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THAI ABSTRACT 

เศรษฐพล บุญชู : การออกแบบอนุภาคนาโนไคโตซาน-อัลจิเนตท่ีบรรจุเคอร์คิวมินไดเอทิลไดซักซิเนต (DESIGN 
OF CHITOSAN-ALGINATE NANOPARTICLES CONTAINING CURCUMIN DIETHYL DISUCCINATE) อ .ท่ี
ปรึกษาวิทยานิพนธ์หลัก: ผศ. ดร. ปราณี โรจน์สิทธิศักดิ์, อ.ท่ีปรึกษาวิทยานิพนธ์ร่วม: รศ. ภก. ดร. พรชัย โรจน์
สิทธิศักดิ์{, 131 หน้า. 

เคอร์คิวมินไดเอทิลไดซักซิเนตเป็นโปรดรักส์ของเคอร์คิวมินอยด์ท่ีมีความคงตัวในพลาสมาของมนุษย์  และ
สามารถช่วยในการน าเข้าสู่เซลล์และมีความเป็นพิษต่อเซลล์มะเร็งได้มากกว่าเคอร์คิวมินและโปรดรักส์ของเคอร์คิวมินอนย์
ชนิดอื่น ดังน้ันเคอร์คิวมินไดเอทิลไดซักซิเนตจึงมีศักยภาพในการพัฒนาเป็นสารต้านมะเร็งได้  ในงานวิจัยน้ีจึงมุ่งเน้นการหา
สภาวะท่ีเหมาะสมในการเตรียมไคโตซาน/อัลจิเนตนาโนพาร์ติเคิลส าหรับบรรจุเคอร์คิวมินไดเอทิลไดซักซิเนตโดยใช้การ
ทดลองแบบบ็อกซ์-เบ็ห์นเคน (Box-Behnken statistical design) และการออกแบบพื้นผิวตอบสนอง (response surface 
methodology) เพื่อเพิ่มประสิทธิภาพทางการรักษาของเคอร์คิวมินไดเอทิลไดซักซิเนต ไคโตซาน/อัลจิเนตนาโนพาร์ติเคิล
ส าหรับบรรจุเคอร์คิวมินไดเอทิลไดซักซิเนตเตรียมด้วยวิธีอิมัลชันชนิดน้ ามันในน้ าร่วมกับวิธีการเกิดเจล แบบไอออนิก 
(ionotropic gelification) โดยเริ่มจากการคัดกรองปัจจัยหลักท่ีมีผลต่อการเตรียมนาโนพาร์เคิลและหาสภาวะท่ีเหมาะสม
เบื้องต้นด้วยวิธีการออกแบบการทดลองแบบปรับตั้งค่ากระบวนการทีละค่า จากผลการศึกษาพบว่า อัตราส่วนระหว่างไคโต
ซานต่ออัลจิเนต, ความเข้มข้นของ Pluronic® F127 และ ความเข้มข้นของเคอร์คิวมินไดเอทิลไดซักซิเนต เป็นปัจจัยหลักท่ีมี
ผลต่อการเตรียมโนพาร์ติเคิล โดยสภาวะการเตรียมนาโนพาร์ติเคิลท่ีเหมาะสมเบื้องต้นคือ อัตราส่วนระหว่างไคโตซานต่ออัลจิ
เนต เท่ากับ 015:1, ความเข้มข้นของ Pluronic® F127 เท่ากับ ร้อยละ 1 โดยมวลต่อปริมาตรและความเข้มข้นของเคอร์คิว
มินไดเอทิลไดซักซิเนต 1 มิลลิกรัม/มิลลิลิตร นาโนพาร์ติเคิลท่ีเตรียมขึ้นจากสภาวะดังกล่าวมีความคงตัวทางกายภาพโดย
สามารถเก็บไว้ท่ีอุณหภูมิ 4 องศาเซลเซียส  เป็นเวลา 3 เดือน นอกจากนี้นาโนพาร์ติเคิลท่ีพัฒนาขึ้นยังสามารถน าเคอร์คิวมิน
ไดเอทิลไดซักซิเนตเข้าสู่เซลล์มะเร็งล าไส้ชนิด Caco-2 ได้เพิ่มสูงขึ้นอย่างมีนัยส าคัญเมื่อเปรียบเทียบกับสารละลายเคอร์คิว
มินไดเอทิลไดซักซิเนต งานวิจัยน้ียังเพิ่มความแม่นย าในการหาสภาวะท่ีเหมาะสมในการเตรียมนาโนพาร์ติเคิลด้วยวิธีการ
ออกแบบบอกซ์-เบ็ห์นเคนและการออกแบบพื้นผิวตอบสนอง โดยศึกษาสารลดแรงตึงผิวชนิดไม่มีประจุ 2 ชนิด ได้แก่ 
Tween® 80 และ Pluronic® F127 จากผลการศึกษาพบว่าสภาวะท่ีเหมาะสมในการเตรียมนาโนพาร์ติเคิลต ารับท่ีใช้สารลด
แรงตึงผิวชนิด Tween® 80 คือ อัตราส่วนระหว่างไคโตซานต่ออัลจิเนต 0.05:1, ความเข้มข้นของ Tween® 80 ร้อยละ 4.05 
โดยมวลต่อปริมาตรและความเข้มข้นของเคอร์คิวมินไดเอทิลไดซักซิเนต 1.5 มิลลิกรัม/มิลลิลิตร และส าหรับนาโนพาร์ติเคิล
ต ารับท่ีใช้สารลดแรงตึงผิวชนิด Pluronic® F127 คือ อัตราส่วนระหว่างไคโตซานต่ออัลจิเนต 0.15:1, ความเข้มข้นของ 
Pluronic® F127 ร้อยละ 0.65 โดยมวลต่อปริมาตรและความเข้มข้นของเคอร์คิวมินไดเอทิลไดซักซิเนต  1.5 มิลลิกรัม/
มิลลิลิตร ผลการวิเคราะห์ด้วย FTIR, TGA และ XRD ยืนยันได้ว่าเคอร์คิวมินไดเอทิลไดซักซิเนตถูกบรรจุลงในนาโนพาร์ติเคิล
และไม่เกิดการเสียสภาพภายหลังการบรรจุ นอกจากน้ียังพบว่านาโนพาร์ติเคิลท่ีบรรจุเคอร์คิวมินไดเอทิลไดซักซิเนตสามารถ
เข้าสู่เซลล์และมีความเป็นพิษต่อเซลล์เซลล์มะเร็งเต้านมทดสอบชนิด MDA-MB-231 ได้ดีกว่าสารละลายเคอร์คิวมินไดเอทิล
ไดซักซิเนตอย่างมีนัยส าคัญ และจากผลการศึกษาด้านความคงตัวทางกายภาพและเคมีพบว่านาโนพาร์ติเคิลท่ีเตรียมขึ้นมี
ความคงตัวเมื่อเก็บในรูปสารละลายท่ีอุณหภูมิ 4 องศาเซลเซียส นาน 3 เดือน 

 

 

สาขาวิชา วิทยาศาสตร์นาโนและเทคโนโลยี 

ปีการศึกษา 2558 
 

ลายมือชื่อนิสิต   
 

ลายมือชื่อ อ.ท่ีปรึกษาหลัก   
 
ลายมือชื่อ อ.ท่ีปรึกษาร่วม   
   

 

 



 v 

 

 

ENGLISH ABSTRACT 

# # 5487849720 : MAJOR NANOSCIENCE AND TECHNOLOGY 
KEYWORDS: CHITOSAN, ALGINATE, CURCUMIN DIETHYL DISUCCINATE, BOX-BEHNKEN DESIGN 

SETTAPON BHUNCHU: DESIGN OF CHITOSAN-ALGINATE NANOPARTICLES CONTAINING CURCUMIN 
DIETHYL DISUCCINATE. ADVISOR: ASST. PROF. PRANEE ROJSITTHISAK, Ph.D., CO-ADVISOR: ASSOC. 
PROF. PORNCHAI ROJSITTHISAK, Ph.D.{, 131 pp. 

Curcumin diethyl disuccinate (CDD) is a succinate prodrug of curcuminoids that has better 
stability in human plasma and improved in vitro cellular uptake and cytotoxicity compared to curcumin 
and other succinate prodrugs. Therefore, CDD has a potential for further development as an anticancer 
agent. In this study, we focuses on optimization of the formulation of CDD-loaded chitosan/alginate 
nanoparticles using Box-Behnken statistical design and response surface methodology to enhance the 
therapeutic efficacy of CDD. Oil-in-water emulsification followed by ionotropic gelification was used to 
prepare the CDD-loaded nanoparticles. One-variable-at-a-time approach was used as a parameter 
screening technique and pre-optimization for CDD-loaded nanoparticles. The chitosan/alginate mass ratio, 
and concentrations of Pluronic® F127 and CDD  were the major affecting parameters. The pre-optimaized 
formulation of nanoparticles was a chitosan/alginate mass ratio of 0.15:1, a Pluronic® F127 concentration 
of 1% (w/v) and a CDD concentration of 1 mg/ml. The pre-optimized CDD-loaded nanoparticles could 
stored at 4oC up to 3 months. In addition, the CDD-loaded nanoparticles showed significantly higher cellular 
uptake in Caco-2 cell line compared to free CDD. To determine the interaction among the parameters, the 
Box-Behnken experimental design and response surface methodology were used to design and optimize 
the CDD-Nanoparticles with two types of non-ionic surfactants including Tween® 80 and Pluronic® F127. 
The optimized formulation of CDD-loaded chitosan/alginate nanoparticles based on Tween® 80 was 
chitosan/alginate mass ratio of 0.05:1, Tween® 80 concentration of 4.05% (w/v) and CDD concentration of 
3 mg/ml. On the other hand, the optimalized formulation based on Pluronic® F127 was chitosan/alginate 
mass ratio of 0.05:1, Pluronic® F127 content of 0.65% (w/v) and CDD concentration of 1.5 mg/ml. The 
encapsulation of CDD in the nanoparticles was confirmed using FTIR, TGA and XRD. . In vitro cytotoxicity 
and cellular uptake studies showed that CDD-loaded chitosan/alginate nanoparticles using Pluronic® F127 
as a stabilizer had significantly higher cytotoxicity and cellular uptake in human breast adenocarcinoma 
MDA-MB-231 cells, compared to free CDD. Physical and chemical stability studies indicated that the 
optimally formulated CDD-loaded chitosan/alginate nanoparticles were stable at 4oC for 3 months. 
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PART I 

THESIS CONTENT 

1. Overview of the publications 

Over the past few decades, there has been an increased interest in nanoparticulate 
drug carrier systems. In particular, nanoparticles formulated from naturally occurring 
polymers. For example, chitosan/alginate nanoparticles have received an increasing 
public attention in the fields of drug delivery and pharmaceutics, because of their 
biodegradable, biocompatible, non-toxic properties. In addition, chitosan/alginate 
nanoparticles have also been widely studied for the encapsulation of various bioactive 
compounds with promising results.  

Curcumin diethyl disuccinate (CDD), a succinate prodrug of curcumin, has been 
shown to exhibit various pharmacological properties such as analgesic, anti-
inflammatory and anticancer activities. Currently, the research related with the 
improvement of pharmaceutical properties of CDD by encapsulation in 
chitosan/alginate nanoparticulate systems has not yet been investigated. Therefore, 
this research focuses on the formulation and optimization of chitosan/alginate 
nanoparticles for encapsulation of CDD using the statistical experimental design. The 
preparation parameters affecting the characteristics of CDD-loaded chitosan/alginate 
nanoparticles are also discussed. 

The response surface methodology (RSM) and Box-Behnken experimental design 
are useful in simultaneously analyzing variables when the variable interactions are very 
complicated. Many studies demonstrated the value of RSM for establishing the optimal 
formulation in various drug delivery systems. Therefore, in this study, Box-Behnken 
design was chosen for statistical optimization and evaluation of the main effects, 
interaction and quadratic effects. 
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The aims of the dissertation were to design and optimize the independent variables 
in order to achieve desired particle size, zeta potential, encapsulation efficiency and 
loading capacity for CDD-loaded nanoparticles. Finally, In vitro cellular uptake and 
cytotoxicity of CDD-loaded chitosan/alginate nanoparticles were examined by confocal 
laser scanning microscopy in human epithelial colorectal adenocarcinoma Caco-2 cells 
and human breast cancer cells. This dissertation contains 4 research publications as 
follows: 

The first publication provides an overview of the use of nanoparticulate drug 
delivery systems for cancer therapy. The first part of the review was discussed on the 
application of different types of nanoparticles in cancer treatment. The subsequent 
sections focused on the characteristics and applications of chitosan, alginate and 
chitosan/alginate nanoparticles with anticancer drugs in cancer treatment. Based on 
our findings, we conclude that chitosan and alginate are suitable for the development 
of polymeric nanoparticles as a potential drug delivery system of CDD and could be 
applied for hydrophobic bioactive compounds. 

The second publication investigated the effects of preparation parameters on the 
characteristics of chitosan/alginate nanoparticles containing CDD using the traditional 
optimization technique, namely one-variable-at-a-time. The results indicated that the 
crucial factors affecting the characteristics of nanoparticles were chitosan/alginate mass 
ratio, type and concentration of non-ionic surfactant and concentration of CDD. The 
prepared CDD-loaded nanoparticles under the optimum conditions stored at 4oC were 
physically stable up to 3 months and also showed a significantly higher cellular uptake 
in Caco-2 cell line compared to free CDD. However, one-variable-at-a-time used in this 
experiment was time consuming and expensive when a large number of parameters 
were considered. In order to overcome these difficulties and improve the ability to 
determine the interaction among the parameters, the statistical experimental designs, 
i.e. Box-Behnken experimental design and response surface methodology, were 
employed for optimization as presented in the third and the forth publications. 
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Based on the results shown in the second publication, Pluronic® F127 and                    
Tween® 80 showed higher encapsulation efficiency and loading capacity compared to 
Cremophor RH40TM. In addition, Pluronic® F127 and Tween® 80 are non-toxic and non-
irritant. Therefore, Pluronic® F127 and Tween® 80 were chosen for the further study as 
presented in publication 3 and publication 4, respectively. 

 The third publication based on the formulation optimization using response 
surface methodology. The results demonstrated that response  surface  methodology  
was  found  to  be an  effective technique  for  optimization  of  the preparation of 
chitosan/alginate nanoparticles using a limited number of experiments. The optimized 
formulation of nanoparticles containing CDD had a chitosan/alginate mass ratio of 
0.05:1, a CDD concentration of 3 mg/ml, and a Tween® 80 content of 4.05% (w/v).  

According to the forth publication, the results demonstrated that CDD-loaded 
nanoparticles were successfully optimized and developed using Box-Behnken 
experimental design coupled with response surface methodology. In vitro cytotoxicity 
and cellular uptake studies also confirmed that the optimized CDD-loaded 
nanoparticles showed relatively higher cytotoxicity efficacy and cellular uptake to 
MDA-MB-231 breast cancer cells than free CDD.  

All publications were presented in Part II and the original articles were attached in 
appendices as partial fulfillment of the requirements for the Degree of Doctor of 
Philosophy, Program in Nanoscience and Technology, Graduate School, Chulalongkorn 
University.  

 
2. Background and problem statement    

Recently, nanoparticulate drug carrier systems have received great interest in 
cosmeticutical and pharmaceutical applications due to their abilities to improve 
bioavailability, stability, pharmacokinetic and pharmacodynamic properties of 
therapeutic agents [1, 2]. Nanoparticulate drug carrier systems also improve poor 
aqueous solubility of hydrophobic drugs in the aqueous medium for parenteral 
administration [3]. In addition, they have been used for delivery drugs to target sites 
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by attaching the specific ligands resulting in the reduction of side effects to healthy 
cells or organs [4, 5]. The examples of nanoparticulate drug carrier systems are 
liposomes, niosomes, nanoemulsion, solid lipid nanoparticles and polymeric 
nanoparticles, etc. The selection of nanoparticulate drug carrier systems depends on 
properties of drugs, routes of administration, target environments and pharmaceutical 
applications. In this dissertation, polymeric nanoparticles were chosen due to their 
ability to protect drugs from biodegradation and to increase drug stability. 

Polymeric nanoparticles are effective carriers for delivery of various bioactive 
compounds such as DNA, peptides and proteins to target cells or tissues [6-8]. Drugs 
incorporated in polymeric nanoparticles include chemotherapeutic agents [9, 10], 
antimicrobial agents [11], anti-ischemic drug [12], etc. The advantage of polymeric 
nanoparticles is their ability to improve the physicochemical and biopharmaceutical 
properties of drugs, resulting in an increase in therapeutic efficacy [13, 14]. For example, 
they enhance water solubility, chemical and metabolic stability, and bioavailability of 
drugs [15]. Polymeric nanoparticles can be designed to provide different formulations 
for various administration routes, site specific drug delivery and controlled release, 
depending on polymers and preparation methods [16-18]. 

Polymers used as matrices or shells of polymeric nanoparticles can be synthetic 
and naturally occurring polymers. Among these polymers, alginate and chitosan are 
commonly employed because they possess many desirable properties such as 
nontoxicity, biocompatibility, biodegradability, high hydrophilicity, and good film 
forming ability [8, 19, 20]. 

