compared to raw fibres (tensile strength is about 0.5-0.6 GPa 

and elongation at break 10-40%). Such difference could be attributed to the 

destruction of the secondary and hierarchical organization in the regenerated SF. 
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More extensive biomedical applications will be achieved if the mechanical strength 

of regenerated SF is improved. 

Table 1.3 Mechanical property of SF from different souce. (Kundu et al., 2013) 

Source Tensile strength 

(g/den) 

Tensile modulus 

(g/den) 

Breaking 

strain (%) 

Bombyx mori 4.3-5.2 84-121 10.0-23.4 

Antheraea mylitta 2.5-4.5 66-70 26.0-39.0 

Philosamia cynthia ricini 1.9-3.5 29-31 28.0-24.0 

Coscinocera hercules 5±1.2 87±17 12.1±5.1 

Hyalophora euryalus 2.7±0.9 59±18 11.1±5.8 

Rothschildia hesperis 3.3±0.8 71±16 9.5±4.4 

Eupackardia calleta 2.8±0.7 58±18 11.8±5.5 

Rothschildia lebeau 3.1±0.8 54±14 15.5±6.7 

Antheraea oculea 3.1±0.8 57±15 14.5±6.6 

Hyalophora gloveri 2.8±0.4 48±13 19.3±6.9 

Copaxa multifenestrata 0.9±0.2 39±6 4.1±2.7 

 

1.3.8.3 Biocompatibility 

SF-based biomaterials are considered to have good biocompatibility, minimal 

inflammatory reaction, low cytotoxicity and no other side-effects on normal cells, 

tissues, and organs. However, silks with sericin used in suture material shows 

reactions from T-cell mediated delayed hypersensitivity to acute and chronic 

inflammatory issues (Giesa et al., 2011). Interestingly, further studies on sericin itself 

show minimal inflammatory effect, which suggests that synergetic effects may exist 

between SF and sericin when they are linked together (Zhang et al., 2010). As a 

consequence of extensive studies in recent years, some silk-based materials have 

received regulatory approval for use in expanded biomaterial devices for plastic and 

reconstructive surgery. For example, silk-based Seri Fascia surgical mesh meets the 
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biocompatibility requirements of ISO10993 biocompatibility testing under good 

laboratory practices (GLP) (Horan et al., 2009). 

Despite promising results of SF-based materials having been achieved by many 

studies, there are still some issues that should be considered. First, for tissue 

engineering, the implanted products need to stay in the body for a long time, and also 

have to make close contact with tissue and organs; thus the long-term responses of 

innate and adaptive immune systems need further investigation. Second, the 

degraded products of SF-based biomaterials may induce an immune reaction 

according to their size and morphology. Lundmark et al. reported that the degraded 

debris of SF-based material may cause amyloidogenesis. Therefore, the long-term 

effects of degraded products of SF-based biomaterials need further research. Third, 

SF exhibits a foreign body response after implantation in vivo. However, it is 

normally moderate and decreases with time; meanwhile, it is dependent on the 

implantation site and the model used. 

 

1.3.8.4 Biodegradability and resorbability 

The definition of biodegradability is the degradability of an implantable polymer by 

biological elements resulting in fragments which can move away from the location 

through fluid transfer but not necessarily from the body (Vert et al., 1992). US 

Pharmacopeia defines an absorbable (suture) biomaterial as one that loses most of its 

tensile strength within 60 days’ post-implantation in vivo. According to this 
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definition, SF is classified as non-degradable (SF loses its tensile strength within 1 

year). However, there are many studies in vitro or in vivo suggesting that SF-based 

biomaterials are degradable over a longer time period due to proteolytic degradation 

always being modulated by foreign body responses. As an implanted product, 

regenerated SF-based biomaterial degrades much faster than fibres. The degradation 

rate can be regulated from hours to years mainly depending on its secondary 

structure (beta sheet content), but also the morphology, molecular weight distribution 

(MWD), and the mechanical and biological conditions surrounding the location of 

implantation. Other synthesized polymers such as poly (lactic acid) (PLA) and poly 

(glycolic acid) (PGA) only exhibit limited degradations by enzymes, like 

metalloproteinase (MMPs). Meanwhile, the degradation products of these 

synthesized polymers can decrease the local pH and cause an inflammation response. 

On the other hand, the definition of bio-sorption is total elimination of the initial 

foreign material either through filtration or metabolism of the degraded biomaterials. 

Other synthesized polymers such as PLA and PGA have been approved by regulatory 

authorities. Their degraded products are resorbed but produce acidic by-products 

which cause another issue. Compared with synthesized polymers, SF-based 

biomaterial has not only a controllable degradation rate but also bio-resorbable 

properties without extra side-effects. 
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1.3.9 Research progress of regenerated silk fibroin used in biomedicine 

One of the biomedical advantages of SF as a biomaterial is water-based processing. 

SF dissolves in water in its Silk I state, and remains stable for days to weeks 

depending on the storage temperature, concentration and pH of the regenerated SF 

solution. The regenerated SF solution can be transformed into other forms (hydrogels, 

nanoparticles, nanofibres, films and scaffolds) (as shown in Fig. 1.9) under mild 

conditions without high shear force and organic solvent. Sufficient supply of silk in 

the market could be a guarantee for its application in biomedicine. 

 

(a) 

 
(b) 
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(c) 

Fig. 1.9 Research progress of SF-based formulations till 2015. (a) Publications, (b) 

research areas, (c) SF-based formulations. 

 

1.3.9.1 Silk fibroin hydrogels 

Hydrogels are natural or synthetic polymeric networks which are physically durable 

to swelling in aqueous solutions but do not dissolve in these solutions. Hydrogels can 

be used for drug, cell, cytokine and nucleic acid delivery due to its flexible properties 

similar to natural tissue because of the high water content. SF hydrogels are 

fabricated by sol–gel transition of aqueous SF solution in the presence of acids, 

dehydrating agents, ions, sonication or lyophilization. The SF concentration, 

temperature and the amount of Ca2+ impact the Sol-gel transition process. 

In the last few years, Kaplan and his co-workers found that pH, vortexing, 

electric field and ultrasonication induce gelation of silk solutions. According to 

previous studies, SF hydrogels are ideal substitutes for biomaterials due to their low 

cytotoxicity, excellent cell adhesion and good biocompatibility; however, regenerated 
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SF products always lack strength, and thus it is necessary to enhance their 

mechanical properties. Recently, Numata et al. (2014) developed a novel way to 

fabricate silk hydrogel and silk-pectin hydrogel by dialysis against methanol. The 

arginine and lysine in SF from Bombyx mori interact with pectin to form a molecular 

network to construct a high-strength and elastic hydrogel structure when SF content 

exceeds 15 wt%. Furthermore, water release during the compression process, which 

is a typical characteristic of natural tissues such as cartilage and plant cell wall, was 

observed in SF-pectin hydrogel. Calabrese and Kaplan (2012) fabricated 

silk-poly-L-lysine and silk-poly-L-glutamate hydrogels encapsulating mesenchymal 

stem cells (hMSCs) via ultrasonication. These modified silk ionomers have the 

potential of supporting hMSCs to differentiate to osteogenic or adipogenic lineages 

in the corresponding media. Ming and Zuo (2014) prepared silk fibroin/sodium 

alginate nanofibre structural hydrogel to serve as a template to mediate the 

mineralization process of CaCO3, and found that CaCO3 morphology is reflected by 

the mineralization time. Numerous irregular particles form in the SF/SA hydrogels 

and transform to rhombohedral crystals with increased mineralization time. Although 

deeper investigation is needed, they provided a novel method to lead the growth and 

formation of nano-scale biomaterials. 

 

1.3.9.2 Silk fibroin nanoparticles 

NPs are between 1 and 100 nm in size. Freeze drying, spray drying, self-assembly, 
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grinding, jet breaking, desolvation, and emulsion are always used to prepare 

microparticles and NPs. In biomedical applications, NPs can decrease adverse effects 

while enhance drug bioavailability; meanwhile, NPs can be easily transported by 

blood circulation in vivo and have higher intracellular uptake rates than 

microparticles due to their greater surface area to volume ratio. Thus, NPs are mostly 

used as drug carriers for drug or bioactive molecular control release. SF is a natural 

protein with versatile functions that can be helpful in this application. More and more 

SF NPs have been reported in recent years. 

Zhao et al. (2012a) fabricated SF NPs (about 50 nm) using a novel 

solution-enhanced dispersion by supercritical CO2 (SEDS) method for achieving 

controlled release of drugs. A non-steroidal anti-inflammatory drug indomethacin 

(IDMC) was chosen as the model drug, and the drug loading and encapsulation 

efficiency were 2.05% and 10.23%, respectively. IDMC was released from SF NPs 

over 2 days after ethanol treatment. One way to control drug release from SF NPs is 

to change its secondary structure (beta sheet content) by organic solvent, and 

annealing and compression treatment, which makes the whole process complex. 

Another way is to blend with other polymers (synthetic or natural) to enhance its 

mechanical properties as well as increase drug stability. Subia and Kundu (2013) 

combined SF and albumin (Alb) to form NPs (~200 nm) using desolvation. 

Methotrexate was chosen as the drug model, which has high encapsulation efficiency 

of 87±2.5%, and sustained release from the SF-Alb NPs over 12 days. These SF-Alb 
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NPs were efficiently internalized by cells and resided in perinuclear spaces without 

any toxicity. Moreover, Subia et al. (2014) constructed a SF-folate composite NP 

system (<200 nm) for target delivery; the results demonstrated that this system 

facilitates interaction with the cells and retention at the site of action for a longer 

period of time. 

 

1.3.9.3 Silk fibroin nanofiber 

Nanofibres are defined as fibres with diameters less than 100 nm. Electrospinning is 

the most common method used to prepare nanofibres because a small diameter and 

web-like structure of nanofibres can be obtained. The requirements of nanofibres 

used in biomedicine such as drug delivery, wound healing and tissue engineering are: 

biocompatibility, good mechanical properties and appropriate pore size. SF isolated 

from silkworms has beneficial peptides consisting of RGD sequences which have 

important effects on promoting cell adhesion, migration and proliferation (Vepari and 

Kaplan, 2007). Advantages of regenerated SF nanofibres include tunable fibre 

morphology and properties based on application, and incorporation of bioactive 

molecules while being regenerated from silk solution. In recent years, SF nanofibres 

have attracted much attention all over the world. 

Sheikh et al. (2013a) used a three-way stopcock connector to fabricate 

SF/hydroxyapatite (Hap) nanofibres based on electrospinning without using any 

organic solvent. This method can easily introduce Hap NPs into SF nanofibres, and 
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also keep SF and Hap NPs intact. Moreover, these composite nanofibres display 

non-toxic reaction and good cellular attachment in cell toxicity and cell attachment 

studies. Furthermore, on the basis of this study, they constructed SF/Hap/silver 

nitrate nanofibres to add in antimicrobial activity for bone tissue engineering 

application. However, the result demonstrated that the high concentration (higher 

than 0.5%) of silver nitrate could cause toxic effects on NIH 3T3fibrolasts and 

adverse effects in cellular attachment. Elakkiya et al. (2014b) incorporated CM into 

SF nanofibres during electrospinning. The CM-loaded SF nanofibres with diameters 

from 50-200 nm were used as the carrier for controlled drug release. The results 

indicated that there was 80% CM released from the SF nanofibres over 10 days. 

There was a rapid release at the initial time followed by a slow and sustained release, 

which demonstrated that there was a covalent interaction between CM and SF 

nanofibre surface. 

 

1.3.9.4 Silk fibroin filims 

Casting is a common method to prepare SF films, which casts the aqueous, acidic 

and ionic silk solution on plates or into moulds (Gupta et al., 2007; Murphy et al., 

2008). Langmuir-Blodgett (LB), manual or spin assisted layer by layer deposition 

techniques and spin coating methods are also used to produce silk films (Higuchi et 

al., 2000; Wang et al., 2005). Water vapour annealing, stretching and ethanol 

treatment are employed to increase the β-sheet crystallinity of SF films in order to 
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improve their insolubility. It is necessary to modify the surface characteristics of silk 

films through advanced printing systems and lithography technology to meet the 

requirements of biomedical applications (Lawrence et al., 2012). 

For biomedical applications, SF films can be used as a matrix for drug delivery, 

wound healing and tissue engineering. Recently, Gu et al. (2013) constructed 

chitosan/SF blending films for wound healing using alginate dialdehyde (ADA) as a 

crosslinking reagent. In this study, ADA could change the structure of the membrane 

and reduce the pore size thus decreasing the water absorption rate of the film. 

Meanwhile, it still attained an adequate moisture level for the wound. Moreover, this 

blend of chitosan/SF mixed ADA film possesses a high proliferation rate and low cell 

toxicity when seeded with L929 cells, which indicates that this film meets the 

requirements of wound dressing. On the other hand, Taddei et al. (2013) prepared 

SF/Gelatin (S/G) blend films through casting aqueous solution at room temperature 

into Petri dishes with an enzymatic crosslinking method. Enzymatic crosslinking was 

found to be a promising way to stabilize SF/G films for biomedical applications due 

to its mild processing conditions. Furthermore, this process also increases the surface 

morphological characters of cell adhesion and proliferation; especially, the SF/G 

films exhibit surface elastic gradients, which are helpful in cell attachment and 

migration. In order to find a possible way to cure corneal endothelium dystrophies, 

Yoon et al. (2013) constructed two types of transparent SF/sericin films to use as a 

substratum for corneal endothelial cell (CEnC) growth. The films exhibit excellent 
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transparency and hydrophilicity for CEnC growth. The results indicate that the 

transparency of SF/sericin films could be mediated through the content of sericin. 

The sericin amount also influences cell attachment and proliferation. 

 

1.3.9.5 Silk fibroin scaffolds 

Three-dimensional porous scaffolds are ideal materials for tissue engineering due to 

their highly mimetic in vivo physiological microenvironment, which are helpful for 

cell attachment, proliferation, migration and nutrient transport. SF is a suitable 

material for scaffold used in wound healing (Vasconcelos et al., 2012), tissue 

engineering such as cartilage, bone and tendon (Jiang et al., 2013; Wang et al., 2010b; 

Yan et al., 2012) due to its good water vapour permeability, biocompatibility, and 

biodegradability. Porogen leaching, freeze drying, and solid freeform fabrication 

techniques are used to prepare SF scaffolds. The pore sizes of scaffolds prepared by 

freeze drying are below 100 μm and can be controlled through the temperature, pH 

and content of organic solvents. Solvent casting/particle leaching or gas-foaming 

methods can obtain better pore structures. Additionally, porogen leached SF scaffolds 

are commonly used in tissue engineering applications, predominantly bone and 

cartilage, due to their good control over porosity and pore sizes.  

However, pure regenerated SF scaffolds lack strength, flexibility and specific 

biofunctions. In order to obtain better mechanical and biological properties, 

composite SF scaffolds are needed through blending with other polymers or bio 
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molecules. Bhardwaj and Kundu (2012) constructed a SF/chitosan composite porous 

scaffold for mesenchymal stem cell-based cartilage repair. The results indicated that 

the SF/chitosan scaffold supports cell attachment and proliferation due to its better 

structure and chemical interaction. Lu et al. (2011) used a mild process to prepare 

porous and nanofibrous SF/collagen composite scaffolds. Collagen was used to 

control the self-assembly of SF. The SF/collagen scaffolds containing 7.4% collagen 

exhibited great improvement in cell compatibility, and provided fibroblasts with a 

favourable microenvironment to increase growth and proliferation. Furthermore, a 

ternary blend scaffold system was also prepared. Gautam et al. (2013) fabricated a 

PCL/gelatin/chitosan ternary composite scaffold by electrospinning. The composite 

scaffold exhibited a slower degradation rate than the PCL/gelatin scaffold due to the 

semi-crystalline property of chitosan. Meanwhile, the presence of hydrophilic gelatin 

and chitosan enhance cell adhesion and proliferation, which is suitable for tissue 

engineering. Another way to improve the physical and biological properties of 

SF-based scaffold is to incorporate fillers. Ghorbanian et al. (2013) prepared porous 

SF scaffold with diopside nanoparticles as reinforcing agent for bone regeneration, 

which had enough porosity, desired surface properties, and excellent mechanical 

strength compared with pure SF or diopside. Mandal and Kundu (2009) incorporated 

drug-loaded calcium alginate beads into SF scaffolds to achieve controlled release 

and sustained release. The results showed that this filled scaffold can sustain the 

release of drugs without an initial burst for 35 days due to the mechanically stable 
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shell formed. On the other hand, post-treatment to improve the properties of 

SF-based scaffolds is also important. Salvador et al. (Aznar-Cervantes et al., 2012) 

firstly fabricated an electrospun SF fibrous scaffold and then coated it with 

polypyrrole to improve its mechanical resistance. Meanwhile, high electroactivity 

was achieved by coating with polypyrrole. 

 

Fig. 1.10 Formation of advanced functional devices from SF. A range of materials 

can be generated from SF through processing into hydrogels, films, fibers, particles, 

and other forms. The properties of these systems can be modified depending on the 

processing methods and then generated into advanced functional devices. (Omenetto 

and Kaplan, 2010) 
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1.3.10 Advanced silk fibroin-based biomedical products 

Except for the traditional forms mentioned above, there are several novel and 

advanced biomedical products made from regenerated SF (Fig. 1.10). Prof. Kaplan 

and his co-workers have contributed much effort in designing and constructing 

SF-based biomedical products for a long time. Here we will introduce some of these 

emerging SF-based biomedical products. 

 

1.3.10.1 Silk fibroin-based microneedle 

The current problems of microneedles are the difficulty to preserve sensitive 

bioactive molecules and achieve controlled release. Tsioris et al. (2012) found a 

method to produce a SF-based microneedle system for controlled-release drug 

delivery. The process is as follows: 1) an Al master is manufactured, 2) poly-

dimethylsiloxane (PDMS) is cast on the Al master to produce a negative mould, 3) a 

PDMS mould is removed, 4) a drug-loaded SF solution is cast on the PDMS mould, 

5) the formed SF structure is allowed to dry, and 6) drug-loaded SF microneedles are 

removed. Compared with current materials used in microneedles, SF 

based-microneedles possess excellent mechanical properties, biodegradability, 

biocompatibility and the ability to preserve the bioactivity of biological compounds. 

During the study, they selected various water vapour annealing times to adjust the 

drug-release properties of SF-based microneedles, and found that post-processing 

steps allow control over the diffusivity of the SF-based microneedles, ultimately 
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providing control over drug release kinetics. The following study of the mechanical 

functionality of the SF-based microneedle in a mouse skin model demonstrated that 

SF-based microneedles provide sufficient mechanical strength to penetrate skin for 

drug delivery. 

 

1.3.10.2 Silk fibroin-based implantable device 

Hwang et al. (2012) designed an implantable transient device (a silicon-based 

complementary metal oxide semiconductor) (CMOS) that completely degrades in 

vivo, and the degradation rate can be controlled by the beta sheet content of SF. In the 

research paper, they demonstrated the materials, manufacturing schemes, device 

components and theoretical design tools for the system. Totally, the device included 

transistors, inductors, capacitors, diodes, and resistors with interconnects and 

interlayer dielectrics, all put on the SF substrate. When implanted in vivo, 

examination after 3 weeks of the platform revealed only faint residues, with evidence 

of slow reintegration into the subdermal layers, along with apparent revascularization, 

and no significant inflammatory reactions in the histological section. This novel 

transient implantable device could be used for cancer thermal therapy. 

 

1.3.10.3 Silk fibroin-based fracture fixation device 

Fracture fixation mainly uses metallic alloy products, which also have stress 

shielding, palpability and temperature sensitivity problems. SF as a degradable and 
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resorbable protein was used to fabricate novel screws and plates for craniofacial 

fracture repair (Perrone et al., 2014). These new resorbable SF-based devices display 

many advantages including high biocompatibility, minimal inflammatory, 

sterilization by autoclaving, easy implantation, are tunable for repair site and 

facilitate bone remodelling. The procedure is as follows: (1) SF solution is 

lyophilized, (2) lyophilized silk is cut into small pieces, (3) 1,1,1,3,3,3 

hexafluoro-2-propanol (HFIP) is added to a syringe to dissolve SF pieces, (4) 

dissolved SF/HPLC solution is injected into bone plate or screw blank moulds, (5) 

the moulds are immersed in methanol for 3-4 days to induce a beta sheet structure, (6) 

the moulds are removed and allowed to dry followed by autoclaving for stability, (7) 

tools are used to obtain the needed geometry. After implantation for 4 weeks and 8 

weeks, the SF-based screws remained in their position, and the site exhibited 

continued remodelling of adjacent bone, with no obvious inflammatory reaction. 

Silks are a unique group of fibrous proteins with excellent mechanical strength 

in fibre form. The clinical use of silk sutures and availability of silkworm silk have 

encouraged a recent expansion of novel biomaterials from silkworms. Native silk 

fibres can be dissolved and regenerated in aqueous solution, then further prepared 

into different forms including particles, films, hydrogels, fibres, and scaffolds. Cell 

attachment and proliferation can be improved by surface modification of SF-based 

biomaterials in tissue engineering. Various cells can be seeded and grown on 

SF-based biomaterials to form a variety of tissues including bone, cartilage, tendons 
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and ligaments. The degradability of silk fibroin can be modulated by altering the beta 

sheet content to meet different requirements. The unique structure, versatility in 

processing, biocompatibility, various biomaterial morphologies, the ease of 

sterilization, thermal stability, surface chemistry for chemical modifications and 

tunable degradation rate features make SF a promising biomaterial for biomedical 

applications. 

Knowledge gap 

1. Physicochemical interactions between CM and SF in forming nanoparticles need 

to study. 

2. Little literature report on the impact of SF nano-carriers on water solubility, drug 

release and cell uptake efficiency of incorporated CM. 

 

1.3.11 Nanotechnology 

Various nanotechnologies have been developed to prepare NPs, such as 

emulsification, salting out, spray drying, nanoprecipitation, laminar jet breakup and 

lipid templating. However, these nanotechnologies for preparing SF-based 

nanoformulations suffer from several issues, such as extreme process conditions, the 

residue volume of organic solvent and loss of bioactivity, which are the problems of 

most concern. Herein, exploration of a novel “green” and easy control 

nanotechnology becomes very important. SCF technology emerging as a “green” 

technique has drawn more and more attention in recent years. 



38 

 

1.3.12 Supercritical CO2 

Long-term stability and bioactivity retention are the key issues in active protein 

microparticle fabrication. One of the traditional processes for preparing protein 

microparticles is freeze drying or lyophilization (Jovanović et al., 2006; Maltesen 

and van de Weert, 2008; Patro et al., 2002; Ratanajiajaroen and Ohshima, 2012; 

Wang, 2000). However, the process must be tailored according to each individual 

protein because not all proteins can be lyophilized into stable products. Spray drying 

and milling produce particles range from 5 μm to 50 μm (Christensen et al., 2001; 

Corrigan and Crean, 2002; Gèze et al., 1999; Hoyer et al., 2008; Nie et al., 2008; 

Nykamp et al., 2002; Sliwinski et al., 2003; Tonon et al., 2011) but protein 

microparticles formed through these methods tend to be denatured owing to high 

temperature or strong physical stress. Emulsion drying requires the addition of 

organic solvents, which can cause proteins to denature (Kapilashrami et al., 2004; 

Soazo et al., 2011). Temperature, pressure stress and exposure of proteins to organic 

solvents in these traditional processes might cause irreversible structural damage and 

loss of bioactivities. Several strategies have been reported in the past decade to 

overcome the drawbacks of conventional processes. The SCF technique is considered 

a promising method for producing protein microparticles because of its mild 

formation conditions and good particle size control (Bonnaillie and Tomasula, 2010; 

Chen et al., 2012a, 2009d; de Paz et al., 2012; Priamo et al., 2011; Solaro et al., 2010; 

Zhao et al., 2013). The application of four modified sc-CO2 techniques, namely, 
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gas-assisted melting atomization (GAMA), CO2-assisted nebulization with a bubble 

dryer (CAN-BD), supercritical fluid-assisted atomization with a hydrodynamic 

cavitation mixer (SAA-HCM), and the sc-CO2-based coating method to prepare 

protein microparticles is reviewed in this article. These four methods are suitable for 

producing protein microparticles with fine particle size distribution and high 

bioactivity retention because these modified methods involve nebulization of an 

aqueous solution or formation of microparticles without utilizing any organic solvent 

or by utilizing cosolvents only such as ethanol. Cosolvents are less toxic than 

conventional organic solvents such as acetone or dichloromethane. Thus, the 

bioactivities of proteins processed through these methods are retained or even 

enhanced. 

 

1.3.12.1 Properties of supercritical CO2 

Many compounds can become supercritical fluids. Carbon dioxide (CO2) is a unique 

compound that is suitable for use as a “green solvent”, because of its appropriate 

critical properties (304.3 K, 7.4 MPa) compared with other compounds (as shown in 

Table 1.4). Sc-CO2 is the most utilized SCF; other compounds have extremely high 

critical conditions and are usually toxic and flammable. The threshold limit value 

(TLV) of CO2 is approximately 5000 ppm, which implies that its toxicity is much 

lower than for acetone (750 ppm) and pentane (600 ppm). The high vapour pressure 

of CO2 indicates that residual CO2 is not harmful to human health (Beckman, 2004). 
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CO2 becomes a non-polar solvent when pressure and the dielectric constant of CO2 

increase. Hence, predicting the solubility of different molecules in sc-CO2 is difficult 

because of these two opposite effects. The solubility of lipophilic compounds with 

low polarity such as esters, ethers and epoxides is very high in sc-CO2 at low 

pressure (Ribaut et al., 2011). The solubility of molecules containing strong polar 

groups (e.g., COOH) is very low in sc-CO2 (Tabernero et al., 2012; Wu et al., 2003). 

