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We have investigated the phase characteristics of 1,2-bis(tricosa-10,12-diynoyl)-sn-glycero-3-phosphocholine 
(DC23PC), a phosphatidylcholine with diacetylenic groups in the acyl chains, and its saturated analog 
1,2-ditricosanoyl-sn-glycero-3-phosphochoUne (DTPC), using Fourier-transform infrared spectroscopy 
(FTIR). Previous studies on the phase behavior of DC23PC in H20 have shown that DC23PC exhibits: (1) 
formation of cylindrical structures ('tubules') by cooling fluid phase multilamellar vesicles (MLVs) through 
T m (43 ° C), and 2) metastability of small unilamellar vesicles (SUNs) in the liquid-crystalline state some 
40°C below Tm, with subsequent formation of a gel phase comprised of multilamellar sheets at 2°C. The 
sheets form tubules when heated and cooled through T m. FTIR results presented here indicate that as 
metastable SUNs are cooled toward the transition to bilayer sheets, spectroscopic changes occur before the 
calorimetric transition as measured by a reduction in the CH z symmetric stretch frequency and bandwidth. 
In spite of the vastly different morphologies, the sheet gel phase formed from SUNs is spectroscopically 
similar to the tubule gel phase. The C-H stretch region of DC23PC gel phase shows bands at 2937 and 2810 
cm-1 not observed in the saturated analog of DC23PC, which may" be related to perturbations in the acyl 
chains introduced by the diacetylenic moiety. The narrow CH 2 scissoring mode at 1470 cm -1 and the 
prominent CH 2 wagging progression indicate that DC23PC gel phase was highly ordered acyl chains with 
extended regions of all-tram methylene segments. In addition, the 13 cm- i reduction in the C = O stretch 
frequency (1733-1720 cm-t )  during the induction of DC23 PC gel phase indicates that the interfacial region 
is dehydrated and rigid in the gel phase. 

Abbrevaat~ons MLV, multdamellar vesmle, SUV, small um- 
lamellar vesicles, DC23PC, 1,2-bls(tncosa-10,12-dlynoyl)-sn- 
glycero-3-phosphochohne, DTPC, 1,2-dltncosanoyl-sn.glycero- 
3-phosphochohne, DPPC, 1,2-dlpalmltoyl-3-sn-phosphatl- 
dylehohne, Tin(c) , temperature of an exotherrmc event ob- 
served during a coohng scan, Tm(H) , temperature of an endo- 
therrmc event observed during a heating scan, DSC, dlfferen- 
taal scanmng calorimetry, FTIR, Fourier-transform infrared 
spectroscopy 
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Induction 

Phosphohpxd assembhes exast m a variety of 
morphologies m aqueous solution Of recent inter- 
est has been the aqueous filled cylindrical struc- 
tures (or 'tubules', see Ref 1) formed m solution 
by the dlacetylemc phosphohpld 1,2-bls(tncosa- 
10,12-dlynoyl)-sn-glycero-3-phosphochohne 
(DC23PC)  [1 -4 ]  T h e  polymorphac phase behavaor 
of tlus phosphohpld and the molecular character- 
lStlCS of the novel mlcrostructures whach it forms 
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have not been fully elucidated Such studies will 
aid in the development of these polymenzable 
assemblies for blotechnologxcal appllcaUons as well 
as add to the understanding of phosphohpld phase 
behawor The purpose of the present study is to 
use FTIR to investigate the structural features of 
the various polymorphtc forms exhibited by the 
hydrated monomenc phosphohpid and spectro- 
scopically trace the thermal evolution of tubule 
formation from small undamellar vesicles (SUVs) 
and multllamellar vesicles (MLVs) of DC23 PC 

The formation of tubules from DC23PC has 
been observed by coohng fluid phase large MLVs 
through a phase transition at 43°C [1,2] The 
tubules consist of an aqueous core surrounded by 
multiple (2-10) bdayers, with diameters of 0 3-1 
t~m and lengths of up to hundreds of micrometers 
depending on conditions of formation [1-3] One 
of the mechamsms suggested by which tubules 
may form is the rolling or wrapping of vesicles of 
DC=aPC [4] 
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Fig 1 Polymorpluc phase behavtor of DC23PC Onagltated 
MLVs form tubules directly whereas SUVs are metastable and 
form a non-tubular low temperature phase compnsed of stacked 
bdayer sheets (SBS) at 2°C wtuch must then be heated above 
TIn(H) and cooled through T,~c) before tubules will form Tlus 

