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Project code : TRG 5080008

Project title: Preparation of ultrathin edible films from electrospun nanofibrous mats of
egg albumen-based materials and a study on the release of active
compound from the films

Researcher: Saowakon Wongsasulak
King mongkut’s University of Technology Thonburi

E-mail Address: nuhuy.w@gmail.com, saowakon.won@kmutt.ac.th

Project Period: July 1, 2007 — July 31, 2009

Abstract

This report highlights an attempt to fabricate two forms of food grade nanofibers
carrying model protein; nanofiber containing dispersed model protein and hollow fibers
carrying core model protein. The former was produced using conventional
electrospinning technique whereas the latter was fabricated using the coaxial one. The
main component of the fibers matrix was cellulose acetate. The model proteins of the
hollow and typical fibers were gelatin and egg albumen, respectively. Properties of the
electrospining solution; viscosity, facial-intertension, surface tension and electrical
conductivity were improved by adding some surfactant and electrolyte. The morphology
of the electrospun fibers was examined by SEM whilst their compositions were
characterized by FTIR-spectroscopy and TGA. The release properties of the as-spun
fibers were also explored. Overall, this research showed that the fine structure of the
protein-polysaccharide blend nanofibers could be fabricated through properly modifying
solution properties. Besides, the electrospinning setup developed in this work was
proved to have a potential for protein-polysaccharide (core-shell) coaxial electrospun
fibers fabrication. The preliminary results of release characteristic for the both fibers
exhibited a trend of slow release in pH 2 buffer solution without bursting effect. These
fibers may provide a great interesting result for neutraceutiocal/drug delivery in Gl-tract.
The progressive research will be an improvement of the mucoadhesive property as well

as an insight into the release characteristics in Gl-tract of the fibrous film.

Keywords: Cellulose acetate; Electrospinning; Egg albumen; Nanofibers; Release
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mstsuilu 3 dadrune 91/9, 7723 uaz 66/34 Tasluauise9i 195091 Blend 91/9, Blend

Y v
77/23 uag Blend 66/34 AATIULASTUADUMTIATONLAAI 1UA5197 1

v Y
Ms19f 1. Gunoumsmsuiazdadiuvesmsazatonanved liviuaziag laauosan
4 I [ [ % Y] 1 1 1 I~
o ldtludulenauveslvvmiuyag laadadidadiuszuiasag Taa/lvarudu 91/9,

77/23 Lay 66/34

Preparation step of Components
. . CA powder 200 g
Stock solution of CA; stock CA 85% acetic acid 800 o
EA powder 120 ¢

Stock solution of EA; stock EA 50% formic acid (99%) 88.0 g

Stock solution blending volume ratio

CA-EA blending solutions

CA:EA
Polymer Total
ym polymer Stock CA (g)/stock EA
Samples wt. ratio o ®
] conc. (% (g)/Tween40~(g)
(CA:EA)
W/W)
Pure CA 100:0 20.0 20.00/-/-
Blend 91/9 91:9 19.25 3.64/0.36/0.40
Blend 77/23 77:23 18.25 3.08/0.92/0.72
Blend 66/34 66:34 17.25 2.64/1.36/0.92
Pure EA 0:100 12.00 -/ 20.00/-

) [ a ® A < a £ ) Y 4?1 I 9
AMTUATATINANIZIAN  Tween 40 1H0aALIIAHITIFIo IimsTugidludule
Y [
s lddhevy dasidrundy fe 10, 18 waz 23 dmSuaIsazalenay Blend 91/9,
Blend 77/23 tag Blend 66/34 (wt.%) dwmsumsanyinmsdanataseldladioniiug 2 13idu
a Aa A a o ) dgj o [
loTagazarowadmiudl 2 Tuaisazarewedwes nuzih lUaug dadrumswanuaasly
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ive 15thudulenanves livnnusag Taagadidadiuszning CA:EA: Tween:Vit. B, 1iu
91:5:3:1

Preparation steps of Components
_— CA powder 2.00 g
Stock solution: CA 85% acetic acid 8.00 g
Stock solution: EA-vit B, EA powder 1.20 g
mixing 1% EA-vit Bo#1 vit. B, powder 0.12 g
formic acid (99%) 8.68 g
mixing 2" EA-vit By#2 EA-vit By#1 10.00 g
Tween 40 0.72 g
) . . EA—vit B, stock solution 0.88 g
EA-CA blending solution CA stock solution 10.00 o

. ) . o
(total solid blending ratio=20 wt.%) (CA:EA:Tween:vit. B, = 91:5:3:1)
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2.3.3 Scanning Electron microscopy (SEM)

o a 9 A a v Y] Yy v Ja

ﬁmﬂ'lu'3‘1/]‘(’J'l"ll'f)xil,ﬁusljﬂ‘l/]Nﬁ@]vlﬂﬂi’Ji]’ﬁf]‘U@]'J‘(’Jﬂ'lii“]fﬂﬁ@\iﬂaﬂ‘iiﬁuﬂmﬂ@]i@ullﬂ‘ﬂ
! 9 1 o 1T A { Y
a94n519 (SEM: JEOL JSM-5800, USA) @1’JEJﬂ’J'liJG’]'l\?ﬁﬂEJsluﬂ'lili\i@lﬁﬂ@]iﬂu 10 kV ﬂ'l‘W‘ﬁllﬂ

o ) 1 4
ATUIU 3 NN %3@ﬂu1ﬂ1ﬁiﬂﬂﬁ@ﬂﬂlu1ﬂl’guNWUﬁUﬂﬂﬁNg})’JﬂIﬂiuﬂiM Image J (JEOL, USA

2.4 MsAnvanyazaNnveImstaniasuas
£ Y o o o [ a a A 3
msazaneyelBiluainaredmsumsnaaeumsdanilaseIanuui 2 Wuaisazaie
[} 4 { 1 LY o o " 5 a a { a
Wrllesndiar pH iy 1.2 uag pH 7.4 minaassi lastiwnuilayledaditiaiud 2 fnae
(Y] o (% 1 a J
18 ndaldlduna 2.5 % 5.0 cm udniliSaanuvuveusduledrelulasimes
. ' ~ 9 a & Y A ' 9 °
(Mitutoyo, Japan) nouinazussgadluazniumdauadana Fazninussqurmdulodiuiuy

4

4 uiu vzgminlugTuansazareivinlessua 360 mL Wi pH 1.2 3o 7.4 luiiaines

D.

a

1A 400 mL waziiguugh 37£0.5 °C Taslimsniuasazaredreluiaauauaddnan

G



< a . 09/’ J )
12141595901 100£3 rpm (T%é’nmmn Abraham and Srinath, 2007) #19H#921M3AT AU
a a { 1 1 @ J o o oA
anuuTuveIaiiui 2 Mlanldesedluasazaeiivhies Aremsihasazareiviiosy
[ 1 . . 4 a 4 {
Na1ANeY 1Asa@eUA1 Optical density (OD) lasl#iaTosanlnlns I ladimes Hnnuen
AU 444 nm (Kagan et al., 2006)
na lnmsilaaassiaiiug 2 vinurwdulesansolsziiivlddremsnnsandoya
d' Y [ [ 1Y 4 1 [ 1 1 a a =\ d‘ [
NA9ANARINUANNANNUTIZHIN dadiuseninanialaiul 2naaddes w na1las (M)

[ a Aa A A 1 d'ay a o 4 o w
AUNIAVeINNUD 2Nndanlasy o LAMaUFANITAANTY (My) A Ua@aNIgauNITENNIAY

4

=
il
M. _ gy
M,
d’ =) a a = d‘ 1
e M, Ao waveImiul 2 Nantlass w arlas (ug)

Myp 0 w2av093miudl 2 a nargatievesmsaaaumsdanlase (ug)

k Ao mAInensinMsantase (h')

A o 1 1
n Ao venmaImsunsvedna lnmsdaailaoe
t Ao a1 (h)

aAa o ool

d [
2.5 AOATHIUMIAUATIZHINANITIVY
a J aaa 1
ANOVA UUUMIAYIAL turkey’s multiples range test. WaNSAATIZHADANNA p<0.05

W13 NUANVUANAINNADABINTNsdIAY A151891ueg Iugvesanndstandoay

(X+SD)

a d
3. HaNINAaadazUnNIVITNU

3.1 wavesanAmsazaeiinennuansalumsvushiludulavazdugruvoudul
nasaalagmytfudelviihada
A A o =K A ] a
awiiams lna anuniia msih rlfhuazanudsirvesasazarsveslvu wagTaduedian
uazensazaenaNved Iy nuwag TaauoFanudaaluasnwin 3 1INHANITNAADINLN
4 1 =] A 9 = = o w A:ir; A =\ [
penalsznevved lvyniiauiansdiuanunianazaasiondiaeidwnieiouiy

a 1 A Ao dy Y = vAa A @ 9 A
L“ﬁﬁgiﬁﬁllﬂ“ﬁ!@ﬂ MANUHHANAINHaNoudIguiansineiuvesnaluIassasanim