Alginate is an anionic biopolymer derived from marine brown algae. It is 
unbranched block copolymers of β-D-mannuronic acid and α-L-guluronic acid residues 
linked by (1→4) glycosidic linkages as shown in Figure. 1 [21]. Alginate has been 
extensively used as a carrier for therapeutic agents, and has received much attention 
due to many favorable characteristics including biodegradability, biocompatibility, 
mucoadhesive, and mild gelation condition [22]. In the presence of divalent cations or 
cationic polymers, alginate forms hydrogels for controlled release and drug delivery 
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system. For example, calcium ions interact with guluronic acid residues of alginate and 
form eggbox structures between two neighboring alginate chains or inside the chain 
[12].   

 
Figure 1 Chemical structure of alginate. G: guluronic acid; M: mannuronic acid [23]. 

Although, alginate has been extensively used for controlled release and drug 
delivery system, they have some limitations that may reduce therapeutic efficacy such 
as low stability in the alkaline environment [24] and loss of encapsulated drugs by 
leaking through the pores of alginate particles [25]. To overcome these limitations, 
alginate particles should be modified or stabilized with cationic polymers such as 
chitosan [20, 26, 27].  

 Chitosan is a cationic biopolymer comprising D-glucosamine and N-acetyl-D 
glucosamine linked by β(1→4) glycosidic linkages as presented in Figure. 2 [23]. 
Chitosan is commercially produced by alkaline extraction of chitin [28]. Chitosan can 
form complexes with anionic biopolymers and used for controlled release and drug 
delivery systems [29-32]. For example, chitosan forms complexes with alginate by 
ionotropic gelation [32, 33]. The formation occurs because of electrostatic interaction 
between carboxylic groups of alginate and amino groups of chitosan [34]. To get the 
size in nanometer scale, the mass ratio of alginate/CaCl2/chitosan should be 10:1.7:1 
[35]. For encapsulation of hydrophobic drug, surfactant should be used in the 
formulation [27] and non-ionic surfactants is frequently chosen because it is less toxic 
comparing to anionic and cationic surfactants [36-38].  
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The use of chitosan as second counter ions could reduce pores of alginate particles 
and the leakage of encapsulated drug [39]. In addition, chitosan could improve the 
physical stability of alginate nanoparticles. Nagarwal et al. [40], Lertsutthiwong et al. 
[27] and Motwani et al. [34] suggested that chitosan/alginate nanoparticles performed 
more effective controlled release than nanoparticles made of either chitosan or 
alginate alone. In addition, chitosan also improved other properties of alginate particles 
such as permeability, stability and shelf-life during storage and half-life in biological 
fluids [26]. However, only few studies have been reported on the use of 
chitosan/alginate nanoparticles for encapsulation of hydrophobic drug especially 
natural therapeutic compounds. 

 

 
 

Figure 2 Chemical structure of chitosan [23]. 

Curcumin is one of the most important natural bioactive compounds and 
extensively used in South Asia as a food ingredient and a traditional medicine as a 
topical household remedy for the treatment of sprains, swelling, and wounds [41]. 
Curcumin (also named diferuloyl methane) or 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione is a hydrophobic polyphenol extracted from rhizomes of 
turmeric (Curcuma longa L.) [42]. Curcumin was predominantly used for the treatment 
of a wide variety of diseases because of its wide spectra of pharmacological activities 
such as antioxidant, radical scavenging [43, 44], antibacterial, antifungal, antiviral [45], 
antiinflammatory [46], anticarcinogenic and chemopreventive properties [47]. In 
addition, curcumin also performs thrombosis suppressing [48], myocardial infarction 
protective [49], nephron- and hepato-protective [50, 51], antirheumatic and 
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hypoglycemic properties [42]. Although curcumin has been found to be safe at very 
large dose and has a potential to be used as a health-promoting agent, it has not been 
approved as a therapeutic agent [3]. Curcumin is poor water solubility, low 
bioavailability and intense staining color [52]. These limit the development of curcumin 
for pharmaceutical and biochemical applications. Therefore, several approaches to 
overcome these problems have been investigated either by formulation [21, 53-56] or 
conjugation of curcumin [57-60]. For example, the enhancement of water solubility 
and stability of curcumin was accomplished by encapsulation of curcumin in various 
media such as micelles [61], hydrogel [62], microcapsules [63], nanocapsules [21] and 
nanoparticles [64-66].  In addition, the properties of curcumin can be improved by 
interaction or complexation with macromolecules [67], and chemical alteration [60, 
68]. Wichitnithad et al. [59] synthesized succinate prodrugs of curcuminoids by aldol 
condensation of 2,4-pentanedione with different benzaldehydes and subsequent 
esterification with a methyl or ethyl ester of succinyl chloride. The succinate prodrugs 
of curcuminoids were determined on the stability and anticolon cancer property. 
Curcumin diethyl disuccinate (CDD) (Figure. 3) was found to be more stable than 
curcumin in phosphate buffer at pH 7.4. In addition, CDD exhibited the highest 
anticolon cancer activity compared to other synthesized succinate prodrugs and 
curcumin. CDD also showed antinociceptive activity [59]. However, nanoparticle 
formulations of CDD for improvement of its pharmacological properties and delivery 
system has not yet been investigated. Therefore, this study focuses on the formulation 
of polymeric nanoparticles for CDD using natural biopolymers, i.e. alginate and chitosan 
as polymer materials due to their biodegradability, biocompatibility, non-toxicity, 
hemocompatibility and mucoadhesive properties [34].  

 

 
 

Figure 3 The chemical structure of curcumin diethyl disuccinate [69]. 
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Process optimizing refers to enhancing the performance of a system, or product in 
order to obtain the maximum advantage from it. Commonly, the meaning of process 
optimization is discovering conditions at which to apply a procedure or methodology 
that produces the best possible response [70]. Traditionally, process optimization has 
been carried out by investigating the effect of one parameter at a time on an 
experimental response. While only one parameter is changed, others are kept at a 
constant level. This optimization method is called one-variable-at-a-time. Its major 
disadvantage is that it does not include the interactive effects among the variables 
studied. As a consequence, this technique does not depict the complete effects of 
the parameter on the response [71-73]. Another disadvantage of the one-variable-at-
a-time optimization method is the large number of experiments are required to 
conduct the research, which leads to an increase the time, expenses and consumption 
of reagents and materials.  

To overcome these problems, the process optimization should be carried out using 
multivariate statistic techniques. Among the most relevant multivariate techniques 
used in process optimization is response surface methodology (RSM), which is a 
collection of mathematical and statistical techniques based on the fit of a polynomial 
equation to the experimental data. RSM has a significant application in the design, 
development, and formulation of new products, as well as in the enhancement of 
existing product design. Usually, RSM including factorial experimental design and 
regression analysis can be used to evaluate the effective parameters and to generate 
mathematical models in order to investigate the interactions and to select the 
optimum conditions of a desirable response [74, 75]. RSM with several types of 
mathematic models are also widely used for modeling of drug formulation due to the 
complexity of formulation ingredients and processing parameters of drug formulations. 
RSM defines the effect of the independent variables, alone or in combination, on the 
process. Furthermore, in analyzing the effects of the independent variables, RSM 
generates a mathematical model that accurately describes the overall process [76]. 
The effectiveness of RSM methodology in optimizing of drug formulations in 
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pharmaceutical sciences has been documented in the literatures [39, 77-79], and it has 
been successfully applied for modeling and optimization of the preparing conditions 
for several drug formulations.  

Before applying the RSM methodology, it is necessary to choose which design 
should be carried out for this study. There are some experimental matrices for this 
purpose. Experimental design for first-order models (e.g., factorial designs) can be used 
when the data set does not present any curvature [80]. However, to estimate a 
response function with an experimental data that cannot be described by linear 
functions, experimental designs for quadratic response surfaces such as three-level 
factorial, Box–Behnken, central composite, and Doehlert designs should be used. 

Box–Behnken experimental designs [81] are response surface designs, especially 
made based on only three-coded levels -1, 0, and +1, whereas central composite 
made based on five levels. They are formed by combining two-level factorial designs 
with incomplete block designs. This procedure creates designs with desirable statistical 
properties but, most importantly, with only a fraction of the experiments required for 
a three-level factorial. Because there are only three levels, the quadratic model is 
appropriate. The coefficients of the quadratic model may be calculated using standard 
regression techniques [82]. 

In addition, the Box-Behnken experimental design was specially selected in 
optimization of drug formulations since it requires fewer runs than a central composite 
and Doehlert experimental designs, in cases of three or four factors [83]. This cubic 
design is characterized by set of points lying at the midpoint of each edge of a 
multidimensional cube and center point replicates (n = 3) whereas the ‘missing 
corners’ as shown in Figure. 4(c) help the experimenter to avoid the combined factor 
extremes. This property prevents a potential loss of data in those cases [84] Table 1 
shows some applications of the Box–Behnken mathematical design in drug formulation 
developments.   
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Figure 4 Response surface design based on three-variables, three-levels; (a) three-level 
full factorial design; (b) Central composite design and (c) Box-Behnken design in 
graphics [91]. 

A design matrix comprising of 15 experimental runs was constructed, for which the 
non-linear computer generated quadratic model is defined as: 

2
3X33b2

2X22b2
1X11b3X2X23b3X1X13b2X1X12b3X3b2X2b1X1b0bY   

 
Where Y is the measured response associated with each factor level combination; 

b0 is an intercept; b1 to b33 are regression coefficients computed from the observed 
experimental values of Y from experimental runs; and X1, X2 and X3 are the coded 
levels of independent variables. The terms X1X2 and X2

i (i = 1, 2 or 3) represent the 
interaction and quadratic terms, respectively [34].   

Therefore, in this dissertation, RSM and Box-Behnken mathematical design is 
chosen for statistical optimization and evaluation of the main effects, interaction and 
quadratic effects of the formulation ingredients on the characteristics of CDD-loaded 
chitosan-alginate nanoparticulate formulations.  

 
3. Research objectives 

The overall objective of this study was to prepare, characterize and optimize the 
formulation of chitosan-alginate nanoparticles containing CDD using response surface 
methodology. The specific objectives are classified according to publications as 
described below: 
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Publication 1: To overview the drug delivery systems for cancer treatment, the 
use of biopolymeric alginate-chitosan nanoparticles and its the important 
characteristics for anticancer drug delivery. 

Publication 2: To investigate the effects of the type and concentration of non-
ionic surfactants, the chitosan/alginate mass ratio, and the concentration and rate of 
CDD addition into the formulation on the characteristics of nanoparticles. In addition, 
in vitro cellular uptake of nanoparticles containing CDD was examined by confocal 
laser scanning microscopy in human epithelial colorectal adenocarcinoma Caco-2 
cells. 

Publication 3: To design and optimize the CDD-loaded chitosan/alginate 
nanoparticles prepared with Tween® 80 formulation using Box-Behnken experimental 
design and response surface methodology. The significant formulation and preparation 
parameters obtained from publication 2 were applied to design and optimize the 
nanoparticles.  

Publication 4: To design and optimize the CDD-loaded chitosan/alginate 
nanoparticles prepared with Pluronic® F127 formulation using Box-Behnken 
experimental design and response surface methodology. The crucial affecting 
parameters obtained in publication 2 and the basic information about statistical 
optimization technique in publication 3 were applied to design and optimize the 
nanoparticles. The chemical and physical stability of the optimized nanoparticles were 
subsequently studied. In addition, we also investigated - in vitro cytotoxicity and 
cellular uptake using MDA-MB-231 breast cancer cell lines. 

 
4. Scope of study 

The work focused on the design and optimization of CDD-loaded nanoparticles 
using Box-Behnken experimental design and response surface methodology. The 
influence of preparation parameters on the characteristics of CDD-loaded 
nanoparticles including chitosan/alginate mass ratio, type and concentration of non-
ionic surfactants, CDD concentration rate of CDD addition into the formulations were 
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investigated. In vitro cellular uptake and cytotoxicity of CDD-loaded chitosan/alginate 
nanoparticles were also examined by confocal laser scanning microscopy in human 
epithelial colorectal adenocarcinoma Caco-2 cells and human breast cancer cells. 

 
5. Advantages of the dissertation 

The optimal formulation of CDD-loaded chitosan/alginate nanoparticles provided 
by the Box-Behnken experimental design and response surface methodology showed 
the effective drug carries in drug delivery system with in vitro cytotoxicity against 
various types of cancer cells. The obtained formulation could be applied as the 
prototype for further development of nanoparticles containing hydrophobic drugs.  
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Abstract 

 
Nanoparticulate drug delivery systems enhance cancer treatment by direct entry 

of nanometer particles into the fenestration in the vasculature of cancer cells. 
Nanoparticles for encapsulation of anticancer drugs are preferably prepared using 
natural polymers as carriers, with polysaccharides being particularly favorable. Alginate 
and chitosan polysaccharides have been widely used in nanoparticulate drug delivery 
systems because of their biodegradable, biocompatible, non-toxic and bioadhesive 
properties. In this review, we present an overview of drug delivery systems for cancer 
treatment, describe the use of biopolymeric alginate-chitosan nanoparticles for 
anticancer drug delivery, and discuss the important characteristics of these 
nanoparticles for use in drug delivery. 
 

 

 

 

 

 

 

 

 

 

 

Keywords: Alginate; Chitosan; Nanoparticles; Drug delivery system; Cancer therapy 
Stability 
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1.1. Introduction 

Surgery, chemotherapy and radiation are widely used for cancer therapy, but have 
limitations such as destruction of healthy cells, cytotoxicity, inflammatory effects, and 
skin burning from radiation [79, 92]. A nanoparticulate drug delivery system (NPDDS) 
offers an alternative approach to delivery of anticancer drugs that may improve their 
pharmacological and therapeutic properties [79, 93-95]. A NPDDS can protect an 
anticancer drug against degradation during delivery to the target tissue and also provide 
a therapeutic level of the drug at specific organ sites. Various types of nanoparticles 
have been used in drug delivery systems, including polymeric nanoparticles, 
nanovesicles and nanoemulsions (Figure 5) [96]. In such nanoparticles, the use of 
natural biopolymers (and especially polysaccharides) is preferable owing to their non-
toxicity, biodegradability, biocompatibility, and protective and hydrophilic properties 
[97]. Biopolymeric hydrogel nanoparticles are formulated by an interaction between 
anionic and cationic biopolymers [98-101]. The hydrogel nanoparticles have good 
characteristics for encapsulation of drugs and delivery to a target site [27, 34, 102, 103].  

Most attempts at use of anticancer drugs in a drug delivery system have involved 
hydrophobic drugs encapsulated into an aqueous nanoparticulate system, with the 
goal of delivering the drug to the target site and releasing the full potential of the 
encapsulated drug [104]. The biodegradable, biocompatible and non-toxic properties 
required for the polymers in these systems are met by natural biopolymers such as 
alginate and chitosan. In this review, we provide an overview of the use of drug delivery 
systems in cancer treatment and of biopolymeric alginate-chitosan nanoparticles as 
anticancer drug carriers. We also discuss the important characteristics of alginate-
chitosan nanoparticles for use in a drug delivery system. 
 
1.2. Drug delivery systems for cancer treatment 

Cancer is a group of diseases related to abnormal cell growth and uncontrollable 
cell division. Cancer cells can also spread to other parts of the body via the blood 
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stream and lymphatic system, and consequently destroy healthy cells [105]. Anand et 
al. [106] reported that 90–95% of cancers occur due to environmental pollutants, 
radiation, infection, tobacco use, poor diet and obesity, and 5–10% due to genetics. 
Surgery is the primary treatment for all types of cancer, but is not suitable when cancer 
cells have spread to other parts of the body. Side effects of pain, fatigue, bleeding, 
infection and lymphedema may also occur. Chemotherapy and radiotherapy also have 
side effects such as destruction of healthy cells, toxicity and loss of hair [92, 107]. 
Therefore, new cancer therapies are required and there is growing interest in NPDDS 
development for delivery of anticancer drugs to a target organ.  

A drug delivery system is used for administration of a drug to achieve a therapeutic 
effect with safety and convenience to patients [104]. A NPDDS is a modified drug 
delivery system using nanotechnology for (i) improvement of specific drug targeting 
and delivery efficiency, (ii) reduction of side effects, (iii) improved safety and 
biocompatibility, and (iv) faster and lasting development of medicines [79, 95]. NPDDSs 
have been widely studied for anticancer drugs [108-110] because of their versatile 
properties. For example, nanoparticles of size 10–100 nm are suitable for intravenous 
delivery because the nanoparticles are smaller than the diameter of intravenous 
capillaries (5–6 µm), and thus can pass through the blood circulation and distribute in 
vivo [111, 112]. Nanoparticles can also penetrate through tissues to approach sites that 
larger particles cannot reach. For example, Bawa [113] reported that chemotherapeutic 
drug-nanoparticles can be delivered into tumor cells via leaky holes in the 
microvasculature, with an extended circulation time and accumulation of the drug 
within the tumor cells. 