Nevertheless, any polar solid can increase its solubility in sc-CO2 through the use of 

different cosolvents. The solubility of polar dissolvents such as short alcohols and 

short-chain hydrocarbons (ethanol, acetone) in sc-CO2 decreases with the number of 

carbon atoms in the chain (Wu et al., 2003). 

Table 1.4 Critical properties of different compounds. 

Compound Tc (K) Pc (Pa) 

Ammonia 405.7 11.3 

Benzene 562.2 4.9 

Carbon dioxide 304.3 7.4 

Chlorotrifluoromethane 384.9 3.9 

Ethane 305.6 4.9 

Ethylene 282.5 5.1 

Methanol 513.7 7.9 

n-Propane 367.0 4.3 

Water 647.6 22.1 

Xenon 562.9 5.8 

 

1.3.12.2 Variations of supercritical CO2 technique 

Sc-CO2 techniques can be divided into different groups depending on the CO2 

characteristics as shown in Table 1.5. Rapid expansion of a supercritical solution 

(RESS), rapid expansion of a supercritical solution into a liquid solvent (RESOLV), 
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rapid expansion of a supercritical solution into an aqueous solution (RESSAS) and 

rapid expansion of a supercritical solution with a nonsolvent (RESS-N) are included 

in the solvent group in sc-CO2. Gas anti-solvent (GAS), supercritical anti-solvent 

(SAS), aerosol solvent extraction system (ASES), solution-enhanced dispersion by 

supercritical fluids (SEDS), particles by compressed anti-solvent (PCA), and 

atomized rapid injection for solvent extraction (ARISE) belong to the antisolvent 

group in sc-CO2. The cosolvent or compound group in sc-CO2 includes particles 

from gas saturated solutions (PGSS), GAMA, and depressurization of an expanded 

liquid organic solution (DELOS). CAN-BD, supercritical fluid-assisted atomization 

(SAA), and SAA-HCM belong to the nebulization compound group in sc-CO2. 

Supercritical fluid extraction of emulsions (SFEE) is an extracting antisolvent 

compound group in sc-CO2. RESS, GAS, SAS, SEDS, and SAA are the most 

common methods utilized to produce microparticles (Jung and Perrut, 2001; 

Mishima et al., 2000) RESS-N, GAS, SAS, and SEDS were often utilized in the past 

to produce bioactive materials such as proteins (Chang et al., 2008; Chen et al., 

2009a, b; Elvassore et al., 2001; Kalani and Yunus, 2011a; Lee et al., 2007; Zhao et 

al., 2012a). Nevertheless, preparing labile protein microparticles through antisolvent 

techniques has had very limited success, because these labile proteins easily lose 

their bioactivity and become denatured after processing compared with robust 

proteins, such as insulin and lysozyme (Carpenter et al., 1993; Moshashaee et al., 

2003; Muhrer and Mazzotti, 2003; Prestrelski et al., 1993). Most of these antisolvent 
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techniques usually require the addition of organic solvents or exposure of proteins to 

high temperature or high pressure. GAMA, CAN-BD, SAA-HCM, and sc-CO2 

coating methods are often employed to produce protein microparticles, because these 

methods do not require the addition of organic solvents, and successfully avoid the 

mild formation conditions of such solvents. 

Table 1.5 Variations of SCFs technique. 

sc-CO2as 

solvents 

sc-CO2 as 

anti-solvents 

sc-CO2 as cosolvents 

or as a compound  

sc-CO2 as 

nebulization 

compound 

sc-CO2 as 

extracting 

compounds 

RESS GAS PGSS CAN-BD SFEE 

RESOLV SAS GAMA SAA  

RESSAS ASES DELOS SAA-HCM  

RESS-N SEDS    

 PCA    

 ARISE    

RESS: rapid expansion of a supercritical solution; rapid expansion of a supercritical 

solution into a liquid solvent; RESSAS: rapid expansion of a supercritical solution 

into an aqueous solution; RESS-N: rapid expansion of a supercritical solution with a 

nonsolvent; GAS: gas anti-solvent; SAS: supercritical anti-solvent; ASES: aerosol 

solvent extraction system; SEDS: solution-enhanced dispersion by supercritical 

fluids; PCA: particles by compressed anti-solvent; ARISE: atomized rapid injection 

for solvent extraction; PGSS: particles from gas saturated solutions; GAMA: 

Gas-assisted melting atomization; DELOS: depressurization of an expanded liquid 

organic solution; CAN-BD: CO2-assisted nebulization with a bubble dryer; SAA: 

supercritical fluid-assisted atomization; SAA-HCM: SFEE: supercritical fluid 

extraction of emulsions. 
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1.3.13 Promising modified supercritical CO2 techniques for preparing protein 

microparticles 

1.3.13.1 Gas-assisted melting atomization (GAMA) 

PGSS is suitable for processing active proteins, because it does not require the 

addition of organic solvents. The method can also be applied to processing materials 

with low melting point (Rodrigues et al., 2004). However, establishing efficient 

supercritical processes according to the different physicochemical properties of 

various proteins (such as hydrophilicity or hydrophobic character) is difficult. 

Inhomogeneous microparticles with poor pharmaceutical properties, such as low 

stability or inconvenient drug release profiles may form when this technique is 

employed. GAMA is an improved variation of PGSS as shown in Fig. 1.11. GAMA 

increases the production of protein microparticles, and utilizes a second gas (usually 

air) during atomization and precipitation. The GAMA technique is suitable even for 

mild conditions and minimizes the use of harsh organic solvents unlike traditional 

methods, such as spray drying or homogenization. This technique can be utilized to 

process fragile active materials, such as proteins and peptides. High product recovery, 

high protein loading, high bioactivity and negligible solvent content can be achieved 

by optimizing the operating conditions. 
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Fig. 1.11 Schematic representation of GAMA. 

 

Salmaso et al. (2009) successfully utilized the GAMA technique to fabricate 

insulin-loaded lipid submicron particles. The amount of insulin loading in the final 

products was measured by extracting protein from the melted particles. The 

extraction procedure was validated through preliminary studies. Results revealed that 

more than 95% of loading protein can be recovered from melted microparticle debris, 

and by treatment with a DMSO/acidic water mixture. The results also showed that 

increased DMSO content in the processed protein/lipid mixture improves protein 

recovery yield in the final lipid submicron particle product. Insulin extracted from 

the particles was subcutaneously injected into mice with diabetes. The results 

revealed similar hypoglycaemic profiles of insulin extraction compared with native 

insulin, which indicates that the bioactivity of insulin was not reduced by the GAMA 

process. Therefore, the GAMA technique can be utilized to process various excipient 

combinations to increase the production of protein microparticles with tunable 



45 

 

biopharmaceutical characteristics owing to the technique’s flexible operating 

conditions. 

 

1.3.13.2 CO2-assisted nebulization with a bubble dryer (CAN-BD) 

Micronization of hydrophilic compounds can be performed through CAN-BD 

(Sellers et al., 2001). The process is as follows (Fig. 1.12): sc-CO2 and the solution 

are placed in contact in a low dead-volume tee for a short period; an emulsion is then 

formed when some of the CO2 is solubilized in water. This emulsion is subsequently 

sprayed into a drying chamber filled with pre-heated N2. N2 aids in atomization and 

drying. Unlike complete saturation that occurs in PGSS or PGSS-drying, the 

dissolved sc-CO2 in water functions as an atomization enhancement tool. The 

diameter of the micro droplets or powder can be controlled by varying the 

temperature, pressure, flow rates and diameter restrictor. Drawbacks related to 

blockage of the nozzle (Joule–Thomson effect) are successfully avoided. 

 

Fig. 1.12 Schematic representation of CAN-BD. 
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The successful use of the CAN-BD technique in preparing protein 

microparticles is shown in Table 1.6. Additional pH buffers and appropriate 

excipients, such as disaccharide sugars (e.g., sucrose or trehalose) or surfactants (e.g., 

Tween 20 or Tween 80), are necessary for protein microparticles to achieve 

long-term stability and full retention of bioactivity. No additional processing 

difficulties are encountered with the addition of these solution components. Full 

retention of the bioactivity of a protein vaccine after CAN-BD processing was 

revealed by Sievers et al. (2000), and both in vitro and in vivo tests confirmed the 

results. Preparation of fine dry powder of live attenuated measles vaccine virus 

through CAN-BD has been reported recently (Sievers et al., 2007). A 

myo-inositol-based formulation was utilized to develop an inhalable dry powder 

vaccine. Approximately 72% ± 18% SD (n = 8) of viral activity was retained through 

CAN-BD processing (Shoyele and Cawthorne, 2006; Sievers et al., 2003). This result 

is better than that of commercial sorbitol-based measles vaccine formulation 

obtained by freeze drying, in which bioactivity after processing is merely 50 to 60%. 

Moreover, 20% ± 9 SD (n = 4) of the viral activity of the myo-inositol-based 

formulation was retained after 7 d at 37°C. The stability of the powder formulation 

prepared through CAN-BD exhibited less than 90% loss after 7 d of storage at 37°C, 

which indicates that the powder formulation passed the stability criterion of the 

World Health Organization. A polymerase chain reaction assay of measles vaccine 

virus nucleoproteins in the lungs of cotton rats produced vivo viral replication results 
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after the rats inhaled the myo-inositol-based CAN-BD powder formulation for 7 to 

14 d. Sievers’ study also produced some interesting results. The enzymatic activities 

of lactate dehydrogenase and trypsinogen were enhanced after processing with 

CAN-BD (Kisich et al., 2011). These results indicate that the protein molecules in 

the original stock solution, which were denatured or in a sub-active folded 

conformation, can possibly be refolded into a native and active structure after 

treatment with sc-CO2. Gießauf and Gamse (2000) subjected powder samples to 

hourly pressurization and depressurization with sc-CO2. The enzymatic bioactivity of 

porcine pancreatic lipase increased to 860% after treatment with sc-CO2. 

Table 1.6 Summary of bioactive materials containing particles produced by 

CAN-BD. 

Proteins Solvents Bioactivity Advantages 

Alpha-1-antitrypsin 

(PC et al., 2008) 

Water Full retention of enzymatic 

activity. 

1.Substantial 

retention or 

even 

enhancement 

of protein 

bioactivity. 

 

2. No 

aggregation. 

 

3. Can be 

operated as 

either a batch, 

semi-continuo

us, or 

continuous 

process. 

Anti-CD4 [88] Water Full retention of antigen binding 

activity. 

Trypsinogen [88] Water Not reported/Full retention and 

even enhancement of original 

activity possible. 

IgG (human) 

(Reverchon and 

Spada, 2004) 

Water Full preservation of total human 

IgG content and full retention of 

activity. 

Lactate 

Dehydrogenase 

(Sievers et al., 

2001) 

Water 15% of original activity (no 

stabilizing excipients added); 40% 

to >95% of original activity 

depending on stabilizing 

excipients added. 

Measles vaccine 

virus (Sievers et al., 

2007) 

Water Full retention of virus activity. 
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A wide range of substances has been successfully micronized through CAN-BD 

(Table 1.6). The resulting microparticles or powder exhibited high retention of 

bioactivity, which indicates that the CAN-BD technique is an effective method for 

producing active protein microparticles. 

 

1.3.13.3 Supercritical fluid-assisted atomization with a hydrodynamic cavitation 

mixer (SAA-HCM) 

SAA is a modified method of spray drying, which is an efficient technique for 

producing microparticles. Lysozyme microparticles have been produced through 

SAA with water as the solvent (Adami et al., 2009). The bioactivity of the lysozyme 

particles was maintained after SAA processing. However, denaturation and loss of 

bioactivity of the protein could occur owing to the final addition of the organic 

solvent. 

 

Fig. 1.13 Schematic representation of SAA-HCM. HCM: hydrodynamic cavitation 

mixer; ABPR: automatic back pressure regulate; SP: separator; Pr: precipitator. 
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SAA-HCM is an improvement of SAA. A hydrodynamic cavitation mixer is 

introduced in SAA-HCM to enhance the mixing effect between liquid feedstock and 

CO2 (Fig. 1.13). An orifice plate functions as a cavitation generator in the mixer. The 

aqueous solution is mixed with CO2, and carried to the transient bubbles driven by 

pressure variation when the pre-mixed fluid flows through the orifice plate. A large 

number of CO2 cavities are then generated in the liquid region, owing to the recovery 

of pressure after the orifice. These cavities rapidly collapse. Phase boundaries and the 

interfacial area can be disrupted and increased by the high transient energy caused by 

the implosion of these cavities. A continuous, near-thermodynamic-equilibrium 

solubilization of sc-CO2 occurs in the liquid solution (Cai et al., 2008). The mass 

transfer of the two-phase flow system is enhanced through the formation of the 

cavities. The homogeneous emulsion in the cavitation mixer should be formed 

rapidly to protect the protein structure. The flow region available for the liquid in the 

nozzle can be efficiently reduced by undissolved CO2, and the viscosity and surface 

tension of the aqueous solution can be reduced by the dissolved CO2. The 

homogeneity of the small primary droplets can be increased by these two effects, and 

final microparticle morphology and size distribution can also be controlled. 

Bovine serum albumin (BSA) microparticles have been produced through 

SAA-HCM by Yao et al (Wang et al., 2011) with water as the only solvent. Hollow 

and spherical microparticles were produced. No considerable change in the primary 

structure of the BSA microparticles was observed based on the results of sodium 
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dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). No new peaks 

were likewise observed by Fourier transform infrared spectroscopy (FTIR) after 

SAA-HCM processing, which indicates that the secondary structure of BSA did not 

change. The BSA microparticles confirmed high retention of primary and secondary 

structures of native BSA.  

Lysozyme microparticles were also prepared through SAA-HCM. No organic 

residue was detected when water was utilized as the solvent to solubilize lysozyme. 

Separated and spherical microparticles with diameters ranging from 0.2 to 5 μm were 

successfully produced under optimum operating conditions. Bioactivity was 

maintained at higher than 85%, and no damage in the primary and secondary 

structures of the processed lysozyme was found. Considering the reported results 

above, SAA-HCM is an alternative to conventional methods for micronization of 

active proteins. 

 

1.3.13.4 Supercritical-CO2 based coating method 

CO2 is readily available, environmentally acceptable and non-flammable. The gas 

has a critical point that can be easily reached allowing CO2 to function at moderate 

temperatures (304.3 K). No toxic residues remain after sc-CO2 coating because CO2 

easily reverts into gas at atmospheric pressure. The solvent power of CO2 can be 

significantly varied and adjusted by simply varying the temperature and pressure 

conditions. This original behaviour of adjustable solvents renders CO2 a very 
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promising substitute for organic solvents in microencapsulation processes. A novel 

coating process based on sc-CO2 technology without any organic solvent has been 

developed recently by Richard et al. (Thies et al., 2003) The process consists of two 

steps (Fig. 1.14). First, the coating material is dissolved in sc-CO2 with continuous 

stirring. Second, the solvent power of sc-CO2 is gradually reduced through 

depressurization to gradually precipitate the coating material onto protein particles 

dispersed in the medium. The process is totally different from the previously 

described sc-CO2-based processes because it does not lead to in situ formation of 

microspheres, but to the production of microcapsules composed of a preformed core 

of proteins surrounded by a shell of coating material. 

 

Fig. 1.14 Schematic representation of sc-CO2 based coating method. 

 

Richard et al (Ribeiro Dos Santos et al., 2002) showed that preformed solid 

protein particles can be efficiently coated with polymer materials through sc-CO2 

coating. A subsequent sustained release of solvent-free microcapsules containing 
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proteins occurred without any structural change in the protein. Gelucire® 50/02, 

which is composed of a mixture containing fatty acid esters and glycerides, did not 

crystallize, whereas pure triglycerides such as Dynasan® 114 did. Gelucire® 50/02 

appears to be a suitable polymer coating material for this particular coating process. 

This finding suggests that a homogeneous coating effect is produced when 

Gelucire® 50/02 is precipitated upon the BSA crystals. Thus, long-term release 

combined with a very limited initial burst effect was successfully achieved at 37°C 

over a 24 h period. Benoit’s research (Dos Santos et al., 2003) indicates that the use 

of sugar granules yields promising results. Coating was effective, and the smooth 

coating obtained with Gelucire® 50/02 revealed the tendency of this material to form 

a coat rather than discrete crystals, owing to the material’s multi-component nature. 

The most attractive advantage of this technique that is not exhibited by other 

sc-CO2-based techniques is that active materials, such as proteins or peptides, are 

continuously coated during the process in the solid state without the need to 

solubilize the proteins. Exposure to heat and adsorption of the water/solvent interface 

are the main causes of protein inactivation or denaturation in classical 

microencapsulation processes that are successfully avoided. The above mentioned 

findings indicate that this process should be well adapted to proteins and other 

biomaterials; the use of biodegradable polymers, such as polylactide, poly 

(lactide-co-glycolide) or mixtures of lipidic compounds and polymers as potential 

coating materials should be considered in the future. 
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1.3.13.5 Solution-enhanced dispersion by supercritical fluids (SEDS) 

The SEDS process has also been exploited for protein particle formation widely, 

including drug, polymer, protein, drug-loaded polymer and bio-functional composite 

particles and so on (Fig. 1.15). Chen et al. prepared the PLLA microparticles by the 

SEDS process and investigated the effects of process parameters such as temperature 

(T), pressure (P), concentration of the organic solution (C), and flow rate of the 

solution (F). The results suggested that concentration of the organic solution is the 

greatest factor to determine the diameter of microparticles, and the relationship of 

influencing factors for particle size is C > F > T > P. By adjusting the experimental 

parameters, various PLLA microparticles with different mean particle size ranging 

from 0.64-6.64 μm, would be produced for different purposes. 

 

Fig. 1.15 Schematic of the apparatus for the solution-enhanced dispersion by 

supercritical CO2 process; (1) solution pump, (2) high pressure vessel, (3) gas bath, 

(4) CO2 cylinder, (5) cooler, (6) CO2 pump, (7) heat exchanger, (8) coaxial nozzle, (9) 

filter and (10) water bath. T: thermometer; P: pressure gauge. 
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Sc-CO2 techniques, especially SEDS, CAN-BD, SAA-HCM, GAMA and 

sc-CO2-based coating methods, are good alternatives for bioactive material 

processing. Protein microparticles and NPs with narrow particle size distribution and 

high retention of bioactivity can be obtained by these eco-friendly technologies 

because these technologies utilize organic solvents with relatively low toxicity or 

avoid the use of such solvents. However, many other proteins (except robust proteins 

that have high tolerance for organic solvents, pressure, and temperature such as 

lysozyme and insulin) and bioactive molecules need to be micronized by these 

promising modified sc-CO2 techniques to extend their application. Performing a 

thermodynamic study to determine the solubility of the system, and the 

corresponding phase frontiers before utilizing these techniques is necessary. No 

general equation provides an accurate estimation of solubility at present. The same 

situation applies to the PSD and morphology of final protein microparticle products. 

However, based on previous work, the future of these modified sc-CO2 techniques 

with regard to the processing of active proteins is promising. 

 

Knowledge gap 

1. Nano structured CM-SF IDDSs need to be developed by the SEDS process. 

2. The in vitro and in vivo anti-cancer effect of nano structured CM-SF IDDSs need 

to be evaluated. 
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1.4 Summary of Research Gaps 

Through reviewing the recent literature of CM, SF and supercritical technology, the 

following knowledge gaps are identified and listed: 

1. The effect of particle size on water solubility of CM needs investigation. 

2. Interactions between cells and CM NPs are unclear. 

3. Physicochemical interactions between CM and SF in forming nanoparticles need 

to be studied. 

4. Little literature reports on the impact of SF nano-carriers on the water solubility, 

drug release and cell uptake efficiency of incorporated CM. 

5. Nanostructured CM-SF IDDSs need to be developed by the SEDS process. 

6. The in vitro and in vivo anti-cancer effect of nanostructured CM-SF IDDSs need 

evaluation. 

 

1.5 Project Objectives 

In order to fill the knowledge gaps mentioned above, the following research 

objectives were developed: 

1. To prepare CM NPs by the SEDS process, then study the mechanism of particle 

formation and drug release. 

2. To evaluate the biological activities of CM NPs prepared by SEDS. 

3. To fabricate CM-SF NPs by the SEDS process, then investigate the interactions 

between CM and SF-based carriers. 
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4. To evaluate the in vitro anti-cancer effect of CM-SF NPs prepared by SEDS. 

5. To construct a CM-SF nanofibrous IDDS by the SEDS process and then study 

the mechanism of nanofibrous structure formation. 

6. To explore an appropriate post-treatment method for controlled release of CM 

from SF nanofibrous matrices, then examine the in vitro and in vivo anti-cancer 

efficiency of CM-SF nanofibrous IDDSs. 

 

1.6 Project Significance and Originality 

SCF technology especially SEDS is a promising alternative for preparing bioactive 

molecule particles and nanostructured DDS. This research project combines the 

multi-functions of CM and superior advantages of SF-based carriers to fabricate CM 

NPs and CM-SF NPs, and nanostructured CM-SF IDDSs by SEDS will offer a novel 

nanostructured implantable, biodegradable, and controllable drug-release DDS for 

future therapy. The specific aspects of significant contributions are listed below: 

1. The present study will provide a promising solution for enhancing the water 

solubility of hydrophobic drugs with a SCF-based nano drug DDS, which could 

be applied in various fields including drug delivery, biomedicine, textiles, food 

and colour reagents. 

2. It is the first time that SF-based carriers have been introduced into SCF-based 

nanostructured DDS to achieve controlled drug release and facilitate cell uptake. 

3. This project will develop an implantable, biodegradable, and controllable 
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drug-release nanofibrous DDS for localized and smart treatment of cancer. 

4. This study will develop knowledge and theoretical understanding of the 

mechanism of CM NPs, CM-SF NPs and CM-SF nanofibrous DDS formation as 

well as their physicochemical and biological properties, especially the 

anti-cancer effect. 

 

1.7 Research Methodologies 

To achieve the objectives mentioned above, the following methodologies were 

adopted. 

 

1.7.1 Curcumin nanoparticle formation 

The SEDS process was employed to prepare CM NPs. Meanwhile, design of 

experiments (DoE) was used to design full factorial experiments to study the 

mechanism of particle formation during SEDS. The effect of process parameters on 

particle size was also investigated by DoE analysis. 

 

1.7.2 Physicochemical and biological characterizations of curcumin 

nanoparticles 

Physicochemical properties including surface morphology, particle size, size 

distribution, chemical structure and composition, crystallinity, and thermal stability, 

etc., can be characterized and analyzed by common techniques such as field emission 
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scanning electron microscopy (FE-SEM), Fourier transform infrared spectroscopy 

(FTIR), powder X-ray diffraction (XRD), differential scanning calorimetry (DSC), 

thermal gravim analysis (TGA), etc. 

For biological activities characterizations, the minimum inhibitory 

concentrations (MIC) on two bacteria strains were measured using a broth 

micro-dilution assay with a minor modification. The in vitro anti-oxidant activity 

was measured on the basis of scavenging activity of the stable DPPH 

(1,1-diphenyl-2-picryl-hydrazyl) free radical. The anti-cancer effect on cancer cell 

HCT116 and cytotoxicity effect on normal cell NCM460 were measured by MTS 

assay using the CellTiter 96® AQueous One Solution Cell Proliferation Assay kit 

(Promega). Cellular uptake efficiency was observed by a confocal laser scanning 

microscope (CLSM). Cell cycle and apoptosis assays were conducted on the 

HCT116 cell line using a flow cytometer. 

1.7.3 Curcumin-silk fibroin nanoparticles formation 

The SEDS process was employed to prepare CM-SF NPs. Meanwhile, DoE was used 

to design full factorial experiments to study the mechanism of particle formation 

during SEDS. The effect of process parameters on particle size was also investigated 

by DoE analysis. 
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1.7.4 Physicochemical characterizations and anti-cancer effect evaluation of 

curcumin-silk fibroin nanoparticles 

For physicochemical properties, surface morphology, particle size, size distribution, 

zeta potential, chemical structure and composition, crystallinity, thermal stability, etc., 

could be characterized and analyzed by common techniques such as FE-SEM, zeta 

potential analyzer (Brookhaven Instruments Corporation, USA), FTIR, XRD, DSC, 

TGA, etc. 

For in vitro anti-cancer effect evaluation, the anti-cancer effect on cancer cell 

HCT116 and cytotoxicity effect on normal cell NCM460 were measured by MTS 

assay using the CellTiter 96® AQueous One Solution Cell Proliferation Assay kit 

(Promega). Cellular uptake efficiency was observed by CLSM. Cell cycle and 

apoptosis assays were conducted on the HCT116 cell line using a flow cytometer. 

 

1.7.5 Curcumin-silk fibroin nanofibrous matrices formation and control drug 

release 

The SEDS process was employed to prepare CM-SF nanofibrous matrices. 

Meanwhile, DoE was used to design full factorial experiments to study the 

mechanism of nanofibrous structure formation during SEDS. The effect of process 

parameters on fibre diameter was also investigated by DoE analysis. The different 

secondary structure of SF-based carriers affects the release rate of loaded CM. 

Therefore, solvent vapour (water and ethanol) post-treatment was employed to 
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control the drug release. Then, the in vitro accumulative drug release was evaluated 

using an ultra-violet (UV) spectrophotometer. 

 

1.7.6 Physicochemical characterizations and anti-cancer effect evaluation of 

curcumin-silk fibroin nanofibrous matrices 

For physicochemical properties, surface morphology, fibre diameter, chemical 

structure and composition, crystallinity, and thermal stability, etc., can be 

characterized and analyzed by common techniques such as FE-SEM, FTIR, XRD, 

DSC, TGA, etc. 

For in vitro anti-cancer effect evaluation, the anti-cancer effect on the cancer 

cell HCT116 and cytotoxicity effect on normal cell NCM460 were measured by 

MTS assay using the CellTiter 96® AQueous One Solution Cell Proliferation Assay 

kit (Promega). Cellular uptake efficiency was observed by CLSM. Cell cycle and 

apoptosis assays were conducted on the HCT116 cell line using flow cytometer. 