behavior is observed m both H20 and 2H20 

A comparative study of the phase behavtor of 
DC23PC and its saturated analog using DSC and 
freeze-fracture electron rmcroscopy has demon- 
strated that the phase behavior of DC23 PC may be 
dactated by the presence of the diacetylemc moiety 
and the lmtlal morphology of the fluid phase [1] 
The same phase behawor was observed in 2H 20 m 
the present work and is summanzed in Fig 1 
SUVs ( 0 0 4 + 0 0 1  ~tm) are metastable in the 
hquld-crystalhne phase and, unhke large MLVs 
(outer diameter over 1 /~m), do not form tubules 
directly upon coohng through the hquld-crystal- 
line to gel phase transition (observed at 42°C) 
Instead, SUVs convert at 2°C to a non-tubular 
low-temperature phase which appears in freeze- 
fracture electron macroscopic analysis to be ex- 
tended regtons of stacked lamellae (bllayer sheets) 
The stacked bdayer sheets form tubules when 
heated through the gel to hquld-crystalhne phase 
transition and cooled back below T m The forma- 
tion of the novel gel phase morphologies from 
DC23PC hposomes may m part occur because of a 
requirement for reduced bllayer curvature in the 
gel phase [1] The phase behavior outlined was 
observed in both n 2 0  and 2H20 with only very 
minor changes in the values for transition temper- 
atures and enthalples Similar variations between 
H20 and :H20  are observed in the phase behav- 
ior of other phosphattdylchohnes [6] 

Infrared measurements have been successfully 
used to discern the molecular charactenstlcs of 
phosphohpld phase states (see Refs 7 and 8 for 
recent revtews) The changes reduced in the spec- 
tra of phosphohplds as they undergo phase transi- 
tions are quite marked, and can prowde informa- 
tion about chain packing, lattice charactenstlcs, 
head group hydration, and changes in the lnterfa- 
clal regjon of the bllayer [7-14] Preliminary in- 
frared spectroscopic studies of DC23PC have 
shown that the dry, polycrystalhne matenal at 
room temperature Is highly ordered and spectro- 
scopically resembles the subphase of saturated 
phosphatldylchohnes [2,3] Previous Raman data 
on the monomenc hydrated tubule morphology 
has shown that the chams may be decoupled by 
the presence of the dlacetylemc group [2,3] In 
addition, the low-frequency Raman spectra of the 
hydrated monomenc tubule structure reveals 
longitudinal acoustic modes which indicate that 



the acyl chains are Inghly ordered (unpubhshed 
data) 

In the present study we have correlated phase 
transmons in DC23PC suspensmns observed by 
differential scanning calonmetry w~th spectro- 
scopic changes deternuned by FTIR In addltmn, 
we have examined the saturated analog of DC23- 
PC, 1,2-dltncosanoyl-sn-glycero-3-phosphochohne 
(DTPC), to compare pertinent spectral features 
and gain a better understandmg of the structural 
differences between &acetylemc and saturated 
chain phosphandylchohnes 

Materials and Methods 

The hpId DC23PC was obtained as a gift from 
Dr A Smgh The purity of the hpld was analyzed 
by than-layer chromatography and yielded a single 
spot on SdlCa gel 60 F-254 (E Merck) using a 
chloroform/methanol/water  (65 25 4, v /v)  
solvent system with sample loadmgs of approx 1 
mg hpxd in 30/,1 of solvent The saturated analog 
of DC23PC, DTPC, was obtmned from Avantl 
Polar Llpxds (Birmingham, AL, U S A ) and used 
w~thout further punficatmn All hp~ds used m 
these expenments were dned down from chloro- 
form stock solutmns and stored overmght an a 
vacuum desiccator to remove trace solvent 
Ahquots were then rehydrated w~th H20 or 2HzO 
to a concentratmn of 100 mg/ml 2H20 was ob- 
tained from MSD isotopes (Montreal, Canada) 
H20 used m these experiments was demmzed and 
double glass dastdled by a Cormng MP-12A sys- 
tem (Cornlng, NY) SUVs were prepared by bath 
somcatmn (Laboratory Supply, Hlcksvflle, NY) 
above TmtH) untd optically clear The diameter of 
these vesicles xs approximately 400 ,~ and has been 
characterized by freeze-fracture electron m~- 
croscopy [1] Large MLVs were formed by hydra- 
tmn above TrotH) for 1 h without agltatmn Tins 
procedure has been shown in previous work to 
result an the formation of multllamellar vesicles 
with an average dmmeter of 0 5-3 pm [1-3] Sam- 
ples were loaded into a calorimetry pan or the 
infrared sample cell at 50°C, which is several 
degrees above Tm~ m The data were collected after 
a 5-10 man eqmhbratmn period 

