CHAPTER IV

RESULTS AND DISCUSSION
1. Formation and Structures of Liquid Crystals from Surfactants and Lecithin

Most surfactants as well as lecithin formed liquid crystalline phases under the
conditions used in this study. However, systems consisting of Brij®721, Arlamol®E,
and water, as well as those of Arlatone®2121, Arlamol®E, and water, in the ratios used
did not result in liquid crystalline phases within 7 days of storage. Partial phase
diagrams o fthe liquid crystalline systems are displayed in Figure 17-21.

In this study, formation of liquid crystal from surfactants was conducted by
melting method at 80°c except for the systems formed from sodium dodecyl sulfate,
decanol and water. To prevent hydrolysis of sodium dodecyl sulfate at elevated
temperatures (Berger and Hiltrop, 1996) and evaporation of decanol from the systems,
the preparations were prepared at room temperature. Formation of liquid crystals from
lecithin was prepared by dissolving lecithin in chloroform and hydrating with water at
45°c because melting method could not disperse lecithin in the form of molecular
dispersion. When lecithin was studied in the form of liposomes, multilamellar
liposomes (MLV) were prepared because MLV allows much more reproducible
calorimetric measurements than small unilamellar liposomes (SUV) and features a
higher transition co-operativity than both SUV and large unilamellar liposome (LUV)
(Sainz et ., 1993). Therefore, MLV are more suitable for studying the effects of
additives on the bilayer by DSC technique due to the higher co-operativity of the

structure will sharper peaks to occur in the thermograms.
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Figure 17. Ternary Phase Diagram from the System of Brij 72:Arlamol E:

Water: (+) Found or Partly Found, 1 Phase; (0) Found, 2 Separated Phases; (X)
Not Found, 1 Phase; (0) Not Found, 2 Separated Phases.
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Figure 18. Ternary Phase Diagram from the System of Brij®@72:IPM:Water: (¢)
Found or Partly Found, 1 Phase; (0) Found, 2 Separated Phases; (x) Not Found,
1 Phase; (0) Not Found, 2 Separated Phases.



Figure 19. Ternary Phase Diagram from the System of Brij@72:Brij®@721 (3:2):

Arlamol®E:Water: (+) Found or Partly Found, 1 Phase; (0) Found, 2 Separated
Phases; (x) Not Found, 1Phase; (0) Not Found, 2 Separated Phases.
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Figure 20. Ternary Phase Diagram from the System of TriethanolaminerOleic
Acid:Water: (+) Found or Partly Found, 1 Phase; (0) Found, 2 Separated Phases;
(X) Not Found, 1 Phase; (0) Not Found, 2 Separated Phases; (L) Lamellar Phase;
(H) Hexagonal Phase.



Figure 21. Ternary Phase Diagram from the System of SDS:Decanol:Water:
() Found or Partly Found, 1 Phase; (©) Found, 2 Separated Phases; (x) Not
Found, 1 Phase; (0) Not Found, 2 Separated Phases.
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2. Characterization of the liquid crystalline systems
2.1 Polarized Light Microscopy

The fomretion ard the structure of various liquid aystals were identified by
polarized light micrasoopy acoording to the dassification estalished by Rosavear
(1954), lborahim et d. (1992), ad Suhain et d. (1994). Detailed desariptions of the
formetion ad the strudure of each systemin this study are in Appendix A Liquid
aystas from lecthin, with weter contert of nore then 60% hed a lamellar liquid
aystaline strudure (Fgure 22). The Brij®72 and sodum dodecyl sulfate systens
shoned only lamellar liquid arystalline strudures (Hgure 23 ad Hgure 24) wherees
the tiethandamine dedte sygtens shoned both heegord ad lamellar liquid
cystaline srudures (Fgure 25) in e concentration range siudied. The Bij®72
and weter fomred lamellar liquid arystalline strudure in Brij®72 concentration of 10
2% / . When anoll, such as Adanol@E or Isopropyl myristate (IPM), wes added
to the binary mixture of Bij®72 ad weter, alamdllar liquid aystaline strudures
were still evidert & various ratios of the conponents. Hgure 17 and 18 represant the
temay pese dagars for BijR@72Alamd@Eweter ad Bhj@rzZIPMiveter,
respecively. The resuits shoned thet Brij®72Adanol@REwater cgae the lamellar
liquid arystalline structure in the wide range of ratios. When the oil was danged from
Alanol®E to isopropyl myidtate, the lamellar liquid arystalline structure oocurred in
a naroner rae In phameceuticals and cosiTelics, comaination between two o
nore emulsifiers or the resance of aco-surfactant tends to inorease enmulsion stability
(Fiberg and Jarssn, dited in Tyle and Frarnk; 1990). Heree, the effect of combining
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Figure 22. Photomicrograph from Polarized Light Microscopy Showing the
Lamellar Structure of Lecithin:Water (40:60).

Figure 23. Photomicrograph from Polarized Light Microscopy Showing the
Lamellar Structure of Brij®72:Arlamol®E:Water (15:10:75).
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Figure 24. Photomicrographs from Polarized Light Microscopy Showing
the Lamellar Structure of SDS:Decanol:Water (a) 5:10:85 (b) 20:30:50.
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Figure 25. Photographs from Polarized Light Microscopy showing the structure
of TriethanolaminerOleic Acid:Water (a) 10:50:40, hexagonal (b) 15:50:35,
lamellar.
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effect of two sufadarts on the formation and strudures of liquid a>stals between two
sufadants wes aso suded by using Brij®72 :Rii®721 in the ratio of 32 The results
in Appendix A (Table A.3) showthet the comination of Brij®72 and Bii®721 causd
the ooourence of lanellar liquid aystds only at the ratio of the surfactantallweter of
151075 in the concentration rage siudied. No difference in the stablity of lamellar
liquid aystds wes evident uder a polarized light marosogpe when the sysemwith
Bii®721 wes corpered with the system corbining Biji®r2 and Bij®r21 when the
sare total sufadant concentration wes ussd. This sugpests thet comining Brij®r2
with Bii®721 might have interfered with the dignrent of the sufadarts a the
interface and meck the liquid arystal formation less praoeble.

