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# # 5876113033 : MAJOR INDUSTRIAL PHARMACY
KEYWORD: SACCHARIDE FIBER, SUCROSE, TREHALOSE, SACCHARIDE-SUCROSE INTERACTION, CENTRIFUGAL SPINNING,
GLASS TRANSITION TEMPERATURE
Pattama Donghuntong
PREPARATION AND STABILIZATION OF SACCHARIDE FIBER PRODUCED BY CENTRIFUGAL SPINNING.  Advisor: ~ Wanchai
Chongcharoen, Ph.D. Co-advisor: Narueporn Sutanthavibul, Ph.D.

The objectives of this study were to prepare saccharide fiber via centrifugal spinning and further investigate its
stability under stress condition. Different saccharides were chosen and spun via centrifugal force to form thread like matter. The
results indicated that sucrose (SC) and trehalose (TH) could be fabricated as fiber whereas other saccharides were not able to form.
The formation of fiber mainly involved with glass transition temperature (T,), molten ability including stability of saccharide after
melting. High T, saccharides were a good candidate on fiber preparation. Homogeneous melting with appreciable stability was
another factor affecting on fiber preparation. Decomposing after melting of some saccharides was prone to unsuccessful fiber
formation. Three main factors regarding to the stability of fiber produced were T,, amorphous content and defect on the surface. T,
of both SC and TH fiber were found to be 58.13 and 60.10 °C that were higher than room temperature. They should be thus stable
due to high T, or glassy state. However, their fiber structure collapsed within hour time of scale. It was due to amorphous nature
with surface defect. SC fiber was amorphous with rougher surface compared to TH fiber. Thus, TH fiber was more stable than SC

fiber.

In order to improve the stability of fiber, blending of different saccharides was proposed due to the ability for
changing T,. In this study, SC was selected as the main saccharide. TH was then incorporated before fiber fabricating. Monitoring of
the T, of mixture (T, () showed the non-linear relationship between T, .,y and the amount of TH added. Low weight fraction of TH
showed plasticization while higher weight fraction (>0.5) TH provided antiplasticization. All T, () observed were lower or close to
ambient temperature that impacted on the collapsible of fiber structure. In addition, they existed as amorphous with smoother
surface. Therefore, T, and amorphous were the significance factors on the stability of fiber produced from the mixture of SC&TH.
Nevertheless, not only the scanning of fiber morphology with scanning microscope but the smoothness of surface was also assessed
with moisture sorption profile. The result showed that the SC&TH fiber took longer time of moisture sorption or known as “transition
time” including longer recrystallization time when increasing the weight ratio of TH. It could be concluded that longer of transition
and recrystallization time meant to the smoother surface or less defect of fiber. Therefore, TH could improve the stability of SC fiber

via the formation of less surface defect fiber more than the adjustment of T, or the increasing of crystallinity.

In conclusion, SC fiber was more stable by the incorporation of TH. However, the physical stability of TH spinning
fiber sound to be better compared to SC&TH fibers. Thus, TH should be selected as saccharide base for centrifugal spinning fiber.

The further study of the effect of crystallization enhancer or modifier on TH fiber formation was recommended.
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Co-advisor's Signature ........ccccoeeevence



ACKNOWLEDGEMENTS

| would like to express my deep gratitude to Dr. Wanchai Chongcharoen, my
research  advisor for invaluable advice, enthusiastic encouragement and useful
critiques of this research work. | would also like to thank my thesis co-advisor Dr.
Narueporn Sutanthavibul who supported me by keeping my progress on schedule. This
research was contributed by the Chulalongkorn University Drugs and Health Product
Innovation Production Promotion Center. | am also thank the Scientific and
Technological Research Equipment Centre. | am thankful to Nagase (Thailand) Co.,LTD.
for supporting the TREHA® (trehalose dihydrate).] am so grateful to Pharmaceutical
division, Health department, Bangkok Metropolitan Authority. | am also deeply thankful
Mrs.  Sriwimol Chuengsatiansup, my director of Pharmaceutical division, Health
department and Mr. Teerapol Chieuroongroj, my supervisor of production
pharmaceutical for giving me the opportunity to earn an up to date knowledge for
improving my role and responsibility.

Finally, | would like to thank my colleagues, scientists and staff in the
Department of Pharmaceutics and Industrial Pharmacy, Faculty of Pharmaceutical

Sciences, Chulalongkorn University for their assistance and support on this thesis.

Pattama Donghuntong



TABLE OF CONTENTS

ABSTRACT (THAID et iii
ABSTRACT (ENGLISH) ..t iv
ACKNOWLEDGEMENTS ..ottt v
TABLE OF CONTENTS L.ttt vi
LIST OF FIGURES ..ottt ettt a ettt s s st e s sensesenenas iX
LIST OF TABLES ..ottt a et s et s et s et bene s enenes XV
LIST OF ABBREVIATIONS ...ttt XVii
CHAPTER Lcetrercreerevcneereestoesihooi o e ok ie5ode M seeracsetsensaesessensaesessensassessensacsessensacaees 1
INTRODUCTION ...ttt sttt sttt ettt ekt ese et e eb e s enseseebeebenseseaseeseseneeseeseasensaneas 1
(0] 0]=To1 ) Y/=F-JOUORRUURURURUUVTIPRNRORIND A0 s 00 v (TS SOUUTTTT OSSO U U OO OO OO UOORUUVYYYON 2
CHAPTER et OB v etresnensntearmcnseseanacsen st e recseesensussessensussessensusssssensussessensacanes 3
LITERATURE REVIEW ...t ettt ettt st eenea 3
CHAPTER I ettt DA AN NN ANEINAEL 18
MATERIALS AND METHODS ...ttt 18
IMAEETIALS .ttt 18
EQUIPIMENTS .. 18
METNOAS ..ttt 20

1. Preparation of saccharide fiber using centrifugal spinner .........cccccccevee. 20

2. Characterization of saccharide fier ..., 21

2.2 Solid state characterization of saccharide fiber..........cccoccue.. 22

2.2.1 X-ray powder diffraction (XRPD) .....c.cccccvvereureuniunn. 22



Vii

2.2.2 Thermal @analysis ... 22

Differential Scanning Calorimetric (DSQ)......... 22

Thermogravimetric analysis (TGA) ........ccco...... 22

3. Molecular interaction among the component of saccharide fiber............ 22

4. Stability investigation of saccharide fiber ..o, 23

4.1 Volume reduction of saccharide fiber........cccooovvvvnnniniiiinns 23

4.2 Moisture sorption Profile ........cceeeeerirseseseeee 23

CHAPTER IV ekttt 25
RESULTS AND DISCUSSIONS ...ttt 25
Preparation of saccharide fIDEr ......c...oiuiciieie s 25

1. Monocomponent saccharide fIDer ..o 25

2. Binary component saccharide fiber........cccoovviiiiiiceeeee e, 33

3. Effect of the amount of trehalose dihydrate on the glass transition

temperature of spinning sucrose mixture fiber..........ccccvievnicnninccin. a1
CHAPTER V ..o JIl o omsrreeemesmrereetrmmmeesc o Bl oot neeesecseneaenens 63
CONCLUSIONS............. . B W 1IN LA bIo WL L dWIEL AONE) e, 63
REFERENCES ... 65
APPENDICES. ...ttt 74
APPENAIX Lottt 75

Glass transition temperature (T,) of sucrose fiber containing different saccharides at

WEIGHE a0 OF LiL .o 75
APPENAIX 2 1.ttt 76

Calculated and experimental T,y Of sucrose fiber containing trehalose dihydrate

at different Weight ratios .......ccoeieeeii s 76

APPENAIX 3 1.ttt 82



viii

Moisture sorption profile of amorphous sucrose fiber containing trehalose
dihydrate at different weight ratios under storage condition of 30+2 °C and

T525% RH. oot 82
APPENTIX G .ottt 87

Moisture sorption profile of amorphous sucrose fiber containing trehalose
dihydrate at different weight ratios under storage condition of 40+2 °C and
5590 RH. .ottt ettt 87

APPENTIX 5 1ttt ee 93

Polarized light photomicrograph of amorphous sucrose fiber containing trehalose

dihydrate at different weight ratios before and after recrystallization................ 93



LIST OF FIGURES

Figure 1 The classification of solid diSPErSiONS........cccoieuririicrriiceee e 3
Figure 2 Compartmental of centrifugal spinning equipmMent ... 7

Figure 3 The physical appearance of sucrose derived cotton candy produced by

centrifugal spinning under different storage conditions..........cccoovvviriririiiccccce e 8

Figure 4 X-ray powder diffraction pattern of sucrose derived cotton candy under

temperature of 23°C and 0% RH ... 8

Figure 5 X-ray diffraction pattern of sucrose cotton candy under temperature of 23°C

AN B0 RH et e e e e e e e e e e e e e e e e eee e e e e e eaeeeee e eeae e 9

Figure 6 X-ray diffraction pattern of sucrose cotton candy under temperature of 23°C

and 75% RH ..o om0 0 N ettt et 10

Figure 7 DSC thermograms of freeze dry amorphous sucrose-trehalose mixtures

containing various percentage of trehalose.........cccoieieieeecicineee e 12

Figure 8 X-ray diffraction pattern of an amorphous pure sucrose cotton candy

mixture storage at 33% RH and 25°C ..o 14

Figure 9 X-ray diffraction pattern of an amorphous 75% sucrose with 25% trehalose

cotton candy after storage at 23% RH and 25°C ..o 15
Figure 10 Zone of moisture sorption iISOtherm ... 17

Figure 11 Determination apparatus of the relatively change in volume reduction and

height of saCCharide fIDET.......cocoiii e 23

Figure 12 Moisture sorption profile and determination of transition and

recrystallization time of saccharide fiDEr........ccciiieieieiiecc e, 24

Figure 13 Physical appearance of saccharide fiber produced from different saccharide

GIOUDS .ttt ettt ettt et ettt eb etttk s bttt s ekt b ettt s ekt s bbbkttt n b e 27

Figure 14 DSC thermogram of sucrose fiber and trehalose anhydrous fiber................ 30



Figure 15 X-ray powder diffraction of (A) crystalline sucrose, (B) fiber produced from
sucrose, (C)crystalline trehalose dihydrate and (D) fiber produced from trehalose

AINYATAEE 1ttt 30

Figure 16 ATR-FTIR spectra of crystalline sucrose (upper line) and sucrose fiber (lower

Figure 17 ATR-FTIR spectra of crystalline trehalose dihydrate (upper line) and

trehalose (@anhydrous) filber (LOWEr lINE) ......ovcvvieieeeeiicee e 32

Figure 18 Physical appearance of the sucrose fiber during storage at temperature of

3042 OC, T5£5% RH OVEI LM e 33

Figure 19 Physical appearance of the trehalose dihydrate fiber during storage at
temperature of 30+£2°C, 75£5%RH Over tiMe ..o 33

Figure 20 Physical appearance (left panel) and Scanning electron photomicrograph
(right panel) of sucrose fiber containing saccharides at weight ratio of 1:1. ((A) sucrose
without any saccharides, (B) sucrose containing D-fructose, (C) sucrose containing D-
glucose, (D) sucrose containing D-mannitol, (E) sucrose containing lactose anhydrous

and (F) sucrose containing trehalose dinydrate).........ccovvveveveviveceeieeeeeee e 36
Figure 21 DSC thermogram of storage sucrose fiber at ambient ... 37

Figure 22 X-ray powder diffractogram of sucrose fiber containing different type of
saccharides at weight ratio 1:1 (A - pure sucrose, B - sucrose and D-mannitol,
C- sucrose and D-fructose, D — sucrose and D-glucose, E — sucrose and trehalose

dihydrate, F — sucrose and lactose anhydrous) ..........cccceeeeveeeceeveveceeeeeee e 37

Figure 23 Estimated volume reduction of saccharide fiber upon storage at 30+2°C,
75+5% RH. (A) sucrose, (B) mixture of sucrose and trehalose dihydrate at 1:1 weight

ratio and (C) trehalose anNYArOUS .......ccveveveiiiiieieiieeeeee e 40

Figure 24 Glass transition temperature of sucrose fiber containing trehalose dihydrate
[Tq (mi] at various weight ratio: (dash line) T, (i calculated from simple GT equation,