Differential scanmng calorimetnc expenments 
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were carried out on a Perkln-Elmer DSC-7 
(Norwalk, CN) The calorimeter was cahbrated 
for peak area and temperature using a sample of 
radium in a stainless steel pan Samples (40 #1) 
were loaded xn stainless steel pans above Tmot) All 
of the samples were run against an equal wmght of 
water at a scan rate of 1 o C/mln The Tm~H) and 
Trn~C) values were determined from the peak tem- 
perature of the transitions Enthalples were de- 
ternuned using hpld weights calculated from the 
wmght fraction of the hpxd m the suspension, and 
the total weight of suspension added to the pan 
The weight of hpld m each experiment was ap- 
proximately 4 mg Under these condltmns, Tm<i~ ) 
and A H values of 416°C  and 80 kcal/mol, 
respectively, were obtained for vortexed multl- 
lamellar vesmles of &paltmtoyl phosphatldylcho- 
hne, in agreement w~th previously reported values 
[15,16] 

All of the spectra shown were recorded with a 
Perkan-Elmer 1750 FTIR spectrometer (Norwalk, 
CN) Data were collected over the infrared region 
4000-400 cm-~ with 2 cm-1 resolution, at 1-cm-1 
intervals and no zero filling BaF 2 windows with a 
0 025 mm teflon spacer were loaded with 30/,1 of 
a 100 mg/ml sample Temperature control was 
accomphshed by placing the cell on an alurmnlum 
water jacket winch mounts in the compartment 
cell of the instrument [17] Tins temperature-con- 
trolled jacket was connected to a programmable 
water bath and temperature controlled to 0 1°C 
The temperature of the sample was momtored by 
attaching a thermocouple to one of the windows 
The rate of temperature change used m these 
expenments was l ° C / r m n  Spectral deconvolu- 
tlon was done lnteractlvely through an enhance- 
ment software subroutine supphed by Perkm 
Elmer The lorentzlan hne widths chosen for tins 
procedure are described with the pertinent spectra 
and care was taken in mampulatlons of tins sort 
[18,19] 

Samples for freeze-fracture analysis were ex- 
armned at the same concentration as the calorl- 
metnc and spectroscopic experiments Once the 
phase behavior was confirmed by calorimetry, the 
sample was removed from the pan and loaded 
onto copper specimen plates After freezing in 
melted mtrogen, the specimen plates were then 
transferred to a Balzers 400D (Hudson. NH) and 
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Fig 2 Calonmetnc scans of DC~3PC SUVs m 2H20 Scan I is 
the imtlal coohng curve winch shows the metastabshty of these 
vesicles An exotherm at 2 4 ° C  xs observed winch Is the 
transition to the stacked bllayer sheet gel phase (see Fig 3a 
and b) The enthalpy of tins transition Is - 2 2  kcal/mol Scan 
2 is the heating thermogram of tins phase, showing a TrotH) of 
43 1°C and entha]py of 23 kcal/mol, respecuvely Subsequent 
coohng of the sample resulted m an exotherm at 38 3°C 
(Tin(c)) with an enthalpy of - 2 3  kcal/moi, winch ss correlated 
by freeze-fracture with the transition to the tubule gel phase 
Scan 4 is the heating scan of the tubule low-temperature phase 

with T~H ) at 43 3°C and enthalpy of 23 kcal/mol 

J 

Fig 3 Freeze-fracture rmcrographs of the two different mor- 
phoiogdes observed m the gel phase of DC23PC (A) Extended 
regions of bdayer sheets are generated by coohng SUVs below 
2°C, (magmficauon, 32K) (B) The bllayer sheets formed 
dunng tlus transluon are stacked, note two fracture planes m 
tins figure, with cross-fracture showing multiple stacked layers 
of sheets, (magmficatlon, 45K) (C) The tubule structures seen 
m tins mlcrograph were formed from coohng bllayer sheets 
through T,~c) (magmficatlon, 15K) These same structures 
form directly from MLVs by coohng through Tmtc) All scale 

bars, 0 5 ~tm 



fractured and rephcated at - 110 o C Rephcas 
were washed with sodmm hypochlorlte and trans- 
ferred to copper gnds for electron rmcroscoptc 
exanunatlon winch was accomplished with a Zelss 
10CA (Thornwood, NY) 

