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We have used phosphorescence from the triplet probe erythrosin B (Ery B) to evaluate the effect of gelatin
on the molecular mobility of the amorphous sucrose matrix as a function of temperature. Ery B was dis-
persed in amorphous sucrose and sucrose-gelatin films at ratios of ~1:10* (probe/sucrose), and delayed
emission spectra and emission decay transients were measured over the temperature range from 5 to
100 °C. Analysis of spectra using a lognormal function provided the peak energy and bandwidth of the
emission. The emission peak frequency decreased at low (0.00022-0.0007) gelatin concentrations and
increased at high (above 0.0022) gelatin concentrations, indicating that gelatin increased the extent,
and thus the rate, of dipolar relaxation at low gelatin content and decreased the extent at higher gelatin
content. Decay transients were well fit to a stretched exponential function at all gelatin contents and
temperatures. Analysis of the emission lifetimes provided a measure of the rate of non-radiative decay
to the ground state, an indicator of matrix molecular mobility. This rate increased at low (0.00022-
0.0022) and decreased at high (>0.0073) gelatin wt ratios. Analysis of the effect of gelatin on the emission
bandwidth, the stretching exponent g, and the variation of lifetime across the emission band indicated
that matrix dynamic site heterogeneity increased at low and decreased at high gelatin wt ratios. These
results provide a novel insight into the complex dynamic effects of the gelatin polymer on the molecular

mobility of the amorphous sucrose matrix.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Sucrose glasses act as cryoprotective agents during anhydrobi-
osis, are a component of many solid foods, and provide the matrix
of boiled sweets. The ability of sucrose to protect biomaterials from
freeze-thaw damage and provide long-term storage stability has
attracted both mechanistic studies and efforts to develop solid-
state formulations for labile compounds in foods and in
pharmaceuticals.

Two main mechanisms, glass dynamics and specific interaction,
are proposed to understand the role of sucrose in the stabilization
of sensitive compounds during dehydration and storage.!? The
glass dynamics mechanism focuses on the rigid, inert matrix
formed upon the vitrification of stabilizers such as sugars.>* By
forming into amorphous, non-crystalline solids upon rapid drying
from aqueous solution or cooling from the melt, sugars change
from soft, pliable, and flexible matrixes at high temperature to
hard, brittle, and rigid matrixes at low temperature. This change
results from an enormous increase in viscosity due to the nonlinear
decrease in the rate of translational as well as rotational and vibra-
tional mobility with decrease in temperature or solvent.> Since
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glass formation is a kinetic process, stability is expected to corre-
late to changes in molecular mobility in the rigid matrix.

The specific interaction mechanism, commonly applied to
understand protein stabilization, states that stabilizers form
hydrogen bonds at specific sites with target compounds.®® These
hydrogen bonds help to maintain the native structure and the spa-
tial integrity of the compound after water is removed, and conse-
quently enhance stability. Sucrose is thus a nearly ideal matrix
material for stabilization since it is both a good glass former and
a good hydrogen bonder. For better functionality and long-term
stability, however, formulation design tends to select sucrose
glasses mixed with other compounds ranging from small mole-
cules such as salts to macromolecules such as hydrocolloids.

Molecular mobility within amorphous solids is usually manifest
in relaxation processes. Amorphous solids exhibit a glass transition
at a temperature (T,) that reflects the onset of large-scale molecu-
lar motions (o-relaxations) that underlie translational and whole
molecule rotational motions. They also typically exhibit a second-
ary transition at a temperature (T < Tg) that reflects the onset of
localized molecular motions (B-relaxations) linked to localized
whole molecule or segmental motions. The temperature-depen-
dent molecular mobility controls physical and chemical properties
by modulating the nature, rates, and extents of reactions that occur
during processing and storage of biomaterials. Hydrocolloids are
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often selected to stabilize formulations due to high solution viscos-
ities and solid state Ty's far above the storage temperature (ambi-
ent or below).

Gelatin, a product of the structural and chemical degradation of
collagen, is perhaps the most frequently used hydrocolloid in the
food, pharmaceutical, and photographic industries.® Recently, edi-
ble gelatin films have attracted considerable interest due to their
functional properties as well as their importance as an appropriate
model for studying the behavior of amorphous biopolymers in the
solid state.!® Many studies have focused on the phase transition of
gelatin!®"* and the thermal and mechanical properties of gelatin
films under the influence of plasticizers and large molecular
weight carbohydrates.!>~2!

Gelatin can form a variety of supermolecular structures,
depending on the casting temperature and time, the initial concen-
tration in the gelatin solution, the nature of the solvent and co-
existing compounds, and other factors.?? These structures, which
reflect the ability of gelatin polymers to aggregate into locally or-
dered triple helices, modulate the physico-chemical and mechani-
cal properties of the gelatin films. Cold-cast gelatin films, spread at
room temperature and lower, have an entangled network with a
variable number of triple helical cross-links that contribute to
the macroscopic stability and strength of gelatin films.2*> Hot-cast
films, spread from aqueous solutions at temperature above 35 °C,
have no cross-links and are assumed to have the conformation of
a statistical coil.?? Lukasik and Ludescher found that the matrix
mobility (both the extent of matrix relaxation and matrix colli-
sional quenching rates) was higher in cold-cast (cross-linked) than
hot-cast (not cross-linked) films.2* Since little information is avail-
able on the relationship between triple helix formation and matrix
mobility, hot-cast gelatin films which do not form cross-links were
used for the present study to simplify data interpretation.