(solid line) Tg (mix from experiment results ..., a1



Xi

Figure 25 Physical appearance of sucrose fiber containing trehalose dihydrate at
different weight ratios (A) 100.0:0, (B) 87.5:12.5, (C) 75.0:25.0, (D) 62.5:37.5, (E)
50.0:50.0, (F) 37.5:62.5, (G) 25.0:75.0, (H) 12.5:87.5, and (I) 0:100.0 .......cccovrvererrirrrerernnen. 42

Figure 26 Scanning electron photomicrograph of sucrose fiber containing trehalose
dihydrate at different weight ratios (A) 100.0:0, (B) 87.5:12.5, (O) 75.0:25.0, (D)
62.5:37.5, (E) 50.0:50.0, (F) 37.5:62.5, (G) 25.0:75.0, (H) 12.5:87.5, and (1) 0:100.0.......... 43

Figure 27 X-ray diffractograms of sucrose fiber containing trehalose dihydrate at
different weight ratios (A) 100.0:0, (B) 87.5:12.5, (C) 75.0:25.0, (D) 62.5:37.5, (E)
50.0:50.0, (F) 37.5:62.5, (G) 25.0:75.0, (H) 12.5:87.5, and (1) 0:100.0 .....ccovvvvrrrvrreirrirnene. a4

Figure 28 DSC and TGA thermograms of trehalose anhydrous fiber..........ccoovveneenen. a7

Figure 29 ATR-FTIR spectra of (A) crystalline sucrose, (B) crystalline trehalose
dihydrate, (C) physical mixture of crystalline sucrose and crystalline trehalose
dihydrate (25.0:75.0 by weight), and (D) sucrose fiber containing trehalose dihydrate
(25.0:75.0 DY WEIGHE) w.vveeereieeeeie et eesees s ieseee e eeeeeeeesee s eeeseeeee e eeeereeeee 49

Figure 30 ATR-FTIR spectra of sucrose fiber containing trehalose dihydrate at
different weight ratios (A) 100.0:0, (B) 75.0:25.0, (C) 50.0:50.0, (D) 25.0:75.0, and (E)
0:100.0 et et et et et et es s QT e s ersnbesesarentatasasenbtasasenbtasanenenasasen 50

Figure 31 Moisture sorption profile of amorphous sucrose fiber under storage
condition of 30+2°C and 75+5% RH. (A — the transition time of amorphous glassy to
rubbery state, B - the recrystallization tiMe) ..o 55

Figure 32 The transition time of sucrose fiber containing trehalose dihydrate at

different weight ratios under storage condition at temperature of 30+2 °C and 75+5%

Figure 33 The recrystallization time of sucrose fiber containing trehalose dihydrate at

different ratios under storage condition at temperature of 30+2 °C and 75+5% RH.. 58

Figure 34 Photomicrographs of sucrose fiber containing trehalose dihydrate at weight

ratio 75:25 at initial and after recrystallization (40*10 X).....ccooerirrirnierieeeees 59



Xii

Figure 35 Time period between “The transition time” and “The recrystallization

time” (AT) as a function of weight ratios of sucrose fiber containing trehalose

INYATGEE <ottt eeee 60

Figure 36 The transition time of sucrose fiber containing trehalose dihydrate at

different ratios under storage condition at temperature of 40+2 °C and 75+5% RH..61

Figure 37 The recrystallization time sucrose fiber containing trehalose dihydrate at

different ratios under storage condition at temperature of 40+2 °C and 75+5% RH.. 62

Figure 38 DSC thermograms of sucrose fiber containing the lower T, saccharides at

WEIGNT TATIO OF L1l s 75

Figure 39 DSC thermogram of sucrose fiber containing the higher T, saccharide

groups at Weight ratio O 1il .o 75

Figure 40 DSC thermograms of sucrose fiber containing trehalose dihydrate at weight

FATIO OF  L00.0 1 0 ettt ettt ettt ettt et ettt et e e eee e 77

Figure 41 DSC thermograms of sucrose fiber containing trehalose dihydrate at weight

FAEIO OF 87,5 1 12,5 oottt ee ettt et eae et et es e et et e s eeae et eeeeeaenaen 77

Figure 42 DSC thermograms of sucrose fiber containing trehalose dihydrate at weight

FAEIO OF 75,0 1 250 ettt et et ettt ettt ettt 78

Figure 43 DSC thermograms of sucrose fiber containing trehalose dihydrate at weight

FAEIO OF 62,5 1 BT 5 oottt ettt et ettt et et e et et ea et eeaenaen 78

Figure 44 DSC thermograms of sucrose fiber containing trehalose dihydrate at weight

FATIO OF 50.0 1 500 oottt et ettt et ettt ettt 79

Figure 45 DSC thermograms of sucrose fiber containing trehalose dihydrate at weight

FAEIO OF B7.5 1 62,5 e ettt et ettt ettt e e et e e e e et et eeaenaen 79

Figure 46 DSC thermograms of sucrose fiber containing trehalose dihydrate at weight

FATIO OF 25,0 1 7 5.0 ettt ettt et et ettt ettt e 80

Figure 47 DSC thermograms of sucrose fiber containing trehalose dihydrate at weight

FAEI0 OF 12,5 1 8.5 oo et ettt ettt et et eae et et naen 80



Xii

Figure 48 DSC thermograms of sucrose fiber containing trehalose dihydrate at weight

FAtio OF 0 1 100.01 ettt 81
Figure 49 Moisture sorption profile of amorphous saccharide sucrose fiber................ 82

Figure 50 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 87.5: 12.5 ..o 82

Figure 51 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 75.0 1 25.0 oo 83

Figure 52 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 62.5 1 37.5 ..o 83

Figure 53 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 50.0 : 50.0 ...c.coiiiiiiiiie 84

Figure 54 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 37.5 : 62.5 ..o 84

Figure 55 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 25.0 1 75.0 ..o 85

Figure 56 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 12.5: 87.5 ..o 85

Figure 57 Moisture sorption profile of amorphous saccharide trehalose dihydrate

Figure 58 Moisture sorption profile of amorphous saccharide sucrose fiber................ 88

Figure 59 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 87.5 : 12.5 ..o 88

Figure 60 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 75.0 1 25.0 oo 89

Figure 61 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 62.5 1 37.5 ..o 89



Xiv

Figure 62 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 50.0 : 50.0 .....cooiiiieieiiieicecieeeeea 90

Figure 63 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 37.5: 62.5 ..o 90

Figure 64 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 25.0 1 75.0 oo 91

Figure 65 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 12.5 1 87.5 .o 91

Figure 66 Moisture sorption profile of amorphous saccharide trehalose dihydrate

Figure 67 Photomicrographs of sucrose fiber containing trehalose dihydrate at

different weight ratios (A)-(100.0:0), (B)-(87.5:12.5) (40*10 X)...c.covevrverrrerriererereieieiennne. 93

Figure 68 Photomicrographs of sucrose fiber containing trehalose dihydrate at

different weight ratios (A)<(75.0:25.0), (B)-(62.5:37.5) (40%10 X)...ocevvverrreiieieieieieieinee. 94

Figure 69 Photomicrographs of sucrose fiber containing trehalose dihydrate at

different weight ratios (A)<(50.0:50.0), (B)-(37.5:62.5) (40%10 X)....cecevvevrrerrrerrrereerrienane. 95

Figure 70 Photomicrographs of sucrose fiber containing trehalose dihydrate at

different weight ratios (A)-(25.0:75.0), (B)-(12.5:87.5) (40%10 X)...oevrveirveiiieieieieieieinee. 96

Figure 71 Photomicrographs of sucrose fiber containing trehalose dihydrate at

different weight ratios (0:100.0) (trehalose dihydrate fiber) (40%10 X)....cccocovvvrvivireerinne. 97



XV

LIST OF TABLES

Table 1 Fast dissolving product currently marketing........cccooieeniciinieencccc, 6

Table 2 Average onset of sucrose recrystallization time of sucrose fiber containing

APIs stored under 11, 33, 53, and 75% RH @t 25 °Co...oooeioiieeeeeee e 10

Table 3 Glass transition temperature (onset and endpoint) of pure sucrose cotton

candy and sucrose cotton candy containing 5% raffinose as a function of %RH ........ 13

Table 4 Time to crystallize for sucrose-trehalose cotton candy samples stored at

different relative NUMIAITY ...c.oiiiiic e 15

Table 5 Unit of control heating temperature and heating temperature using Infrared

TNEIMOMETE .. et N R Gee e eecnemreeacnensesenraessasenraensasensacssasesacs 20
Table 6 Melting temperature of saccharide...........cccceiirrrrnii e 21
Table 7 Amorphous glass transition temperature of selected saccharides.................. 28

Table 8 The calculated and experimental T, () Of sucrose fiber containing different

saccharides at weight ratio Of 1:l. e 38

Table 9 Physical stability of sucrose fiber containing trehalose dihydrate with
different weight ratios under storage temperature of 30+2 °C and 75+5% RH............. a5

Table 10 Physical stability of sucrose fiber containing trehalose dihydrate at different
weight ratios under storage temperature of 40+2 °C and 75+5% RH......cccovvvviiiininnes 52

Table 11 Physical stability of sucrose fiber containing trehalose dihydrate at different
weight ratios under storage temperature of 2-8°C and 75£5% RH ......ccccoovivivicnnnnes 53

Table 12 The transition time and the recrystallization time of sucrose/trehalose
dihydrate fiber at various weight ratios under exposing temperature of 30+2 °C and

T5E590 RH ettt 56

Table 13 Calculated and experimental T, (1 Of sucrose fiber containing trehalose

dihydrate at different Weight ratios ..o 76



XVi

Table 14 The transition time and the recrystallization time of sucrose/trehalose
dihydrate fiber with various weight ratios under exposing temperature of 40+2°C and

T5EE590 RH oottt ettt 87



AP

BCS

XRPD

DSC

GT equation
TGA

IE

T (mix

°C

%

RH

min

Hr

um

ms

S

0

ie.

w/W

et al.
TREHA® | TD
TH

SC
ATR-FTIR

XVii

LIST OF ABBREVIATIONS

Active Pharmaceutical Ingredient
Biopharmaceutical Classification System
X-ray powder diffractrometry
Differential Scanning Calorimetry
Gordon-Taylor equation
Thermogravimetric Analysis

glass transition temperature

glass transition temperature of the mixture
degree Celsius (centigrade)

percentage

Relative Humidity

minute (s)

hour (s)

micrometre (s)

milligram (s)

gram (s)

theta angle

that is

weight by weight

et al, and others

trehalose dihydrate

trehalose

sucrose

Attenuated Total Reflection-Fourier Transform

Infrared Spectroscop



CHAPTER |

INTRODUCTION

The major problem of BCS class Il and IV APl is poorly water soluble
characters (1). It should be then possibly overcome by solid dispersion that is one of
the most promising current techniques. The higher solubility of poorly water-soluble
drugs obtained from solid dispersion approach resulting in higher dissolution and
finally increasing their oral bioavailability (2, 3). The principle of solid dispersion is
theoretically described that API is thoroughly dispersed in solid carrier. Method of
preparation of solid dispersion involves the utilization of either solvent or melting.
For solvent-assisted method, APl and carriers are blended together with aid of
solvent of interested. When the mixture is dissolved homogeneously, it is then
converted to the solid form by removing the solvent. High volume of solvent usage
with more time of removing is the disadvantages of this method (4). If the organic
solvent is used, eco-friendly issue is critically concerned. Hence, solvent free method
is seemed to be a good candidate of solid dispersion preparation.

Melting of saccharide carrier with dispersed API is classified as a solvent free
method of solid dispersion preparation. Not only it provides the solid dispersion
product, it can further generated in various forms such as powders, granules or fiber.
In general, solid dispersion in the form of fiber offers more benefit than those of
powders or granule. Solid dispersion as fiber form can be manufactured by several
method. One of the popular methods is centrifugal spinning. It provides a high
production rate and simple equipment setup. (4, 5). Briefly, such method of
preparation involves the melting of APl and solid carrier before gaining molten
mixture. It is then spun by centrifugal force to form a small continues filament
pattern. The molten liquid is then exposed with outside air temperature and
solidified as fiber. It has a high surface area and may be porous. This is the reason
why it can improve the dissolution of poorly aqueous soluble API.