In sare sydeas of liquid arystalline phese the instablity of liquid aystas
ooccured, eg, in the liquid aystalline sysiem aamposad of triethandamine, deic add
andwater in the ratio of 1560.25. In this system laellar liquid aystals oocurred after
7 dys of preparation but dsgpeared after 2 months when dosenved under apdarized
light mcaosoope. In soe systes, the strudure of liguid aystal denged, eg, the
liquid crystalline systemaanyosed of triethandanine, deic add, and weter in the ratio
of 255025 ad thet of sodum dodecyl sulfate, decand ad weter in the ratio of
1020770, The gyearances of liquid aystaline texture danged from the peitem
similar to that shown in Fgure 26 to the pattemn similar to thet shoan in Fgure 27 ad
fromthe pettern similar to thet shoan in Fgure 24atto the petter similar to thet shoan
in Hgure 24b, respectively. In addition, the physical gopearance dso danged, eg, the
liquid crystalline system conposad of sodium dodecyl sulfate, decand, and weter in
the ratio of 10:3060 dhanged froma horogeneoss ¢4 o two sgparated presss,
but liquid aystal formetion still existed when dosened under a polarized  light
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Figure 26. Photomicrograph from Polarized Light Microscopy Showing the
Lamellar Structure of Triethanolamine:0Zeic Acidr\Water (15:50:35).

Figure 27. Photomicrograph from Polarized Light Microscopy Showing the
Lamellar Structure of SDS:Decanol:\/Vater (30:40:30).
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maosogpe. Appendx B dons phatomiaogrgahs of represaniatives of the liguid
aysas viened between aoss pdanizers a room tenparaure. Hom the resuits of
pdlarized light microsoopy, the fomration and strudures of yatropic liquid aystalline
fesss dgperded on the dharadeistic of the anphiphilic compound, the ather
cononet in the system the ratio of the conporents, adtine.

2.2 Differential Scanning Calorimetry (DSC)

Sufadarts ad lecthin cn exdt in bath gd ad liqud aystaline states
Though sare of the sufadanis, eg, Bif®72 and sodum dodegyl aulfe, are sdiid a
room teneraiure, the sysans prepared were dl in the liquid aystdline date This
wes verified by DSC since the transition terrperaiures of dl sydars were below room
teperaure

DSC exparinernts were perfored on the systens thet displayed good stabllity
after 2 months from preiminery studies with polarized light nricrosoopy under the step
21 of the methods in Chepter n. The dhosen ydtens either shoned different liouid
aystaline strudures with minmel concentrations of sufedants or doned the sae
liqud aystline structure with different component ratios. The liquid aystlline
srudures sdedted were dosad laellar liquid aystlline (s Fgure 22, 23, 249),
paner larellar liquid aystalline (see Figure 24b, 290), ad hexagordl (see Figure 259).
Sdens that forred dosad laellar liquid aystas were Brii@72weter (40:60),
Brijs/2Alami@Ewater (15:10:75), sodum dodecyl sulfate (SDS):decand (D)
Water () (5:10:85), ledthinweter (40:60), ad lipossones. Those dspayed the
paner larellar liquid aystdline strudure were triethandamine (T):deic aad (O
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Water () (15:50:35) and SDS D:  (20:30:50). The hexagonal structures were the
systems of T:0:W (10:50:40) and T:0:W (25:30:45).

Fomthe DSC themrograns, the transition tenperature of the liquid aystlline
sygtem coposed of Biij@r2weter (40:60) dd nat differ from Bij®r2Adano@E
weter (1510:75) (Fgue 28. This suggests thet the nmgjanity of the sufedarnt
noecues were in the simlar grese in the two Sydans Honever, in the sysemwith
AlaroRE, there gooeared adther sdller pesk & 1469°c. Haoe Adand@E
infroduced anather reseinto the sysem Snce Trrof pure Adamdl@B (Figure 29) ad
Brij®72 are nat in the vidinity of the new peek; this pesk wes not from seperation of
pure Adamo@E or Bij®r2 fromthe sygem On the ather hard, this pesk might be
fromanew pgrese conposed of sufadant ndecues a the interface of the oil droplets
which were in adfferent envronman then the mgjority of sufadart ndecues in the
bilayer structure. The nain transition of the system should ke attributed by mdlecules
of the sufactart fonming liquid arysta bilayers surounding the ol droplets. Srcethe
nain transition tenrperature of the sysiemdid nat shift in the presence of Alandl®E,
there was no evidence thet Adandl®E participated significanty in the surfactart hilayer
structure on andlecuar bess Honever, fromthe struciural point of view;, Adano@E
Is ds0an arphiphle, the dhamicd nomendature of which is polyoxypropyiene-15-
steanyl ether; it should be ade to intermix with Bij®72 ndeades, a leest partly. If
thet hed hgpered, the exteart of the intermixing wes nat large enough to cause ay
signficantly effedts on transiion of the sygem For alls without an anrphiphilic
strudure, auch s liquid paraffing this possibility could be rued out (Mudller-Goyrmam
and Frark; 1985).
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Figure 28. DSC Thermograms of the Liquid Crystalline Systems Composed of (a)
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Figure 29. DSC Thermogram of Pure Arlamol@E.