In vivo tumour therapy was constructed on a BLAB/C nude mice model for 

further investigation of CM-SF nanofibrous matrix anti-cancer treatment efficiency. 

This study complied with experimental animal ethics “reduction, replacement, 

refinement” and was approved by the Laboratory Animal Center of Sun Yat-sen 

University (Guangzhou, China). 
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1.8 Thesis Outline 

 

Fig. 1.16 Diagram of thesis outline. 
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CHAPTER 2 PREPARATION AND OPTIMIZATION OF 

CURCUMUN NANOPARTICLES IN SUPERCRITICAL CO2 

2.1 Introduction 

This chapter describes the fulfilment of the first objective to prepare CM NPs by the 

SEDS process, and then study the mechanism of particle formation and drug release. 

As mentioned in Chapter 1, CM possesses many therapeutic properties, including 

being anti-inflammatory, an anti-oxidant, anti-cancer, anti-HIV, and anti-microbial. 

Despite displaying multiple beneficial pharmacological effects, CM suffers from 

extremely low water solubility. The poor solubility limits its absorption and results in 

low bioavailability. In this chapter, the hypothesis is that decreased particle size of 

CM may contribute to higher water solubility. To test this hypothesis, SEDS was 

used to micronize CM, particle size and size distribution were used as two major 

corresponding variables for optimization with full factorial designs (FFD), steepest 

ascent and central composite design (CCD); the effects of parameters (pressure, 

temperature, concentration and flow rate of solution) on particle size and size 

distribution were systematically analyzed. The chemical composition, crystallinity, 

thermal properties and solubility and dissolution rate of CM NPs were studied 

followed by discussion of the mechanism of CM NP formation and enhanced water 

solubility. 
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2.2 Materials and Methods 

2.2.1 Materials 

CM was purchased from International Laboratory (USA). CO2 with a purity of 99.9% 

was supplied by Hong Kong Specialty Gases Co. Ltd. (Hong Kong). Acetone was 

purchased from Oriental Chemical & Lab Supplies Ltd. (Hong Kong). All other 

compounds were of analytical purity. 

 

2.2.2 Preparation of curcumin nanoparticles by supercritical CO2 

The experimental apparatus of the SEDS process consists of three major sections: a 

CO2 supply system, an organic solution delivery system and a high-pressure vessel. 

The schematic diagram of the SEDS process is shown in Fig. 2.1. In this process, 

when the desired experimental conditions were reached, CM dissolved in acetone 

was injected into the high-pressure vessel via a stainless steel coaxial nozzle 

simultaneously with sc-CO2 using a high-performance liquid chromatography pump. 

After all the solution was delivered into the high-pressure vessel, fresh CO2 was 

pumped in to wash the precipitated particles for about 30 mins to eliminate any 

residual organic solvent. During the washing process, the precipitation temperature 

and pressure were maintained as described above. After the washing process, the 

CO2 flow was stopped and the CO2 in the high-pressure vessel was slowly 

depressurized to atmospheric pressure. The CM NPs were then collected on the filter 

at the bottom of the high-pressure vessel for characterization. 
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Fig. 2.1 Schematic of the apparatus for the solution-enhanced dispersion by 

supercritical CO2 process; (1) solution pump, (2) high pressure vessel, (3) gas bath, 

(4) CO2 cylinder, (5) cooler, (6) CO2 pump, (7) heat exchanger, (8) coaxial nozzle, (9) 

filter and (10) water bath. T: thermometer; P: pressure gauge. 

 

2.2.3 Full factorial designs 

To investigate the influence and significance of the process parameters on the particle 

size of CM NPs in the SEDS process, Minitab software (version 15) was used to 

design a 42 full factorial experiment (FFD) as shown in Table 2.1. There were totally 

4 factors (Pressure, Temperature, Flow rate, Concentration of CM solution) and 2 

levels for each factor. 
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Table 2.1 Experimental factors and levels. 

Symbols Factors 
Coded level 

-1 +1 

A Pressure (MPa) 10 20 

B Temperature (°C) 35  45 

C Flow rate of solution (ml·min-1) 0.5 1 

D Concentration (%) 0.5 1 

 

2.2.4 Steepest ascent and central composite design 

The further minimization of CM particle size was conducted with the steepest ascent 

and central composite design (CCD). 

 

2.2.5 Surface morphology, particle size and size distribution 

The surface morphologies of the samples were visualized through field emission 

scanning electron microscopy (FE-SEM, JEOL, JSM-6490, Japan). Samples were 

attached to carbon paint and placed on an aluminium sample holder and then coated 

with gold under argon prior to imaging. The particle size of the CM NPs was 

analyzed by NanoMeasurer software (version 1.2) from the SEM photographs. The 

size distribution is the same meaning as standard deviation in my thesis. The 

standard deviation is calculated by using SEM images, Nano Measurer and Origin 

software. The calculation procedure is shown below. 
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2.2.6 Fourier transform infrared spectroscopy (FTIR) analysis 

The samples were mixed with KBr and pressed into a thin tablet. The FTIR spectra 

for the samples were obtained on an FTIR Perkin Elmer 1720 (Perkin Elmer, USA) 

in the transmission mode with the wave number ranging from 4,000 to 400 cm-1 

 

2.2.7 X-ray powder diffraction (XRPD) analysis 

XRPD was carried out using an X-ray diffractometer with Cu Kα (λ=1.5405 Å) 

radiation (D8 Advance, Bruker AXS, Germany). The measurement was performed in 

a 2θ range of 5~45° with a 0.02° step size and 10° min-1 scan speed with a 2D 

detector at 40 kV and 40 mA. 

 

2.2.8 Thermal analysis 

DSC samples were analyzed by DSC thermogram analysis (Simultaneous Thermal 

Analyzer [STA] 6000; Perkin Elmer, MA, USA) at a heating rate of 10°C min-1 over 

a temperature range of 25°C–400°C in a nitrogen (N2) atmosphere. Each sample was 

sealed separately in a standard aluminium pan. TG analysis was carried out using a 

Shimadzu TG analyzer (TGA50; Kyoto, Japan) in a nitrogen atmosphere. The heat-

ing rate of the experiment was 10°C min-1. Nitrogen flow was maintained at 50 

mL·min-1. 

 

2.2.9 Solubility and dissolution rate measurements 
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The solubility and dissolution rate of the original CM and the micronized CM were 

conducted using a modified dialysis bag method. Excessive amounts of each sample 

(10 mg) were dispersed in 5 mL of PBS (pH 7.4) and placed in a pre-treated dialysis 

bag (Molecular Weight: 12,000-14,000 Daltons), and then the bag was put into 50 

mL of PBS and incubated in a water bath at 37oC and 60 rpm. At a specific time, 1 

mL of the solution was removed, followed by centrifugation (10,000×g, 10 min). 

Then the concentration of supernatant was detected by UV spectrometry 

(PerkinElmer Lambda 18, USA) at 410 nm. The dissolution rate was calculated in 

terms of the CM concentration and incubation time. 

 

2.2.10 Statistical analysis 

Each experiment was performed in triplicate, and all data were presented as mean ± 

standard deviations (SD). Statistical analysis was performed using one-way ANOVA 

with the level of statistical significance set at P <0.05. 

 

2.3 Factors Effecting Micronization of Curcumin 

In order to study the main effect factor and interactions among these factors during 

the SEDS process, a 42 FFD was conducted. Table 2.1 shows the four factors for FFD; 

each of them had two levels, coded as +1 and -1 respectively.  

Table 2.2 shows the result of 16 runs according to the FFD, which were 

randomly ordered. Particle size and SD were chosen as two research objects. Run 2 
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had the smallest particle size (325 nm) among all 16 runs; on the other hand, run 7 

had the largest particle size (1,024 nm). 

Table 2.2 Experimental runs and results of full factorial design. 

Run order A B C D Mean size (nm) SD 

1 -1 -1 -1 -1 389 61 

2 1 -1 -1 -1 325 21 

3 -1 1 -1 -1 694 64 

4 1 1 -1 -1 337 12 

5 -1 -1 1 -1 547 44 

6 1 -1 1 -1 386 16 

7 -1 1 1 -1 1,024 58 

8 1 1 1 -1 370 4 

9 -1 -1 -1 1 427 53 

10 1 -1 -1 1 368 24 

11 -1 1 -1 1 483 9 

12 1 1 -1 1 372 53 

13 -1 -1 1 1 374 19 

14 1 -1 1 1 334 30 

15 -1 1 1 1 899 163 

16 1 1 1 1 692 118 

Pressure (A), temperature (B), flow rate (C), concentration of curcumin solution (D), 

SD: standard deviation. 

 

Fig. 2.2 SEM image of the original CM powders. 



69 

 

   

(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

   
(j) (k) (l) 

   
(m) (n) (o) 



70 
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Fig. 2.3 SEM images of CM NPs prepared by the SEDS process under different 

conditions. (a) 1%, 35oC, 0.5 mL/min, 10 MPa, (b) 1%, 35oC, 1 mL/min, 10 MPa , (c) 

1%, 45oC, 0.5 mL/min, 10 MPa, (d) 1%, 45oC, 1 ml/min, 10 MPa, (e) 1%, 35oC, 0.5 

ml/min, 20 MPa, (f) 1%, 35oC, 1 ml/min, 20 MPa, (g) 1%, 45oC, 0.5 ml/min, 20 MPa, 

(h) 1%, 45oC, 1 mL/min, 20 MPa, (i) 0.5%, 35oC, 0.5 mL/min, 10 MPa, (j) 0.5%, 

35oC, 1 mL/min, 10 MPa, (k) 0.5%, 45oC, 0.5 mL/min, 10 MPa, (l) 0.5%, 45oC, 1 

mL/min, 10 MPa, (m) 0.5%, 35oC, 0.5 mL/min, 20 MPa, (n) 0.5%, 35oC, 1 mL/min, 

20 MPa, (o) 5%, 45oC, 0.5 mL/min, 20 MPa and (p) 0.5%, 45oC, 1 mL/min, 20 MPa. 

 

The full factorial design can help to find out the main effects on particle size of 

CM NPs from the parameters including the precipitation pressure (A), precipitation 

temperature (B), flow rate of CM solution (C) and precipitation pressure (D). The 

quantitative data analysis of the results shown in Table 2.3 was carried out using 

Minitab. Fig. 2.4 shows the standardized effect of the factors on particle size. The 

main effects plot for particle size is shown in Fig. 2.5 (a). 

As shown in Table 2.3 and Fig. 2.4 (a) and (b), factor A, B, C (P<0.05) 

significantly affected the particle size (nm). However, D (P>0.05) had a slight effect 

on particle size. According to the slopes of the lines in Fig. 2.5 (a), the order of 
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importance of the factors for particle size is as follows: B> A > C > D. Meanwhile, 

there were interactions between AB, BC, AD, BCD and ABD. 

Table 2.3 Estimated effects and coefficients for particle size. 

Term Effect Coef SE Coef T P 

Constant  0.5011 0.01552 32.29 0.000 

Pressure (MPa) -0.2064 -0.1032 0.01552 -6.65 0.000 

Temperature (oC) 0.2152 0.1076 0.01552 6.93 0.000 

Flow rate (mL/min) 0.1539 0.0770 0.01552 4.96 0.000 

Concentration (%) -0.0152 -0.0076 0.01552 -0.49 0.631 

T: temperature; P: pressure: Coef: coefficient; SE Coef: standard error coefficient. 
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Fig. 2.4 Standardized effect (a) and pareto chart (b) of the factors on particle size. 
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Fig. 2.5 Main effects plot (a) and contour plot (b) of particle size. 

 

 

Within the range of parameters studied, the particle size increased with 

increasing temperature or flow rate of solution, and decreasing precipitation pressure. 

The impact of concentration of solution alone on the particle size seemed not obvious, 

and decreasing the concentration reduced the particle size of CM NPs slightly 

(shown in Fig. 4.5 a). Fig. 4.5 (b) displays the trend of particle size under the 

conditions of temperature and pressure. The particle size decreased with lower 

temperature and higher pressure; thus according to this trend, the next optimized step 

had a clear direction. 
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2.3.1 Effect of precipitation pressure 

As shown in Fig. 2.5, an increase in the precipitation pressure induced a reduction in 

the particle size of CM. Runs 3 and 4 (Table 2.2) show that increasing the pressure 

from 10 to 20 MPa led to a decrease in the particle size of CM NPs from 694 to 337 

nm. This trend was also observed in the morphology of CM NPs shown in Fig. 2.3, 

(c) and (d). Zhao et al. (2013) also reported a similar phenomenon.  

The nucleation and growth mechanism induced by supersaturation can be used 

to explain the result. In the SEDS process, mutual diffusion between the liquid 

solution and sc-CO2 resulted in phase separation and supersaturation of the solution, 

thus leading to the nucleation and precipitation of particles. Lower supersaturation 

ratios resulted in fewer nuclei, which in turn yielded larger particles. An increase in 

pressure led to an increase in the CO2 density and mole fraction, thereby enhancing 

the antisolvent effect of sc-CO2. Therefore, supersaturation within the liquid phase 

was more quickly reached, preventing the crystals from growing and inducing the 

formation of particles of smaller size (Jin et al., 2011). 

 

2.3.2 Effect of precipitation temperature 

Figs. 2.4 and 2.5 show that precipitation temperature significantly influenced particle 

size, and increasing the temperature caused an increase in the particle size of CM 

NPs. Runs 5 and 7 (Table 2.2) indicate that an increase in temperature from 35 to 

45°C would result in an increase in the size of CM NPs from 547 to 1,024 nm. These 
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results were supported by surface morphologies as shown in Fig. 2.3 (b) and (e). 

Temperature can affect the density of supercritical fluid. A small change in the 

precipitation temperature can lead to considerable density changes, especially near 

the critical point (Kalani and Yunus, 2011b). The increase in temperature caused 

decreased density of sc-CO2, thus resulting in a decrease of the antisolvent effect of 

sc-CO2. Therefore, achieving supersaturation was slowed and a bigger particle was 

formed. Similar results were also observed in other studies (Lee et al., 2011). 

 

2.3.3 Effect of flow rate of solution 

Figs. 2.4 and 2.5 show that precipitation temperature significantly influenced particle 

size, and increasing the temperature caused an increase in the particle size of CM 

NPs. Runs 5 and 7 (Table 2.2) indicate that an increase in temperature from 35 to 

45°C would result in an increase in the size of CM NPs from 547 to 1,024 nm. These 

results were supported by surface morphologies as shown in Fig. 2.3 (b) and (e). 

Temperature can affect the density of supercritical fluid. A small change in the 

precipitation temperature can lead to considerable density changes, especially near 

the critical point (Kalani and Yunus, 2011b). The increase in temperature caused 

decreased density of sc-CO2, thus resulting in a decrease of the antisolvent effect of 

sc-CO2. Therefore, achieving supersaturation was slowed and a bigger particle was 

formed. Similar results were also observed in other studies (Lee et al., 2011). 
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2.3.4 Effect of concentration of solution 

As indicated in Figs. 2.4 and 2.5, the concentration of solution had a slight effect on 

particle size; hence, the higher the concentration of solution, the smaller the particle 

size. Run 6 and 14 (Table 2.2) show that an increase in the concentration of CM 

solution from 0.5 to 1% can decrease the particle size of CM NPs from 386 to 334 

nm. Surface morphologies shown in Fig. 2.3 (h) and (i) demonstrate this trend. Chen 

et al. (2012b) reported similar results.  

This finding can be explained by considering that a higher condensation rate 

from a higher concentration tends to result in a higher supersaturation, and thus 

smaller particles are expected (Montes et al., 2010). This is consistent with the 

classical nucleation and growth theory. However, in the operating conditions, the 

concentration of solution affected the particle size of CM NPs slightly. 

2.4 Minimization of Curcumin Particle Size 

2.4.1 Steepest ascent 

To obtain smaller particle size and narrower particle size distribution, a steepest 

ascent study was designed according to Table 2.3. Firstly, fitting a first-order model: 

Y=500-103.8X1+108.1X2-63.1X1X2 (X1: Pressure X2: Temperature), the slope was 

103.8/108.1≈1. Then choosing point A as a start point, the basic step was 0.5 (coded 

units), 2.5 MPa (uncoded units) along with the pressure direction (0.5) (Fig. 2.6 (a) 

and (b)). Temperature along the path of steepest ascent was 0.5 (coded units, 2.5oC). 
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Fig. 2.6 Surface plot (a) and steepest ascent (b) of particle size. 

As shown in Table 2.4 and Fig. 2.7, point A (22.5 MPa, 32.5oC) had the smallest 

particle size (274 nm) and SD (76 nm), which indicates that the most optimized 

conditions were around point A. Thus, CCD needs to be conducted to find out the 

most optimized conditions for the smallest CM NPs. 

Table 2.4 Results of steepest ascent experiment. 

 

 

Runs 

A B C 

Particle size (nm) 274 311 424 

SD 76 107 179 

A (22.5 MPa, 32.5 oC), B (25 MPa, 30 oC), C (27.5 MPa, 27.5 oC) 
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(a) (b) (c) 

Fig. 2.7 SEM images of CM NPs. (a) 32.5oC, 22.5 MPa, 0.5%, 0.5 mL/min; (b) 30oC, 

25 MPa, 0.5%, 0.5 mL/min; (C) 27.5oC, 27.5 MPa, 0.5%, 0.5 mL/min. 

 

2.4.2 Central composite design 

In order to find out the most optimized conditions for the smallest particle size, CCD 

was performed. As mentioned above, pressure and temperature are the most 

important two factors in relation to particle size. Thus, pressure and temperature were 

chosen as the only two factors to conduct CCD experiments (Table 2.5). 

Table 2.5 Central composite design. 

Symbols Factors 
Coded level 

-1 +1 

A Pressure (MPa) 21.5 23.5 

B Temperature (°C) 31.5 33.5 

 

Table 2.6 Results of central composite design. 

Run A B Mean size (nm) SD 

1 -1 -1 242 69 

2 1 -1 231 61 

3 -1 1 242 74 

4 1 1 253 79 

5 -1.41421 0 261 81 

6 1.41421 0 230 63 
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7 0 -1.41421 232 54 

8 0 1.41421 251 63 

9 0 0 233 57 

10 0 0 234 54 

11 0 0 241 65 

12 0 0 232 63 

13 0 0 231 59 

(A): pressure, (B): temperature. SD: standard deviations. 

 

There were 13 runs in CCD as shown in Table 2.6, and the particle size and 

standard deviation were both chosen as object variants. There were no distinct 

differences between these conditions (shown in Fig. 2.8), which indicates that this 

region was actually the most optimized region. As shown in Fig. 2.8, the smallest 

particle size and SD range that could be obtained was around 230-240 nm and 54-81 

nm, respectively. The optimized conditions were: pressure was from 22-22.5 MPa, 

while temperature was from 31-32.5oC. 

   

(a) (b) (c) 

   

(d) (e) (f) 
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(g) (h) (i) 

Fig. 2.8 SEM images of CM NPs in CCD. (a) 31.5oC, 21.5 MPa, 0.5%, 0.5 mL/min; 

(b) 31.5oC, 23.5 MPa, 0.5%, 0.5 mL/min; (c) 33.5oC, 21.5 MPa, 0.5%, 0.5 mL/min; 

(d) 33.5oC, 23.5 MPa, 0.5%, 0.5 mL/min; (e) 32.5oC, 21.1 MPa, 0.5%, 0.5 mL/min; 

(f) 32.5oC, 23.9 MPa, 0.5%, 0.5 mL/min; (g) 31.1oC, 22.5 MPa, 0.5%, 0.5 mL/min; 

(h) 33.9oC, 22.5 MPa, 0.5%, 0.5 mL/min; (i) 32.5oC, 22.5 MPa, 0.5%, 0.5 mL/min. 

 

Table 2.7 Estimated effects and coefficients for particle size and size distribution. 

 Particle size  SD 

Term Coef SE Coef T P  Coef SE Coef T P 

Constant 10350.5 4042.63 2.560 0.038  7077.30 3289.66 2.151 0.068 

P -432.2 160.83 -2.687 0.031  -450.06 130.87 -3.439 0.011 

T -325.8 184.91 -1.762 0.121  -122.28 150.47 -0.813 0.443 

P*P 5.9 2.59 2.270 0.057  7.57 2.11 3.597 0.009 

T*T 3.4 2.59 1.304 0.233  0.83 2.11 0.392 0.707 

P* T 5.0 3.41 1.465 0.186  3.25 2.78 1.170 0.280 

P: pressure (MPa), T: temperature (oC), SD: standard deviations, Coef: coefficient, 

SE Coef: standard error coefficient. 
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Fig. 2.9 Contour plot of particle size of CM NPs. CM: curcumin, NPs: nanoparticles. 

 

The original CM could be successfully micronized by SEDS, and the smallest 

particle size and SD that could be obtained was around 230 to 240 nm. The optimum 

conditions were: pressure was from 22-22.5 MPa, while temperature was from 

31-32.5oC. The flow rate of the CM solution and precipitation temperature had 

positive effects on particle size, while the precipitation pressure and the 

concentration had negative effects on particle size. 

2.5 Mechanism of Curcumin Nanoparticle Formation 

In summary, the non-perfect spherical morphology of CM NPs prepared under the 

operating conditions in SEDS indicates that NP formation due to nucleation and 

growth in the gaseous miscible phase evolved from initial droplets. Analysis of the 
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main effects of process parameters on particle size and SD suggests that mutual mass 

transfer between sc-CO2 and the solution was superimposed on the supersaturation 

and was the most important process parameter affecting NP formation. Based on the 

analysis above, a possible mechanism of CM NP formation in SEDS can be proposed. 

Fig. 2.10 shows a schematic diagram of this possible mechanism. In the process of 

SEDS, at the moment that the solution is sprayed into the high-pressure vessel 

through a coaxial nozzle, the solution and the sc-CO2 in the vessel are not in 

equilibrium. So within an extremely short initial period, the solution will exist in the 

form of droplets that form as a result of the formation of a liquid−liquid phase split. 

Then the mutual mass transfer between the solution and sc-CO2 makes the droplets 

expand rapidly and the strength of the solvent reduces significantly. Thus, the 

solvent-rich phase and CO2-rich phase are formed. During the addition of polymer 

solution into sc-CO2, very small amounts of solute will be dissolved in sc-CO2 with 

the solvent acting as a cosolvent until saturation of the polymer in the mixture of 

sc-CO2 and solvent is reached. Continued feeding of the solution results in crossing 

over the equilibrium boundary and supersaturation of the polymer in the mixture of 

sc-CO2 and solvent. Subsequently, a phase transition takes place in the solvent-rich 

phase, leading to the formation of polymer nuclei and a polymer-rich phase. With the 

continued mass transfer between droplets and sc-CO2, the nuclei formed in the 

supersaturated polymer solution quickly grow into larger polymer NPs. After 

precipitation, the solvent/sc-CO2 phase can be flushed out to obtain pure polymer 
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NPs, and remaining traces of the solvent are removed by a continuous flow of fresh 

sc-CO2. 

 

Fig. 2.10 Schematic of the mechanism of CM NP formation in SEDS. Sc-CO2: 

supercritical CO2, SEDS: solution-enhanced dispersion by supercritical carbon 

dioxide 

 

2.6 Physicochemical Characterizations of Curcumin Nanoparticles 

2.6.1 Chemical structure of curcumin nanoparticles 

FTIR can reveal the chemical changes by producing an infrared absorption spectrum. 

Fig. 2.11 shows the FTIR spectra of CM NPs prepared by the SEDS process under 

optimal conditions. It can be seen that FTIR spectra of the original CM and CM NPs 

did not show significant difference. Thus, there was no change in the chemical 

composition of the samples before and after the SEDS process. The characteristic 

peaks at 1,581 cm-1, 1,511 cm-1, 1,279 cm-1, and 1,152 cm-1 were attributed to the 

stretching vibrations of the benzene ring, C=C vibrations, aromatic C-O stretching, 
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and C-O-C stretching modes, respectively, in the original CM. After the SEDS 

process, the main peak at 1,152 cm-1 found in the FTIR spectra of the original CM 

shifted to 1,144 cm-1. This finding indicates that minor structural changes occurred at 

the molecular level. A previous study also reported such minor structural change of 

samples after the supercritical CO2 process (Chen et al., 2012b). However, no 

observable new characteristic peaks were found in the FTIR spectra of CM NPs. 

Therefore, there was no change in the chemical composition of the samples before 

and after the SEDS process. 

 

2.6.2 Crystallinity of curcumin nanoparticles 

XRPD is an important technique employed to determine the crystal phase of the 

samples. Fig. 2.12 shows the XRPD pattern of CM NPs prepared by the SEDS 

process under optimal conditions. The characteristic high-intensity diffraction peaks 

of the original CM indicate that it was in a highly crystalline form before the SEDS 

process. However, the intensity of these characteristic diffraction peaks weakened 

after the SEDS process. CM NPs exhibited a lower value for the peak areas 

(indicative of crystallinity) than that of original CM (556.5 vs. 828.3). Furthermore, 

the peaks at 2θ =13.4°, 16.3°, 20.1° and 21.8° disappeared. These results demonstrate 

that the precipitation by the SEDS process decreased the crystallinity of the original 

CM, and the CM NPs exhibited a more amorphous state than the original CM 

(Montes et al., 2010). A crystalline-amorphous transition resulted in excess free 
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energy and entropy. Compared with the crystalline state, the amorphous state was 

thermodynamically less stable. Consequently, the decreased crystallinity of the 

original CM by the SEDS process favours an increased dissolution rate of drug 

powder (Song et al., 2014). 

 

Fig. 2.11 FTIR spectra of the original CM and CM NPs prepared by the SEDS 

process under optimal conditions. FTIR: Fourier transform infrared; SEDS: 

solution-enhanced dispersion by supercritical carbon dioxide. 
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Fig. 2.12 XRPD patterns of the original CM and CM NPs prepared by the SEDS 

process under optimal conditions. XRPD: X-ray powder diffraction; SEDS: 

solution-enhanced dispersion by supercritical carbon dioxide. 

