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ecent advances in the
field of biotechnology
have led to products
containing enzymes,
antibodies, and many
other biological agents suitable for
use as pharmaceuticals, veterinarian
preparations, and foods. Often,
economic and ease-of-use
considerations dictate that proteins
be stabilized in a dry format. Well
over a decade ago it became clear
that carbohydrate glasses play a
central role in anhydrous
preservation of biological agents in
nature (1, 2). Currently, simple
sugars and sugar alcohols are often
used as the primary preservation
medium for biological agents (3-6).
Unfortunately, formulation of such
dried preparations can be a very
complex process. Consideration
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must be made for processing the
aqueous formulation and for both
the physical and biochemical
stability of the final dried product.

Dried biopharmaceuticals are
typically prepared in a glassy matrix
by spray drying or lyophilization.
When the glassformer is a simple
sugar, physical properties of the
dried products are often not robust.
For example, even small amounts of
residual moisture can cause the
lyophilate to shrink and collapse or
cause the spray-dried powder to fuse
and cake up. In either case, the
product does not redissolve readily.
Polymer glasses have the advantage
of yielding products with good
physical characteristics, but when
used alone, they seem to be less
effective than small-molecule
glassformers at preserving biological
agents (7-11).

Formulations that combine small-
molecule sugars with polymers
(12-15) or amino acids (16-19) seem
to yield products with both good
physical characteristics and good
biopreservation. Amino acids are
used in freeze-drying for their
propensity to crystallize and form a
continuous crystalline network
throughout the product, giving it
structural support. The drawback to
this approach is that proteins are not
stabilized in the crystalline phase (20,
21), and sometimes loss of product
occurs in these formulations (22).
Polymers also provide structural

Table 1: A freeze-drying protocol

Temperature  Duration Pressure
40 °C =~ 1ha 760 Torr
20 °C =~ 6 hb 30 mTorr
8 °C =3 30 mTorr
25 °C == 24 he 30 mTorr

a Or until frozen

b Or until primary drying is done

€ Final drying is complete before the 24-hour
figure given here. We have not tried to
determine the minimum time required for the
final drying step.

support to the product, but they do
so by virtue of their ability to form
physical networks, and crystallization
is not necessarily involved. The
advantage of product being
nominally 100% amorphous must be
weighed against the fact that such
formulations often also have higher
viscosity in the aqueous phase and
may thus be more difficult to handle.

Stability concerns. If liquid
handling and physical properties of
the dried product were the only
concerns, formulation of
biopharmaceuticals would be greatly
simplified. Obviously, biochemical
stability is also of utmost
importance. As an added
complication, the factors governing
stability of biological structures or
biomacromolecules in a dried format
are only poorly understood. These
factors may be broadly categorized
as either related to dynamics or
thermodynamics. Spectroscopic (23)
and phenomenological (24-26)



evidence indicates that hydrogen
bonding of the host glass with the
guest species plays an important role
in the stabilization of biological
structures. Other components in the
formulation, such as ionic species
(27-29) and surfactants (30) also
contribute to the thermodynamic
stabilization of the protein in the
glass.

The role of dynamics in
anhydrobiosis is less well
understood. The physical and
chemical processes by which the
biological agent degrades in the
bioprotective glass may include
reaction with small-molecule
species, and partial denaturation
(31). Such processes will be
influenced by the dynamics of the
host glass, and thus a clear
understanding of the dynamics is
central to understanding and
manipulating the relative
biochemical stability of the product.

Dynamics of bioprotective glass is
often associated with the glass
transition temperature (75), which is
a measure of the structural
relaxation (a process). Often the
implicit assumption is that the
higher the 7, the slower the
a process will be. It has been shown
that in some cases high T, is
advantageous (32-36) to
biopreservation, but other reports
counter this (37, 38). So no clear
picture yet explains just how
biopreservation is influenced by
dynamics of the protective host.

There may be at least two reasons
that bioprotective efficacy of a glass
doesn’t necessarily scale with the
difference between the storage
temperature and 7. The first of
these is that the o relaxation
timescale of a glass is not a simple
function of the storage temperature
and 7j: Fragility and physical aging
are both important factors (39), and
thus a relaxation times should be
measured directly if possible. The
second potential reason for the lack
of convergence in the literature is
that glassformers in general exhibit
dynamics over a broad range of
timescales, and dynamics not
associated with other than the
o process will also have bearing on

stability of biological agents stored
in glass.