Nanoparticles can be classified as natural or synthetic [95, 114]. Examples of 
synthetic nanoparticles include carbon black, carbon nanotubes, fullerenes, quantum 
dots, metals, metal oxides and semiconductors. However, synthetic nanoparticles may 
be toxic to humans, animals and the environment [115, 116], and thus natural 
nanoparticles are used for biomedical applications. Various biopolymers have been 
used in such nanoparticles, including poly(3-hydroxybutyrate), poly(lactic acid), poly(e-



20 
 
caprolactone), and copolymers of polyglycolide, alginate and chitosan [117]. Examples 
of nanoparticles produced from various biopolymers for cancer treatment are shown 
in Table 2. Among these biopolymers, chitosan and alginate are of particular interest 
for drug delivery to cancer cells because of their biodegradable, biocompatible, 
hydrophilic, mucoadhesive and protective properties [93, 117-119].  
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(A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Types of nanoparticles used in nanoparticulate drug delivery systems:  
(a) polymeric nanoparticles, (b) nanovesicles and (c) nanoemulsions. 
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(B)       (C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Types of nanoparticles used in nanoparticulate drug delivery systems:  
(a) polymeric nanoparticles, (b) nanovesicles and (c) nanoemulsions (continued). 
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1.3. Biopolymeric alginate-chitosan nanoparticles as anticancer drug delivery 
systems 

1.3.1. Alginate 

Alginate is an anionic polysaccharide consisting of linear copolymers of α-L-
guluronate and β-d-mannuronate residues linked by (1–4) glycosidic linkages (Figure 6) 
[99]. Alginate has many desirable properties, such as biodegradability, biocompatibility, 
non-toxicity, gelation and mucoadhesion [132-134], and is hemocompatible and does 
not accumulate in organs due to in vivo degradation. Thus, alginate has been used in 
numerous biomedical applications, and especially in drug delivery systems [34, 134]. 

 

 
 

Figure 6 Chemical structure of alginate. G: guluronic acid; M: mannuronic acid. 
 

1.3.2. Chitosan 

Chitosan is a cationic polysaccharide consisting of copolymers of d-glucosamine 
and N-acetyl-d-glucosamine units linked by D-(1–4) glycosidic linkages (Figure 7) [99]. 
The biocompatibility, non-toxicity, gelation, biodegradability, and membrane 
permeability of chitosan makes it a polymer of choice for medical and pharmaceutical 
applications [35, 103, 119, 135, 136]. Chitosan can be degraded by human enzymes, 
especially lysozyme, and can be fabricated into various forms, such as films, beads, 
microparticles and nanoparticles [137]. 
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Figure 7 Chemical structure of chitosan. 
 
1.3.3. Alginate and chitosan in drug delivery systems 

Alginate and chitosan are of interest as biomaterials for use in drug delivery 
systems due to their versatile properties including non-immunogenicity [138]. Chitosan 
can interact with negatively charged polymers such as alginate and form hydrogels 
with desirable features for drug encapsulation and drug delivery [99, 100, 102, 103, 
138]. Alginate- chitosan nanoparticles are formed by ionotropic gelation based on an 
interaction between carboxylate groups of alginate and amino groups of chitosan. 
Alginate-chitosan nanoparticles protect the encapsulated drug from enzymatic 
degradation, deliver the drug to the target organ, and permit controlled release of the 
drug [139]. Many studies have focused on the preparation of alginate-chitosan 
nanoparticles containing various anticancer drugs and targeting different types of 
cancer cells [102, 131], as shown in Table 3. In addition, chitosan and alginate can be 
fabricated in the form of microparticles and multilayers.
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1.3.4. Characteristics of alginate-chitosan nanoparticles for drug delivery systems 

1.3.4.1. Particle size 

Particle size and size distribution of nanoparticles are used for process control or 
delivery of a drug to target cells, and these characteristics affect the stability, drug 
loading and drug release of the nanoparticles [95]. Typically, the cell uptake efficiency 
of nanoparticles is higher than that of microparticles due to their small size and good 
mobility. Nanoparticles are also suitable for both cellular and intracellular targeting. 
Das et al. [102] demonstrated that curcumin-loaded alginate/chitosan/PF127 
nanoparticles with a mean size of 100 nm could be internalized in the HeLa cell line 
(cervical cancer). Parveen et al. [131] found that the drug release profile of carboplatin-
loaded alginate-chitosan nanoparticles in a retinoblastoma cell line included fast 
release of 25% of the drug in the first 24 h, followed by sustained release. These 
results demonstrate that anticancer drug-loaded alginate/chitosan nanoparticles can 
sustain the antiproliferative activity of a drug in a dose- and time-dependent manner. 

 
1.3.4.2. Surface properties 

Reduction of opsonization and prolongation of the circulation time increase the 
efficiency of drug targeting and can be achieved by formulation of nanoparticles with 
a hydrophilic and biodegradable copolymer or coating of the nanoparticles with 
hydrophilic polymers and surfactants, such as polyoxamers, polyethylene glycol (PEG), 
polysorbate 80 (Tween® 80) and polyethylene oxide [95]. Alginate-chitosan 
nanoparticles are biodegradable copolymers with hydrophilic characteristics that 
reduce opsonization and prolong the circulation time in vivo. Das et al. [102] showed 
that curcumin-loaded alginate/chitosan/PF127 nanoparticles were effective for passive 
targeting of cancer cells and prolonged the period the drug spends in the circulation. 

The zeta potential or surface charge determines the stability of nanoparticles in 
suspension due to the electrostatic potential between the particles [21, 27]. A zeta 
potential higher than ± 30 mV produces a stable suspension due to the surface charges 
preventing aggregation of the particles [95]. For example, the zeta potential of 
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carboplatin-loaded alginate-chitosan nanoparticles prepared by Parveen et al. [131] 
was about + 36 mV and no aggregation was observed. Similar results were reported by 
Coppi and Lannucelli [118] for tamoxifen-loaded alginate-chitosan nanoparticles, 
which also had a zeta potential of about + 36 mV. The positive surface charge may 
also improve the association of the alginate/chitosan nanoparticles with the cell 
surface and increase uptake into cancer cells, since most epithelial cells carry a 
negative charge [118]. 

 
1.3.4.3. Drug loading and encapsulation efficiency  

A successful NPDDS requires a high drug loading capacity, which can be achieved 
by reduction of the quantity of matrix material. High drug loading can be accomplished 
during preparation of nanoparticles and incubation after formation of the particles. 
Drug loading and entrapment efficiency depend on the method of preparation and 
the physicochemical properties of the drug [96, 97, 135]. Agnihotri et al. [135]showed 
that chitosan-based particles could be used for encapsulation of both water-soluble 
and water-insoluble drugs, with an encapsulation efficiency of 99% for cisplatin. Coppi 
and Iannuccelli [118] found that a 92% drug loading capacity could be achieved using 
alginate-chitosan nanoparticles. These results show that alginate and chitosan are good 
choices as polymers for formulation of nanoparticles for inclusion of anticancer drugs. 
 
1.3.4.4. Drug release from alginate-chitosan nanoparticles 

Many techniques are used for determination of drug release profiles, including 
dialysis bag diffusion, reverse dialysis bag diffusion, agitation by ultracentrifugation or 
centrifugation, side-by-side diffusion cells with a membrane, and ultrafiltration [146]. 
Among these techniques, the dialysis method is preferred. Effective release of the 
encapsulated drug from the alginate-chitosan nanoparticles after internalization into 
the cancer cells is a key issue in making effective nanoparticles for drug delivery and 
targeting. Singh and Lillard Jr [95] demonstrated that burst release of carboplatin from 
alginate-chitosan nanoparticles occurred within 12 h and that later sustained release 
also occurred. In a study of curcumin-loaded alginate/chitosan/PF127 nanoparticles, 
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Das et al. [102] showed that about 36% of the curcumin was released in the first 12 h 
and 51% in 24 h, followed by sustained release until 72 h, after which the release rate 
dropped and a total of 75% was released in 96 h. Various mathematic models are 
used to study the drug release mechanism, including use of the regression coefficient 
(R2) to indicate the level of release [147]. For example, the release of curcumin from 
alginate/chitosan/PF127 nanoparticles had a high R2 value (0.9421), which indicates 
good release and a prolonged period in the circulation [102]. Due to the rate of drug 
release, alginate-chitosan nanoparticles are good candidates as anticancer drug 
nanocarriers for targeting of cancer cells. 
 
1.3.4.5. Cytotoxicity and cellular uptake of alginate-chitosan nanoparticles 

Alginate-chitosan nanoparticles can be used to deliver anticancer drugs to target 
cancer cells and induce cell death. Parveen et al. [131] found that carboplatin-loaded 
alginate-chitosan nanoparticles affected the viability of the human retinoblastoma cell 
line Y79. The antiproliferative activity and apoptosis rate of cancer cells induced by 
the carboplatin-loaded alginate-chitosan nanoparticles were greater than those with 
the native (unencapsulated) drug. This activity increased with incubation time when 
the cancer cells were treated with a low dose of carboplatin loaded into the alginate-
chitosan nanoparticles. Moreover, the IC50 of the carboplatin-loaded alginate-chitosan 
nanoparticles was lower than that of native carboplatin [131]. Curcumin-loaded 
alginate-chitosan-PF127 nanoparticles were successfully delivered into HeLa cells 
based on the green fluorescence in fluorescent microscopy images of these cells after 
treatment with the nanoparticles [102]. 
 
1.4. Conclusion 

Anticancer drugs are typically toxic and harmful to healthy cells, which is a major 
disadvantage of chemotherapy. To overcome this problem, drug delivery systems are 
required as novel therapy. Nanoparticles are preferable for delivery of anticancer drugs 
due to their ease of intracellular uptake and the increased efficacy of therapy. The 
smaller size of nanoparticles allows penetration across blood capillaries and uptake 
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into cancer cells with high efficiency. Such a nanoparticulate drug delivery system can 
be used to deliver drugs to target organs and improve important parameters such as 
oral bioavailability, stability of chemotherapy agents against enzymatic degradation, 
reduction of drug toxicity, and therapeutic efficacy. Biodegradable polymers such as 
alginate and chitosan are useful for preparation of nanoparticles and are a good choice 
as anticancer drug nanocarriers in drug delivery systems that may replace conventional 
cancer chemotherapy. 
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Abstract 

 
Chitosan-alginate nanoparticles for encapsulation of curcumin diethyl disuccinate 

(CDD) were prepared by o/w emulsification and ionotropic gelation. The influence of 
parameters, including type and concentration of non-ionic surfactants, 
chitosan/alginate mass ratio, and concentration and rate of CDD addition into the 
formulation, on the characteristics of the nanoparticles were investigated. The results 
indicate that chitosan and alginate can be used as polymer matrices for encapsulation 
of CDD and that the characteristics of the nanoparticles depend on the preparative 
method. To obtain CDD-nanoparticles with a high encapsulation efficiency, loading 
capacity and yield, the nanoparticles should be prepared using 1% (w/v) Pluronic® 
F127, a chitosan/alginate mass ratio of 0.15:1, and dropwise addition of 1 mg/ml CDD 
at a rate of 20 ml/h under vigorous stirring. Data from FT-IR and DSC analysis showed 
that there was no chemical reaction between CDD and the polymers; only physical 
mixing occurred and the drug was loaded in the amorphous phase inside the 
nanoparticle matrix. The CDD-nanoparticles prepared under optimal conditions were 
stable in storage at 4oC for 3 months. In vitro cellular internalization study 
demonstrated CDD-nanoparticles had significantly higher cellular uptake in Caco-2 
cells compared to free CDD. Thus, the chitosan-alginate nanoparticles improved 
cellular uptake. 

 
 
 
 
 
 
 
 

Keywords: Chitosan; Alginate; Curcumin diethyl disuccinate; Nanoparticles; Stability 
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2.1. Introduction 

Curcumin is a natural bioactive compound extracted from rhizomes of turmeric                                           
(Curcuma longa L.) [42]. Curcumin is widely used as an ingredient in household 
medicine in Southern Asia because of its antibacterial and antifungal (Wang et al., 2009) 
antioxidant and radical scavenging [148], antiviral [149], anti-inflammatory [150], anti-
carcinogenic and chemopreventive properties [151]. Curcumin is also hepatoprotective 
[152], anti-thrombotic [153], protective against myocardial infarction [154], and has anti-
rheumatic and hypoglycemic properties [155]. However, curcumin has poor water 
solubility and low bioavailability [106] and this has limited its pharmaceutical use. 
Approaches to overcome these problems include formulation development [53, 55, 
56, 156] and synthesis of curcumin conjugates [53, 55, 56, 59, 60, 152, 156]. For 
example, improvement of the water solubility and stability of curcumin can be 
achieved by encapsulation of curcumin in media such as surfactant micelles [157], 
polymeric micelles [156], hydrogels [53], microcapsules [56], and nanoparticles [55]. 
The properties of curcumin can also be improved by interaction or complexation with 
macromolecules [55] and chemical alteration [60]. For example, Wichitnithad et al. 
[59] synthesized succinate prodrugs of curcuminoids by aldol condensation of 2,4- 
pentanedione with different benzaldehydes and esterification with a methyl or ethyl 
ester of succinyl chloride, and determined the stability and anti-colon cancer efficacy. 
Curcumin diethyl disuccinate (CDD) (Figure 8) was found to be much more stable than 
curcumin in phosphate buffer at pH 7.4 and had the highest anticolon cancer activity 
compared to other succinate prodrugs and curcumin [59]. CDD also possesses 
antinociceptive activity [59, 60]. 

 

 
 

Figure 8 Structure of curcumin diethyl disuccinate (CDD) [60]. 
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Formulation of CDD in nanoparticles may enhance its pharmacological properties 
and delivery. In this study, we examined preparation of nanoparticles for encapsulation 
of CDD using natural biopolymers (alginate and chitosan) that are biodegradable, 
biocompatible, non-toxic, hemocompatible and mucoadhesive [34]. Alginate and 
chitosan are widely used to deliver therapeutic agents such as peptides, proteins and 
polynucleotides. Entrapment in the biopolymers maintains the physicochemical 
structure and pharmacological activity of these agents and protects them from 
enzymatic degradation [158]. Moreover, these formulations have advantages including 
prolongation of the therapeutic agents in the circulation, controlled release, reduced 
leaching, and the potential for encapsulation of both hydrophilic and hydrophobic 
biomolecules [34, 159]. Therefore, alginate and chitosan biopolymers have become 
important components in drug delivery systems. 

Alginate is an anionic biopolymer derived from marine brown algae. It is an 
unbranched block copolymer of β-D-mannuronic acid and α-L-guluronic acid residues 
linked by (1→4) glycosidic linkages [21]. Alginate is of interest due to its 
biodegradability, biocompatibility and mucoadhesiveness [160]. Alginate nanoparticles 
can be obtained through gelation with divalent cations such as calcium ions [157, 160]. 
This simple gelation approach allows alginate to be used to produce a pre-gel with 
calcium ions that consists of small aggregates of gel particles, and subsequent addition 
of cationic polymers produces a polyelectrolyte complex coating [27]. Alginate has 
been extensively used in controlled release and drug delivery systems, but these have 
some limitations that may reduce therapeutic efficacy, including low stability, 
especially in alkaline conditions [161], and loss of encapsulated drugs by leakage 
through the pores of alginate particles [162].Therefore, alginate particles require 
modification with cationic polymers such as poly-L-lysine (PLL) to prepare stable 
nanoparticles. However, PLL is relatively toxic and immunogenic for use in a peripheral 
route, and currently chitosan is used as an alternative cationic polymer [163]. 

Chitosan is a cationic biopolymer comprising D-glucosamine and N-acetyl-D-
glucosamine linked by β(1→4 )  glycosidic linkages [27]. It has been widely used as a 
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drug delivery vehicle for pharmaceutical applications, including mucosal, ocular and 
topical delivery, and controlled release and targeting systems [164]. Chitosan can form 
complexes with anionic biopolymers such as alginate that are used for controlled 
release and drug delivery [165]. Chitosan-alginate complexes are prepared by 
ionotropic gelation [166], in which the electrostatic interaction of carboxylic acid groups 
of alginate with amino groups of chitosan results in gel formation [34]. Zhang et al. 
[167] showed that use of chitosan polymers as secondary counterions reduced the 
pore sizes of alginate particles and decreased the leakage of encapsulated drug, and 
Lertsutthiwong et al. [27] had previously found that use of chitosan improved the 
physical stability of alginate nanoparticles. Motwani et al. [34] suggested that chitosan-
alginate nanoparticles resulted in more effective controlled release than chitosan or 
alginate alone. Chitosan also improves the permeability, the stability and shelf-life 
during storage, and the half-life of alginate particles in biological fluids [30], and Das et 
al. [102] suggested that the chitosan-alginate nanocomposites are good candidates as 
novel carriers for delivery of hydrophobic drugs to cancer cells. 

Chitosan-alginate nanoparticles have not been used for encapsulation and delivery 
of CDD. In this study, we examined the effects of the type and concentration of non-
ionic surfactants, the chitosan/alginate mass ratio, and the concentration and rate of 
CDD addition into the formulation on the particle size, size distribution, zeta potential, 
encapsulation efficiency, loading capacity, yield and physical stability (4oC and 25oC) 
of the nanoparticles. The interaction and compatibility of CDD and other components 
in the formulation were analyzed by Fourier Transform Infrared Spectrometry (FT-IR) 
and Differential Scanning Calorimetry (DSC). In vitro cellular uptake of nanoparticles 
containing CDD was examined by confocal laser scanning microscopy in human 
epithelial colorectal adenocarcinoma Caco-2 cells. 
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2.2. Experimental 

2.2.1. Materials 

CDD was synthesized as described in Wichitnithad et al. [59]. Chitosan (molecular 
weight) was purchased from Aquatic Nutrition Lab Co. Ltd., Samut Sakorn, Thailand. 
The medium viscosity alginic acid sodium salt isolated from brown algae (molecular 
weight 80,000-120,000 g/mol and low guluronic acid content: FG = 0.39) was purchased 
from Sigma, St. Louis, MO, USA. Ultrapure water was obtained with MilliQ equipment 
(Waters, USA). Tween® 80 was purchased from Acros Organics, Thermo Fisher Scientific, 
NJ, USA. Pluronic® F127 and Cremophor RH40™ were purchased from BASF 
Corporation, Ludwigshafen, Germany. Tetrahydrofuran was of HPLC grade. All other 
chemicals were of analytical grade. 