Currently, the substance that is used as the solid dispersion carrier is

polyethylene glycols, polyvinylpyrrolidone, hydroxylmethyl propyl cellulose,



cellulose derivative, polyvinyl alcohol, poloxamers, urea and saccharide (6-9).
Saccharide is one of most interesting carrier. It is due to the fact that it is easily
available with reasonable price including widely utilization in the pharmaceutical
industries. Moreover, there was a patent in the name of “flash dose technology” or
“flash heat technology” by Fluisz in 1989 which related to the making solid
dispersion using sugar as a carrier by spinning process (10-12). The saccharide fiber
produced had a high surface area and porosity with amorphous solid state structure.
Thus, it could enhance the water solubility of API dispersed. However, major
disadvantage of saccharide fiber was related to the thermodynamic instability. It
changed from glassy to rubbery amorphous solid state structure under exposing to
high temperature and humidity. It was due to the moisture that acts as plasticizer.
Moreover, surface defect was obviously occurred and had a direct effected on the
moisture uptake. Hence, such fiber should be kept in tight and moisture-resistant
container and stored at low temperature (below T,). The problem solvings of the
unstable saccharide fiber were offered differently. Optimizing T, by adding other high

T, saccharide was then proposed. The blending of multicomponent to form

g
homogeneous mixture yielded the new material with new T, (T, (). Hence, the
adjustment of T, may improve stability of the fiber when exposing to high

temperature and humidity.
Objectives

1. To prepare saccharide fiber produced by centrifugal spinning technique that would
provide a better physical and physicochemical stability when exposed to high
temperature and humidity.

2. To study the effect of saccharides on the physical and physicochemical property

of saccharide fiber produced from sucrose.



CHAPTER Il
LITERATURE REVIEW

Solid dispersion is a technique that can increase the solubility of poorly
soluble drug. The principle of solid dispersion is regarding to the dispersion of API
evenly in solid carrier. The characteristic of carrier used impacts on the performance
of an improving solubility. In general, hydrophilic carrier can enhance the dissolution
and bioavailability of poorly aqueous soluble drug. The advantages of solid
dispersion are demonstrated as follows:

1. due to high surface area, it will rise the water solubility of low water
solubility drug molecule (13)

2. increase wettability of poorly water soluble drug molecule (1, 14)

3. high porosity, resulting in an increasing of dissolution rate of drug molecule (2)

4. enhance water solubility of drug molecule via amorphization (1, 2). Poorly
aqueous soluble drug molecule is mostly crystalline state but it becomes more
soluble when amorphous state is developed.

Solid dispersion is commonly classified as three generations. The 1™ generation of
crystalline carriers, the " generation of polymeric carriers (amorphous carriers) and

the 3° generation of the mixture of surfactants and polymers (Figure 1).

Solid dispersions

First generation Second generation Third generation

Crystalline carriers Polymeric carriers

and polymers

Mixture of pofymers}—

Figure 1 The classification of solid dispersions

Mixture of surfactants __{ Surfactants




For the first generation, solid dispersion uses crystalline carrier. Thus, the
drug molecule embedded in crystalline carrier is not released as quickly as
amorphous  carrier. However, crystalline carrier will provide the higher
thermodynamic stability of solid dispersion produced. Amorphous carrier or
polymeric carrier in the second generation is working on the improving of the
wettability and solubility of drug molecule. In the third generation, surfactant or a
mixture of amorphous polymers and surfactants are utilized as carriers. This
generation of solid dispersion can be accomplished with an increasing of the
solubility, wettability and also gaining superior oral biocavailability of poorly soluble
drug. Furthermore, It can control the drug release of poorly soluble drug (2, 14, 15).

When considering the type of carrier, one of the most promising carriers is
goes to saccharide. It has been positioned as carrier in both first generation and
second generation. It can be used as both crystalline and amorphous carrier.
Advantage of saccharide carrier is shown herein after:

1. It contains or enriches with hydroxyl group in molecular structure, so it
will give raises the high solubility of poorly aqueous soluble drug via the formation of
hydrogen bonding or hydration (16).

2. It can give the high surface area of drug molecule and yield an
improvement of wettability of poorly aqueous soluble drug (13, 16-18).

3. It can protect the self-agglomeration of drug molecule in solid dispersion
during storage from steric hindrance effect (19).

In term of the usage of saccharide carrier, how to use the saccharide carrier
in solid dispersion is mentioned. It can generally be categorized as two approaches
solvent-assisted and non-solvent approach. Solvent-assisted method should include
solvent evaporation, spray drying, freeze drying or lyophilization (7, 8, 20).
Meanwhile, solvent free method covers hot melt extrusion, fusion, kneading, roll
mixing and melting method (6, 21-24). Preparation of solid dispersion with saccharide
carrier by solvent methods has several disadvantages. It needs high volume of
organic or non-organic solvent in the manufacturing process and later the wasting of
the time of removing. It is non-friendly with an environment (25). Thus, solvent free

method becomes more interesting. Moreover, saccharide carrier with solvent free



method can be generated in various forms such as powders, granules, thread-like or
networking of fiber.

In general, fiber can be manufactured by several preparation methods such
as melt blowing, bi-component fiber spinning, phase separation, template synthesis,
self-assembly including electrospinning. Among these methods, electrospinning is the
most common method and has a wide variety of applications i.e. fabricating
nanofiber, and tissue engineering. Nanofiber producing by electrospinning can control
the release and delivery of several drugs such as antibiotic, anticancer, antimicrobial,
anti-inflammatory, anti-histamine, gastrointestinal including macromolecule(26).
Nanofiber of diclofenac sodium in Eudragit® polymer was developed and could
control the drug release over time at small intestine (27). However, the disadvantage
of electrospinning is still questionable. Such system need to put the voltage during
manufacture to produce the continuous fiber from the different of electrical
potential. In addition, it provides a low production rate and forms a fiber with only
charged material. Thus, centrifugal spinning method is an alternative choice that has
several advantages over electrospinning method. It can generate the nanofiber
applied with organic materials, polymers including inorganic carbon. The production
machine can be easily installed and provides high production rate. Furthermore, it
takes a short time of production. As a result of short production time period, the
material has less potential on the decomposition under the high temperature in
process of manufacturing (4, 5).

Saccharide fiber produced by centrifugal spinning process has long been
developed and manufactured. In the past, it was prepared as sweets that also known
as “cotton candy” or “fairly floss”. The process of making drug loaded spinning fiber
had been patented in the name of “Flash heat technology” or “Flash dose
technology”. It used the principle of the making of partial recrystallization of
saccharide carrier and later milling as powders or granules. It was then mixed with
active substances before compress as a tablet. This techniques could be further
applied for the preparation of fast dissolving system (11, 12). Above system was
suitable for several patients who had suffered from the difficulty of swallowing

medicine such as unconscious, pediatric, elderly including schizophrenic patients. It



was due to the good ability of rapid disintegrating with small amount of liquid and
later easily dissolved in oral cavity. Currently, there are the marketed product of fast
dissolving system with Flash heat technology such as Paroxetine FD (Table 1) (28).
Preparation of centrifugal spinning saccharide fiber uses the principle of the
dispersion of APl in the molten saccharides before spinning and congealing as a solid
material. The molten mixture of APl and carrier solidify as a high porous fiber when
upon contact with environmental condition. Furthermore, it has high surface area

with amorphous structure of both API and carrier. Thus, it can increase the solubility

of poorly water soluble API effectively.

Table 1 Fast dissolving product currently marketing (28)

Technology
Drug Products Active Ingredient Indication Company Technology  Company
Claritin RediTuabs Lomatadine Allergy Schering-Plough
Clarinex RediTabs Desloratadine Allergy Schering-Plough
Dimetapp Brompheniramine., Cold, allergy Wyeth
phenylpropanolymin
Feldene Melt Piroxicam NSAID, pain Plizer
Imodium Lingual Loperamide Antidiarrhea 18
Innovace Melt Enalapril maleate Hypertension Merck . S .
Maxalt-MLT Rizatriptan benzoate Migraine Merck Zydis Cardinal Health
Motilium Domperidone maleate Motion sickness 18
Pepeid RPD Famotidine Antiuleer Merck
Scresta Expidet Oxazepam Tranguilizer Wyeth
Zofran ODT Undansctron Nausea GSK
(cancer chemo induced)
Zyprexa VeloTab® Olanzapine Antipsychotic El Lilly
Seglor Lyoc Dihydmergotaminge Migraine Sanofi Lyoc Cephalon
mesylate
FPropulsid QuickSoly Cisapride monohydrate Gastrocsophageal reflux Janssen (J&T)
discasc C e
Risperdal M-TAB/ Risperidone Schizophrenia, Janssen (J&J) QuickSalv  Janssea {J&T)
Quicklet bipolar manmia
Fuzaleo Clozapinge Schizophrenia Alumo
Remeron SolTab Mirtazapine Antidepressant Organon, Solvay OraSoly
Tempra® Qicklets/ Acetaminophen Analgesic BMS -
FirsTubs Cima (Cephalon)
Alavert Lomtadine Allergy Wyeth
Nulev Hyoscyamine sulfate Irritable bowel Schwarz Pharma DuraSolv
Zomig ZMT Zolmitriptan Antimigraine AstraZeneca
Benadryl Fastmelt Diphenhydramine Allergy. cold, sinus Johnson & Johnson  WOW Tab Yamanouchi
pseudoephedrine (Astellas)
Paroxetine FID Fluoxetine Depression, obsessive Biovail
compulsive disorder Flashdose Biovail
Zolpidem FID Zolpidem tartrate Insomnia Biovail
Excedrin Quicktabs Acctaminophen, caffeine Pain BMS
Febreetol & DolFlash  Acetaminophen Pain, antipyretic Ethypharm FlashTab Ethypharm
Prevacid SoluTab Lansoprazole Duodenal uleer TAP

The preparation of saccharide spinning fiber has two major concerning factors
of centrifugal spinning equipment and the type of saccharide used as a carrier.
For spinning equipment, It consists of aluminium spinneret which generates
axial centrifugal spinning force, heating element that supplies heat in order to
achieve the high temperature for melting, and the collector that is used as collecting

or harvesting compartment. In general, the spinning process is carried out by initial



pouring material used into spinneret head. Next, it will be heated until homogeneous
mixture was developed. The molten liquid in spinneret is then transferred or
delivered through small orifice as a streamline of molten material. Solidification is
subsequently occurred after the streamline contact with air and yields the high
porous amorphous fiber. The final product is collected via the rolling of the wood
stick over the harvesting compartment. The centrifugal spinning velocity is

approximately set up at around 2,000-13,000 rpm (Figure 2) (29-31).
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Figure 2 Compartmental of centrifugal spinning equipment (4)

When considering the type of saccharide chosen as a carrier in the
preparation of saccharide fiber, it can be monosaccharide, disaccharide,
polysaccharide and sugar alcohol etc. Sucrose is the most common material for
preparing spinning fiber as cotton candy from the past to present (Figure 3). It is an
interesting saccharide because of easy to find and inexpensive price. It consists of
glucose and fructose that are linked together via glycosidic bond. Sucrose spinning
fiber was found to be amorphous nature that was seen from halo X-ray diffraction
pattern without any Bragg’s respond peaks (Figure 4). It was also appeared in glassy
solid state structure. Hence, it could increase the dissolution of poorly aqueous
soluble API. Developing of sucrose carrier microfiber loaded with three selected BCS
class Il (itraconazole, olanzapine and piroxicam) was performed. The result from
sucrose carrier microfiber showed the higher dissolution of all APIs compared to

either drug particle itself or the physical mixtures of them (4, 32). Furthermore,



amorphous sucrose fiber loaded with olanzapine and piroxicam indicated the higher
rate and extent of drug release at absorption site. It would result in an enhancing

their oral bioavailability (9).

Figure 3 The physical appearance of sucrose derived cotton candy produced by

centrifugal spinning under different storage conditions (33)
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Figure 4 X-ray powder diffraction pattern of sucrose derived cotton candy under

temperature of 23°C and 0% RH (33)

Sucrose has two polymorphic forms of | and Il. Form Iis a stable polymorphic
form with high melting point of approximately 185-190°C. Meanwhile, the metastable
polymorph of form Il shows the melting point around 150-160 °C (34). As described
earlier, sucrose is possibly used for producing the fiber. It can be used only itself as

saccharide carrier that known as “single floss” or “unit floss” while the combination



between two or more saccharide carriers called “dual floss” or “binder floss”
Although sucrose carrier could elevate the dissolution of drug in dosage form, the
structure of floss was unstable after exposing with high temperature and humidity.
For example, cotton candy or sucrose fiber was prone to hygroscopic and more
physically unstable. It would collapse shortly after exposing with high relative
humidity (Figure 3). It began recrystallized after keeping in high humidity that shown
in distinguished Bragg’s peaks in X-ray diffraction pattern (Figure 5 and Figure 6).