Figure 1 shows relaxation data
for polybutadiene (40) obtained at
temperatures near and above 75,
Polybutadiene is not used as a
bioprotective glass, but the dynamic
processes represented in this plot are
more-or-less common to
glassformers. In addition to the
average timescale of the primary «
relaxation process, there is a slightly
faster secondary relaxation
(sometimes denoted B process,

v process, or Johari-Goldstein
process), which is typically brought
about by small-amplitude local
motions of the glass-former. At
shorter times (or higher frequencies)
still there is a fast (or fast B) process,
which represents the timescale of
intra- and intermolecular collisions.
The timescale of this process is
insensitive to temperature, but the
amplitude is strongly temperature
dependent. Even this figure does
not fully describe the dynamics in
glassy systems, because the a
relaxation is typically not a single
timescale phenomenon but occurs
over a broad range of timescales, as
much as three or four orders of
magnitude in width.

Each motional process
represented in the figure is likely to
influence the preservation of
biomolecules in hydrophilic glasses.
The a process is linked most closely
with viscosity and will strongly
influence the rate of global motions
leading to denaturation (41). The
average value and width of the a
relaxation will influence the
diftusivity of reactive species that are
intermediate in size (42). The
B relaxation time will influence
diffusion of small molecules such as
gasses (43) and potentially small-
amplitude protein motions that are
precursors to denaturation.

Slowing any of these processes
has potential to reduce the rate of
biodegradation, as exemplified by
the work of de Pablo et al. (36),
where protein and bacterial
preservation was improved by
suppressing the « relaxation of
disaccharides. In a similar spirit, it is
possible to slow (antiplasticize) the

Figure 1: Many dynamic processes exist in
glasses, covering a broad range of
timescales. Polybutadiene serves here as an
example. With the possible exception of
the E-process, the various processes
represented are more or less generic for
glassformers. Taken from reference 32 with
permission.
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Figure 2: Enzyme degradation times in
freeze-dried glasses, plotted in Arrhenius
format; (CJ) ADH in trehalose, (O) HRP in
trehalose, (A) HRP in a glass composed of
dextran, inulin , and glycerol, mass ratio
80:10:10. Linear fits give R2 values of
0.997 and .990 for the HRP data in
trehalose and dextran glass, respectively,
and 0.81 for the ADH data. The error bars
represent standard uncertainties of =+ 1
standard deviation.
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B relaxations of a glass by adding a
small amount of an appropriate
plasticizer. Addition of such a
species speeds up (plasticizes) the o
relaxation, and this phenomenon is
often referred to as plasticization/
antiplasticization. This phenomenon
has been observed in synthetic
polymers (44), polysaccharides (45),
sugars (46), and sugar alcohols.
Although the presence of plasticizers
is typically avoided in bioprotective
glasses (47), judicious use of
appropriate plasticizers can have a
dramatic positive effect on
stabilization of biological agents.

In the present study we modified
disaccharide and polymeric

JANUARY 2003 BioProcess International 37



Figure 3: Enzyme deactivation times
extrapolated to room temperature for
bioprotective glasses plasticized with
varying amounts of glycerol; (blue A) ADH
in trehalose; (red CJ) HRP in trehalose;
(purple V) HRP in raffinose; (green <) HRP
in lactose, (green O) HRP in maltitol. The
lines between points are guides to the eye.
The error bars represent standard
uncertainties of +1 standard deviation.
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lyoprotective glasses by this
plasticizing /antiplasticizing
treatment, and in this way effected a
substantial improvement in room-
temperature storage lifetime of
proteins lyophilized in sugar, sugar
alcohol, and polymer glasses. We
report protein stabilization in a
plasticized polymeric glass that is
improved by more than 1,000-fold
over that in the unplasticized glass
and that is approximately 100 times
better than the stability we obtain in
an unplasticized trehalose glass.

EXPERIMENTAL INFORMATION
Materials. All enzymes, reagents,
glassforming materials, and
plasticizers were obtained from
Sigma (www.sigmaaldrich.com). All
materials were used as received. The
peroxidase (HRP) was type 1I from
horseradish, and the alcohol
dehydrogenase (ADH) was from
bakers’ yeast. The bovine serum
albumin (BSA) was fraction V.
Dextran of 70k and ficolls of 70k
and 400k MW were used in these
studies. These gave no discernible
difference in results. Polyvinyl-
pyrrolidone was K = 29-32.