 

2.6.3 Thermal properties of curcumin nanoparticles 

DSC is widely used to characterize the thermal behaviour of various materials, such 

as melting and crystallization. The DSC curves of CM NPs prepared by the SEDS 

process under optimal conditions are given in Fig. 2.13 (a). For the original CM, a 

sharp peak at 164.4°C corresponding to the melting point was found (Xie et al., 

2011). After the SEDS process, the melting point of CM was unchanged and a sharp 

peak at 164.4°C was still observed for CM NPs. However, CM NPs exhibited a 

lower value for the endothermic peak areas (indicative of the crystallization extent) 

than that of the original CM (705.4 J·g-1 vs. 985.1 J·g-1). The reduction in the integral 



87 

 

area can be attributed to the disrupted molecule chains and the decreased 

crystallization extent caused by the SEDS process. This result was consistent with 

that of XRPD analysis. 

 

 

Fig. 2.13 DSC (a) and TG (b) curves of the original CM and CM NPs prepared by 

SEDS under optimal conditions. DSC: differential scanning calorimetry; TG: 

thermogravimetric; SEDS: solution-enhanced dispersion by sc-CO2. 

(a) 

(b) 
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TG curves corresponding to the thermal weight losses of the original CM and 

the CM NPs prepared by the SEDS process under optimal conditions are shown in 

Fig. 2.13 (b). Upon heating, the original CM suffered a pronounced weight loss step 

occurring near 100oC that can be ascribed to the loss of water composition. However, 

weight loss was not observed in the CM NPs. In addition, based on the tangent 

method, the decomposition temperatures of the original CM and CM NPs were found 

to be 273.6°C and 266.7°C, respectively. Thus, the thermal stability of CM decreased 

after the SEDS process owing to decreased crystalline structure. The result agreed 

well with those of DSC and XPRD analyses. 

 

2.7 Solubility of Curcumin Nanoparticles and Its Action of 

Mechanism 

Fig. 2.14 (a) shows the dissolution profile of CM NPs prepared by SEDS under 

optimal conditions. The kinetic solubility curve of the original CM reached the pla-

teau quickly. The maximum solubility of the original CM was ~0.2 μg/mL at 60 mins. 

After SEDS, CM NPs exhibited a maximum solubility of approximately 1.4 μg/mL. 

Moreover, the dissolution rate of CM NPs was higher than that of the original CM, 

particularly in the first 180 mins. The dramatically increased dissolution rate and 

solubility of CM NPs can be attributed to the increased specific surface area for 

better wettability resulting from the reduced particle size. CM NPs also exhibited less 

crystallinity than the original CM. A decrease in crystallinity resulted in decreased 
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thermodynamic stability, thereby favouring increased dissolution rate and 

bioavailability of CM (Fig. 2.14 (b)). Comparing with previous publications (Chen et 

al., 2012), the increase dissolution rate and solubility of CM NPs is due to the 

reduced particle size (Noyes-Whiney equation) and the change of physical state into 

the amorphous form (Ostwald-Freundlich equation); the much larger specific surface 

area contributed by the much smaller particle size for better wettability, and the 

inherent thermodynamic instability of the amorphous form are the main mechanisms 

whereby the solubility and dissolution rate are improved. 
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Fig. 2.14 In vitro drug release profile (a) of the original CM and CM NPs prepared 

by SEDS under optimal conditions. (b) Mechanism of enhanced water solubility of 

CM NPs. CM: curcumin, NPs: nanoparticles, SEDS: solution-enhanced dispersion 

by supercritical carbon dioxide. 

 

2.8 Conclusion 

In this chapter, the first objective (to prepare CM NPs by the SEDS process, then 

study the mechanism of particle formation and drug release) was described by 

preparing CM NPs via SEDS. The result of 42 FFD indicated that an increase in the 

flow rate of solution and the precipitation temperature increased the size of CM NPs, 

whereas a reduction in the precipitation pressure increased the particle size. The 

(b) 
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single effect of the concentration of the solution on particle size was insignificant. 

The optimum particle size that could be obtained was around 230 to 240 nm. Given 

the reduction in particle size and crystallinity, CM NPs exhibited higher solubility 

and higher dissolution rate than the original CM. It was concluded that SEDS is an 

effective method for preparing drug NP DDSs for improving the solubility and 

dissolution rate of poorly water-soluble drugs. 
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CHAPTER 3 BIOLOGICAL EVALUATIONS OF 

CURCUMIN NANOPARTICLES 

3.1 Introduction 

This chapter describes the fulfilment of the second objective (to evaluate the 

biological activities of CM NPs prepared by SEDS). Chapter 2 reported CM NPs (~ 

240 nm) prepared via SEDS, and the water solubility of CM NPs was enhanced due 

to their higher surface area to volume ratio and more amorphous region. However, 

the biological functions of CM NPs need further investigation. The hypothesis of 

this chapter is that smaller particle size and higher water solubility would 

increase the bioavailability and biological functions of CM. To test this hypothesis, 

experiments investigating the properties of anti-bacterial, anti-oxidant, in vitro 

anti-cancer effect, in vitro cytotoxicity and intracellular uptake were performed. Both 

gram positive and gram negative bacterial were used to test the anti-bacterial ability 

of CM NPs; anti-oxidant activity was evaluated by a 1,1-diphenyl-2-picryl-hydrazyl 

(DPPH) free radical scavenging method; intracellular uptake activity was visualized 

to study the mechanism of interactions between CM NPs and cells. Finally, the cell 

viability of cancer cell HCT116 and normal cell NCM460 was evaluated to test the in 

vitro anti-cancer effect and cytotoxicity of CM NPs, respectively. 
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3.2 Materials and Methods 

3.2.1 Materials, bacterial strains and cell lines 

DPPH (2,2-diphenyl-1-picryl-hydrazyl) and ascorbic acid were purchased from 

Oriental Chemicals & Lab. Supplies Ltd. (Hong Kong). Two bacteria strains were 

used including Escherichia coli ATCC (American type culture collection) 25922 and 

Staphylococcus auresu ATCC 25923, which were generously given by Dr. Polly 

Leung from The Hong Kong Polytechnic University. A human colorectal cancer cell 

line HCT116 and a normal human colon mucosal epithelial cell line NCM460 was 

obtained from the Cell Bank of the Chinese Academy of Science (Shanghai, China). 

All other compounds were of analytical purity. 

 

3.2.2 Determination of minimum inhibitory concentration (MIC) 

The MIC of CM NPs on two bacteria strains were measured using a broth 

micro-dilution assay with a minor modification. The bacteria were cultured overnight 

(12-15 h); then the culture was inoculated in the ratio of 1:100; after 2-6 hours’ 

incubation, the concentration was adjusted to 1.5×108/mL according to the 

McFarland standard 0.5. The original CM and CM NPs were dissolved in DMSO 

solution and deionized (DI) water with the concentration of 10 mg/mL as stock 

solution, respectively, and then placed in a 96-well plate and DI water was added to 

dilute the stock solutions to the concentration as follows: 2000, 1000, 500, 250, 125 

62.5 and 31.25 μg/mL. The bacteria culture was added to the 96-well plate in the 



94 

 

final concentration of 5×104/well (0.1 mL). The optical density of the mixture in the 

96-well plate was recorded as 600 nm using a microplate reader (BioRad, USA) after 

18-24 hours of incubation. The MIC values were defined as the lowest concentration 

of CM which maintained the culture medium clear (OD600 less than 0.05). The 

optical density value (OD) served as the reference for the changes of turbidity. 

 

3.2.3 Anti-oxidant assay 

The in vitro antioxidant activity of the original CM and CM NPs was measured on 

the basis of scavenging activity of the stable DPPH (1,1-diphenyl-2-picryl-hydrazyl) 

free radical. 1 mL of different concentrations (125-2 mg/mL) of the original CM, CM 

NPs and standard ascorbic acid were taken in different vials. 5 mL of DPPH was 

added, and then incubated at 37oC for 30 min. Absorbance was measured against 

methanol as blank at 517 nm using a UV-visible spectrophotometer. Absorbance of 

DPPH was taken as the control. The analysis was carried out in triplicate. Lower 

absorbance of the reaction mixture indicated higher free radical scavenging activity. 

Ascorbic acid was used as the standard. The difference in the absorbance between 

the test and control of DPPH was calculated and expressed as percentage scavenging 

of the DPPH radical. The scavenging activity of DPPH can be calculated using Eq. 

(3.1) below. 

%Scavenging effect = (1 −
Absorbance of samples

Absorbance of control
) × 100        (3.1) 

where the absorbance of samples represents the OD517 values of different 



95 

 

experimental groups; and the absorbance of the control refers to the OD517 values of 

the control groups. 

 

3.2.4 Cell culture and proliferation 

HCT-116 and NCM460 cells were maintained in Roswell Park Memorial Institute 

(RPMI) 1640 medium (Gibco, Invitrogen) supplemented with 10% foetal bovine 

serum (FBS) (Gibco, Invitrogen) and 1% pen-strep (100U/ml penicillin and 100 

μg/ml streptomycin) (Gibco, Invitrogen) in a 37ºC ± 0.2 humidified incubator 

containing 5% CO2. Further, cells were cultured as a monolayer culture and counted 

using a Cellometer Auto T4 (Nexcelom Bioscience LLC, USA). 

 

3.2.5 Cellular uptake study 

The cellular uptake efficiency of the samples was evaluated by visualizing cells in 

the presence of CM NPs and the original CM. Briefly, 5×104 HCT116 cells were 

seeded onto cover slips (IWAKI, Japan) in 24-well plates over night to allow cells to 

attach to the slips, then the samples were added to co-culture for 0.5 and 6 h. Cells 

were washed with 1× phosphate-buffered saline (PBS) and fixed with 4% 

formaldehyde for 1 min. 500 μL of methanol (-20oC) was added to completely 

remove formaldehyde followed by being permeabilized with 0.2% Triton X-100 in 

PBS for 10 mins, and washed again in PBS. Cells were sealed with 10% BSA. Cell 

nuclei were stained with 5 μL of 4’-6’-diamidino-2-phenylindole (DAPI) for 30 min. 
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Stained cells were finally mounted onto glass slides and observed using a confocal 

laser scanning microscope (CLSM). 

 

3.2.6 MTS assay 

The anti-cancer effect on HCT116 and cytotoxicity effect on NCM460 cell lines of 

CM NPs were measured by MTS assay using the CellTiter 96® AQueous One 

Solution Cell Proliferation Assay kit (Promega). Briefly, the original CM and CM 

NPs were prepared and sterilized by UV light for 30 mins and dissolved in DMSO 

and medium, respectively. HCT116 and NCM460 cells were pre-cultivated in the 

96-well plates (5×103 cells/well) and allowed to adhere to the plate overnight. The 

next day the cell culture medium was replaced by the samples in completed DMEM 

(Dulbecco's modified Eagle’s medium) at different concentrations. After 2 days of 

incubation in a humidified incubator with 5% CO2 and at 37°C, the culture medium 

was aspirated and cells were washed with 1× PBS three times; 200 μL of the MTS 

solution mixed with 1 mL of fresh serum-free medium was then added to each well 

and incubated with cells for another 4 h. The absorbance values were measured using 

a Model 680 Microplate Reader (Model 680, Bio-Rad, CA) at 490 nm. All the 

experiments were performed in triplicate. Cell viability was calculated using Eq. (3.2) 

below: 

Cell viability (%) =
Absorbance of test cells

Absorbance of control
× 100           (3.2) 

where the absorbance of test cells represents the OD490 values of cells treated 
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with different experimental groups; and the absorbance of control cells refer to the 

OD490 values of non-treated cells in the control groups. 

 

3.2.7 Cell cycle and apoptosis measurement 

For cell cycle analysis, HCT-116 cells (1×106) in the medium’s supernatant were 

harvested, trypsinized, washed and resuspended in PBS. Cells were then fixed in 1 

mL of 70% ethanol (-20°C) by vortex mildly and incubated at 4°C for 12 h. 

Thereafter, the cells were again pelleted and again re-suspended in 500 μL of PBS, to 

which was then added 5 μL of 7-ADD and incubated at room temperature for 30 

mins in the dark. The stained samples were then measured on a BD FACS CatoII 

flow cytometer (BD Biosciences, USA). 

For apoptosis analysis, all the cells (5 × 105) in different groups were collected 

and washed twice with PBS by centrifugation. The cell pellet was re-suspended in 

500 μL of ice-cold binding buffer. The 5 μL of Annexin V-PE and 5 μL of 7-ADD 

solutions were added to the cell suspension by mild vortexing. The samples were 

then incubated for 5 mins in the dark before flow cytometric analysis. The stained 

samples were analyzed on a flow cytometer. 

 

3.3 Biological Activities Evaluations of Curcumin Nanoparticles 

3.3.1 Anti-bacterial activities of curcumin nanoparticles 

The anti-bacterial activities of CM NPs against gram positive (Staphylococcus 
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aureus, S.aureus) and gram negative (Escherichia coli, E.coli) bacteria are shown in 

Table 3.1. Both CM NPs and CM-DMSO exhibited stronger inhibitory effect against 

S.A than E.coli. Meanwhile, the inhibitory effect of CM NPs and CM-DMSO against 

E.coli was similar. However, the MIC of CM NPs against S.aureus (~ 250 μg/mL) 

was lower than that of CM-DMSO (~500 μg/mL), which indicated that CM NPs 

have better inhibitory effect against S.A than CM-DMSO. 

 

Table 3.1 MIC of curcumin nanoparticles and curcumin-DMSO. 

 
E.coli 

 
S.A 

Concentration 

(μg/mL) 
CM-DMSO CM NPs 

 
CM-DMSO CM NPs 

2000 - - 
 

- - 

1000 - - 
 

- - 

500 + + 
 

- - 

250 + + 
 

+ - 

125 + + 
 

+ + 

62.5 + + 
 

+ + 

31.25 + + 
 

+ + 

Positive control + + 
 

+ + 

DMSO + + 
 

+ + 

“-” represents completely inhibit growth of bacterial; “+”represents growth of 

bacterial. 

 

The possible explanation for the above result that both CM NPs and CM-DMSO 

exhibited higher inhibitory effect against S.A than E.coli is the different cell wall 

compositions. The possible mechanism of anti-bacterial activity of CM in another 

study indicated that the CM inhibited bacterial surface protein sortase A and 
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prevented cell adhesion to fibronectin (Park et al., 2005). Thus, the reasons for the 

lower MIC of CM NPs against S.A may be explained by the fact that CM NPs can 

anchor to the cell walls of bacteria to disrupt the membrane structure, and then 

penetrate inside the cells to break down the structure of cell organelles (Bhawana et 

al., 2011). 

 

3.3.2 Free radical scavenging activity of curcumin nanoparticles 

The anti-oxidant activity of CM NPs was determined by DPPH radical scavenging 

efficiency (Fig. 3.1). Both CM NPs and CM-DMSO exhibited a similar trend, that is, 

higher anti-oxidant activity when increasing the CM concentration from 125 to 2000 

μg/mL. The scavenging ability of CM could be attributed to the donation of H from 

the β-diketone group of CM to DPPH (Jovanovic et al., 1999). The similar 

anti-oxidant ability of CM NPs in water and the original CM dissolved in DMSO is 

due to the high solubility of CM-NPs, which indicates that CM NPs prepared via 

SEDS could be used as a potential nanoformulation in biomedical applications. 
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Fig. 3.1 Anti-oxidant activity of CM NPs, the original CM and ascorbic acid. CM: 

curcumin, NPs: nanoparticles. 

 

3.3.3 Intracellular uptake of curcumin nanoparticles by cancer cells 

In general, the therapeutic efficiency of NPs is affected by their intracellular uptake 

activities. To investigate the intracellular uptake activity of CM NPs by cancer cells, 

fluorescence images of HCT116 cells (nuclei stained with DAPI, red) incubated with 

CM NPs (IC50, green), CM-DMSO (IC50, green) and control for 0.5 and 6 h were 

obtained by CLSM (Fig. 3.2 (a) and (b)). The results showed that both CM NPs and 

CM-DMSO can attach to the cell membranes of HCT116 and become internalized 

into nuclei. 
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Fig. 3.2 Fluorescence images showing the intracellular uptake of CM NPs (green), 

CM-DMSO (green) and control into HCT116 (blue) cells at IC50 concentration after 

(a) 0.5 and (b) 6 h of treatment. 



102 

 

As shown in Fig. 3.2 (a), green dot fluorescence intensity of CM in CM-DMSO 

was stronger than that of CM NPs after 0.5 h of incubation, which means that the 

amounts of CM internalized into HCT116 nuclei were larger than that of CM NPs. 

This result can be explained by the fact that CM completely dissolves in DMSO. 

Meanwhile, after 6 h of incubation (Fig. 3.2, (b)), both CM NPs and CM-DMSO 

exhibited enhanced green fluorescence intensity within HCT116 nuclei compared 

with 0.5 h of incubation time, which demonstrated that the amounts of CM 

internalized into nuclei increased with incubation time. Therefore, the results 

illustrated that the incubation time is an important factor influencing the intracellular 

uptake efficiency of CM NPs. In our opinion, the improved intracellular uptake of 

CM NPs was a consequence of the existence of both passive and active cell uptake 

mechanisms. Our findings agree with previous study on colon cancer therapy with 

CM-micelles (Yang et al., 2015). 

In conclusion, CM NPs exhibited time-dependent intracellular uptake activity. 

With an increase in incubation time, the intracellular uptake efficiency of CM NPs 

could be improved remarkably, which indicated that the CM NPs prepared by SEDS 

can be used as a potential drug nanoformulation to enhance its bioavailability by 

efficient intracellular internalization ability. 

 

3.3.4 In vitro anti-cancer activity 

The cell viability of colorectal cancer cell line HCT116 was evaluated when 
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co-cultured with 5-Fu, CM NPs, CM-DMSO, the original CM (dissolved in medium) 

and DMSO for 48 h (Fig. 3.3). 5-Fu exhibited an inhibitory effect at 0.1 μg/mL, and 

its inhibitory effect improved with increase in concentration. The original CM had a 

negligible effect from 0.01-100 μg/mL owing to its poor water solubility. Meanwhile, 

both CM NPs and CM-DMSO displayed a similar anti-cancer trend, that is, when the 

concentration reached 10 μg/mL, the inhibitory effect increased remarkably. The 

results indicated that CM is a highly dose-sensitive medicine. Furthermore, IC50 of 

CM NPs was higher than that of CM-DMSO (Table 3.2), but the inhibitory effect of 

CM NPs was higher than that of CM-DMSO and 5-Fu at 100 μg/mL. It is believed 

that CM nanoformulations may target tumour cells through either passive or active 

mechanisms (Yallapu et al., 2014). In conclusion, our results demonstrated that the 

CM NPs prepared by SEDS had an enhanced anti-cancer effect compared to the 

original CM. Furthermore, CM NPs are a potent anti-cancer nanoformulation at high 

concentration (>100 μg/mL) due to the active interactions with cancer cells (Fig. 

3.2). 
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Fig. 3.3 Anti-cancer effect of CM NPs, CM-DMSO, the original CM and 5-Fu 

treated HCT116 (48h). CM: curcumin, NPs: nanoparticles. The statistical 

significance is expressed as ***p <0.001. 

 

Table 3.2 IC50 of CM-DMSO, CM NPs and 5-Fu on HCT116. 

Samples IC50 (μg/mL) 

CM-DMSO 6.775 

CM NPs 9.244 

5-Fu 0.639 

CM: curcumin; NPs: nanoparticles. 

 

3.3.5 In vitro cytotoxicity activity 

The cell viability of normal cell line NCM460 was used to evaluate the cytotoxicity 

of 5-Fu, CM NPs, the original CM (DMSO), original CM (medium) and DMSO (Fig. 

3.4). 5-Fu exhibited an inhibitory effect at a concentration of 1 μg/mL, and its 
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cytotoxicity increased with increasing concentration up to 200 μg/mL. IC50 of CM 

NPs and CM-DMSO on NCM460 was higher than that of 5-Fu, which means that the 

cytotoxicity of CM NPs and CM-DMSO was lower than 5-Fu (Table 3.3). 

Importantly, IC50 of CM NPs was also higher than that of CM-DMSO, and CM NPs 

exhibited little cytotoxicity at 10 μg/mL, which indicated that the cytotoxicity of CM 

NPs was lower than CM-DMSO. This finding can be explained by the lower 

solubility of CM NPs in medium than CM-DMSO. The results implied that CM NPs 

prepared by SEDS can reduce the cytotoxicity at its therapeutic dosage. 
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Fig. 3.4 Cell cytotoxicity of CM NPs, CM-DMSO and 5-Fu co-cultured with normal 

cell line NCM460 (48 h). CM: curcumin, NPs: nanoparticles. The statistical 

significance is expressed as ***p <0.001, **p <0.01. 
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Table 3.3 IC50 of CM-DMSO, CM NPs and 5-Fu on NCM460. 

Samples IC50 (μg/mL) 

CM-DMSO 10.41 

CM NPs 18.00 

5-Fu 4.726 

CM: curcumin; NPs: nanoparticles. 

 

3.4 Mechanism of Curcumin Nanoparticles Inhibit the Growth of 

Cancer Cells 

3.4.1 Cell cycle arrested by curcumin nanoparticles 

Cell cycle checkpoints control the fidelity of cell division, and verify whether the 

processes at each phase of the cell cycle have been accurately completed before 

entering the next phase. Cell cycle progression after DNA damage is regulated by 

checkpoints. Failure to repair can result in mitotic catastrophe and apoptosis (Li et al., 

2013). To better understand the cell inhibition mechanism, we studied the cell cycle 

distribution of HCT116 treated with CM NPs (IC50), CM-DMSO (IC50), 5-Fu (IC50) 

and control for 24 h (Fig. 3.5 (a) and (c)). 5-Fu exhibited the highest G2/M phase 

arrest (~51%) compared to CM NPs and CM-DMSO, which is closely associated 

with its cell inhibition effect (Fig. 3.3). Meanwhile, cells treated with CM NPs and 

CM-DMSO exhibited a different cell cycle distribution profile; CM–DMSO 

exhibited a block effect both in the G0/G1 and G2/M phase. However, a higher 

G2/M phase percentage (~27%) was observed when treated with CM NPs. Our 

results are in line with previous study on CM-loaded NPs inhibited mesothelioma 
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and breast cancer cell lines through G2/M phase arrest (Mayol et al., 2015; Verderio 

et al., 2013). In summary, our findings indicated that the growth of colorectal cancer 

cells can be inhibited by CM NPs through G2/M phase arrest. 

 

3.4.2 Cell apoptosis induction of curcumin nanoparticles 

Apoptosis is one of the basic biological changes of cell death associated with 

cytoplasmic shrinkage and condensation of nuclear chromatin. In the present study, 

we investigated colon cell line HCT116 apoptosis induction potential of CM NPs, 

CM-DMSO and 5-Fu at IC50 concentration (Fig. 3.5 (b) and (d)). After 24 h of 

treatment, CM NPs exhibited the highest apoptosis rate (~14%) compared to 5-Fu 

(~11%) and CM-DMSO (~11%). This difference demonstrated that CM NPs at IC50 

have better colon cell apoptosis induction efficiency, which may be due to the 

intrinsic properties and better intracellular uptake ability of CM NPs (Khatik et al., 

2015). Our results are in agreement with a previous study on colorectal cancer 

treatment with CM (Guo et al., 2015). 
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Fig. 3.5 Qualitative cell cycle (a) and apoptotic progression (b) of HCT116 cells in 

response to control, 5-Fu, CM NPs and CM-DMSO treatment for 24 h. Quadrants Q1, 

Q2, Q3, and Q4 reflect necrosis, late apoptosis, and alive and early apoptosis, 

respectively. (c) Quantitative analysis of cell cycle and (d) FACS distributions (%) of 

apoptotic HCT-116 cells in response to different groups at 24 h. Total apoptosis 

includes late apoptosis plus early apoptosis. All the data were obtained from at least 

three independent experiments. The statistical significance is expressed as ***p 

<0.001, **p <0.01. 

 

Fig. 3.6 Schematic representation of a proposed hypothesis of enhanced anti-cancer 

activity of CM NPs. 

 

In summary, CM NPs can inhibit the growth of colorectal cancer cells through 

(c) (d) 
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cell cycle arrest in the G2/M phase and induce cell apoptosis. The possible 

mechanism of improved anti-cancer effect of CM NPs could be explained by the 

higher solubility and reduced particle size that can be uptaken by cancer cells 

through the endocytosis pathway (Fig. 3.6), which is an energy-consuming process 

(active) to transport drug into cells. It is believed that the endocytosis pathway is 

much more effective in cell uptake than the diffusion pathway (passive) (Mayor and 

Pagano, 2007). 

 

3.5 Conclusion 

In this chapter, the achievement of the second objective (to evaluate the biological 

activities of CM NPs prepared by SEDS) was reported. CM NPs (~ 240 nm) were 

successfully prepared via SEDS as described in Chapter 2; the obtained CM NPs 

exhibited effective anti-bacterial and anti-oxidant activities compared with the 

original CM. Meanwhile, CM NPs exhibited a time-dependent intracellular uptake 

activity, which is a strong indication of the increased anti-cancer effect. The growth 

of cancer cells HCT116 could be significantly inhibited by CM NPs through cell 

cycle arrest in the G2/M phase, accompanied by inducing apoptotic cells. Importantly, 

the cytotoxicity of CM NPs was obviously reduced at its therapeutic dosage. In 

conclusion, the results demonstrated that CM NPs prepared via SEDS could be 

developed into a potential DDS showing enhanced bioavailability and biological 

functions. 
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CHAPTER 4 SOLUBILITY ENHANCEMENT OF 

CURCUMIN VIA SUPERCRITICAL CO2 BASED SILK 

FIBROIN CARRIER 

4.1 Introduction 

This chapter describes the fulfillment of the third objective. In Chapter 2, it was 

reported that the water solubility of CM was enhanced in NP formation to a certain 

degree. However, water solubility and bioavailability are still limited. Owing to the 

availability of large quantities of the material from the textile industry, the ease of 

processing, controllable degradability, remarkable mechanical properties, and 

biocompatibility, SF has been explored and engineered for numerous DDSs. Based 

on the literature review, the non toxicity, water solubility and facilitate cell uptake 

property are the main advantages of SF as a carrier for water insoluble drugs (such as 

CM). The hypothesis of this chapter is that incorporating CM into water soluble 

SF nano carriers may further increase its water solubility and bioavailability. 