So far as we are aware, most previous studies have focused on
the stabilization of protein by sugars in protein-based solid sys-
tems?>2%10 or on the stability of protein entrapped in a sugar ma-
trix.227 There is little information in the literature on the effect of
biopolymers on the properties of the sugar matrix. The measure-
ment of molecular mobility of amorphous sugars at low levels of
macromolecules will provide insight into the mechanism by which
the biopolymer modulates sucrose matrix mobility. In previous
studies, we have used erythrosin B phosphorescence to monitor
the molecular mobility as well as dynamic site heterogeneity in
amorphous solid sucrose?® and in sucrose containing NaCl.?° In
the present study, phosphorescence of Ery B was used to measure
the matrix mobility in thin films composed of amorphous sucrose-
gelatin mixtures. Gelatin content was varied from 0.00022 to 0.365
(g gelatin/g sucrose) by addition of gelatin to the concentrated su-
crose solution prior to film formation. The temperature depen-
dence of mobility was measured and analyzed at different gelatin
contents, generating families of mobility versus temperature
curves that reveal a complex, concentration-dependent effect of
gelatin on sucrose matrix mobility.

2. Results

At a probe/sucrose mole ratio of 1:10% each Ery B molecule is
surrounded by a matrix shell ~10-11 sucrose molecules thick. At
this concentration, Ery B does not aggregate and thus provides
information on the mobility of the unperturbed sucrose matrix.°
The phosphorescence spectra of Ery B in 66% sucrose solution
and in gelatin solution (100 mg/mL) show emission peaks at the
same position, suggesting no extensive binding of the probe to
gelatin.

Data collected from phosphorescence measurements in sucrose—
gelatin films prepared from three different drying methods (drying

under a heat gun, on a hot plate, and freeze drying) were almost the
same, indicating that the physical state and properties of the films
were nearly identical. Data presented here were collected from films
prepared by drying under a heat gun. This similarity also indicates
that the films contained the minimum residual moisture content
and that the remaining water could not be removed under these
experimental conditions. The fairly high moisture content in a pure
gelatin film (~5 wt %) was probably overestimated using the gravi-
metric method due to the hydrophilic nature of gelatin.

2.1. Delayed emission spectra

The delayed emission spectra of erythrosin B in amorphous su-
crose and sucrose—-gelatin films at a dye/sucrose mole ratio of 1:10*
displayed a longer wavelength phosphorescence band (maximum
~680 nm) due to emission from the triplet state T; and a shorter
wavelength delayed fluorescence band (maximum ~555 nm) due
to emission from the singlet state S; repopulated by thermally
stimulated reverse intersystem crossing from T;.>! Delayed emis-
sion spectra of amorphous sucrose films and films with various
gelatin weight ratios collected over the temperature range from
5 to 100 °C showed a decrease in phosphorescence (Ip) and an in-
crease in delayed fluorescence (Ipg) intensity with increasing tem-
perature (data not shown). Both emission bands shifted to longer
wavelength at high temperature. The intensity ratio was analyzed
as a van't Hoff plot of In(Ipg/Ip) versus 1/T, and the linear slope was
used to estimate the energy gap (AErs) between the triplet and
singlet states (Eq 6; Section 5). In amorphous sucrose and gelatin,
the values of AErs were 31.56 +£0.56 and 33.62 +0.52 k] mol~!,
respectively. In sucrose films with gelatin weight ratios of
0.00022, 0.00073, 0.0022, 0.0073, 0.022, 0.073, and 0.365, the val-
ues of AFErs were 32.41+0.40, 32.34+0.26, 31.74+0.60,
31.54+0.21, 31.37 £ 0.43, 31.81 £ 0.48, and 32.40 £ 0.31 k] mol},
respectively.

The peak frequency (v,) and bandwidth (I”) for both delayed
fluorescence and phosphorescence emission were determined by
fitting to a log-normal line shape function (Eqs 1 and 2; Section
5); v, for phosphorescence is plotted in Figure 1. The decrease in
emission energy reflects an increase in the average extent of dipo-
lar relaxation around the excited triplet state prior to emission.>>28
The phosphorescence peak frequency in pure sucrose decreased
gradually and linearly at low temperature (R? = 0.9932 for a linear
fit) and then more steeply at higher temperature (R? = 0.9596). This
biphasic behavior reflects the influence of the glass transition on
the peak frequency.?®333* The phosphorescence peak frequency
in pure gelatin, on the other hand, decreased linearly and gradually
over the entire temperature range (R? = 0.9992). The total decrease
in frequency with temperature was much smaller in gelatin
(177 cm™!) than in sucrose (338 cm™!), with most of the additional
decrease occurring above 60 °C. The variation of frequency with
temperature in sucrose-gelatin mixtures was intermediate
between that seen in pure sucrose and in pure gelatin, with curves
at low concentration exhibiting biphasic behavior and those at
higher concentration displaying more linear monotonic decreases
with temperature.