 

2.2.2. Cell culture 

Caco-2 cells (ATCC No. HTB37, American Type Culture Collection) were maintained 
in complete growth medium containing 1% (v/v) glutamine, 1% (v/v) nonessential 
amino acids, 1% (v/v) antibiotic penicillin-streptomycin solution, 0.2% (v/v) antifungal 
amphotericin B solution (fungizone) and Dulbecco's modified Eagle's medium (DMEM), 
supplemented with 10% (v/v) heat inactivated fetal bovine serum (FBS). Cells were 
maintained at 37oC in a saturated humid atmosphere containing 95% air in a 5% CO2. 

 

2.2.3. Preparation of chitosan-alginate nanoparticles containing CDD 

Chitosan-alginate nanoparticles containing CDD were prepared using o/w 
emulsification and ionotropic gelation with modifications [27]. Briefly, 1 ml of acetonic 
CDD solution at an appropriate concentration was added dropwise into 20 ml of 
sodium alginate solution (0.6 mg/ml) containing a non-ionic surfactant using an 
automatic syringe pump (NE 100, New Era, Pump System Inc. USA) at an addition rate 
of 20 ml/h under mechanical stirring at 1000 rpm for 30 min, followed by dropwise 
addition of 4 ml of 0.67 mg/ml CaCl2 solution and continuous stirring for 30 min. After 
sonication at a frequency of 45 kHz and sonic power of 80 W (CP230D, Ultrasonic Bath, 
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Crest Ultrasonics Corp., USA) for 15 min, 4 ml of chitosan solution of various 
concentrations (0.15-0.45 mg/ ml in 1% (v/v) acetic acid) was added dropwise into the 
resultant calcium-alginate pre-gel with continuous stirring at 1000 rpm for 30 min. The 
suspension was equilibrated overnight to allow the nanoparticles to form a uniform 
particle size. The chitosan-alginate nanoparticles containing CDD were obtained as a 
dispersion in aqueous solution. 

2.2.4. Variation and optimization of the formulation parameters 

The characteristics of the chitosan-alginate nanoparticles were examined in 
formulations using various types and concentrations of non-ionic surfactants (Pluronic® 
F127, Cremophor RH40™ and Tween® 80); chitosan/alginate mass ratios of 0.05:1, 
0.10:1 and 0.15:1; concentrations of CDD of 1, 2 and 3 mg/ml; and rates of CDD addition 
of 10-30 ml/h. Each parameter was varied while the other parameters remained 
constant. Selection of the optimum formulation was based on the particle size, size 
distribution (polydispersity index, PDI), zeta potential, encapsulation efficiency, and 
loading capacity of the nanoparticles. 

2.2.5. Characterization of nanoparticles 

The particle size and size distribution based on PDI and zeta potential were 
determined using a Zetasizer model Nano-ZS (Malvern Instruments, England). The 
morphology of nanoparticles containing CDD was visualized by transmission electron 
microscopy (TEM, model H-9500, Hitachi High Technology America Inc., USA). 
Nanoparticle suspensions were diluted 50-fold with ultrapure water and dropped onto 
Formvar-coated copper grids. The amount of CDD in the formulated chitosan-alginate 
nanoparticles was assayed using HPLC according to USP36-NF31 with modifications 
(Rockville, 2013). Briefly, the sample was maintained at 20oC before injection onto the 
HA 166 (C18, 4.6 x 150 mm, 5 mm) column, which was maintained at 40oC. The mobile 
phase consisted of a mixture of 1 mg/ml citric acid in water and tetrahydrofuran (40:60, 
v/v). The sample injection volume was 20 µl and elution was isocratic at a flow rate 
of 1.0 ml/min. Detection was carried out at 400 nm. The total chromatographic analysis 
time per sample was 4 min, with CDD eluting at a retention time of 3.38 min. The 
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amount of CDD in nanoparticles was calculated as the difference between the total 
amount of initial CDD added in the formulation and the amount of CDD found in 
supernatant after ultracentrifugation at 45,000 rpm at 4oC for 1 h. The encapsulation 
efficiency was calculated from the amount of CDD in nanoparticles, as a percentage 
of the total amount of CDD initially added in the formulation. The loading capacity 
was calculated from the amount of CDD in nanoparticles, as a percentage of the total 
dry mass of nanoparticles. The nanoparticle yield was calculated from the actual 
weight of freeze-dried nanoparticles, as a percentage of the theoretical weight of the 
nanoparticles. The equations are as follows: 

Encapsulation efficiency (%) = CDD initial – CDD in supernatant x100    (1)
                                                 CDD initial 

Loading capacity (%) =   CDD initial – CDD in supernatant x100        (2)       
                    total dry mass of nanoparticles 

Nanoparticle yield (%) =   weight of freeze – dried nanoparticles x100           (3)       
                     theoretical weight of the nanoparticles 

 
The interaction and compatibility of CDD with other components in the 

nanoparticle formulation were analyzed by FT-IR (Perkin Elmer, Norwalk, CT, USA). 
Spectra were recorded in transmittance mode at 4000-400 cm-1, with a resolution of 4 
cm-1 and a scan number of 32 times/sample at ambient temperature [168]. The 
physical state of CDD in nanoparticles was analyzed by DSC (DSC 200 F3Maia®, Netzsch, 
Germany). The instrument conditions followed the method described by Sarmento et 
al. with modifications [169]. An appropriate amount of lyophilized nanoparticles was 
sealed in an aluminum pan and scanned in a temperature range of   20-350oC with a 
heating rate of 10oC /min. An inert atmosphere was maintained by purging nitrogen 
with a flow rate of 20 ml/min. 
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The physical stability of the chitosan-alginate nanoparticles containing CDD was 
determined by assessment of the particle size and zeta potential after storage at 4oC 
and 25oC for 3 months. 

2.2.6. In vitro cellular internalization study 

Caco-2 cells were harvested with DMEM and cultured in a 96-well plate at a density 
of 5 x 103 cells/200 ml/well. After the cells were incubated at 37oC for 24 h, DMEM 
was removed. The cells were then washed with 200 ml DMEM and equilibrated for 1 
h in an incubator. After removal of DMEM, 2 ml of free CDD, empty nanoparticles and 
nanoparticles containing CDD at predefined concentrations were introduced into each 
well containing 200 ml of DMEM. After incubation for 72 h, the cells were rinsed with 
0.01 M PBS buffer (pH 7.4) to remove excess nanoparticles and free CDD. Subsequently, 
the cells were imaged by confocal laser scanning microscopy (Nikon, D-ECLIPSE C1, 
Japan) using a FITC filter (Ex (𝜆) 400 nm, Em (𝜆) 470 nm). Images were processed using 
Nikon software. 

 
2.2.7. Statistical analysis 

All experiments were performed in triplicate. Results are expressed as mean ± 
standard deviation. Statistical analysis was performed by one-way ANOVA using MS-
Excel with p < 0.05 considered to be significant. 

 
2.3. Results and discussion 

2.3.1. Effects of type and concentration of surfactant 

The choice of surfactant is one of the most important factors affecting the 
characteristics of chitosan-alginate nanoparticles containing CDD. In this study, we 
focused on non-ionic surfactants because of their improved safety compared to 
anionic or cationic surfactants. Various non-ionic surfactants are widely used in 
cosmetic and pharmaceutical applications [170]. In this study, three non-ionic 
surfactants, Pluronic® F127, Cremophor RH40™ and Tween® 80, were examined to 
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determine the most effective surfactant for preparation of nanoparticles containing 
CDD. 

The characteristics of the nanoparticles as a function of the type of non-ionic 
surfactant are shown in Table 4. Pluronic® F127 gave the smallest size and size 
distribution (PDI), compared to Cremophor RH40™ and Tween® 80. These results are 
similar to the findings of Kim et al. [171] showing that Poloxamer 407 (Pluronic® F127) 
was more efficient than Tween® 80 in decreasing size and PDI. Wu et al. [172] suggested 
that within an acceptable range of zeta potential (20 to 30), a nanoparticle suspension 
made using Pluronic® F127 was stable. Thus, Pluronic® F127 may enhance stability, as 
well as improving encapsulation efficiency, loading capacity and the yield of 
nanoparticles (Table 4). 

These results might be explained by the hydrophilicity-lipophilicity balance (HLB) 
values of 22, 17 and 15 for Pluronic® F127, Cremophor RH40™ and Tween® 80, 
respectively. The surfactant with the higher HLB value is more soluble in water and is 
likely to enhance the solubility of the drug [173]. Therefore, greater drug encapsulation 
is observed with Pluronic® F127. Das et al. [102] suggested that the presence of 
Pluronic® F127 in the formulation enhances encapsulation due to its amphiphilic and 
self-assembling nature in the aqueous phase, with formation of a hydrophobic core. 
Based on these results, Pluronic® F127 was chosen for further experiments. 

The particle size, PDI and yield of nanoparticles (Table 5) increased proportionally 
with the concentration of Pluronic® F127 (p < 0.05), whereas the zeta potential became 
less negative. This might be due to the interaction between Pluronic® F127 and the 
polymer network, since Pluronic® F127 can form micelles surrounding insoluble drug 
with its polar head groups facing the polymer networks. Therefore, a higher 
concentration of Pluronic® F127 improves the chance of interaction with polymers and 
results in a larger particle size. This phenomenon may account for the change in zeta 
potential, since the interaction with Pluronic® F127 neutralizes the negative charge of 
the nanoparticles. The increase in concentration of Pluronic® F127 from 0.5% to 1% 
also enhanced the encapsulation efficiency by about 15%, but this decreased at above 
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1% (w/v) Pluronic® F127. Othayoth et al. [174] also found that addition of Pluronic® 
F127 at an appropriate concentration led to a high encapsulation efficiency of drug in 
nanoparticles. This may be because the solubility of the drug in the aqueous phase is 
increased by increasing the concentration of Pluronic® F127, which consequently 
results in better encapsulation in hydrophilic polymers [175]. The reduced 
encapsulation efficiency at a higher level of Pluronic® F127 may be due to the 
surfactant increasing the viscosity of the system and producing large particles with low 
surface area, as suggested by Arora et al. [176]. Therefore, Pluronic® F127 
concentrations of 1% (w/v) were chosen for preparation of nanoparticles containing 
CDD. The encapsulation efficiency and loading capacity of the chitosan-alginate 
nanoparticles was relatively low because hydrophilic polymers (chitosan and alginate) 
were used to encapsulate a relatively hydrophobic molecule (CDD). 
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2.3.2. Effect of chitosan/alginate mass ratio 

The influence of the chitosan/alginate mass ratio on the characteristics of the 
nanoparticles is shown in Table 6. The particle size and PDI significantly increased with 
an increase in the chitosan/alginate mass ratio (p < 0.05). However, an increase in the 
mass ratio above 0.15:1 produced aggregated particles and an opaque suspension. This 
might be due to formation of a compact membrane of chitosan on the surface of the 
nanoparticles, leading to a rapid increase in the particle size and PDI. The zeta potential 
of the nanoparticles is negative because alginate is the core material in these 
nanoparticles. An increase in the chitosan/alginate mass ratio results in more positive 
charges neutralizing the negative charges on the nanoparticle surface. An increase in 
the mass ratio also resulted in increases in the encapsulation efficiency and yield of 
nanoparticles (p < 0.05). Sarmento et al. [136] showed that chitosan coated on the 
surface of alginate nanoparticles reduced leakage of encapsulated drug from 
nanoparticles. Similarly, Bathool et al. [177] found that a high chitosan content 
improved the encapsulation efficiency and the nanoparticle yield. Loading capacity 
differed slightly with a change in the mass ratio (Table 6). These results show that a 
chitosan/alginate mass ratio of 0.15:1 is required to produce particles of size <1000 
nm, PDI < 1 and zeta potential -20 to -30 with high encapsulation efficiency, loading 
capacity and yield. 

 

2.3.3. Effects of concentration and rate of CDD addition into the formulation 

The effect on the characteristics of the chitosan-alginate nanoparticles of 
incorporation of concentrations of 1, 2 and 3 mg/ ml of CDD was investigated at a fixed 
Pluronic® F127 level of 1% (w/v) and a chitosan/alginate mass ratio of 0.15:1. Turbidity 
and particle aggregation started to occur at CDD >1 mg/ml. This indicates that 1% 
Pluronic® F127 was insufficient to produce small nanoparticles at CDD >1 mg/ml 
because the surfactant could not fully cover the surface area of the droplets. This 
caused the nanoparticles to tend to aggregate [178], which resulted in a low 
encapsulation efficiency [176]. Therefore, 1 mg/ml CDD was selected as the 
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concentration for determination of the effect of the rate of CDD addition into the 
nanoparticle formulation. 

The influence of the rate of CDD addition on the characteristics of nanoparticles is 
shown in Table 7. CDD addition at 10 ml/h and 20 ml/h did not significantly affect the 
particle size, PDI and zeta potential of the nanoparticles (p > 0.05), but a rate of 30 
ml/h had a significant effect on these parameters. This may be because an increase in 
the rate of CDD (or organic phase) addition increases the micelle population, and at a 
high rate of addition there might be inadequate mixing, leading to an increase in 
particle size and PDI [179]. These results indicate that a rate of 20 ml/h for CDD addition 
to the formulation is optimal for further parameter optimization. 

 
Table 7 Effect of rate of CDD addition on the characteristics of nanoparticles with a 
constant chitosan/alginate mass ratio of 0.15:1, 1% (w/v) Pluronic® F127, and 1 mg/ml 
CDD (n = 3). 

Rate of addition 
(ml/h) 

Particles size (nm) PDI Zeta potential (mV) 

10 440 ± 15 0.57 ± 0.02 -24.1 ± 0.9 
20 414 ± 16 0.47 ± 0.06 -24.2 ± 0.3 
30 695 ± 12 0.86 ± 0.08 -23.4 ± 1.3 

 
TEM images of chitosan-alginate nanoparticles containing CDD produced under 

optimal conditions of a chitosan/alginate mass ratio of 0.15:1, 1% (w/v) Pluronic® F127 
and 1 mg/ml CDD added at 20 ml/h are shown in Figure 9. The nanoparticles were 
spherical and had a narrow size distribution. The particle size obtained by TEM was in 
agreement with data obtained from dynamic light scattering (Table 7). 
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Figure 9 TEM image of chitosan-alginate nanoparticles containing CDD formed under 
optimal conditions 
 

2.3.4. Drug-excipient compatibility 

2.3.4.1. Fourier Transform Infrared Spectrometry 

The interactions between CDD and polymers in the nanoparticles were 
characterized by FT-IR. FT-IR spectra of chitosan, alginate, chitosan-alginate 
nanoparticles, Pluronic® F127, chitosan-alginate Pluronic® F127 nanoparticles, CDD, 
and chitosan-alginate- Pluronic® F127 nanoparticles containing CDD are shown in Figure 
10. 

The FT-IR spectrum of chitosan (Figure 10(A)) had a broad band at 3290 cm-1 
corresponding to O-H and N-H stretching. The band at 2872 cm-1 represents C-H 
stretching of the aliphatic hydrocarbon side chain. The peak for carbonyl (C=O) 
stretching of the secondary amide (amide I band) occurred at 1645 cm-1 [180]. The 
bands at 1486 and 1378 cm-1 correspond to C-N stretching of the amide and C-O 
stretching of the ether bond, respectively. The peaks at 1024 cm-1 are due to the 
secondary hydroxyl group (characteristic peak of –CH-OH in cyclic alcohols, C-O stretch) 
and primary hydroxyl group (characteristic peak of -CH2-OH in primary alcohols, C-O 
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stretch) [181]. After complexation with alginate, the peaks at 2872, 1645, 1486 and 
1378 cm-1 shifted by a few wave numbers (cm-1) (Figure 10(D)). 

In the spectrum of alginate (Figure 10(B)), the broad band at 3257 cm-1 is due to 
O-H stretching of the hydroxyl group. The strong absorption bands at 1594 cm-1 and 
1404 cm-1 were assigned as asymmetric and symmetric stretching vibrations of 
carboxylate groups (COO-), respectively. The band around 1024 cm-1 was assigned as 
C-O-C stretching in the cyclic saccharide structure [182]. After complexation with 
chitosan, the bands at 1594 cm-1 and 1404 cm-1 shifted slightly to 1591 cm-1and 1408 
cm-1 and the band around 3500-3100 cm-1 became broader in comparison with that in 
chitosan alone, which indicates greater hydrogen bonding (Figure 10(D)). 

After complex formation between chitosan-alginate blank particles and Pluronic® 
F127, bands are present for C-H bending at 1342 cm-1 and C-H stretching at 2882 cm-1 
(Figure 10(E)). In the spectrum of CDD (Figure 10(G)), there are no signals due to 
phenolic hydroxyl groups of curcumin since these are succinylated, giving the band at 
3000-3500 cm-1. The peak at 2974-2935 cm-1 is due to C=H stretching in the ethylene 
spacer of ethyl succinate. The bands at 1763 and 1726 cm-1 are caused by C=O 
stretching of the aliphatic and phenolic esters, respectively, that at 1627 cm-1 is due 
to C=O stretching of the 1,3-diketone, and the bands at 1508 cm-1 and 1462 cm-1 are 
assigned to C=C stretching of aromatic rings. After incorporation of CDD in the chitosan-
alginate- Pluronic® F127 nanoparticles (Figure 10(F)), the spectrum was similar to that 
for the blank nanoparticles (Figure 10(E)), except for a shift of some bands, as observed 
by overlay of the spectra of the blank and CDD nanoparticles. 