Results and Discussion 

The formation of the stacked sheet gel phase from 
metastable S UVs 

Fig 2 shows a senes of calonmetnc scans of a 
100 m g / m l  suspension of SUVs of DCz3PC m 
2H20 Scan 1 shows that as the vesicles are cooled 
an exotherrruc phase transition is observed at 
2 4 ° C, with an enthalpy of - 2 2  kca l /mol  Figs 
3A and B show freeze-fracture rephcas of the 
structures formed from tins transition The mor- 
phology of tins phase consists of large regions of 
stacked multllamellar sheets (note stacks in cross- 
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fracture plane, Fig 3B) No tubular or vesicular 
structures were observed 

Although cooling SUVs showed no bulk phase 
transition observed by calonmetry until 2 4°C,  
changes were observed m FTIR spectra The C-H 
stretch regton for SUVs cooled toward the transi- 
tion to stacked bdayer sheets is seen m Fig. 4A 
As the temperature is cooled, there is a shaft m the 
CH 2 asymmetnc and symmetnc stretch frequen- 
cies At 50"C,  these bands are broad and ob- 
served at 2927 and 2854 cm -1, respectively At 
10 ° C, the asymmetnc stretch shafts to 2920 cm -1 
and has a mulncomponent appearance (middle 
spectra, Fig 4A) The frequency and full band- 
width at half peak height for the CH 2 symmetnc 
stretch of the SUVs as they are cooled to form the 
stacked bdayer sheets are seen m Fig 5 As the 
vesicles are cooled toward tins transition, the 
frequency decreases from 2854 at 50°C  to 2851 
cm-1 at 20 °C  (Fig 5A), with a 3 cm-1 reduction 
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Fig 4 FTIR spectra of the C-H stretch region of DC23PC dunng the thermal formation of tubules from cychng SUVs m 2H20 
Spectra have been offset to better aid comparison (A) Coohng of SUVs and the formation of stacked bdayer sheets, scans shown are 
50, 10, - 1  5°C  (B) Heating stacked bdayer sheets above TIn(H) , scans shown are 13. 37, 50°C (C) The subsequent formation of 

tubules, scans shown at 44, 36, 30 o C 
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Fig 5 Frequency and full width at half peak height of the 
CH 2 symmetnc stretch dunng the indirect thermal formation 
of tubules from SUVs in 2H20 (a) Frequency vs temperature 
plot for the redirect formation of tubules from SUVs , ,  
Cooling SUVs, and the formation of stacked bdayer sheets, II, 
heating stacked bflayer sheets above TIn(H), ©, coohng stacked 
bdayer sheets and the formation of tubules (b) Full bandwMth 
at half peak height vs temperature plot during the indirect 
formation of tubules from SUVs O, Formation of stacked 
bdayer sheets from SUVs B, heating the stacked bdayer sheets 

above T.,tH ~, ©, tubule formaUon from coohng flmd sheets 

in the bandwidth of the CH 2 symrnetrlc stretch 
over this temperature range (Fig 5B) 

The carbonyl stretch region observed in the 
spectra of the vesicles at 50°C  reveals a broad 
peak centered at 1733 cm -1 (Fig 6) Infrared 
spectra of aqueous dispersions of hquld-crystalhne 
DPPC show a broad C = O stretch frequency 
centered at 1735 cm -1 [7-9] Deconvoluuon or 
denvatwe spectra of the C = O stretching band of 
DPPC reveal that it is comprised of two overlap- 
ping broad bands centered at approximately 1742 
and 1725 cm -] ,  which represent the sn-1 and sn-2 
C = O frequencies, respectively [7-10,20] Changes 
in the C = O stretching bands are dependent on 
the thermal history of the sample, but usually 
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Fig 6 The change In the C = O stretch frequency dunng the 
thermal formation of tubules m 2 H 2 0 . ,  Coohng SUVs and 
the formation of the sheet gel phase O, heating the stacked 
bdayer sheets above Tin(n) II, Coohng through Tin(c) and the 
formatxon of the tubule gel phase Inset shows spectral decon- 
volution (lorentztan line w~dth, 16 cm -1) of the C = O stretch 
of hqmd-crystalhne DC23PC (top spectrum, peaks at 1739, 
1733, 1726, 1718 cm -1) and gel phase DC23PC (bottom spec- 
trum, peaks at 1739, 1733, 1722, 1718 cm-1), whach reveals 
that the observed reduction m the C = O frequency ~s due to a 

