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ABSTRACT

4782005063: Polymer Science Program
Orawan รนพantong: Electrospun Cellulose Acetate Fiber Mats 
Containing Herbal Substances for Drug Delivery System and Wound 
Dressing Applications.
Thesis Advisor: Assoc. Prof. Pitt Supaphol and Dr. Uracha 
Ruktaononchai, 148 pp.

Keywords: Topical drug delivery/ Transdermal drug delivery/ Wound dressing/
Electrospinning/ Cellulose acetate

Ultra-fine cellulose acetate (CA; Mvv ~ 30,000 Da; degree of acetyl 
substitution ~ 2.4) fiber mats containing either curcumin (CM; from the plant 
Curcuma longa L.) or asiaticoside (AC; from the plant Centella asiatica L. either in 
the form of pure substance (PAC) or a crude extract (CACE)), widely known for 
anti-tumor, antioxidant, anti-inflammatory, and wound healing properties, were 
successfully prepared by electrospinning. Incorporation of herbal substances in the 
neat CA solution did not affect the morphology of the resulting fibers, as both the 
neat and the herb-loaded CA fibers were smooth. The average diameters of these 
fibers ranged between 301 and 545 nm. Chemical integrity of the herbal substance 
within the herb-loaded CA fiber mats, mechanical integrity, and swelling and weight 
loss behavior of neat and herb-loaded CA fiber mats were studied. Moreover, the 
investigation of the release characteristics of herbal substances from herb-loaded CA 
fiber mats was carried out by the total immersion and the transdermal diffusion 
through a pig skin method in buffer solution. The potential for use of these 
electrospun fiber mats as wound dressings was further assessed in vitro with human 
dermal fibroblast (NHDF) cells in terms of the indirect cytotoxicity, the antioxidant 
activity, the cell attachment, the cell proliferation, and the collagen quantification. In 
addition, the morphological observation of cultured cells on these electrospun fiber 
mats was also investigated by scanning electron microscopy (SEM).
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บทค ัดย ่อ

อรวรรณ สุวรรณทอง : แผ่นเส้นใยอิเล็คโตรสปีนเซลลูโลสอะซีเตตท่ีมีสารสกัด
สมุนไพรสำหรับการประยุกต์ใช้เป็นวัสดุนำส่งยา และวัสดุปิดแผล (Electrospun Cellulose 
Acetate Fiber Mats Containing Herbal Substances for Drug Delivery System and 
Wound Dressing Applications) อ. ท่ีปรึกษา : รศ. ดร. พิชญ์ ศุภผล และ ดร. อุรชา รักษ์ตา
นนท์ชัย 148 หน้า

เส้นใยเซลลูโลสอะซีเตตท่ีมีสารสกัดขบิน (จากพืชท่ีมีช่ือทางวิทยาศาตร์ Curcuma 
longa L.) และสารสกัดเอเชียติ'โคไซด์(จากพืชท่ีมีช่ือทางวิทยาศาตร์Centella asiatica L.) 
สามารถเตรียมได้จากกระบวนการปีนเส้นใยด้วยไฟฟ้าสถิต โดยสารสกัดท้ังสองชนิดท่ีมีอยู่ใน 
แผ่นเส้นใยเหล่านีมีคุณสมบัติในด้านด้านการเกิดมะเร็ง, ด้านสารอนุมูลอิสระ, ด้านการอักเสบ 
และ สมานแผล ดังนันจึงเหมาะต่อการนำไปประยุกต์ใช้เป็นวัสดุปิดแผล ซ่ึงเส้นใยเซลลูโลสอะซี 
เตตท่ีมีสารสกัดสมุนไพรท่ีได้จากระบวนการน้ีมีลักษณะเรียบ โดยมีขนาดเส้นผ่านศูนย์กลางเฉล่ีย 
ระหว่าง 301 และ 545 นาโนเมตร นอกจากนีในงานวิจัยนีได้มีการศึกษาผลกระทบของการใช้ 
ไฟฟ้าในการปีนเส้นใยท่ีมีต่อโครงสร้างทางเคมีของสารสกัดสมุนไพร โดยใช้เทคนิคโปรตอน 
เอ็นเอ็มอาร์สเปกโตรสโกปี รวมทังศึกษาสมบัติเชิงกล การบวมนำและการสูญเสียนำหนักของ 
แผ่นเส้นใยเซลลูโลสอะซีเตตเปล่าและแผ่นเส้นใยเซลลูโลสอะซีเตตท่ีมีสารสกัดสมุนไพร และยัง 
ได้ทำการทดลองเพ่ือศึกษาการปลดปล่อยสารสกัดสมุนไพรจากแผ่นเส้นใยเซลลูโลสอะซีเตตท่ีมี 
สารสกัดสมุนไพรโดยใช้วิธีการแช่ในสารละลายบัฟเฟอร์ และวิธีการแพร่ผ่านช้ันผิวหนังหมู 
เน่ืองจากความต้องการท่ีจะประยุกต์ใช้แผ่นเส้นใยอิเล็คโตรสปีนเหล่าน้ีสำหรับเป็นวัสดุปิดแผล จึง 
ได้ศึกษาความเข้ากันได้ทางชีวภาพของวัสดุ กับเซลล์ผิวหนัง (NHDF) โดยทดสอบความเป็นพิษ, 
การต่อด้านอนุมูลอิสระ, การเกาะของเซลล์, การเจริญเติบโตของเซลล์ และการสร้างคอลลาเจน 
นอกจากนียังได้ศึกษาลักษณะของเซลล์ท่ีเกาะบนแผ่นเส้นใยอิเล็คโตรสปีน โดยใช้กล้อง 
จุลทรรศน์อิเล็กตรอนแบบส่องกราดด้วย