The complex effect of gelatin on the Ery B peak frequency at
each temperature is illustrated in Figure 2. The peak frequency
was lower in sucrose—gelatin than that in pure sucrose at wt ratios
of 0.00022 and 0.00073 and higher at wt ratios of 0.022 and above.
Although the magnitude of the decrease or increase varied with
temperature, the fractional change was nearly constant over the
temperature range from 5 to 65 °C and showed more dramatic de-
creases at low concentration and increases at high concentration at
higher temperatures.

The phosphorescence bandwidth reflects the extent of inhomo-
geneous broadening due to a range of interactions between the
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Figure 1. Peak frequency (v;) for phosphorescence emission from erythrosin B in

amorphous sucrose-gelatin films as a function of temperature. Films were composed of

sucrose (4), gelatin in sucrose at wt ratios of 0.00022 (M), 0.00073 (), 0.0022 (@), 0.0073 (x), 0.022 (a), 0.073 (+), 0.365 (<), and gelatin (-).
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Figure 2. Peak frequency, normalized at each temperature to the value in pure sucrose, for phosphorescence emission from erythrosin B in amorphous sucrose-gelatin films
as a function of weight ratio of gelatin/sucrose over the temperature range from 5 to 100 °C. Spectra were collected at 5 °C (¢), 15 °C (M), 25 °C (a), 35 °C (o), 45 °C (x), 55 °C

(@), 65 °C (+), 75 °C (&), 85 °C (), 95 °C (=), and 100 °C (0.

matrix and the excited probe. The phosphorescence bandwidth in-
creased gradually at low and more steeply at high temperature
(data not shown) indicating a corresponding increase in the range
of energetically distinct matrix environments in the amorphous
matrix. Amorphous sucrose, sucrose films with different gelatin
contents, and pure gelatin exhibited essentially similar trends over
the whole temperature range.

2.2. Phosphorescence decay kinetics

Phosphorescence intensity decays were measured over the tem-
perature range from 5 to 100 °C in amorphous films; all decays
were well fit to a stretched exponential decay model.?®3* The
stretched exponential lifetimes and stretching exponents (f) are
plotted as a function of temperature in Figure 3. The lifetimes
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Figure 3. Temperature dependence of (a) lifetime and (b) stretching exponent $ obtained from fits to a stretched exponential decay model of the intensity decay of erythrosin
B in amorphous sucrose films. Films were composed of sucrose (4), gelatin in sucrose at wt ratios of 0.00022 (M), 0.00073 (2), 0.0022 (@), 0.0073 (x), 0.022 (a), 0.073 (+),

0.365 (<), and gelatin (-).

decreased biphasically with increasing temperature, exhibiting a
gradual linear decrease at low and a more dramatic decrease at
high temperature. A similar thermal profile was seen in sucrose,
gelatin, and in all sucrose-gelatin mixtures. Lifetimes decreased
slightly, but significantly, below those seen in pure sucrose at
low gelatin wt ratios and increased considerably at gelatin wt ra-
tios of 0.0073 and higher. The stretching exponent 8, a measure
of the width of the distribution of lifetimes required to fit the
intensity decay,*> was approximately constant up to ~60 °C and
decreased, in general, at higher temperature in sucrose, sucrose—
gelatin, and gelatin films (Fig. 3b).

The decrease in lifetime with temperature reflects an in-
crease in the rate of non-radiative decay of the excited triplet
state T; due to an increase in both the rate of non-radiative de-

cay to the ground state Sy (k1sp) and the rate of reverse intersys-
tem crossing to the first excited singlet state S; (krs;).>52% Based
on the maximum physically reasonable value of krs;,2® an esti-
mate of the lower limit of krso was calculated as described in
Section 5 (Eq 4); these values are plotted as In(krsp) versus 1/
T in Figure 4. The non-radiative quenching rate kysp was approx-
imately constant at low temperature and increased dramatically
at high temperature in sucrose, indicating that this rate is sen-
sitive to modes of molecular mobility thermally activated at
Tg.28 The extent of the increase in krsp at high temperature,
however, decreased as the concentration of gelatin increased
until krsp was approximately constant across the entire temper-
ature range at gelatin wt ratios of 0.073 and above (but not in
pure gelatin).
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Figure 4. Arrhenius plot of the effect of temperature on the rate constant for non-radiative decay (kso) of the erythrosin B triplet state T; to the singlet ground state Sy; rates
calculated from the lifetime data of Figure 3a (see text for additional details). Films were composed of sucrose (#), gelatin in sucrose at wt ratios of 0.00022 (W), 0.00073 (»),

0.0022 (@), 0.0073 (x), 0.022 (a), 0.073 (+), 0.365 (<), and gelatin (-).