To test this hypothesis, CM-SF NPs were fabricated in SEDS (20 MPa pressure, 1:2 

curcumin:silk fibroin ratio, 1% final concentration). The advantages of SEDS in 

preparation of CM-SF NPs includes (1) one-step to obtain dry samples, (2) mild 

process condition, (3) structure can be tailored, (4) CO2 is used as a nonsolvent, the 

collapse of the structure will not occur during the drying process due to the absence 

of a liquid-vapor interface, (5) free of residual solvent, (6) eco-friendly. A full 

factorial experiment was designed and performed to investigate the influence and 
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significance of the parameters (pressure, CM:SF ratio, final concentration) on the 

drug loading and encapsulation efficiency of the CM-SF NPs during SEDS. The 

formation mechanism, surface morphology, particle size, drug loading, and 

encapsulation efficiency were investigated separately, followed by physicochemical 

characterizations and in vitro drug release evaluation as well as investigation of its 

mechanism of action. 

 

Fig. 4.1 Illustration of the preparation process of curcumin–silk fibroin nanoparticles 

via SEDS. Both the curcumin and the silk fibroin were dissolved in 

1,1,1,3,3,3-hexafluoroisopropanol (HFIP). 

 

4.2 Materials and Methods 

4.2.1 Materials 

Raw, B. mori silk fibres were purchased from Jiangsu Wujing China Eastern Silk 

Market Co. Ltd. (China). 1,1,1,3,3,3-hexafluoroisopropanol (HFIP, 99%) was 

purchased from Jinan Huifengda Chemical Co, Ltd. (China). All other compounds 
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were of analytical purity. 

 

4.2.2 Preparation of silk fibroin powder from raw silk fibers 

The raw B. mori silk fibres were degummed three times to remove the enveloping 

sericin in pressurized water at 120°C for 60 mins. The degummed SF fibres were 

immersed in a solution of calcium chloride, water and ethanol (1:8:2 molar ratio) for 

6 h at 70°C until they were completely dissolved to obtain a regenerated SF solution. 

Afterwards, the regenerated SF solution was dialyzed against distilled water to 

remove the neutral salts through semi-permeable cellulose tubing (12,000−14,000 Da 

molecular weight cutoff) to obtain a pure SF solution (Zhao et al., 2012b). Finally, 

dry SF powder was obtained by spray drying. Samples were kept at 4°C for further 

study. 

 

4.2.3 Generation of curcumin–silk fibroin nanoparticles 

The procedure for preparing the CM-SF NPs is shown in Fig. 4.1. First, SF was 

dissolved in HFIP (which is miscible with CO2 and, hence, easily removed) and then 

CM powder was added to the desired concentration (0.5% or 1%). After dissolving 

completely, the blend solution was ready for the SEDS process (similar to section 

2.2.2). Finally, the CM–SF dry NPs were collected on filters and vacuum dried at 

60°C for 12 h and then kept at 4°C for further characterizations. 

A full factorial experiment was designed and performed to investigate the 
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influence and significance of the parameters on the drug loading and encapsulation 

efficiency of the CM-SF NPs during SEDS (Table 4.1). Three factors were selected 

for experimentation: two levels for pressure, two levels for final concentration and 

three levels for the CM:SF ratio. The three factors were selected for two major 

reasons. First, concentration and pressure are the two most important factors 

affecting the particle size and size distribution during SEDS. Meanwhile, the CM:SF 

ratio is believed to have a certain influence on drug loading and encapsulation 

efficiency. Second, compared with other parameters, these three factors are the most 

convenient to control. The levels of all of the factors were chosen by considering the 

operation limits of the machine and previous research data (such as phase equilibria). 

Table 4.1 Experiment factors and levels of fabrication of curcumin-silk fibroin 

nanoparticles. 

Symbols Factors 
Coded level 

-1 0 +1 

A Pressure (MPa) 10 
 

20 

B CM: SF ratio (w/w) 2:1 1:1 1:2 

C Final concentration (%) 0.5 
 

1 

 

4.2.4 Determination of drug loading and encapsulation efficiency 

The actual amount of the CM loaded was studied using the following procedures. 

The same amount of samples was added into 10 mL of PBS (pH 7.4). Insoluble 

residues were removed by filtration after completely dissolving by ultrasonication, 

and the concentration of the solutions was tested using a UV spectrophotometer 
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(Lambda 18 spectrometer of Perkin Elmer, USA) at OD410 (da Silva-Buzanello et al., 

2015). The actual content of the CM loaded was measured based on the standard 

curve of CM. The theoretical drug loading, actual drug loading and encapsulation 

efficiency were calculated using Equations (1), (2), and (3), respectively.  

Theoretical drug loading = W1/W3 × 100%                (1) 

Actual drug loading = W2/W3 × 100%                    (2) 

Encapsulation efficiency = W2/W1 × 100%                (3) 

where W1 is the weight of theoretical CM in the CM–SF NPs, W2 is the amount 

of the actual CM in the CM-SF NPs, and W3 is the gross weight of the CM-SF NPs. 

Each experiment was carried out in triplicate, and all results were expressed as the 

mean ±SD. 

 

4.2.5 Physicochemical characterizations 

The zeta potential of the samples was measured using a zeta potential analyzer 

(Brookhaven Instruments Corporation, USA). A Fourier transform infrared 

spectroscopic (FTIR) study was conducted to examine the chemical structure and 

composition of the samples. The samples were completely mixed with KBr and then 

pressed into a thin tablet, and the FTIR spectrum was obtained using a Perkin Elmer 

1720 FTIR (Perkin-Elmer, USA) in transmission mode with the wave numbers 

ranging from 4000 cm−1 to 400 cm−1. The crystalline states of the samples were 

evaluated using an X-ray diffractometer (D8 Advance, Bruker AXS, Germany) with 
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Cu Kα (λ = 1.5405 Å) radiation. The measurement was performed in a 2θ range from 

5-45° with a 0.02° step size and 10° min−1 scan speed with a 2D detector at 40 kV 

and 40 mA. The thermal properties of the samples were measured using a 

thermogravimetric (TG) apparatus (Netzsch STA 449C, Burlington, Germany) and a 

differential scanning calorimeter (DSC) (Perkin-Elmer, USA) at a heating rate of 

10°C/min over a temperature range of 25-400°C in a nitrogen atmosphere. All 

experiments were carried out in triplicate. 

 

4.2.6 Study of drug release profiles 

The in vitro drug release evaluation is based on section 2.2.9 with minor 

modifications. The same amount of each sample was dispersed in 5 mL of PBS (pH 

7.4) and placed in a pre-treated dialysis bag (molecular weight: 12,000–14,000 

Daltons). The bag was then placed into 50 mL of PBS and incubated in a water bath 

at 37°C and 60 rpm. At a specific time, 1 mL of the solution was removed and 

centrifuged at 10,000 rpm for 10 mins. The concentration of the supernatant was 

detected by a UV spectrometer at 410 nm. The cumulative release amount was 

calculated in terms of the CM concentration and incubation time. Each experiment 

was carried out in triplicate, and all results were presented as the mean ±SD. 

 

4.2.7 Statistical analysis 

Statistical analysis of data (particle size, drug loading, encapsulation efficiency and 
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drug release) was performed using OriginPro 8.0 software, and were expressed as 

mean ±standard deviation. Statistical analysis of data in the full factorial experiment 

was performed with one-way analysis of variance (ANOVA). P values less than 0.05 

were considered to be statistically significant. 

 

4.3 Physicochemical Characterizations of Curcumin-Silk Fibroin 

Nanoparticles 

4.3.1 Surface morphology, particle size, and size distribution 

The method is similar to that in section 2.2.5. The surface morphologies of the 

original CM and the CM-SF NPs produced via SEDS under different experimental 

conditions are shown in Fig. 4.2. The original CM exhibited irregular shapes with the 

particle size ranging from approximately 1 μm to over 10 μm. However, the CM-SF 

NPs exhibited a spherical-like morphology with particle size <100 nm. The largest 

particle size was approximately 83 nm obtained from run 2 (10 MPa pressure, 1:1 

CM:SF ratio, 1% final concentration, Table 4.2), whereas the smallest particle size 

was approximately 61 nm from run 7 (20 MPa pressure, 1:2 CM:SF ratio, 0.5% final 

concentration). Both particle size and size distribution [defined as Span 

(D90–D10)/D50] were controlled by the experimental parameters (Fig. 4.3 (a) and 

(b)). The results showed that pressure had a negative effect on the particle size and 

size distributions. The CM:SF ratio had a more significant effect on size distribution 

than on particle size; that is, increasing the SF content slightly increased the particle 
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size but greatly reduced the size distribution. The final concentration exhibited an 

opposite effect compared with the CM:SF ratio and had a more significant effect on 

particle size than on size distribution, such that increasing the concentration of the 

initial solution in this study significantly increased the particle size but slightly 

decreased the size distribution. 

  

(a) (b) 

  

(c) (d) 
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(e) (f) 

  

(g) (h) 

  

(i) (j) 

  

(k) (l) 
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(m) 
 

Fig. 4.2 SEM images of the original curcumin powder (a) and curcumin-silk fibroin 

nanoparticles prepared via SEDS in different runs (b-m): (b) 1:1 CUR:SF ratio, 10 

MPa pressure, 0.5% concentration; (c) 1:1 CUR:SF ratio, 10 MPa pressure, 1% 

concentration; (d) 1:1 CUR:SF ratio, 20 MPa pressure, 0.5% concentration; (e) 1:1 

CUR:SF ratio, 20 MPa pressure, 1% concentration; (f) 1:2 CUR:SF ratio, 10 MPa 

pressure, 0.5% concentration; (g) 1:2 CUR:SF ratio, 10 MPa pressure, 1% 

concentration; (h) 1:2 CUR:SF ratio, 20 MPa pressure, 0.5% concentration; (i) 1:2 

CUR:SF ratio, 20 MPa pressure, 1% concentration; (j) 2:1 CUR:SF ratio, 10 MPa 

pressure, 0.5% concentration; (k) 2:1 CUR:SF ratio, 10 MPa pressure, 1% 

concentration; (l) 2:1 CUR:SF ratio, 20 MPa pressure, 0.5% concentration; (m) 2:1 

CUR:SF ratio, 20 MPa pressure, 1% concentration. 

 

These results are similar to those in Chen et al.’s (2012c) study for which there 

is a widely accepted explanation (Reverchon and De Marco, 2011): an increase in 

pressure leads to an increase in the density of the sc-CO2, thereby enhancing the 
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solubility and mass transfer of the sc-CO2 and solution, further increasing the 

supersaturation rate while preventing the crystals from growing, and finally inducing 

particle formation with a small particle size and narrow size distribution (Jin et al., 

2011). According to Kalani’s report (Kalani and Yunus, 2011b), the concentration of 

the solution has two opposite effects on particle size and size distribution. A high 

concentration causes high supersaturation, which leads to fast nucleation to produce 

particles with a small particle size and size distribution. Conversely, a high 

concentration induces a high viscosity and surface tension in the solution when 

sprayed into the vessel and thus slows down the mass transfer of the sc-CO2 and the 

solution. The crystal growth mechanism becomes a major driver in this context to 

produce large particles with a wide size distribution. The opposite effects of the 

CM:SF ratio on particle size and size distribution in this study could also be 

explained using the theory described above. The effects can be ascribed to the fact 

that SF is a protein with a high molecular weight; the high SF content in the blend 

solution could greatly increase the viscosity of the solution and reduce the mass 

transfer of the sc-CO2 and the solution. This phenomenon provides enough time for 

crystal growth, which leads to the formation of homogeneous particles with large 

diameters. 
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Table 4.2 Experimental runs and results of fabrication of curcumin-silk fibroin 

nanoparticles. 

Runs A B C Particle size (nm)a Spanb DLa EEa 

1 -1 0 -1 64 ± 15 0.63 7.8% ± 0.71 16% ± 1.4 

2 -1 0 1 83 ± 17 0.52 9.0% ± 0.00 18% ± 0.00 

3 1 0 -1 65 ± 12 0.46 8.5% ± 0.11 17% ± 0.22 

4 1 0 1 75 ± 16 0.64 9.9% ± 0.00 20% ± 0.00 

5 -1 1 -1 77 ± 17 0.53 9.3% ± 0.36 28% ± 1.1 

6 -1 1 1 75 ± 15 0.53 6.6% ± 0.01 20% ± 0.23 

7 1 1 -1 61 ± 12 0.56 9.5% ± 2.3 29% ± 6.8 

8 1 1 1 81 ± 15 0.45 12% ± 0.62 36% ± 1.9 

9 -1 -1 -1 73 ± 17 0.51 7.0% ± 0.27 11% ± 0.41 

10 -1 -1 1 78 ± 15 0.54 6.3% ± 0.00 9.4% ± 0.00 

11 1 -1 -1 68 ± 13 0.55 8.7% ± 0.59  13% ± 0.89 

12 1 -1 1 69 ± 13 0.48 8.3% ± 0.36 13% ± 0.58 

a The data were represented as mean ± SD. b Span: (D90-D10)/D50. A: pressure; B: 

CM:SF ratio; C: final concentration; DL: drug loading; EE: encapsulation efficiency. 

 

Table 4.3 Statistical analysis of size distribution of curcumin-silk fibroin 

nanoparticles prepared via supercritical CO2. 

Runs A B C D10 (nm) D50 (nm) D90 (nm) 

1 -1 0 -1 45 63 85 

2 -1 0 1 59 83 102 

3 1 0 -1 52 63 81 

4 1 0 1 51 72 97 

5 -1 1 -1 58 75 98 

6 -1 1 1 57 73 96 

7 1 1 -1 44 59 77 

8 1 1 1 65 76 99 

9 -1 -1 -1 54 73 91 

10 -1 -1 1 55 74 95 

11 1 -1 -1 51 66 87 

12 1 -1 1 51 71 85 

A: pressure; B: CM:SF ratio; C: final concentration. 
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Fig. 4.3 Main effect plots for particle size (a) and size distribution (b) of 

curcumin-silk fibroin nanoparticles prepared via supercritical CO2. 
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4.3.2 Drug loading ratio and encapsulation efficiency 

The drug loading ratio and encapsulation efficiencies were influenced by the process 

parameters (Table 4.2). Runs 5-8 show high drug loading and encapsulation 

efficiency among the 12 runs. Specifically, run 8 had the highest drug loading ratio 

and encapsulation efficiencies among the 12 runs, which indicated that the CM:SF 

ratio had a significant influence on drug loading ratio and encapsulation efficiency 

Fig. 4.4 (a) and (b)). Moreover, a high SF content could have increased the drug 

loading ratio and encapsulation efficiencies; this phenomenon might have occurred 

because more SF in the blend solution can provide more active sites for binding with 

the CM molecules. 

Furthermore, pressure had the most significant effect on drug loading ratio, as 

shown by the p value (Table 4.4) and slope (Fig. 4.4 (a)). It was anticipated that 

increasing the pressure could have caused a substantial increase in drug loading ratio 

but only a slight increase in encapsulation efficiency. However, the final 

concentration did not show any significant effect on drug loading ratio and 

encapsulation efficiencies. Pressure affects the drug loading ratio and encapsulation 

efficiencies probably because high pressure could produce small particles, which 

have large surface areas. At the same time, a high concentration of solution may 

contain more solute in one single drop, thereby encapsulating more CM. Conversely, 

a high concentration could also increase the viscosity and surface tension of the 

liquid solution when it is sprayed into the vessel, leading to a decrease in mass 
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transfer between the sc-CO2 and the solution. Given these two opposite effects, the 

final concentration exhibited only a slight effect on drug loading ratio and 

encapsulation efficiencies. 

Table 4.4 Analysis of variance for drug loading ratio and encapsulation efficiency of 

curcumin-silk fibroin nanoparticles prepared via supercritical CO2. 

 Drug loading ratio  Encapsulation efficiency 

Source Seq 

SS 

Adj 

SS 

Adj 

MS 

F P  Seq 

SS 

Adj 

SS 

Adj 

MS 

F P 

CM:SF 0.001 0.001 0.001 11.520 0.002  0.113 0.113 0.056 126.100 0.000 

P  0.002 0.002 0.002 36.920 0.000  0.011 0.011 0.011 25.060 0.000 

C 0.000 0.000 0.000 0.330 0.577  0.000 0.000 0.000 0.220 0.651 

CM:SF*P 0.000 0.000 0.000 3.600 0.060  0.005 0.005 0.002 5.910 0.016 

CM:SF*C 0.000 0.000 0.000 3.230 0.075  0.001 0.001 0.001 1.470 0.269 

P*C 0.000 0.001 0.001 9.710 0.009  0.004 0.004 0.004 9.770 0.008 

CM:SF*P*C 0.001 0.001 0.000 7.180 0.009  0.008 0.008 0.004 8.420 0.005 

Error 0.001 0.001 0.000    0.005 0.005 0.000   

Total 0.006      0.148     

CM: curcumin, SF: silk fibroin, P: pressure, C: concentration. 
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Fig. 4.4 Main effect plot for drug loading ratio (a) and encapsulation efficiency (b) of 

curcumin-silk fibroin nanoparticles prepared via supercritical CO2. 

 

4.3.3 Stability of curcumin-silk fibroin nanoparticles 

The zeta potential of the CM-SF NPs and the original CM were both negatively 

charged as shown in Fig. 4.5, which illustrates that the two suspension systems were 

recognized as relatively stable systems in the aqueous solution (Sacchetin et al., 

2013). However, the zeta potential of the CM-SF NPs was higher than that of the 

original CM, which may be explained by the molecular interactions between the CM 

and the SF, that is, the formation of new bonds neutralized the zeta potential of the 

CM. Moreover, the CM-SF NPs may exhibit lower cytotoxicity than the original CM 
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when applied in vivo (Frohlich, 2012). 

 

(a) (b) 

Fig. 4.5 Zeta potential of the original curcumin (a) and curcumin-silk fibroin 

nanoparticles prepared via SEDS (b); (a) (-37 ± 6.5) mV, (b) (-15 ± 0.55) mV. 

 

4.3.4 Chemical structure and component of curcumin-silk fibroin nanoparticles 

The chemical structure of the original CM, CM-SF NPs, and SF powder was studied 

and compared using FTIR (Fig. 4.6 (a)). Several characteristic peaks of the original 

CM such as 1602, 1512, 964 and 833 cm−1 were evident for the CM-SF NPs. 

Meanwhile, major peaks for the SF at 1651 (C=O stretching vibration), 1540 (N-H 

stretching vibration), and 1242 cm−1 (N-H bending and C-N stretching vibrations) 

also existed in the CM-SF NPs with a minor shift, which indicated that CM-SF NPs 

were successfully generated via SEDS. However, certain characteristic peaks of the 

original CM including 1627, 1281, and 1147 cm−1 were either not evident for the 

CM-SF NPs or exhibited a slight shift or alteration, which demonstrated that certain 

structural changes and chemical reactions may have occurred between CM and SF 



127 

 

after SEDS. Moreover, the 3511 cm−1 (O-H) in the CM shifted to 3229 cm−1 in the 

CM-SF NPs, which revealed that hydrogen bonds were formed between the CM and 

the SF.  

The characteristic peaks within 1700-1600 cm−1 (known as amide I) indicated a 

high intensity and slight interference from other group vibrations compared with 

amide II (1600-1500 cm−1) and amide III (1330-1220 cm−1). Thus, amide I is often 

used to analyze the secondary structural change of proteins. In the amide I band, the 

adsorption peaks are generally assigned as ~1653 cm−1 to helix, ~1645 cm−1 to 

random coil, ~1625 cm−1, ~1675 cm−1 to β-sheet, and ~1663 cm−1 to β-turn. The 

characteristic peaks of 1651 and 1540 cm−1 in the SF (Fig. 4.6 (a)) could be assigned 

to α-helix conformation. However, these two peaks shifted to 1657 and 1536 cm−1 in 

the CM-SF NPs, which meant that the α-helix conformation of SF slightly changed 

to a β-sheet conformation after SEDS. A similar phenomenon was also observed in 

Zhao et al.’s (2013) study in which a minor transformation from the α-helix or 

random coil conformation of SF to the β-sheet conformation occurred after SEDS. 

However, how and why this phenomenon happened needs to be investigated further. 
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(a) 

 

(b) 

Fig. 4.6 FTIR spectra of the original CM, CM-SF NPs, and SF powders (a). Black 
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represents the original CM, red represents the CM-SF NPs obtained by SEDS, and 

blue represents the SF powder. FTIR spectra of the SF during the SEDS process 

under different pressures (b). Black represents the SF before the SEDS process, red 

represents the SF processed under 10 MPa pressure and blue represents the SF 

processed under 20 MPa pressure. 

 

The properties of the CM-SF drug delivery system, such as the release profile, 

stability, degradation rate, and in vivo availability, were affected by the secondary 

structure of the SF. Thus, an FTIR study of the SF before and after the SEDS process 

was conducted (Fig. 4.6, (b)). The 1653, 1540, and 1242 cm−1 of the SF shifted to 

1651, 1538, and 1236 cm−1 after SEDS under 10 MPa. These characteristic peaks 

also shifted to 1649, 1536 and 1238 cm−1 under 20 MPa, which indicated that 

pressure can also induce a change in the secondary structure of the SF from α-helix 

to β-sheet during SEDS. Moreover, high pressure can induce more β-sheet content in 

the SF structure. This phenomenon resulted because pressure could have altered the 

solubility of the sc-CO2, thereby influencing the precipitation rate, crystal growth and 

mass transfer, further inducing the secondary structural change in the SF during 

recrystallization. 

 

4.3.5 Crystalline state of curcumin-silk fibroin nanoparticles 

The XRD patterns of the original CM, CM-SF NPs, and SF powders are shown in 
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Fig. 4.7. The characteristic high-intensity diffraction peaks of the original CM 

showed the existence of its natural crystalline form before the SEDS process. 

However, the CM-SF NPs exhibited a broad peak at 2θ = 20–25°, and the 

characteristic diffraction peaks in the original CM disappeared or reduced. This 

finding demonstrated that the crystal state of the CM in the CM-SF NPs decreased to 

an amorphous state after SEDS; this result is mainly due to the rapid precipitation 

rate during the process, thereby limiting the molecular rearrangement and 

crystallization (Wang et al., 2004). The shift in the physical phase of the drugs from 

crystalline to amorphous could cause excess free energy and entropy, and this 

inherent thermodynamic instability would enhance the solubility of drugs (Martin et 

al., 2013). Moreover, no new peak was formed in the CM-SF NPs. The broad peak at 

21° in the SF powder also shifted to 24° in the CM-SF NPs, which confirmed the 

FTIR result that the α-helix conformation of the SF slightly changed to a β-sheet 

conformation after SEDS. The FTIR and XRD results indicated that hydrogen bonds 

were formed between the CM and the SF. 
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Fig. 4.7 XRD spectra of the original CM, the CM-SF NPs and SF powders. Black 

represents the SF powder, blue represents the CM-SF NPs prepared by SEDS and red 

represents the original CM. 

 

4.3.6 Thermal properties of curcumin-silk fibroin nanoparticles 

The DSC curves of the original CM, CM–SF NPs, and SF powders are shown in Fig. 

4.8 (a). The original CM displayed a sharp peak at 161.17°C, which corresponds to 

the melting point of the crystalline regions. A broad peak near 100°C was attributed 

to the dehydration of the crystal, and the temperature is consistent with the boiling 

point of water. The CM-SF NPs still exhibited a peak at 159.00°C, but was weak and 

broad. This result confirmed that the crystalline state of the CM in the CM-SF NPs 

changed to the amorphous state, as supported by the XRD analysis results. 
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(a) 

 

(b) 

Fig. 4.8 DSC (a) and TG (b) curves of the original CM, CM-SF NPs and SF powders. 

Black represents the original CM, red represents the CM-SF NPs prepared by SEDS 
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and blue represents the SF powder. 

 

The TG curves that correspond to the thermal weight losses of the original CM, 

CM-SF NPs and SF powders are shown in Fig. 4.8 (b). Upon heating, both the 

CM-SF NPs and SF powders suffered pronounced weight loss that occurred near 

100°C, which can be ascribed to the loss of the molecular water of crystallization. 

The total weight loss was approximately 10%. Meanwhile, the three samples were 

thermally stable up to approximately 300°C. However, a difference appeared after 

300°C, at which both the CM-SF NPs and SF powders exhibited rapid degradation 

compared with the original CM. At 400°C, 50% of the original CM and CM-SF NPs 

were decomposed in comparison with 54% decomposition of the SF powders. The 

TG results confirmed that the CM in the CM-SF NPs was transformed into an 

anhydrous form, which was consistent with the XRD and DSC analysis results. 

 

4.4 In Vitro Cumulative Drug Release 

The release profiles of the CM-SF NPs prepared under different pressures are shown 

in Fig. 4.9 (a) and (b). A gradual release trend was observed; 20%–40% of CM was 

first released within 9 h, 40%–60% was released in the next 72 h and a slow release 

up to 75% followed in the next 196 h. This phenomenon was also found in the study 

by Zabihi et al. (2014) which implied that CM was homogeneously dispersed in the 

NPs, thereby allowing the gradual release of CM with SF degradation. 
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The CM release from the CM-SF NPs was faster than that from the original CM 

within 1 h (Fig. 4.9, (b). The possible reasons for this phenomenon are the high 

surface area and low crystallinity of the CM-SF NPs. Moreover, the CM-SF NPs 

produced by SEDS under 20 MPa pressure had a lower and longer release than under 

10 MPa pressure. This result could be attributed to the secondary structural change of 

SF under different pressure. High pressure induces high β-sheet content in the SF 

secondary structure (Fig. 4.6, (b)), further causing the slow degradation rate of the SF 

and finally reducing the drug release rate. This promising result indicated that the 

drug release could be controlled by modulating the pressure during the SEDS 

process. 