V

ACKNOWLEDGEMENTS

Appreciation is expressed to those who have made contributions to this 
dissertation. First the author gratefully acknowledges her advisor, Assoc. Prof. Pitt 
Supaphol from The Petroleum and Petrochemical College, Chulalongkom University 
and Dr. Uracha Ruktanonchai from National Nanotechnology Center, National 
Science and Technology Development Agency for giving her invaluable knowledge, 
meaningful guidance and their encouragement all along the way. She also would like 
to express her sincere thanks to Professor Hasan Uludag and colleagues from the 
University of Alberta for giving her useful advises and suggestions while she did a 
short research at the University of Alberta.

She gratefully acknowledges all faculty members and staffs at The 
Petroleum and Petrochemical College, Chulalongkom University for their knowledge 
and assistance. Moreover she would like to give her special thanks to all members in 
her research group and all of her friends for their kind assistance

Asst. Prof. Pomthong Malakul, Assoc. Prof. Pitt Supaphol, Assoc. Prof. 
Anuvat Sirivat, Dr. Uracha Ruktanonchai and Asst. Prof. Chidchanok Meechaisue 
are further acknowledged for being her dissertation committees, making valuable 
comments and suggestions.

She wishes to express her deep gratitude to her family for their 
unconditioned love, understanding and very supportive during all these years spent 
for herPh.D. study.

Finally, she is grateful for the partial fund by Postgraduate Education and 
Research Programs in Petroleum and Petrochemical Technology (PPT Consortium), 
National Nanotechnology Center (grant number: BR0108) and a doctoral scholarship 
received from the Thailand Graduate Institute of Science and Technology (TGIST) 
(TG-55-09-49-069D). This work would not be carried out successfully without all 
financial supports.



TABLE OF CONTENTS

PAGE
Title Page i
Abstract (in English) iii
Abstract (in Thai) iv
Acknowledgements V

Table of Contents vi
List of Tables viii
List of Figures X

Abbreviations xvii
List of Symbols xviii

CHAPTER
I INTRODUCTION 1

II LITERATURE REVIEW 4

III EXPERIMENTAL 27

IV ELECTROSPUN CELLULOSE ACETATE 
FIBER MATS CONTAINING CURCUMIN 
AND RELEASE CHARACTERISTIC OF THE
HERBAL SUBSTANCE 40
4.1 Abstract 40
4.2 Introduction 41
4.3 Experimental 43
4.4 Results and Discussion 48
4.5 Conclusions 57
4.6 Acknowledgements 58
4.7 References 59



vil

V ELECTROSPUN CELLULOSE ACETATE 
FIBER MATS CONTAINING ASIATICOSIDE OR 
CENTELLA ASIATICA CRUDE EXTRACT AND
THE RELEASE CHARACTERISTICS OF ASIATICOSIDE 73
5.1 Abstract 73
5.2 Introduction 74
5.3 Experimental 76
5.4 Results and Discussion 81
5.5 Conclusions 8 8

5.6 Acknowledgements 89
5.7 References 90

VI IN VITRO BIOCOMPATIBILITY OF ELECTROSPUN
CELLULOSE ACETATE FIBER MATS CONTAINING 
HERBAL SUBSTANCES 105
6.1 Abstract 105
6.2 Introduction 106
6.3 Experimental 108
6.4 Results and Discussion 114
6.5 Conclusions 121
6 . 6  Acknowledgements 122
6.7 References 123