The gelatin concentration dependence of krso is plotted in
Figure 5. The magnitude of kqso increased at low concentration
(wt ratios from 0.00022 to 0.0022) and decreased at high concen-
tration of gelatin (wt ratios of 0.0073 and above) compared to the
value in pure sucrose. The fractional increase in kysg seen at low
concentration of gelatin varied with temperature, being moderate
at 45 °C and below, and more dramatic and temperature depen-
dent at 55 °C and above. The fractional decrease in ktsg seen at high
concentration of gelatin also varied with temperature, being mod-
erate and essentially constant with temperature at 65 °C and be-

low, and more dramatic and temperature dependent at 75 °C and
above. The maximum fractional decrease at high concentration
was slightly larger than the maximum fractional increase at low
concentration gelatin. The value of krso in pure gelatin was lower
than that in sucrose at each temperature.

2.3. Spectral heterogeneity

Phosphorescence intensity decays of Ery B in films with differ-
ent gelatin contents were measured as a function of excitation
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Figure 5. The effect of gelatin content on the rate krsp normalized at each temperature to the value in pure sucrose. Data were collected at 5 °C (¢), 15 °C (W), 25 °C (a), 35 °C

(o), 45 °C (x), 55 °C (®), 65 °C (+), 75 °C (1), 85 °C (<), 95 °C (-), and 100 °C (CI).
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and emission wavelengths at 25 °C; all decay transients were well
fit using a stretched exponential decay model. The triplet quench-
ing rate krso, calculated from these lifetimes, is plotted versus exci-
tation and emission wavelengths at different gelatin wt ratios in
Figure 6a. The rate kso increased with increasing emission wave-
length in all films. The quenching rate was slightly larger in gelatin
than in sucrose at low wt ratios (<0.00073) but decreased signifi-
cantly at higher gelatin content. At wt ratio of 0.073, ks varied
from 1240 s~ ' at 640 nm to 1540 s~ at 720 nm, much lower than
the values of 1410 s~! and 1780 s~! seen at the same wavelengths
in pure sucrose. The quenching rate also varied systematically
across the excitation band. In sucrose, kysg was lowest at 530 nm
and higher at the blue and red edges of the excitation band. In

the presence of gelatin, krsp was higher at low (wt ratio
<0.00073) and lower at higher gelatin content than in sucrose.
At low gelatin content, the variation in the quenching rate across
both emission and excitation bands was similar to that in the su-
crose matrix. Increasing gelatin concentration diminished the var-
iation in the quenching rate across both the emission and the
excitation bands.

The stretching exponent g also varied as a function of both exci-
tation and emission wavelengths (Fig. 6b). In sucrose and sucrose-
gelatin films, B was lower at the blue edge of the emission band,
increased with increasing wavelength to a maximum at 680-
690 nm, and then decreased slightly at the red edge. The values
of p were slightly lower in the presence of gelatin. The variation
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Figure 6. The effect of excitation (with 680 nm emission) and emission wavelengths (with 530 nm excitation) on the rate constants for non-radiative decay of the erythrosin
B triplet state (krsp) (a) and stretching exponents f (b) from fits of erythrosin B phosphorescence intensity decays to the stretched exponential decay model. Data are from
films composed of sucrose (4), gelatin in sucrose at wt ratios of 0.00022 (M), 0.00073 (A), 0.0073 (x), 0.022 (a), 0.073 (+), 0.365 (<), and gelatin (-).
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of p across the excitation band in sucrose-gelatin films was similar
to that seen in sucrose.

3. Discussion

The phosphorescence emission energy and lifetime (intensity)
of Ery B in amorphous solids are mainly influenced by two kinds
of matrix molecular mobility: dipolar relaxation that affects the
emission energy of the triplet state and collisional quenching that
increases the rate of non-radiative decay of the triplet state.?83337
Our discussion of the effect of gelatin on amorphous sucrose is
based on an analysis of how the emission energy and lifetime of
Ery B are modulated by these two modes of matrix molecular
mobility. Since the shape of the emission spectra was not affected
by the addition of gelatin, we conclude that Ery B did not aggregate
in the presence of gelatin and thus accurately reports matrix
properties.3°

3.1. Matrix molecular mobility

The Ery B emission energy provides a sensitive measure of the
average extent of dipolar relaxation around the triplet state during
its excited state lifetime.3®32 Over a temperature increase of 95 °C,
the probe emission energy decreased significantly in both pure su-
crose and sucrose-gelatin mixtures. This decrease reflects the
mobility of sugar hydroxyl groups, either due to localized p-relax-
ations in the glass or due to larger-scale o-relaxations activated at
T,.*® The total decrease in emission energy over the measured tem-
perature range decreased as the concentration of gelatin increased,
apparently due to modulation of the glass transition and conse-
quent suppression of a-relaxations in the mixtures.

The effect of gelatin on the emission energy was complex,
decreasing the energy at low gelatin concentration (wt ratios from
0.00022 to 0.00073) and increasing the energy at higher concentra-
tion (wt ratios of 0.022 and above) compared to pure sucrose
(Fig. 2). Since the triplet lifetime actually decreased at low gelatin
concentration (Fig. 3a), thus shortening the time window for dipo-
lar relaxation, this decrease in emission energy provides strong, al-
beit indirect, evidence that the rate of dipolar relaxation increased
significantly at low gelatin content. By a similar argument, since
the excited state lifetime actually increased at higher gelatin con-
tent, the increase in emission energy provides strong indirect evi-
dence that the rate of dipolar relaxation decreased significantly at
higher gelatin content.