Sample Preparation. All samples
were made in aqueous solution in
preparation for freeze-drying.
Solutions contained 100 mM
CaCl,, 300 pg/mL Tween 20,
0.5% by mass BSA, and 60 nM
enzyme for stabilization (HRP or
ADH). All solutions contained a
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combined glassformer and
plasticizer concentration of 20% by
mass, except solutions containing
polyvinylpyrrolidone(PVYP), which
were 13% by mass. Although lower
excipient concentrations are often
used in some freeze-drying
applications, we chose a 20 wt%
target based on the work of de
Pablo et al. (36), who found this to
give the most robust product. Salt
and surfactant were first added to
stock solutions of glassformer and
plasticizer. After these were mixed
well, the BSA and enzyme to be
stabilized were added. HRP
solutions were made up in 50 mM
histadine buffer (pH 6.0), and ADH
solutions were made up in 50 mM
Tris buffer (pH 7.0). All solutions
were made with milliQ water.

Each sample was divided into
aliquots of approximately 150 pL
previous to freeze-drying. The
aliquots were dispensed into 1.7 mL
microfuge tubes, then placed
uncapped into the freeze-dryer for
lyophilization.

Table 1 gives a typical freeze-
drying protocol. After completion
of the final drying step, the glassy
samples are removed from the
freeze-dryer and immediately
capped to prevent excessive
reabsorption of moisture from the
ambient air. We determined that
there was typically <0.01 mass
fraction residual water. Dried masses
were consistent with plasticizer not
being lost during the freeze-drying.
This is noteworthy, because some
plasticizers, such as DMSO, would
in the pure state be completely lost
to evaporation during the last stage
of the freeze-drying protocol (24 h
at 25 °C and 30 mTorr).

Enzymatic Assay. Assays of enzyme
activity were carried out in 96-well
plates on a Ceres UV 900 HDI
plate reader (Bio-Tek Instruments
Inc. www.biotek.com). Standard
colorometric methods were used to
assay enzymatic activity of both
HRP (48) and ADH (49).
Calibration curves were established
with standard solutions of enzyme,
obtained by serial dilutions of a
known concentration of fresh
enzyme. HRP concentrations for

calibration curves ranged from
10 nM to 10 pM, and those for
ADH calibration ranged from
25 nM to 2.5 pM. The nominal
enzyme concentration of the
rehydrated, stabilized-enzyme
aliquots is 7.6 nM 1in all cases,
giving us three orders of magnitude
over which we could reliably
measure enzyme activity. In all
assays, initial rates of change of
optical density are established by
acquiring data for 7 min, with
readings at 5-s intervals.

Evaluation of Formulations. The
enzyme-stabilizing efficacy of a glass
formulation was evaluated by
measuring enzyme activity after
separate sealed aliquots of the
sequestered enzyme were placed at a
controlled temperature for a series
of time periods. Heat-stressed and
frozen (control) aliquots were
rehydrated in buffer and tested in
adjacent rows on a 96-well plate for
residual enzyme activity as described
above. The characteristic time
(Tgeact) for enzyme deactivation in a
formulation was typically
determined from one frozen control
(unstressed) aliquot and three heat-
stressed aliquots. Errors and data
plots are estimated from multiple
determinations of Tge,c-

We observed that enzyme activity
(both HRP and ADH) showed an
initial exponential decrease with
time under heat-stress. We
occasionally observe another, slower
activity decay after extended heat
stress. Similar bimodal activity decay
has been seen before and has been
linked to structural collapse of the
freeze-dried cake (50); the values of
Tdeact quoted here are all for the
faster initial decay.

Figure 2 shows the deactivation
time of HRP in several glasses at
temperatures in the range wherein
we performed our studies. The error
bars represent intervals of 1
standard deviation derived from
replicate determinations of Tgg,q at
each temperature. The main point
we want to emphasize with respect
to these data is the Arrhenius-like
temperature dependence of the
deactivation lifetimes over the
measured temperature range. Such



Arrhenius-like behavior of Tye,. Was
observed for essentially all the
enzyme-bearing glasses we
evaluated. This was not surprising
given that the measurements were
made at temperatures well below
the T, of the protein-bearing glasses
and over a relatively narrow
temperature range. Under these
conditions, Arrhenius-like behavior
is expected (51-53).