VII CONCLUSIONS AND RECOMMENDATIONS 136

REFERENCES 139

CURRICULUM VITAE 146

CHAPTER PAGE



V l l l

LIST OF TABLES

TABLE

CHAPTER II
2.1 General properties of cellulose acetate (40.4% acetyl 

content) (Mark, 1985)
2.2 Solubility characteristics of cellulose acetate (Mark, 1985)

CHAPTER IV
4.1 Shear viscosity and electrical conductivity of neat and 

curcumin containing CA solution {ท = 3) as well as 
diameters of the individual fibers within the resulting 
electrospun fiber mats {ท ~ 1 0 0 )

4.2 Selected scanning electron micrographs of neat and 
curcumin-loaded electrospun CA fiber mats and solvent-cast 
CA films at various curcumin contents

4.3 Mechanical integrity of neat and curcumin-loaded 
electrospun CA fiber mats {ท -  5)

4.4 Actual amount of curcumin incorporated in curcumin-loaded 
electrospun CA fiber mats and corresponding solvent-cast 
films (ท =  3)

4.5 Analyses of the release kinetics of curcumin from curcumin- 
loaded electrospun CA fiber mats and solvent-cast CA films 
based on the Fickian diffusion type of release mechanism {ท 
= 3)

4.6 Antioxidant activity of curcumin from curcumin-loaded 
electrospun CA fiber mats and corresponding solvent-cast 
CA films {ท = 5)

PAGE

2 0

2 0

62

63

64

64

65

6 6



IX

CHAPTER V
5.1 Shear viscosity and electrical conductivity of neat, PAC-,

and CACE-containing CA solutions (ท = 3) as well as 
diameters of the individual fibers of the resulting 
electrospun fiber mats {ท ~ 100) 94

5.2 Selected scanning electron micrographs of neat, PAC-, and
CACE-loaded electrospun CA fiber mats and corresponding 
solvent-cast films 95

5.3 Actual amount of AC in PAC- and CACE-loaded 
electrospun CA fiber mats and corresponding solvent-cast 
CA films as determined in either A/B/M or P/B/M medium
(ท = 3) 96

5.4 Analyses of the release kinetics of AC from PAC- and 
CACE-loaded electrospun CA fiber mats and corresponding 
solvent-cast films based on the Fickian diffusion type of the
release mechanism (ท = 3) 97

TABLE PAGE



X

LIST OF FIGURES

FIGURE PAGE

CHAPTER II
2.1 Schematic drawing of the electrospinning process. 7
2.2 Drug delivery from a typical matrix drug delivery system. 10
2.3 Drug delivery from typical reservoir devices: (a) implantable

or oral systems, and (b) transdermal systems. 1 1

2.4 Transport processes in transdermal drug delivery (Ishihara,
1983). 12

2.5 Chemical structure of (a) curcumin (keto form) and (b)
asiaticoside (AC). 26

CHAPTER III
3.1 A schematic photograph of electrospinning apparatus. 28

CHAPTER IV
4.1 Chemical structure of curcumin (keto form). 67
4.2 'h  nuclear magnetic resonance spectra of curcumin and

electrospun CA fiber mats from the base CA solution and 
the solution containing 5% curcumin after being dissolved in 
DMSO-C .̂ The spectra of the electrospun CA fiber mats 
from the solution containing 1 0 -2 0 % curcumin were similar 
to that of the electrospun CA fiber mat from the solution that 
contained 5% curcumin. 67

4.3 (a) Degree of swelling and (b) weight loss of neat and 
curcumin-loaded electrospun CA fiber mats and 
corresponding solvent-cast CA films (ท =3). 69



X I

4.4 Cumulative release profiles of curcumin from curcumin-
loaded electrospun CA fiber mats and corresponding
solvent-cast CA films reported as (a) the percentage of the 
weight of curcumin released divided by the actual weight of 
the specimens and (b) the percentage of the weight of 
curcumin released divided by the actual weight of curcumin 
present in the specimens by total immersion method in the 
B/T/M releasing medium (96.5% v/v acetate buffer with 
0.5% v/v Tween 80 and 3% v/v methanol) at the 
physiological temperature of 37 °c { ท  = 3).