The emission lifetime of Ery B is directly modulated by the rate
of radiative emission kgp, the rate of reverse intersystem crossing
to the excited triplet state kys;, and the rate of intersystem crossing
to the ground state kyso. The rate of radiative emission is constant>®
and equal to 41 s in Ery B,*° while krs; varies with temperature
in an Arrhenius fashion.*®#! The rate of intersystem crossing krso
is modulated by the physical state of the amorphous matrix;>%2%
it reflects both the manner in which the excited T; state is vibra-
tionally coupled to the ground state Sp and the manner in which
the ground state vibrational energy can dissipate into the sur-
rounding matrix. Since the efficiency of this vibrational dissipation
is related to the overall mobility of the matrix, krso provides a di-
rect measure of matrix mobility.*?

The variation of krso with temperature thus provides a measure
of the effect of temperature on the matrix mobility (Fig. 4). The in-
crease in krsg reflects the activation of cooperative a-relaxations at
the glass transition in sucrose which more effectively quench the
Ery B triple state.?83334 The temperature of the transition can be
calculated from the intersection of the trendlines at high and low
temperatures in these Arrhenius plots. The transition temperatures
were 76.5 °C in sucrose, and 77.9, 75.9, 77.0, 83.2, 84.5, 88.1, and

94.2 °C at wt ratios of 0.00022, 0.00073, 0.0022, 0.0073, 0.022,
0.073, and 0.365, respectively. The increase in the transition tem-
perature indicates that addition of gelatin increased the tempera-
ture range over which the sucrose matrix retained glass-like
mobility. Gelatin itself has a high glass transition temperature*®
(153 °C); the gradual increase in krsg seen in pure gelatin at higher
temperatures may reflect thermal activation of local modes of mo-
tion within the glassy protein polymer. Since krs is higher in pure
gelatin than in gelatin-sucrose mixtures, the presence of sucrose
appears to limit molecular mobility in the protein matrix; similar
behavior has been seen in amorphous p-lactoglobulin films.**

Because gelatin may influence the properties of sucrose glasses
by changing the glass transition temperature of sucrose, the Tg of
sucrose—gelatin mixtures was estimated using the Couchman and
Karasz equation®> with T,=153°C and AC,=0.5]/g°C for gela-
tin.** Because the gelatin levels were low, calculated Ty’s of mix-
tures were not significantly different from those of sucrose
except at wt ratio of 0.365 where Ty =83 °C. When the values of
ktso were plotted on a temperature scale normalized to the individ-
ual Tg's, all the curves were similar in shape except that the curves
with lower gelatin contents were slightly above and those with
higher gelatin contents were significantly below the sucrose curve
(data not shown). This suggests that gelatin influenced the sucrose
matrix both by slightly increasing T, and by directly modulating
the overall mobility through specific interactions between sucrose
and gelatin.

3.2. Dynamic site heterogeneity

Research using a variety of spectroscopic techniques indicates
that supercooled liquids and amorphous solids exhibit both spatial
and temporal dynamic heterogeneity, as the matrix mobility varies
through space at any given time and through time at any given
site.*547 This physical model is also consistent with extensive evi-
dence from Ery B phosphorescence. Spectral heterogeneity in Ery B
has been observed in a wide variety of amorphous sugars and sugar
alcohols, 284849 and globular and fibrous proteins,®”°%°! indicating
that dynamic site heterogeneity may be a characteristic feature of
amorphous biomaterials.

In the amorphous sucrose matrix, Ery B is distributed among
dynamically distinct sites with different emission energies and ma-
trix quenching rates.?® The variation of phosphorescence lifetime
with emission wavelength reflects a variation in the rate constant
krso for deexcitation of the triplet state. This variation reflects a dis-
tribution of local matrix sites that vary in terms of their overall
molecular mobility.?8 Probes in ‘blue-shifted’ sites with slow dipo-
lar relaxation have longer lifetimes due to smaller values of krso;
these sites are thus less mobile. Probes in ‘red-shifted’ sites with
fast rates of dipolar relaxation have shorter lifetimes due to larger
values of krso; these sites are thus more mobile. The variation in
ktso with emission wavelength (Fig. 6a) was larger at low gelatin
level and smaller at high gelatin level compared with sucrose, sug-
gesting increased dynamic heterogeneity at low gelatin levels but
decreased heterogeneity at higher gelatin levels. The values of
the stretching exponent  were comparably lower in sucrose-gel-
atin than in pure sucrose across the emission band (Fig. 6b), indi-
cating a broader distribution of dynamic environments and thus
a decreased ability within these sites to dynamically average out
spectroscopic differences.

The temperature dependence shows that the stretching expo-
nent was lower than pure sucrose in the presence of small amounts
of gelatin but higher at gelatin content above 0.073 wt ratio
(Fig. 3b), indicating a broader distribution of dynamic environ-
ments (more site heterogeneity) at low and a narrower distribution
(less site heterogeneity) at higher gelatin content. And finally, the
emission bandwidth (I, FWHM) increased slightly with the
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addition of small amounts of gelatin and decreased at wt ratios of
0.073 and above (data not shown), indicating that the distribution
of site energies was slightly broader than pure sucrose at low and
slightly narrower at high gelatin levels.