[CC45.MDI) 45% RH cofton candy
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a0

Lo (oourits)
=

JJW | ‘

10 12 14 16 1i§| a0 2 24 2
2-Thieta ii)

Figure 5 X-ray diffraction pattern of sucrose cotton candy under temperature of 23°C

and 45% RH(33)
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Figure 6 X-ray diffraction pattern of sucrose cotton candy under temperature of 23°C

and 75% RH (33)

Disadvantage of sucrose spinning fiber is the high thermodynamically unstable
that finally recrystallized of aged sample. It had been demonstrated in case of
sucrose fiber loaded olanzapine and piroxicam under high moisture content. The
more rapid onset of sucrose recrystallization time containing drugs was investigated

when they were kept under higher moisture condition (Table 2).

Table 2 Average onset of sucrose recrystallization time of sucrose fiber containing

APls stored under 11, 33, 53, and 75% RH at 25 °C (9)

sample relative humidity (%) XRPD profiles T, (mean + SD) (°C)  onset of sucrose recrystallization time (mean + SD) (days)
sucrose fibers 11 halo pattern 711 & 43 n.0.
33 sucrose Bragg peaks n.o. 2.1+ 08
33 sucrose Bragg peaks n.o. 0.8 + 0.2 (<1 day)
7! sucrose Bragg peaks n.o. 0.7 + 0.1 (<1 day)
OLZ—sucrose fibers 11 halo pattern 739 + 2.1 n.o.
33 sucrose Bragg peaks n.o. 23.5 + 2.6
53 sucrose Br.lgg peaks no. 1.1 £ 02
75 sucrose Bragg peaks n.o. 09 £ 0.1
PRX—sucrose fibers 11 halo pattern 69.6 + 1.4 n.o.
33 sucrose Bragg peaks n.o. 9.0 + 1.6
53 sucrose Bragg peaks n.o. 10+02
75 sucrose Bragg peaks n.o. 08 £ 0.1
ITZ—sucrose fibers 11 halo pattern 743 £ 19 n.o.
kx] halo pattern 741 + 2.1 n.o.
53 sucrose Bragg peaks n.o. 17+ 08
75 sucrose Bragg peaks n.o. L1 £01
“Bold values highlight significant differences (p < 0.03) in the sucrose recrystallization times under 33% RH. n.o. = not observed. Crystalline sucrose
20 angle peaks: 11.64°, 13.10°, 18.78° 19.56° and 24.70°.
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Thermodynamically unstable of saccharide spinning fiber from sucrose or cotton
candy involved with three major factors of (33, 35-38)
1. T,, it will be changed from glassy amorphous state to rubbery amorphous
state when lower T, was gained. (33).
2. Amorphous content, it more favored to absorb moisture when more
amorphous content was developed (36).
3. Defect on the surface, it was more readily absorb the moisture when more

energetic surface defect and resulted in less stability (35, 37, 38).

Aspect of T,

Tgis the pronouncing factor on the stability of cotton candy. When T, was
lower than temperature of storage condition, it would be changed from glassy
amorphous state to rubbery amorphous state. Stickiness from rubbery state was
usually found. One of the problem-solving methods was the adjustment of T, of
system. In general, the optimal T, of system can be attained by mixing two or more
compatible components. The mixing of multicomponent to form the homogeneous
mixture yields the new material with new T, (Tq (mix). Tg (miy Can be simply explained
by the relationship of Gordon Taylor (GT) equation as shown herein (39-41).

Tg (min Z[(W1Tg1)+(kW2ng)]

[wi+kw,]
W, and W, are the weight fraction of component 1 and component 2, respectively.
Te and Ty, are the T, of component 1 and component 2, respectively.
K'is constant that depends on the interaction between components.

T iy Of multicomponent system is based on the interaction between
components, weight fraction and T, of each component. From the above equation, if
both substances do not have any interactions with each other. The constant are not
taken into account or it takes 1 for calculation.

Crystalline trehalose dihydrate is an interesting saccharide that a high T,
around 74-125°C (42-48). It was therefore selected to mix with sucrose in order to
observe the new T, or T, (. Roe and Labuza (2005) determined the T, (my of

freeze-dried sucrose and trahalose dihydrate system using DSC. They found that the
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higher T, (i were achieved with the increment of trehalose dihydrate at 4 to 12% by
weight. They also concluded that trehalose dihydrate effectively inhibited the

recrystallization of sucrose in amorphous freeze-dried product (Figure 7).
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Figure 7 DSC thermograms of freeze dry amorphous sucrose-trehalose mixtures

containing various percentage of trehalose (40)

Moreover, Leinen and Labuza (2006) found that the adding of raffinose in
spinning sucrose fiber would change the T, of fiber produced (T, (). Pure raffinose
(5% w/w) with sucrose (95% w/w) was prepared as fiber and then determined its
thermal properties. Fiber produced showed slightly higher T, () compared to that of
pure sucrose even kept in different storage condition (Table 3) (49). It was due to the
fact that the higher T, of pure raffinose (around 102-120°C) influenced on the T, (i
of sucrose fiber composing of raffinose(43, 47, 50). In addition, raffinose could inhibit
the recrystallization of sucrose (51). It was explained that raffinose molecule was
able to attach with sucrose molecule and directly effect on the formation of sucrose
crystal. The plasticizer volume was then lost resulted in slower sucrose crystal

growth rate (51).
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Table 3 Glass transition temperature (onset and endpoint) of pure sucrose cotton

candy and sucrose cotton candy containing 5% raffinose as a function of %RH (49)

System !

’ Onset (°C) End(°C) Sun et al (1996)
11%RH, 100% sucrose 32 65 ~52
11%RH, 3% raftinose and 95% sucrose 52 67
33%RH, 100% sucrose 19 27 ~16t027
33%RH, 5% raffinose and 95% sucrose n 30
43%RH, 100% sucrose 1 4 ~|5
43%RH. 5% ratfinose and 95% sucrose <=2 <=0

Another method for solving the low T, of sucrose fiber was goes to the
selection of proper storage condition. The suitable storage condition for sucrose fiber
should be able to maintain the structure integrity. It should be kept away from
excess moisture by impermeable packaging materials of construction e.g aluminium
pouch. In addition, the temperature of storage was another importance issue
regarding to the T,. Bhandari and Roos (2016) recommended that amorphous sugar
should be placed at the temperature below its T, in order to preserve the glassy
amorphous state. It was due to the slower rate of molecular mobility of sugar
molecule at the lower temperature than its T,. It was then harder to form nuclei and

provided the longer progression of nucleation and crystal growth later on.

Aspect of amorphous nature and content

Amorphous content is an important factor on the stability of sucrose fiber.
More amorphous content may absorb more moisture due to the more energetic
entropy (36, 52). Adding of some surfactants, lecithin, polyethylene glycol (PEG),
propylene glycol (PPG), dextrose might be act as crystallization enhancer(11).
Subsequently, crystallization was partially occurred and less of amorphous region
was remained. The mechanism of crystallization enhancer related to the molecular
structure of the surfactant incorporated in the crystal structure of sucrose molecule
by hydrophobic and hydrophilic interaction (53). They would delay the nucleation

and crystal growth of sucrose molecule. The different size of molecular structure of
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surfactant might effect on the delaying of crystallization of sucrose fiber(54). Thus, it
would be able to employ surfactants for solving the amorphous-relating problem on
the fiber stability (11, 55, 56). The common surfactants used for stabilization of fiber
were polyethoxylated sorbitan esters and sorbitan esters, respectively (11).

Cotton candy or spinning fiber of sucrose was amorphous nature (Figure 4)
with less stability. The physical structure would collapse with in short time after
storage regarding to the recrystallization. At the end of storage, the interconversion of
amorphous to crystalline state of sucrose was found at 33% RH and 25°C for 11 days
as shown in Figure 8(40). When trehalose dihydrate (25%) was incorporated within
sucrose (75%), the fiber produced was also found to be amorphous as shown in
Figure 9. However, the longer stability was gained under the same previous storage
condition (Table 4). Furthermore, the higher the added amount of trehalose
dihydrate the longer the recrystallization time when kept it at higher moisture

condition of 54% RH (Table 4).
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Figure 8 X-ray diffraction pattern of an amorphous pure sucrose cotton candy

mixture storage at 33% RH and 25°C(40)
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Figure 9 X-ray diffraction pattern of an amorphous 75% sucrose with 25% trehalose

cotton candy after storage at 23% RH and 25°C (40)

Table 4 Time to crystallize for sucrose-trehalose cotton candy samples stored at

different relative humidity (40)

Storage 75% sucrose 50% sucrose

Humidity 100% sucrose 25% trehalose 50% trehalose 100% trehalose
23% =30 days =30 days =30 days =30 days
33% 11 days =30 days =30 days =30 days
4% <48 hours <120 hours ~120 hours ~20 houts

Aspect of surface defect

More defects on the fiber surface induced the less stability on moisture
sorption (35, 37, 38). Moisture would be deposited at the high energetic site
particularly the defect point on the surface. The adsorbed moisture would be then
plasticizer the fiber and resulting in lower T, more molecular mobility and less

stability. For solving this problem, surface coating with polymer was suggested.
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Furthermore, increasing mechanical properties of fiber by nanostructured coating
layer could figure out this problem (57). Moreover, surface finishing with zeolite
particles of Ultem® 1000 polyetherimide of spinning fiber provide a smoother fiber
surface (58). It should be noted that less defect or smooth surface would absorb less
moisture (59).

In order to evaluate the level of smoothness of fiber, surface morphology
was primarily carried out. Scanning electron microscope was routinely used for such
determination. However, it should be employed roughly to discriminate between
different fiber surface. Therefore, indirect method of surface smoothness
determination based on the ability of moisture sorption of different surface defect
was then employed.

Generally, moisture sorption of amorphous materials such as amorphous
carbohydrate or lipid showed a specific character. Roudaut and Debeaufort (2011)
described that an amorphous saccharide in food more sensitive to moisture. The
mechanism of moisture uptake related to an elevating of %RH of an environment
and degree of amorphization. Interested system should initially uptake moisture
rapidly until water saturated and later provided more molecular mobility of active
substance molecule. Seeding or nucleation of active molecule would then occur and
excess of water molecule from moisture saturated was subsequently impeded.
Therefore, nuclei of active molecule was progressively initiated and eventually
recrystallized. Changing of weight as a function of %RH was known as moisture
sorption profile. Moisture sorption profile or isotherm was theoretically divided as
three zones (Figure 10)

Zone 1: Water molecule from moisture began to be absorbed through pore
or channel on the surface of substrate. The arrangement of water molecule was a
monomolecular monolayer via Van der Waals interaction.

Zone 2: After saturation of water molecule was achieved, pluri-molecular
adsorption on surface monolayer was later occurred. All water molecule adsorbed
were held in solid matrix. Weight increase of substance would be found.

