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Protecting biological molecules during freezing and lyophilization is of commercial importance to the
pharmaceutical, medical, and food industries. Much work has been done on the use of a wide variety of
cryoprotectant compounds for these types of processes. Chief among these compounds are the saccharides.
They have been found to protect proteins during freezing and drying stresses as well as prevent membrane
damage during cooling of cells. Trehalose, a naturally occurring disaccharide of glucose, has been found to
be a particularly effective cryoprotectant. Although there are several prevailing structural and thermodynamic
arguments as to why molecules such as trehalose act as cryoprotectants, little fundamental work has been
done to corroborate or refute these hypotheses. To address this issue, our work has focused on the structural
and dynamic simulation of this promising cryoprotective system. In this work, we have implemented fully
flexible, all-atom models for water and trehalose and used both Monte Carlo and molecular dynamics algorithms
to calculate various macroscopic properties of trehalose solutions over a wide range of concentration. We
have also studied the glass transition behavior at various concentrations and compared it to experimental
data. We have observed the existence of intramolecular hydrogen bonding, which has been invoked to explain
compressibility and molar volume data for concentrated solutions of trehalose. We have studied the diffusivity
of water molecules in concentrated trehalose solutions and found a gradual transition from continuous motion
through the matrix in more diluted systems to cavity-hopping motion in concentrated and near-glassy cases.
Our diffusivity results have been analyzed in terms of the WilliatnandeFerry equation; good agreement

is found with published glass transition data.

1. Introduction 06

Cryopreservation and freeze-drying processes have undergone
considerable evolution in the past 50 years. In that time, a wide
variety of substances have been used as cryoprotectants. These
can be very broadly divided into two classes, those that permeate
cells and those that do not. Of the permeating compounds,
dimethylsulfoxide and glycerol are by far the most common.
Nonpermeating compounds can come from many classes of
molecules, including polymers, proteins, and saccharides. 04

Sugars have frequently been used for protecting both proteins
and cells during freezing and dryiAg A number of mechanisms
have been suggested for their effectiveness. These include their
ability to form glasses, to mimic the hydrogen bonding character
of water, to increase the surface tension of the bulk solvent, to
prevent thermotropic phase separations in lipid bilayers, and to
prevent the fusion of membranes. One of the most pr0m|s|ng Flgure 1. o,a-Trehalose. The hydrogen atoms have been left off for
saccharide cryoprotectante,a-trehalose, has only recently ~ clarity. All carbon and oxygen atoms have been labeled.
received more attention. water are dramatic, especially with regard to its glass transition.