4.5 Cumulative release profiles of curcumin from curcumin-
loaded electrospun CA fiber mats and corresponding
solvent-cast CA films reported as (a) the percentage of the 
weight of curcumin released divided by the actual weight of 
the specimens and (b) the percentage of the weight of 
curcumin released divided by the actual weight of curcumin 
present in the specimens by transdermal diffusion through a 
pig skin method in the B/T/M releasing medium (96.5% v/v 
acetate buffer with 0.5% v/v Tween 80 and 3% v/v
methanol) at the physiological temperature of 37 °c { ท  =  3).

4.6 Indirect cytotoxicity evaluation of neat and curcumin-loaded 
electrospun CA fiber mats and correspondin solvent-cast CA 
films in comparison with viability of cells that were cultured 
with fresh culture medium {ท = 3).

FIGURE PAGE

70

72



FIGURE

CHAPTER V
5.1 Chemical structure of asiaticoside (AC).
5.2 (a) Water retention and (b) weight loss behavior of neat, 

PAC- and CACE-loaded electrospun CA fiber mats and 
corresponding solvent-cast films in two types of medium, 
i.e., acetate or phosphate buffer solutions containing 1 0 % 
v/v methanol {ท = 3).

5.3 Cumulative release profiles of AC from PAC- and CACE- 
loaded electrospun CA fiber mats and corresponding 
solvent-cast films reported as (a) the percentage of the 
weight of AC released divided by the actual weight of AC in 
the specimens and (b) the percentage of the weight of AC 
released divided by the actual weight of the specimens, as 
determined by total immersion method in A/B/M medium 
(90% v/v acetate buffer with 10% v/v methanol) at the skin 
temperature of 32°c (ท = 3).

5.4 Cumulative release profiles of AC from PAC- and CACE- 
loaded electrospun CA fiber mats and corresponding 
solvent-cast films reported as (a) the percentage of the 
weight of AC released divided by the actual weight of AC in 
the specimens and (b) the percentage of the weight of AC 
released divided by the actual weight of the specimens, as 
determined by total immersion method in P/B/M medium 
(90% v/v phosphate buffer with 10% v/v methanol) at the 
physiological temperature of 37°c (ท =  3).



X l l l

5.5 Cumulative release profiles of AC from PAC- and CACE- 
loaded electrospun CA fiber mats and corresponding 
solvent-cast films reported as (a) the percentage of the 
weight of AC released divided by the actual weight of AC in 
the specimens and (b) the percentage of the weight of AC 
released divided by the actual weight of the specimens, as 
determined by transdermal diffusion through a pig skin 
method in A/B/M medium (90% v/v acetate buffer with 10%
v/v methanol) at the skin temperature of 32°c {ท = 3). 102

5.6 Cumulative release profiles of AC from PAC- and CACE- 
loaded electrospun CA fiber mats and corresponding 
solvent-cast films reported as (a) the percentage of the 
weight of AC released divided by the actual weight of AC in 
the specimens and (b) the percentage of the weight of AC 
released divided by the actual weight of the specimens, as 
determined by transdermal diffusion through a pig skin 
method in P/B/M medium (90% v/v phosphate buffer with
10% v/v methanol) at the physiological temperature of 37°c 103
(" = 3).

5.7 Indirect cytotoxicity evaluation of neat, PAC-, and cACE- 
loaded electrospun CA fiber mats and corresponding 
solvent-cast films in comparison with viability of normal 
human dermal fibroblasts (NHDF) that had been cultured
with fresh culture medium {ท = 3). 104

FIGURE PAGE



FIGURE

CHAPTER VI
6.1 Chemical structures of (a) asiaticoside and (b) curcumin 

(enol form).
6.2 Stability of herbal substances in the herb-loaded CA fiber 

mats that had been aged for various time intervals ranging 
from 0 to 4 months at (a) room temperature and (b) 40 °c (ท  

=  3). *p < 0.05 compared with the stability of the herbal 
substances in the herb-loaded CA fiber mats that had been 
investigated at 0  month.

6.3 Indirect cytotoxicity evaluation of 2 wt.% CACE-loaded CA 
fiber mats and corresponding films, expressed in terms of the 
viability of normal human dermal fibroblast (NHDF) that 
had been cultured with the extraction media from these 
materials in comparison with that of the cells that had been 
cultured with fresh culture medium (i.e., control) (ท =  3). *p 
<  0.05 compared with control at a given extraction ratio.