The Arrhenius nature of Tye,qt
here can be exploited to predict the
room-temperature enzyme stability
by extrapolation from higher-
temperature data (still within the
glassy regime). We measured Tge,ct
directly at 23 °C for the two HRP-
bearing glasses in Figure 2 (as well
as several others). However, in most
of what follows we plot enzyme
activity lifetimes for HRP and ADH
in several glasses, extrapolated to
23 °C, with error bars estimated
from the extrapolation.

Figure 3 shows the estimated
HRP and ADH deactivation times
at 23 °C for several glasses
plasticized with varying amounts of
glycerol. The abscissa indicates the
mass fraction of glycerol in the final
product (the freeze-dried glass).
The effect glycerol content has on
T deact 18 NONmMonotonic; the benefit
of a small amount of plasticizer can
be negated with too much of it. We
observed this trend also for the
other plasticizers we experimented
with, namely dimethyl sulfoxide
(DMSO), ethylene glycol, and
propylene glycol. We also note that
the stability increase in the glycerol-
plasticized glasses seems to be quite
robust, being neither protein-
specific nor depending strongly on
the choice of disaccharide
glassformer.

The nonmonotonic relationship
between added glycerol and enzyme
stability is reminiscent of the
suppressive effect of glycerol on the
B relaxation seen in sugar glasses
(46). We make this connection more
solidly in a separate report (54).

Figure 3 shows that HRP in
raffinose does not exhibit an
increased stability on addition of
glycerol. It may be that raffinose, a
trisaccharide, responds to glycerol in
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Figure 4: HRP stability and plasticization of
hosts. Panel a) displays HRP deactivation
times, extrapolated to 23 °C for various
glasses. The formulation names describe the
glass composition as follows: D represents
70k dextran, | inulin, and G glycerol. The
major component is listed first, and the
fractional numbers following the letter
designators refer to the mass fraction
composed by the minor components, in
order. The error bars represent standard
uncertainties of *1 standard deviation.
Panel b) displays Tg of the glassy
formulations listed on the abscissa. The
error bars represent the width of the glass
transition (see text).

4.0 T
a

w
15

W
o
T
——
T

—

H
T

N

=
T
T

log(Tdeact/h) @23 °C

-
[$)]
T
T

-
=)

D DG.1 DI.1 DIG.1.1

250,

b
) 1

1004 H

D DG.1 DI.1
Formulation

DIG.1.1

a way similar to the polymeric glasses
we studied (see below). The
dynamics of small-molecule solutes
will sometimes be essentially
unconnected with that of the host
glass (55). It seems clear to us that
the dynamics of the glassformer and
plasticizer must be coupled in some
way for the antiplasticization of the
fast dynamics that we wish to induce,
although it is unclear whether the
lack of eftect we see with glycerol
and raffinose is due to a complete
decoupling of the dynamics.

Panel a) of Figure 4 demonstrates
that a diluent alone may not
improve enzyme stabilization when
added to a polymeric host glass. In
this case we see a 30% drop in Ty,
on the addition of 10-wt% glycerol
to a dextran glass. On the other
hand, although the addition of
inulin alone also does not improve
HRP stability in dextran, the
addition of inulin along with
glycerol produces a 4-fold increase
IN Tyeaee OVer that of dextran alone.

Panel b) shows the onset 7, values
of formulations listed in panel a) for
a DSC scan rate of 10 °C/min. The
error bars indicate the width
(Tendpoint = Tonser) Of the transition.
The dramatic drop in T, of dextran
is accompanied by a significant
broadening of the glass transition.
Unplasticized dextran shows a glass
transition with a width of 10 °C;,
whereas the width of the transition
is 35 °C in the presence of 10-wt%
glycerol. In a report by Lourdin et
al., a broadening in 7, upon
addition of glycerol to a starch-
water system was ascribed to poor
mixing of glycerol with dextran in
the glass, and we suspect that this
might be occurring here (46). Note
that the addition of a small amount
of inulin to the dextran/glycerol
mixture changes this behavior
dramatically: The 7, of the resulting
glass jumps back to within 20 °C of
the value for pure dextran, and the
width of the transition falls back to
15 °C, although another transition
also occurs near the 7, of pure
inulin (not shown). It is with this
tertiary mixture that we obtain an
increase in Tye,qr, Shown in panel a).