Y dyw = =K A ' ) A & =~ 9 Y1 '
Hooun uennntidaiinmssasiuazmmai lnihingann Famuedansdedddmnnuai
AndNguiom Uz I5IAIHIN interface 52HINAITAZAIWAVDINAUDLAINITDTAIA10UDIND
a P [ < Y o 9 A Ad? I 9 [ 09/1 dy 1 A o
aesnazgnuaneendndarenlmiududumevugiilwduls uanatiainisneie
] { o 3 o Ao I 3y ] |
(entanglement) vo3 liy1fid 1 Wuawmauanni I ldeansadugd lvnaududuloun Tudre
a y a o ! Y o3| [
Famsiludie llihadadaaadluzli 2 Tasnuissdnvuzveseynmailudnyuznoa
O & a " v v vy 9y Y < ' £~
nsgenInuivewHuAnIuduleluneasadumanisnaaeaasliiuinsag Taadal
wvAa A A [ [ = 1 1 o Ao ' = o Y
avtiannuniianganlvvndlszana o mwazamsh lihndniwndeaiveayuld

9 U
annsodugiudulonTulaeizmsiludaeliihada 14

M519h 3. auiidvesnyazatenauved lynnuwag laaueFanda 1l Tween® 40

Percentage Apparent Power law Power law Surface Electrical
ratio viscosity consistency flow-behavior tension conductivity
(CA:EA) Na.100 (Pa-s) coefficient (K) index (n) (mN/m) (mS/cm)
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ms1ehi 4. auiidvesasazaewauved livnuwag laduoFandall Tween® 40

Percentage Apparent Power law Power law Surface Electrical
ratio viscosity consistency  flow-behavior tension conductivity

(CA:EA) Na1oo (Pa-s)  coefficient (K) index (n) (mN/m) (mS/cm)
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Figure 2. SEM micrographs of the electrospun nanofibers or electrospun particles from
mixed solution of CA (20 wt% in 85% acetic acid) and EA (12 wt% in 50% formic
acid). The micrographs from (A) to (D) were the morphology of (A) pure CA, (B)
blend 91/9, (C) blend 77/23, (D) blend 66/34 and (E) pure EA. The bar scale is 5

pm.
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Electrospinning of Food grade Nanofibers from Egg Albumen-
Cellulose Acetate Blends

Manaschuen Patapeejumruswong, Tipaporn Yoovidhya, Saowakon Wongsasulak*

Department of Food Engineering, Faculty of Engineering, King Mongkut’s University of Technology
Thonburi, Bangkok, Thailand

*E-mai: saowakon@pdti.kmutt.ac.th , Tel: +66-2-470-9341

ABSTRACT

The number of chronic diseases threatening the health of consumers has greatly increased. Recently,
nano-structures with high surface areas have been developed to precisely control the release kinetics of
bioactive compounds. Electrospun nanofibers have been reported as excellent drug carrier that not only
promotes a very high load with respect to their overall mass but have also shown a much more ideal
zero-order release kinetics as compared with the spherical nanoparticles. In this study, the food grade
nanofibers were electrospun from blended solutions of egg albumen (EA) in 50% formic acid and
cellulose acetate (CA) in 85% acetic acid. The ratio of CA to EA dissolved in the mixed solvents was
varied from 1:0 to 1:0.1, 1:0.3, 1:0.5 and 0:1. The suspension property was studied by viscometer.
Morphology of the electrospun fibers was examined by SEM. The results evidently suggested that EA
lacks of sufficient entanglement and also possesses very high surface tension, thereby is unable to form
nanofibers. An addition of CA and surfactant (TWEEN 40) resulted in lower electrical conductivity
and surface tension that can lead to the formation of EA-CA blended nanofibers. The diameters of the
blended nanofibers were 261 + 29, 281 + 44, 404 + 61 and 441 + 66 nm corresponding to the blended
ratios of CA:EA of 1:0, 1:0.1, 1:0.3, and 1:0.5, respectively. To the best of our knowledge, this study is
the first report of the food grade nanofiber fabrication by using electrospinning technique.

Keywords

Biomaterial / Cellulose acetate / Egg Albumen / Electrospinning / Nanofibers

1. INTRODUCTION

Electrospinning is a technique used to form long non-woven ultrafine fibers, i.e., fibers with diameters
of up to several hundred nanometers (1-3). In general, fibers may have size ranging from 40 to 1000
nm (1,4), but fibers as thick as 5000 nm have also been produced (5). Electrospun fiber is produced
via ejection of a polymeric jet from positive charged viscous polymeric solution through a capillary tip
to an electrical grounded target. The solvent evaporates rapidly from the ejected jet during travels
from the capillary to the grounded target and leave behind only fibers with high surface to volume
ratio on the collecting plate. Because of the rapid evaporation and simultaneously superimposed
mechanical stresses due to developing bending instabilities of the polymer jet, polymers in electrospun
fibers are more oriented than the conventional polymer and therefore exhibit better mechanical
properties and higher thermal stability (6-10). Consequently, interest in production of electrospun
fibers from biodegradable and/or edible biopolymers is gaining increasing interest in the foods,
pharmaceuticals and cosmetics. To date, electrospun fibers have been used to manufacture filter
media, cosmetic skin masks, nanosensors, military protective clothing, control drug delivery matrices,
and tissue scaffolding for wound dressings (3). It has been previously demonstrated by our group that
egg albumen (EA) based ultrafine fibers are superior drug carriers. They can withstand the stomach’s
severe acidic condition and release the bioactive at the alkaline pH of the intestine thereby yielding
maximum absorption (11). However, its globular molecular structure resulted in low entanglement
and led to failure in nanofiber formation. This research was therefore aims to improve the fabrication
of edible EA based nanofiber by blending with a more processible cellulose acetate (CA). The effects

PACCON2008 (Pure and Applied Chemistry International Conference)



338

of solution properties of EA-CA (i.e., viscosity, surface tension and electrical conductivity) on
electrospinning ability and fibers morphology are investigate.

2. MATERIALS AND METHODS
2.1 Preparation of electrospun solution and setup of the elctrospinning apparatus

EA powder (Igreca, France) was purchased from Winner Group Enterprise and CA powder having M,,
of 30 kDa (acetyl content = 39.7% and degree of acetyl substitution = 2.4) was purchased from Sigma-
Aldrich (Switzerland). EA-CA blended solution was prepared by blending EA solution (in 95% formic
acid) having concentration of 20 %w/v with CA solution (in 85% acetic acid). The final blended ratio
was 1:0, 1:0.1, 1:0.3, 1:0.5 and 0:1 corresponding to the weight ratio of CA to EA. A 30-mL syringe
(Top, Japan) containing 10 mL of blended solution and equipped with stainless steel needle having
inner diameter of 0.69 mm (Hamilton N0.91019) was mounted on a syringe pump (New Era Pump
Systems; NE1000, USA). The stainless steel needle was connected to a high voltage generator (Gamma
High Voltage; ES30P-5W, USA) operated in positive DC mode. A grounded copper plate was used as
electrospun particle collecting plate. All experiments were carried out at ambient condition (25 °C, RH
50£5%).

2.2 Investigation of solution property

Apparent viscosity of the blended solution was determined by using a rotational rheometer (Haake
VT500, Germany) with a double coaxial bob and cup (length = 61.4 mm, diameter = 10.1 mm, gap
width = 1.45 mm). Shear stress (o, Pa) of the blended solution was recorded as a function of shear
rate (y', s) ranging between zero and 400 s™'. The temperature of the loaded sample was controlled at
25+0.5 °C. The reported results were averaged from triplicate measurements. The recorded data of
shear stress versus shear rate were fitted to the power law model and then flow behavior consistency
and flow index were obtained as described by Lapasin and Pricl, 1995 (12)

o =Ky’

where ¢ is the shear stress, vy is the shear rate, K is the consistency coefficient and » is the flow-
behavior index which reflects the viscosity of the solution, i.e., n = 1 if the solution behaves
Newtonian and n # 1 if the solution behaves non-Newtonian (e.g., shear thinning or shear thickening).

The electrical conductivity of the blended solution was determined by using a digital conductivity
meter (Schott, Germany). Results are averaged from three measured data and two replications of
sample preparation.

2.3 Characterization of electrospun product morphology

The morphology of the electrospun fibers and/or beads was evaluated by scanning electron
microscopy (SEM; model JSM 5800, JEOL USA). Fibers were spun directly on a grounded brass
SEM stub that was mounted on the collecting plate. After deposition of the samples approximately
10-15 mins, the stub was removed and sputter coated with gold using coating condition of 2 kV, 5 mA
for 2 mins with an argon backfill at 8 Pa. The average diameter of the electrospun fibers was
determined by image analysis software namely Image J for microscopy (NIMH, Maryland, USA.).