Tnethandamnedec addweter sgens gae bah panar larelar ad
hexegordl strudures (see Fgure 25). These sydas hed totally different transition
behaviars, regardess of the strudure fomred. Thet is, the hexegordl rese fomred by
different ratios of camponats gave dfferent transition pattems (Fgure 30). Sne
tnethandamine ad deic add caninteract to produce triethandanine deste, aknoan
sufadart, the ratio of triethandaine ad deic aad in the systemmight day angar
rde in determining the microsoopic strudiure of the liguid aystalline gese 1t is
prabade thet in the exaess of deic add , the ndeacdes mght penetrate into the
lipophilic region of the liquid aystaline struciure  and affect the struciure of liquid
aysias. This might e the cause of the difference in transition pettem of the above two
Sydens of tiethandaminedeic addwater, even though the texture of the liquid
aystds were the sare
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The system from SDS:decanol:water selected for DSC investigation were of
closed lamellar and planar lamellar textures (see Figure 24). The main transitions ofthe
two systems were at the same temperature, but the difference in peak width was
evident (Figure 31). The system with SDS:decanol:water (20:30:50) displayed a
slightly broader peak when compared with the system with the component ratio of
5:10:85. The broader peak means less co-operativity of the molecules constituting the
structure (Gennis, 1989). An exothermic peak was present in the former system where
SDS content was high. This might be the evidence of recrystallization of the surfactant,
which was not revealed by polarized light microscopy probably because the crystals
formed were too small, both in size and in quantity.

Liquid crystalline systems from lecithin had the same characteristics in terms of
transition temperature and peak width (Figure 32). However, AH of the liposomal
system was much higher than the system composed of lecithin:water (40:60). This
suggests the higher co-operativity of the molecules in the liposomal system (Gennis,
1989). Figure 22 shows inhomogeneity in the texture of lecithin:water (40:60) that
might be responsible for less co-operativity ofthe molecules constituting the structure.
The photograph of liposomes was not available for comparison due to the minute size

of the vesicles.

3. Effects of Additives on the Formation and Structures of Liquid Crystalline
Systems

The summary of effects of additives on the structure and other properties of the
liquid crystalline systems are shown in Tables 3-6. Thermograms of each liquid
crystalline system with additives are displayed in Appendix E.



78

= HEAT SDS:D: H 5: 10: 85 PIOBS)
Peak= .B6
@ T Ppesk from -8.54
to: 6.33
Onset=-2.30
J/g = 2300.88

Pedk frox 3:.37
to: 44.93

Onaot= 34.17

O T /g - 16,96

20
EEL. 7% I e ] T R % T ] by an
1f ffiofrat lire* ft“]
(@)
8

= HEAT SDS:D: H 20: 30: 50 (203050)

Peak= . 49
60 + Peak from -29.37
to: -43.33
Onset--25.58
J/g =-18.79
{ Peak from -8.33 !
to: 7.9:
Onset=-4.92
0 T u/g - 193.36

Peak=-21.65

ol

g ~4a00 =60 450 T e T T
Temperature(C)

)
Figure 31. DSC Thermograms of the Liquid Crystalline Systems Composed of

SDS:Decanol:and Water (a) 5:10:85 (b) 20:30:50.



79

) o e —

= HEAT LC e

% Peak= 1.04

|

e s e s e

T Peak from: -14.28

to: 5.47
Onset=--1.68
J/g = 465.57

HEAT OV

)
L + o s
_F'.

] SN

—

=0 = 30700 49,00 1500 30,00 45700 70,00
Temperature (C)
(@)
100

= HEAT dipo=1 ipoi)

Peak= 2.22

——.

Pesk from: -7.80
to: 7.42

l Onset=-1.23
B l J/g = 252.68
= T
&

HE

o b e

HEAT FLOW

|
l
|
|
|
|

|
L oyl

0 4 —— : 3 3 L 3
'}5'.00 20.00 -20.00 -10.00 10.00 20.00 20.00
Temperature (C)

L— L

1=
o
o)

)
Figure 32. DSC Thermograms of the Liquid Crystalline Systems Composed of

Lecithin:Water (a) Emulsion (40:60) (b) Liposomal System.



Table 3. Effects of Trehalose
System

Brij&@2:Arlamol®'E:water
(15:10:75)
triethanolamine:oleic
acid:water (15:50:35)
triethanolamine:oleic

acid:water (25:30:45)

sodium dodecyl sulfate
(sDS):decanol:water
(20:30:50)
lecithin:water

liposomal system

Structure without

additive

closed lamellar

planar lamellar

hexagonal

planar lamellar

closed lamellar

closed lamellar

Structure with
additive

closed lamellar

planar lamellar

disappeared

planar lamellar

closed lamellar

closed lamellar

% of
additive

10

30

20

20

1

unchanged

unchanged

decreased

decreased

unchanged

Co-operativity

increased

increased

decreased

decreased

unchanged

Exothermic
peak

no

no

yes

no

no



Table 4. Effects of 10% urea

System Structure without additive

Brij®'72:Arlamol®E:water closed lamellar
(15:10:75)
triethanolamine:oleic hexagonal

acid:water (10:50:40)

triethanolamine:oleic planar lamellar

acid:water (15:50:35)
triethanolamine: oleic hexagonal

acid:water (25:30:45)
SDS:decanol:water planar lamellar

(20:30:50)

closed lamellar

lecithin:water

liposomal system closed lamellar

Structure with additive

closed lamellar

planar lamellar

planar lamellar

hexagonal

planar lamellar

closed lamellar

closed lamellar

K

decreased

decreased

decreased

decreased

decreased

decreased

unchanged

Co-operativity

increased

increased

increased

decreased

decreased

decreased

decreased

Exothermic peak

no

yes

yes

no

no

no

no



Table 5. Effects of Sodium Chloride

System

Brij®@72:Arlamol®E:water
(15:10:75)
triethanolamine:oleic
acid:water (15:50:35)

triethanolamine :oleic
acid:water (25:30:45)
SDS:decanol:water
(20:30:50)

lecithin:water

Structure without

additive

closed lamellar

planar lamellar

hexagonal

planar lamellar

closed lamellar

Structure with

additive

closed lamellar

planar lamellar

hexagonal

planar lamellar

closed lamellar

% of
additive

6

Im

decreased

unchanged

unchanged

unchanged

decreased

Co-operativity

decreased

unchanged

increased

decreased

decreased

Exothermic
peak
no
no
yes

yes

no



Table 6. Effects of a-Tocopherol
System Structure with %o0f I

additive

Structure without
additive

Co-operativity ~ Exothermic
additive peak

closed lamellar

closed lamellar

Brij472:Arlamol'sE:water 3 unchanged increased no
(15:10:75)
triethanolamine:oleic planar lamellar hexagonal 15 unchanged increased yes
acid:water (15:50:35)
triethanolamine: oleic hexagonal planar lamellar 10 unchanged unchanged no
acid:water (25:30:45)
SDS:decanol:water planar lamellar planar lamellar 5 unchanged decreased yes
(20:30:50)
lecithin:water closed lamellar closed lamellar 5 unchanged unchanged no
liposomal system closed lamellar closed lamellar 1 unchanged unchanged no