 

(a) 
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(b) 

Fig. 4.9 Cumulative release profile of CM from the original CM and CM-SF NPs 

obtained by SEDS under different pressure; continuous release within 11 d (a) and 

within 60 mins (b). Black represents the original CM, red represents the CM-SF NPs 

processed by SEDS under 10 MPa pressure and blue represents the CN-SF NPs 

processed by SEDS under 20 MPa pressure. 

 

4.5 Mechanism of Solubility of Curcumin in Silk Nanoparticles 

The release mechanism of CM from an SF-based drug delivery system is described 

in Fig. 4.10, which concludes the diffusion or dissolution of the CM, matrix 

hydration, and dissolution of SF (Chen et al., 2013). Generally, the initial diffusion 

results from the drugs adhered to the surface of SF; water then penetrates into SF, 
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and the inner drugs are released. Finally, the dissolution of SF releases the remaining 

encapsulated CM (Huang and Brazel, 2001). However, no obvious burst release 

phenomenon was observed in this study, which can be explained by the fact that CM 

is a poorly water-soluble drug. Thus, the enhanced solubility is mainly due to the 

dissolution of SF. 

 

Fig. 4.10 Mechanism diagram of curcumin release from a silk fibroin-based drug 

delivery system; the whole process includes (1) polymer swelling, (2) initial 

diffusion of curcumin and hydration followed by (3) dissolution of silk fibroin. 

4.6 Conclusions 

As described in this chapter, the third objective (to fabricate CM-SF NPs by the 

SEDS process, and then investigate the interactions between CM and SF-based 

carriers) was achieved by successful formation of CM-SF NPs via SEDS. Based on 

my research results, CM and SF are completely miscible, and a homogenous single 

phase molecular dispersion is formed after SEDS. This is a high energy true solution 

and is referred to as solid solution. The particle size, size distribution, drug loading 

and encapsulation efficiency were influenced by the process parameters. The CM-SF 

NPs exhibited irregular spherical shapes with a controllable particle size <100 nm 
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and a narrow size distribution as well as high drug loading and encapsulation 

efficiencies. Meanwhile, the solubility of the CM was greatly increased, and CM 

kept being released for 196 h. Based on the results of particle size, FITR and XRD, 

the explanations of how SF promotes water solubility and bioavailability of CM 

includes supersaturation of CM; size reduction; water solubility of SF; better 

dispersibility and wettability of CM; hydrogen bonds are formed between CM and SF. 

The pressure during SEDS was such that it could induce the change in the secondary 

structure of the SF from α-helix to β-sheet. Thus, more β-sheet content in the SF 

caused the slow dissolution rate and slow drug release. The results in this study 

demonstrated that supercritical CO2-based SF NPs can be a promising DDS for 

enhancing the solubility of poorly water-soluble drugs. 
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CHAPTER 5 SMART DRUG DELIVERY BY SILK FIBROIN 

NANOPARTICLES 

5.1 Introduction 

This chapter describes the fulfillment of the fourth objective, which is to evaluate the 

in vitro anti-cancer effect of CM-SF NPs prepared by SEDS. In Chapter 4, it was 

reported that CM-SF NPs (<100 nm) was successfully prepared via SEDS, and the 

water solubility of CM-SF NPs was remarkably improved. The hypothesis of this 

chapter is that introduction of a silk fibroin nano carrier would facilitate 

intracellular uptake efficiency. To validate this hypothesis, experiments including 

intracellular uptake, in vitro anti-cancer effect, in vitro cytotoxicity, cell cycle and 

apoptosis assays were performed. Intracellular uptake activity was visualized to 

study the interactions between CM-SF NPs and cancer cells. The in vitro viability of 

cancer cell (HCT116) and normal cell line NCM460 was used to evaluate the in vitro 

anti-cancer effect and cytotoxicity of CM-SF NPs, respectively. Finally, the cell cycle 

arrest and apoptosis induction potential of CM-SF NPs was studied to investigate the 

mechanism of the anti-cancer effect. 
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Fig. 5.1 Hypothesis of chapter 5. 

 

5.2 Cellular Uptake of Curcumin-Silk Fibroin Nanoparticles 

The evaluation method used was similar to that in section 3.2.4. To study the 

mechanism of the enhanced anti-cancer effect of CM-SF NPs, qualitative 

intracellular uptake assays of CM-SF NPs, CM-DMSO and control on HCT116 cells 

were performed. As shown in Fig. 5.2, fluorescence images of cancer cells treated 

with different groups at IC50 concentration for 0.5 and 6 h were observed. The 

control group did not show any green fluorescence at the measured time. In the 

CM-DMSO group, a little slight green fluorescence was observed after 0.5 h of 

treatment, and the intensity of fluorescence increased after 6 h of treatment. By 

contrast, brighter green dots presented in the CM-SF NPs group after 0.5 and 6 h of 

treatment, which indicates that CM-SF NPs had better interaction with cancer cells 

and could rapidly accumulate in the nuclei. This result is a strong indication of the 

improved anti-cancer effect of CM-SF NPs. 
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Fig. 5.2 Fluorescence images showing intracellular uptake of CM-SF NPs (green), 

CM-DMSO (green) and control into HCT116 (blue) cells at IC50 concentration after 

(a) 0.5 and (b) 6 h of treatment. 

 

Our observation is in agreement with previous studies on CM-SF NPs prepared 

by capillary microdot technique (Gupta et al., 2009) and SF-coating of 
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emodin-loaded liposomes (Cheema et al., 2007). In their study, the introduction of 

SF could improve the retention time of loaded drugs in cancer cells, thus leading to a 

higher anti-cancer efficacy. In our opinion, there are two reasons for the better 

cellular uptake efficiency of CM-SF NPs: 1) CM-SF NPs can be transported into 

cancer cells by an endocytosis pathway, which is believed to be an energy costly 

pathway to uptake NPs; (2) Introduction of SF into this DDS could facilitate 

intracellular uptake efficiency. 

 

5.3 In Vitro Anti-Cancer Activity of Curcumin-Silk Fibroin 

Nanoparticles 

The measurement methods are the same as those described in section 3.2.6. The cell 

viability of colorectal cancer cell HCT116 was measured in response to CM-SF NPs, 

CM-DMSO, SF NPs, 5-Fu and control treatment for 48 h (Fig. 5.3). 5-Fu exhibited a 

dose-dependent anti-cancer effect from 0.5-20 μg/mL, and its inhibitory effect 

improved with increase in concentration. However, both CM-SF NPs and 

CM-DMSO exhibited little inhibitory effect at 2 μg/mL, and their effects sharply 

increased when the concentration reached 5 μg/mL, which indicates that CM is a 

highly dose-sensitive medicine. Meanwhile, CM-SF NPs exhibited a higher 

anti-cancer effect (~58%) than CM-DMSO (~32%) at 5 μg/mL, and the IC50 of 

CM-SF NPs was lower than that of CM-DMSO (Table 5.1). Especially, CM-SF NPs 

presented a superior anti-cancer potential (~6%) compared to 5-Fu (~17%) when the 
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concentration was higher than 10 μg/mL. In contrast, cancer cells treated with SF 

NPs retained about 90% viability compared to that of CM-SF NPs and CM-DMSO 

groups at all tested concentrations. In our opinion, both the increased cell uptake 

ability and EPR effect of CM-SF NPs contribute to the enhanced anti-cancer effect. 

In summary, CM-SF NPs prepared by SEDS had a superior anti-cancer potential at 

high concentration (>5 μg/mL). 
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Fig. 5.3 Anti-cancer effect of CM-SF NPs, CM-DMSO, SF NPs, 5-Fu and control 

treated on HCT116 (48h). CM: curcumin, SF: silk fibroin, NPs: nanoparticles. The 

results are mean ±SD, n=6. The statistical significance is expressed as ***p <0.001. 

Table 5.1 IC50 of CM-DMSO, CM-SF NPs and 5-Fu. 

Samples IC50 (μg/mL) 

CM-DMSO 5.339 

CM-SF NPs 4.383 

5-Fu 0.432 

CM: curcumin; SF: silk fibroin; NPs: nanoparticles. 
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Fig. 5.4 Cell proliferation of HCT116 after treatment with CM-SF NPs, CM-DMSO, 

5-Fu, SF NPs and control at their IC50 concentration within 6 days. CM: curcumin, 

SF: silk fibroin, NPs: nanoparticles. The results are shown in mean ±SD, n=6. 

 

It is important to ascertain whether the anti-cancer effect of CM-SF NPs would be 

retained or diminish during a therapeutic period. The cell viability of HCT116 cells 

treated with different groups at their IC50 concentration within 6 days was calculated 

(Fig. 5.4). It was found that the cell viability of HCT116 cells treated with 

CM-DMSO and CM-SF NPs groups was close on day 2 and day 4. However, a 

significant difference in cell viability was obtained on day 6, the CM-SF NPs group 

(<2%) displayed an improved anti-cancer effect compared to CM-DMSO (~34%) 

and 5-Fu (~37%), which is due to the sustained release of CM from the CM-SF NPs. 

Furthermore, the SF NPs group displayed negligible reduction in cell viability during 

the test period. Thus, it was concluded that CM-SF NPs possess both dose- and 
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time-dependent anti-cancer effect that is mainly the result of continued delivery of 

CM to the cancer cells. Our findings are similar to those of a previous study on colon 

cancer therapy by mucoadhesive curcumin-containing chitosan nanoparticles (Chuah 

et al., 2014). 

 

5.4 In Vitro Cytotoxicity of Curcumin-Silk Fibroin Nanoparticles 

It is necessary to evaluate the cytotoxicity of CM-SF NPs on normal cells for 

potential biomedical applications. MTS results of CM-SF NPs towards NCM460 

cells for a concentration ranging from 0.1-200 μg/mL are shown in Fig. 5.5. It was 

found that 5-Fu exhibits toxicity from 1 μg/mL. In contrast, CM-DMSO and CM-SF 

NPs groups exhibit toxicity at 10 μg/mL, and a significant difference in cell viability 

was observed (~58% in CM-SF NPs group and ~14% in CM-DMSO group, 

respectively), suggesting that CM incorporated into SF NPs formulation could reduce 

the toxicity on normal cells at an effective concentration in the treatment of colon 

cancer (Fig. 5.3). This phenomenon could be explained by the fact that the entrapped 

CM is slowly released from the SF NPs, thereby reducing the adverse side-effects on 

normal cells. Our observation is in agreement with an earlier report on colon cancer 

therapy with curcumin-PLGA conjugates (Waghela et al., 2015). In conclusion, 

incorporating CM into SF NPs could enhance the anti-cancer effect while reduce the 

side-effects on normal cells within a specific concentration range (~10 μg/mL). This 

is smart treatment concentration (Fig. 5.6). 
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Fig. 5.5 Cytotoxicity of CM-SF NPs, CM-DMSO, 5-Fu and control on normal cell 

NCM460 (48 h). CM: curcumin, SF: silk fibroin, NPs: nanoparticles. The results are 

shown in mean ±SD, n=6. The statistical significance is expressed as ***p <0.001. 

 

Fig. 5.6 Smart treatment potential of CM-SF NPs. 

 

5.5 Mechanism of Curcumin-Silk Fibroin Nanoparticles Inhibit the 

Growth of Cancer Cells 

5.5.1 Cell cycle arrested by curcumin-silk fibroin nanoparticles 

The evaluation method of cell cycle and apoptosis is similar to that described in 
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section 3.2.7. To further study the mechanism of the observed inhibition of colon 

cancer cell growth by CM-SF NPs, HCT116 cells were treated with the control, 5-Fu, 

CM-SF NPs and CM-DMSO at IC50 concentration for 24 h. The results of cell cycle 

distributions are shown in Fig. 5.7 (a) and (c). Cancer cells treated with the 5-Fu 

group displayed high populations (~51%) of cells in the G2/M phase, which implies 

that 5-Fu caused significant G2/M arrest of cells in G2/M. Both CM-DMSO and CM 

NPs groups presented enhanced percentage of cells in G0/G1 (~57% and ~51%, 

respectively) and G2/M phases (~18% and ~19%, respectively) compared to the 

control group (~47% and ~12%). Thus, the anti-cancer effect of CM-SF NPs 

presumably originates from enhanced efficacies in arresting cancer cells at the 

G0/G1 and G2/M phases of the cell cycle. Our findings are in line with previous 

studies on doxorubicin and curcumin encapsulated in liposomes for tumour therapy 

(Barui et al., 2014) and curcumin-PLGA NPs for breast cancer treatment (Verderio et 

al., 2013). 
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Fig. 5.7 Qualitative cell cycle (a) and apoptotic progression (b) of HCT116 cells in 

response to control, 5-Fu, CM-SF NPs and CM-DMSO treatment for 24 h. Quadrants 

Q1, Q2, Q3, and Q4 reflect necrosis, late apoptosis, and alive and early apoptosis, 

respectively. (c) Quantitative analysis of cell cycle and (d) FACS distributions (%) of 

apoptotic HCT-116 cells in response to different groups at 24 h. CM: curcumin, SF: 

silk fibroin, NPs: nanoparticles. Total apoptosis includes late apoptosis plus early 

apoptosis. All the data were obtained from at least three independent experiments. 

The statistical significance is expressed as ***p <0.001, **p <0.01, *p <0.05. 

 

5.5.2 Induction of cell apoptosis by curcumin-silk fibroin nanoparticles 

It is believed that cell apoptosis may represent a mechanism to counteract neoplastic 
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development, which is important for tumour treatment. Substantial reports on cancer 

therapy in recent years have revealed that CM is responsible for inducing apoptosis 

signals in a variety of cancers including breast, lung, pancreatic and colon (Lev-Ari 

et al., 2007; Ma et al., 2008; Yang et al., 2015). To study the potential of CM-SF NPs 

in inducing apoptosis in colon cancer HCT116 cells, we treated cells with CM-SF 

NPs, CM-DMSO, 5-Fu and control at IC50 concentration for 24 h. As shown in Fig. 

5.7 (b) and (d), cells treated with CM-SF NPs exhibited a higher percentage of 

apoptotic cells (~23%) compared to ~16% in the 5-Fu group and ~23% in the 

CM-DMSO group. The result indicates that CM-SF NPs have a better apoptotic cell 

induction potential than CM-DMSO and 5-Fu. 

Our results are in agreement with previous studies on CM nanoformulations 

(Mohanty and Sahoo, 2010). In the present study, we hypothesized that the better 

apoptosis induction ability of CM-SF NPs is due to its better cellular uptake property 

that results in greater accumulation of released CM within the cells in conjunction 

with its continuous delivery that arrests a greater percentage of cells in the apoptotic 

phase. This result is also consistent with previous MTS assays (Fig. 5.3 and Fig. 5.4). 

It is reported that inhibition of COX-2 is one of the possible mechanisms of the 

apoptosis induction properties of CM (Goel et al., 2001). In summary, inhibition of 

the proliferation of colon cancer cells (HCT116) of CM-SF NPs could be induced by 

cell cycle arrest in the G2/M phase in association with inducing apoptotic cells. 
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5.6 Conclusions 

This chapter described the completion of the fourth objective of evaluating the in 

vitro anti-cancer effect of CM-SF NPs. The results show that CM-SF NPs have a 

superior time-dependent intracellular uptake ability due to the introduction of SF 

carriers that facilitate an endocytosis pathway, which is in response to the enhanced 

anti-cancer effect on colon cancer cells (HCT116). The mechanism of inhibition of 

the growth of cancer cells can be explained by cell cycle arrest in the G0/G1 and 

G2/M phases in association with inducing apoptotic cells (Fig. 5.8). Importantly, 

CM-SF NPs can enhance the anti-cancer effect while reducing the side-effects on 

normal cells within a specific concentration range (~10 μg/mL) due to their slow 

release property. In summary, CM-SF NPs prepared by SEDS indicate a smart 

treatment potential. 

 

Fig. 5.8 Schematic represents a possible mechanism of superior anti-cancer effect of 

CM-SF NPs. 
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CHAPTER 6 DEVELOPMENT OF SILK 

FIBROIN-DERIVED NANOFIBROUS DRUG DELIVERY 

SYSTEM IN SUPERCRITICAL CO2 

6.1 Introduction 

This chapter concerns the fifth objective. In Chapters 2 and 4, the successful 

preparation of CM NPs and CM-SF NPs in SEDS was reported, respectively. The 

results indicate that the water solubility and bioavailability of CM are greatly 

enhanced by nano sized formulations, and the cellular uptake efficiency has also 

been increased by introducing a SF carrier. Considering clinical applications and 

practical needs, oral administration of NP formulations is subject to a first pass effect, 

resulting in reduction in bioavailability. Moreover, NPs lack tissue specificity that 

may cause side-effects. Therefore, an alternative DDS that can deliver drugs 

efficiently and safely is needed; the hypothesis of this chapter is that SEDS could 

be used to fabricate nanofibrous drug delivery systems. This chapter reports a 

CM-releasing SF-derived nanofibrous matrix prepared by SEDS. A 22 full factorial 

experiment that contains the experimental parameters (CM-SF ratio and final 

concentration) was designed and performed to investigate the influence of 

parameters on fibre diameter. The mechanism of the nanofibrous structure formation 

during SEDS was systematically studied; surface morphology and fibre diameter 

were observed and calculated from SEM images, followed by physicochemical 

characterizations and in vitro cumulative drug release study. 
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6.2 Generation of Silk Fibroin-Derived Nanofibrous Drug Delivery 

System 

The procedure for preparing a CM-SF nanofibrous matrix is similar to that in section 

4.2.3 with moderate modifications (Fig. 6.1). First, CM and SF were mixed (1:9, 

1:19), and then HFIP was added to the required concentration (4-6%). After 

completely dissolving the materials, the blend solution was ready for the SEDS 

process. When the desired pressure and temperature were reached, a steady flow of 

CO2 (in and out of the vessel) was kept to modulate the system pressure at a constant 

level. The blend solution was delivered into the high-pressure vessel simultaneously 

with the sc–CO2 flow. Enhanced mixing effect between the two flows was achieved 

because of the special designed structure of the nozzle. When the blend solution ran 

out, the fresh CO2 flow was kept running for 2 h to completely remove the residual 

HFIP solvent. The CO2 flow was then stopped, and the high-pressure vessel was 

slowly depressurized to atmospheric pressure. The final products were collected on 

the filters and vacuum dried at 60°C for 12 h and then kept at 4°C for further 

characterizations. 
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Fig. 6.1 Schematic of the process for preparing a CM-SF nanofibrous matrix via 

SEDS. Both the curcumin and the silk fibroin were dissolved in HFIP solution. 

Yellow curves: curcumin; blue curves: silk fibroin; HFIP: 

1,1,1,3,3,3-hexafluoroisopropanol; SEDS: solution-enhanced dispersion by 

supercritical CO2. 

 

A 22 full factorial experiment was designed and performed to study the 

influence of the process parameters on the fibre diameter of the CM-SF nanofibrous 

structure during the SEDS process (Table 6.1). A total of two factors with two levels 

were selected. The two factors were selected because of the following reasons: (1) 
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Final concentration and CM-SF ratio are the most important factors that affect the 

nanofibrous structure during the SEDS process based on the pre-experiments. (2) 

These two factors are more convenient to control than the other parameters. The 

levels of all the factors were chosen based on previous research observations and by 

considering the operation limits of the machine. 

Table 6.1 Full factorial experiment factors and levels. 

Symbols Factors 
Coded level 

-1 
 

+1 

A CM-SF ratioa 1:19 
 

1:9 

B Final concentration (%) 4 
 

6 

a CM: curcumin, SF: silk fibroin. 

 

6.3 Physicochemical Characterizations of Curcumin-Silk Fibroin 

Nanofibrous Drug Delivery System 

6.3.1 Surface morphology 

The measurement methods are the same as in section 2.2.5. The morphology of 

products obtained was affected by many experimental parameters, such as pressure, 

temperature and flow rate, among others, and reports show that concentration is 

crucial (Yeo and Kiran, 2005). The results from Kim’s study revealed that the 

morphology of polyacrylonitrile (PAN) is controlled primarily by concentration, and 

the formation of micro/nanofibres is promoted at high concentration (4-6 mg of PAN 

in 4 mL of CO2-dimethylformamide solution), whereas micro/nanoparticles were 



154 

 

formed at low concentration in RESOLV (Kim et al., 2008). 

  

(a) (b) 

  

(c) (d) 

Fig. 6.2 SEM images of CM-SF nanofibrous matrices prepared by the SEDS process 

under different conditions. (a) 1:19 CM-SF ratio, 4% final concentration, (b) 1:19 

CM-SF ratio, 6% final concentration, (c) 1:9 CM-SF ratio, 4% final concentration, (d) 

1:9 CM-SF ratio, 6% final concentration 

 

The surface morphologies of the CM-SF nanofibrous structure were observed 

from the SEM images (Fig. 6.2 (a)-(d)) within a 22 full factorial design. The fibre 

diameter differed with different process parameters (Table 6.2). Fibre diameter 

decreased with increasing final concentration (runs 3 and 4). However, the CM–SF 
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ratio exhibited a contradictory effect on fibre diameter; within the 4% concentration 

group, fibre diameter decreased with higher CM ratio (runs 1 and 3), whereas it 

slightly increased with higher CM ratio within the 6% concentration group (runs 2 

and 4). 

Table 6.2 Experimental runs and results of full factorial design. 

Runs Aa Bb Fiber diameter (nm) SDc 

1  -1  -1  86 18 

2  -1  1  39 13 

3  1 -1 74 27 

4  1 1  44 10 

5 -1 -1 107 33 

6 -1 1 48 13 

7 1 -1 52 16 

8 1 1 49 11 

a: CM-SF ratio; b: Final concentration; c: standard deviations. 

6.3.2 Influence of operating parameters on fiber diameter 

For fibre diameter, only the final concentration exhibited a significant effect on the 

fibre diameter (Fig. 6.3 (a) and (b)). Increasing the final concentration from 4 to 6% 

resulted in a remarkable decrease in mean fibre diameter from 80 to 45 nm (Fig. 6.4). 

When phase inversion occurs during the SEDS process, the polymer-rich phase 

develops into a bulk matrix with a fibre network, and the fibre diameter is mainly 

affected by the degree of saturation and phase inversion time (Kho et al., 2001; 

Temtem et al., 2009). A high concentration of the solution increases the viscosity, 

which may enhance the phase inversion rate leading to a smaller fibre diameter 

(Deng et al., 2013; Lee et al., 2003). 



156 

 

 

(a) 

 

(b) 

Fig. 6.3 Pareto chart (a) and normal plot (b) of the standardized effects on fiber 

diameter of CM-SF nanofibrous matrix. CM: curcumin, SF: silk fibroin. 
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Fig. 6.4 Main effect plot for fiber diameter of CM-SF nanofibrous matrix: CM: 

curcumin, SF: silk fibroin. 

 

6.3.3 Mechanism of nanofibrous structure formation 

The above results suggest that the nanofibrous structure can be successfully prepared 

via the SEDS process; however, the formation mechanism during the SEDS process 

is unclear and requires exploration. The special design of the coaxial nozzle in SEDS 

allows early phase separation within the nozzle. If the phase separation occurs late at 

the orifice of the nozzle, the time is only sufficient to precipitate particle structure, 

whereas if the phase separation occurs early upstream of the nozzle, time is available 

to form fibres (Blasig et al., 2002). Peteren et al. reported that fibre morphology may 

be caused by the entrainment of molten polymer droplets in the high-velocity gas 

stream. Meanwhile, Lele and Shine showed that the fibre formation mechanism may 
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be explained by the phenomenon in which a chain overlap occurs between polymers 

in the solution being pushed through the nozzle, and the large velocity gradient in the 

nozzle shears the polymer-rich drops into fibres (Lele and Shine, 1992; 

Luna-Barcenas et al., 1998; Mawson et al., 1995). Generally, the 

anti-solvent-induced phase inversion mechanism is a widely accepted theory to 

explain the formation of fibres/fibrous structure because sc-CO2 is utilized as an 

anti-solvent during the SEDS process (Xin et al., 2012). Briefly, at the moment the 

blend solution sprayed out and came into contact with sc-CO2, partial HFIP solvent 

was extracted from the compound by sc-CO2, and the concentration of polymer 

gradient was formed. Then sc-CO2 diffused into the sample leading to phase 

separation and generated polymer-rich and polymer-lean phases. The polymer-rich 

phase developed into a continuous matrix (nanofiber network), whereas the 

polymer-lean phase mainly containing the HFIP solvent generated nanopores within 

the matrix. During the flushing procedure, the HFIP solvent in the matrix was 

completely removed when SC-CO2 came out of the compound, and the dry CM-SF 

nanofibrous matrix was produced. 

The mechanism of fibre/fibrous structure formation is complex because it 

involves hydrodynamics, phase equilibrium, two-way mass transfer, nucleation and 

crystallization. Based on the results obtained in this study, the nucleation mechanism 

could be one of the explanations when different morphologies are formed during the 

SEDS process, as shown in Fig. 6.5: (1) Nucleation and growth of droplets of the 
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polymer-rich phase followed by polymer-lean phase freeze causing the bead-like 

structure (Fig. 6.2 (a)); (2) nucleation and growth of droplets of the polymer-lean 

phase with further solidification of the polymer-rich phase leading to a fibrous 

structure (Fig. 6.2 (c) and (d)) (Lunabarcenas et al., 1995; Reverchon and Cardea, 

2004). 