3. RESULTS AND DISCUSSION

3.1 Solution properties of CA-EA blended solution

The apparent viscosity at shear rate of 100 s (1,,100) of 12 wt% EA in 50% formic acid was 0.3797
Pa-s whilst the one of CA (20 wt% in 85% acetic acid) was 3.12+0.03 Pa-s. The apparent viscosity of
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the blended solutions at that shear rate decreased to 2.73+0.06, 1.32+0.01, and 1.1901+0.09 Pa-s upon
increasing the CA-EA ratios from 1:0.1 to 1:0.3 and 1:0.5, respectively (Table 1). The reduction in
the apparent viscosity could be attributed to reducing degree of polymer chain entanglement between
EA and CA, as consequence of the globular molecular structure of egg albumen. Increasing ratio of
EA in the CA-EA mixed solution (from 1:0.1 to 1:0.5) shifted the blended solution’s flow behavior far
from Newtonian characteristic that the n was reduced from 0.85+0.00 to 0.77£0.01. As shown in
figure 1, electrical conductivity of the blended solution was significantly affected by the component of
EA. An optimum electrical conductivity is an important that affects the electrospun fiber formation.
Normally, higher voltage is necessary for EA to attain high electrical conductivity and high surface
tension in order to initiate the Taylor cone, thereby originating the nanofiber formation. However, the
low apparent viscosity of EA (which normally implies low molecular entanglement) did not support
for such high voltage applying and led to the failure of fiber formation that the droplets were deposited
on the collecting plate instead (figure 2).

Table 1. Apparent viscosity at a shear rate of 100 s™, and power law indices K and n of EA-CA blend
as a function of CA:EA ratio. The total polymer concentration in mixed solvents of formic acid and
acetic acid was 20 wt%.

Mixing ratio Apparent viscosity ~ Power law consistency Power law

(CA:EA) Na.100 (Pa s) coefficient (K) flow-behavior index (n)
1:0 3.1203 £ 0.0295 4.3304 +0.0033 0.9289 + 0.0021
1:0.1 2.7288 +0.0559 54171 £0.2316 0.8512 +0.0048
1:0.3 1.3183 £ 0.0141 5.8064 £ 0.1657 0.6781 = 0.0045
1:0.5 1.1901 £ 0.0901 3.5096 = 0.2631 0.7651 £0.0131
0:1 0.3797 £ 0.0137 6.7880 £0.1834 0.3751 £0.0140
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Figure 1. Viscosity and electrical conductivity of EA-CA blend as a function of ratio of CA:EA at a
total polymer concentration of 20 wt% in mixed solvents of formic acid and acetic acid. The average
diameter of electrospun fibers (if fibers were formed) is plotted as a function of the CA:EA ratio.
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3.2 Electrospinning of EA-CA blended nanofibers and morphology of the electrospun fibers

In this study, pure CA and EA-CA blended electrospun fibers were produced at a tip-to-target distance
of 15 cm with an applied voltage of 15 kV at a flow rate of 2.2 mL/h (tip’s inner diameter ~ 0.69 mm).
The blended nanofibers were successfully electrospun from blended solution of EA (12 wt% in 50%
formic acid) and CA (20 wt% in 85% acetic acid) with addition of slight amount of surfactant, namely
TWEEN 40, which played an important role on morphology of the electrospun fibers improvement
(results are not shown here for the sake of brevity).

Figure 2 shows the morphology of the electrospun fibers (or particles) examined by scanning electron
microscopy at a magnification of 5000X. Electrospinning of pure EA polymeric solution resulted in
submicron particles whilst pure CA polymeric solution exhibited nanofibers having average diameter
of 261 £ 29 nm. Enhancing proportion of EA in CA-EA blend from 9 to 23 and 33 percentages or
increasing blended ratio of CA:EA from 1:0.1 to 1:0.3 and 1:0.5 resulted in the increasing diameters of
the electrospun fibers from 281 + 44 to 404 £ 61 and 441 £ 61 nm (figure 2b, 2c and 2d), respectively.
The SEM micrographs indicated that addition of EA improved fiber’s continuity but exhibited
cracking surface of the fibers. Surface of the CA fibers seems to be smoother than the EA-CA
blended fibers. Nevertheless, the smoothness of the blended fibers was increased as increasing ratio
of EA (Figure 2b to 2d). This could be due to the increasing of electrical charge density of EA
component. However, additional experiments using atomic force microscopy or field emission
scanning electron microscopy is needed to verify the fiber surface smoothness and the continuity.
Besides, the composition of the blended fibers will be further investigated.
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Figure 2 SEM micrographs of the EA-CA blended nanofibers electrospun from mixed solution of EA
(12 wt% in 50% formic acid) and CA (20 wt% in 85% acetic acid). The CA:EA blended ratio was
varied as (a) 1:0, (b) 1:0.1, (c) 1:0.3, (d) 1:0.5, and (e) 0:1. The bar scale is 5 pm.

4. CONCLUSIONS

In this study, the edible nanofibrous film was first time fabricated by electrospinning technique. The
fibers were electrospun from the blended solution of EA (12 wt% in 50% formic acid) and CA (20
wt% in 85% acetic acid). TWEEN 40 was added to reduce the surface tension and also electrical
conductivity of the blended solution. The diameters of the blended fibers were 281 + 44, 404 + 61 and
441 £ 61 nm corresponding to the blending ratio of CA:EA of 1:0.1, 1:0.3 and 1:0.5, respectively.
Hairy structure and cracking fiber’s surface was obtained in the blended fibers. However, increasing
of EA ratio could improve continuity of the CA-EA electrospun fibers. The results indicated that only
single component of EA (12 wt% in 50% formic acid) was not entangling enough to form fibrous
structure. Mixing of CA enhanced entanglement of the mixed polymer solution leading to the
successfulness in the fiber formation. Nonetheless, composition of the blended fibers will be further
investigated.
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ABSTRACT

Due to an excellent potential of nanofibers as a near zeroth-order controlled release vehicle as
well as to an interesting functional property of egg albumen (EA) as a good pH sensitive
controlled release natural biopolymer, EA nanofibrous film for delivery of a water-soluble
bioactive compound in gastrointestinal (GI) tract was fabricated via electrospinning. To
enhance its electrospinning capability, EA was blended with cellulose acetate (CA), which is
a natural biopolymer having good electrospinnability and possesses gastric protection
property. A non-ionic surfactant, namely, Tween 40 was also added to the film forming
solution to promote fiber formation. A model bioactive compound, i.e., vitamin B2, was
incorporated in the EA phase of the blend; the solid blending ratio of CA:EA:Tween:vitamin
B2 was 91:5:3:1. The film was successfully electrospun at 15 kV at an electrospinning
distance of 15 cm with electrospun solution flow rate of 2.2 uL/h. The release characteristics
of the blend fibrous film was then studied in buffer solutions at pH 1.2 and pH 7.4 at 37+0.5
°C for 9 h. The morphology of the electrospun fiber before and after release was examined
by scanning electron microscopy. The mechanism and constant rate of release were obtained
by fitting the cumulative mass released to a simple power law model. Overall, the results
indicated that it is possible to use CA-EA blend fibrous film for controlled release in human
body where the release rate can be regulated through altering the solubility of the embedded
bioactive compound in the target organ. This demonstrates a potential of fabricating
polysaccharide-protein blending nanofiber for potential delivery of bioactive compound in
human GI tract.

Keywords: Biopolymers; Cellulose acetate; Egg albumen; Electrospinning; Gastrointestinal
tract; Release characteristics.
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INTRODUCTION

Controlled drug delivery systems have gained much attention in the last few decades due to
many advantages compared with the conventional dosage forms. These advantages include
improving therapeutic efficacy, reducing toxicity by delivering drug at a controlled rate. To
maintain local bioactive compound level within a desirable range, the bioactive compound is
constantly released over a long period of time. Besides, other advantages of using controlled-
delivery systems also include the decreasing number of dosages as well as site-specific
delivery and specific activation of the biologically active compound at specific organs,
tissues or cells. One challenge to achieve these goals is to select challenging materials for
drug carriers. A wide variety of polymeric materials that can be used as delivery matrices, are
either biodegradable or non-biodegradable but biocompatible (Nihant et al., 1995). Another
challenge is concerned with the techniques for production of drug carriers. Recently, Zeng et
al. (2003) reported the potential in a near zeroth-order release pattern of electrospun
nanofibers.

