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Abstract—Fourier-transform infrared spectroscopy (FTIR) was used to study the hydrogen-bonding interactions that take place in
vitrified carbohydrates of different chain lengths. The band position of the OH stretching band (vOH) and the shift in band position
as a function of temperature were determined from the FTIR spectra as indicators for the length and strength of intermolecular
hydrogen bonds, respectively. Differential scanning calorimetry (DSC) was used to corroborate the FTIR studies and to measure the
change in heat capacity (AC,) that is associated with the glass transition. We found that with increasing 7,, the band position of vOH
increases, the wavenumber—temperature coefficient of vOH in the glassy state, WIC,, increases, whereas AC,, decreases. The positive
correlation that was found between vOH and the glass transition temperature, 7,, indicates that the length of the hydrogen bonds
increases with increasing 7,. The increase in WIC, with increasing 7, indicates that the average strength of hydrogen bonding
decreases with increasing 7,. This implies that oligo- and polysaccharides (high 7,) have a greater degree of freedom to rearrange
hydrogen bonds during temperature changes than monosaccharides (low 7,). Interestingly, WIC, and AC, showed a negative linear
correlation, indicating that the change in heat capacity during the glass transition is associated with the strength of the hydrogen-
bonding network in the glassy state. Furthermore, we report that introduction of poly-L-lysine in glassy sugar matrices decreases the
average length of hydrogen bonds, irrespective of the size of the carbohydrate. Palmitoyl-oleoyl-phosphatidylcholine (POPC)
vesicles were found to only interact with small sugars and not with dextran.
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1. Introduction during freezing,? replace hydrogen bonds of biomole-

cules with water during drying, and form a glassy

Disaccharides such as trehalose and sucrose are found in
high concentrations in organisms that naturally survive
drying, where these compounds are thought to convey
protection to intracellular biomolecules and organelles
in the dried state. Trehalose is found in yeast, tardi-
grades, and brine shrimp,' whereas sucrose, in combi-
nation with oligosaccharides, is often found in seeds
capable of surviving drying.? The stabilizing properties
of these molecules in nature have found widespread
application in the preservation of fragile biological
materials. When freeze-drying is used as the method of
drying, disaccharides can act as compatible solutes
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(amorphous) state with a high 7, in the dried state.*
Sugars are able to inhibit fusion and to prevent leakage
through the bilayer of unilamellar vesicles,’ and they
prevent conformational changes of proteins during
drying.® Recently, sugars, particularly trehalose, have
been implicated as protective agents to preserve mam-
malian cells by freeze-drying.””

In the amorphous state, carbohydrates form a fluid,
solid-like matrix with a high viscosity and low molecular
mobility, which is characterized by the glass transition
temperature, 7,. The transition from the glassy to the
rubbery state is a kinetic transition that can be measured
as: (1) a change in heat capacity, using DSC;!° (2) a
drastic increase in rotational mobility, using electron
paramagnetic resonance,!! NMR spectroscopy,'> or


mail to: wolkers@yahoo.com

2 W. F. Wolkers et al. | Carbohydrate Research xxx (2004) xxx—xxx

optical luminescence;'® or (3) an abrupt change in
hydrogen bonding, using Fourier-transform infrared
spectroscopy (FTIR).!* The main advantages of the
latter technique are that it reveals information at the
molecular level and that it does not require incorpora-
tion of probe molecules. The main experimental
parameter that can be derived from infrared spectra is
the band position of characteristic molecular group
vibrations. In addition, the thermotropic response of the
IR absorption bands can in some cases be used to detect
phase transitions of the system. The glass transition of
carbohydrates can be measured as an abrupt change in
the wavenumber—temperature coefficient (WTC) of the
OH stretching band arising from the sugar OH groups,
located between 3600 and 3000cm~'.'* The WTC is a
measure of the change in hydrogen-bond strength with
the temperature in the system.!