Inulin is only poorly soluble in
water (<4 wt%), but with an equal
mass of glycerol, an aqueous
solution containing upwards of
25-wt% inulin can be prepared. It
appears that the inulin plays a role
in linking the plasticizer to the host
glass, either making components of
the mixture compatible or coupling
the dynamics of the glycerol to the
host.

Figure 4 indicates that an
intermediate or “linker” species will
sometimes be useful for increasing
stabilization of proteins in
plasticized polymeric glasses by
addition of plasticizer. As Figure 4
shows, polymeric species showing
apparently strong interactions with
the plasticizer seem to be effective
in this regard. A small-molecule
species that is miscible in the
plasticizer and host glass and with a
T, that is intermediate between the
plasticizer and host also serves
effectively as a linker.

Figure 5 displays Tgeact
extrapolated to 23 °C, for HRP in



dextran glasses plasticized with one
of several diluents, in the presence
of a linker species. In each case the
final product contained 10 wt%
each of the linker and plasticizer in
the dextran glass. In almost all cases
we observed an increase in
stabilization of HRP, although we
are not sure why the combination
of propylene glycol and maltitol
with dextran performed so poorly.
So, to a first approximation, it
doesn’t seem to matter too much
which plasticizer is used, as long as
it has a low 7 (56) and is not
prone to crystallization, although it
appears that some linker/plasticizer
pairs may be less effective than
others.

Figure 6 shows T 4., for HRP,
extrapolated to 23 °C in a series of
polymer glasses, unplasticized and
plasticized with 20 wt% of a 1:1
mass blend of inulin and glycerol or
maltitol and glycerol. We see that
enzyme stability was improved in all
the polymer glasses upon
plasticization, in the presence of a
linker species. We note that the
difference between Ty, for
unplasticized ficoll and the values
for plasticized ficoll shown in Figure
6 is largely made up for by adding
10-wt % glycerol only to the
polymer. However, adding the
intermediate species still appears to
confer increased stability to the
enzyme.

Not shown in Figure 6 are results
of HRP stabilization in polyvinyl
alcohol glasses. The results were
qualitatively similar to those shown
for ficoll and PVD, but a significant
loss of enzyme activity occurred
upon freeze-drying (so that even the
frozen controls had low activity).
We did not therefore include these
results.

Figure 7 shows Tgc.ct
extrapolated to 23 °C for HRP in
dextran glass, plasticized with a 1:1
mass blend of maltitol and glycerol.
We note that T4, secems to be
increasing with content of the
plasticizer/linker blend, even at the
point where this is the major
component in the glass. This is
particularly striking when compared
with Figure 3 because the best
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Figure 5: HRP deactivation times,
extrapolated to 23 °C for dextran glasses
plasticized with mixtures of either inulin or
maltitol and the plasticizer listed in the
abscissa. The error bars represent standard
uncertainties of = 1 standard deviation.
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Figure 6: HRP deactivation times,
extrapolated to 23 °C for polymeric glasses,
unplasticized (neat), plasticized with 10
wt% each of inulin and glycerol (IG), or
with 10 wt% each of maltitol and glycerol
(MQ). The polymers on which the glasses
are based are indicated in the abscissa. The
error bars represent standard uncertainties
of = 1 standard deviation.
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stability we obtained in a
maltitol /glycerol glass was when
glycerol was only 10 wt% of the
glass. In that case the best Tyq . We
obtained was 102-3 h, whereas in
this case we obtain Ty, = 1034 h.
We suggest that the significantly
increased value of 7, (undoubtedly
suppressed « relaxation) in the
polymeric system as compared with
the maltitol /glycerol system of
Figure 3 accounts for the marked
increase in Tge,c of the former. We
also point out that T, will decrease
across the series displayed in Figure
7, so that while 7;, drops, enzyme
stability increases. We propose that
suppression of the faster dynamics is
responsible for this trend, and that
the a relaxation in this system is
probably sufficiently suppressed so

that the current plasticization will
not materially affect Tq.,.. We are
not aware of any dynamics
measurements made on analogous
tertiary systems to which we can
compare these data.