Electrospun fibers are non-woven and long fibers having the diameter varied from nano- up
to micrometers. It has a high surface area to volume or mass ratio. Electrospun fibers have
potential for being used as a fibrous material in biomaterial applications such as wound
healing, tissue engineering and drug delivery. The electrospun fibers can be fabricated from
either synthetic or bio polymers. However, the benefits in terms of biodegradability as well
as biocompatibility of the bio-polymer promote its popularity and quickly increased attention,
comparing with synthetic polymers. The examples of biopolymer having been used for
fabrication of electrospun fiber are cellulose acetate (Han et al., 2007), chitosan (Geng et
al.,2005), and gelatin (Huang et al., 2004). Recently, cellulose acetate electrospun fiber
containing different kinds of active compound was fabricated by Tungprapa et al.(2007),
Taepaiboon et al. (2007) and Suwantong et al. (2007). Theses researches revealed that the
amount of bioactive compound released from bioactive compound-loaded fiber mats was
greater than that released from the corresponding cast film. This is due to greater surface area
and swelling of bioactive compound-loaded fiber mats.

However, edible grade electrospun fibers were never reported before. Indeed, Zeng et al.
(2003) reported an interesting near zero-order release pattern of the drug carrier in form of
nanofibers, which was fabricated by electrospinning technique. Therefore, this study was
conducted to investigate feasibility in electrospinning nanofibers from food biopolymer and
using food grade solvent. The two polymers used in this study were cellulose acetate (CA)
and egg albumen (EA). As reported by Wongsasulak et al. (2006) that egg albumen showed
a high potential controlled release for human digestive system that the release in acidic buffer
should be prolong and then be activated in basic buffer. However, they reported later that
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pure egg albumen component could not promote fiber formation in the electrospinning
process. This was mainly due to the low entanglement with high surface tension of egg
albumen. Nevertheless, they reported that mixing with poly(ethyleneoxide); PEO could
promote fiber formation. The follow-up research as reported by Patapeejumruswong et al.
(2007) indicated that cellulose acetate, biodegradable and oral pharmaceutical product, could
be used as the electrospinning aid to replace PEO. However, they reported that a certain
amount of surfactant, namely Tween 40, was required to reduce surface tension and electrical
conductivity of the egg albumen component leading to a success in fiber formation. The
blend food polymers were electrospun at the electrospinning condition of electric field of 15
kV/15 cm, flow rate of 2.2 ml/h. Nevertheless, release property of the edible blend
nanofibers was not studied. Therefore, this research was conducted to reproduce the blend
nanofibrous film and study its release characteristics.

Materials and methods

Materials

Egg albumen (EA) powder was purchased from Winner Group Enterprise (Igreca, France).
Egg albumen is a commercial product consisting of a mixture of different proteins with
molecular weights ranging from 14 to 76 kDa. Cellulose acetate (CA; white powder; My =
30 kDa; acetyl content = 39.7 wt%; degree of acetyl substitution = 2.4) was purchased from
Sigma-Aldrich (Switzerland). Formic acid (commercial grade; Samsung Fine Chemicals,
Korea) and glacial acetic acid (analytical reagent grade; Carlo Erba, Italy) were used as
solvents of the polymer. Polyoxyethylene sorbitan monopalmitate (Tween 40; analytical
reagent grade; Fluka, Germany) was used as a surfactant.

Solution preparation

Two primary stock solutions of CA in acetic acid and EA containing vitamin B, in formic
acid were firstly prepared. The CA stock solution was prepared by dissolving CA powder in
85 %w/v acetic acid to final concentration of CA of 20% w/v. The latter stock solution was
prepared by blending EA powder with vitamin B, (vit.B;) powder at a ratio of (10:1). The
EA-vit.B; mixed powder was dissolved in neat formic acid to obtain the final concentration
of 13% w/v. Then the mixed EA solution was added with 60% (w/w) of Tween40 to obtain
primary EA solution. The two primary solutions (CA and EA) were then mixed together at
weight blending ratio of the two stock solution of 10:0.88. The final blending ratio of the
polymer was thus 92:5:3:1 corresponding to CA:EA:Tween40:vit.B,.

Evaluation of solution rheology

The apparent viscosity of the polymer solution was determined using a rotational rheometer
(Haake VT500, Germany) with a double coaxial bob and cup. Shear stress (o, Pa) of the
blend solution was recorded as a function of shear rate (y°, s™) at a shear rate ranging from 0
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and 400 s™'. The temperature of the loaded sample and along the measurement was controlled
at 25+ 0.5 'C. Reported results are averages of five replicated measurements. Viscosity,
flow behavior consistency and flow index were obtained by fitting the obtained shear stress
versus shear rate data to the power law model as described by Wongsasulak et al. (2006)

Electrospinning

A 5-mL syringe containing 3 mL of CA-EA blended solution, and equipped with a stainless
steel needle (ID = 0.69 mm; Hamilton No. 91019), was mounted on a syringe pump (New
Era Pump Systems; NE1000, USA). The needle was connected to a high-voltage generator
(Model ES30P-5W; Gamma High Voltage, FL, USA) operated in positive DC mode. A
grounded copper plate was used as fibers collector. Preliminary experiments (data not
shown) led to the determination of an optimal syringe tip-to-target distance of 15 cm and
flow rate of 0.18 mL/h at an applied voltage of 20 kV. All experiments were carried out at
room temperature (25°C) at a relative humidity of 50+5%.

Characterization of electrospun fibers morphology

The morphology of the electrospun products (fibers and/or beads) was evaluated by scanning
electron microscopy (Model JSM 5800; JEOL, USA). Fibers were spun directly onto a
grounded brass SEM stub that was mounted on the collector plate. After deposition of the
samples, the stub was removed and sputter coated with gold using a coating condition of 2
kV, 5 mA for 2 mins, with an argon backfill at 8 Pa. The average diameter of the electrospun
fibers was determined using an image analysis software (Image J; NIH, Maryland, USA).

Study of release characteristics of the blended film

Four pieces of CA-EA electrospun film carrying vit.B, having dimension of 2.5x5 cm” and
thickness of 5010 nm were placed in stainless steel release basket and then immersed into
buffer solution (pH 1.2 or pH 7.4) at 374£0.5 °C. The solution was stirred by using propeller
at a controlled speed of 100+3 rpm for 9 h. The solution was periodically sampled out to
measure its optical density (OD) by using spectrophotometer at the wavelength of 444 nm.

RESULTS AND DISCUSSION
Electrospinning of CA-EA blend solution carrying vit.B,

In this study, weight blending ratio of CA:EA:Tween 40:vit.B, was 91:5:3:1. Solution
properties including flow property, surface tension and electrical conductivity of the two
stock primary solutions and the electrospun blend solution were shown in Table 1.

As shown in Table 1, the apparent viscosity of CA solution was much higher than that of EA
solution whereas the electrical conductivity was lower than EA solution as much as 385
times. Blending EA for only five percents into CA solution, the apparent viscosity of the
blend decreased for 1.3 times whereas electrical conductivity increased for 8 times. The
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addition of 60 percents of non-ionic surfactant, namely Tween40, in the CA-EA blend,
viscosity slightly increased to 7.70£0.02 Pa's. Addition of Tween40, electrical conductivity
of the CA-EA blend was slightly decreased from 160 to 140 puS/cm. The effect of the non-
ionic surfactant (Tween40) on the electrical conductivity reduction could be explained that
EA back bone molecules was possibly occupied by surfactant molecules leading to a lower
electrical conductivity (charge shielding effect), even Tween40 is non-ionic surfactant. This
possibly because that non-ionic surfactant usually has a high stability in the dispersing
polymer molecules leading to a low driving force of polymer-surfactant molecular interaction
(Wang et al., 2007), which thereby exhibiting a low impact on viscosity of the blends
containing Tween40. Addition of vit.B,, apparent viscosity and surface tension were not
significantly affected.

Table 1 Solution properties of pure stock primary solutions of CA and EA as well as CA-EA

blend solution containg or not containg Tween 40 and vitamin B,

Solution properties

Polymer solutions Apparent Surface Electrical
viscosity tension conductivity

Na200 (Pa.s) (mN/m) (mS/cm)

Pure CA/85%acetic acid (20%w/w) 9.70+0.28 33.98+0.12  0.02+0.00
Pure EA/50% formic acid (12%w/w) 0.08+0.00 31.50+0.16 ~ 7.71+0.12
CA:EA =95:5 7.44+0.04 34.19+£0.03  0.16+0.00
CA:EA:Tweend40 = 92:5:3 7.70+0.02 33.494+0.17  0.14+0.00
CA:EA:Tweend0:vit.B, = 91:5:3:1 7.45+0.62 33.91+0.48 0.16+0.00

Morphology of the electrospun fibers

The average diameter of pure CA electrospun fibers was 208+84 nm (Fig. 1a), whilst EA
polymer solution resulted in microparticles diameters of CA-EA blend without Tweem40
electrospun fibers were 141£84 nm. Besides, beaded and branching structure, as well as a
high diameter variation, was also noticeable. Addition of surfactant, the diameters of
electrospun CA-EA blended fiber became larger (187+75 nm) with much less beaded
structure of the fiber (Fig 1d). Besides, it also contributed to a higher homogeneity of the
fiber diameter that the diameter deviation was reduced from 60 to 40 percents. Moreover, it
was also observed that the electrospinning process was also facilitated when the surfactant
was added. In case of adding vit.B,, average diameter of the fibers was of 197+£84 nm.
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Figure 1 SEM micrographs of electrospun products (fiber, beads) from solution of cellulose
acetate and egg albumen (containing, or not containing Tween 40 and vitamin B,). The
percentage blending ratio of CA:EA ranged from (a) 100:0, (b) 0:100, (c) 95:5, (d)
CA:EA:Tween40 ratio of 92:5:3 and CA:EA:Tween40:vit.B, ratio of 91:5:3:1. The length
of the scale bar was 2 um. All the electrospun particles were electrospun at electrical field
strength of 20 kV and electrospinning distance of 15 cm with flow rate of 0.18 mL/h.