A number of independent spectroscopic measures thus indicate
that the sucrose matrix with low concentrations of gelatin has both
increased rates of molecular mobility and increased extent of dy-
namic site heterogeneity; the sucrose matrix with low concentra-
tions of gelatin is thus both more mobile and more dynamically
heterogeneous than sucrose. On the other hand, the sucrose matrix
with higher concentrations of gelatin has both decreased rates of
molecular mobility and decreased extent of dynamic site hetero-
geneity; the sucrose matrix with higher concentrations of gelatin
is thus both less mobile and less dynamically heterogeneous than
sucrose.

3.3. Interactions between sucrose and gelatin

The contrasting dynamic effects of gelatin occurred in radically
different concentration regimes. The decrease in mobility occurred
at gelatin wt ratios of ~0.01 and above, concentrations sufficiently
high to modulate bulk properties in solution (form elastic gels,
e.g.). At a wt ratio of 0.01, the mole ratio of amino acid residues
to sucrose is ~0.037, calculated based on an average residue
molecular weight of 93 g/mol;>4-%° each amino acid residue in
the gelatin polymer was thus able to restrict the mobility of
approximately 27 sucrose molecules (1/0.037). The increase in
mobility, on the other hand, was manifest at gelatin wt ratios as
low as 0.0001 (mole ratio 0.00037), indicating that each amino acid
residue of gelatin was able to increase the mobility of approxi-
mately 2700 sucrose molecules; this implies a perturbed solvent
shell ~29 molecules thick along the length of the extended poly-
mer chain. (Assuming that sucrose molecules are perturbed radi-
ally around each amino acid residue in the extended polymer
chain.)

It is possible that the probe Ery B does not sample the bulk
properties of the matrix but rather preferentially partitions to the
polymer surface; if this interface were more mobile than the bulk
matrix, then the probe would report increased molecular mobility
even at very low gelatin concentrations. However, it is difficult to
understand how increasing gelatin concentration above
~0.003 wt fraction would reverse the trend and decrease the
mobility, as one would expect more extensive partitioning onto
the gelatin surface, and thus enhanced mobility, at higher gelatin
concentrations. Instead, the data clearly indicate that gelatin, at
concentrations sufficiently high to directly modulate bulk proper-
ties, caused a decrease in matrix mobility. Studies of the effect of
amylose starch or xanthan gum on sucrose mobility indicated that
these unrelated polymers also increased matrix mobility at low
and decreased matrix mobility at high wt ratios in a manner nearly
identical to that seen with gelatin.>?

Plasticization by water also does not appear to explain these re-
sults. Although the moisture content increased with gelatin con-
centration (data summarized in Section 5), the moisture content
was insignificant at low gelatin concentration and only increased
above 1 wt % under conditions (high gelatin concentration) where
the mobility actually decreased.

We thus conclude that the complex dynamic behavior de-
scribed here reflects a true effect of the hydrocolloid gelatin poly-
mer on the mobility of the amorphous sucrose matrix.

The decrease in mobility at ~0.01 wt ratio of gelatin and above
is consistent with dynamic rheology studies of sugar/gelatin mix-
tures,>>=>% which indicate that addition of only 1 wt % polymer in-
creases both the viscous and elastic moduli as well as the glass
transition temperature of the sugar matrix. Our data suggest that
addition of gelatin increases the temperature of the dynamic tran-

sition by perhaps as much as 15-20 °C at high gelatin content.
Although we see no evidence for it in our results, it is also possible
that the dynamic behavior at high wt ratios also reflects phase sep-
aration into sugar-rich and gelatin-rich domains as noted by Kasa-
pis et al.>> Spectroscopic measurements appear to reflect not only
the bulk effects of gelatin polymer on matrix dynamics at high wt
ratios but also to monitor some more local and subtle effect on ma-
trix dynamics at low wt ratios.

The pure sucrose matrix is a hydrogen-bonded network. This
network is the major determinate of molecular packing and matrix
rigidity. Small amounts of the gelatin polymer may interfere with
the formation of this hydrogen-bonding network for several rea-
sons: gelatin contains significantly fewer hydrogen-bonding sites
and many non-polar groups which cannot hydrogen bond; hydro-
gen-bonding groups in gelatin differ in chemical structure and thus
strength from those in sucrose; and gelatin is a large polymer with
conformational constraints that limit its ability to form a strong
and well-ordered hydrogen-bonded network. Since films were pre-
pared from aqueous solutions at ~50 °C, well above the melting
temperature of the triple helix, gelatin molecules are assumed to
have the conformation of a statistical coil.?? At low gelatin wt ra-
tios where contacts between random coil gelatin and sucrose are
most likely, the presence of gelatin may disrupt the cooperative su-
crose hydrogen-bonding network, generating more loosely packed
regions with higher mobility and greater dynamic heterogeneity
compared to pure sucrose.