84

3.1 Effects of Trehalose

Water soluble trehalose is used primarily as a cryoprotective agent. It has
drawn much attention as a promising cryoprotectant for liposomes during
lyophilization process for commercial production of the delivery system. Crow et al.
(1986) found that trehalose provided satisfactory cryoprotection for liposomes in their
laboratory experiments. When trehalose was added into liquid crystalline systems, it
did not induce a change in the structure of liquid crystals both from surfactants and
lecithin until its concentration had reached a certain value. Abcve the maximal
tolerable concentration, the structure of liquid crystals disappeared, either partially or
completely depending on the structure-forming surfactant. For example, in the Brij®72
system, the liquid crystalline structure disappeared partially when 5% trehalose was
added (Figure 33). The gross physical appearance of the preparation also changed
when the concentration of trehalose reached a certain level made, possibly by the
removal ofwater from the sytem due to high aqueous solubility of the additive.

Even when it did not prohibit formation of liquid crystalline structure, addition
of trehalose into liquid crystalline systems could cause some changes in the
characteristics of the system though the changes could not be detected by polarized
light microscopy. DSC thermograms, however, could detect changes in the transition
temperature, the peak width, and the enthalpy of these systems.

The presence of 20% trehalose in the liquid crystalline system composed of
lecithin and water in the ratio of 40:60 resulted in an increase in the peak width and a
decrease in the transition temperature and AH (Figure 34). This suggests that trehalose

might have an influence on the behavior of the phospholipid bilayer by increasing the
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Figure 33. Photomicrographs from Polarized Light Microscopy Showing the

Lamellar Structure of Brij®72:Arlamol®E:Water (a) Without Trehalose (b)
With 5% Trehalose.
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distance between the headgroups of adjacent phospholipid molecules, so the acyl
chains of the bilayer phospholipid had more space to move around. The bilayer then
became more fluidized, resulting in a lower transition temperature. This effect was not
seen with liposomes (Figure 35), probably because of the lower trehalose
concentration incorporated into the liposomal structure due to the high aqueous
solubility of the sugar. Alternatively, the method of hydration may influence the
interaction between trehalose and the headgroup of lecithin. The latter is more
probable since trehalose increased AH of liposomes, implying a greater co-operativity
of the molecules: an opposite effect of what was seen with the other phospholipid
system. This result agrees with the higher degree of homogeneity of the liposomal
systems.

DSC analysis showed that the system of triethanolamine:oleic acid:water
(15:50:35) consisted of at least two populations of liquid crystals (Figure 36) as also
revealed by polarized light microscopy (see Figure 25b.). When trehalose was added
to the system, the thermogram showed more co-operativity ofthe system as seen from
the increase in AH and the merging tendency of the two peaks (Figure 37). The similar
effect could also be seen in the system of Brij®72:Arlamol E:water (15:10:75) (Figure
38).

Trehalose might also inhibit recrystallization of SDS in the system of
SDS:decanol:water (20:30:50) (Figure 39), probably by interacting with the headgroup

ofthe surfactant.
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3.2 Effects of Urea

When 10% urea was added to the liquid crystalline systems, a phase change
occurred in the liquid crystalline structure from a hexagonal structure to a planar
lamellar structure in the system composed of triethanolamine, oleic acid, and water in
the ratio of 10:50:40 % / . The underlying mechanism could be water removal from
the hexagonal structure induced by the high concentration of urea. When the bulk
water was excluded from the structure, the surfactant molecules came closer together,
giving a chance of lyotropic phase reversion. The packing rearrangement of liquid
crystals in other systems studied was not evident by polarized light microscopy when
urea was added to the system. The effects of urea on phase behavior of the liquid
crystalline system was also investigated by DSC. The results showed that the gel to
liquid crystalline transition temperatures were decreased in all systems. This suggests
that the distance between the headgroups of surfactants and lecithin increased due to
increasing hydration of the headgroups by urea; therefore, the acyl chains had more
space to mobilize resulting in the lower transition temperature. Urea might also affect
the interlamellar space and water content of the bilayer. However, this speculation
could not be verified since the appropriate technique, i.e., small angle X-ray
diffraction, was not accessible. Urea also had the same effect as trehalose in increasing
co-operativity of some systems as evident by DSC thermograms (Figure 40).
However, with the liposomal system, urea induced incomplete annealing of liposomal
vesicles as observed by optical microscopy. This may be responsible for the second
peak shown in DSC thermograms of liposomal systems with and without urea (Figure
41). This reduction in system co-operativity was also observed with lecithin in the

form of emulsion with lamellar structure (Figure 42).
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In triethanolamine:oleic acid:water systems, effects of urea depended on the
ratio of the components in the system. In systems with excess oleic acid
(triethanolamine:oleic acid:water 10:50:40 and 15:50:35, equivalent to molar ratios of
triethanolamine:oleic acid of 0.39 and 0.55, respectively), urea induced an exothermic
peak which might be corresponding to recrystallization of oleic acid (Figure 43 and see
Figure 40). Urea also increased co-operativity ofthe main transition of these systems.
In the first system, urea caused a phase change from hexagonal structure (see Figure
25a) to planar lamellar structure (similar to Figure 25b). This phase change agrees well
with the increase in co-operativity of the system. The phase change from hexagonal
structure to lamellar structure could be explained with the same reasoning as the effect
of urea on transition temperature. As the headgroups were more hydrated, the acyl
chains were more far apart, and the interaction between the hydrocarbon chains that
kept the molecules in the hexagonal structure was reduced. The curvature of the
hexagonal structure became more flattened. Finally the radius of curvature became too
great for the hexagonal structure to exist, and the phase became lamellar. For the
triethanolamine:oleic acid:water (25:30:45) system with excess triethanolamine content
(molar ratio of triethanolamine:oleic acid of 1.64), urea decreased co-operativity of the
system as can be seen from the broader peak width and a decrease in AH of DSC
thermogram in Figure 44.