Release characteristics of vit.B, from CA-EA blend electrospun fibrous film

The release kinetics and release rate of vit.B, from the fibrous film was evaluated by a simple
power law model showing in equation 1;

—— =kt (eq. 1)

where M, is the mass of vit.B, released at time ¢, M, is the mass of vit.B, released at an
infinite time, » is a diffusional exponent, and k is the kinetic constant rate of release.
Generally, the n value of 0.5, 0.5<n<1 and n<0.5 indicate that the diffusion obey Fickian
diffusion, non-Fickian diffusion and quasi-Fickian diffusion, respectively.
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Figure 2 Mass release profiles of vitamin B, from CA-EA electrospun fibrous film
immersed in pH 1.2 and 7.4 buffer solution and at temperature of 37£0.5 °C for 9 hours

The results of release characteristics for 9 hours of vit.B, from the CA-EA blend fibrous film
was shown in Figure 2. The data showed that vit.B2 was rapidly release in the first fifteen
minutes then became much slower. The profile of mass release in pH 1.2 tended to be
constant after 6 hours. Figure 3 shows the microstructure of the blended fibrous film before
(a) and after (b) release. It was observed that the fiber exposed in pH 1.2 was more swollen
than that in pH 7.4. This was hypothesized that it could be the case here.
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Figure 3 SEM micrograph of the CA-EA electrospun fibrous film containing vitamin B, after
immersing in the buffer solution (a) pH 1.2 and (b) pH 7.4 for 9 hours

As shown in Table 2, the diffusional exponent (») in pH 1.2 and 7.4 were 0.28+0.02 and
0.2340.04, respectively. The diffusional exponent indicated that release of vit.B2 from the
blend nanofibers obeyed quasi-Fickian diffusion. This means that release rate of vit.B, from
the CA-EA blend fibrous film was controlled by combining phenomena; diffusion of the
diffusant (vit.B,) through the swollen matrix and solubilization of the diffusant in the
environmental medium imbibed in the swollen matrix. The constant rate (k) results revealed
that release rate of the fibrous film in pH 7.4 was averagely 1.7 times higher than that in pH
1.2.
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Table 2 Release rate constant (k), diffusion exponent (n) of CA-EA blend fibrous film
containing vit.B, in buffer solution pH 1.2 and 7.4 and at temp of 37+0.5 °C

pH Kinetic constant (kx10°)  Diffusion Exponent (») R’

(s
1.2 0.06+0.02 0.28+0.02 0.99
7.4 0.10+0.04 0.23+0.04 0.99

CONCLUSION

In this study, a feasibility of using CA-EA blend electrospun fibrous film to control release of
water-soluble bioactive compound in gastrointestinal tract was studied. The electrospun
fibers were produced from the blend solution of 20 wt% CA in 85% acetic acid and 12 wt%
EA in neat formic acid. Solid weight blending ratio of CA:EA:Tween40:vit.B, was 91:5:3:1.
The fibers were successfully electrospun at 20 kV and electrospinning distance of 15 cm with
a flow rate Of 0.18 mL/h. The average diameter of the elctrospun blend fiber was 197+84
nm. Tween 40 was proved to have an important role on the electrospinnability of CA-EA
blend solution.

Vitamin B, was entrapped in EA phase and acted as release tracer. Release characteristics of
the blended film were studied in buffer solutions pH 1.2 and pH 7.4 and at 37+0.5 °C for 9 h.
The mechanism and constant rate of release were obtained by fitting the cumulative mass
released to simple power law model. The diffusional exponents (») in pH 1.2 and 7.4 were
0.25+0.07 and 0.24+0.04, respectively. This indicated that a pathway of the release was
composed of diffusion through the swollen matrix and a diffusion through buffer solution
imbibed in the swollen matrix. Release rate of the film in pH 7.4 was higher than pH 1.2
approximately of 1.7 times. This could be due to a higher solubility of vit.B, in alkaline
solution (Machlin 1984, Prodanov et al., 2004). However, in pH 1.2, the mass release
became constant after 6 h of the timeframe studied. This was possibly due to the
microstructure change as confirmed by SEM micrograph. This study demonstrates a
potential of fabricating protein-polysaccharide blend nanofibrous film for potential delivery
bioactive compound in human GI tract where the release rate of the blended film can be
regulated through altering the solubility of the embedded bioactive compound in the target
organ.
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This report highlights an attempt to apply nanotechnology to improve an efficiency of
neutraceutical/drug delivery in human Gl-tract. Two forms of food grade nanofibers carrying
model protein were fabricated; hollow nanofibers containing core model protein and
nanofiber containing dispersed model protein. The former was produced using coaxial
electrospinning technique whereas the latter was fabricated using the conventional one. The
main component of the fibers was cellulose acetate. The model proteins of the hollow and
typical fibers were gelatin and egg albumen, respectively. Properties of the electrospining
polymer solution; viscosity, facial-intertension, surface tension and electrical conductivity
were improved by properly adding surfactant, viz. Tween®40. The morphology of the
electrospun fibers was examined by scanning electron microscope (SEM) whilst their
compositions were characterized by Fourier transforms infrared (FTIR) spectroscopy and
thermal gravimetric analysis (TGA). The release properties of the typical electrospun fibers
as well as the hollow fibers were also explored. It was found that with properly modifying
polymer solution properties, the fine structure of the protein-polysaccharide blend fiber could
be produced using the traditional electrospinning technique. Meanwhile the electrospinning
setup developed in this work was proved to have a good potential for fabrication of core-shell
coaxial electrospun fibers. Besides, the preliminary results of release properties for both as-
spun fibers showed the trend of slow release characteristics with no bursting effect within 2
days immersion in pH 2 buffer solution. These fibers may provide a great interesting result
for neutraceutiocal/drug delivery in human GI-tract application.
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ABSTRACT

Edible nanofibrous membranes were fabricated, for the first time, from blend
solutions of cellulose acetate (CA) in 85% acetic acid and egg albumen (EA) in 50%
formic acid by an electrospinning technique. The percentage ratios of CA to EA dissolved
in the mixed solvents varied from 100:0 to 91:9, 77:23, 66:34 and 0:100. Effects of the
blend ratios on the solution properties and the morphology of the electrospun particles
examined by SEM were studied. The results evidently suggested that EA lacked sufficient
entanglement and also possessed very high surface tension, thereby being unable to form
nanofibers. The addition of CA and surfactant (Tween40®) resulted in lower electrical
conductivity and surface tension of the blends, which can lead to the formation of CA-EA
blend nanofibers. The micrographs obtained indicated that the continuity of the blend
fibers was improved by increasing the EA ratio. Results from FTIR and TGA indicated
that the blend fibers were composed of both CA and EA. This study demonstrated a
potential to fabricate edible nanofibers from natural food biopolymers using the
electrospinning technique. These nanofibers may provide new functionalities with respect

to vivo-controlled release.
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1. INTRODUCTION

Over the past two decades, the use of novel biodegradable polymers as drug
delivery vehicles in the human body has drawn increased attention (Karp and Langer,
2007, Ranganath and Wang, 2008). This is attributed to the expectancy of non- or
minimum harm to the treated human biological system, as well as a non subsequent-
removal after surgery. For biodegradable foreign material that are being incorporated into
the body, the potential risks can ordinarily be minimized by a biological excretion
mechanism of macrophages (phagocytosis), which engulf and digest a foreign substance,
thereby allowing excretion. The other important properties of the polymers or materials
used for drug carriers are that they improve delivery efficiency such as responsibility to
physiologically regulated or to external stimuli, improve patient compliance, are non-
toxic, and are also cost effective (Gunasekaran et al., 2007, Karp and Langer, 2007,
Uchegbu and Schitzlein, 2006). The problems of conventional drug delivery are low
drug-loading efficiency and the initial burst release of the drug. Recently, release kinetics
of many encapsulated drugs and active compounds have been improved to have a close to
zero order kinetics and a low overall degradation of the encapsulating materials. Zeng et
al. (2003) reported that drugs could be encapsulated directly into electrospun fibers, whose
fibrous structure had a close to zero-order kinetics of drug release when compared with a
nanospherical structure (Zeng et al., 2003). The other advantages of electrospun fiber
films over conventional solution-cast films is the highly porous nature of the fibrous
membranes; these exhibit a much greater surface area, thus allowing active molecules to
diffuse out from the matrix much more freely (Agarwal et al., 2008, Kenawy et al., 2002,
2009, Zong et al., 2002). Electrospun biodegradable nanofibers used as drug carriers
(Agarwal et al., 2008, Kenawy et al., 2002, 2009, Chew et al., 2005, Taepaiboon et al.,
2007) and for postoperative local chemotherapy (Ranganath and Wang, 2008, Xu et al.,
2005) have thus become a promising new development.