4. Conclusion

Both composition and temperature modulate the molecular
mobility of amorphous solids. Based on analysis of the phosphores-
cence emission energy and lifetime of Ery B in sucrose and sucrose-
gelatin films over the temperature range from 5 °C to 100 °C, we
conclude that gelatin exerts a strong, dose-dependent effect on
the molecular mobility of amorphous sucrose. The emission energy
decreased and krsg increased at wt ratios below ~0.0073, indicat-
ing that low concentrations of gelatin increased the mobility of
the sucrose matrix. On the other hand, the emission energy in-
creased and krsg decreased at wt ratios above ~0.0073, indicating
that higher concentrations of gelatin decreased the mobility of
the sucrose matrix. Spectral heterogeneity in the Ery B phospho-
rescence supports a physical model of dynamic site heterogeneity
within amorphous sucrose above and below the glass transition
temperature. Addition of gelatin at low wt ratio increased and at
higher wt ratio decreased the extent of dynamic heterogeneity.
These data thus provide dramatic insight into the complex dy-
namic effects of gelatin on the molecular mobility of the amor-
phous sucrose matrix.

5. Experimental
5.1. Preparation of amorphous films

We prepared glassy sucrose films by using a slightly modified
version of our published method?® in which 20-40 pum thick films
are prepared by casting from aq solns. We prepared gelatin stock
soln, using VEE GEE Superclear Type A 300 bloom pigskin gelatin
obtained from Vyse Gelatin Co. (Schiller Park, IL), using a slightly
modified version of our previous method.>”

Pure gelatin films were prepared from 100 mg/mL aq gelatin
soln containing a dye content of ~5.6 x 10> mol dye/mol resi-
dues. Calculations were made assuming an average residue molec-
ular weight of 93 g/mol, calculated from the relative abundance of
each amino acid in acid-processed porcine skin gelatin.>®-%° This
mole ratio was selected in order to produce tractable films under
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established conditions; the amount of dye was sufficient to provide
adequate signal/noise in spectroscopic measurements. It is as-
sumed that at this low level of dispersing, ~56 dye molecules
per million residues, the physical properties of the resultant films
are unaffected. The mixture was stirred and heated above 65 °C un-
til a clear soln was obtained. The soln was pipetted in 15 pL ali-
quots onto quartz slides. The following procedure applied to
make a glassy gelatin film was the same as that applied to make
a pure sucrose film.

Gelatin—-sucrose solns were prepared from sucrose soln
containing dye at 1:10* (dye/sucrose mole ratio). Gelatin soln
was added to the sucrose solns to obtain a series of mixtures with
gelatin/sucrose weight ratios of 0.00022, 0.00073, 0.0022, 0.0073,
0.022, 0.073, and 0.365, respectively. Prior to preparing glassy
films, sucrose-gelatin solns were filtered through a membrane
with 0.2 um pores. The procedure applied to make a sucrose-
gelatin film was the same as that applied to make a pure sucrose
film.

Gelatin-sucrose films were dried using heat gun for 10 min. The
films were also dehydrated on a hot plate and by vacuum-drying;
the cast films were either dried in contact with a heated plate at
~65 °C for 20 min, or dried under a pressure of 1 kPa for at least
24 h at 55 °C.

5.2. Moisture measurements

Water content in amorphous films was determined gravimetri-
cally by measuring the difference in mass before and after drying
for 24 h at 70 °C in an Ephortee (Haake Buchler, Inc.) vacuum oven
at 1kPa. Sample films were scratched from quartz slides and
ground into powders in a glove box containing P,05 and Drie-Rite
with a relative humidity less than 5%. Pure sucrose and pure gela-
tin films contained 0.56 + 0.13 and 4.78 + 0.35 wt % water, respec-
tively, while gelatin-sucrose samples contained 0.63 +0.02
(gelatin/sucrose wt ratio 0.00022), 0.95 +0.14 (wt ratio 0.00073),
0.78+£0.20 (wt ratio 0.0022), 0.82+0.15 (wt ratio 0.0073),
0.98 £0.26 (wt ratio 0.022), 1.38 +0.01 (wt ratio 0.073), and
1.52 £0.15 (wt ratio 0.365) wt % water.

5.3. Luminescence measurements

Luminescence measurements were made using a Cary Eclipse
Fluorescence spectrophotometer (Varian Instruments, Walnut
Creek, CA). Prior to any phosphorescence measurements, all sam-
ples were flushed for at least 15 min with nitrogen gas which con-
tained less than 1 ppm oxygen to eliminate oxygen quenching. At
each target temperature samples were equilibrated for 1 min/°C
increase in temperature. The temperature was controlled using a
thermo-electric temperature controller (Varian Instruments, Wal-
nut Creek, CA). To eliminate moisture condensation during the
measurements below room temperature, dry air was used to flush
the chamber surrounding the cuvette holder. All the measure-
ments were made at least in triplicate.

Delayed fluorescence and phosphorescence emission spectra
were collected from 520 to 750 nm (10 nm bandwidth) at 1 nm
intervals using excitation of 500 nm (20 nm bandwidth) over a
temperature range from 5 to 100 °C with an observation window
of 5.0 ms and an initial delay time of 0.2 ms to suppress fluores-
cence coincident with the lamp pulse. Emission spectra from su-
crose or sucrose-gelatin films without probe were subtracted
from each spectrum although the signal of background was very
low.