The protective effect of sugars during drying of des-
iccation-sensitive proteins is based on the glass-forming
and interacting properties of the carbohydrate. Sugars
replace the hydrogen bonds that exist in aqueous solu-
tion during drying,' thereby preventing conformational
changes of the protein during drying. The long-term
stability of proteins in the dried state is determined by
both the 7, and the molecular packing.'®!7

The protective effect of carbohydrates on unilamellar
vesicles during drying is based on a narrow balance
between the interacting and glass-forming properties of
the carbohydrate, and disaccharides seem to be the most
effective. The 7, of monosaccharides is generally too low
to prevent vesicle fusion during drying, whereas oligo-
and polysaccharides are able to prevent fusion, but, due
to their large size, are unable to interact with lipid head
groups. A direct interaction is pivotal to prevent leakage
through the bilayers.!® Disaccharides are small enough
to interact with vesicles and have a sufficiently high 7, to
prevent vesicle fusion, which renders them good pro-
tectants of vesicles during drying. An interesting
exception is the fructan family of oligo- and polysac-
charides. Fructans stabilize liposomes against leakage of
aqueous content after rehydration progressively more
effectively with increasing chain length. Surprisingly,
they become less effective in protecting liposomes
against membrane fusion with increasing chain length."

In this study, FTIR was used to characterize the
hydrogen-bonding network of amorphous carbohy-
drates of different chain lengths. The OH stretching
mode arising from the sugar OH groups was used to
establish correlations between the position and width of
this band and 7,. In addition, the expansion of hydro-
gen-bond distances with heating was determined from
the temperature shift of the OH stretching band (WTC).
DSC was used to study the change in heat capacity, AC,,
that is associated with the glass transition. The interac-
tion between sugars and POPC vesicles, and that
between sugars and poly-L-lysine were studied by

monitoring the effect of these biomolecules on the band
position of the sugar OH stretching band.

2. Materials and methods
2.1. Sugars

Sucrose, glucose, raffinose, trehalose, and maltose were
purchased from Pfahnstiel Laboratories (Waukegan, 1L,
USA). Dextran-T40 (40 kDa) was obtained from Phar-
macia Biotech (Uppsala, Sweden). Glucans 4, 5, and 6
were obtained from Megazyme (Wicklow, Ireland). 1-
Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
was obtained from Avanti Polar Lipids (Alabaster, AL,
USA). Poly-L-lysine (57.9 kDa) was obtained from Sig-
ma Chemical Co. (St Louis, MO, USA). Carbohydrate
glasses were prepared by rapid air drying of dilute car-
bohydrate solutions (20mg/mL) on circular CaF,
(13x 1 mm diameter) IR windows in a cabin continu-
ously purged with dry air (RH <3%). For studies on the
effect of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) vesicles and poly-L-lysine on hydrogen
bonding in dry sugar matrices of different chain lengths,
POPC vesicles (20mg/mL) or poly-L-lysine (57.9kDa,
20 mg/mL) were added to the carbohydrate solutions at
the indicated mass ratios, and the solutions were dried
as described above. The POPC-—sugar mixtures were
sonicated for several minutes, to obtain small unila-
mellar vesicles of approximately 30 nm in diameter, with
the sugar present both on the inside and outside of the
vesicles. Residual water in the samples was removed by
heating the sample up to 110°C for approximately
15 min.

2.2. Fourier-transform infrared spectroscopy (FTIR)

Infrared absorption measurements were carried out with
a Perkin—Elmer series 1725 or 2000 Fourier-transform
infrared spectrometer (Perkin—Elmer, Norwalk, CT), as
described previously.'"* The instrument was equipped
with a narrow-band mercury/cadmium/telluride LN,-
cooled IR-detector. The temperature of the FTIR cell
was regulated by a computer-controlled device, and the
temperature of the sample was recorded separately using
a thermocouple located very close to the sample win-
dows. The temperature dependence of the FTIR spectra
was studied starting with the lowest temperature, with a
scanning rate of 1 °C/min. The optical bench was purged
with dry CO,—free air. The acquisition parameters were:
4cm™! resolution, 32 coadded interferograms, with a
3600-900 cm~! wavenumber range.

Spectral analyses and displays were carried out using
the interactive Perkin—Elmer software. The melting of
sugar glasses was monitored by observing the position
of the OH stretching band (vOH) around 3300cm™'.
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The spectral region between 3600 and 3000cm~! was

selected and normalized. The band position was calcu-
lated as the average of the spectral positions at 80% of
the total peak height. 7T, was determined by linear
regression of the wavenumber of the OH stretching
band as a function of the temperature in both the liquid
and the solid-like regions of the plot. The point of
intersection of these two regression lines was defined as
the glass transition temperature 7,.'4

2.3. Differential scanning calorimetry (DSC)

Glass transitions were measured using a Mettler-Toledo
DSC822 differential scanning calorimeter (Columbus,
OH). Sugar solutions of 50 mg/mL were air dried in a
box that was continuously purged with dry air of less
than 3% RH. Approximately Smg of a sample was
transferred in DSC pans, and samples were heated to
110°C for several h to remove residual water. Samples
were scanned at 5°C/min. Glass transitions were ana-
lyzed using the Mettler software.