A comparison between authentic CDD and the CDD nanoparticles indicated 
disappearance of the bands at 1763 and 1726 cm-1 observed in CDD alone. This 
suggests that micelle formation in nanoparticles results in loss of some signals. There 
were also additional bands in the spectrum of the CDD nanoparticles, including at 3368 
cm-1 for OH stretching in alginate and chitosan, and 1360 and 2882 cm-1 for C-H bending 
and C-H stretching of Pluronic® F127. However, several characteristics of CDD were also 
present in the spectrum of CDD nanoparticles, including the band at 1605 cm-1 
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(broadened signal) for the 1,3-diketone, the C=C stretching of aromatic rings at 1466 
cm-1, and a hidden peak at 1605 cm-1. These findings conclusively show CDD 
entrapment in the chitosan-alginate-Pluronic® F127nanoparticles at the molecular 
level and imply that micelle formation in the nanoparticle preparation did not cause 
breakdown of the CDD structure [168]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 FT-IR spectra of (A) chitosan; (B) alginate; (C) pluronic F-127; (D) chitosan-
alginate nanoparticles; (E) chitosan-alginate- Pluronic® F127 nanoparticles; (F) chitosan-
alginate-Pluronic® F127 nanoparticles containing CDD; and (G) curcumin diethyl 
disuccinate (CDD). 
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2.3.4.2. Differential Scanning Calorimetry (DSC) 

To examine the physical state of CDD in nanoparticles, pure CDD, Chitosan-alginate 
nanoparticles, chitosan-alginate-Pluronic® F127nanoparticles, and nanoparticles 
containing CDD with the optimal formulation were investigated using DSC. As shown in 
Figure 11, an endothermic peak was observed at the melting point of pure CDD as a 
sharp peak at 92oC, and an exothermic peak occurred at 272oC. In blank nanoparticles 
with Pluronic® F127, there was an endothermic peak at 130oC and exothermic peaks 
at 180oC and 240oC. A physical mixture of CDD and chitosan-alginate-Pluronic® 
F127nanoparticles and nanoparticles containing CDD showed the same endothermic 
peak at the same temperature. In these cases, no endothermic peak (melting peak) of 
CDD was observed. The absence of the melting endothermic peak of CDD suggests 
that CDD was encapsulated in the nanoparticles and was present in an amorphous 
form as a molecular dispersion or in a disordered crystalline phase inside the 
nanoparticle matrix [183]. 

 
  
 
 
 
 
 
 
 
 
 
 
Figure 11 Differential scanning calorimetry thermograms of (A) pure CDD, (B) chitosan-
alginate-Pluronic® F127 nanoparticles, (C) physical mixture of CDD, chitosan, alginate, 
and Pluronic® F127 and (D) chitosan-alginate-Pluronic® F127 nanoparticles containing 
CDD. 
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2.3.5. Physical stability study 

Changes in particle size, PDI and zeta potential were used to determine the 
physical stability of the nanoparticles after storage at room temperature (25oC) and at 
4oC for three months. The physical stability data in Figure 12 show that the particle 
size and zeta potential of the nanoparticles did not change significantly during storage 
at 4oC for 3 months (p > 0.05), whereas these parameters changed significantly after 1 
month at 25oC. Thus, nanoparticles containing CDD prepared under optimum 
conditions should be stored at 4oC. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12 Physical stability of optimized nanoparticles after storage at room 
temperature (25oC) and 4oC for three months. 
 

2.3.6. In vitro cellular internalization 

Cellular internalization of nanoparticles containing CDD was evaluated in Caco-2 
cells. Confocal laser scanning microscope images of control cells without exposure to 
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CDD, cells incubated with free CDD, empty nanoparticles, and nanoparticles containing 
CDD are shown in Figure 13 CDD itself was fluorescent under a confocal laser scanning 
microscope, whereas the control cells and empty nanoparticles were not fluorescent. 
In contrast, nanoparticles containing CDD had fluorescence throughout the cytoplasm. 
This indicates that the nanoparticles containing CDD were taken up by the cell and are 
located inside the cell. The intensity of the green fluorescence inside cells treated 
with nanoparticles containing CDD was also much greater than that of free CDD (Figure 
13), which indicates enhanced uptake of nanoparticles containing CDD compared to 
that of free CDD. This is significant for further applications of nanoparticles containing 
CDD. These images confirm cellular internalization of the nanoparticles containing CDD 
and the successful delivery of CDD into Caco-2 cells. 
 
 
 
 
 
 
 
 
 
 
 
Figure 13 Cellular internalization of free CDD and chitosan-alginate nanoparticles 
containing CDD viewed by confocal laser scanning microscopy in Caco-2 cells. 
  

2.4. Conclusion 

Chitosan-alginate nanoparticles have the potential to be used for encapsulation of 
CDD using o/w emulsification and ionotropic gelation. The characteristics of 
nanoparticles containing CDD are strongly dependent on the preparation parameters; 
i.e. type and concentration of surfactants, chitosan/alginate mass ratio, and 
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concentration and rate of CDD addition. To get the highest encapsulation efficiency, 
loading capacity and yield of nanoparticles, the optimal formulation should have a 
chitosan/alginate mass ratio of 0.15:1, a CDD concentration of 1 mg/ml, and 1% 
Pluronic® F127 (w/v), with CDD addition at 20 ml/h. There was no reaction of CDD with 
other compounds in the formulation. Only physical mixing occurred during 
nanoparticle preparation. Nanoparticles produced using the optimal conditions 
showed good physical stability at 4oC. Confocal laser microscopy showed that the 
chitosan-alginate nanoparticles improve cellular uptake of CDD in Caco-2 cells, in 
comparison with free CDD. 
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Abstract 
 

Curcumin  diethyl  disuccinate  (CDD) is  a  succinate  prodrug  of  curcumin  that  
has better anti-colon cancer and antinociceptive activities than curcumin and 
improved stability in phosphate buffer at pH 7.4. However, formulation of CDD for 
pharmaceutical use is limited. Therefore, this study focused on preparation of 
chitosan/alginate nanoparticles containing CDD and optimization of the formulation 
using response surface methodology. Chitosan/alginate nanoparticles were prepared 
by o/w emulsification and ionotropic gelification. The optimized formulation of 
nanoparticles containing CDD had a chitosan/alginate mass ratio of 0.05:1, a CDD 
concentration of 3 mg/ml, and a Tween® 80 content of 4.05% (w/v). Response  surface  
methodology  was  found  to  be an  effective  technique  for  optimization  of  the 
preparation of chitosan/alginate nanoparticles using a limited number of experiments. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Keywords: Response surface methodology; Curcumin diethyl disuccinate; Chitosan; 
Alginate; Nanoparticles; Box-Behnken statistical design 
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3.1. Introduction 

Curcumin diethyl disuccinate (CDD) is a succinate prodrug of curcumin that is 
synthesized by aldol condensation of 2,4-pentanedione with benzaldehyde and 
esterification with the methyl or ethyl ester of succinyl chloride (Wichitnithad et al., 
2011). CDD has better properties than curcumin in terms of stability in phosphate buffer 
at pH 7.4, and anti-colon cancer and antinociceptive activities (Wichitnithad et al., 2011, 
Wongsrisakul et al., 2010). However, formulation of CDD for pharmaceutical use is 
limited and encapsulation of CDD in nanoparticles has not been reported.  The current 
study used nanoparticles produced from chitosan and alginate biopolymers because 
of their biocompatibility, biodegradability, non-toxicity and good film formation  [27].  

Response surface methodology (RSM) was applied to make the study systematic 
and limit the number of experiments. RSM is a combination of statistical and 
mathematic techniques based on the fit of a polynomial equation to experimental 
data, which describes the behavior of a data set and facilitates testing of a large 
number of factors simultaneously with the purpose of prediction of the optimized 
formulation. RSM has many advantages over the one-variable-at-a-time approach, 
which is the traditional optimization method [184]. Box-Behnken statistical design (BBD) 
is a good design for RSM and an effective tool for optimization.   

With this background, the study was undertaken to examine the parameters (i.e. 
chitosan/alginate mass ratio, concentrations of CDD and Tween® 80) affecting the 
characteristics of chitosan/alginate nanoparticles containing CDD, with optimization of 
formulation development using BBD. 

 
3.2. Methodology  

3.2.1 Materials  

Chitosan of molecular weight 220,000 Da and 90% degree of deacetylation was 
purchased from Aquatic Nutrition Lab, Samut Sakorn, Thailand. Alginate with medium 
viscosity was purchased from Sigma, St Louis, MO, USA. CDD was synthesized as 
described in reference [59]. All other chemicals were of analytical grade. 
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3.2.2. Preparation of Chitosan/Alginate Nanoparticles Containing CDD 

Chitosan/alginate nanoparticles  containing  CDD  were  prepared  using  o/w  
emulsification  followed  by  ionotropic gelification using a modified version of the 
method described by Lertsutthiwong et al. [27]. Briefly, acetonic  CDD  solution  was  
added  dropwise  into  alginate  solution  containing  Tween®  80 under vigorous 
stirring. After sonication for 15 min, CaCl2 solution was added to the resulting o/w 
emulsion followed by addition of chitosan solution and the mixture was continuously 
stirred for 30 min. The resulting nanoparticle suspension containing CDD was then 
equilibrated overnight before characterization. 

 

3.2.3. Experimental Design  

     Independent variables, including chitosan/alginate mass ratio (X1) of 0.05:1 - 0.15:1, 
CDD (X2) of 1-3 mg/ml and Tween® 80 (X3) content of 3-5% (w/v) were defined as low 
(-), medium (0)  and  high (+).  Based on Box-Behnken statistical design using Design-
Expert (Version 7.0.0, Stat Ease, USA), 15 experiments including 12 factorial points with 
3 replicates at the center point were used to estimate the pure error sum of squares 
(Motwani et al., 2008). The levels and design matrix are shown in Table 8. 
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Table 8 Variables and responses with their levels and constraints. 

 Level Constrains 
Low Medium High 

Independent variables (factors)     
X1 = chitosan/alginate mass ratio 0.05:1 0.10:1 0.15:1  
X2 = CDD concentration (mg/ml) 1 2 3  
X3 = Tween® 80 (%w/v) 3 4 5  

Dependent variables (responses)     
Y1 = Particle size (nm)    Minimize 
Y2 = Zeta potential (mV)    ≥  ± 20 mV 
Y3 = Encapsulation efficiency (%)    Maximize 
Y4 = Loading capacity (%)    Maximize 

 
3.3. Characterization 

The morphology of nanoparticles containing CDD was visualized using transmission 
electron microscopy (TEM; Hitachi High Technology America Inc., USA). Particle size 
and zeta potential were measured using a Zetasizer model Nano-ZS (Malvern 
Instruments, England).  

The amount of CDD in chitosan/alginate nanoparticles was assayed using HPLC 
according to the method of Wichitnithad et al. (Wichitnithad et al., 2011) with 
modification. Briefly, the sample was injected onto the HA 166 C18 column (4.6 x 150 
mm i.d., 5-µm particle size) at a column temperature of 40°C. The mobile phase 
consisted of a mixture of 1 mg/ml citric acid in water and tetrahydrofuran (40:60, v/v). 
The injection volume of the sample was 20 µl and elution was isocratic with a flow 
rate of 1.0 ml/min.  Detection was carried out at 400 nm.  The amount of CDD in 
nanoparticles was calculated as the difference between the total amount of CDD 
added in the formulation and the amount of CDD found in supernatant after 
ultracentrifugation. The encapsulation efficiency was calculated from the amount of 
CDD in nanoparticles as a percentage of the total amount of CDD added in the 
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formulation. The loading capacity was calculated from the amount of CDD in 
nanoparticles as a percentage of the total dry mass of nanoparticles. 

 
3.4. Results and Discussion  

BBD was applied to determine the optimal level of factors (independent variables) 
that gave responses (dependent variables) in terms of minimized particle size at the 
desirable range of zeta potential, maximized encapsulation efficiency and loading 
capacity, as described in Table 8.  

Table 9. shows the observed responses of chitosan/alginate nanoparticles 
containing CDD at each design point. The ranges were 315 - 925 nm for particle size 
(Y1), (-11) - (-31) mV for zeta potential  (Y2),  12% - 48%  for  encapsulation  efficiency  
(Y3 ),  and  1.3% - 11%  for  loading  capacity  (Y4). In addition, particle size increased 
as the chitosan/alginate mass ratio and the concentration of Tween® 80 increased, 
whereas CDD concentration did not show a significant effect.  A less negative zeta 
potential was observed when a higher chitosan/alginate and Tween® 80 content were 
used in the formulation.  This  may  be  explained  by  greater  adsorption  of  chitosan  
(cationic  polymer)  on  the surface of nanoparticles resulting in neutralization of the 
charges of the nanoparticles. 

The  loading  capacity  and  encapsulation  efficiency  of  nanoparticles  increased  
as  the  chitosan/alginate mass ratio and CDD and Tween® 80 concentrations increased. 
These results were also confirmed by 3D response surface plots of encapsulation 
efficiency, as shown in Figure 14. 
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Table 9 Design point and observed responses of chitosan/alginate nanoparticles 
containing CDD. 

Run 
no. 

Independent variables Dependent variables 

X1 X2 X3 Y1 Y2 Y3 Y4 
 (mg/ml) (% (w/v)) (nm) (mV) (%) (%) 

1 0.05:1 1 4 315 + 26 -27 + 1.9 23 + 6.7 3.8 + 1.1 
2 0.15:1 1 4 588 + 62 -16 + 0.2 48 + 8.5 5.3 + 1.1 
3 0.05:1 3 4 375 + 17 -22 + 0.1 48 + 1.9 9.6 + 0.4 
4 0.15:1 3 4 598 + 20 -13 + 0.9 45 + 4.7 10.8 + 1.2 
5 0.05:1 2 3 358 + 30 -31 + 1.4 12 + 12.8 2.7 + 3.1 
6 0.15:1 2 3 572 + 51 -18 + 0.6 32 + 9.2 5.6 + 1.5 
7 0.05:1 2 5 485 + 32 -24 + 2.8 34 + 9.2 7.41+ 2.3 
8 0.15:1 2 5 925 + 25 -11 + 0.3 43 + 7.4 7.0 + 1.1 
9 0.10:1 1 3 464 + 50 -24 + 0.4 14 + 3.6 1.3 + 0.3 
10 0.10:1 3 3 443 + 49 -23 + 0.9 37 + 3.7 8.5 + 1.4 
11 0.10:1 1 5 660 + 38 -18 + 1.0 36 + 13.5 3.2 + 0.9 
12 0.10:1 3 5 750 + 42 -20 + 1.0 46 + 5.3 10.6 + 1.2 
13 0.10:1 2 4 506 + 17 -21 + 0.1 24 + 3.7 3.7 + 0.7 
14 0.10:1 2 4 513 + 18 -21 + 0.6 27 + 8.9 4.1+ 1.5 
15 0.10:1 2 4 514 + 48 -23 + 1.1 28 + 13.6 4.4 + 2.2 

 
To fit the model matching the constraints in Table 8, regression of each response 

was analyzed by  testing  the sequential  model  sum  of  squares,  lack  of  fit  and  
model  summary  statistics  using  Design-Expert software, as shown in Table 10. Based 
on a high F-value and a p-value <0.05, particle  size,  encapsulation  efficiency  and  
loading  capacity  were  fitted  to  a  quadratic  second-order  polynomial model and 
zeta potential was fitted to a linear model. The equations are as follows: 
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Y1 = 529.09 + 143.74X1 + 17.05X2 + 122.99X3 – 12.46X1X2 + 56.43X1X3 + 12.46X2X3  
       – 26.99X1

2 – 32.88X2
2 + 83.09X3

2       (1)  

Y2 = -20.83 + 5.91X1 + 1.12X2 + 2.75X3      (2) 

Y3 = 28.59 + 6.38X1 + 6.77X2 + 8.00X3 – 6.97X1X2 + 3.01X1X3 - 3.13X2X3 + 6.09X1
2  

       + 9.28X2
2 – 1.90X3

2        (3)  

Y4 = 4.05 + 0.65X1 + 3.24X2 + 1.24X3 – 0.075X1X2 – 0.83X1X3 + 0.055X2X3 + 1.54X1
2  

       + 1.77X2
2 – 0.072X3

2        (4) 

 
 
 
 
 
       
 
                 (a)                    (b)                 (c) 
 
Figure 14 3D response surface plots of encapsulation efficiency (EE) as a function of 
(a) Tween® 80 concentration and chitosan/alginate mass ratio; (b) CDD concentration 
and chitosan/alginate mass ratio, and (c) Tween® 80 and CDD concentrations. 
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Using RSM and a desirability factor of 95%, the following independent variables 
were suggested by the software for preparation of the optimal nanoparticle 
formulation: chitosan/alginate mass ratio of 0.05:1, CDD concentration of 3 mg/ml, and 
Tween® 80  concentration of 4.05% (w/v). The optimized formulation was prepared 
and compared with the predicted properties calculated for the formulation. The 
acceptable agreement between the observed and predicted properties, and the 
negligible % error validated the models and indicated adequate precision for the 
prediction of optimized conditions using the domain levels chosen for the 
independent variables (Table 11). 

Table 11 Predicted and actual properties obtained from the optimized nanoparticle 
formulation. 

 
 The morphology and size distribution of the nanoparticles in the optimized 
formulation are shown in Figure 15. A spherical shape with a narrow size distribution 
was observed. The zeta potential of the nanoparticles was in the desirable range (Table 
11), which indicated that good physical stability was obtained [172]. FT-IR spectra of 
the optimized nanoparticles indicated no marked changes in the IR peaks of the 
functional groups of CDD when incorporated with excipients, compared to pure CDD 
(Figure 16). This indicates that polymers did not react with the drug during preparation. 
That is, only a physical mixture was formed and there was no chemical interaction 
between the components. 
 