shaft m the relative mtensmes of the sn-1 and sn-2 bands 

revolve changes m the relatwe peak heights of the 
sn-1 and sn-2 vibration The deconvoluted spec- 
trum of hqmd-crystallme DC23 PC at 50 °C  (reset, 
Fig 6) shows that this band is comprised of four 
broad bands at 1739, 1733, 1726 and 1718 cm-2, 
with the greatest intensity observed in the vabra- 
tlon at 1733 c m - :  These four bands may repre- 
sent different rotational isomers of the C = O, and 
suggests that there is sxgmficantly more conforma- 
tlonal order in this region than observed m 
hquld-crystallme C = O spectra of saturated phos- 
phatidylchohnes Coohng the SUVs to 10°C re- 
suits m a 6 c m - :  reduction m the frequency of the 
broad C = O stretch This decrease indicates that 
the packang and interracial environment of the 
vesicles changes before the observed calonmetnc 
phase transition These differences could reflect 
changes m the hydration of the head group region 
as the metastable SUVs are cooled toward the 
transition to bllayer sheets Expenments are cur- 
rently underway to investigate the role of SUV 
fusion m the formation of bdayer sheets, and these 
vesicle-vesicle interactions may play a role m the 
observed FTIR changes m metastable SUVs 

The transition to the sheet gel phase from SUVs 
was observed m spectra taken between 5 and 
- 1 5 ° C wluch correlates to the temperature range 



m winch the bulk phase t ransmon to the sheet gel 
phase ~s observed by DSC The C = O stretch at 
- 1  5 °C  shows a sudden 6 cm-1  decrease m the 
frequency of tins vabraUon (Fig 6) The decon- 
volutlon of tins spectrum reveals that the relatwe 
peak height of the observed bands has changed 
with peaks observed at 1739, 1733, 1722 and 1717 
cm -~, w~th the greatest intensity m the peak at 
1717 cm -1 (reset, Fig 6) The 13 cm -1 decrease m 
the C = O stretch of DC23PC as a result of the 
formation of the sheet gel phase (Fig 6) indicates 
that the d~electnc envtronment of the C = O has 
changed and that tins phase has an mterfacml 
region with reduced hydration [8,9] The C = O 
frequency observed m the gel phase of DC23PC 
and the bandwidth (21 cm -1) indicates that it is 
very slnular to the subgel phase of DPPC m whach 
the water of hydrauon m the head group is re- 
duced [20] 

In the C-H stretch region (Fig 4A, top spectra 
at - 1  5 ° C), the sheet gel phase shows a marked 
increase m the peak height of the C H  2 asymmetnc  
and symmetric stretches, with the peaks found at 
2919 and 2850 cm -~, respectwely There are also 
bands at 2937 and 2810 cm -1 which were not 
previously resolved m hqmd-crystalhne spectra 
F~gs 5A and B show the change in the frequency 
and bandwidth of the C H  2 symmetric stretch 
during the formation of the sheet gel phase There 
is httle change m the frequency of tins band at the 
t ransmon temperature, but a 5 cm-~ change m the 
full width at half peak height 

The increase in peak height and reduced band- 
w~dth of the CH 2 stretcinng vibrations and the 
reduction in frequency as a result of the formaUon 
of the sheet gel phase is indicative of the increase 
in the trans/gauche rauo in the acyl chains and 
reflects the increase m conformat~onal order in 
tins regton Slrmlar changes have been observed m 
the hquld-crystalhne to gel phase t ransmon of 
saturated phosphatldylchohnes [7,8] Slgmficant 
differences m the C-H stretch region of DC23PC 
and saturated chain phosphaUdylchohnes do exast, 
however The appearance of bands at 2937 and 
2810 cm -1 m the gel phase spectra of DC23PC 
may indicate that different vibrational popula- 
Uons of methylene segments exast These may arise 
as a result of the dmcetylemc moiety as these 
bands are not observed m the saturated analog, 