Zone 3: Excess water molecule was repelled from matrix. Finally, weight of

substance was decreased.
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Figure 10 Zone of moisture sorption isotherm (60)

Different patterns of moisture sorption profile were able to relatively
compared and implied to the level of surface smoothness. It was due to the fact
that the more surface defect usually provided the faster moisture uptake because of
more energetic site of defect. Not only water sorption was faster but recrystallization

was also faster.
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MATERIALS AND METHODS

Materials

® (rystalline sucrose Lot.25071692 (Mitr Phol Sugar Corp., LTD, Thailand)

® crystalline sucrose Lot.140715102 (Mitr Phol Sugar Corp., LTD, Thailand)
® D-sorbitol Batch no.1405168772 (Ajax fine chem pty., LTD, New Zealand)
® D-fructose Batch no. 0707276 (Asia Pacific Specialty Limited, Australia)

® D-glucose Batch no. AF612114 (Ajax fine chem pty., LTD, New Zealand)

® D-mannitol Batch no. 160712554 (KGaA, Germany)

® D-galactose Batch no. 0120726 (Sigma-Aldrich, United States)

® D-xylitol Batch no.1408772 (Ajax fine chem pty., LTD, New Zealand)

® matodextrin dextrose equivalence 20 Batch no. MFCD00146679 (Sigma-
Aldrich, United States)

® lactose anhydrous Batch no.632752 (DOI\/\O®, Netherlands)

® sodium chloride Batch no.1409179263 (Ajax finechem pty.,LTD New
Zealand)

e TREHA® or trehalose dihydrate Lot. 6D04 (Hayashibara Co.,Ltd, Japan)

Equipments

® Analytical balance (model MT044, Mettler Toledo, Schwarzenbach,
Switzerland)

® Analytical balance (XP205, Mettler Toledo, Schwarzenbach, Switzerland)

® Blender mixer (ROH-FP 135, Ronic Corporation SAS, France)

® Centrifugal spinner (model M500, China)

® Differential scanning calorimetry (Model 822e, Mettler Toledo, Columbus,
USA)

® Thermogravimetric analyzer (TGA/SDTA8516, Mettler Toledo, Columbus, USA)
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Digital camera (Model EQS 700D, Canon, Tokyo, Japan)

Fourier Transform Infrared Spectrometer (Model Spectrum one, Perkin Elmer,

Massachusetts, United states of America)

Thermohygrometer (thermometer jumbo electronic Max Min, S. Brannan &

Sons Ltd, Cumbria, UK)

Hot-stage microscope (Model FP82HT, Mettler Toledo, Columbus, United

States of America)

Infrared Thermometer(Type TFI 250, Part No. 1340-1753, ebro®, Germany)
Polarized Light Microscope (Nikon Eclipse E200, Nikon, Japan)

Scanning Electron Microscope (SEM model JSM-6400, Jeol Ltd., Tokyo, Japan)

Scanning Electron Microscope and Energy Dispersive X-ray Spectrometer (SEM

model JSM-6610LV and Oxford, X-MaxN 50, Jeol Ltd., Tokyo, Japan)

X-ray diffractrometer (Model Miniflex II, Rigaku, Tokyo, Japan)
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Methods
1. Preparation of saccharide fiber using centrifugal spinner

Saccharide fiber was prepared by using centrifugal spinner with the controlling of
an environment condition of 22-25 °C and 38-42% RH. Approximate of 20 grams of
saccharide material was weighed and transferred into pre-heating pan. Pre-heating
temperature of the pan was set up at above melting temperature of saccharide
material (not exceeding 3-5 °C). The pan’s temperature was monitored using Infrared
thermometer. Melting the saccharide with continuously stirred was then performed.
After that, molten saccharide was introduced into pre-heating spinneret of spinning
head. Centrifugal spinning was then processed. The small and continuous stream of
molten saccharide was formed and solidified when contacting with ambient
condition. A cluster of solid saccharide fiber was therefore harvested by rolling the
wood stick over the collector chamber. It was stored in tightly sealed aluminum foil
pouch. The controlling of heating temperature of centrifugal spinning was 4 units
analogue-operating. Each unit of analogue-operating was relatively calibrated as
temperature using infrared thermometer (10 minutes of heating). Data are shown in

Table 5.

Table 5 Calibrating the controlling of heating temperature and heating temperature

using Infrared thermometer

Unit of control heating level Heating temperature (°C)
1 61.4
2 118.7
3 181.5
il 246.3

In case of binary component system, sucrose was utilized as a main component.
Meanwhile, another saccharide was added into system as minor component. Sucrose
and another saccharide were melted together by sequential melting process in

pre-heating pan. The higher melting point saccharide was primarily loaded and
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melted until completely molten liquid was gained. Later, the lower one was added
and evenly stirred. Molten mixture was then processed with centrifugal spinner as

same as mentioned above. Melting temperature of individual saccharides were

shown in Table 6.

Table 6 Melting temperature of saccharide

Saccharide Melting temperature (°C) References
D-galactose 163-169 (61)
D-glucose 146-165 (34)
D-fructose 102-132 (34)
D-xylitol 92.7 (54)
D-mannitol 162.15-167.8 (62)
D-sorbitol 99.5 (62)
sucrose 140-191 (62)
trehalose dihydrate 215 (63, 64)
maltodextrin DE 20 220-240 (65)

2. Characterization of saccharide fiber

2.1 Fiber morphology

Physical appearance of saccharide fiber was determined by visual
observation. Scanning electron microscope (SEM) was additionally performed to
observe the morphology and surface of saccharide fiber. The sample was cut in to
small pieces and attached on adhesive stub. It was then coated with gold sputter
coater at a condition of 15 mA for 3 minutes. The photomicrograph of sample fiber
was taken at an acceleration voltage of 15 kV.

Preliminary investigation of non-crystalline state of saccharide fiber was
carried out by polarized microscope. A small amount of cutting fiber was placed on
glass slide and subjected on stage of microscope. Polarized light setting device was

set up in order to investigate the birefringence of saccharide fiber.
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2.2 Solid state characterization of saccharide fiber
2.2.1 X-ray powder diffraction (XRPD)

XRPD was used to observe the crystallinity of the saccharide fiber. One gram
of fiber was weighed and packed into a low background quartz sample holder. The
surface of sample needs to be smoothed by placing the cover glass over the sample

with gentle pressing. The experimental condition was indicated as following: CuKgq,

scan range of 5-27 °20 and scan speed at 2.0 °20/min.

2.2.2 Thermal analysis

Differential Scanning Calorimetric (DSC)

DSC was used to investigate the thermal history and determined the glass
transition temperature of sample fiber. Saccharide fiber of 5-10 mg was weighed in
aluminum sample pan 40 pL and hermetically sealed with pin holed lid to allow the
evaporation of any volatile residuals. The temperature scan range was -20 to 230 °C
with the heating rate of 10 °C/min. The flow rate at 60 ml/min of nitrogen gas was
employed as purge gas. STAR® evaluation software was used for data analysis. The

calibration was performed by using indium(66).

Thermogravimetric analysis (TGA)

TGA was employed to examine thermal history and stability of fiber.
Saccharide fiber of 5-10 mg was weighed in alumina crucibles 70 pL with pierced lid
and was heated from 25°C to 230°C at the rate of 10°C/min. The flow rate at 20
mUl/min of nitrogen gas was employed as purge gas. STAR® evaluation software was

also used for data analysis. The calibration was also carried out the same as DSC.

3. Molecular interaction among the component of saccharide fiber

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)
was employed to observe the molecular interaction between saccharides in the
system. Sample saccharide fiber was placed on the window of ATR sampling

accessory. The detection was carried out within the scan range from 400 to
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4000 cm . Spectral setup was the average of 64 scans at 4 e’ resolution. OMNIC

software was used for data analysis.

4. Stability investigation of saccharide fiber

4.1 Volume reduction of saccharide fiber

The sample of saccharide fiber around 500 mg were kept in polystyrene
plastic bottle without closure. It was then stored in humidity chamber of 75% RH
with saturated sodium chloride solution at different temperature of 30+2°C, 40+2°C
and 2-8°C, respectively. The appearances of sample were observed in term of the
relatively change in volume and height of a cluster of fiber compared with initial

appearance using the scale attached with polystyrene bottle (Figure 11).
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Figure 11 Determination apparatus of the relatively change in volume reduction and

height of saccharide fiber.

4.2 Moisture sorption profile

The sample was prepared as same as described in 4.1. Periodical
determination of weight change as a function of storage time was carried out. The
storage condition of 75% RH with at different temperature of 30+2°C, 40+2°C was
utilized in order to observe the effect of temperature on moisture sorption ability.
Correlation between weight changing over storage time was constructed. It was
theoretically divided into three phases: initial weight gaining (moisture sorption),
moisture saturation plateau, and declination of weight from recrystallization.

Determination of the intersection points amidst phases was then performed by using
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tangential line of each phase. The first intersection time point (A) between initial
moisture sorption and saturation plateau was stated as “transition time” whereas,
the second intersection time point (B) between saturation plateau and

recrystallization was expressed as “recrystallization time” (Figure 12).

(%) weight gain

Times (Hr)
A B

Figure 12 Moisture sorption profile and the determination of transition and

recrystallization time of saccharide fiber



CHAPTER IV
RESULTS AND DISCUSSIONS

Preparation of saccharide fiber
1. Monocomponent saccharide fiber

Saccharides used in this study were categorized in four groups:
monosaccharide, disaccharide, polysaccharide and sugar alcohol. Monosaccharides
were D-galactose, D-glucose and D-fructose. Meanwhile, sucrose, trehalose dihydrate
and lactose anhydrous were utilized as disaccharide representatives. Maltodextrin DE
20 as polysaccharide was also employed. In addition, D-xylitol, D-mannitol and
D-sorbitol were selected and represented the sugar alcohol. Saccharide of choice
was transformed in the form of fiber via centrifugal spinning process. Briefly, molten
state of saccharide was prepared by heating and then flowed through the pin of
spinneret head. The continuous stream of molten saccharide was generated and
exposed to the air at ambient temperature. Subsequently, it was rapidly
recrystallized and eventually resulted in the form of solid thread-like matter. It was
then harvested and kept in the air-tight container.

All fibers produced from monosaccharide were not able to fabricate. They
adhered around collector chamber after spinning as shown in Figure 13. It might be
due to the low glass transition temperature (T,) (lower than ambient temperature).
Raw materials of monosaccharide used were generally as a crystalline material
(without To). If they were converted to amorphous counterpart, their amorphous T,
were found to be nearly or lower than room temperature as shown in Table 7.

Amorphous rubbery state of fiber produced from monosaccharide should be
therefore occurred. They were not possibly form the stable fiber due to the lower T,
On the one hand, all sugar alcohols provided the same results as monosaccharides.
The fibers were not able to collect because of the rubbery like appearance. It was

expected that the lower T, of amorphous fiber produced was obtained(67-69). In
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addition, imprecisely controlled moisture during preparation also played a crucial
role on the lowering of amorphous T, due to plasticization effect(35). It should be
therefore taken into account for the ability of fiber formation.

Theoretically, the fiber of maltodextrin should be formed because
amorphous T, of freeze dried maltodextrin was around 141°C that obviously higher
than room temperature (Table 7). Unfortunately, the brownish molten liquid of melt
maltodextrin was investigated before spinning and did not able to generate fiber
successfully. The melting decomposition of maltodextrin was then proposed as a
major concern. Maltodextrin is naturally derived material from starch which has the
melting point of 240 °C. Thermal analysis (thermogravimetry, TGA) of maltodextrin
showed two consecutive weight losses of moisture evaporation at around 70-100 °C
followed with flash decomposition (200-350 °C)(32). The pronounced of secondary weight
loss directly determined an irreversible decomposition. Hence, it was in good
agreement that decomposition of maltodextrin affected on the formation of spinning
fiber.