For the SDS: decanokwater (20:30:50) system of planar bilayer, urea imposed
the same effect as trehalose. That is, the recrystallization peak disappeared, and a new
endothermic peak was evident (Figure 45). In this case, urea might induced hydration
of the recrystallized surfactant molecules, and the hydrated SDS could form a binary
liquid crystalline structure (Myer, 1997) which gave a new endothermic peak in the

thermogram.
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3.3 Effects of Sodium Chlorice

Sodum chlaride is widely usad in avariety of phamreceutical fommulations. Its
primary Lseis to produce isatonic sdutions. Sodum dilarice is dso an additive usd
to contral drug rdease from miaacgpsuies (Tirkkonen ad Paranen, 19909). It hesdso
been used to contrdl micelle size (Rcherd, 1975 McDonald and Ridhardson, 1981)
ad to adugt the viscosity of dgparsias by dtering the ionic deradter of the
fomulation (Ckar, 1993

The effect of sodum chlaride an ionic liguid crystal-foming sufadants wes
vary lage conpared to thet an nonionic sufedarnts. In 9ysens consisting of
tethandamine and 5 the liquid aystaline strudures were totally aodished a
sodium chlaride concentration of more then 1% This Suggests low tderance to ionic
additives of ionic sufadants. Inareasing ionic strength of the systlemdue to addition of
sodum chloride mright ke resporsidle for the inability of the surfadtant mdleaules to
arage into liquid aystdiine strudures since the headgroyp could nat display strang
ionic properties & high ionic strength. Cn the ather hard, nonionic sufadarts were
nat affected exoept & very high concentrations. The nonionic anes did nat suffer from
this effect prabably because they have no dherged surface, and there would rather ke
sare aher exdangtions, such as the salting-out effedt, for the effeds of the ionic
additives a very high concentrations which nesds to be further investigeted

Sodum chlaide, like tretdlose, dd nat induoed a darge in the liquid
aystaline srudure. Honever, in the sysem conposad of Bij®@72, Aland”E, ad
weter in the ratio of 151075% / , high concentrations of sodium chlaride (6% or
nore by weight) induced dustering of liquid aystal droplets by salting out (Hgure 46).



Sodium dhlarice affected themrd behaviar of the liquid aystalline sysens It
inceesad  co-operativity of the transition in the sygtem of triethandaninedeic
addweter (25:3045) ad induced an exathemic peek &8 ssm from the DSC
thremogans (Hgue 47). Snee the s8em wes excess in tethandanine
(ethandlamine:deic add ratio of 1.64), it is Speauiated thet the exathenric pesk was
from recrystallization of exaess tiethandamine. As aresut of this reaystdlization
process, the rest of the systemwas aonposed only of triethandarmine dedie and weter
resulting in better co-operativity of the system ance the ndeaues were dl dike. Thus,
the main transition peek was Sape, ad AH of the transition inoreesad

Sodium chlaride deaessad transition terperatures of the systaTs with Bij®r2
AlamolREwater (15:10:75) (Foure 48) ad lecithinweter (40:60) (Fgure 49). This
effect could nat e exdained by asnpe medhenamof either inoreasad ionic sregth
or sdting ot These two medrenaTs shauld have resuited in inreasing transition
tenperature of the sygem as reparted by Pownell et d. (1994). Sodum chioride dso
recoad co-operativity in the systiens of lecthinweter (40:60) (see Fgure 49) ad
DS decandwater (20.30:50) (Fgure 50). The medanam undertying this effedt is
not deer.



Figure 46. Photomicrograph from Polarized Light Microscopy Showing the
Lamellar Structure of Brij®72:Arlamol®E:Water (15:10:75) With 6% Sodium
Chloric.
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34 Effects of - Tocopherol

aTocopherdl, alipophilic antioxddart, is uniike al other additives ussd in this
sudy. Snoe it is lipohilic, it can be induded in the structure of licuid aystals wheress
al ather addtives will be restricted to the weter dese of the sygem Henee, it
patidpetes in drecing the liquid aystaline srudure of the sgem When
arfocopherd wes addd to atemary system of tiethandamineideic addweter, the
system becane a quetemary sysem The resutant liquid arystalline prese couid be
totally different from the temary sygem For exanpde, when the conponarts were
cdhaged from triethandamine:deic addweter (25:30:45) to the sare coponents
pus 10% a-tocopherd, the liguid aystal found were in the form of daner larellar
structure insteed of the hexagoral strudiure found wiith the temary system The drenge
in the opposite direction from ahexegord structiure to aplaner ladllar struciure wes
aso s (see Tade 6).

The effect of atocopherd on themd behaviar of the sysiem conposed of
triethandaming, deic aod ad weter in the ratio of 25:30:45 wes further investigeted
by DSC. The presace of atocopherd in the new sysiem resuited in only a dlight
deease in the transition tenrperature from -592 °c t0-7.49°c adin AHfrom 8024
Jgto 7261 Jg (Fgure 51). A previous study by Quinn (1995) dso dons the sare
effect in decreesing the transition tenrperature and AH when atocopheral wes aodd
to aliposomd sysem

From these experiments, the results showed that the lyotropic liquid crystals
accommodated different solutes to varying degrees. The presence of a solute dissolved
inthe liquid crystalline system could influence the formation and the structures of
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liquid crystals as well as the gross physical appearance when the solute concentration
reached a certain level. These changes could influence the drug solubilizing ability of
the system or affect the potential of the systems to control drug release which should

be further investigated.