The energy of the emission maximum (v,) and the full width at
half maximum (FWHM) of the emission band was determined by
using a log-normal line-shape function®! to fit both delayed fluo-
rescence and phosphorescence.

1v)=1Io EXp{_ln(2)<ln[1 +2b(;vp)/4ﬂ>2} "

where Iy is the maximum emission intensity, v, is the peak fre-
quency (cm™1!), 4 is a linewidth parameter, and b is an asymmetry
parameter. The bandwidth (FWHM; I') was calculated according to
the following equation:

-4 (%}b)) @)

For delayed luminescence spectra collected from 520 to 750 nm, a
sum of log-normal functions for delayed fluorescence (Igfv)) and
phosphorescence (Ip(v)) was used to fit the spectra. Each emission
band was fit to independent parameters.

For lifetime measurements as a function of temperature, sam-
ples were excited at 530 nm (20 nm bandwidth) and emission
transients collected at 680 nm (20 nm bandwidth) over the tem-
perature range from 5 to 100 °C. Phosphorescence intensity decays
were collected over a window of 5ms with an initial delay of
0.1 ms and increments of 0.04 ms. Each decay was the average of
20 cycles. Because intensity decays were complex, a stretched
exponential, or Kohlrausch-Williams-Watts, decay function was
selected to analyze the intensity decay:3%6228

I(t) = Iy exp(—(t/7)") + constant 3)

where Iy is the initial amplitude, 7 is the stretched exponential life-
time, and g is an exponent varying from O to 1 and characterizing
the distribution of lifetimes.>> The use of a stretched exponential
model provides a direct measurement of a continuous distribution
of lifetimes, which is appropriate for describing a complex glass
possessing a distribution of relaxation times for the dynamic mole-
cular processes. The smaller the 8 value, the more non-exponential
the intensity decay and the broader the distribution of lifetimes.
The program NFIT (Galveston, TX) was used to fit the decay; good-
ness of fit was evaluated by examining y? and R Plots of modified
residuals (defined as the difference between the intensity from the
fit decay curve and the measured intensity divided by the square
root of the measured intensity) were also used as an indicator of
the goodness of fit. R? for all fits ranged from 0.99 to 1.00 and mod-
ified residuals plots fluctuated randomly around zero amplitude.

Phosphorescence decay transients of Ery B as a function of
emission wavelength were measured with excitation wavelength
at 530 nm (20 nm bandwidth); emission wavelength varied from
640 to 720 nm (20 nm bandwidth). Phosphorescence decay tran-
sients as a function of excitation wavelength were measured with
emission wavelength at 680 nm (20 nm bandwidth); excitation
wavelength ranged from 490 to 560 nm (20 nm bandwidth). These
experiments were performed at 25 °C.

5.4. Photophysical scheme

Our analysis of the delayed emission is similar to the photo-
physical scheme for erythrosin B outlined by Duchowicz et al.*°
The measured emission rate for phosphorescence (kp) is the sum
of all possible deexcitation rates for the triplet state T;:

T = kp = kgp + krs1 + Kkrso + ko [Q] (4)

In this equation, kgp is the rate of radiative emission to the ground
state So. For erythrosin B, kgp is 41 s~! and constant with tempera-
ture;*° krs; is the rate of thermally activated reverse intersystem
crossing from the triplet state T; to the singlet state S;. The value
can be estimated from the Arrhenius equation:

krs1(T) = kig; exp(—AErs/RT) (5)
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where ki, is the maximum rate of intersystem crossing from T; to
S1 at high temperature, AErs is the energy gap between T; and Sy,
R=8.314]K ' mol!, and T is the temperature in Kelvin. The value
of AErs is calculated from the slope of a Van't Hoff plot of the nat-
ural logarithm of the ratio of intensity of delayed fluorescence (Ipg)
to phosphorescence (Ip):

diIn(Ioe/1¢))/d(1/T) = ~AErs/R (6)

where Ipr and Ip are the maximum intensity values determined
from analysis of the delayed emission bands as described above.
The value of krs; at 25°C was estimated as 88s~ ', using
ks, =3.0 x 107 s ' and AErs = 31.56 kJ/mol.2® (Due to our method
of analyzing the photophysical rate constants which potentially
overestimates krs;, our reported values of krsg may actually under-
estimate the true value of krso.28)

In the presence of oxygen, the quenching rate kq[Q] is the prod-
uct of rate constant kq and the oxygen concentration [O;]. By flush-
ing nitrogen throughout the measurements, we assume that no
oxygen quenching occurred. One of the non-radiative decay routes
is through intersystem crossing to the ground state So. The decay
rate is expressed by krsp, which reflects the rate of collisional
quenching of the probe due to both internal and external factors.3®
We assume that the term krso primarily reflects the external envi-
ronmental factors since the self collisional quenching among probe
molecules can be neglected within the extremely viscous amor-
phous solid. In this study, temperature-dependent term Kkrsp can
be calculated by difference from Eq 4.
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