In conclusion, the explanation for the fibre/fibrous morphology formation 

during the SEDS process in this chapter is as follows: two critical requirements are 

assumed to be present for the fibre/fibrous structure formation during the SEDS 

process: (1) The high velocity of the solution flow (8 mL/min in this study) within 

the nozzle produces shear forces to help the fibre structure initiation. (2) The high 

concentration (4 to 6% in this study) has a key function in determining the transition 

of particles into fibres. On one hand, the high concentration increases the viscosity of 

the solution, which ensures that the fibril form of the droplets spraying out from the 

nozzle does not break up into smaller droplets due to the sc-CO2 flow. On the other 

hand, a high concentration in the starting mixture results in larger volumes of the 

polymer-rich phase, which are drawn into fibres by the shear flow. 

 

Fig. 6.5 Brief description of formation mechanism of particles and fibrous structure 

during the SEDS process: both routes including (1) mutual diffusion and mass 

transfer; (2) phase separation and supersaturation; (3) nucleation and precipitation. 
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6.3.4 Molecular interactions between curcumin and silk fibroin 

The measurement methods and related parameters of FTIR are the same as in section 

2.2.6. The samples of CM-SF nanofibrous matrices prepared by SEDS under the 

conditions of 20 MPa pressure, 8 mL/min flow rate, 1:9 CM-SF ratio and 6% final 

concentration were reproduced to study their physiochemical properties. The 

chemical structure of the original CM, CM-SF nanofibrous matrix and SF powder 

was analyzed via FTIR (Fig. 6.6). The main characteristic peaks at 1654, 1540, and 

1240 cm-1 of the CM-SF nanofibrous matrix were assigned to Amide I (C=O 

stretching vibration band), Amide II (N–H stretching vibration band), and Amide III 

(C–N stretching vibration band) of SF, respectively. Meanwhile, the peaks of the 

CM–SF nanofibrous matrix at 1604, 1515, 1139, 962 and 834 cm-1 correspond to 

those of the original CM. The results indicate that CM was successfully incorporated 

into SF material via the SEDS process. However, the intensity and position of these 

typical peaks both in CM and SF were reduced and shifted in the spectra of the 

CM-SF composite. The phenolic O–H characteristic peaks (intra-molecular hydrogen 

bond) at 3511 and 3251 cm-1 of the original CM also did not appear in the spectra of 

the CM-SF nanofibrous matrix. Instead, a broad peak at 3300 cm-1 that belonged to 

the O-H stretching was observed. This peak is mainly derived from inter-molecular 

hydrogen bonds. Hence, the following hypotheses can be deduced based on the 

observations of the FTIR spectra: (1) the interaction between CM and SF was not 

only simply by means of physical adsorption or electrostatic interaction but also by 
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inter-molecular hydrogen bonds (Chereddy et al., 2013). (2) The position of 

interactions might occur in the regions of amide moieties of SF, which would 

decrease the intensity of related peaks (Kasoju and Bora, 2012). The spectra of the 

CM-SF nanofibrous matrix also showed that the Amide I region at 1656 cm-1 of SF 

shifted to 1654 cm-1, which implies that α-helix conformation of SF changed to 

random coil conformation after the SEDS process. This transformation phenomenon 

may be caused by the instant spray effect and supersaturation of the SEDS process. 

These results can be further confirmed by XRD analysis. 

 

Fig. 6.6 FTIR spectrums of the original CM, SF powder, and CM-SF nanofibrous 

matrix prepared by the SEDS process under the conditions of 20 MPa pressure, 8 

mL/min flow rate, 1:9 CM-SF ratio, and 6% final concentration within the wave 
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numbers range of 400-4000 cm-1. CM:SF is 1:9, the amount of CM in the SF 

nanofibrous matrix is equal to the amount of original CM. CM: curcumin; SF: silk 

fibroin 

 

6.3.5 Crystallinity 

The measurement methods and related parameters of XRD are the same as in section 

2.2.7. Crystalline states in raw SF have three types: Silk I (α-helix or random coil 

conformation), Silk II (β-sheet conformation) and Silk III (unstable air/water 

assembled interfacial conformation) under different conditions. Generally, Silk I 

structure is unstable and easy to convert to Silk II structure when exposed to 

particular organic solvents (methanol or ethanol). The crystallinity of the original 

CM, CM-SF nanofibrous matrix and SF powder was studied via XRD (Fig. 6.7). The 

SF powder prepared in this study was mainly in amorphous state and water-soluble, 

as previously reported. The main characteristic diffraction peaks of the original CM 

(before the SEDS process) were obvious and sharp, which indicates a high crystalline 

state. However, after they were incorporated into the SF material, the characteristic 

diffraction peaks of CM disappeared in the spectrum of the CM-SF nanofibrous 

matrix, implying that the crystalline structure of the original CM transformed from a 

high crystalline state to predominantly amorphous state after the SEDS process. The 

same results can also be found in the study by Zhao et al. (2013) which can be 

explained by the fact that the formation of a regular crystal region always requires a 
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longer time. The instant spray effects and rapid supersaturation during the SEDS 

process also limit the molecular rearrangement and crystallization (Wang et al., 

2004). No new peaks were found in the spectra of the CM-SF nanofibrous matrix, 

which further confirmed the FITR results that the interactions between CM and SF 

mainly rely on noncovalent bonds, such as hydrogen bonds. 

 

Fig. 6.7 XRD of the original CM, SF powder, and CM-SF nanofibrous matrix 

prepared by the SEDS process under the conditions of 20 MPa pressure, 8 mL/min 

flow rate, 1:9 CM-SF ratio, and 6% final concentration. CM:SF is 1:9, the amount of 

CM in the SF nanofibrous matrix is equal to the amount of the original CM. CM: 

curcumin; SF: silk fibroin 
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6.3.6 Thermal properties 

6.3.6.1 DSC analysis 

The measurement methods and related parameters of DSC are the same as in section 

2.2.8. The DSC curves of the CM-SF nanofibrous matrix are shown in Fig. 6.8 (a). 

The original CM displayed a sharp peak at 172.2°C, which corresponds to the 

melting point of the crystalline regions. A broad peak near 100°C was attributed to 

the dehydration of the crystal, and the temperature is consistent with the boiling point 

of water. The CM in the SF nanofibrous matrix exhibited a weak and broad peak 

around 180°C. This result confirmed that the crystalline state of CM in the SF 

nanofibrous matrix changed to the amorphous state, as supported by the XRD results. 

 

6.3.6.2 TGA analysis 

The measurement methods and related parameters of TGA are the same as in section 

2.2.8. The TG curves that correspond to the thermal weight losses of the original CM, 

CM-SF nanofibrous matrix, SF nanofibrous matrix and SF powders are shown in Fig. 

6.8 (b). Upon heating, CM-SF nanofibrous matrix, SF nanofibrous matrix and SF 

powders suffered pronounced weight loss that occurred near 100°C, which can be 

ascribed to the loss of the molecular water of crystallization. The total weight loss 

was approximately 10%. Meanwhile, all samples were thermally stable up to 

approximately 300°C. However, a difference appeared after 300°C, at which the 

CM-SF nanofibrous matrix, SF nanofibrous matrix and SF powders exhibited rapid 
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degradation compared with the original CM. At 400°C, ~50% of the original CM had 

decomposed in comparison with the ~55% decomposition of SF powders, SF 

nanofibrous matrix and CM-SF nanofibrous matrix. The TG results confirmed that 

CM in the SF-derived nanofibrous matrix transformed into an anhydrous form. 

 
(a) 

 
(b) 
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Fig. 6.8 DSC (a) and (b) TG curves of CM-SF nanofibrous matrix prepared by the 

SEDS process under the conditions of 20 MPa pressure, 8 mL/min flow rate, 1:9 

CM-SF ratio and 6% final concentration. CM:SF is 1:9. CM: curcumin; SF: silk 

fibroin. 

 

6.4 In Vitro Cumulative Drug Release and Its Mechanism of Action 

6.4.1 In vitro drug release 

The measurement methods are the same as in section 2.2.9. The water solubility of 

CM incorporated into the SF-derived nanofibrous matrix via SEDS was significantly 

enhanced (Fig. 6.9 (a) and (b)). For the original CM powder group, ~0.3 μg/mL of 

CM was released in the initial 2 h and reached ~0.6 μg/mL in the next 24 h. After it 

was incorporated into the SF nanofirous matrix, a burst release phenomenon was 

observed within 20 min. Approximately 15 μg/mL of CM was rapidly released. The 

drug release then came to a relatively slow release rate in the next 24 h and reached a 

plateau (~ 30 μg/mL), then kept a sustained release for 96 h. The results suggest that 

both dissolution rate and solubility of CM incorporated into the SF nanofirous matrix 

were much higher than those of the original CM powder because of the hydrophilic 

property of the SF material, amorphous crystal state, abundant hydrogen bonds, and 

high surface area (Zhao et al., 2014). The same results can also be found in Elakkiya 

et al.’s (2014a) study, which implied that the SF-derived nanofibrous matrix 

fabricated via SEDS could be used as a potential nanoformulation for drug delivery. 
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Fig. 6.9 In vitro cumulative release profiles of CM from the CM-SF nanofibrous 
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matrix prepared by the SEDS process under the conditions of 20 MPa pressure, 8 

mL/min flow rate, 1:9 CM-SF ratio and 6% final concentration. (a) Within 96 h; (b) 

within 2 h. CM: curcumin; SF: silk fibroin 

 

6.4.2 Mechanism of curcumin release from silk fibroin fibrous drug delivery 

system 

Generally, drug release from a polymeric DDS has three main mechanisms: (1) 

diffusion, (2) water penetration, and (3) polymer degradation. In this study, the drug 

release mechanism could be elaborated by combined effects of water penetration and 

polymer degradation (Fig. 6.10). The release rate of the CM-SF nanofibrous matrix 

mainly relied on the SF material degradation because of its hydrophilic property. At 

the initial stage, the rapid release of CM from the CM-SF nanofibrous matrix was 

caused by the partial loosely attached CM on the SF surface and the soluble 

amorphous region of SF. Water molecules then penetrated into the nanofibrous 

matrix to break up the hydrogen bonds between CM and SF to continue the drug 

release but at a relatively slow release rate; as a result of water penetration, the whole 

CM-SF nanofibrous structure swelled to allow more water into the inner core of the 

insoluble semi-crystalline/crystalline region of SF, causing the transformation into 

the amorphous state but maintaining a steady and sustained release of the remaining 

CM. 
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Fig. 6.10 Mechanism diagram of CM releases from the SF-derived nanofibrous 

matrix: the whole progress includes (1) initial drug burst release; (2) water 

penetration causing the structure to swell and inter-molecular hydrogen bonds to 

break up; (3) the inner core of the CM-SF composite transfers to the amorphous state, 

leading to continuous drug release. CM: curcumin; SF: silk fibroin. 

 

6.5 Conclusions 

The fifth objective achieved was reported in this chapter, which was to construct a 

CM-SF nanofibrous IDDS by the SEDS process and then study the mechanism of 

nanofibrous structure formation. The results show that a CM-releasing SF-derived 

nanofibrous DDS with controllable fibre diameter was successfully fabricated via 

SEDS. The structural difference of CM-SF nanofibrous matrix from CM-SF NPs in 

nano scale can be summarized as that the CM-SF NPs show spherical shapes with 

particle size <100 nm while CM-SF matrices show nanofibrous structure with fiber 

diameter around 100 nm. Flow rate and concentration of the solution determined the 

transition of particles to fibres. The solubility and dissolution rate of CM within the 
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SF-derived nanofibrous matrix was significantly enhanced due to the hydrophilic 

property of SF, amorphous crystal state, inter-molecular hydrogen bonds, and high 

surface area. Meanwhile, CM maintained a steady and sustained release for 96 h, 

which mainly relied on the dissolution of SF via hydrolysis. Overall, the SEDS 

process could be developed to fabricate nanofibrous DDSs that exhibit potential in 

drug delivery. 
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CHAPTER 7 AN IMPLANTABLE AND CONTROLLABLE 

DRUG-RELEASE SILK FIBROIN NANOFIBROUS MATRIX 

FOR SMART TREATMENT OF CANCER 

7.1 Introduction 

This chapter reports the fulfillment of the sixth objective to explore an appropriate 

post-treatment method for controlled release of CM from SF nanofibrous matrices, 

then examine the in vitro and in vivo anti-cancer efficiency of CM-SF nanofibrous 

IDDSs. Chapter 6 presented the preparation of an implantable CM-SF nanofibrous 

matrix via SEDS. The hypothesis of this chapter is that the in vivo therapeutic 

efficiency of CM is largely determined by drug delivery system formulation as 

well as administration route (Fig. 7.1). To validate this hypothesis, experiments 

including intracellular uptake, in vitro anti-cancer effect and cytotoxicity, cell cycle 

and apoptosis, and in vivo colorectal cancer treatment were performed. Intracellular 

uptake activity was visualized to study the interaction between the CM-SF 

nanofibrous matrix and cancer cells. The in vitro cell viability of cancer cell HCT116 

and normal cell NCM460 was measured respectively, to evaluate their anti-cancer 

efficiency and cytotoxicity of the CM-SF nanofibrous matrix. Then the cell cycle 

arrest and apoptosis induction potential of the CM-SF nanofibrous matrix was 

performed to study the potential mechanism of inhibition effect on the growth of 

cancer cells. Finally, the in vivo anti-cancer efficacy of the CM-SF nanofibrous 

matrix was studied on BALB/c nude mice by an implantation process. 
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Fig. 7.1 Hypothesis of Chapter 7. (a) Morphology and molecular structure of the 

CM-SF nanofibrous matrix; (b) controlled drug release for smart cancer treatment; (c) 

Implantation of the CM-SF nanofibrous matrix for cancer therapy 

 

7.2 Research Design and Methodology 

7.2.1 Fabrication of curcumin-silk fibroin nanofibrous matrices 

The method of preparation of the CM-SF nanofibrous matrix is the same as in 
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section 6.2. For formation of CM-SF matrices, the obtained matrix after SEDS was 

placed in a mould to form a fixed shape for several hours (Fig. 7.2, (b)), and then the 

CM-SF nanofibrous matrices were kept at 4oC for further characterizations. 

 

Fig. 7.2 Diagram illustrating the experimental design: (a) the CM-SF nanofibrous 

matrix was prepared by SEDS; (b) formation of CM-SF nanofibrous matrices with a 

regular shape; (c) in vitro anti-tumour effect and (d) in vivo tumour treatment using 

human cell line HCT116 by implanting the CM-SF nanofibrous matrices into tumour 

bearing BALB/c nude mice. 
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7.2.2 Solvent vapor post-treatment 

After moulding into a regular shape, the prepared CM-SF nanofibrous matrices were 

treated within atmospheres of water vapour, ethanol vapour, and 25, 50, and 75% 

ethanol vapour, separately, followed by drying in the hood overnight (Fig. 7.3). 

Briefly, samples were put into sealed beakers saturated with water vapour, ethanol 

vapour, and 25, 50, and 75% ethanol vapour, and moved into a water bath for vapour 

treatment. The vapour treatment time ranged from 6-12 h, and the temperature was 

set within the range of 25-37oC. 

 

Fig. 7.3 Illustration showing the procedure of post-treatment for curcumin-silk 

fibroin nanofibrous scaffold. (a) Prepared curcumin-silk fibroin nanofibrous matrices, 

(b) put into sealed beakers saturated with solvents, (c) moved into a water bath for 

vapour treatment. 

 

7.2.3 Animal preparation 

A total of 15 female BALB/c nude mice (3-5 weeks old) with a body weight of 

around 18 ± 2 g were supplied by the Laboratory Animal Center of Sun Yat-Sen 

University (Guangzhou, China). These mice were maintained in a pathogen-free 

environment (23°C ± 2 and 55% ± 5 humidity) on a 12-hour light, 12-hour dark 
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cycle with food and water supplied ad libitum during the whole experimental period. 

Animal care and surgery protocols were approved by the Animal Care Committees 

of Sun Yat-sen University (Guangzhou, China). All animals were treated 

appropriately and used in a scientifically valid and ethical manner. To establish CRC 

allografts for in vivo studies, HCT-116 cells (5 × 105) were subcutaneously injected 

into the back of the BALB/c nude mice. After several days, a tumour with a volume 

exceeding 100 mm3 formed and the mice were randomly separated into five groups, 

three per group according to the volume of tumour calculated by Eq. (7.1). Tumour 

volume and mouse weight change ratio (%) were calculated using Eqs. (7.2) and 

(7.3), respectively. The five groups were identified as: (1) and (2) implantation with 

a CM-SF nanofibrous matrix (10 mg) after 25oC, 6 h and 37oC, 12 h post-treatment, 

respectively; (3) intraperitoneal injection with 60 mg/kg 5-Fu solution on the first 

day; (4) Oral injection with an identical amount of the original CM and (5) 

implantation with a pure SF nanofibrous matrix as a control. After 12 days of 

observation, all the mice were put under general anesthesia by intraperitoneal 

injection of pentobarbital sodium (30 μg/g body wt). Fig. 7.4 shows the operative 

procedure for the membrane implantation against the tumour. A straight skin 1 cm 

incision near the tumour was made; subcutaneous tissue around the tumour was 

separated so that sufficient space was created for embedding the samples. Finally, the 

incision was sutured so that the tumour could be treated with the implanted CM-SF 

nanofibrous matrix directly. 



176 

 

V = L × W2/2                        (7.1) 

Tumour volume change ratio (%) = (VN V1⁄ − 1) × 100%     (7.2) 

Mouse weight change ratio (%) = (WN W1⁄ − 1) × 100%     (7.3) 

Where V is the volume of the tumour, L is the tumour length, W is the tumour 

width, V1 and VN is the tumour volume measured on the first day and N days after 

implantation of coated drug membrane, W1 and WN is the mouse weight measured on 

the first day and N days after treatment of coated drug membrane. 

 

Fig. 7.4 Implantation process of the curcumin-silk-fibroin nanofibrous matrix into 

the tumour site of the experimental mice. (a) The mice were put under general 

anaesthesia by intraperitoneal injection of pentobarbital sodium (30 μg/g body wt); 

(b) after implantation of the curcumin-silk fibroin nanofibrous matrix into the tumour 

site. 

 

7.2.4 H&E staining analysis 

All the tumours separated from the experimental mice were fixed in 10% formalin 

solution, embedded in paraffin, sectioned at 5 μm, and stained with H&E for 
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histopathological examination. Images of each tumour were captured at high 

magnification (×50 and ×200 fold) using the Leica DM IRB inverted research 

microscope (Leica Microsystems, Wetzlar, Germany). 

 

7.3 Post-Treatment Methods for Modulating Nano Structure of 

Curcumin-Silk Fibroin nanofibrous Matrices 

7.3.1 Surface morphology 

The main obstacles for CM in biomedical areas are poor water solubility and low 

bioavailability. As mentioned in Chapter 6, the water solubility and dissolution rate 

of CM are greatly improved after being incorporated into SF-based nanofibrous 

matrices. Considering the clinical applications, especially for treatment of chronic 

diseases, it is necessary to achieve long-term and controlled release. It is reported 

that the secondary structure of SF could be altered by exposure to a humid 

atmosphere (Hino et al., 2003; Min et al., 2006). Thus, a solvent vapour 

post-treatment method was chosen to modulate the dissolution rate of CM release 

from SF-based nanofibrous matrices. The morphologies of CM-SF nanofibrous 

matrices under different solvent vapour treatment are shown in Fig. 7.5. As can be 

seen, the morphologies of samples after pure water vapour or blend solvent vapour 

treatment were altered; the nanofibrous structure was disrupted by the water 

molecules. On the other hand, the morphologies and nanofibrous structure remained 

complete after ethanol vapour treatment, which indicates that ethanol molecules does 
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not affect the nanofibrous morphology of CM-SF nanofibrous matrices. 

 

Fig. 7.5 SEM photos of the curcumin-silk fibroin nanofibrous matrix under different 

post-treatment conditions: (a) no treatment, (b) water vapour treatment, (c) ethanol 

vapour treatment, (d) 25% ethanol vapour treatment, (e) 50% ethanol vapour 

treatment, (f) 75% ethanol vapour treatment. 

 

7.3.2 Secondary structure and chemical composition 

It was proven that the secondary structure of SF-based materials can induce 

significant differences in the release rate of incorporated drugs. The chemical 

structure and composition of CM-SF nanofibrous matrices are shown in Fig. 7.6 (a). 

As can be seen, the characteristic absorption band at 1654 cm-1 of the original 

CM-SF nanofibrous matrix is assigned to amide I (α-helix and/or random coil 

conformation); this peak shifted to 1633, 1635, 1633 and 1634 cm-1 after water 

vapour and blend solvent vapour treatment, which is indicative of structural changes 

(b) (c)

(d) (e) (f)

(a)

×20,000

×5,000
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from an α-helix to β-sheet conformation in the SF (Lu et al., 2010). The possible 

mechanism for this change may be the rearrangement of SF macromolecules, which 

is due to the changes in the hydrogen bonding induced by the water vapour (Fan et 

al., 2012b; Wenk et al., 2009). However, the amide I region of the CM-SF 

nanofibrous matrix did not change compared to the control group (no treatment), 

which suggests that the SF nanofibrous matrix still maintains an α-helix and/or 

random coil conformation when exposed to ethanol vapour for 2 h at room 

temperature. 

 

(a) 
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(b) 

Fig. 7.6 FTIR spectrums (a) and XRD (b) of curcumin-silk fibroin nanofibrous 

matrices after different solvent vapor post-treatments for 2 h at room temperature. 

 

7.3.3 Crystallinity 

The crystallinity of CM-SF nanofibrous matrices is shown in Fig. 7.6 (b). No 

obvious main peak can be found in the control group (no treatment), which is 

indicative of a disordered structure (α-helix and/or random coil conformation) of SF 

(Jiang et al., 2007). After water vapour and blend solvent vapour treatments, two 

main peaks appeared at about 13o and 19o, which are clear indications of the presence 

of a β-sheet conformation. This result is consistent with previous FTIR analysis that 

the secondary structure transforming from an α-helix and/or random coil 

conformation to β-sheet conformation could be induced by water-based vapour 
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treatment. Meanwhile, there is still no obvious change in the secondary structure of 

SF after ethanol vapour treatment for 2 h at room temperature. 

 

7.3.4 In vitro accumulative drug release 

The measurement methods are the same as in section 2.2.9. It is important to achieve 

controlled release of drugs from carriers when utilized in cancer and chronic disease 

therapy in vivo. The cumulative release profiles of CM from CM-SF nanofibrous 

matrices after different solvent vapour treatments for 2 h at room temperature (water, 

ethanol and blend solvents) are shown in Fig. 7.7 (a) and (b). As can be seen, the 

control group (no treatment) and ethanol vapour treated group displayed similar 

release trends, that is, higher dissolution rate in the initial 2 h (>1.2 μg/mL) 

compared to the water vapour treated group and blend solvent vapour treated group 

(~0.1μg/mL). Meanwhile, both the control group and ethanol vapour treated group 

maintained higher cumulative release amounts (~4 μg/mL) compared to the water 

vapour treated group and blend solvent vapour treated group (from 0.5 to 1 μg/mL) 

after the 2-week experimental period, which indicated that the drug release rate of 

CM from CM-SF nanofibrous matrices cannot be modulated by ethanol vapour 

post-treatment for 2 h at room temperature. However, it is reported that 

post-treatment time and temperature are two important factors that affect the 

secondary structure of SF-based materials (Fan et al., 2012a). Thus, both of factors 

treatment time and temperature were investigated to achieve controlled release of 
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CM, which is reported in the next part. The main reason for preferring ethanol 

vapour treatment rather than other solvent vapour treatment is that the nanofibrous 

structure of CM-SF nanofibrous matrices is not disrupted by exposure to ethanol 

vapour, which is also a sterilization process. 

In summary, the secondary structure of SF-based nanofibrous matrices 

transformed from an α-helix and/or random coil conformation to β-sheet 

conformation after water vapour and blend solvent vapour treatment, led to an 

increase in amorphous phase and slower drug release, but the nanofibrous structure 

and morphology were completely disrupted. On the other hand, there was little 

difference in the chemical structure, crystallinity and drug release of ethanol vapour 

treated (2 h at room temperature) CM-SF nanofibrous matrices compared with the 

control group. However, it is believed that surface morphology causes significant 

differences in regard to the drug release, thermal properties and hydrolytic stability 

of SF-based materials (Calamak et al., 2015). To retain the nanofibrous structure, 

ethanol vapour post-treatment under different treatment times and temperatures 

needs further investigation. 
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(a) 

 
(b) 

Fig. 7.7 In vitro cumulative release of curcumin from curcumin-silk fibroin 

nanofibrous matrices after different solvent vapor treatments for 2 h at room 

temperature. (a) Within 2 h, (b) within 2 weeks. 
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7.4 Nano Structure and Controlled Release of Ethanol Vapor 

Treated Curcumin-Silk Fibroin Nanofibrous Matrices 

7.4.1 Surface morphology 

The morphologies of CM-SF nanofibrous matrices under ethanol vapour treatment 

are shown in Fig. 7.8 (a)-(e). The temperature was set at 25oC and 37oC, and the 

treatment time was 6 h and 12 h, respectively. As can be seen, the morphologies of 

samples after pure ethanol vapour treatment were maintained as a control group (no 

treatment); the nanofibrous structure was not corrupted by the ethanol vapour even 

when treated for 12 h at 37oC as mentioned previously. 

 

Fig. 7.8 SEM images of curcumin silk-fibroin nanofibrous matrices under ethanol 

vapour post-treatment: (a) no treatment; (b) 25oC, 6 h of treatment; (c) 25oC, 12 h of 

treatment; (d) 37oC, 6 h of treatment; (e) 37oC, 12 h of treatment. 