In case of disaccharides, spinning fiber of lactose anhydrous was not able to
fabricate even it had a higher T, of 101 °C(70). It might due to the decomposition of
anhydrous lactose at temperature of melting (around 240 °C) that could be
investigated from the caramelization as brownish color as shown in Figure 13(C1). It
was the good supporting evidence on the non-forming fiber produced from lactose
anhydrous. Thermal analysis (DSC) of anhydrous [3-lactose revealed only single
endotherm of melting followed with obvious decomposition at 234 °C that could be
seen from significant weight change during TGA (71). The heating energy consumption
with the disappearing of mass indicated the combustion of matter. Therefore, it
should be concluded that lactose anhydrous decomposed during centrifugal spinning
process. On the other hand, sucrose and trehalose dihydrate could be utilized to
form spinning fiber [Figure 13(C2 and C3)]. They provided a fluffy with continuous

fiber character and stable after freshly prepare.
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D-galactose (A1) D-glucose (A2) D-fructose (A3)

(B)

D-xylitol (B1) D-mannitol (B2) D-sorbitol (B3)

(@) . .

lactose anhydrous (C1) sucrose (C2) trehalose dihydrate (C3)

maltodextrin (D1)

Figure 13 Physical appearance of saccharide fiber produced from different saccharide

groups. (A) monosaccharide (B) sugar alcohol (C) disaccharide and (D) polysaccharide
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Table 7 Amorphous glass transition temperature of selected saccharides

Type of saccharide | Amorphous T, (°c) References

Monosaccharide

D-galactose 32 Bhandari B.R., et al.1999. (72)
D-glucose 31 Athanasia G.M., 2017. (73)
D-fructose 16 Truong V. et al. 2004. (74)

Disaccharide

sucrose 52 Leinen K.M., et al. 2005. (49),

62 Athanasia G.M., 2017. (73),

67 Martinez M.L., et al. 2011. (46),

75 Shamblin S.L., et al. 1996. (48),
trehalose dihydrate 74 Chen (45) T., et al. 2002. (45),

115 Martinez M.L., et al. 2011. (46),
lactose anhydrous 120 Shamblin (48) S.L., et al. 1996. (48)

101 Roos VY., et al. 1991.(70)

Polysaccharide

Maltodextrin 20 DE 141 Bhandari B.R., et al. 1999. (72)

Sugar alcohol

D-xylitol -29 Roos Y. 1993. (67)
D-mannitol -7.4 Yoshinari T., et al. 2003. (68)
D-sorbitol -3.4 Yu L.,et al. 1998.(69)

According to the T, viewpoint, two major factors of the amorphous content
and the plasticization (from environmental moisture) were taken into consideration.
T, of fiber produced should be influenced from both governing factors. The DSC
results showed that T, of sucrose fiber and trehalose anhydrous fiber were found to
be 58.13 and 60.10°C, respectively (Figure 14). They were higher than ambient
temperature that glassy state should be obtained. They were therefore possible to
form stable fiber. Nevertheless, they eventually collapsed within an hour under

uncontrolled ambient condition. It was due to fact that the microstructure of fiber
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produced was non-ordered molecular arrangement or amorphous state (Figure 15(B)).
XRPD patterns of raw sucrose and trehalose dihydrate powder exhibited sharp and
intense Brage’s peaks which strongly indicated well-ordered internal structure of
crystalline state (Figure 15(A)). Meanwhile, diffused XRPD patterns were observed in
case of sucrose and trehalose anhydrous spinning fiber. Thus, crystalline sucrose and
trehalose dihydrate were transformed to amorphous sucrose and trehalose
anhydrous form via centrifugal spinning process. Generally, amorphous could absorb
moisture faster than its crystalline counterpart due to the plasticization effect of
ambient moisture (75, 76). When focusing on the ability of moisture in environment
as a plasticizer, the chemical interaction between amorphous fiber and water
molecule should be investigated. As a result of ATR-FTIR, band broadening (3200-
3600 cm representing OH stretching) was determined in both sucrose fiber and
trehalose anhydrous fiber (Figure 16 and Figure 17)77). It revealed the interaction
between water molecule from moisture and amorphous state of disaccharide used
in fiber produced via hydrogen bonding (78-80). Furthermore, the disappearing of
characteristics bending peak of water of crystallization at 1688 e’ of trehalose
dihydrate was also observed (81). Two more peaks of 998, 957 cm that represented
CO stretching and CCH stretching of trehalose molecule also slightly downward
shifted (Figure 17) (82-84). All of this finding confirmed an anhydrate state of
trehalose after spinning. It could be concluded that hydrogen bonding was formed
when moisture interacted with amorphous sucrose fiber or amorphous anhydrous

trehalose fiber.
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Figure 15 X-ray powder diffraction of (A) crystalline sucrose, (B) fiber produced from

sucrose, (C) crystalline trehalose dihydrate and (D) fiber produced from trehalose

dihydrate
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The possibility of fiber preparation from saccharide was closely related to the
molten ability that should not decompose after melting. It was due to the fact that
the melting with decomposition of saccharide demonstrated non-fibered
appearance. Not only the stability of molten saccharide but T, of saccharide was also
taken into consideration for fiber formation. Because of the lowering of T, of fiber
produced after centrifugal spinning, the high T, saccharide should be used as starting
material in order to gain a stable fiber with specified T, over ambient temperature

that would exhibit the glassy state.
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Figure 16 ATR-FTIR spectra of crystalline sucrose (upper line) and sucrose fiber (lower

line)
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2. Binary component saccharide fiber

From previous studies, it should be considered that sucrose and trehalose
dihydrate were the good choices for fabricating centrifugal spinning fiber. It was due
to an acceptable physical stability that would be seen from non-fusing fiber after
contact with moisture at temperature of 30+2 °C, 75+5% RH within an hour (Figure
18 and Figure 19). Upon reconsideration, sucrose provided more benefits over
trehalose dihydrate such as readily water soluble, commercial availability and
reasonable price. It would be then used as major component of spinning fiber in this
study. Nevertheless, sucrose fiber produced collapsed or fused within short term

period (around 1 hour) that too short for handling.

Initial 30 minutes 60 minutes 90 minutes

Figure 18 Physical appearance of the sucrose fiber during storage at temperature of

3042 °C, 75+5% RH over time

Initial 30 minutes 60 minutes 90 minutes

Figure 19 Physical appearance of the trehalose dihydrate fiber during storage at
temperature of 30+2°C, 75+5%RH over time
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It would be hypothesized that thermodynamically unstable state of spinning
fiber from sucrose was achieved(33, 35-38). Three major critical factors involved the
instability of fiber were as follows:

1. The lower the T, the more the chance of rubbery amorphous state (33)
2. The higher the amorphous content the more the moisture sorption (36)
3. The higher the more defect of surface area the less the stability (35, 37, 38)

One of the most promising approaches for overcoming the instability of fiber
produced was the elevatation of the T, of amorphous saccharide system.
Theoretically, the mixture of different components would show the T, of system
(Tq (mix)) regarding to both weight fraction (w) and their own individual T, as described
in Gordon-Taylor (GT) equation (11, 40, 51). More recent development of GT
equation, the interaction between components (K) was reconsidered and shown
below as modified GT equation (eq) 1 (39).

Tomio =W T +HKw, Too)l Fquation 1

[wi+Kw,]
where w; and w;, are the weight fraction of component 1 and 2
Te and Ty, are T, of component 1 and 2

K'is interaction between component 1 and 2

In this study, no interaction between components was assumed and K was
therefore equal to be 1. Simple GT equation was then used as a model. For getting
higher T, of amorphous sucrose fiber produced, higher T, saccharides (compared with
T, of sucrose) were chosen and incorporated into sucrose component. However,
lower T, saccharides were also investigated to confirm the changing of Ty (ny as
ascribed in eq 1. Either lower or higher T, saccharide was mixed with sucrose at
weight ratio of 1:1. The evaluation of such blending saccharides with sucrose was
primarily determined by the finding of T (ny. In addition, the structural integrity of
fiber produced was further assessed by both crystallinity and physical appearance
determination.

The lower T, saccharides were selected and found to be D-mannitol,

D-fructose and D-glucose whereas the higher one were lactose anhydrous and
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trehalose dihydrate (40, 68, 73, 74). After freshly prepared fiber via centrifugal
spinning process, the pure sucrose fiber was continuous length and fluffy fiber (Figure
20A). It showed the Tg of 58.13°C that would be an amorphous glassy state (Figure
14). Therefore, it should retain its structural integrity and stable for longer period
after storage. Unfortunately, it collapsed and fused together until dense fiber
structure was achieved after exposing at 30+2°C, 75+5% RH for 90 minutes (Figure
18). T, was thus not found to be only the main factor governing on the stability of
sucrose fiber. Surface morphology of sucrose fiber was then focused and observed. It
was clearly seen that rough and more defect of surface of sucrose fiber was occurred
after fiber formation (Figure 20B,C and D). The more the defects the more the ability
to get absorbs moisture(59). Owing to the surface roughness with quickly absorbed
moisture(59), absorbed water strongly impacted on both plasticization and increased
the molecular mobility of sucrose molecule in fiber (35, 38). Subsequently, the T, of
storage sucrose fiber downward shifted to 41.22°C (Figure 21) which lower than that
of former structure. However, the physical appearance was unchanged.

For binary component, the saccharides that had a lower T, were mixed with
sucrose and spun to form fiber. All fiber produced were sticky and collapsed within a
few seconds (Figure 20B,C and D). They appeared as amorphous that would be seen
from halo pattern without any Bragg’s peak responses of XRPD (Figure 22). As a result
of Ty (mixy determination, T, of sucrose fiber containing D-mannitol, D-glucose and
D-fructose were found to be 4.54, 2.42 and -3.15°C that obviously lower than
ambient temperature (Table 8). Hence, they were well agreed on the instability of
fiber due to the rubbery amorphous characters. In addition, surface defect of all
samples supported the plasticization effect dealing with more absorbed water from
surrounding that eventually increased molecular mobility of sucrose in fiber. Even
focusing on the sucrose-D-glucose system (Figure 22D), it would argue that partial
crystalline was appeared as seen from few Bragg’s peaks at 21 and 26 °20 but it still
showed a more nature of amorphous including lower T, and more defect surface. It
would hence totally provide less stable fiber. Conclusively, mixture between sucrose

and lower T, saccharides provided an unstable spinning fiber that would be the
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result of three mentioned factors of low Tg (i, rubbery amorphous in conjunction

with surface roughness.

Physical appearance

Figure 20 Physical appearance (left panel) and Scanning electron photomicrograph
(right panel) of sucrose fiber containing saccharides at weight ratio of 1:1. ((A) sucrose
without any saccharides, (B) sucrose containing D-fructose, (C) sucrose containing D-
glucose, (D) sucrose containing D-mannitol, (E) sucrose containing lactose anhydrous

and (F) sucrose containing trehalose dihydrate)
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Figure 21 DSC thermogram of storage sucrose fiber at ambient condition for 3 days
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Figure 22 X-ray powder diffractograms of sucrose fiber containing different type
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of

saccharides at weight ratio 1:1 (A - pure sucrose, B — sucrose and D-mannitol,

C- sucrose and D-fructose, D — sucrose and D-glucose, E — sucrose and trehalose

dihydrate, F - sucrose and lactose anhydrous)
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Table 8 The calculated and experimental T, () Of sucrose fiber containing different

saccharides at weight ratio of 1:1

Tg (mix) (OC)
Saccharides T, O
Calculated* Experimental
D-mannitol -7.4 32.77 4.54
D-glucose 31.0 44.57 2.42
D-fructose 16.0 37.07 -3.15
lactose anhydrous 101.0 79.57 8.57
trehalose dihydrate 60.1 60.12 44.16

* Calculating from simple GT equation

** From the experimental of centrifugal spinning fiber produced

See appendix 1

Remark: Tg of sucrose fiber was 58.13 °C

On the other hand, higher T, saccharides either trehalose dihydrate or lactose
anhydrous was also mixed with sucrose at weight ratio of 1:1 to form spinning fiber.
The results revealed that sucrose fiber containing trehalose was found to be fluffy
appearance with more physically stable. It would be easily prepared and harvested.
Meanwhile, the sucrose fiber containing lactose anhydrous was not easy to fabricate
and handle. It seemed to be a sticky thread that collapsed within a few seconds
after preparation (Figure 20E). T, (i Of sucrose fiber containing trehalose and lactose
anhydrous were found to be 44.16 and 8.57°C, respectively (Table 8). However,
sucrose fiber containing lactose anhydrous showed the remarkable differentiation in
term of T, compared to that of trehalose. T, (ny Of fiber containing lactose
anhydrous was lower whereas fiber containing trehalose was higher than ambient
temperature. Therefore, the addition of trehalose dihydrate into spinning sucrose
fiber provided the Ty (y that higher than ambient temperature. It should thus be
existing as glassy nature with appreciable stability.

When considering the solid state structure aspect, amorphous state of fiber

would be a great of interest. Sucrose fiber containing trehalose revealed non-ordered
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molecular arrangement as seen from the amorphous halo pattern (Figure 22E). Whilst
amorphous containing some of crystalline was found in case of sucrose with lactose
anhydrous fiber. It would be the result of non-homogeneous blending between
sucrose and lactose anhydrous at higher temperature during molten step before
spinning. Solid crystal of lactose anhydrous still existed in molten sucrose even
higher temperature of blending was achieved. Thus, seed nucleation or also known
as “seeding” of lactose would be proposed after gaining the fiber. It induced the
nucleation of crystalline solid by reducing the activation energy of the barrier for
nucleation and crystal growth (85, 86). Recrystallization would be then observed in
XRPD (Figure 22F).

Fiber morphology was further assessed in order to evaluate the physical
stability. Smooth surface was acquired in case of trehalose whereas lactose
anhydrous yielded rougher fiber surface with non-continuing thread nature (Figure
20E and F). Therefore, sucrose fiber containing trehalose should be more stable than
that of lactose anhydrous due to the less of moisture sorption ability from less
energetic site of defected surface. In conclusion, the important factors affecting the
physical stability of binary component of higher T, saccharides were the T, () and
the surface defect of fiber produced.