Trehalose is a nonreducing disaccharide of glucose; its When just 10 wt % water is added to trehalose, the glass
structure is given in Figure 1. It occurs naturally in many transition of the system plunges by nearly 1 This effect
organisms which suffer dehydration stresses (e.g., baker’s yeast)is particularly important for freeze-drying applications and has
Trehalose’s success as a protectant has been attributed to itbearing on the nature of trehalose’s effectiveness as a protectant
strong interaction with water and lipid membranes, its unique for biologicals.
chemical stability, and its glass-forming behavidrFigure 2 In order to better define the nature of trehalose’s cryopro-
gives the current supplemented phase diagram for agqueougective ability, we have carried out extensive molecular studies
trehalose solution$~” The interactions between trehalose and of trehalose solutions via computer simulation. The first reported
use of molecular simulation to study the behavior of trehalose
* To whom correspondence should be addressed (depablo@engr.wisc.edu)in solution was by Donnamaria et al. in 199Zhese authors
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150 - T T T al., Sakurai et al., or Bonnano et al. Note that rigorous treatment
of long-range interactions is known to have significant effects
) on the dynamic, structural, and thermodynamic properties of
e water and aqueous solutioffsMore importantly, the scope of
» . . . .
. v g oé our work is considerably broader than that of previous studies
Solidus _e . . S :
50 | . b A which looked only at the behavior of trehalose in dilute solution
at room temperature. We investigate a wide array of solution
/ properties, dynamic aspects, and glass transitions in these
\\\\\\\\\\ o systems. This required that we cover a broad range of temper-
»” atures and compositions. Only in this way can we begin to
-50 | L . achieve a better understanding of the nature of trehalose and
d its properties.
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Pt 2. Molecular Potentials and Simulation Details
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, , , , In our work we use a fully-flexible SPC-typewater model
0 20 40 60 80 100 developed by Toukan and Rahnm&nOf the two models
Trehalose Concentration (wt%) described in their work, the one with harmonic springs, was
Figure 2. The phase diagram for trehalose in water. Note the dramatic chosen in order to reduce computation time. The model for
reduction in glass transition temperature with the addition of small trehalose (see Figure 1) uses the OPLS force field, which was
amounts of water to a pure trehalose system. The data are taken fromrecently optimized for carbohydrat&sit is also a fully flexible,
;efz 5®).6 (), 7 (2). The dashed lines are merely guides for the  4_a10m model which includes charges, Lennaddnes inter-
ye. actions, and spring forces. The parameters for a bending
used a semirigid trehalose model with fixed bond lengths, interaction between an $parbon-ether oxyger-acetal carbon
harmonic bending potentials, and improper torsion potentials Were used to approximate the bending at the glycosidic linkage.
to fix the ring conformations. The only free rotation was about A detailed description of the implementation of the OPLS force
the glycosidic bond. This molecule was dissolved in SPC/E field is given elsewheré}
water at 298 K. Their results indicated that trehalose was not All of the models used in this work include Lennardones
well hydrated. This conclusion was surprising in light of a 6—12, coulombic, and bonded interactions. The Lenrdahes
previous simulation of maltose which exhibited a high degree parameters were chosen from the references above; the cutoff
of hydrogen bonding with watéf.Donnamaria et al. also found ~ distance in this work was at least2(7 A) for all atoms. The
that the formation of internal hydrogen bonds caused the usual Lorentz-Bertholet combining rules were used to calculate
molecule to twist in such a way that its hydroxyl groups roughly Cross-interaction parameters. A long-range correction was
matched the placement of oxygen in a tetrahedrally coordinatedapplied to the energy and virial to account for the truncation of
water structure. Therefore, they concluded that the Cryoprotec-the potential at the cutoff. The direct coulombic interactions
tive effect of trehalose was probably due to a “water replace- (i.€., those within the Lennarelones cutoff radius) were
ment’%12 phenomenon at membrane and protein surfaces. ~ calculated using an Ewald convergence parameter of 0-36 A
More recently, three other groups have challenged the first Reciprocal space coulombic contributions were included by
of Donnamaria’s findings. Liu et &F found that their trehalose ~ Means of a “smooth particle mesh Ewald” (PME) metFo#.
model (based on the CHARMM potenti§l had a high degree The PME method was used with eighth order splines and 16
of hydration in TIP3P water. Sakurai etflused a flexible ~ mesh lines (spacing of 1-1.3 A) in each dimension.
trehalose (developed from AMBER potential energy param-  The simulations in this work were carried out using either
eterd® with TIP3P water and found that trehalose was again an isothermatisobaric Monte Carlo algorithm (NPTMC) or
strongly hydrated. In addition, Sakurai et al. found that, an isothermal molecular dynamics algorithm (NVTMD). En-
compared to maltose, trehalose has an extra site for hydrogersemble-specific simulation details are given below. The NPTMC
bonding which results in a slight decrease in the mobility of algorithm was chosen because of its dependable performance
water bound to the sugar. A very recent work by Bonnano et even in simulations of dense systems such as aqueous solutions.
all” has shown that their model for trehalose is also well The NPT ensemble, however, is known to converge rather
hydrated by TIP3P with an average of 19 water molecules slowly to equilibrium?8 In order to speed the movement of the
hydrogen bonded to it. system through phase space, a hybrid Monte Carlo system was
In the work presented here, special attention has been paidused’ with a multiple time scales algorithm (r-RESPZ).
to the choice of model (force field) and the treatment of long-  In hybrid Monte Carlo, instead of using random moves to
range interactions. The lack of hydration in the simulations of displace molecules, the system is moved deterministically as
Donnamaria et al. was likely due to potential energy parametersin a conventional molecular dynamics simulation. The size of
which were not well suited for the system. For our work, we the time step can also be updated during the run to achieve the
have chosen to use the OPLS poteftialhich was developed  desired rate of acceptance for the displacement moves (70% in
for liquid systems and has recently been further optimized for this work). This algorithm is attractive for highly complex
all-atom simulations of carbohydrate solutid©ur model is molecules at relatively high densities because it allows for
fully flexible, which is likely to be an important feature for study  collective “moves” (in contrast to simple, random moves). Also,
of dynamic processes near the glass transition. We have chosemecause it is a Monte Carlo formalism, it is an exact algorithm
to include long-range contributions to the energy and virial regardless of the time step chosen to displace the molecules.
explicitly via an Ewald summation technique. The simulations The reversible multiple time scales method (r-RESPA) was
of Liu et al. employed an arbitrary “switching function” to  developed by Tuckerman et#lto accelerate the performance
attenuate and turn off long-range interactions. Treatment of theseof molecular dynamics simulations. This method involves a
interactions is not mentioned in the work by Donnamaria et factorization of the normal velocity Verlet algorithm to allow
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for more rapid updates of stiff or short-range interactions. In 1.6 T T T T
the case of the NPTMC work, the bonded and short-range
interactions are updated five times for every update of the long-

range interactions (i.e., the reciprocal space coulombic calcula- 14
tion). This technique was part of the hybrid Monte Carlo steps _~
described above. As implemented for this work, a four-fold
increase in the length of the overall time step (from 1 to 4 fs)
was achieved by using hybrid Monte Carlo and r-RESPA as
compared to traditional molecular dynamics.