3. Results
3.1. FTIR spectra of crystalline and amorphous sugars

Figure 1 depicts the IR absorption spectra of amor-
phous and crystalline trehalose. The IR spectrum of
crystalline trehalose is characterized by relatively sharp
absorption bands throughout the mid-IR region from
4000 to 900cm™!, whereas much broader absorption
bands are visible in amorphous trehalose. Crystalline
trehalose shows the presence of one sharp band around
3500cm~!, and a few shoulder peaks in the OH
stretching region between 3600 and 3000cm™' that are
indicative of hydrogen bonds of defined geometric
positions. The broad features of the OH band of
amorphous trehalose indicate a wide range of hydrogen-
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Figure 1. IR spectra of crystalline (lower trace) and amorphous (upper
trace) trehalose at 24 °C.

bond lengths and orientations. The main reason for the
sharper and more intense peaks in the crystalline state is
the higher degree of homogeneity of intermolecular
interactions. This leads to less dispersion of vibrational
levels and a higher conformational selectivity. Crystal-
lization caused a decrease in vOHp., suggesting an
increase in hydrogen-bond density and strength.? Six
bands can be identified in the C-H stretching region,
located between 3000 and 2800 cm™!, of crystalline tre-
halose, whereas amorphous trehalose shows only one
broad band in this region. The H,O scissoring mode of
residual water is shifted from 1685cm! in the crystalline
form to 1645cm~! in the amorphous form, indicating
that the water molecules in crystalline trehalose are
more strongly hydrogen bonded to the sugar molecules
compared to residual water in amorphous trehalose. The
bands in the 1500-1200 cm™! region arise mostly from
C-H deformation vibrations, and the bands between
1200 and 900 cm™! arise predominantly from a combi-
nation of CO (vC-O) stretching and OH bending (6C—
O-H) vibrations.?!

Figure 2 depicts IR spectra of trehalose in solution
and at low water content in order to illustrate the effects
of dehydration on the spectral region between 1800 and
900 cm~!. As expected, the intensity of the OH scissoring
mode of water (at ~1650cm™") sharply decreases with
decreasing water content. The shape of the region
between 1500 and 900 cm~', however, remains similar
during dehydration. The six bands that can be resolved
between 1200 and 900 cm ™! arise from a combination of
vC-0, vC-C, and 6C-O-H.?! The bands at 1150cm™!
(vC-0) and 980cm~! (vC—O and 5C-O-H) have been
assigned to the glycosidic linkage. The positions of the
bands in the 1200-900 cm ™! region progressively shift to
a lower wavenumber upon dehydration by approxi-
mately 2-4cm~!, and their bandwidth increases. These
dehydration-induced frequency shifts originate from a
modification of the level of hydrogen bonding of the C—
O-H groups.?!

We conclude that the shape of the fingerprint region
of amorphous trehalose closely resembles that of tre-
halose in solution and is strikingly different from the
fingerprint region of crystalline trehalose. The fact that
the IR spectrum of dry amorphous trehalose is similar
to the spectrum in solution suggests that the sugar has
hydrogen-bonding interactions in the dried state that are
comparable to those in the fluid state. Apparently, the
hydrogen-bonding interactions between sugar and water
in solution are replaced by intermolecular sugar
hydrogen bonds upon dehydration.

3.2. Hydrogen bonding in amorphous carbohydrates
Figure 3 depicts the OH stretching mode of various

carbohydrates of different molecular weights and 7’s. In
all cases, the OH stretching band is a broad band, with
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Figure 2. IR spectra of trehalose in solution (200 mg/mL, upper trace), air-dried trehalose equilibrated at 60% RH (third trace), air-dried trehalose
equilibrated at 30% RH (water content 3%, second trace), and air-dried trehalose that was heated to 120 °C for 15min to remove residual water

(water content 0%, lowest trace). The spectra were recorded at 24 °C.

dextran

)

raffinose

trehalose

sucrose

glucose

I I I I [
3600 3500 3400 3300 3200 3100 3000

v (em™

Figure 3. IR region of the OH stretching region of glucose
(T, = 27°C), sucrose (T, = 57°C), trehalose (7, = 108°C), raffinose
(T, = 108°C), and dextran (7, = 220°C), illustrating that the maxi-
mum of vOH increases with increasing 7. All spectra were recorded at
24°C.