Figure 8 shows the temperature
dependence of Ty., for HRP in
several polymeric glasses. The
polymers dextran, ficoll, and PVP
are represented here, reinforcing the
idea that the choice of a particular
hydrophilic polymer may not be
crucial or that there may be a range
of polymers sufficient for a given
protein. In each case the polymeric
glass was plasticized with 10 wt% of
maltitol and 10 wt% of DMSO or
glycerol. Maltitol seems to serve as
the best linker species that we have
experience with; in addition to the
polymeric intermediates discussed
above, we have evaluated the
effectiveness of lactose, trehalose,
and sorbitol in this role. This
apparent superiority of maltitol over
other linkers holds for stability
measurements of HRP and ADH
and may be related to the unusually
small “void volumes” detected in
amorphous maltitol by positron
annihilation spectroscopy (57).

The formulations represented in
Figure 8 have not been optimized
for their ability to stabilize HRD.
They were “first guess” based on
information we had at the time of
the experiments. The results
displayed in Figure 7 suggest that
potentially significant improvement
can be made to each of these
formulations, because they
correspond to a composition of 10
wt% each of the plasticizer and linker.
Even without optimization, the
improvement in HRP stability over
that of the unplasticized polymeric
glass is quite remarkable. Figure 6
shows estimated T4, values for
HRP in both ficoll and PVP to be
about 1015 h at 23 °C, whereas a
similar extrapolation of the data in
Figure 8 yields values on the order of
1045, a 1,000-fold improvement.

DiscussioN

In a separate publication we
establish the relationship between
increased protein stability and the



suppression of fast dynamics in the
glass upon addition of plasticizer
(54). The suppression of dynamics
associated with the Ty, process
that occurs with addition of an
appropriate plasticizer is well
documented experimentally. It has
been shown to be accompanied by
several changes in physical and
dynamic material properties,
particularly reduction in small-
molecule diffusivity (43). These
changes in material properties of the
bioprotective glass are expected to
affect protein stability, because
common degradation pathways
include processes that rely on
diffusion of small-molecule species,
such as oxidation and deamidation.

General Formulation
Considerations. We believe that the
phenomenon we have documented
is closely related to the
plasticization /antiplasticization
effect reported in the polymer and
carbohydrate literature. Thus,
formulation questions become
questions about what combinations
of materials will best effect an
antiplasticization of fast dynamics in
a bioprotective glass, while allowing
the slow dynamics (a relaxation) to
occur on as long a timescale as
possible. To ensure the latter, one
might add a cross-linking agent such
as borate salts (36) or a gel-forming
agent, or simply start with a
glassformer that has an intrinsically
high 7, such as a polymeric system.
Indeed, we observed that the
plasticized polymeric glasses were
more effective in protein
stabilization than the plasticized
small-molecule glasses we explored.

Finding the conditions under
which an antiplasticization of the fast
dynamics will occur is fairly
straightforward, because the
phenomenon is well documented,
and one can take advantage of this
literature. The concept of “free
volume” is a framework commonly
used for thinking about the
plasticization /antiplasticization
phenomenon (58). The general
picture is that molecular mobility in
amorphous materials is related to the
amount of the free volume, which
free volume comes about by the
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Figure 7: HRP deactivation times,
extrapolated to 23 °C for dextran glasses,
plasticized with varying amounts of a 1:1
mass blend of maltitol and glycerol. The
error bars represent standard uncertainties
of = 1 standard deviation.
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Figure 8: HRP deactivation times in
Arrhenius format in glasses made up of (&)
80 wt% dextran, 10 wt% maltitol and 10
wt% DMSO; (A) 80 wt% ficoll, 10 wt%
maltitol and 10 wt% glycerol; (O) 80 wt%
PVP, 10 wt% maltitol and 10 wt% glycerol.
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suboptimal efficiency of molecular
packing in these disordered solids.
Although no way yet exists to apply
this concept in such a way that it is
quantitatively in agreement with a
broad range of observed phenomena,
the concept may still be useful for
thinking about general trends. Using
the conceptual framework of free
volume, we can rationalize many of
the trends that are observed with the
antiplasticization phenomenon, and
hopetully derive some qualitative
predictive power from the concept.
Within a conceptual free volume
framework, the plasticizers fill small
volumes left open by the larger (or
stiffer) host glassformer, restricting
motion and thereby slowing the fast
dynamics. As more of the low T,
material is added, there is excess
over what is needed to occupy the
original free volume, and the
plasticizer becomes a lubricant,
speeding up the dynamics on all

timescales. In literature reports
wherein antiplasticization is
observed, the optimal range of
plasticizer is commonly between