 
 
 

Response X1 X2 X3 Y1 Y2 Y3 Y4 
  (mg/ml) (%w/v) (nm) (mV) (%) (%) 

Predicted 0.05: 1 3 4.05 361 -26 49 10 
Actual  0.05: 1 3 4.05 353 ± 13 -25 ± 2 47 ± 4 10 ± 0.6 
% Error    2.1 1.7 3.3 2.1 
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Figure 15 TEM image of nanoparticle in the optimized formulation. 
 
 

 
 
 
 
 
 
 
 

 
 

Figure 16 FT-IR spectra of the optimized nanoparticle formulation. 
 
FT-IR spectra of the optimized nanoparticles indicated no marked changes in the 

IR peaks of the functional groups of CDD when incorporated with excipients, compared 
to pure CDD (Figure 16). This indicates that polymers did not react with the drug during 
preparation. That is, only a physical mixture was formed and there was no chemical 
interaction between the components.  
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3.5. Conclusion 

Response surface methodology is an effective technique for optimization of 
chitosan/alginate nanoparticles containing CDD. The optimized formulation had a 
chitosan/alginate mass ratio of 0.05:1, a CDD concentration of 3 mg/ml, and a Tween® 
80 concentration of 4.05% (w/v). The optimized nanoparticles had a size of 353 nm, a 
zeta potential of -25 mV, an encapsulation efficiency of 47%, and a loading capacity 
of 10%. 
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Abstract 

 
Curcumin diethyl disuccinate (CDD) is a succinate prodrug of curcuminoids that has 

better stability in human plasma and improved in vitro cytotoxicity compared to 
curcumin. Therefore, CDD has the potential for further development as an anticancer 
agent. In this study, we focused on optimization of the formulation of CDD-loaded 
chitosan/alginate nanoparticles using Box-Behnken statistical design to enhance the 
therapeutic efficacy of CDD. Oil-in-water emulsification followed by ionotropic 
gelification was used to prepare the CDD-loaded chitosan/alginate nanoparticles. A 
formulation with a 0.05:1 chitosan/alginate mass ratio, 0.65% (w/v) Pluronic® F127 and 
1.5 mg/ml CDD was found to be optimal. FTIR, TGA and XRD confirmed the 
encapsulation of CDD molecules in the nanoparticles. In vitro cytotoxicity and cellular 
uptake studies showed that CDD-loaded chitosan/alginate nanoparticles had 
significantly higher cytotoxicity and cellular uptake in human breast adenocarcinoma 
MDA-MB-231 cells, compared to free CDD. Physical and chemical stability studies 
indicated that the optimally formulated CDD-loaded chitosan/alginate nanoparticles 
were stable at 4oC for 3 months. 

 
 

 

 

 

Keywords: Chitosan; Alginate; Curcumin diethyl disuccinate; Nanoparticles; Box-
Behnken statistical design   
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4.1. Introduction 

Nanotechnology is an emerging technology that can be used in a broad range of 
research areas, including material, medical and pharmaceutical sciences [185]. The 
major focus of nanotechnology research in the pharmaceutical sciences is the design 
of more selective and effective nanoparticles that can be used as carriers of bioactive 
compounds for enteral and parenteral administration, with protection of these 
compounds from enzymatic degradation, metabolism and cellular efflux and 
extension of shelf-life [34], Nanoparticles can also be used to deliver bioactive 
compounds to their target at the appropriate time and dosage [37].   

Bioactive compounds extracted from plants have become alternatives for 
treatment of various diseases due to their low toxicity and lack of side effects [186]. 
Curcumin, the major component of Turmeric (Curcuma longa L.), has been extensively 
used as a flavor, coloring in food, preservative and household medicine in Southern 
Asia for a century. Curcumin has pharmacological effects including anti-oxidant, anti-
inflammatory, anti-tumor, anti-HIV and anti-infectious activities [186, 187]. However, 
curcumin also has limitations due to its low water solubility, low stability, poor 
bioavailability and rapid intestinal and hepatic degradation and metabolism [155, 188]. 
Therefore, several approaches have been used to overcome these limitations, 
including development of nanoparticle formulations of curcumin [189] and chemical 
conjugation to give curcumin prodrugs [59].  

Curcumin diethyl disuccinate (CDD) (Figure 17) is a succinate prodrug of 
curcuminoids that is synthesized by aldol condensation of 2,4-pentanedione with 
benzaldehyde and esterification with the methyl or ethyl ester of succinyl chloride. 
Compared to other succinate prodrugs of curcuminoids and to curcumin itself, CDD 
has better stability in human plasma and improved anti-colon cancer activity [59]. 
These properties may be further improved by encapsulation of CDD in nanoparticles. 
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Figure 17 Structure of curcumin diethyl disuccinate. 
 

Nanoparticles can be formulated from synthetic biodegradable polymers, lipids, 
proteins, and polysaccharides [190]. Alginate and chitosan are polysaccharides that 
have been extensively used for controlled release and delivery of bioactive 
compounds to target sites [20, 23, 27, 190]. 

Alginate is a hydrophilic polysaccharide extracted from marine brown algae. It is a 
linear copolymer of β-D-mannuronic acid and α-L-guluronic acid linked by 1,4-
glycosidic bonds [27]. Alginate is of interest in pharmaceutical applications due to its 
gel formation, biocompatibility, non-toxicity, biodegradability and mucoadhesiveness 
[191]. Alginate nanoparticles can be obtained by inducing gelation with divalent cation 
[21, 100, 192]. This simple gelling property allows alginate to be used to produce a 
pre-gel consisting of very small aggregates of particles, followed by addition of an 
aqueous polycationic solution to make a polyelectrolyte complex [27]. For example, 
poly-L-lysine (PLL), a cationic natural polymer, has been used in combination with 
alginate to prepare nanoparticles [35]. However, PLL is toxic and immunogenic for 
administration by injection, and chitosan can be used as an alternative cationic 
polymer. 

Chitosan is a linear polysaccharide consisting of D-glucosamine and N-acetyl-D 
glucosamine units linked by β(1→4) glycosidic linkages. Chitosan has versatile 
properties of biodegradability, biocompatibility, mucoadhesiveness, non-toxicity and 
good film formation [23]. For example, leakage of drugs from alginate nanoparticles is 
reduced when chitosan is used as a secondary counterion source [167]. Chitosan can 
enhance the desirable properties of alginate particles, such as controlled release, 
permeability, stability and half-life in physiological fluids [167]. Our previous work 
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(Bhunchu et al, unpublished data) demonstrated that use of lower molecular weight 
chitosan produced smaller chitosan/alginate nanoparticles with higher encapsulation 
and loading capacity of CDD at an optimal CaCl2/alginate mass ratio of 0.2:1. In 
addition, chitosan/alginate nanoparticles improved uptake of CDD in caco-2 cells [69]. 
However, a systematic study of the optimal formulation of CDD-loaded 
chitosan/alginate nanoparticles is required. Therefore, in the current study, Box-
Behnken statistical design was used to design and optimize CDD-loaded 
chitosan/alginate nanoparticles using response surface methodology. The influence of 
the chitosan/alginate mass ratio and concentrations of Pluronic® F127 and CDD on the 
characteristics of the nanoparticles was examined, and the in vitro cytotoxicity and 
cellular uptake of the optimized CDD-loaded nanoparticles in MDA-MB-231 breast 
cancer cells were investigated. 
 
4.2. Materials and Methods 

4.2.1. Materials 

 Medium viscosity sodium alginate of molecular weight 80,000-120,000 g/mol and 
low guluronic acid content (FG = 0.39) was purchased from Sigma, St. Louis, MO, USA. 
Chitosan of molecular weight 83,000 g/mol and a degree of deacetylation of about 
85% was purchased from Aquatic Nutrition Lab Co. Ltd., Samut Sakorn, Thailand. 
Pluronic® F127 was supplied by BASF Chemical Company, Ludwigshafen, Germany. 
CDD was synthesized as described in Wichitnithad et al [59]. Tetrahydrofuran (THF) was 
of HPLC grade and other chemicals were of analytical grade. 

 
4.2.2. Cell culture 

Human caucasian breast adenocarcinoma MDA-MB-231 cells were obtained from 
the American Type Culture Collection (ATCC, Manassas, VA). Briefly, 3×103 cells/200 
l/well were seeded in 96-well plates with Dulbecco's Modified Eagle's Medium 
(DMEM) supplemented with 10% (v/v) heat inactivated fetal bovine serum (FBS) and 
1% (v/v) penicillin-streptomycin solution. Cells were incubated at 37°C in a saturated 
humid atmosphere containing 95% air and 5% CO2. 
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4.2.3. Preparation of CDD-loaded nanoparticles 

CDD-loaded nanoparticles were prepared using o/w emulsification followed by 
ionotropic gelation as described by Lertsutthiwong et al [27] with modifications. Briefly, 
1 ml of acetonic CDD solution at an appropriate concentration was added dropwise 
into 20 ml of sodium alginate solution (0.6 mg/ml) containing Pluronic® F127 as a 
stabilizer using an automatic syringe pump (NE 100, New Era, Pump System Inc. USA) 
at a rate of 20 ml/h. After continuous magnetic stirring at 1,000 rpm for 10 min, 4 ml 
of CaCl2 solution (0.67 mg/ml) was added dropwise to the resulting o/w emulsion and 
continuously stirred for 30 min. After sonication at a frequency of 45 kHz and sonic 
power 80 W for 15 min using an ultrasonic bath (CP 230, Crest Ultrasonics Corp., Ewing, 
NJ, USA), 4 ml of chitosan solution was added to the resulting calcium/alginate pre-gel 
and stirred for 30 min. The nanoparticle suspensions were equilibrated overnight in 
the dark to allow formation of a uniform particle size. The CDD-loaded nanoparticles 
were finally obtained as a dispersion in aqueous solution. 

 
4.2.4. Experimental design 

Testing of multiple variables simultaneously requires a systematic and detailed 
experimental design that can eliminate the large number of experimental runs required 
in the traditional one-variable-at-a-time method. Systemic optimization procedures 
such as response surface methodology (RSM) are carried out by selecting an objective 
function finding the most important factors and investigating the relationship between 
responses and factors [81]. Previous work (Bhunchu et al [69]) indicated that 
formulation parameters such as chitosan/alginate mass ratio, Pluronic® F127 and CDD 
concentrations were the main factors affecting the characteristics of CDD-loaded 
nanoparticles in terms of particle size, size distribution, encapsulation efficiency and 
loading capacity. Therefore, Box-Behnken design was used to optimize the formulation 
parameters and evaluate the main effects, interaction effects and quadratic effects of 
the formulation factors on the particle size (Y1), zeta potential (Y2), encapsulation 
efficiency percentage (Y3) and loading capacity percentage (Y4) of CDD-loaded 
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nanoparticles. Chopra et al [83] suggested that the Box Behnken model requires fewer 
experimental runs than the central composite design model. The cubic design is 
characterized by a set of points lying at the midpoint of each edge of a 
multidimensional cube and center point replicates (n = 3), with the ‘missing corners’ 
helping to avoid combined factor extremes. Box-Behnken design provides a suitable 
means of optimizing and testing for a wide range of applications in the food and 
pharmaceutical industries [193]. 

Table 12 Factors and their levels for the Box-Behnken design. 

Factors  Level used, Actual (coded) 

  Low (-1) Medium (0) High (+1) 
X1 = chitosan/alginate mass ratio  0.05:1 0.10:1 0.15:1 
X2 = Pluronic® F127 (%w/v)  0.5 1 1.5 
X3 = CDD (mg/ml)  0.5 1 1.5 

Responses:  Constrains 
Y1 = Particle size (nm)  Minimize 
Y2 = Zeta potential (mV)  Y3 ≥ ± 20 
Y3 = Encapsulation efficiency (%)  Maximize 
Y4 = Loading capacity (%)  Maximize 

 
4.2.5. Characterizations of CDD-loaded nanoparticles  

Particles size and zeta potential were measured using a Zetasizer model Nano-ZS 
(Malvern Instruments, UK). The amount of CDD in nanoparticles was assayed by HPLC 
according to USP36- NF31 with some modification. The CDD-loaded nanoparticles were 
separated from the aqueous medium by ultracentrifugation at 45,000 rpm at 4°C for 1 
h and lyophilized at -50°C for 24 h to obtain powdered nanoparticles. The lyophilized 
nanoparticles were then extracted in 1 ml of the mobile phase of 1 mg/ml citric acid 
in water and tetrahydrofuran (40:60, v/v)) under vortex for 1 min, followed by 
centrifugation at 14,000 rpm for 30 min. The supernatant was then collected for 
analysis. The 20-ml sample was injected onto the HA 166 (C18, 4.6×150 mm, 5 m) 

column, which was maintained at 40C. The elution was isocratic at a flow rate of 1.0 
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ml/min and detection was carried out at 400 nm. The total chromatographic analysis 
time per sample was 4 min, with CDD eluting at a retention time of 3.38 min. The 
encapsulation efficiency and loading capacity were calculated as follows: 

Encapsulation efficiency (%) = total amount of CDD in the nanoparticles x100        (2)
                total amount of CDD initially added in the formulation 
Loading capacity (%) =   total amount of CDD in the nanoparticles x100       (3)
        total dry mass of nanoparticles 

Thermal properties of nanoparticles were analyzed using a thermogravimetric 
analyzer (TGA, model STA 409 PG/4/G Luxx, Netzsch, USA) using a heating rate of 

5C/min from 30 to 800C under a nitrogen atmosphere with a flow rate of 10 ml/min. 
The interaction of CDD and excipients was analyzed by Fourier Transform Infrared 
Spectrometry (FT-IR, model ALPHA; Bruker, Philadelphia, PA, USA) in ATR mode. The 
analysis was carried out in spectral transmittance mode at 4000-400 cm-1 with a speed 
of 4 mm/s and resolution of 2 cm-1. The physical state of CDD in the nanoparticle 
matrix was determined by wide-angle X-ray diffraction (XRD, model PW3710; Philips, 
The Netherlands). Samples were irradiated with monochromatized CuKα radiation 
(1.542 Ǻ) and analyzed at 2 range of 20-60° at a scanning speed of 0.2° 2/step. The 
detector was operated at a voltage of 40 kV and a current of 30 mA. The morphology 
of the CDD-loaded nanoparticles was visualized by transmission electron microscopy 
(TEM, model H-9500; Hitachi High Technology America Inc., USA) 

 
4.2.6. Data analysis and model validation  

ANOVA was used for statistical analysis of the polynomial equations generated by 
Design Expert® software. A total of 15 experimental runs in triplicate at center points 
were generated by Box-Behnken design. The mathematic model for mixture design 
includes linear, interaction and quadratic components. The best fitting mathematic 
model was selected based on several statistical parameters, including the multiple 
correlation coefficient (R2), adjusted R2, predicted R2, standard deviation (SD), 
coefficient of variation (CV) and the predicted residual sum of squares (PRESS) 
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calculated in Design Expert® software. PRESS and CV indicate how well the model fits 
the data, and should be small for the chosen model relative to other models (Kim et 
al., 2007). Three dimensional response surface plots were generated in Design Expert® 
software using an intensive grid search over the whole experimental region. The 
optimal formulation was selected to validate the chosen experimental domain and 
polynomial equations, and was prepared and evaluated for various response 
properties. The resultant experimental values of the responses were compared with 
the predicted values to calculate the % prediction error. Linear regression plots 
between actual and predicted values of the responses were produced using MS-Excel 
2013. 

 
4.2.7 In vitro cytotoxicity assay 

The cytotoxicity of CDD in MDA-MB-231 cells was determined using a 3-(4,5-
dimethylthiazol-2- yl)-2, 5-diphenyl tetrazolium bromide (MTT) based colorimetric 
assay. This method is used to analyze the cytotoxicity of bioactive compounds based 
on the capacity of living cells to metabolize the yellow water soluble substrate MTT 
to an insoluble dark blue formazan product [194]. The MTT assay was carried out using 
the method described by Umthong et al. [195]. MDA-MB-231 cells were cultured in 
DMEM supplemented with 10% (v/v) heat inactivated fetal bovine serum (FBS) and 1% 
(v/v) antibiotic penicillin-streptomycin solution and incubated at 37°C in a humid 
atmosphere containing 95% air and 5% CO2 until the cells reached 80% confluence. 
The cells were seeded in 96-well plates at 3×103 cells/well and incubated in the same 
atmosphere for 24 h. The cells were then washed with DMEM and treated with 200 µl 
of fresh DMEM containing a CDD-loaded nanoparticle suspension, blank 
chitosan/alginate nanoparticles or free CDD at drug concentrations ranging from 0.3-5 
µg/ml and incubated for 72 h. Dimethyl sulfoxide (DMSO) and blank nanoparticles 
were used as positive and negative controls, respectively. MTT was then added to each 
well and incubated for 4 h, followed by removal of the solution. DMSO was added 
and thoroughly mixed for 10 min before measurement of absorbance at 540 nm using 
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a microplate reader (Molecular Devices, USA). Cell growth without nanoparticles was 
evaluated as a control. Cell viability was calculated as follows: 

 

       Cell viability (%) 100
OD

OD

control

sample
      (4) 

 
 The results are shown as the half maximal inhibitory concentration (IC50), which 
is the concentration of sample required to kill 50% of the cancer cells compared with 
the negative control. 
 