The r-RESPA method was also used in the NVTMD
calculations. In this case, however, a double RESPA method 1.0
was employed to prevent deviation of the system pressure. The
potential energy was separated into three parts: bonded interac-
tions (includes bonds, bending, and torsion), short-range interac- ;g . ; .
tions (i.e., nonbonded interactions within the cutoff radius), and 0 20 40 60 80 100
long-range interactions (i.e., reciprocal coulombic calculation). Trehalose Concentration (wt7%)

One step consisted of four updates of the bonded interactions,Figure 3. Trehalose solution densities from simulation at’8 The
two updates of the short-range interactions and one update ofsolution densities of trehalose in water from simulati®) &s compared
the long-range interactions. The total time step used was 1 fsto experimen_tal data from ref 32§. Note that the error bars on the
(i.e., the bonded and short-range interactions were updated every'mulated points are smaller than the symbols.

0.25 and 0.5 fs, respectively). This value is small when 20
compared to other reported implementations of the r-RESPA

12

Density (g/cm

T T T T T

method but was necessary to obtain the correct pressure average 15 | A J
and therefore the correct solvent structure for the flexible water

model. This time step also eliminated the need for rigid bond 1.0}

constraints on the proton bonds. Included in this method was a

chain of five Nose-Hoover thermostats. Their inclusion into 05 .
the r-RESPA methodology is described in ref 29. Following 5

Nosg3° the frequency of the thermostat fluctuations was chosen 0.0

to be 0.002 fst. The box length for the NVTMD simulations B

was chosen from the density obtained in the NPTMC ensemble 1.5 f .
using a setpoint pressure of 0.1 MPa.

The system sizes depended on the concentration of the 10T
solution under investigation. For the most dilute case, 6 wt %,

300 water molecules were used with a single trehalose molecule. 05

For the pure trehalose case, 10 or 20 molecules were used,; the 0.0 ) , ) .

simulations with 20 molecules were used to investigate finite- 0.0 0.2 0.4 0.6 0.8 1.0
size effects. Intermediate concentrations were between these two r (nm)

extremes. All of the NPTMC simulations were at least d@ps, Figure 4. Hydration of trehalose oxygens. The radial distribution

which included one hybrid displacement move (five MD-type function for water oxygens around the hydroxyl oxygen attachegyto
steps) followed by one volume move. The lengths of the (andCy) (A) and around the ring oxygens@and Q) (B) for 6 wt %
NVTMD simulations were at least X 10° steps (2 ns). trehalose at 300 K. Panel A clearly shows hydrogen bond formation
Solutions closer to the glass transition required simulations asWith & pronounced peak at 0.28 nm while the ring oxygen in panel B
long as 3.5x 107 steps (35 ns) in order to reach the diffusive 'S "ot hydrated.

regime. The system densities ranged from 1.31 to 1.44%/cm
for the simulations of pure trehalose and from 1.13 to 1.35 §/cm
for the simulations of 80 wt % solutions. The 98 wt % solution

20, 50, 80, 90, and 100 wt % trehalose solutions &t@5These
results are compared to recent experimental findfigsFigure
3. The agreement between simulation and experiment is

density was 1.45 g/cfnAll volumes used in NVTMD simula- . .
tions were determined from averages obtained during NPTMC acceptable throughout the range of concentrations for which
experimental data are available.

simulations at the same temperature and a pressure of 0.1 MPa: X i ;
Another quantity of interest is the apparent molar volume of

trehalose in solution. Based on the assumption of ideal mixing
for the solvent, the apparent partial molar volume of the
3.1. Solution Properties We begin this section by comparing  trehalose modeM*) was found to approach 208 1 cn¥/mol
the results of our simulations to available experimental data. at infinite dilution at 85°C. This value is only slightly lower
Density is a particularly important quantity in that it dictates than that obtained from extrapolation of experimental data,
how much “free volume” is available to each molecule in the which placeV> at 216.7 crifmol for the same conditions. Again,
system. The work of Cohen and Grésfor example, relates  the agreement between simulation and experiment is satisfactory.
this free volume for translational movement to diffusivity and 3.2. Trehalose-Water Interactions. According to previous
viscosity (and, consequently, glass transition). As density authors315the hydroxyl groups of trehalose are well hydrated
increases, free volume decreases causing the diffusivity towith well-defined nearest neighbor peaks in the radial distribu-
decrease exponentially. This results in a higher viscosity and tion function between the trehalose hydroxyl oxygens and water
brings the system closer to its glass transition. oxygens Go,—o,)- Figure 4 present&o,—-o, between water and
Our simulations of density were performed using the NPTMC a hydroxyl oxygen (Panel A) and a ring oxygen (Panel B) for
method described above. The density was calculated for 0, 6,a simulation of 6 wt % trehalose at 2&. The sharp peak at