Electrospinning is a technique used to form long, non-woven, ultrafine fibers. The
diameters of the electrospun fibers vary from sub-micrometers down to nanometers,
depending on the polymer solution and processing condition (Deitzel et al., 2001, Sill and
von Recum, 2008). In the fiber-formation process, a polymer solution is charged and
ejected through a syringe needle. A distorted drop of the polymeric solution, known as a
Taylor cone, is formed at the tip of the needle as a consequence of the applied electrical

forces. When electrical voltage is applied to the air-droplet interface, polymers are

2.
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electrostatically charged and a polymer jet is then ejected from the apex of the cone
(Deitzel et al., 2001, Sill and von Recum, 2008, Yarin et al., 2001, Reneker and Chun,
1996). Solvent evaporates from the jet while traveling to the grounded target, where fibers

are collected.

Egg albumen (EA) is an excellent natural source of protein. In this research, EA
was chosen as the electrospun polymer because it has a low cost compared to other
proteins, and it is readily available in Thailand as a by-product of Thai dessert
manufacturing. Moreover, EA exhibits several interesting functionalities that make it of
interest to various industries. It has the ability to stabilize emulsions; a high potential to
be used for controlled release (due to its pH and temperature-sensitive properties); and its
release pattern can be easily manipulated through regulation of the structural forming
condition (Wongsasulak et al., 2007a). It has been previously demonstrated by our group
that egg albumen-based ultrafine fibers are superior drug carriers. They can withstand the
stomach’s severe acidic condition and release the bioactive material at the alkaline pH of
the intestine, thereby yielding maximum absorption (Wongsasulak et al., 2007b).
However, EA’s globular molecular structure causes low polymeric solution entanglement,
leading to failure in nanofiber formation. This research was therefore aimed at improving
the fabrication of edible EA-based nanofibers by blending them with cellulose acetate
(CA), an edible polymer proven to have electrospinnability (Taepaiboon et al., 2007, Ma
et al., 2005, Son et al., 2006, Tungprapa et al., 2007, Suwantong, et al., 2007, Han et al.,
2008). Additionally, CA has properties similar to poly(ethylene oxide) (i.e., a linear chain
molecular structure; being hydrogen bondable; and having charge and high entanglement)
which was used as an electrospinning aid in our previous study (Wongsasulak et al.,

2007b).

2. MATERIALS AND METHODS

2.1. Materials

Egg albumen (EA) powder (Igreca, France) was purchased from Winner Group
Enterprise. Egg albumen is a commercial product consisting of a mixture of different
proteins with molecular weights ranging from 14 to 76 kDa (Li-Chan et al., 1995).
Cellulose acetate (CA; white powder; M,, = 30 kDa; acetyl content = 39.7 wt%; degree of

acetyl substitution = 2.4) was purchased from Sigma-Aldrich (Switzerland). Formic acid
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(commercial grade; Samsung Fine Chemicals, Korea) and glacial acetic acid (analytical
reagent grade; Carlo Erba, Italy) were used as solvents of the polymer. Tween40®

(analytical reagent grade; Fluka, Germany) was used as a surfactant.
2.2. Preparation of polymer solutions for electrospinning

A CA-EA blend solution was prepared by blending two primary solutions: 20%
(w/w) of CA dissolved in 85% acetic acid, and 12% (w/w) of EA dissolved in 50% formic
acid. Formic acid (50% w/v) and acetic acid (85% w/v) were respectively chosen as the
solvent for egg albumen and cellulose acetate with due to their ability to dissolve the
respected polymer. Furthermore, formic acid was previously found to be a good solvent
to initiate electrospinning of protenaceous polymers (Martin et al., 1997, Bucho et al.,
1999, Ki et al., 2005, Park et al., 2004, Leeden et al., 2000, Um et al., 2001, George and
Sander, 2004). A flowchart of the preparation of primary solutions and electrospun blend
solutions are shown in Table 1. Briefly, CA stock solution with a concentration of 20
%(w/w) in 85% acetic acid and EA stock solution with a concentration of 12 %(w/w) in
50% formic acid were prepared. Each stock solution was gently stirred to ensure a full
dissolution prior to blending together. The polymer concentration of CA to EA in the
blend solution was varied as follows; 91:9, 77:23 and 66:34. The resulting blends were
further stirred to obtain a homogeneous mixed solution. For CA-EA blends, Tween40®
was added at various concentrations. The amount of Tweend40® added was 10, 18 and 23
%(w/w) corresponding to the CA:EA blend ratio of 91:9, 77:23 and 66:34, respectively.
The blend solutions referred to as blend 91/9, blend 77/23 and blend 66/34, were then
electrospun. All solutions were prepared at an atmospheric condition of 25 'C and relative

humidity of 50+5%
2.3. Electrospinning

A 30-mL syringe (TOP, JAPAN) containing 10 mL of the blend solution, and
equipped with a stainless steel needle with an inner diameter of 0.69 mm (Hamilton No.
91019), was mounted on a syringe pump (New Era Pump Systems; NE1000, USA). The
needle was connected to a high-voltage generator (Model ES30P-5W; Gamma High
Voltage, FL, USA) operating in the positive DC mode at 15 kV. A tip-to target distance
of 15 cm was used. A grounded and cleaned copper plate was used for the collection of

electrospun particles (fibers or beads). The electrospinning flow rate was controlled and
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kept constant at 2.2 mL/h by the syringe pump. All of the electrospun products were

formed under identical atmospheric conditions (RH = 50£5 %, Temp = 25£0.5 °C).
2.4. Rheology

The apparent viscosity of the polymer solution was determined by using a
rotational rheometer (Haake VT500, Germany) with a double coaxial stainless steel bob
and cup (length = 61.4 mm, diameter = 10.1 mm, gap width = 1.45 mm). Shear stress (o,
Pa) of the blend solution was recorded as a function of shear rate (y', s™) ranging between
0 and 400 s”'. The temperature of the loaded sample was set at 25+0.5 'C. The reported
results were averaged from triplicate measurements. The recorded data of shear stress
versus shear rate were fitted to the power law model (Eq. 1) Flow behavior consistency K

and flow index »n were then calculated, as described by Lapasin and Pricl (1995)
°n
o=Ky"

where o is the shear stress, y is the shear rate. The flow-behavior index n reflects the

viscosity of the solution: i.e., n = 1 if the solution behaves Newtonian, and n # 1 if the

solution behaves non-Newtonian (e.g., shear thinning or shear thickening).
2.5. Tensiometry

Surface tension of the polymer solution was determined by the Du Noiiy ring
method, using a digital tensiometer (Model DCT11; Dataphysics, Germany). Ring
diameter was 18.7 mm. Twenty milliliters of each sample was poured into a clean
measured glass having a diameter of 6.7 cm. The De Noiiy ring was first submerged into
the solution below the solution meniscus and then vertically pulled out of the solution. The
surface tension (mN/m) was recorded at the maximum pulling force prior to the ring

breaking through the solution meniscus. Measurement temperature was kept at 25+0.5 "C.
2.6. Electrical conductivity

Electrical conductivity of the polymer solution was determined by a digital
conductivity meter (Model CG855; Schott, Germany). Calibration was done using NaCl
standard solution (1000 pS/cm). Results are averaged from three sets of measured data

and two replications of sample preparation.
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2.7. Scanning electron microscopy

The morphology of the electrospun products (fibers and/or beads) was evaluated
by scanning electron microscopy (SEM) (Model JSM 5800; JEOL, USA). Fibers were
spun directly onto a grounded SEM brass stub that was mounted on the collector plate.
After deposition of the samples, the stub was removed and sputter coated with gold using
a coating condition of 2 kV, 5 mA for 2 min, with an argon backfill at 8§ Pa. The average
diameters of the electrospun fibers were determined by the image analysis software

(Image J; NIMH, Maryland, USA).
2.8. Fourier transforms infrared spectroscopy

To determine composition and chemical characteristics of the electrospun fibers,
infrared spectra of the fibers were recorded using a Fourier transform infrared
spectrophotometer (Model Spectrum GX; Perkin-Elmer, USA) operated at a wave number
ranging between 4000 and 400 cm™ and with a resolution of 4 cm™. Each measurement

was carried out from an average of 16 scans.
2.9. Thermal gravimetric analysis

Thermal gravimetric analysis (dm/dT) was performed in a PerkinElmer Pyris I
TGA HT instrument, using 7-8 mg of material as a sample. The samples were heated on
platinum pans at a heating rate of 20 °C/min, and under a nitrogen atmosphere controlled
flow rate of 20 mL/min. TGA and differential thermal gravimetric (DTG) curves were

recorded from 50 to 700 °C. Data shown represent an average of three scans.
2.10 Statistical analysis