4. Assessment of the Possibilities of Using Liquid Crystalling Systems as Drug
Delivery Systems

41 Anility to Solubilize Propylthiouracil (PTU) and  Triamcinolone
Acetonide (TA)

The saturation of each drug in the liquid crystalline systems was studied
by varying concentration of the drug in each system. The saturation solubility of each
drug was determined by polarizing microscopy. The highest drug concentration at
which drug crystals were not observed after 3 days was considered to represent the
saturation solubility of the drug in that system. The results of these experiments are
shown in Appendix c. The liquid crystalline systems from Brij®72:Arlamol®E:water
and SDS:decanol:water could hold a maximum of 0.2% PTU. Maximal saturation
concentration of PTU in the systems of triethanolamine:oleic acid:water was 1.1%.
Maximal concentration obtained with lecithin systems was 0.5%. Tne results showed
that the solubility of PTU in liquid crystalline systems was more than the solubility of
PTU in water (0.15%) and in a typical model of o/w emulsion. The reference aqueous
solubility used was experimentally determined in this study since the quality of water

and temperature can affect the solubility. The method and the results of the solubility
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study are shown in Appendix F. PTU is an amphiphile. It is only slightly soluble in both
water and lipid phases, and thus the drug molecule may align between the surfactant
molecules at the interface of the liquid crystalline system and water Therefore, PTU
solubility in the liquid crystalline systems was expected to increase by being
incorporated into the structure of liquid crystals. The PTU-contaimng liquid crystalline
systems were investigated by DSC (Appendix E). The results showed that addition of
PTU at its saturation concentration did not cause any significant changes in the DSC
thermograms.

In the case of liquid crystalline system in the form of liposomes, PTU was
added into phospholipid film. When water was added to hydrate the thin film of lecithin
to form liposome, most PTU partitioned into the water phase resulting in low
concentration of the drug in the liposomal bilayer (Appendix C, Table C.2-C.5). To
reduce the partitioning ofthe drug into the aqueous phase, the film was hydrated with
a solution of 0.8 mg/ml of PTU in water. The amount of PTU in the pellet retrieved
from 1 ml liposomal suspension increased from 496.33 gig to 1,256.67 ng. The
concentration of 0.8 mg/ml of PTU in water was the maximal concentration of PTU
which no recrystallization was observed when the solution was stored in the
refrigerator for more than 48 hours. This was crucial since lecithin is not stable at room
temperature, and liposomal preparations were to be kept refrigerated. This suggests
that incorporation of drugs with the same solubility properties as PTU into liposomal
bilayers for sustained release or for other reasons requires existence of the drugs in the

water phase in order to force the drugs to remain in the bilayer.

As for TA, the liquid crystalline systems studied could not accommodate any
significant amounts of the drug. Less than 0.1% could be solubilized in these systems.
This is probably due to the large inflexible structure of the drug. The molecule of the



drug is composed of rigid rings, and the drug has a high molecular weight of 434.49

(Appendix F). Since the drug is hydrophobic, it would have to stay in the hydrophobic
region of the liquid crystalline structure. But because of the size and rigidity of the
molecule, the steric hindrance would become a problem since the presence of TA
molecules in the liquid crystalline structure would destroy the hydrophobic interaction
between the surfactant molecules. In a commercial preparation, Aristocort®, TA also
exist in solid crystals at the concentration of 0.1% as observed under a polarized light

microscopy. Thus, further studies with TA were not continued.
4.2 Water Evaporation Ratesfrom Liquid Crystalline systems

The results from this study showed that water evaporation rates from all liquid
crystalline systems including the nonionic cream base were different from bulk water
(Appendix G). Profiles of percent cumulative water loss normalized :o the total water
content in the preparation versus time are displayed in Figure 52. Raw data with means
and standard deviations (SD) are displayed in Appendix G. Low evaporation rate
means that the water can be retained in the preparation for a longer period of time,
which is especially useful when the preparation is aimed at percutaneous delivery.
When the cumulative water loss from bulk water was plotted as a function of time, the
water evaporation rate was constant, indicating a zero-order evaporation kinetics
(Figure 53). Figure 52 shows that the system composed of triethanolamine, oleic acid
and water at the ratio of 25:30:45 displayed highest evaporation rate though the amount
of initial water ofthis system was close to those of the other systems. This system also

had the highest viscosity. Furthermore, the triethanolamine systems still had higher
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evaporation rate when compared to a system with a volatile component (for example,
the SDS system with decanol). These results showed that the structure of liquid
crystals, rather than the viscosity of the preparation, controlled water evaporation from
the systems. In addition, the above results also imply that water evaporation rate was
not controlled solely by the phase of liquid crystals present. The systems with
triethanolamine:oleic acid:water in the ratios of 25:30:45 and of 10:50:40 had totally
different capability to retain water although the two systems displayed the same
hexagonal structure (Figure 54). Though liquid crystalline structures were expected to
retain water for a much longer period oftime due to the tightly bound water molecules
at the headgroups of the structure, the setup of this experiment did not !o such
evaluation. The water loss seen in this dy should be from the unbound portion of
water, i.e., the bulk water. If the effect of bound water is tc be studied, an
experimental setup using thin films must be used so that all bulk water can be removed

within a short period oftime (Friberg and Kayali, 1988).
4.3 Drug Releasefrom Liquid Crystalline Systems

Vdidation of analytical method for quantitative determination of PTU release
from lyotropic liquid crystalline systems, a nonionic cream base, and an aqueous
solution by u v spectrophotometry was conducted to verify that the method used was
sufficiently accurate and precise. The validation methods and the data are shown in
Appendix H. The results showed that uv method was sufficiently accurate and
precise. However, some of the liquid crystalline systems slowly dissolved into the
release medium and slightly contributed to the background absorbance of the medium.