4.2.8 In vitro cellular uptake study 

 MDA-MB-231 cells were cultured in 96-well plates at 3×103 cells/well at 37C for 
24 h. DMEM was then removed from each well. The cells were washed with 200 µl of 

DMEM and equilibrated for 1 h in an incubator at 37C. A 2-µl sample of free CDD, 
blank chitosan/alginate nanoparticles or CDD-loaded nanoparticles was introduced 
into each well in 200 µl of DMEM and incubated for 72 h. The cells were then washed 
with 0.01 M phosphate-buffered solution (pH 7.4) to remove excess nanoparticles or 
free CDD, followed by addition of fresh PBS buffer. The cells were then visualized by 
confocal laser scanning microscopy (Nikon, D-ECLIPSE C1, Japan) using a green channel 
with excitation at 400 nm and emission at 470 nm. Images were processed with the 
aid of Nikon software. Cellular uptake was expressed as the fluorescence intensity 
associated with CDD-loaded nanoparticles versus the fluorescence intensity associated 
with free CDD. 
 
4.2.9. Stability study 

The stability of the nanoparticle suspension was determined based on ASEAN 
guidelines (2005) for stability of drug products. The CDD-loaded nanoparticle 
suspension was stored in amber bottles in the dark at 4°C and 25°C for 3 months. The 
particle size, zeta potential, encapsulation efficiency and loading capacity of the 
nanoparticle suspensions were determined at specific time intervals. 
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4.3. Result and discussion 

4.3.1. Formation of CDD-loaded chitosan/alginate nanoparticles 

Preparation of CDD-loaded chitosan/alginate nanoparticles by o/w emulsification 
and ionotropic gelation under mild conditions at room temperature was simple, rapid 
and reliable. The CDD encapsulation efficiency (~17-45%) and loading capacity (~1-5%) 
of the nanoparticles were low due to the hydrophilic and hydrophobic characters of 
the nanoparticle matrices and CDD, respectively. Li et al [100] also concluded that use 
of hydrophilic polymeric nanoparticles for encapsulation of hydrophobic compounds 
is difficult and that the encapsulation mechanism is unclear. Therefore, the challenge 
of this study was to maximize the encapsulation efficiency and loading capacity using 
chitosan/alginate nanoparticles by optimization of the preparation process using 
statistical design.  

Previous work showed that Pluronic® F127 should be used as a stabilizer in the 
preparation process because of the poor water solubility of CDD, and that 1% (w/v) 
Pluronic® F127 gave the smallest particles with the highest encapsulation efficiency 
and loading capacity, compared to Tween® 80 and Cremophor RH40TM [69]. Therefore 
Pluronic® F127 was chosen for this study, with Box-Behnken design and RSM used for 
optimization of the formulation (Table 12). Chitosan/alginate mass ratio and Pluronic® 
F127 and CDD concentrations were used as the main factors affecting the 
characteristics (responses) of the nanoparticles, and the most important responses 
were particle size, zeta potential, encapsulation efficiency and loading capacity. 
Chitosan/alginate mass ratios of 0.05:1 to 0.15:1 were examined because below this 
lower mass ratio resulted in the reduction of encapsulation efficiency, whereas beyond 
0.15:1 the particles aggregate and form microparticles. For Pluronic® F127, <0.5% (w/v) 
is insufficient to stabilize the CDD-loaded nanoparticle suspension and >1.5% (w/v) 
produces a viscous system due to particle aggregation. The solubility of CDD in acetone 
is 1.5 mg/ml, and therefore CDD concentrations of 0.05 to 1.5 mg/ml were examined. 
Thus, the 15 experiments in Table 12 were performed using a three-factor, three-level 
design.  
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The results (Table 13) showed that the particle size mainly depended on the 
chitosan/alginate mass ratio and Pluronic® F127 concentration. The minimum size of 
279 nm occurred at a chitosan/alginate mass ratio of 0.05:1 and 0.5% (w/v) Pluronic® 
F127 (formulation 1), and the maximum size of 645 nm corresponded to the highest 
chitosan/alginate mass ratio (0.15:1) and highest Pluronic® F127 concentration (1.5% 
w/v) (formulation 4). The zeta potential was mainly affected by the chitosan/alginate 
mass ratio and became less negative with a higher mass ratio at fixed Pluronic® F127 
and CDD concentrations. For example, at 0.50% (w/v) Pluronic® F127 and 1 mg/ml 
CDD, the zeta potential changed from -27.8 to -19.8 mV when the chitosan/alginate 
mass ratio increased from 0.05:1 to 0.15:1 (formulations 1 vs. 2). The highest 
encapsulation efficiency of the nanoparticles was observed at a chitosan/alginate mass 
ratio of 0.1:1, 1% (w/v) Pluronic® F127 and 1 mg/ml CDD (formulations 13- 15), and the 
highest loading capacity of about 5% occurred at a 0.1:1 chitosan/alginate mass ratio, 
0.5% (w/v) Pluronic® F127 and 1.5 mg/ml CDD (formulation 11). 
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4.3.2. Fitting data to model 

 Responses for all 15 formulations were simultaneously fitted to linear, 
interaction (2FI) and quadratic models using Design Expert® software. To evaluate the 
effect of formulation parameters on each response (Y1-Y4), a polynomial equation with 
ANOVA was used. The comparative values of R2, adjusted R2, predicted R2, SD, CV and 
PRESS are shown in Table 14. Responses Y1-Y4 best followed a quadratic model based 
on the high values of R2, adjusted R2 and predicted R2 and the low values of SD, PRESS 
and CV. Only significant (p<0.05) coefficients are included in the polynomial equations. 
PRESS is a particularly important measure of fit of the model to the points in the 
design. The smaller the PRESS statistic, the better the model fits to the data points 
[196]. 

 
4.3.3. Response surface analysis by polynomial equation 

Response surfaces analyzed by polynomial equation are useful for determination 
of the interaction effects of two factors on the responses while the third factor is kept 
constant [197]. In the polynomial equation, a positive value indicates a synergistic 
effect through which the response increases proportional to the factor. In contrast, a 
negative value indicates an inverse relationship (antagonistic effect) between the 
response and factors. The criteria for selection of the suitable model are highest F-
value and adequate precision, but lowest lack of fit F-value, and the adjusted R2 and 
predicted R2 should be close to 1 (Tables 14 and 15).  

 The best quadratic model for particle size, zeta potential, encapsulation 
efficiency and loading capacity was as follows: 
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Y1 = 517.67 + 128.62X1 + 66.75X2 + 16.13X3 + 45.33X1X2 - 12X1X3 - 20.75X2X3  

              - 95.83X1
2 - 5.08X2

2 + 15.17X3
2        (5) 

Y2 = -21.33 + 4.21X1 + 3.46X2 + 1.26X3 - 0.73X1X2 - 0.6X1X3 - 2.17X2X3 - 0.42X1
2 

               -1.54X2
2 + 0.52X3

2         (6)                  

Y3 = 44.33 - 7.75X1 - 4.13X2 + 4.13X3 + 2.5X1X2 - 4.5X1X3 - 2.25X2X3 - 14.79X1
2 

              - 5.54X2
2 + 4.54X3

2                      (7)             

Y4 = 3.63 - 0.68X1 - 0.33X2 + 1.25X3 + 0.23X1X2 - 0.33X1X3 - 0.82X2X3 - 1.18X1
2 

             - 0.48X2
2 + 0.13X3

2                      (8)          



88 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Ta
bl

e 
14

 S
um

m
ar

y 
of

 re
su

lts
 o

f r
eg

re
ss

ion
 a

na
lys

is 
re

sp
on

se
s. 

M
od

el
 

F-
va

lu
e 

SD
 

R2  
Ad

jus
te

d-
R2  

Pr
ed

ict
ed

-R
2  

PR
ES

S 
CV

 (%
) 

Re
m

ar
k 

Pa
rti

cle
 si

ze
 (Y

1) 
 

 
 

 
 

 
 

 
Lin

ea
r 

36
.39

 
65

.99
 

0.7
80

3 
0.7

20
3 

0.5
59

4 
65

.99
 

13
.98

 
- 

Int
er

ac
tio

n 
(2

FI)
 

6.4
4 

68
.38

 
0.8

28
4 

0.6
99

7 
0.2

11
9 

68
.38

 
14

.49
 

- 
Qu

ad
ra

tic
 

74
.76

 
17

.93
 

0.9
92

6 
0.9

79
3 

0.9
00

3 
17

.93
 

3.8
0 

Su
gg

es
te

d 

Ze
ta

 p
ot

en
tia

l (
Y 2

) 
 

 
 

 
 

 
 

 
Lin

ea
r 

25
.39

 
1.7

7 
0.8

73
8 

0.8
39

4 
0.7

54
4 

66
.78

 
1.7

7 
- 

Int
er

ac
tio

n 
 (2

FI)
 

29
.26

 
1.2

2 
0.9

56
4 

0.9
23

7 
0.8

71
7 

34
.89

 
1.2

2 
- 

Qu
ad

ra
tic

 
67

.67
 

0.6
7 

0.9
91

9 
0.9

77
2 

0.9
46

9 
14

.43
 

0.6
7 

Su
gg

es
te

d 

Re
m

ar
k: 

On
ly 

sig
nif

ica
nt

 te
rm

s a
re

 in
clu

de
d.

 

 



 
 
 

 

89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ta
bl

e 
14

 S
um

m
ar

y 
of

 re
su

lts
 o

f r
eg

re
ss

ion
 a

na
lys

is 
re

sp
on

se
s (

co
nt

inu
e)

. 

M
od

el
 

F-
va

lu
e 

SD
 

R2  
Ad

ju
ste

d-
R2  

Pr
ed

ict
ed

-R
2  

PR
ES

S 
CV

 (%
) 

Re
m

ar
k 

En
ca

ps
ul

at
ion

 
ef

fic
ien

cy
 (Y

3) 
 

 
 

 
 

 
 

 

Lin
ea

r 
2.6

2 
9.7

9 
0.4

16
6 

0.2
57

5 
0.0

43
5 

17
28

.34
 

9.7
9 

- 
Int

er
ac

tio
n 

 (2
FI)

 
1.2

6 
10

.77
 

0.4
86

5 
0.1

01
3 

0.5
03

3 
27

16
.39

 
10

.77
 

- 
Qu

ad
ra

tic
 

80
.29

 
1.5

8 
0.9

93
1 

0.9
80

8 
0.9

25
6 

13
4.5

0 
1.5

8 
Su

gg
es

te
d 

Lo
ad

ing
 ca

pa
cit

y 
 (Y

4) 
 

 
 

 
 

 
 

 
Lin

ea
r 

6.7
3 

0.9
2 

0.6
47

4 
0.5

51
2 

0.3
49

8 
17

.06
 

0.9
2 

- 
Int

er
ac

tio
n 

 (2
FI)

 
4.5

9 
0.8

6 
0.7

74
9 

0.6
06

1 
0.2

42
9 

19
.87

 
0.8

6 
- 

Qu
ad

ra
tic

 
68

.33
 

0.2
1 

0.9
91

9 
0.9

77
4 

0.8
95

4 
2.7

4 
0.2

1 
Su

gg
es

te
d 

Re
m

ar
k: 

On
ly 

sig
nif

ica
nt

 te
rm

s a
re

 in
clu

de
d.

 



 
 
 

 

90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Ta
bl

e 
15

 S
um

m
ar

y 
re

su
lts

 o
f l

ac
k o

f f
it 

an
d 

ad
eq

ua
te

 p
re

cis
ion

 o
f e

ac
h 

re
sp

on
se

. 

M
od

el
 

 
Su

m
 o

f 
sq

ua
re

 
La

ck
 o

f f
it 

F-
va

lu
e 

p-
va

lu
e 

Pr
ob

 >
 F

 
Ad

eq
ua

cy
 p

re
cis

ion
 

Re
m

ar
k 

Pa
rti

cle
 si

ze
 (Y

1) 
 

 
 

 
 

Lin
ea

r m
od

el
 

47
60

4.5
2 

36
.39

 
0.0

27
0 

11
.46

7 
- 

Int
er

ac
tio

n 
m

od
el

 (2
FI)

 
37

11
6.0

2 
42

.56
 

0.0
23

1 
8.5

07
 

- 
Qu

ad
ra

tic
 m

od
el

 
13

17
.25

 
3.0

2 
0.2

58
5 

26
.68

7 
Su

gg
es

te
d 

Ze
ta

 p
ot

en
tia

l (
Y 2

) 
 

 
 

 
 

Lin
ea

r m
od

el
 

32
.79

 
4.7

7 
0.0

85
2 

16
.80

2 
- 

Int
er

ac
tio

n 
m

od
el

 (2
FI)

 
10

.32
 

2.2
5 

0.0
38

8 
18

.43
3 

- 
Qu

ad
ra

tic
 m

od
el

 
0.6

9 
0.3

0 
0.8

27
0 

28
.20

5 
Su

gg
es

te
d 

 



 
 
 

 

91 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ta
bl

e 
15

 S
um

m
ar

y 
re

su
lts

 o
f l

ac
k o

f f
it 

an
d 

ad
eq

ua
te

 p
re

cis
ion

 o
f e

ac
h 

re
sp

on
se

. 

M
od

el
 

 
Su

m
 o

f 
sq

ua
re

 
La

ck
 o

f f
it 

F-
va

lu
e 

p-
va

lu
e 

Pr
ob

 >
 F

 
Ad

eq
ua

cy
 

pr
ec

isi
on

 
Re

m
ar

k 

En
ca

ps
ul

at
ion

 e
ffi

cie
nc

y 
 (Y

3) 
 

 
 

 
 

Lin
ea

r m
od

el
 

10
49

.52
 

49
.98

 
0.0

19
8 

4.6
98

 
- 

Int
er

ac
tio

n 
m

od
el

 (2
FI)

 
92

3.2
7 

65
.95

 
0.0

15
0 

3.6
53

 
- 

Qu
ad

ra
tic

 m
od

el
 

7.7
5 

1.1
1 

0.5
06

9 
23

.08
9 

Su
gg

es
tio

n 

Lo
ad

ing
 c

ap
ac

ity
  (

Y 4
) 

 
 

 
 

 
Lin

ea
r m

od
el

 
9.2

1 
43

.84
 

0.0
22

5 
8.1

28
 

- 
Int

er
ac

tio
n 

m
od

el
 (2

FI)
 

5.8
6 

41
.86

 
0.0

23
5 

7.0
70

 
- 

Qu
ad

ra
tic

 m
od

el
 

0.1
6 

2.3
6 

0.3
11

7 
27

.97
7 

Su
gg

es
tio

n 
 



 
 
 

 

92 

According to equation (5), X1, X2, X1 X2 and X1
2 were significant (p<0.05). The effects 

are presented as 3-dimensional response surface plots in Figure 18. The 
chitosan/alginate mass ratio (Figure 18 (a)) and Pluronic® F127 concentration (Figure 18 
(c)) both had positive effects on particle size, whereas the CDD concentration did not 
have a significant effect (Figure 18 (b), 2(c)). ANOVA also indicated that the particle size 
strongly depended on the chitosan/alginate mass ratio and Pluronic® F127. Therefore, 
low levels for these two factors were favorable for preparation of CDD-loaded 
nanoparticles. This might be due to Pluronic® F127 forming micelles surrounding the 
hydrophobic CDD with its hydrophilic groups facing the alginate polymer network. An 
increase in the Pluronic® F127 concentration increased the chance of interaction with 
alginate, resulting in a larger particle size. Addition of chitosan to the alginate 
nanoparticle suspension led to formation of chitosan network on the surface of the 
alginate nanoparticles, again resulting in a larger particle size. To avoid aggregation of 
large particles, Pluronic® F127 should not be higher than 1% (w/v) [171]. 

 

 

 

 

 

 

 

 

Figure 18 Three dimensional response surface plots showing the effect on particle size 
(Y1) of (a) chitosan/alginate mass ratio (X1) and Pluronic® F127 concentration (X2); (b) 
chitosan/alginate mass ratio (X1) and CDD concentration (X3); (c) Pluronic® F127 
concentration (X2) and CDD concentration (X3). 
 

In equation (6), all three factors of chitosan/alginate mass ratio (X1), Pluronic® F127 (X2) 
and CDD (X3) concentrations have synergistic effects on the zeta potential. To select a 
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suitable model, F-value and R2 should be high, but the lack of fit F-value should be 
low. Therefore, the quadratic model is most appropriate for zeta potential (Tables 14 
and 15). The response surface plots in Figure 19 show that the chitosan/alginate mass 
ratio had the main influence on zeta potential. Increasing the chitosan/alginate mass 
ratio caused increasingly less negative zeta potential of the CDD-loaded nanoparticles. 
De and Robinson [35] suggested that a higher percentage of chitosan increased the 
chance of neutralization of amino groups of chitosan with carboxylate groups of 
alginate, and consequently increased the zeta potential (less negative). Similar results 
were observed by Araujo et al [198]  and Arora et al [176]. 

 

 

 
Figure 19 Three dimensional response surface plots showing the effect on zeta 
potential of (a) chitosan/alginate mass ratio (X1) and Pluronic® F127 (X2); (b) 
chitosan/alginate mass ratio (X1) and CDD (X3); (c) Pluronic® F127 (X2) and CDD (X3). 
 