All the measured data were ranked and evaluated for their statistical differences
using one-way analysis of variance (ANOVA) and turkey’s multiples range test. A value

of p<0.05 was significantly different. The data were expressed as mean + SD.
3 RESULTS AND DISCUSSION
3.1 Optimization of primary stock solution concentration of EA and CA

In a set of preliminary studies, CA solutions at a polymer concentrations of 8, 15

and 17% (w/w) in 85% acetic acid were prepared and tested for their ability to produce

-6 -



O 0 3 N Nk~ W NN =

[a—
S

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27

28
29
30
31
32

electrospun nanofibers (data not shown). Scanning electron microscopy micrographs
indicated that the minimum concentration of CA for fiber formation was 17% (w/v) in
85% acetic acid. This was in good agreement with Han et al. (2008) (Han et al., 2008),
where pure CA electrospun fibers were successfully produced from 17% (w/v) of CA in
85% acetic acid. However, electrospinning of the CA solution blended with the primary
solution of EA (having a concentration of 5% (w/w) in 85% formic acid) failed to obtain
fibers for all the studied ratios of CA:EA (i.e., 91:9, 77:23 and 66:34). The flow
properties of the blend suggested that their entanglements, measured in terms of the
solution’s zero-shear viscosity, were too low (data not shown here), causing a failure in

fiber formation.

The failure could also be explained in terms of the critical chain overlap concentration
(c*) of the polymer solution; the crossover between the dilute and the semi-dilute
concentration regimes was used to determine the degree of polymer entanglement that is
an important key of fiber formation (Gupta et al., 2005). Our recent work (Wongsasulak
et al., 2007b) reported that the concentration exponent for EA solution in formic acid was
approximately 1.32 (17~cl'32). The exponent value of 1.32 indicates the semi-dilute
unentangled solutions of polymers with respect to the determined values of Gupta et
al.(2005). Accordingly, the concentration of EA in the primary solution was increased
from 5% to 12% (w/w) whilst that of CA primary solution was increased from 17% to
20% (w/w). Nevertheless, because of the higher EA concentration, the formic acid
concentration had to be reduced from 85% to 50%, in order to avoid gelation of the EA
solution. Preliminary results indicated production of fibrous structures of the CA-EA
blend at these elevated concentrations; 12 %(w/w) of EA in 50% formic acid and 20
%(w/w) of CA in 85% acetic acid. The concentrations of 12 %(w/w) of EA in 50%
formic acid and 20 %(w/w) of CA in 85% acetic acid were thus used for the preparation of

the primary stock solutions throughout the remainder of this study.
3.2 Solution properties of CA-EA blend solutions

Viscosity, surface tension and electrical conductivity of the blend solutions were
measured, and are shown in Table 1. The apparent viscosity of the pure CA solution at a
shear rate of 100 S'](T]a,mo) was 3.10+£0.07 Pa-s, while that of the EA was 0.37+0.04 Pa-s.
As the ratio of EA increased, the viscosity of the blends decreased; however, surface

tension and electrical conductivity increased. Electrical conductivity of the primary EA
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solution was very high (5.75 mS/cm) compared with the primary solution of CA (0.02
mS/cm). The electrical conductivity of the blend 91/9, blend 77/23 and blend 66/34,
increased from 0.17 to 0.69 and 1.05 mS/cm, respectively. This was due to the increase of
EA in the blend from 9 to 34 percents. With respect to the fiber-forming ability of the
blends, SEM micrographs revealed that only the pure solution of CA yielded beaded fibers
or fibers with some bead defects but EA and blend solutions failed to form fibers (data not
shown here). This could be attributed to the fact that EA in 50% formic acid possesses a
very high surface tension with high electrical conductivity (Table 1). The high surface
tension might counteract electrostatic forces and prevented the successful ejection of a

steady polymer jet from the tip of syringe.
3.3 Solution properties of CA-EA blend solutions in the presence of Tweend0®

A food-grade non-ionic surfactant (Tween40®) was added to the blend 91/9, blend
77/23 and blend 66/34 for 10, 18 and 23 %(w/w), respectively. Addition of surfactant to
polymer solution has previously been reported to aid in the electrospinning process
(Kriegel et al.,2009, Peng et al., 2008). The effect of Tweend0® on the electrical
conductivity, surface tension and viscosity of the blend solutions was shown in Table 2.
The apparent viscosities of the CA-EA blends containing Tween40®, at a shear rate of
100 s (Ma,100), decreased slightly to 2.73+0.06, 1.32+0.01 and 1.19+0.09 Pa-s, which
corresponds to the blend 91/9, blend 77/23 and blend 66/34, respectively. Adding
Tween40® considerably lowered the surface tension and electrical conductivity of the
blends, whilst their viscosities were not notably affected. As previously indicated, the
reduction in surface tension of the polymer blend is a key factor in EA-CA blend fiber
formation (Fig. 1). To form fibers, the supplied voltage should be sufficient to overcome
the surface tension at the tip of the Taylor cone to initiate the electrospinning jet. The
entanglement of the polymer solution should thus be high enough to resist the coulombic
repulsive forces (Reneker et al.,, 2000). However, the viscosity of EA was low and
Tween40® should be added to reduce the surface tension of the blends thereby inducing
successful fiber formation. This result agreed well with the study of Peng et al. (2008)
who reported the important role of surfactants in modulating the morphology of
electrospun fibers. The authors stated that poly(L-lactic acid) electrospun fibers with
smaller and more uniform diameters were obtained when certain concentrations of

surfactant were added to the PLLA solutions. Similarly, in a study on the influence of
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surfactant on electrospun fiber morphology of Jung et al. (2005) reported that
morphologies and diameters of poly(vinyl alcohol) electrospun fibers were evidently
affected by types (e.g. anionic, cationic and non-ionic) and concentration of surfactant
added to the polymer solutions. The study revealed that addition of amphoteric surfactants
not only significantly decreased fiber diameters but also created a point-bonded junction
structure of the PVA non-woven fiber mat. Here, the reduction in electrical conductivity
upon addition of the non-ionic surfactant (Tweend40®) to the CA-EA blend might
potentially be explained by binding of surfactant monomers to the backbone of EA
thereby reducing its ability to act as a polyelectrolyte. This possibility was recently
discussed by Khun et al. (1998), Klinkesorn and Namatsila (2009), Mun et al. (2006) and
Trados (2009).

As mentioned previously, the viscosity was not significantly affected by the
addition of surfactant suggesting that the presence of Tween40® might not interfere in
polymer-polymer entanglement processes and instead aided in dispersing polymer
molecules (Klinkesorn and Namatsila, 2009, Tadros, 2009), A similar result was reported
by Kriegel et al. (2009) in that addition of nonionic surfactants had little influence on
solution viscosity of chitosan—PEO blends. In contrast, addition of ionic surfactant may
lead to substantial changes in solution viscosity due to alteration in polymer-surfactant

interaction (Kriegel et al., 2009, Jung et al., 2005).

3.2. Electrospinning of CA-EA blend nanofibers and morphology of the electrospun

blend fibers containing Tween40®

In this study, pure CA and CA-EA blends containing Tween40® were successfully
electrospun at a tip-to-target distance of 15 cm with an applied voltage of 15 kV at a flow
rate of 2.2 mL/h (tip’s inner diameter ~0.69 mm). Fig. 1 shows the SEM micrographs at a
magnification of 5000x that illustrate the morphologies of electrospun products
(fibers/particles). Electrospinning of pure EA solution resulted in deposition of submicron
particles, while electrospinning of pure CA solution yielded nanofibers with an average
diameter of 265+48 nm (Fig. 1A). For the blend 91/9, blend 77/23 and blend 66/34, the
average diameters of their fiber were 242+32, 384454 and 410438 nm (Fig. 1B-D),
respectively. SEM micrographs thus showed that the addition of EA increased the average
diameters and also improved the continuity of the blend fibers. Some surface cracking of

the fibers was also observed. The surfaces of the CA fibers seemed to be generally
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smoother than those of the CA-EA blend fibers. Nevertheless, the smoothness of the
blend fibers increased with increasing concentration of EA (Fig. 1B-D). This could be
because EA potentially accumulated on the surface of the CA—EA blend electrosopun jet.
However, additional experiments using atomic force microscopy or x-ray photon

spectroscopy would be needed to gain an insight into the surface composition of the fibers.