Binary mixture between sucrose (major component) with different saccharides
(minor component) obviously provided various characters of spinning fiber. The
saccharide with lower T, allowed the less structural stability but the higher one
should give the more stable fiber. Furthermore, the more surface defect of
saccharide fiber showed the faster moisture sorption (38, 59). The most promising of
fiber produced from binary component in this study was goes to the mixture
between sucrose and trehalose with T, of 44.16 °C, amorphous nature including
smooth surface. Nevertheless, binary component at 1:1 weight ratio would not
provide the better fiber in term of physical stability comparing to that of mono
component of trehalose anhydrous fiber. It could be seen from the reduction of

estimated volume of fiber produced upon storage (Figure 23).



Initial 30 minutes 60 minutes 90 minutes

Figure 23 Estimated volume reduction of saccharide fiber upon storage at 30+2°C,
75+5% RH. (A) sucrose, (B) mixture of sucrose and trehalose dihydrate at 1:1 weight

ratio and (C) trehalose anhydrous
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3. Effect of the amount of trehalose dihydrate on the glass transition

temperature of spinning sucrose mixture fiber

From previous studies, blending between trehalose dihydrate with sucrose at
1:1 weight ratio resulted in less stable physical appearance of fiber upon storage
(Figure 23B). It was expected that Tg iy of system would be lower or rubbery state
might be formed. Therefore, the effect of different weight ratios between sucrose
and trehalose dihydrate on the T (ny was investigated. According to simple GT
equation, blending of two components without any interaction should provide a
linear relationship of T, iy as a function of weight fraction and T, of each
component. The mixing of various amounts of trehalose dihydrate into sucrose
system should thus reveal a value of T, (i as presented in Figure 24 (dash line).
Unfortunately, non-linear (curvature) relationship between T,y and weight ratio

between sucrose and trehalose dihydrate was observed in this study. (Figure 24)
70
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Weight fraction (Trehalose dihydrate/Trehalose dihydrate+Sucrose)

Figure 24 Glass transition temperature of sucrose fiber containing trehalose dihydrate
[Tq min] at various weight ratios: (dash line) T, (i calculated from simple GT equation,
(solid line) Tg (mix from experiment results

Data are shown as meanz+sd in Table 11 (Appendix 2)
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Trehalose dihydrate was incorporated into sucrose fiber at the different
weight ratios of 0, 12.5, 25.0, 37.5, 50.0, 62.5, 87.5 and 100.0 in order to investigate
the stability of fiber after exposing with high temperature and humidity. They were
acquired as continuous length fiber with less defect on the surface compared to that
of pure sucrose fiber (Figure 25 and Figure 26). The smoother of fiber surface did not
depend upon “how much trehalose dihydrate was added” because the lowest
concentration incorporated of trehalose dihydrate (12.5% w/w) still provided less
defect and smooth texture. In addition, they were existed as amorphous which were

seen from XRPD halo pattern (Figure 27).

G H I

Figure 25 Physical appearance of sucrose fiber containing trehalose dihydrate at
different weight ratios (A) 100.0:0, (B) 87.5:12.5, (C) 75.0:25.0, (D) 62.5:37.5, (E)
50.0:50.0, (F) 37.5:62.5, (G) 25.0:75.0, (H) 12.5:87.5, and (1) 0:100.0
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Figure 26 Scanning electron photomicrograph of sucrose fiber containing trehalose
dihydrate at different weight ratios (A) 100.0:0, (B) 87.5:12.5, (C) 75.0:25.0, (D)
62.5:37.5, (E) 50.0:50.0, (F) 37.5:62.5, (G) 25.0:75.0, (H) 12.5:87.5, and (1) 0:100.0

From Figure 24, the decrement of T, (n, demonstrated the physically
unstable of fiber upon storage at temperature of 30+2 °C and 75+5% RH. The
physical instability of fiber was seen from the volume changing of fiber or the
collapsible nature under specified storage condition (Table 9). All fibers showed the
lower T, which were nearly ambient temperature that reflected the existing of
rubbery state. They should theoretical collapse due to the more molecular mobility

and interaction with moisture.
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Figure 27 X-ray diffractograms of sucrose fiber containing trehalose dihydrate at
different weight ratios (A) 100.0:0, (B) 87.5:12.5, (C) 75.0:25.0, (D) 62.5:37.5, (E)
50.0:50.0, (F) 37.5:62.5, (G) 25.0:75.0, (H) 12.5:87.5, and (1) 0:100.0
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Table 9 Physical stability of sucrose fiber containing trehalose dihydrate with

different weight ratios under storage temperature of 30+2 °C and 75+5% RH

Weight ratios of Relative volume changing of fiber at different storage time

sucrose:trehalose . ] I I
Initial 30 minutes 60 minutes 90 minutes

|
||
]

dihydrate
100.0: 0

(pure sucrose)

87.5:12.5

75.0 : 25.0

62.5:37.5

50.0 : 50.0

I [ [

oy

375:62.5

T

25.0:75.0

12.5:87.5

0:100.0
(pure trehalose

dihydrate)
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From above result, the major factors affecting on the stability of saccharide
fiber were relating to amorphous, T, including surface defect. In case of sucrose,
amorphous content and defect of surface played a key role on its stability whereas
trehalose dihydrate fiber was affected by only amorphous content. When two of
above saccharides were mixed, instability of such fiber was mainly impacted by
T (mix-

Changing of T, (miy should be the result from the component interaction
because T, of compounded fiber were not found to obey simple GT equation (K=1).
Therefore, chemical interaction between sucrose and trehalose dihydrate should
play an important role on the T, (y, Of fiber. Finding relationship comprised of two
different stages: initial phase of decrement (plasticization) and later phase of
increment (antiplastization). During initial negative deviation (the concentration of
trehalose dihydrate up to 50%w/w), lower T,y was observed (compared to
calculated Tg (i With simple GT equation). It was due to the interaction of any
species in the system with sucrose molecule that might be either moisture in an
environment or trehalose dihydrate. It was also known as plasticization. Generally,
plasticization particularly in food system containing carbohydrates, lipids, proteins
and fiber mainly occurred regarding to an internal water or external atmospheric
water (35, 87). Nevertheless, polyol including disaccharide could promote a lowering
of both T, and temperature of melting (T;,) of powdered porcine gelatin via hydrogen
bonding. It was because of the enriched hydroxyl group in polyols and disaccharide.
Thus, trehalose dihydrate (a type of disaccharide with enrich hydroxyl group) might
react with sucrose via hydroxyl group interaction (88, 89).

On the other hand, the increasing of trehalose dihydrate (more than 50%
w/w) revealed the elevating of T, (i as non-linear positive deviation (Figure 24). The
higher the concentration of trehalose dihydrate the higher the T, (0. In this situation,
trehalose dihydrate showed antiplasticization effect. However, T, (ny in this
concentration range still lower than that of calculated T (0. It might due to either
the ability to fill in free volume of amorphous matrix or the reactivity with matrix
molecules (90). As seen from above T, determination results, trehalose dihydrate

could be acting as either plasticizer or antiplasticizer. Theoretically, the Tg () Of
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blending component depended upon several factors such as enthalpy of mixing,
volume of mixing, quality size, shape, structure, molecular weight including hydrogen
bonding of plasticizer (41, 90-92)

In order to investigate the possibility of reactive functional group between
sucrose and trehalose dihydrate in centrifugal spinning fiber, FT-IR was carried out. In
addition, thermal analysis was also performed to support the existence of
bimolecular water of crystallization in trehalose dihydrate.

DSC thermograms of trehalose anhydrous fiber (Figure 28) indicated the T, at
60.10°C. The first broad endothermic peak (80-110 °C) was found and followed with
the second exothermic peak (180-210 °C). Sharp endothermic peak response at
210-220 °C was investicated at the end. To clearly demonstrate such thermal event,
TGA was synchronously carried out. The first broad endothermic peak corresponded
to the weight loss around 4% w/w that should correlate with the removal of
moisture absorbed on surface. The second and third thermal event displayed the
sharp exothermic (195 °C) and endothermic peaks (210 °C) which were the

recrystallization and melting of trehalose anhydrous, respectively.
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Figure 28 DSC and TGA thermograms of trehalose anhydrous fiber

In order to prove the existence of starting materials of sucrose and trehalose

dihydrate in fiber produced, FT-IR method was also employed. All spectra were
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compared and illustrated in Figure 29. Focusing on the IR spectra of fiber produced in
800-1200 cm ' range, the group of 848, 940, 987, 1050 and 1106 cm’ appeared that
agreed well with crystalline sucrose spectra(93, 94). In addition, both respond peaks
of 800 and 1150 cm™ were also found and correlated to trehalose dihydrate spectra.
Therefore, fiber obtained conclusively comprised of sucrose and trehalose.
Fortunately, IR peak at 1688 cm’ that represented the crystal water of trehalose
dihydrate was not observed. This finding correlated with previous results of the
effect of spinning process on the disappearing of water of crystallization of trehalose
fiber. In conclusion, fiber obtained was composed of sucrose and anhydrous
trehalose.

As the presence of both starting materials in fiber produced was described
above, it might have any interactions between them. Thus, the change of any
responded peaks of FT-IR spectra would possibly reflect the chemical interaction.
Crystalline trehalose dihydrate showed the major peak with absorption band in the
range of 3200-3500 cm ' and 1688 cm  that representing O-H stretching and O-H
bending of two crystal water molecules (via hydrogen bonding), respectively. Physical
mixture between crystalline sucrose and trehalose dihydrate at the weight ratio of
25:75 showed the existing peak of crystal water of trehalose dihydrate at 1688 cm’’
(Figure 29). It indicated no interaction between two solid components of sucrose and
trehalose dihydrate after physical blending. However, the FT-IR spectra of sucrose-
trehalose fiber illustrated the disappearing of 1688 e’ peak which inferred to the
impeding of both water molecules of crystallization of trehalose dihydrate during
centrifugal spinning process (Figure 29). Moreover, the chemical interaction between

sucrose and trehalose dihydrate in fiber was concentration independent (Figure 30).
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Figure 30 ATR-FTIR spectra of sucrose fiber containing trehalose dihydrate at
different weight ratios (A) 100.0:0, (B) 75.0:25.0, (C) 50.0:50.0, (D) 25.0:75.0, and (E)
0:100.0

The mixing of trehalose dihydrate into sucrose fiber affected on mainly T (miv
of fiber. Meanwhile, the state of amorphous and surface morphology of fiber were
not significantly different (Figure 26 and Figure 27). Hence, the stability of sucorse
mixture fiber importantly relied on Tg (miy.

From experimental results, T, iy Of sucrose fiber containing trehalose
dihydrate at weight ratio 50.0:50.0 was found to be 25.00°C that was not close to the
Ty (mix determined from previous study as 44.16°C (Table 8). It was due to the fact
that T, mostly depended on either source of material, sample preparation method,
equipment used or method of determination (74). In this research, there were two
different batches of crystalline sucrose. Batch number of 140715102 was used in the
study of “the effect of the amount of trehalose dihydrate on the T, of spinning
sucrose mixture fiber” whereas the previous one of batch number 25071692 was
utilized in the aspect of “structural integrity determination of higher or lower T,

saccharides blend in sucrose fiber”.
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When T, of system was considered, the temperature of storage might provide
the different impacts on stability of fiber. If the storage temperature was higher than
T,, the fiber should be in rubbery state or presented the sticky nature. On the other
hand, if the temperature of storage was lower than T, the glassy state was
developed. Therefore, the physical appearance of all fibers under storage
temperature of 40+2 °C and 75+5% RH was found to be sticky because of the lower
T, (between 20 °C to 40 °C) (Table 10). They were further investigated and found the
relatively faster in volume reduction than that of ambient temperature. In turn, the
storage temperature in between 2 °C to 8 °C and 75+5% RH provided the longer time
of collapse (Table 11). It should well agree with above finding as a result of the
better preservation of glassy state. It could be explained with the aspect of
molecular mobility and nucleation growth of molecule at the low temperature.
Yoshioka et al (1994) found that crystallization rate of amorphous indomethacin
samples occurred through rotational molecular mobility, nucleation and crystal
growth. They were a stable polymorphic form over several days when stored below
its T4 (50 °C) due to the insufficient molecular mobility (high viscosity) for nucleation
site. In the mean time, the rate of crystallization was increased regarding the greater
mobility at storage of temperature near or above T, (95). However, all mixture fiber
finally collapsed because of the effect of moisture saturation. In conclusion,
controlled temperature of storage demonstrated the impact on the stability of fiber
regarding to the molecular motion. The lower the temperature the less the

molecular mobility.