6.4 Viability of NHDF that were treated with H2O2- 
supplemented DMEM after they had been pretreated with 
PBS solution containing a certain amount of the herbal 
substance that was released from the (a) CM-, (b) CACE- 
and PAC-loaded CA fiber mats and corresponding films at 
different times after submersion in PBS (ท = 3). The viability 
of the cells that had been cultured with the fresh and the 
H2 C>2 -supplemented culture media was used as controls. *p <  
0.05 compared with control and #p  < 0.05 compared with



XV

6.5 Attachment of NHDF that had been seeded on neat CA fiber 
mats and the CA fiber mats that contained CACE (at 2 or 40 
wt.%) or PAC (at 40 wt.%) as well as their corresponding 
films for 2, 6  and 24 h (ท = 3). The viability of the cells that 
had been seeded on TCPS was used as the positive control 
and the viability of the attached cells that had been seeded on 
TCPS for 2 h was used as the reference to obtain the relative 
viability values shown in the figure. *p < 0.05 compared 
with TCPS at 2 h and #p  <  0.05 compared between the fiber 
mats and the films at any given time point.

6 . 6  Proliferation of NHDF that had been cultured on neat CA 
fiber mats and the CA fiber mats that contained CACE (at 2 
or 40 wt.%) or PAC (at 40 wt.%) as well as their 
corresponding films for 1, 3, 5 and 7 d (ท = 3). The viability 
of the cells that had been seeded on TCPS was used as the 
positive control and the viability of the attached cells that 
had been seeded on TCPS for 1 d was used as the reference 
to obtain the relative viability values shown in the figure. *p 
<  0.05 compared with TCPS on day 1 and #p  <  0.05 
compared between the fiber mats and the films at any given 
time point.

6.7 Representative scanning electron micrographs illustrating the 
morphology of NHDF that had been cultured on the surfaces 
of (a) CA film and (b) CA fiber mat that contained 20 wt.% 
CM for 1 d.

6 . 8  Representative scanning electron micrographs illustrating the 
morphology of NHDF that had been cultured on the surfaces 
of (a) CA film and (b) CA fiber mat that contained 40 wt.% 
PAC for 1 d.

FIGURE PAGE

130

131

132

133



XVI

FIGURE PAGE

6.9 Normalized amount of collagen synthesized by NHDF that 
had been cultured on TCPS (i.e., control), neat CA fiber mat 
and film specimens, CM-loaded CA fiber mat and film 
specimens, CACE-loaded CA fiber mat and film specimens 
and PAC-loaded CA fiber mat and film specimens for 7 d {ท 
=  3). *p < 0.05 compared with TCPS and #p  < 0.05 
compared with the neat cA  fiber mat or the film specimens. 134



X V II

ABBREVIATIONS

CA Cellulose acetate
CM Curcumin
AC Asiaticoside
PAC Pure asiaticoside
CACE C entella asiatica  crude extract
DMAc A/JV-dimethylacetamide
Mv Molecular weight
SEM Scanning electron microscope
'HNMR ’El-Nuclear magnetic resonance
DMSO-c/ 6 deuterated dimethylsulfoxide
DMSO Dimethylsulfoxide
B/T/M Acetate buffer solution containing 0.5% v/v 

polysorbate 80 and 3% v/v methanol
A/BM Acetate buffer solution containing 10% v/v 

methanol
P/B/M Phosphate buffer solution containing 10% v/v 

methanol
DPPH 1 , 1  '-diphenyl-2 -picrylhydrazyl
%AA The antioxidant activity
HPLC High pressure liquid chromatography
NHDF Normal human dermal fibroblasts
ECM Extracellular matrix
TCPS Tissue-culture polystyrene plate
DMEM Dulbecco’s modified Eagle’s medium
FBS Fetal bovine serum
SFM Serum-free medium
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide
h Hour



xvm

LIST OF SYMBOLS

Y  Surface tension
p Density
V* Critical Potential
v c Critical Voltage
DC Direct current
M  Weight of sample after submersion in the testing solution 
M, Initial weight of the sample in its dry state 
Md Weight of the sample after submersion in the testing solution in 

its dry state
Mr Weight of a model drug or vitamins that were released from the 

sample
M, Accumulative amount of drugs released at an arbitrary time t
Mcc Accumulation amount of drugs released at an infinite time
ท Characteristic exponent
k Rate parameter (ร’ 0 5)
^ c o n t r o l  Absorbance value of testing solution without the presence of the 

as-loaded curcumin
^ s a m p l e  Absorbance value of testing solution with the presence of the as- 

loaded curcumin


	Cover (English)

	Accepted

	Abstract (English)

	Abstract (Thai)

	Acknowledgements

	Contents