5 wt% and 25 wt%, with only
plasticization occurring at higher
concentrations. In reconciling this
statement with the data of Figure 7,
we reiterate that we know of no
dynamics measurements on systems
that are analogous to those
presented in that figure, and thus
we believe it is possible that a higher
plasticizer /linker concentration will
effect an optimal antiplasticization
in these glasses, as our data suggest.

The need for phase compatibility
is another qualitative feature that
can be rationalized by the free
volume picture. For single diluent
molecules to occupy the free
volume associated with the host
glass, they must interact intimately
with the host molecule. Vilics et al.
suggest that miscibility is the most
important factor for inducing
antiplasticization, as they observed
significant diminution of the
antiplasticization in cases of poor
mixing (56). Their observations are
consistent with our experience.
Berquist et al. proposed that diluent
molecules serve as lubricants to
dynamics when they begin to pair
up (58). Fortunately, poor
miscibility could be detected by
differential scanning calorimetry
(DSC) (46).

Compatibility of the biological
agent with the various components
in the glass is also a very important
issue. In a separate report, we
showed that diluents that interact
strongly with the protein of interest
(e.g. serve as substrate analogs)
seem to confer an added degree of
stabilization to the protein (54).

The factor considered by Vilics et
al. to be second in importance for
inducing the plasticization/
antiplasticization effect is the
difference in 7, between the
plasticizer and host — a low T,
material being a stronger
antiplasticizer (56). Although the
literature supports this second
conclusion up to a point, it has been
shown that a plasticizer with a 7,
value too far below that of the host



will not induce an antiplasticization
(58). A model by Ngai, based on
dynamics rather than free volume,
predicts a lack of antiplasticization
when timescales of motion of the
diluent and host are excessively
separated (59). We note that the
positive impact of the presence of a
linker molecule on Ty, in a
plasticized polymeric glass is
consistent with this idea; the linker
having dynamic timescales that are
intermediate between that of the
polymer and the plasticizer.

The free volume picture suggests
that the plasticizer molecule should
be of relatively low molecular weight
to elicit an antiplasticization of the
fast dynamics. Although we don’t
have convincing data that this is the
case, our experience with oligomeric
ethylene glycol in the role of
plasticizer in a dextran glass suggests
some validity to the idea; lower
molecular weight oligomers gave
better stabilization. If the free volume
picture leads us in the right direction
in this case, then large surfactant
molecules may be ineffective in
producing an antiplasticizing effect,
even though they might be miscible
and have low T;.

Excessive residual water (amounts
of more than just a few mass percent)
may have a profound effect on the
stabilizing ability of a glass /diluent
formulation and can seriously
degrade the beneficial properties
associated with antiplasticization.
Work by Noel et al. shows that water
will antiplasticize glucose and
maltose (60). Their data show,
however, that maltose is
antiplasticized by water only at
temperatures below —45 °C, and a
small extrapolation of their data
shows that glucose is antiplasticized
only at temperatures below 23 °C.
Above those temperatures, water has
only a plasticizing effect on a and
relaxations in both of these materials.

The presence of some small
amount of residual water is almost
unavoidable in pharmaceutical
preparations, and it may be
beneficial. One might speculate that
just as glycerol was an effective
antiplasticizer for polymers only in
the presence of an intermediate
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companion molecule, a small
amount of residual water actually
may be beneficial in the presence of
the plasticizer, as an agent for
“filling” the free volume that was
too small to be filled by the
plasticizing additive. The possibility
of this effect is suggested by the
results of Noel et al. (61).

Finally, we suggest that the
antiplasticizing of a formulation by
addition of plasticizer be reserved
until the last formulation step, and
that measurements of material
dynamics or rheological properties
be used to guide the formulation
with respect to amounts of diluent
required for an optimal
antiplasticization. Once a range of
plasticizer /linker concentrations are
determined by these relatively fast
methods, biostabilization
experiments can be performed on
the narrowed set of candidate
formulations.
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