 

×5,000

×5,000

×20,000

(a) (b) (c)

(d) (e)
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7.4.2 Secondary structure and chemical composition 

The chemical structure and composition of CM-SF nanofibrous matrices after 

ethanol vapour treatment (25oC and 37oC, 6 h and 12 h treatment times) are shown in 

Fig. 7.9. As can be seen, there were no obvious changes in the amide II and amide III 

regions of SF after ethanol vapour post-treatments; however, the amide I region 

became more predominant when increasing the treatment time and temperature, 

which indicated that the silk I structure (α-helix and/or random coil conformation) 

became more stable (water-insoluble) when exposed to ethanol vapour with higher 

temperature and longer treatment time. 

 

Fig. 7.9 FTIR spectrums of curcumin-silk fibroin nanofibrous matrices after ethanol 

vapour post-treatment under 25oC and 37oC, 6 h and 12 h treatment times, 

respectively. 
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7.4.3 In vitro accumulative drug release 

Though the secondary structure of ethanol vapour treated CM-SF nanofibrous 

matrices did not transform into a β-sheet conformation, the release profiles of CM 

from CM-SF nanofibrous matrices after ethanol vapour treatment exhibited 

controllable release properties, that is, the release rate became slower with increasing 

treatment time and temperature (Fig. 7.10 (a) and (b)). The control group (no 

treatment) exhibited a higher release rate than the treated groups within 2 h, followed 

by a sharp decrease in accumulated release amount after two weeks. On the other 

hand, the ethanol vapour treated groups retained a more stable release rate during the 

two-week experimental period, which suggested that ethanol vapour treated CM-SF 

nanofibrous matrices with higher temperature and treatment time have long-term 

controllable drug release ability. 

The results are in agreement with previous studies on water-stable silk films 

with reduced β-sheet content (Jin et al., 2005). Controlled release of CM from 

SF-based nanofibrous matrices without inducing β-sheet transformation can be 

explained by the formation of a stable silk I structure (Fig. 7.9). Once the silk 

nanofibrous matrices had a significant silk I content, there was no transition to silk II. 

In conclusion, CM-SF nanofibrous matrices treated with ethanol vapour could 

maintain their nanofibrous structure and a stable long-term release rate without 

inducing β-sheet structural content. 
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(a) 

 

(b) 

Fig. 7.10 In vitro accumulative release of curcumin from curcumin-silk fibroin 

nanofibrous matrices after ethanol vapour treatment (25oC and 37oC, 6 h and 12 h 

treatment times): (a) within 2 h; (b) within 2 weeks. 
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7.5 In Vitro Anti-Cancer Effect and Its Action of Mechanism of 

Curcumin-Silk Fibroin Nanofibrous Matrices 

7.5.1 Cellular uptake ability 

To further investigate the interaction between CM-SF nanofibrous matrices and 

cancer cells, qualitative intracellular uptake assays of CM-SF nanofibrous matrices 

with or without post-treatment were performed. As shown in Fig. 7.11 (a) and (b), 

fluorescence images of the cancer cells (HCT116) treated with different groups 

(IC50 of CM: ~5 μg/mL) for 0.5 h and 6 h were observed. The control group did not 

exhibit any green fluorescence at the measured time. In the CM-SF no treatment 

group, several slight green fluorescent dots were observed after 0.5 h of treatment 

and the intensity of the green fluorescence increased after 6 h of treatment. By 

contrast, a lot of bright green dots presented in CM-SF nanofibrous matrices after 

post-treatment groups after 0.5 and 6 h co-culture compared to the no treatment 

group. Moreover, the 37oC, 12 h treatment group displayed more brighter dots than 

the 25oC, 6 h treatment group. This result indicated that CM-SF nanofibrous matrices 

after 37oC, 12 h of treatment had better interaction with cancer cells and CM could 

rapidly accumulate in the nuclei compared to the 25oC, 6 h treatment and no 

treatment groups. The reason could be the more stable nanofibrous structure 

formation in the 37oC, 12 h treatment group. Our observations are in agreement with 

a previous study on SF hydrogels, which suggested that the nanofibrous structure of 

SF-derived materials is important for cell attachment and cell-matrix interactions 
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(Ribeiro et al., 2015). In summary, we assume that the stable nanofibrous structure of 

SF improves cell uptake of CM into cancer cells. 

 

Fig. 7.11 Fluorescence images showing intracellular uptake of CM (green) released 

from ethanol vapour treated CM-SF nanofibrous matrices (25oC, 6 h of treatment and 
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37oC, 12 h of treatment) into HCT116 cells (blue) at IC50 concentration after (a) 0.5 

and (b) 6 h of treatment. 

 

7.5.2 In vitro anti-cancer activity 

The cell viability of colorectal cancer cell HCT116 was measured in response to 

CM-SF nanofibrous matrices, CM-DMSO, 5-Fu and pure SF control within a 

concentration range from 0.625-20 μg/mL treated for 48 h (Fig. 7.12 (a)). 5-Fu 

displayed a dose-dependent anti-cancer effect from 0.625-20 μg/mL, that is, the 

anti-cancer effect improved with increasing concentration. On the other hand, both 

CM-SF nanofibrous matrices and CM-DMSO exhibited little inhibitory effect <1.25 

μg/mL, and their anti-cancer effect sharply increased when the concentration reached 

5 μg/mL, which confirmed that CM is a highly dose-sensitive medicine as mentioned 

in Chapter 5. Furthermore, both CM-SF nanofibrous matrices and CM-DMSO 

exhibited a higher anti-cancer effect than 5-Fu at a concentration >10 μg/mL. In 

contrast, cells treated with SF control displayed no decrease in cell viability at the 

tested concentrations. In summary, the results implied that CM-SF nanofibrous 

matrices prepared by SEDS have superior anti-cancer potential when the 

concentration is higher than 5 μg/mL. 

The evaluation of the in vitro long-term anti-cancer effect of CM-SF 

nanofibrous matrices after ethanol vapour treatment of cancer cells (HCT116) is 

shown in Fig. 7.12 (b). Cancer cells were treated with different groups at their IC50 
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concentration for 6 days. As can be seen, CM in the medium group exhibited a lower 

anti-cancer effect than 5-Fu and CM-SF nanofibrous matrices (no treatment) groups, 

which is mainly due to the water insolubility of CM. It was also found that the cell 

viability of HCT116 treated with CM-SF nanofibrous matrices after 25oC, 6 h of 

treatment and 37oC, 12 h of treatment was similar on day 2. However, a significant 

difference was obtained on day 4 and day 6, that is, the 37oC, 12 h treatment group 

exhibited a more stable anti-cancer effect compared to the 25oC, 6 h treatment group, 

which is due to the better controlled release ability of CM from CM-SF nanofibrous 

matrices after 37oC, 12 h of ethanol vapour treatment. Furthermore, the pure SF 

control group exhibited negligible reduction in cell viability during the test period. In 

summary, CM-SF nanofibrous matrices after ethanol vapour post-treatment 

(especially after 37oC, 12 h of treatment) possessed a long-term stable anti-cancer 

effect that was mainly caused by continued delivery of CM to the cells. 

 

(a) 
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(b) 

Fig. 7.12 In vitro anti-cancer effect of CM-SF nanofibrous matrices after ethanol 

vapour treatment on HCT116 cells: (a) concentration-dependent, (b) time-dependent. 

CM: curcumin, SF: silk fibroin. The results are shown in mean ±SD, n=6. The 

statistical significance is expressed as ***p <0.001, ** p <0.01. 

 

7.5.3 In vitro cytotoxicity 

A cytotoxicity study of CM-SF nanofibrous matrices on normal cells (NCM460) at a 

concentration ranging from 2.5-40 μg/mL is shown in Fig. 7.13 (a). It was found that 

5-Fu had significant toxicity (~78%) from 2.5 μg/mL, and its toxic effect increased 

with increasing concentration. In contrast, both CM-DMSO and CM-SF nanofibrous 

matrix groups exhibited no toxicity at <5 μg/mL. However, a sharp increase in 

cytotoxicity was observed in the CM-DMSO group (~48%) at 10 μg/mL, but no 

cytotoxicity effect was found in the CM-SF nanofibrous matrix group until 40 μg/mL, 

suggesting that CM incorporated into the SF nanofibrous matrix could reduce the 
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toxic effect on normal cells at an effective concentration (Fig. 7.11 (a)) in the 

treatment of colon cancer. The reduced toxicity could be explained by the fact that 

the entrapped CM slowly released from the SF nanofibrous matrix, thereby reducing 

the adverse side-effects on normal cells. At the same time, the pure SF control group 

displayed no toxicity throughout the test concentration range. 

Evaluations of the time-dependent cytotoxicity on normal cells (NCM460) were 

also performed to study the long-term in vitro toxic effect of CM-SF nanofibrous 

matrices (at 10 μg/mL of CM) with or without ethanol vapour post-treatment (Fig. 

7.13 (b)). As can be seen, 5-Fu at IC50 exhibited a toxic effect from day 0-6. On the 

other hand, the pure SF control and CM-SF nanofibrous matrices with or without 

post-treatment exhibited no toxic effect within the whole experimental period. In 

conclusion, incorporating CM into SF nanofibrous matrices could enhance the 

anti-cancer effect while reducing the side-effects on normal cells. 

 

(a) 
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(b) 

Fig. 7.13 Cytotoxicity of CM-SF nanofibrous matrices on normal cells NCM460: (a) 

concentration-dependent, (b) time-dependent; all samples had an equivalent amount 

of CM (10 μg/mL), 5-Fu at IC50. CM: curcumin, SF: silk fibroin. The results are 

shown as mean ±SD, n=6. The statistical significance is expressed as ***p <0.001. 

 

7.5.4 Cell cycle arrest 

To further study the mechanism of the observed inhibition of colon cancer cell 

growth by CM-SF nanofibrous matrices, HCT116 cells were treated with the control, 

5-Fu and CM-SF nanofibrous matrices (25oC, 6 h and 37oC, 12 h of treatment, 

respectively) at IC50 concentration for 24 h and 48 h. The results of cell cycle 

distributions are shown in Fig. 7.14 (a) and (c). As can be seen, cancer cells treated 

with the 5-Fu group displayed high populations (~47%) of cells in the S phase at 24 

h, which implied that 5-Fu caused significant arrest of cells in the S phase. However, 

its effect decreased (~43%) when co-cultured for 48 h, which may be due to the 

decomposition of 5-Fu. Both the 25oC, 6 h treatment and 37oC, 12 h treatment 
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CM-SF nanofibrous matrix groups presented an increased percentage of cells in the S 

phase (~45% and ~66%, respectively) from 24 to 48 h compared to the control group 

(~39% for 48 h), which is due to the continued release of CM from the matrices. 

Overall, the continuous anti-cancer effect of CM-SF nanofibrous matrices after 

ethanol vapour treatment (especially after 37oC, 12 h of treatment) presumably 

originated from increased efficacies in arresting cancer cells at the S phase of the cell 

cycle. Our results are in agreement with a previous study on human mantle cell 

lymphoma (MCL), which suggested that CM inhibits proliferation of MCL through 

G1/S phase arrest (Shishodia et al., 2005). 

 

7.5.5 Induction of cell apoptosis 

Substantial studies have revealed that CM is responsible for inducing apoptosis 

signals in a variety of cancers including breast, lung, pancreatic and colon (Aggarwal 

et al., 2005; Kawamori et al., 1999; Li et al., 2005). Cancer cells stained with DAPI 

is a common method to detect apoptosis. To study the potential of CM-SF 

nanofibrous matrices to induce apoptosis in colon cancer cells (HCT116), cells were 

treated with the control, 5-Fu and CM-SF nanofibrous matrices (25oC, 6 h and 37oC, 

12 h of treatment, respectively) at IC50 concentration for 24 h and 48 h. As shown in 

Fig. 7.14 (b) and (d), the 5-Fu group exhibited a similar percentage (~16%) of 

apoptotic cells at 24 h and 48 h experimental points. On the other hand, cancer cells 

treated with CM-SF nanofibrous matrices after ethanol vapor treatment exhibited a 
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higher percentage of apoptotic cells compared to the 5-Fu and control groups for the 

whole experimental period. Moreover, the 37oC, 12 h treatment group exhibited 

better apoptotic cell induction ability than the 25oC, 6 h treatment group, which is 

mainly due to the better cellular uptake property (Fig. 7.11). 

In summary, our results demonstrate that CM-SF nanofibrous matrices after 

ethanol vapor treatment have higher apoptotic cell induction potential which is 

responsible for the higher inhibition efficacy on colon cancer cells. The results are 

similar to a previous study on CM-loaded polymeric micelles for the treatment of 

colon cancers (Yang et al., 2015), which suggests that the mechanism of inhibition of 

the growth of colon cells includes the increased apoptotic cells associated with cell 

cycle arrest. The mechanism of cell apoptosis induction potential of CM could be 

involved in the inhibition of key anti-apoptotic proteins, Mcl-1, Bcl-xL causing 

induction of PARP cleavage (Yallapu et al., 2014). 
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Fig. 7.14 Qualitative cell cycle (a) and apoptotic progression (b) of HCT116 cells in 

response to the control, 5-Fu, and CM-SF nanofibrous matrices after ethanol vapour 

treatment (25oC, 6 h and 37oC, 12 h, respectively) for 24 h and 48 h. Quadrants Q1, 

Q2, Q3, and Q4 reflect necrosis, late apoptosis, and alive and early apoptosis, 
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respectively. (c) Quantitative analysis of cell cycle and (d) FACS distributions (%) of 

apoptotic HCT-116 cells in response to different groups at 24 h and 48 h. Total 

apoptosis includes late apoptosis plus early apoptosis. All the data were obtained 

from at least three independent experiments. The statistical significance is expressed 

as ***p <0.001, **p <0.01, *p <0.05. 

 

7.6 In Vivo Tumor Inhibition of Curcumin-Silk Fibroin Nanofibrous 

Matrices 

7.6.1 In vivo cancer treatment 

The tumour volume and body weight of all treated mice were recorded every two 

days, and then the mice were humanely sacrificed after 12 days. Fig. 7.15 (a) shows 

the tumour volume change ratio for the different groups during the experimental 

period. The results show that the tumour volume in the SF control, original CM and 

5-Fu groups increased remarkably to at least two times after 12 days of treatment. On 

the other hand, the CM-SF nanofibrous matrix groups (25oC, 6 h and 37oC, 12 h) 

exhibited only a small increase in tumour volume. This result implied that the 

CM-SF nanofibrous matrices had a more significant anti-tumour effect than the other 

groups, i.e. the 5-Fu group injected intraperitoneally at LD50, the original CM group 

orally administered and the SF control group. Fig. 7.15 (c) and (d) confirm that the 

implantation of CM-SF nanofibrous matrices could treat tumours more effectively 

than other administration routes. Especially, the 37oC, 12 h treatment group exhibited 
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the lightest and smallest tumour, which is due to the slower drug release and better 

intracellular uptake effect. The body weight change ratio shown in Fig. 7.15 (b) 

demonstrates that the CM-SF nanofibrous matrices would not induce obvious 

side-effects due to there being no significant difference observed in body weight 

compared with the other groups. This advantage indicated that the CM-SF 

nanofibrous matrices as implantable devices could treat tumours topically with a 

better therapeutic efficacy, and furthermore, would protect patients from side-effects. 
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Fig. 7.15 In vivo investigation of tumour inhibition effects of the CM-SF 

nanofibrous matrices: (a) tumour growth curves and (b) body weight change ratio of 

mice treated in different groups during the experimental periods; (c) tumour weight, 

(d) photo images and (e) solid tumour histopathology of exposed tumours in 

experimental mice treated with the 5-Fu (at LD50 level), SF control (implantation), 

original CM (orally administered) and CM-SF nanofibrous matrices after ethanol 

vapour treatment (25oC, 6 h and 37oC, 12 h, respectively. 10 mg/mice) after 12 days 

of observation. 

 

7.6.2 H&E staining analysis 

To further study the anti-tumour mechanism, histological analysis of tumour sections 

was performed on day 12. All the tumours obtained from the experimental mice were 

H&E stained and observed under an optical microscope. The representative areas 

were captured (above: ×50 and beneath: ×200). As shown in Fig. 7.15 (e), tissue 

necrotic area presented frequently in the SF control group, then gradually decreased 

in the original CM and 5-Fu groups and rarely presented in the CM-SF nanofibrous 

matrix groups (barely seen in the 37oC, 12 h treatment group). It is believed that the 

necrosis resulted from the rapid growth of the tumour and ischemia in part of the 

tumour (Wang et al., 2014). The different anti-tumour capability resulted in the 

apoptosis degree. As seen in the SF control, original CM and 5-Fu at LD50 groups, 

the tumour grew rapidly and necrosis was observed in the ischemic area, but few 
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tumour cells were apoptotic. For the implantation of CM-SF nanofibrous matrices for 

topical tumour therapy, the growth speed of the tumours in the 25oC, 6 h and 37oC, 

12 h groups remarkably reduced, leading to a high apoptotic to necrotic ratio. This 

result correlated with the previous in vitro cell apoptosis analysis (Fig. 7.14). As a 

result of direct contact with tumour tissue, the CM-SF nanofibrous matrices 

presented the slowest growth of the tumour, and the tumour volume and tumour 

weight was much smaller and lighter than those in the other groups. Herein, very few 

necrotic and more apoptotic cells were observed. In summary, this result suggests 

that CM-SF nanofibrous matrices have superior apoptosis induction potential in vivo. 

 

7.7 Conclusions 

 

Fig. 7.16 Mechanism of enhanced cell uptake efficiency and anti-cancer effect of 

CM-SF nanofibrous matrices. 
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This chapter reported the completion of the sixth objective to explore an appropriate 

post-treatment method for controlled release of CM from SF nanofibrous matrices, 

then examine the in vitro and in vivo anti-cancer efficiency of CM-SF nanofibrous 

IDDSs. The CM-SF nanofibrous matrices after post-treatment exhibited improved 

intracellular uptake ability, resulting in an enhanced in vitro anti-cancer effect on 

colon cancer cells (HCT116) (Fig. 7.16). The mechanism of the anti-cancer effect 

could be explained by cell cycle arrest in the S phase in association with inducing 

apoptotic cells. Importantly, CM-SF nanofibrous matrices could reduce cytotoxicity 

on normal cells (NCM460) at their therapeutic dosage (~10 μg/mL) due to the 

controlled release property after post-treatment. Moreover, the implantable 

administration route of CM-SF nanofibrous matrices for topical treatment of tumours 

in vivo exhibited the smallest tumour volume and lightest tumour weight. In 

conclusion, CM-SF nanofibrous IDDSs prepared by SEDS have smart topical tumour 

therapy potential, which offer an alternative method for future tumour therapy. 
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CHAPTER 8 CONCLUSION AND SUGGESTION FOR 

FUTURE WORK 

In this thesis, a systematic study has been carried out to develop understanding of the 

scientific problems and engineering issues of engineering nanostructured DDSs by 

SCF technology for enhancing therapeutic efficiency and reducing side effect of CM, 

which has potentials in biomedical applications, especially in anti-cancer treatment. 

The knowledge gaps identified in the literature review have been filled by 

conducting a systematic study to complete the objectives developed as shown in 

Fig.8.1. The limitations of this work are pointed out and future work is also 

recommended. 
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Fig. 8.1 Research framework of this PhD study 

8.1 Conclusion 

As shown in Fig 8.1, (a), the first objective was completed by fabricating CM NPs by 

the SEDS process and investigating the mechanism of particle formation and drug 

releases reported in Chapter 2. The result of 42 FFD indicated that an increase in the 

flow rate of solution and the precipitation temperature increased the size of CM NPs, 

whereas a reduction in the precipitation pressure increased the particle size. The 

single effect of the concentration of the solution on particle size was insignificant. 

The optimum particle size that could be obtained was around 230 to 240 nm. Given 
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the reduction in particle size and crystallinity, CM NPs exhibited higher solubility 

and higher dissolution rate than the original CM. It was concluded that SEDS is an 

effective method for preparing drug NP DDSs for improving the solubility and 

dissolution rate of poorly water-soluble drugs. 

As shown in Fig 8.1, (b), the second objective was achieved by performing a 

systematic evaluation of  the biological activities of CM NPs prepared by SEDS, 

which was reported in Chapter 3. CM NPs (~ 240 nm) prepared via SEDS exhibited 

effective anti-bacterial and anti-oxidant activities compared with the original CM. 

Meanwhile, CM NPs exhibited a time-dependent intracellular uptake activity, which 

is a strong indication of the increased anti-cancer effect. The growth of cancer cells 

HCT116 could be significantly inhibited by CM NPs through cell cycle arrest in the 

G2/M phase, accompanied by inducing apoptotic cells. Importantly, the cytotoxicity 

of CM NPs was obviously reduced at its therapeutic dosage. In conclusion, the 

results demonstrated that CM NPs prepared via SEDS could be developed into a 

potential DDS possessing enhanced bioavailability and biological functions. 

The third objective was achieved by fabricating CM-SF NPs by the SEDS 

process and investigating the interactions between CM and SF-based carriers as 

reported in Chapter 4 (shown in Fig 8.1, (a)). The particle size, size distribution, drug 

loading, and encapsulation efficiency were influenced by the process parameters. The 

CM-SF NPs exhibited irregular spherical shapes with a controllable particle size 

<100 nm and a narrow size distribution as well as high drug loading and 
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encapsulation efficiencies. Meanwhile, the solubility of the CM was greatly 

increased, and CM kept being released for 196 h. The pressure during SEDS was 

such that it could induce the change in the secondary structure of the SF from α-helix 

to β-sheet. Thus, more β-sheet content in the SF caused the slow degradation rate and 

slow drug release. The results in this study demonstrated that supercritical CO2 based 

SF NPs can be a promising DDS for enhancing the solubility of poorly water-soluble 

drugs. 

As reported in Chapter 5, the fourth objective was completed by a systematic in 

vitro anti-cancer study of CM-SF NPs , shown in Fig 8.1, (b). The experimental 

results show that CM-SF NPs have superior time-dependent intracellular uptake 

ability due to the introduction of SF carriers that facilitates an endocytosis pathway, 

which is responsible for the enhanced anti-cancer effect on colon cancer cells 

(HCT116). The mechanism of inhibition of the growth of cancer cells could be 

explained by cell cycle arrest in the G0/G1 and G2/M phases in association with 

inducing apoptotic cells. Importantly, CM-SF NPs could enhance the anti-cancer 

effect while reducing the side-effects on normal cells within specific concentration 

range (~10 μg/mL) due to their slow release property. In summary, CM-SF NPs 

prepared by SEDS exhibited a smart treatment potential. 

As reported in Chapter 6, the fifth objective was completed, by constructing a 

CM-SF nanofibrous IDDS by the SEDS process and studying the mechanism of 

nanofibrous structure formation, as shown in Fig 8.1, (a). The results show that a 
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CM-releasing SF-derived nanofibrous DDS with controllable fiber diameter was 

successfully fabricated via SEDS. The flow rate and concentration of the solution 

determined the transition of particles to fibers. The solubility and dissolution rate of 

CM within the SF-derived nanofibrous matrix was significantly enhanced due to the 

hydrophilic property of SF, amorphous crystal state, inter-molecular hydrogen bonds 

and high surface area. Meanwhile, CM maintained a steady and sustained release for 

96 h, which mainly relied on the degradation of SF via hydrolysis. It was concluded 

that the SEDS process could be developed as an effective mean of fabricating 

nanofibrous matrixes that have good potential for localized drug delivery. 

As reported in Chapter 7, the sixth objective was completed by developing an 

appropriate post-treatment method for controlled release of CM from SF nanofibrous 

matrices, then examining the in vitro and in vivo anti-cancer efficiency of CM-SF 

nanofibrous IDDSs, as shown in Fig 8.1, (b) and (c). The CM-SF nanofibrous 

matrices after post-treatment exhibited improved intracellular uptake ability, 

resulting in an enhanced in vitro anti-cancer effect on colon cancer cells (HCT116). 

The mechanism of the anti-cancer effect could be explained by cell cycle arrest in the 

S phase in association with inducing apoptotic cells. Importantly, CM-SF 

nanofibrous matrices could reduce cytotoxicity on normal cells (NCM460) at a 

therapeutic dosage range (5~10 μg/mL) due to the controlled release property after 

post-treatment. Moreover, the implantable administration route of CM-SF 

nanofibrous matrices for topical treatment of tumor in vivo had the smallest tumor 



208 

 

volume and lightest tumor weight. In conclusion, CM-SF nanofibrous IDDSs 

prepared by SEDS demonstrates excellent potential of smart treatment of topical 

tumors, which offer an alternative method for developing novel tumor therapy. 

 

8.2 Suggestions for Future Work 

Although all the objectives have been completed successfully with significant 

research findings, there are still some aspects of the current research work that need 

further investigations. 

1. CM NPs (around 230 to 240 nm) with irregular spherical morphology were 

prepared by SEDS, as reported in Chapter 2, and the enhanced biological activities 

were evaluated in Chapter 3. The results indicated that smaller particle size and more 

uniform morphology are beneficial for better cell uptake and higher bioavailability. 

Thus, minimization of the particle size to <100 nm and more spherical morphology 

will be very necessary. 

2. CM-SF NPs were produced via SEDS, as reported in Chapter 4 and the 

anti-cancer effect was evaluated in Chapter 5. The results showed that an enhanced 

anti-cancer effect could be achieved after CM is incorporated into SF-based nano 

carriers. However, to broaden the clinical applications of these nano structured 

SF-based DDSs, other chemotherapeutic drugs, especially natural multi-functional 

drugs are suggested to be used and evaluated. Meanwhile, in order to increase the 

therapeutic effect, co-delivery of two or three drugs should be considered. 
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3. An implantable, degradable and controllable DDS was constructed by SEDS 

as reported in Chapter 6. In vitro and in vivo anti-cancer effects were evaluated in 

Chapter 7. The results showed that the implantation of this DDS resulted in the 

smallest tumour volume and lightest tumour weight after a 2-week period when 

compared with other groups. However, the long-term (>3 months) therapeutic and 

toxic effects should be further investigated. Moreover, to speed up the development 

progress of this novel DDS in clinical applications, larger animal models (i.e. dog, 

pig and monkey) are needed. 
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