Therefore, controls of these systems ( triethanolamine:oleic acid:water and SDS:



(&)
Figure 54. Photomicrographs from Polarized Light Microscopy Showing the

Hexagonal Structures of TriethanolaminerOleic AcidrWater (a) 10:50:40 (b)
25:30:45.
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decanol:water) were also conducted using the systems without PTU. The absorbance
read from the control was deducted from the absorbance of the sample for each and
every time point. The PTU spectra were also monitored periodically throughout the
experiment for every system including control. Linearity of the analysis was
satisfactory; linear regression analysis yielded a correlation coefficient (R2 of 0.9999.
The representative calibration curve o fthe standard solution is shown in Figure H.4 of
Appendix H. These results indicated that u v spectrophotometry was acceptable for
guantitative analysis of PTU for the purposes of this study.

A number of experimental methods have been developed order to
characterize the release profiles of drugs from colloidal disperse systems (Washington,
1990). These experiments include membrane diffusion method, sampling and
separation method, in situ method, and continuous flow method as described in
Chapter Il. As mentioned earlier, the sampling and separation method and the in situ
method require filtration of the dispersed phase which are not very practical.
Continuous flow method requires highly sophisticated instruments. Thus, the
membrane diffusion method using Franz diffusion cells was selected to evaluate the in
vitro release of PTU from liquid crystalline systems in this present study. This method
can control surface area for drug diffusion from the donor to the receptor
compartment. In order to maintain sink condition where the concentration of drug in
the release medium is less than 10% of the saturation concentration of the drug in the
medium (Burrows et al., 1994), a large portion of the receptor fluid (10 ml) was
removed from the diffusion cell at appropriate time intervals, and the fresh medium
was replaced. The total recovery of the drug into the sink should be checked in order
to account for any losses. |f the release profile does not reach 100% at ‘infinite’ times,

then the possibility of experimental errors due to drug loss should be investigated. PTU
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did not encounter this problem under the experimental conditions used. This could be
evident from the experiment with PTU in the aqueous solution where the cumulative
amount of the released drug approached 100% at 24 hours (Figure 55). However,
when the receptor fluid was water, the wavelength of maximal absorption of PTU
shifted for about 15 nm (from 2754 nm to 260 nm) in the system of
triethanolamine:oleic acid:water as compared to the spectrum from the standard
solution due to dissolution of either triethanolamine or triethanolamine oleate into the
release medium. In such systems, pH ofthe receptor fluid was increased from 6.5 to 8-
9 over 24 hours of the experiment. In order to control the pH, a buffer system was
introduced. Since the pH of the water used in the dy was 6.5, Sorensen phosphate
buffer pH 6.5 was selected for the release medium. The selected buffer was capable to
keep the pH at 6.5 throughout the experiment, and the same release medium was used
for all liquid crystalline systems studied. The wavelength shift of triethanolamine
systems in the buffered medium was reduced to only abount 5 nm (270.2 nm versus
275.4 nm). This wavelength shift might suggest a slight change in PTU environment.
Since triethanolamine systems were erodible, and because PTU is an amphiphile, it is
possible that released PTU molecules were in an aggregate form. However, the
difference in absorbance at these two different wavelengths was negligible (Appendix
J). Thus, the corresponding concentration was calculated based on the absorbance at
275.4 nm for all systems studied.

For the release study, the liquid crystalline systems were selected on the basis
of the satisfactory gross physical appearance, the diversity in the liquid crystalline
phases formed, and the variety of surfactants used. The drug concentration in each

system was at its maximum in the system. These systems were as follows:
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- Brij®72:Arlamol®E:water (15:10:75) with 0.2% PTU

- Triethanolamine:oleic acid:water (10:50:40 and 15:50:35) with 0.6% PTU

- Sodium dodecyl sulfate:decanol:water (20:30:50) with 0.2% PTU

- Lecithimwater (40:60) with 0.5% PTU

- Liposomal system hydrated with 0.8 mg/ml PTU solution

A nonionic cream base recommended in the Ministry of Public Health Hospital
Formulary was also included in this study for comparison. This preparation also gave
the lamellar liquid crystalline structure when observed under a polarized light
microscope at 3 days after preparation (Figure 56) but the total concentration of
surfactants used was much lower than in other systems. When PTU was added to the
nonionic cream base, the crystals of the drug were found even at the concentration of
0.2% (Figure 57) whereas crystals were not found in other liquid crystalline systems.
This shows that the saturation solution of PTU in the nonionic cream base was lower
than 0.2%. Lowering the concentration of surfactant in the preparation might have
limited the extent of liquid crystal formation and, thus, the ability of the system to
accommodate PTU molecules. Besides, formation of liquid crystal in the nonionic
cream base was slower than the systems with higher surfactant content. In other
systems, liquid crystal were formed almost immediately after preparation. However,
the process of preparation might also be responsible for the difference seen since the
nonionic cream base was prepared according to the standard method for o/w emulsion
(the “beaker” method). The influence of the process on liquid crystal formation was
formerly reported (Eccleston, 1990).

The release profiles of PTU from liquid crystalline systems including the
nonionic cream base are shown in Figure 58. The complete release data are in

Appendix J. The diffusion profile of PTU from aqueous solution is shown in Figure 55



Figure 56. Photomicrograph from Polarized Light Microscopy Showing the
Lamellar Structure of Nonionic Cream Base.
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Figure 57. Photomicrograph from Polarized Light Microscopy Showing the PTU
Crystals in Nonionic Cream Base With 0.2% PTU,



mB72:A:W=15:10:75

mT.0: =10:50:40

mT:0:W=15:50:40

-SDS:D: =20:30:50

-L:W=40:60

mLiposomes

mCream Base (0.2%)

*Cream Base (0.5%)

10 15

Time (hr

Figure 58. Release Profiles (mean of triplicate runs) of PTU from Liquid Crystalline Systems Including the Nonionic Cream
Base. Standard deviations are displayed in Appendix J.