an absorbance maximum at approximately 3350 cm™'. It
is evident that the OH band is shifted to higher wave-
number with increasing 7,. Figure 4A shows that there is
a positive linear correlation between the band position
of the OH stretching mode and the glass transition
temperature of the carbohydrate. The wavenumber
position of the OH stretching band has been correlated
with the geometric parameters of H-bridge formation.!
Thus, O-H bond lengths and O---O distances can be
derived from the spectral positions of the OH band. The

positive correlation of vOH with T,, implies that the
average length of the hydrogen bonds increases with
increasing T,.

No correlation was found between the bandwidth of
vOH, determined at half intensity, and 7,: the band-
width ranged from 284 to 341cm™' (Fig. 4B). This
indicates that carbohydrates of different size and 7, have
a similar distribution of hydrogen-bond lengths and
orientations.

3.3. Thermotropic response of the OH stretching mode

When the band position of the OH stretching vibration
band of trehalose is plotted as a function of the tem-
perature, one break in the wavenumber versus temper-
ature plot is observed (Fig. 5). The intersection point at
108 °C 1is associated with the glass transition of the
sugar. The wavenumber-temperature coefficient of
vOH, which reflects the thermal expansion of the
hydrogen bonds, is a measure for the change in hydro-
gen-bond strength with temperature.'* Figure 5 shows
that the wavenumber—temperature coefficient of vOH
below the glass transition temperature (WIC,) is smaller
than that above T, (WIC)). This increase in WTC upon
melting of the glass is indicative of an abrupt decrease in
hydrogen bonding. The WIC, values of carbohydrates of
different chain lengths and 7,’s were determined, in
order to establish a correlation between WIC, and T,
(Fig. 6A). The sugars that were studied include, fruc-
tose, octulose, glucose, sucrose, umbelliferose, trehalose,
raffinose, glucans (4, 5, and 6), and dextran-T40. WIC,
increased from approximately 0.10cm~'/°C in mono-
saccharides (low T,) to approximately 0.45cm™~'/°C in
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Figure 4. Correlation between band position (A), and bandwidth (B) of the OH stretching mode (at 20 °C) of amorphous carbohydrates and 7,. The
linear regression line between vOH and 7, in panel A has an * of 0.93 (a linear regression line between bandwidth and 7, has an »* of 0.15). The
carbohydrates that were studied include glucose, sucrose, trehalose, raffinose, glucan (4 and 6), and dextran. All measurements were done at 24 °C.
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Figure 5. Wavenumber versus temperature plot of amorphous treha-
lose. The intersection between the linear regression lines in the glassy
and liquid state denotes the glass transition temperature. The glass
transition temperature, 7,, and the wavenumber—temperature coeffi-
cients in the glassy (WIC,) and liquid (WTC)) state are indicated in the
figure.

polysaccharides (high 7,). The increase in WIC, with
increasing 7, denotes a decrease in average strength of
hydrogen bonding. The WTC after melting of the glass,
WIC, did not show a clear correlation with 7, and ran-
ged from 0.48 to 0.60cm~!/°C for the carbohydrates
that were tested (Fig. 6B). Thus, AWTC, the difference
between WIC, and WIC, decreases with increasing 7y,
which implies that carbohydrates with a high 7, exhibit
lesser rearrangements in hydrogen bonding upon melt-
ing of the glass compared to sugars with a low T,.

3.4. DSC measurements of carbohydrate glasses

We investigated whether the correlations between WTC
and 7, that were derived from the FTIR studies coin-
cided with differences in AC;, of the sugars, as measured
by DSC. DSC has been extensively used to study glass
transitions of carbohydrates.!%?>?* The glass transition
from the glassy to the rubbery state can be measured
using DSC as a change in heat capacity, AC,, upon
melting of the glass. Figure 7 shows that AC, decreases
with increasing 7,. Figure 8 shows that there is a nega-
tive linear correlation between AC, and WIC,
(r* = 0.94). This implies that the change in heat capacity
during the transition from the glassy to the rubbery state
is associated with the strength of the hydrogen-bonding
network in the glassy state. A stronger hydrogen-
bonding network in the glassy state correlates with a
greater AC,,.