A 

DTPC (see F~g 9B) Different wbratlonal popula- 
tions could arise from methylene segments on 
separate sides of tins moiety (-CH2-CHE-CH 2- 
C~C-C~=C - * C H  2- * C H  2- * CH2- ) Alternatively, 
tins result could represent methylene segments 
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Fig 7 Companson of different morphologies of DC23PC at 
20 °C  (A) fmgerpnnt regton, 1500-1000 c m - l  (a) SUVs, (b) 
stacked bdayer sheets, (c) tubules (B) C-H stretch regton, 
3000-2800 cm -1 (a) SUVs, (b) stacked bdayer sheets, (c) 

tubules 
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closest to the dlacetylene on either side of this 
moiety (CH 2- * CH22- * CH2-C~C-C-~-C- * CH 2- 
• CH2-CH2- ) Prehmmary FTIR experiments on a 
series of DC27PC hplds with varying position of 
the diacetylemc group m the acyl chaans has re- 
vealed that the perturbation introduced by tins 
moiety is a local one, affecting methylenes on 
either side of the diacetylene (unpubhshed data) 

Further rod:cation that the bdayer sheets have 
Inghly ordered acyl chains is evident m the spectra 
seen in Fig 7A The pronunent CH 2 wagging 
progression observed between 1350 and 1175 cm-:  
(with peaks at 1333, 1322, 1305, 1277, 1249, 1238, 
1229 and 1213 cm- : )  indicates that the acyl chains 
consist of many all-trans methylene segments 
[21,22] 

Heating stacked bdayer sheets above T., 
Fig 2, scan 2 shows the calorimetric scan of the 

slow heating of the bdayer sheet gel phase The 
transition observed at 2.40C upon coohng was 
not observed as the sample was heated through 
ttus range Further heating results m an en- 
dotherm at 43.8"C (Tm(r~) with an enthalpy of 23 
kcal/mol The corresponding infrared spectra of 
the C-H stretch region m F~g 4B indicate that as 
tins sample is heated there is a shght decrease in 
the peak height and broademng of the asymmetric 
and symmetric stretches Overall though, Figs 5A 
and B show that there is httle change in the 
frequency and full bandwMth at half peak height 
of the CH 2 symmetric stretch dunng the slow 
heating of tins phase (from 0 to 30 ° C) At 35 ° C. 
the band at 2937 cm- :  is broadened and it is not 
observed in spectra taken above Tm(H~ Above 
TmtH~, the asymmetric and symmetnc stretches are 
found at 2927 and 2854 cm -~ and the spectral 
features return to those observed m fluid-phase 
SUVs Freeze-fracture analysis has shown that the 
bilayer sheets morphology is retained above Tm~H~ 
[1] The relatively httle change in the spectra as 
the stacked bilayer sheets are heated toward Tm:H~ 
indicates that tins phase has tightly packed acyl 
chains wluch may be resistant to thermally in- 
duced conformatlonal change 

The formation of tubules from coohng stacked bt- 
layer sheets 

The calorimetric scan for the formation of tub- 

ules upon coohng the hpld through Tm(c~ is seen 
m Fig 2 (scan 3) As the sample is cooled, an 
exotherm is observed at 380C winch freeze-frac- 
ture analysis showed to correspond to tubule for- 
matlon (see Fig 3C) Fig 4C shows the changes m 
the C-H stretch regdon dunng the formation of 
tubules from tins fluid phase At 36 * C, the C-H 
asyrnmetnc stretch is at 2919 cm-i .  with the band 
at 2937 cm -1 observed as the tubule gel phase is 
formed. Figs. 5A and B show that at the transmon 
temperature, the frequency decreases 4 cm- i  and 
the bandwMth approxamately 7 cm-1 Tins figure 
also confirms the observed calorimetric result that 
tins phase transltaon is hysteretlc (compare Tin(c) 
and Tin(n) m Fig. 2, scans 2 and 3) 

Exarmnation of Fig. 7 shows that in spite of 
widely dfffenng morphologies gel phase tubules 
and bflayer sheets have very sirmlar spectroscopic 
characteristics The acyl chams m both exinblt a 
remarkable degree of crystalhmty and are Inghly 
ordered, wath bands at 2937 and 2810 era-1 winch 
may be ascribed to methylenes perturbed by the 
presence of the diacetylemc group The prormnent 
wagging progression is observed m both gel-phase 
sheets and tubules Comparison of the full width 
at 3 /4  peak height of the CH 2 methylene bending 
vibration (6 1 cm - i  for sheets and 6 3 cm - i  for 
tubules) mchcates that the gel-phase tubules and 
sheets may have sirmlar paclong charactensUcs 
The deconvoluted C = O stretch spectra show sim- 
ilar frequencies and relative intensities, indicating 
sirmlanties m the interracial r e . o n  (data not 
shown) 