Table 10 Physical stability of sucrose fiber containing trehalose dihydrate at different

weight ratios under storage temperature of 40+2 °C and 75+5% RH

Weight ratios of
sucrose:trehalose

dihydrate

Relative volume changing of fiber at different storage time

Initial

30 minutes

60 minutes

90 minutes

100.0:0

(pure sucrose)

87.5:12.5

75.0 : 25.0

62.5:37.5

50.0 : 50.0

375:62.5

25.0:75.0

12.5:87.5

0:100.0
(pure trehalose

dihydrate)
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Table 11 Physical stability of sucrose fiber containing trehalose dihydrate at different

weight ratios under storage temperature of 2-8°C and 75+5% RH

Weight ratios of
sucrose:trehalose

dihydrate

Relative volume changing of fiber at different storage time

Initial

60 minutes

120 minutes

180 minutes

100.0: 0

(pure sucrose)

87.5:12.5

75.0 : 25.0

62.5:37.5

50.0 : 50.0

37.5:62.5

25.0:75.0

12.5:87.5

0:100.0
(pure trehalose

dihydrate)

== o
i
3 3
= 0
%
3 3
o]
g




54

The critical main factors affecting on the stability of the sucrose/trehalose
fiber were T, amorphous content and surface defect. Previous results noticed the
existence of amorphous including a smoother of fiber surface while the difference of
T, were achieved. It was thus indicated that T, obviously affected on stability of fiber.
However, not only T, was a great concern but the level of surface defect was also an
important factor. Generally, the defect on surface such as pore, channel, and
roughness of surface could potentially absorb moisture from environment. Absorbed
water might plasticize the amorphous saccharide and resulting in softer, less integrity,
more collapse, stickier and caking of structure finally (60, 75). Visualization of the
fiber’s morphology using SEM revealed the smoother surface after trehalose
dihydrate was incorporated at all concentrations (Figure 26). Nevertheless, the degree
of smoothness or defect on surface could not be distinguished from only SEM
results. The study of moisture sorption profile of saccharide fiber could be further
employed for the differentiation of the degree of surface defect.

The defect on the surface of amorphous material could quickly absorb
moisture owing to its high energetic site that eventually yielded the rubbery state.
Weight gaining was remarkably happened over time. Unchanged of weight was then
achieved regarding to the moisture saturation. The transition between two of above
time periods was defined as “the transition time of amorphous glassy to rubbery
state”. After the saturation of moisture, molecules of saccharide had a more
molecular mobility (supersaturate solution) and subsequently collided together.
They would be lead to form the nuclei or seed entire the system. Progression of
nucleation affected on the repelling of water molecules throughout the matrix.
Therefore, water molecules would diffuse out to the environment resulting in the
disappearing of certain weight (60). The starting point of weight decrease was defined

as “the recrystallization time” (Figure 31).
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Figure 31 Moisture sorption profile of amorphous sucrose fiber under storage
condition of 30+2°C and 75+5% RH. (A - the transition time of amorphous glassy to

rubbery state, B - the recrystallization time)

Therefore, the more the defect sites the shorter the transition time.
Moreover, the interconversion rate between the amorphous rubbery to new
crystalline form was faster as a function of the defect content.

The determination of “the transition time” and “the recrystallization time” of
sample fibers after storage under relatively hish moisture content were conducted.

The results of both times were summarized and tabulated as shown in Table 12.
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The shortest transition time was observed in case of sucrose fiber. It was due
to the most defect of surface as could be seen from SEM (Figure 26A). When the
adding amount of trehalose dihydrate went up to 62.5% by weight, transition time
was linearly longer as a function of the added amount of trehalose dihydrate. It
should be primarily concluded that the higher amount of trehalose dihydrate
provided the smoother surface eventhough SEMs did not show any significance
different of fiber surface (Figure 32). Focusing on the weight ratio in between 62.5-
75% by weight, the transition times were not significantly different at an alpha level
of 0.05. The recrystallization time showed the tendency as same as the transition

time (Figure 33).

.00
5.00
4.00 t i *
3.00

2.00

Times (hrs)

1.00 *

0.00
0 12.5 25 37.5 50 62.5 75 87.5 100

Weight ratio of sucrose fiber containing trehalose dihydrate

Figure 32 The transition time of sucrose fiber containing trehalose dihydrate at
different weight ratios under storage condition at temperature of 30+2 °C and 75+5%

RH
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Figure 33 The recrystallization time of sucrose fiber containing trehalose dihydrate at

different ratios under storage condition at temperature of 30+2 °C and 75+5% RH

Supporting evidence on recrystallization of fiber are shown in Figure 34. The
polarized light photomicrograph indicated the birefringence of aged sample after
recrystallization. It revealed the crystallization of saccharide fiber upon moisture
sorption. The time period between the transition time and the recrystallization time
(At) might be useful to determine “which phenomenon played more an important
role on the stability of fiber”. They were calculated and illustrated in Table 12 and
Figure 35. If the comparable At were obtained, it should reflect the more
pronouncing effect of “transition of glassy to rubbery” over “the recrystallization” on
the stability of fiber. The results showed incomparable At that meant to both

phenomena had the influence on the stability of sample fiber.
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Non-polarized Polarized

Initial

After recrystallization

Figure 34 Photomicrographs of sucrose fiber containing trehalose dihydrate at weight
ratio 75:25 at initial and after recrystallization under polarized and non-polarized light

(40%10 X)
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Figure 35 Time period between “The transition time” and “The recrystallization

time” (AT) as a function of weight ratios of sucrose fiber containing trehalose

dihydrate

Surprisingly, the shorter transition and recrystallization time were investigated
at the higher level of trehalose dihydrate added (87.5%w/w). Although the surface
defect seems to be an important factor in this case, other factors of T, and
amorphous should also be taken into account. Previous result of this fiber showed
the T, of 43.51°C which indicated the existing of glassy amorphous state under
experimental storage condition of 30°C (Figure 24). Thus, amorphous content was
probably an interesting point for the faster moisture sorption in this situation.

Conclusively, the longer transition time of fiber was acquired with the
addition of trehalose dihydrate at weight ratio of up to 75.0% w/w. It was due to the
less defect of surface. However, shorter transition time with higher T, was
determined at higher concentration of 87.5% w/w with smooth surface. Therefore, it
contradicted with above finding. Amorphous content might be therefore another

relating factor on the stability of fiber.
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Temperature of environment might also influence on stability of fiber
because of the T, of system. If all samples were storage at near or below their T,
they were found to exist in rubbery state. The results showed that trend and value
of “the transition time” and “the recrystallization time” were negligible different
under different storage condition at 40+2°C and 30+2°C. Added trehalose dihydrate
of up to 87.5 %w/w provided longer transition time and recrystallization time (Figure
36 and Figure 37). Thus, the longer transition time and recrystallization time at
40+2°C was consistent with 30+2°C. Interestingly, at highest concentration of 87.5%,
the higher value of transition time and recrystallization time were found that did not
correlated with observed data of 30+2°C condition. Above finding should relate to
the vicinity of T, of fiber and storage temperature. In this case, amorphous rubbery
should mainly govern on the ability of moisture sorption. Somehow, surface defect

and amorphous content should also be considered.
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Weight ratio of sucrose fiber containing trehalose dihydrate

Figure 36 The transition time of sucrose fiber containing trehalose dihydrate at

different ratios under storage condition at temperature of 40+2 °C and 75+5% RH

Remark: data are shown as mean+sd in Table 14 and moisture sorption profile of
amorphous sucrose fiber containing trehalose dihydrate at different weight ratios

were shown in Appendix 4.



62

14.00

12.00

10.00

8.00

Times {hrs)

4.00

2.00

0.00

0

125 25 37.5 50 62.5 75 87.5 100
Weight ratio of sucraose fiber containing trehalose dihydrate

Figure 37 The recrystallization time sucrose fiber containing trehalose dihydrate at

different ratios under storage condition at temperature of 40+2 °C and 75+5% RH



CHAPTER V
CONCLUSIONS

Sucrose and trehalose dihydrate were successfully prepared as centrifugal
spinning fiber whereas lactose anhydrous was not able to form such fiber. In the
group of monosaccharide (D-galactose, D-glucose and D-fructose), sugar alcohol
(D-xylitol, D-mannitol and D-sorbitol) and polysaccharide of maltodextrin 20 DE could
not also be generated as a fiber form. They were due to the low T, compared to
ambient temperature that eventually resulted in rubbery amorphous with fusible
nature. Although lactose anhydrous and maltodextrin showed the higher T,, their
decomposition were occurred (after melting) at the temperature below processing
temperature. Thus, the preparation of centrifugal spinning fiber from saccharide
should be possible depending upon T, of saccharide and their stability after melting.

As mentioned above, sucrose and trehalose dihydrate were the candidate for
using as starting material of spinning fiber with centrifugal method. However, sucrose
was more appropriate than trehalose dihydrate due to several advantages. It was
later utilized as a major component of fiber preparation. Even though sucrose could
be generated as spinning fiber, it would start to collapse within an hour. Blending
sucrose with other saccharides should provide different T, (Tq (mig). Adding of low T,
saccharide resulted in lower T () While high T, saccharide gained the higher Tg (.

The adjusting of T, of sucrose fiber was a pronouncing method of choices in
order to provide more structural integrity. As described by GT equation, the
increasing of T, was achieved with the addition of higher T, saccharide. Tq (i Of
sucrose with trehalose dihydrate related to modified GT equation with non-linear
relationship (K not equal 1). Meanwhile, the effect lactose anhydrous on T, (i Was
not concluded. It was due to the fact that there was an existence of crystalline solid
of lactose anhydrous in the amorphous mixture between sucrose and lactose
anhydrous matrix. Focusing on the impaction of added trehalose dihydrate on Tg (i,
negative and positive deviation was occurred due to the plasticization and

antiplasticization, respectively.
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Fiber produced from the blending between trehalose dihydrate and sucrose
system yielded the acceptable physical appearance. However, the stability of fiber
under stress condition with high humidity was not appreciable. It should be the
results from three different factors of T,, amorphous content and defect on the
surface. Ty (i played a key role on stability. It directly regarded with the state of
glassy or rubbery. Low Tg (i provided the rubbery state that potentiated the
interaction of moisture and saccharide. Plasticization was then occurred. Amorphous
content has also important issue due to the high thermodynamically unstable. The
more the completeness of amorphous state the less the structural integrity. Not only
Ts (mixy @and amorphous that strongly impacted on the fiber stability but surface defect
also a promising element. The defect of surface affected on the moisture sorption of
fiber. The more defect point on surface provided the higher and faster moisture
sorption. Direct measuring of surface defect of fiber using SEM was not able to
distinguish the relative level of defect. Therefore, indirect measuring with the
moisture sorption profile was employed. The longer of “the transition time” and
“the recrystallization time” were observed when adding trehalose dihydrate into
sucrose system. It hence reflected the less of defect on the surface.

In conclusion, the saccharide fiber made with high T, sacchride could be
produced by centrifugal spinning. Molten ability with non decomposition should be
considered in order to produce stable saccharide fiber. Factors affecting on the
stability of saccharide fiber were T,, amorphous content including defect of surface.
In order to stabilize the fiber produced, some chemical materials should be added
such as crystallization enhancer. The storage temperature was also another aspect of
improving more stability of fiber. Handling the fiber at lower temperature might
prolong the glassy state with more stability. They would be further studied in such

given details.
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ratio of 25.0 : 75.0
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Appendix 3

Moisture sorption profile of amorphous sucrose fiber containing trehalose

dihydrate at different weight ratios under storage condition of 30+2 °C and

75+5% RH.

Denote : A - the transition time of amorphous glassy to rubbery state

B - the recrystallization time
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Figure 49 Moisture sorption profile of amorphous saccharide sucrose fiber
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Figure 50 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 87.5:12.5
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Figure 51 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 75.0 : 25.0
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Figure 52 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 62.5: 37.5
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Figure 54 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 37.5:62.5
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Figure 59 Moisture sorption profile of amorphous saccharide sucrose fiber containing

trehalose dihydrate at weight ratio of 87.5:12.5
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trehalose dihydrate at weight ratio of 50.0 : 50.0
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