where diffusion was complete in about 8 hours. The release of PTU plateaued off at
66% ofthe drug content from the system of lecithin and water in the ratio of 40:60,
while the release of PTU from the other systems including the nonionic cream base still
continued at 24 hours of the experiment. After the experiment was terminated at 24
hours, the samples in the donor compartment were retrieved and observed under a
polarized light microscope. The drug crystals were found in the liquid crystalline
system o f Brij®72. These crystals did not exist before the release experiment. When the
retrieved samples were left at room temperature without protection from water
evaporation, the crystals disappeared. This suggests that during the release experiment
the composition of the system had been changed due to the water from the receptor
compartment diffusing through the membrane. The system with higher water content
might not be able to accommodate the same amount of PTU molecules, and the drug
recrystallized from the system. When the water in the system was allowed to
evaporate, the system returned to its original structure, and the drug redissolved into
the system. Thus, water content was crucial in maintaining the structure and properties
of liquid crystalline systems. Similar phenomenon was not observed with the other
systems.

Several mathematical models have been used to describe the release of the
drug. The release data obtained in this study were analyzed in order to describe the
release characteristics with one of the following models: (i) the drug release was
controlled by the diffusion of the drug through the matrix or the diffusion-controlled
release (Higuchi, 1961; Burrows et ., 1994), (ii) the drug release followed first-order
kinetics (Burrows et al.,, 1964), and (iii) the release followed zero-order kinetics. In
diffusion-controlled release the cumulative amount of drug released per unit surface

area of the system is directly proportional to the square root of time. When the
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percentages of drug release in this experiment were plotted against the square root of
time, the linear relationship was observed in the systems of Brij®72, triethanolamine,
and nonionic cream base (Figure 59). In these systems, the drug release followed the
square-root of time relationship, and the amount of drug present was greater than or
close to the solubility of the drug in the vehicle. The model assumption of constant
concentration of drug in the vehicle was hold in these systems. Crystals were evident in
the systems of Brij®72 and nonionic cream base. Although the drug crystals were not
found in the systems of triethanolamine after 24 hours of in vitro drug release studies,
the system still followed a diffusion-controlled drug release mechanism because the
amount of drug released in 24 hours was very low compared to the initial amount.
Thus, the PTU concentrations in these systems were relatively constant during the
period studied. For a system to follow first-order release, the log amount of drug
remaining in the system must be directly proportional to the time. The system with
SDS followed first-order kinetics with a rate constant of 0.015 and R2 of 0.9929
(Figure 60). The other systems could not be fitted to diffusion-controlled, first-order
kinetics or zero-order kinetics. More than one mechanisms might be responsible for the
release of PTU from these systems. Most of release profiles from liquid crystalline
systems reported in the literature were diffusion-controlled (Mueller-Goymann and
Frank, 1986; Mueller-Goymann and Hamann, 1993; Geraghty et ah, 1996; Chang and
Bodmeier, 1997). Some liquid crystalline systems prepared from a monoglyceride were
reported to give release profiles that followed a first-order kinetics (Burrows, Collett,
and Attwood, 1994). However, even with the same liquid crystalline system, release
profiles depend also on the drug incorporated into the system. Burrows et al.
(1994) reported different release profiles from similar liquid crystalline

systems with several drugs. In addition to the kinetics of drug release, the
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Figure 59. Percentage of Drug Release Against the Square Root of Time.
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Figure 60. Log Amount of Drug Remaining in the Donor Compartment Versus Time.
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release rate also depends on several factors including drug loading, method of
preparation, and chemical form of the drug incorporated (Mueller-Goymann and
Frank, 1986). Hence, in order to use the liquid crystalline system to control drug
release, several formulation factors as well as process variables have to be taken into

44 Stability of Liouid Orystaline Systems

Stability evaluation of selected liquid crystalline systems was performed after 2
months of storage at room temperature for systems with surfactants and in a
refrigerator for systems with lecithin including liposomal systems. The results at 2
months were compared with those observed at 3 days after preparat on. Stability was
evaluated from the gross physical appearance, the texture from polarized light

microscopy, and the thermogram from DSC.
44.1 Liquid Crystalline Systems with Additives

The structure and physical appearance changed in some systems after 2
months of storage in these systems. For the triethanolamine:oleic acid:water (25:30:
45) system with 10% a-tocopherol, the structure changed from figure 54b to the
pattern similar to that shown in Figure 27. The preparation became liquefied. In this
system, the DSC thermogram (Figure 61) shows that Tmand AH decreased whereas
peak width increased, suggesting less co-operativity in the structure In the system of

SDS: decanol:water (20:30:50) with 5% a-tocopherol, the preparation liquefied, and
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coalescence ofa-tocopherol took place. In some systems, there was no change under a
polarized light microscope, but changes were observed with DSC. For example, in the
liposomal system with 1% a-tocopherol, co-operativity of the system slightly
increasesd as seen from the slightly decrease in peak width (Figure 62).
Co-operativity ofthe systems tended to increase after 2 months in systems with urea.
Some systems with trehalose displayed decreased co-operativity. Almost no change
was observed in systems with sodium chloride. Other results from this study are shown

in Appendix E.
442 Liquid Crystalline Systems with PTU

After 2 months of storage, the saturation solubility of PTU in each
liquid crystalline system was monitored by polarized light microscopy (Appendix C).
Thermal behavior of the system was also monitored by DSC in the systems with no
visible change in gross physical appearance and liquid crystalline textures. Results of
this study are shown in Appendix E. Recrystallization of PTU occurred only in one

system: abundant drug crystal were observed in the system of Brij®72:Arlamol®E:

water (20:10:70). DSC revealed alteration in thermal behavior in some of the systems.
For example, peak widths of the liposomal system and the system of SDS:decanol:

water (5:10:85) decreased corresponding to increase co-operativity ofthese systems.

In conclusion, the additional substances, either additives or drugs, could
influence stability of the liquid crystalline systems in terms of physical appearance,
liquid crystalline texture, and molecular interactions within the liquid crystalline

structure.
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