The formation of tubules from coohng large MLVs 
The inset of Fig 8 shows two DSC thermo- 

grams of a DCEaPC MLV suspension in 2H20 at 
60 ° C Upon coohng (scan 1), an exothernuc event 
is observed with Tm¢c) and H values of 38 3°C 
and - 2 2  kcal/mol, respecUvely Upon heating 
the tubular gel phase, an endothermac event oc- 
curred at a Tin(n) value of 43 8 ° C, with an en- 
thalpy change of 23 kcal/mol 

Under the same experimental condmons used 
m the calorimetry experiments, a DC23PC MLV 
suspension was cooled in the FTIR spectrometer 
and several spectra, shown in Fig 8, were re- 
corded as the sample was cooled As the sample is 
cooled, there is an abrupt change m the spectra 
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Fig 8 (A) Inset shows DSC cooling and heating thermograms of an MLV suspension of DC23PC m 2H20 Values for the transluon 
temperatures and enthalp~es can be found m text Below reset are FTIR spectra of ldent~cal samples at various temperature points 
during the cooling cycle Spectra have been offset to better atd comparisons Lower spectra is at 50 o C, vath spectra above at 42, 36, 

30, 20 and 10 o C (B) CH 2 stretch region Lower spectra is at 50 o C, wxth spectra above at 42, 34, 20 and 10 o C 

observed between the spectra at 42 and 36 o C, the 
same temperature range at wluch the DSC reveals 
a bulk phase t ransmon m the sample Fig 8a 
reveals that tubules formed from MLVs are spec- 
troscopically smular in tins region to those formed 
from sheets, the methylene sclssonng mode shar- 
pens and shifts to 1470 cm -1 (from 1465 cm -1) 
and the methylene waggmg progression is promi- 
nent between 1375 and 1177 cm -1 There is a 
marked increase m the CH 2 deformation at 1418 
cm-1  [13] and the skeletal wbratlons at 1177, 1118 
and 1063 cm -1, indicating that the acyl chains 
have become more ngtd as conformatlonal order 
is introduced in tins phase 

Overall, the spectral features of tubules formed 
from MLVs are slrmlar to tubules formed from 
SUVs There are, however, some subtle dif- 
ferences The full width at 3 / 4  peak height of the 
C H  2 scissoring mode (1470 cm -1) at 2 0 ° C  m 
tubules formed from MLVs Is 8 3 cm-1,  whale for 
SUVs it is 6 3 cm-1  In addmon,  the band rauo of 
the 2937 and 2919 cm -1 band is different m the 
tubules formed from MLVs (MLVs have a higher 
2937 cm-1 component,  see Fig 8B) The alteration 

m tins ratio may be due an increased width of the 
2920 cm -1 asymmetnc  CH 2 stretch These subtle 
changes m tubules formed from MLVs and m&- 
rectly from SUVs may also arise as the MLVs 
represent a vesicle populaUon of heterogeneous 
size dls tnbuuon from winch tubules form The 
outer lamellae of the MLV may form tubules 
&rectly upon coohng winle the tuner lamellae (or 
smaller MLVs) may have a reduced curvature 
sufflc~ent to exinblt metastablhty, and not form 
tubules directly Previous stu&es have shown that 
smaller vortexed multllamellar vesicles (average 
dmmeter, 0 3 -0  4 #m) &d exhibit metastablhty 
below Tm(H) and &d not form tubules dtrectly 
(unpubhshed data) SUVs, on the other hand, 
represent a homogeneous population of vesicles 
winch convert completely to stacked bdayer sheets 
and, upon cychng, efficiently convert to tubules 
These spectroscopic differences may not relate to 
efficiency of tubule formation and we cannot rule 
out the posslblhty that tubules formed from MLVs 
are inherently less ordered than those formed indi- 
rectly from SUVs 
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The saturated analog of DC23PC 
Aqueous suspensions of the saturated analog of 