 The encapsulation efficiency of the CDD-loaded nanoparticles ranged from 
13.64% (formulation 4) to 45.11% (formulation 13). The relatively low encapsulation 
efficiency is due to the hydrophilic nature of the chitosan/alginate nanoparticles, which 
makes it relatively difficult to encapsulate hydrophobic CDD; and because the 
hydrophobic nature of CDD results in a larger loss of CDD to the external aqueous 
phase during formulation. The low encapsulation efficiency is in agreement with the 
study of Li et al [139], in which the low encapsulation of hydrophobic molecules in 



 
 
 

 

94 

chitosan/alginate nanoparticles was suggested to be due to their incompatibility with 
the hydrophilic polymers. 

 

 

 

 

 

 

 

Figure 20 Three dimensional response surface plots showing the effect on 
encapsulation efficiency of (a) chitosan/alginate mass ratio (X1) and Pluronic® F127 (X2); 
(b) chitosan/alginate mass ratio (X1) and CDD concentration (X3); (c) Pluronic® F127 
concentration (X2) and CDD concentration (X3). 
 

 In equation (7), the negative values for X1 and X2 represent an antagonistic 
effect while the positive value of X3 indicates a synergistic effect. Response surface 
plots for encapsulation efficiency as a function of chitosan/alginate mass ratio, 
Pluronic® F127 and CDD concentrations are shown in Figure 20. The encapsulation 
efficiency depended on all three factors. The value increased as the chitosan/alginate 
mass ratio increased to 0.10:1, regardless of the Pluronic® F127 and CDD 
concentrations. This might be because the chitosan layer coated on the surface of 
alginate nanoparticles reduces leakage of CDD from the nanoparticles to the aqueous 
phase. Sarmento et al [166] also found that the encapsulation efficiency of 
chitosan/alginate nanoparticles increased with an increase in chitosan/alginate mass 
ratio due to the compact structure of the nanoparticle matrix. However, a further 
increase in the chitosan/alginate mass ratio to 0.15:1 resulted in lower encapsulation 
efficiency. An increase in Pluronic® F127 up to 1% (w/v) led to an increase in the 
solubility of the CDD in the aqueous phase by self-assembly in the aqueous 
environment. The CDD was localized in the hydrophobic core of Pluronic® F127, while 
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the hydrophilic parts of Pluronic® F127 faced hydrophilic polymers in the aqueous 
phase. However, the encapsulation efficiency of the CDD-loaded nanoparticles 
decreased with a further increase of Pluronic® F127 (1.5%, w/v). The encapsulation 
efficiency was consistently increased by increasing the CDD concentration. 

 

 

 

 

 

 

 

Figure 21 Three dimensional response surface plots showing the effect of factor on 
loading capacity of (a) chitosan/alginate mass ratio (X1) and Pluronic® F127 
concentration (X2); (b) chitosan/alginate mass ratio (X1) and CDD concentration (X3); (c) 
Pluronic® F127 concentration (X2) and CDD concentration (X3). 
 

 The loading capacity of the CDD-loaded nanoparticles ranged from 1.06% 
(formulation 4) to 5.25% (formulation 11). In equation (8), the negative values of X1 
and X2 indicate an inverse relationship and the positive value of X3 indicates a 
favorable effect of an increase on the loading capacity. That is, an increase in the CDD 
concentration had a synergistic effect on the loading capacity and caused an increase 
in loading capacity (Figure 21 (b), 5(c)). Increases of the chitosan/alginate mass ratio 
and Pluronic® F127 concentrations from low to intermediate levels also resulted in an 
increase in loading capacity. This might be due to having a sufficient quantity of 
polymers for encapsulation of CDD. However, high levels of both factors resulted in 
lower loading capacity. 

 



 
 
 

 

96 

4.3.4. Optimization and validation of the model 

 Process optimization was performed with a desirability function (δ) to optimize 
the four responses simultaneously using Design Expert® software. A high value of the 
desirability coefficient (0 ≤  ≤1) indicates that the operating point can produce 
acceptable formulation results [199]. The optimal formulation was selected based on 
the criteria of minimum particle size, zeta potential in the range of -30 to -20 mV, and 
maximum encapsulation efficiency and loading capacity. The maximum value of the 
desirability coefficient was obtained at a formulation with a chitosan/alginate mass 
ratio of 0.05:1, 0.65% (w/v) Pluronic® F127, and 1.5 mg/ml CDD, and this formulation 
fulfilled the requirements for the optimal formulation. To validate this optimal 
formulation, CDD-loaded nanoparticles were prepared using the optimized conditions 
and the observed values of the responses were compared with the predicted values. 
The results in Table 16 show that the observed and predicted values of the responses 
were acceptable because of the % error, which showed adequate precision for the 
prediction of the optimized condition. 

 

Table 16 Optimal formulation, observed and predicted values for the responses, and 
the % error. 

Optimized formulation 
composition 
(X1; X2; X3) 

Response 
variable 

observed 
value 

Predicted 
value 

% Errora 

 

 

0.05:1; 0.65 % (w/v); 1.5 
(mg/ml) 

Y1 (nm) 324   29 335.78 - 3.51 

Y2 (mV) -25.24   1.3 -24.16 +4.47 

Y3 (%) 44.24    3.4 41.91 +5.56 

Y4 (%) 5.56   0.2 5.32 +4.51 
a % Error = (observed value - predicted value)/predicted value x 100 
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4.3.5. Characterization of the optimized formulation 

 CDD-loaded chitosan/alginate nanoparticles produced from the optimal 
formulation were visualized using TEM (Figure 22). The TEM image confirmed that the 
CDD-loaded nanoparticles had a well-defined spherical shape, a solid dense structure, 
and a narrow particle size distribution. 

 

 

 

 

 

 

 

 

 

 

  

Figure 22 TEM image of CDD-loaded nanoparticles. 
 

 Thermal gravimetric analysis (TGA) (Figure 23) showed that CDD powder 
decomposed at 280C-400C, resulting in 60% weight loss. In chitosan/alginate 
nanoparticles (without CDD), initial weight loss occurred at 25°C -150°C due to 
evaporation of moisture in the nanoparticles (Figure 23). A second weight loss (~47%) 
occurred at 200°C-500°C. After encapsulation of CDD in chitosan/alginate nanoparticles, 
the second weight loss (~40%) occurred at the same temperature as that for the empty 
nanoparticles, With increasing temperature, the weight of both blank and drug loaded-
nanoparticles decreased slowly from 45°C-190°C due to moisture evaporation [200], 
then decreased rapidly from 190°C-350°C, and then slowly again at higher temperature, 
possibly due to loss of small molecules and breaking of crosslinking and thermal 



 
 
 

 

98 

degradation of the ionic complex between chitosan and alginate in the polymer matrix 
[201, 202]. However, the weight of CDD-loaded nanoparticles then rapidly decreased 
again at 350°C-400°C, resulting in around 70% weight loss. This occurred in the same 
thermal decomposition range observed for CDD alone, and this weight-loss pattern did 
not occur for the chitosan/alginate nanoparticles. These results indicate that CDD was 
encapsulated into nanoparticles. The initial thermal decomposition of CDD shifted 
from 250°C to 350°C after encapsulation, which suggests that the thermal stability of 
CDD is enhanced by encapsulation. After thermal decomposition, 25.45% of CDD, 
22.24% of chitosan/alginate nanoparticles and 5.15% of CDD-loaded chitosan/alginate 
nanoparticles remained, indicating high thermal stabilities and confirming the reported 
slow degradation rate [201].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23 Thermal gravimetric curves for CDD and chitosan/alginate and CDD-loaded 
nanoparticles. 
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 The encapsulation of CDD suggested in TGA was confirmed by FT-IR (Figure 24) 
and X-ray diffraction (Figure 25). In FT-IR spectra of CDD, blank nanoparticles and CDD-
loaded nanoparticles, characteristic peaks for CDD were observed at 2972-2936, 1765, 
1728, 1510 and 1464 cm-1. These peaks were also present in the FT-IR spectrum of 
CDD-loaded nanoparticles with some broadening and reduction intensity, indicating 
the absence of chemical interactions between CDD and polymers after nanoparticles 
formulation. However, disappearance of the bands at 1765 and 1728 cm-1 observed in 
CDD-loaded nanoparticles. Micelle formation in nanoparticles may have resulted in 
loss of these signals. The additional bands in the spectrum of the CDD-loaded 
nanoparticles (i.e. 3370, 2884 and 1360 cm-1) are due to OH stretching in alginate and 
chitosan, and C-H bending and C-H stretching in Pluronic® F127, respectively [180-182]. 
The characteristic peaks of CDD in the spectrum of the CDD-loaded nanoparticles 
suggest that CDD was encapsulated in the chitosan/alginate nanoparticles at the 
molecular level and that micelle formation in the nanoparticle preparation did not 
cause breakdown of the CDD structure [168].  

 In X-ray diffraction analysis of CDD powder, chitosan/alginate nanoparticles and 
CDD-loaded nanoparticles, the peak for CDD was merged and had reduced intensity 
after encapsulation in the chitosan/alginate nanoparticles, indicating that CDD was 
encapsulated in the amorphous region. 

 

 

 

 

 

 

 

 

 



 
 
 

 

100 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 FT-IR spectra of (a) CDD powder, (b) chitosan/alginate nanoparticles and                     
(c) CDD-loaded chitosan/alginate nanoparticles. 
 

 

 

 

 

 

 

 

 

 

Figure 25 XRD patterns of (a) CDD powder, (b) chitosan/alginate nanoparticles and                     
(c) CDD-loaded chitosan/alginate nanoparticles. 
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4.3.6. In vitro Cytotoxicity studies 

 The cytotoxicity of the CDD-loaded nanoparticles from the optimal formulation 
was investigated in MDA-MB-231 cells. Viability of cells after culturing with free CDD 
and CDD-loaded nanoparticles for 72 h is shown in Figure 26. Both free CDD and CDD-
loaded nanoparticles decreased the cancer cell viability, but the CDD-loaded 
nanoparticles has a stronger effect than free CDD. For example, the viability of MDA-
MB-231 cells after treatment with free CDD at 5 µg/ml was about 55%, whereas that 
of CDD-loaded nanoparticles was about 33%.   
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Figure 26 Survival of MDA-MB-231 cell lines in a MTT assay after treatment with (a) 
free CDD and (b) CDD-loaded nanoparticles for 72 h. 
 

 The IC50 of free CDD and CDD-loaded nanoparticles were about 9 and 2 µg/ml, 
respectively, indicating that both free CDD and CDD-loaded nanoparticles were toxic 
to these cells. The cytotoxicity of CDD-loaded nanoparticles increased significantly 
(p˂0.05) with increasing CDD concentration. The greater toxicity of the CDD-loaded 
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nanoparticles might be due to enhanced cellular uptake, as examined in the following 
section. 

Table 17 IC50 values for free CDD and CDD-loaded nanoparticles in MDA-MB-231 
cells. 

Sample IC50 (µg/ml) 

Free CDD 9 

CDD-loaded nanoparticles 2 

 

4.3.7. In vitro cellular uptake studies 

 The cellular uptake of free CDD and CDD-loaded nanoparticles by MDA-MB-231 
cells after incubation for 72 h was visualized using a confocal laser scanning 
microscope (Figure 27). The fluorescence intensity was markedly higher in cells treated 
with CDD-loaded nanoparticles compared with those treated with free CDD, and there 
was no observable fluorescence in cells incubated with blank nanoparticles. This 
indicates that CDD-loaded nanoparticles were taken up by MDA-MB-231 breast cancer 
cells more effectively than free CDD, resulting in improved cytotoxicity (Table 17). 
Bhunchu et al [69] found similar results in Caco-2 cells and concluded that chitosan-
alginate nanoparticles can improve cellular uptake and delivery of CDD into Caco-2 
cells. The improved uptake and prolonged duration of nanoparticles in cells of up to 
72 h are consistent with previous findings for nanoformulation containing hydrophobic 
molecules such as curcumin [102, 192, 203-205].  
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Figure 27 Confocal laser scanning microscopy images of MDA-MB-231 cells after 
incubation with blank nanoparticles, free CDD and CDD-loaded nanoparticles at 37°C 
for 72 h. 
 

4.3.8. Stability studies 

 The stability of nanoparticles produced from the optimal formulation was 
determined at 4°C and 25°C for 3 months (Table 18). At 4°C, the particle size slightly 
increased and the negative value of the zeta potential and encapsulation efficiency 
slightly decreased. However, the zeta potential remained in the range of -20 to -30 
mV, which indicates good stability of the particle suspension in aqueous medium [172]. 
At 25°C, the particle size sharply increased due to aggregation and consequently the 
negative value of zeta potential and encapsulation efficiency decreased significantly 
compared to of the changes at 4°C. For example, the encapsulation efficiency after 
storage at 25°C for 3 months was decreased by about 53%, compared to a decrease 
of 15% at 4°C. Therefore, storage of the nanoparticles at 4°C is required to reduce the 
risk of particle aggregation and CDD leakage. 
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Table 18 Stability study of optimum formulation of CDD-loaded nanoparticles at 
25ºC and 4ºC. 

Storage 
condition 

Time 
(months) 

Particle 
size 
(nm) 

Zeta 
potential 

(mV) 

Encapsulation 
efficiency 

(%) 
 

4oC 
0 328   35 -26.5   1.3 42.7   3.3 
1 336   19 -27.9   1.1 41.3   0.2 
2 388   33 -24.2   0.5 39.8   3.2 
3 412   29 -22.3   0.8 36.3   1.4 

 
25oC 

0 328   35 -26.5   1.3 42.7   3.3 
1 378   47 -24.1   0.7 40.1   0.6 
2 436   28 -20.5   2.1 32.4   2.1 
3 765   39 -15.9   1.9 19.9   1.8 

(n = 3) 

 

4.4. Conclusions 

 Response surface statistical modeling using Box-Behnken design was 
successfully applied in development of chitosan/alginate nanoparticles for CDD 
delivery. Variables of chitosan/alginate mass ratio and Pluronic® F127 and CDD 
concentrations influenced the particle size, zeta potential, encapsulation efficiency 
and loading capacity of the nanoparticles. The optimized formulation prepared using 
the predicted levels for these variables had a particle size of 324 nm, zeta potential 
of - 25.2 mV, encapsulation efficiency of 44.2% and loading capacity of 5.6%. These 
chitosan-alginate nanoparticles enhanced the cytotoxicity and cellular uptake of CDD 
in breast cancer cells. 
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PART III 

THESIS CONCLUSION 

 

3.1. Conclusion 

 This dissertation focuses on the design and optimization of chitosan/alginate 
nanoparticles loaded with curcumin diethyl disuccinate (CDD). Initially, one-variable-
at-a-time was used to screen and identify significant variables that affect the 
characteristics of CDD-loaded nanoparticles. Subsequently, Box-Behnken experimental 
design and response surface methodology with desirability function were used to 
optimize the preparation process. The physical and chemical characteristics of the 
prepared nanoparticles were investigated. Finally, in vitro cellular uptake and 
cytotoxicity of CDD-loaded chitosan/alginate nanoparticles was examined by confocal 
laser scanning microscopy in human caucasian colon adenocarcinoma (Caco-2) and 
human caucasian breast adenocarcinoma (MDA-MB-231) cells.  

 Anticancer drugs are typically toxic and harmful to healthy cells, which is a 
major disadvantage of chemotherapy. To overcome this problem, drug delivery 
systems are required as a novel therapy. Nanoparticles are preferable for delivery of 
anticancer drugs due to their ease of intracellular uptake, resulting in an increase of 
therapeutic efficacy. Nanoparticles can be used to deliver drugs to target organs and 
to improve oral bioavailability, stability of chemotherapy agents against enzymatic 
degradation, reduction of drug toxicity, and therapeutic efficacy. Due to 
biodegradability, biocompatibility, non-toxicity and good film formation of chitosan 
and alginate, they are a good choice as anticancer drug nanocarriers in drug delivery 
systems that may serve as an alternative approach to conventional cancer 
chemotherapy. 
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For encapsulation of CDD, chitosan/alginate nanoparticles were prepared by o/w 
emulsification and ionotropic gelation (chapter 2-chapter 5). The influence of 
parameters, including type and concentration of non-ionic surfactants, 
chitosan/alginate mass ratio, and concentration and rate of CDD addition into the 
formulation, on the characteristics of the nanoparticles were investigated by one-
variable-at-a-time (chapter 2). The results indicate that the characteristics of 
nanoparticles containing CDD are strongly dependent on the preparation parameters; 
i.e. type and concentration of surfactants, chitosan/alginate mass ratio, and 
concentration and rate of CDD addition. Using the optimal conditions, the chitosan-
alginate nanoparticles containing CDD showed good physical stability at 4oC and ability 
to improve cellular uptake of CDD in Caco-2 cells, in comparison with free CDD. Further 
systematic design and optimization of the preparation process for alginate/chitosan 
nanoparticles containing CDD using statistical design was performed. The results in 
chapter 3 and chapter 4 demonstrate that Box-Behnken design and response surface 
methodology was effective for  optimization  of  the  preparation  of  chitosan/alginate 
nanoparticles  using  a  limited number of experiments compared to traditional 
optimization technique i.e. one-variable-at-time. In addition, the physical appearance 
of CDD-loaded nanoparticles prepared with Pluronic® F127 using the optimized 
conditions (0.05:1 of chitosan/alginate mass ratio, 0.65% w/v of Pluronic® F127 and 1.5 
mg/ml of CDD) were smooth, dense and spherical with a uniform surface. In vitro 
cytotoxicity and intracellular uptake studies also revealed excellent cytotoxicity and 
uptake in MDA-MB-231 cells compared to free CDD. Stability analysis suggests that the 
prepared nanoparticles was stable under 4oC for at least 3 months (chapter 4). 
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