3.5. Interaction between carbohydrates and macromole-
cules

In order to obtain insight in the stabilization of mac-
romolecules by sugars the interaction between sugars
and POPC vesicles, and that between sugars and poly-L-
lysine was studied by monitoring the effect of these
biomolecules on the band position of the sugar OH
stretching band.

The effect of poly-L-lysine on the band position of the
OH stretching mode of glucose, sucrose, trehalose, and
dextran, is shown in Figure 9. The decrease in wave-
number position of the OH stretching band with
increasing sugar—polypeptide ratio are indicative of a
decrease in hydrogen-bond distances upon introduction
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Figure 7. Plot of the change in heat capacity upon melting of the glass,
AC,, of various carbohydrates as a function of 7, (filled circles). The
glass transition temperature and AC, were measured using DSC. The
carbohydrates that were studied include fructose, glucose, sucrose,
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T40).

of the polypeptide. Poly-L-lysine was used because it
lacks OH groups and therefore has minimal interference
with the OH band arising from the sugars.?* Introduc-
tion of poly-L-lysine decreased the band position of the
OH stretching vibration in all cases. This indicates that
carbohydrates and polypeptides interact through
hydrogen bonding, which results in a decrease of the
average length of the hydrogen bonds in the sugar
matrix. At a polypeptide—sugar mass ratio of 3 (excess
protein), the wavenumber of the OH stretching mode
ranged from 3310 to 3298 cm™! for the different sugars,
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Figure 8. Correlation plot between WIC, and AC,. The linear regres-
sion line AC, = —1.22 x WIC, + 0.88 has an »* of 0.94.

indicating that there are only minor differences in the
average length of the sugar-polypeptide hydrogen
bonds.

A similar study was conducted to determine if these
sugars also interact with vesicles in the dried state.
Figure 10 shows that introduction of POPC vesicles in
amorphous glucose, sucrose, and trehalose decreased
the band position of the OH stretching band, indicating
a decrease in the average length of the hydrogen bonds.
The vOH of these sugars plateaus to approximately
3300 cm~! at lipid—sugar ratios greater than 1. The vOH
of dextran, however, is hardly affected in the presence of
the vesicles, which indicates that dextran shows minimal
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interaction with POPC vesicles through hydrogen
bonding.

We conclude that dextran and poly-L-lysine interact
through hydrogen bonding, whereas dextran and POPC
vesicles show only minimal interaction. The latter is
most likely due to geometric restrictions preventing full
interaction between polysaccharides and lipid bilayers.
Crowe and co-workers'® have shown that polysacchar-
ides are able to prevent fusion of vesicles during drying,
but that they are unable to prevent leakage of the vesi-
cle’s content. By contrast, disaccharides are known to be
effective stabilizers of vesicles during drying.! FTIR

studies have shown that the protection of vesicles by
disaccharides is in part due to depression of the phase
transition temperature by these sugars in the dried
state.!® Interestingly, the geometric constraints that
prevent interaction between vesicles and dextran, do not
occur between dextran and poly-L-lysine. The polypep-
tide compensates for the loss of hydrogen bonding with
water in solution by formation of hydrogen bonds with
the carbohydrates.”® In contrast to the interaction
between POPC and carbohydrates, the interaction
between polypeptides and sugars through hydrogen
bonding appears not to be limited by size.

4. Discussion

We have used FTIR to obtain information on the
hydrogen-bonding network of amorphous sugars of
different sizes and 7,. FTIR provides unique informa-
tion on the molecular structure and intermolecular
interactions that exist in these materials that cannot be
obtained by other methods. The positive correlation that
was found between vVOH and 7, indicates that the
average length of the hydrogen bonds in amorphous
sugars increases with increasing 7,. We have also shown
that introduction of polypeptides or vesicles in amor-
phous carbohydrate matrices result in a decrease of the
average length of hydrogen bonding, which shows that
sugars and these macromolecules interact through
hydrogen bonding. The studies on the thermotropic
response of the vOH of carbohydrates, shows that sug-
ars exhibit a greater degree of freedom to rearrange
hydrogen bonds with increasing 7,. The increase in the
thermal expansion of hydrogen bonds in the glassy state
(WIC,) with increasing T, is correlated with a decrease in
AC, of the glass transition.