DC23PC, DTPC, were spectroscopically exarnmed 
(m 2H20 ), and the spectra are shown in Figs 9A 
and B This hpld does not form tubules [1-3] Fig 
9A reveals that the CH 2 scissoring mode displays 
crystal field sphttlng m the gel phase of thxs hp~d 
(at 20°C),  with two bands at 1472 and 1462 
cm -1, wluch is indicative of an orthorhomblc 
lattice type [5,20,21] Prevtous calonmetrlc data 
has shown a roam melting transition at 77 ° C with 
another smaller transmon at 28 ° C, wluch may be 
a subgel transition [1] The C-H stretch region of 
this lxpxd reveals two broad peaks above T m (data 
not shown) at 2923 and 2852 cm -1, whtch repre- 
sent the asymmetnc and symmetric stretches, re- 
spectively At 20°C  these peaks are found at 2917 
and 2849 cm - t  Fig 9B shows the C-H stretclung 
regmn for DTPC llposomes m the gel phase at 
20 ° C, together with the C-H mamfold for tubules 
recorded at the same temperature The symmetnc 
(2850 cm -1) and the asymmetric (2920 cm -1) 
stretching modes of DTPC are s~gmhcantly 

broader than those of DC23PC Thts reflects the 
s~gmfxcantly Ughter packing and increased ngld~ty 
of the acyl chains m the gel phase of DC23PC 
relative to DTPC The slgmflcantly more ordered 
chain regton of DC23PC mdxcates there are unusu- 
ally ught packmg requirements dictated by the 
presence of the dlacetylemc group and that this 
may be an important factor m tubule formation 

Conclusion 

We have lnvesugated the phase charactenstlcs 
of the DC23PC by FTIR Tlus hptd displays two 
vastly different morphologies m the gel phase 
which appear spectroscopically similar The C-H 
stretch spectra reflect the local perturbation intro- 
duced by the dmcetylemc moiety, with the ap- 
pearance of vabratlonally distract methylene popu- 
lauons The decreased frequency of the C = O 
stretch and the mcrease m the relatwe peak hexght 
of the sn-2 C = O stretch indicates that the gel 
phase of DC23PC has a head group region with 
slgmficantly reduced hydraUon Tubules formed 
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Fig 9 FTIR spectra of DTPC (A) Cooling DTPC vesicles, spectra from top at 20, 50 and 85 o C (B) Comparison of the C-H stretch 
region of DTPC with the DC23PC tubule gel phase formed from cychng SUVs Both spectra shown at 20 °C Spectra have been 

offset to md companson 



f rom M L V s  have the same genera l  spec t roscopic  
s ignature  as those fo rmed  mdt rec t ly  f rom SUVs,  
bu t  a p p e a r  shght ly  more  d i so rde red  Tins  d i sorder  
m a y  be  indica t ive  of  i ncomple t e  convers ion  of  
M L V s  to tubules,  wi th  the  presence of  me tas t ab le  
vesicles be low Tmtc), or  reflect  subt le  dif ferences  
in tubule  fo rma t ion  The  gel phase  of  DC23PC ts 
s igmf ican t ly  more  o rde red  than  the sa tu ra ted  chain  
ana log  The  a m o u n t  of  con fo rma t iona l  o rde r  in 
the  freshly fo rmed  tubules  is c o m p a r a b l e  to that  
obse rved  m the subgel  phase  of  D P P C  It  is im- 
p o r t a n t  to no te  tha t  the subgel  phase  of  D P P C  is 
a m v e d  at  th rough  t ime-dependen t  annea l ing  at 
low tempera ture ,  whereas  DC23PC tubules  show 
tins high degree  of  con fo rma t lona l  o rder  as t ins 
phase  is fo rmed  The  p o l y m o r p l u s m  d i sp layed  by  
gel phase  DC23PC m a y  p rov ide  in fo rma t ion  abou t  
the requ i rements  for  tubule  formaUon I t  appea r s  
tha t  the f o r m a u o n  of  ge l -phase  sheets f rom SUVs 
fulfil ls a r equ i remen t  for  a m o r p h o l o g y  of  reduced  
curva ture  f rom winch tubules  wdl  form We 
specula te  that  the  fo rma t ion  of  tubules  f rom 
hquld-c rys ta l l lne  b i l ayer  sheets m a y  occur  by  
w r a p p i n g  o r  ro lhng  of  sheets as the  hp ld  is cooled  

th rough  T m, as has  been  suggested for  the forma-  
t ion of  tubules  f rom MLVs  [4] The  exact  mecha-  
n i sm by  winch tins occurs  ~s stil l  unknown  F u r -  
ther  exper iments  in our  l a b o r a t o r y  will be  a imed  
at  ex tend ing  our  s tudies  of  tubule  f o r m a u o n  and 
s tudy ing  the spec t roscopic  changes  induced  upon  
the po lymer i za t i on  of  t ins mate r ia l  
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