3.3 Compositional analysis of CA-EA electrospun blend nanofiber by Fourier
Transform Infrared Spectroscopy (FTIR) and Differential Thermal
Gravimetry (DTG)

Infrared spectra of nanofibers electrospun from CA and EA indicated that
electrospun fibers were composed of both CA and EA (Fig. 2). FTIR spectra of
electrospun particles of EA had characteristic peaks at about 34.00 and 16.00 m™
indicative of amine and carboxylic acid groups, respectively (Stuart, 2004). Characteristic
peaks for pure CA fibers were located at about 3500 1750, 1250 and 1050 cm™. The
absorption peak at 3500 cm™ can be attributed to the presence of a hydroxyl group, while
the peaks at 1750, 1250 and 1050 cm™ indicated the presence of carbonyl group, ether
group, and —C—O—- bond of —CH,—OH group, respectively (Brandenburg and Seydel,
1996).

Thermal gravimetric analysis of electrospun fibers or particles subjected to a
temperature ramp of between 50 to 700 °C is shown in Fig. 3. Differential analysis of the
TGA data confirmed that electrospun blend fibers were indeed composed of both CA and
EA. Thermal degradation of pure CA electrospun fibers was observed at ~370 "C, while
degradation of pure EA electrospray occurred in the ranges of 170-250 ‘C and 270-350 "C.
The char content at 700 "C for the electrospun pure CA fibers was about 5% while that of
pure EA electrospray was about 15%. The characteristic weight loss revealed an
improvement in the thermal stability of the electrospun blended fibers. Fig. 4 shows the
composition of the composite electrospun fibers as well as that of polymer solution
obtained from deconvolution of the dTGA spectra of Fig. 3 followed by integration of the
peak areas. Electrospun composite fibers produced from solutions of blend 91/9, blend
77/23 and blend 66/34 contained 21.3%, 48.3% and 59.1% of EA, respectively, which was
noticeably higher than the concentration in the electrospinning solution. It is interesting to
note that egg albumen was preferentially electrospun since the proteins has a globular

structure and thus did not readily entangle to form a continuous fiber, as evidenced by the
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fact that pure EA could not be electrospun into fibers. EA like many proteins is surface
active and thus readily accumulates at surfaces and interfaces (Mun et al., 2006, Tadros,
2009). The preferential adsorption of EA at the surface of the to-be-spun solution could
thus be a contributing factor to the increased concentrations of EA found in the fibers. In
addition, preferential accumulation of protein at the surface of the ejected polymer jet

might occur.
4. CONCLUSION

This study demonstrated a successful fabrication of edible electrospun fibrous thin
film. The blend fibers were electrospun from two well-known food biopolymers, CA and
EA. The blend fibers were electrospun from solutions of CA (20 wt% in 85% acetic acid)
and EA (12 wt% in 50% formic acid). Due to the low entanglement and very high surface
tension of the EA solution, nanofibers were unable to form. Unlike CA, the pure CA
nanofibers were electrospun at a condition with a tip-to-target distance of 15 cm, an

applied voltage of 15 kV, and a flow rate of 2.2 mL/h (tip’s inner diameter ~ 0.69 mm).

Initially, the mixing of egg albumen with cellulose acetate did not induce fiber
production, but after addition of Tween40®, a food emulsifier, to the blend electrospun
composite fibers were successfully obtained. Our study highlights that while the use of
food biopolymers in electrospinning may be challenging, variations in solution
composition and addition of surfactant to modulate the solution properties are viable
options to induce electrospinning. While the fibers produced in this study are
fundamentally edible; the high concentrations of the acids that were utilized for
electrospinning process still pose a problem. Ultimately, the fibers would need to undergo
a washing process in order to become a completely acceptable product for use in food and
pharmaceuticals. Since both EA and CA are water soluble, an additional crosslinking step
may be required to prevent the dissolution of fibers during the washing step. Despite
these remaining challenges, edible polysaccharide-protein composite ultrafine fibers could
find applications in food packaging materials contributing to an increased safety and
quality of foods. In the future, the fibers could also be used for the encapsulation of
bioactive compounds and act as a pharmaceutical carrier for controlled release in the

gastrointestinal tract.
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Figure 1

Figure 1. SEM micrographs of the electrospun nanofibers or electrospun particles from

mixed solution of CA (20 wt% in 85% acetic acid) and EA (12 wt% in 50% formic

acid). The micrographs from (A) to (D) were the morphology of (A) pure CA, (B)
blend 91/9, (C) blend 77/23, (D) blend 66/34 and (E) pure EA. The bar scale is 5 um.
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Figure 2
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Figure 2. Infrared spectra of the electrospun fibers of CA, CA-EA blends (i.e, blend 91/9,
blend 77/23 and blend 66/34) and electropsun particles of EA at wave numbers
ranging between 4000-400 cm'.
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Figure 3
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Figure 3. Differential thermo gravimetric curve dm/dT in mg/'C as a function of the oven
temperature (T) for electrospun fibers of CA, CA-EA blends (i.e, blend 91/9, blend
77/23 and blend 66/34) and electropsun particles of EA.
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Figure 4. Comparison of cellulose acetate (CA):egg albumen (EA) composition ratio in

the blend solution and that of blend electrospun fiber.

The shown values were

calculated from the thermogravimetric analysis of the samples; pure CA, blend 91/9,

blend 77/23 and blend 66/34.



Figure Captions

CAPTION OF FIGURES

Figure 1. SEM micrographs of the electrospun nanofibers or electrospun particles from
mixed solution of CA (20 wt% in 85% acetic acid) and EA (12 wt% in 50%
formic acid). The micrographs from (A) to (D) were the morphology of (A)
pure CA, (B) blend 91/9, (C) blend 77/23, (D) blend 66/34 and (E) pure EA.

The bar scale is 5 um.

Figure 2. Infrared spectra of the electrospun fibers of CA, CA-EA blends (i.e, blend
91/9, blend 77/23 and blend 66/34) and electropsun particles of EA at

wave numbers ranging between 4000-400 cm™.

Figure 3. Differential thermo gravimetric curve dm/dT in mg/'C as a function of the
oven temperature (T) for electrospun fibers of CA, CA-EA blends (i.e,
blend 91/9, blend 77/23 and blend 66/34) and electrospun particles of EA.

Figure 4. Comparison of cellulose acetate (CA):egg albumen (EA) composition ratio
in the blend solution and that of blend electrospun fiber. The shown
values were calculated from the thermogravimetric analysis of the

samples; pure CA, blend 91/9, blend 77/23 and blend 66/34.



Table 1

1 Table 1. Preparation step and blending ratios of CA-EA blend electrospun solutions;

2 blend 91/9, blend 77/23 and blend 66/34
Preparation step of Components
. ) CA powder 200 ¢
Stock solution of CA; stock CA 85% acetic acid 800 g
. . EA powder 12.0 g
Stock solution of EA; stock EA 50% formic acid 88.0 o

CA-EA blending solutions Stock solution blending volume ratio

CA:EA
Samples ngoél}l]:rll‘zio Total polymer Stock CA (g)/stock EA (g)/Tween40%(g)
(CA:EA) conc. (% w/w)
Pure CA 100:0 20.0 20.00/-/-
Blend 91/9 91:9 19.25 3.64/0.36/0.40
Blend 77/23 77:23 18.25 3.08/0.92/0.72
Blend 66/34 66:34 17.25 2.64/1.36/0.92
Pure EA 0:100 12.00 -/ 20.00/-
3 (The concentrations of stock solution were prepared as obtained from the study result
4 reported in topic#3.1)
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

21



Table 2

1 Table 2. Solution properties of the polymer blends with no Tween40® added for electrospinnig.

Percentage  Apparent Power law Power law Surface Electrical
ratio viscosity consistency flow-behavior tension conductivity
(CA:EA)  mai00 (Pas)  coefficient (K) index (n) (mN/m) (mS/cm)
100:0 3.10+£0.07 4.33+0.20 0.93+0.01 29.68+0.06 0.02:+0.00
91:9 2.8+0.02 5.43+0.12 0.92+0.01 30.44+0.03 0.17+0.00
77:23 1.48+0.04 5.63+0.04 0.83+0.02 31.25+0.10 0.69+0.00
66:34 1.36+0.04 5.42+0.11 0.79+0.01 32.03+0.10 1.05+0.00
0:100 0.37+0.04 6.85+0.37 0.37+0.02 34.28+0.06 5.75+0.01




Table 3

1 Table 3. Solution properties of the polymer blends with Tween40® added for electrospinning.

Percentage  Apparent Power law Power law Surface Electrical
ratio viscosity consistency flow-behavior tension conductivity

(CA:EA)  mai00 (Pas)  coefficient (K) index (n) (mN/m) (mS/cm)

91:9 2.73+0.06 5.42+0.23 0.85+0.01 28.69+0.02 0.14+0.01

77:23 1.32+0.01 5.81+0.17 0.68+0.01 29.16+0.05 0.42+0.00

66:34 1.19+0.09 3.51+£0.26 0.77+0.01 29.28+0.05 0.73£0.01
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