The glass transition temperature of carbohydrates
varies with molecular weight, in a predictable manner;'
T, generally increases with increasing molecular weight.
However, it appears difficult to predict the 7, of disac-
charides based solely on molecular weight. The glass
transition temperatures of dry sucrose and maltose, for
example, are 70 and 95 °C,> respectively, whereas the 7,
of trehalose is 110 °C.* The latter falls in the same range
as the 7, of oligosaccharides such as raffinose and
stachyose, which are reported to be 106 and 123°C,
respectively.!! The wide range of T,s in disaccharides,
are likely due to differences in molecular packing, which
as we show here, may be associated with differences in
intermolecular hydrogen bonding. Differences in
hydrogen bonding, and hence in the molecular packing
of the amorphous carbohydrates, are reflected in the
band position, and thermotropic response of vOH. The
differences in WIC, between sucrose and trehalose (0.20
and 0.24cm™'/°C, respectively), for example, suggest
that trehalose is more loosely packed than sucrose,
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which may explain the large difference in 7, between
these sugars. The more loose structure of high 7, car-
bohydrate glasses that is demonstrated here, has also
been suggested on the basis of EPR experiments.” The
rotational mobility in the glassy state was shown to
increase with increasing 7,."" Also the molecular free
volume at 7, increases with increasing molecular weight
for small polymers/oligomers,”® and the average radius
of molecular free volume holes at 7, was found to
increase with 7,.°7*® Thus, high 7, oligo- and polysac-
charides will form a glassy matrix with a higher molec-
ular free volume, which allows for more rearrangements
in hydrogen bonding during temperature changes.

Molecular movements become abruptly prevented
below 7, and the configurational modes are frozen
abruptly. Thus changes in enthalpy, volume, and entropy
occur more slowly below 7, than above 7,.* Here we
show that the glass transition is manifested as an abrupt
decrease in the rotational freedom of hydrogen bonds
below T,. We suggest that the decrease in the thermo-
tropic response of hydrogen bonds below 7, is associated
with a decrease in entropy. The increase in WIC, with
increasing 7, indicates that sugars with a high 7, undergo
greater rearrangements in hydrogen bonding during
temperature changes than sugars with a low T,. This
indicates that carbohydrate glasses with a higher 7, are
more loosely packed and undergo greater changes in
entropy with changes in temperature. This more loose
molecular packing increases the configurational modes
of hydrogen bonding, which stabilizes the glassy state.
WTC, was found to be the same for all carbohydrates
tested, which indicates that once carbohydrate glasses
are melted, they exhibit a similar expansion of hydrogen-
bond distances with heating. Thus, AWTC, the difference
between WIC; and WIC,, decreases with increasing 7.
Interestingly, the increase in WIC, with increasing 7, was
found to be correlated with a decrease in AC,,. Thus the
change in heat capacity during the glass transition is
directly correlated with the strength of the hydrogen-
bonding network in the glassy state. Both AC, and the
abrupt increase in WTC at T, reflect that changes in
entropy occur more rapidly above 7, than below 7,.

We suggest that WIC, is a measure for the degree of
order, or entropy in the glassy state. It reflects the
molecular packing of the sugars in the glassy state.
Thus, we propose that a higher degree of freedom to
rearrange the molecular packing during temperature
changes stabilizes the glassy state.

5. Conclusions

We conclude that the differences in 7, between carbo-
hydrates of various sizes are associated with differences
in strength and density of hydrogen bonds. We dem-
onstrated that the band position of the OH stretching

mode exhibits a positive linear correlation with 7,. The
bandwidth, however, did not show a correlation with 7.
We have shown that introduction of poly-L-lysine in
amorphous sugars decreased the average length of the
hydrogen bonds in the dry matrix, irrespective of the
size of the carbohydrate. POPC vesicles were found to
decrease the average length of the hydrogen bonds of
low molecular weight sugars, but the hydrogen-bonding
network of dextran was minimally affected by the POPC
vesicles. Thus, the interaction between sugars and POPC
vesicles is limited by the size of the carbohydrate,
whereas the interaction between sugars and poly-L-
lysine is not. The FTIR studies on the thermotropic
response of vVOH show that the average strength of
hydrogen bonding decreases with increasing 7,. The
latter shows a direct correlation with a decrease in AC,
of the glass transition. High 7, sugars exhibit a greater
degree of freedom to rearrange hydrogen bonds during
changes in temperature than low 7, sugars. We suggest
that this higher degree of freedom to rearrange the
molecular packing during temperature changes stabi-
lizes the amorphous state.
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