3. Results and Discussion
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Simulation results compare well with published experimental results

for infinitely dilute trehalose at 300 K (dotted lin&) Figure 6. Intramolecular hydrogen bond formation for trehalose. The

. . - intramolecular probability distribution function for the-©0Og interac-
2.8 Ain Panel A of Figure 4 indicates the presence of hydrogen o, Clearly, as trehalose concentration increases, the distribution

bonding between the hydration waters and the hydroxyl group. exhibits a second peak. This peak’s position at 2.8 A indicates that it
The glycosidic oxygen has no such peak, and, therefore, is notcorresponds to a hydrogen bond.

hydrated.

To gain a better understanding of the nature of trehatose
water interactions, the level of hydration of trehalose was
determined for various solution compositions. The presence of
a hydrogen bond is noted when the two oxygen atoms approach
within 3.4 A and the angle formed between the donor oxygen
hydrogen-acceptor oxygen is 126r greatef3 As can be seen
in Figure 5, the hydration number for trehalose, that is, the
average number of waters hydrogen bonded per trehalose
molecule over the course of the simulation, decreases monotoni-
cally from 12.8 at 6 wt % to 3.2 at 90 wt % at 8& and from
13.4 to 3.4 for the same range at 25. This result compares
favorably with ultrasound experiments that indicate the hydration
number for trehalose is 153for dilute solutions at 25C. It
is interesting to note that using the criteria for hydrogen bonding
given by Donnamaria et al., namely, 2.4 A from proton to 2 L . '
acceptor and an angle of 14ér greater, the hydration number ° 10 . 20
for the most dilute sample (6 wt %) at 300 K decreases to 11.5. ime (ns)

3.3. Molecular Conformation of Trehalose.The presence  Figure 7. Interatomic distance between-€0s. The distance between

- . the @ and @ oxygens was monitored throughout a long NVTMD
of intramolecular hydrogen bonds was measured for a series Ofsimulation of 80 wt % trehalose at 8&. Whenever the distance drops

solutions at 85°C. The criteria for in;ernal hydroge_n bonding  peiow 3.4 A (dashed line), a hydrogen bond is formed if the angle
was the same as that for bonding with water mentioned above.criterion discussed in the main text has been met. This hydrogen

It was found that internal hydrogen bonds form at sugar bonding distance is achieved at several points in the simulation. The
concentrations of 50 wt % and above. The bonds occur betweenduration of these events is on the order of nanoseconds.
the G and both the ® and Gy oxygens (as well as the mirror
image of these). An intramolecular probability distribution the change in sign of the isentropic compressibility with
function between the ©and Q was calculated for 20 wt %  increasing sugar concentration at fixed temperattiemd the
and 50 wt % solutions at 8&C. Results are shown in Figure 6. maximum in effective diffusivity observed at low sugar
Trehalose molecules spend a significant fraction of time in the concentratiorf® A direct measurement of this “folding,” how-
internally hydrogen bonded configuration at high sugar con- ever, has not been made. This work confirms speculation that
centrations. This is evident in Figure 7 which shows the distance trehalose will satisfy in part its tendency to hydrogen bond by
between the @ and Qy oxygen atoms within a trehalose folding over on itself as water becomes scarce in the system.
molecule in an 80 wt % solution at 8%. When the internal 3.4. Glass Transitions of Trehalose Solution8ecause the
hydrogen bond forms, these two atoms approach to within 3.4 formation of trehalose glasses is of key importance for the use
A of each other. This clearly happens at several points during of trehalose as a cryo- and lyoprotectant, we estimated the
the 23 ns simulation in Figure 7. It is important to point out presence and location of a glass transition for a pure system
that the time scale for this behavior is extremely long. In fact, and for an 80 wt % solution. A series of trehalose simulations
it is much longer than any of the other trehalose simulations with descending temperatures was carried out. Each simulation
reported in the literature, the longest of which was only 0.3 was begun from the last configuration of the preceding (higher
ns1’ temperature) run. The glass transition was interpreted as the
The formation of intramolecular hydrogen bonds has recently point at which the slope of the density versus temperature plot
been invoked to explain the increaseMin with temperaturé, exhibits a discontinuity. As can be seen in Figure 8, this happens

5 T T

Distance (A)
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Figure 8. Glass transitions of trehalose solutions from simulation. The for trehalose and water (as labeled)d 6 wt %trehalose solution at
glass transition temperature is that point at which the slope of the density 25 °C. Once the molecules reach the diffusive regime, the slope of the
versus temperature curve experiences a discontinuity. Clearly this occurscurve is unity; its intercept is In{®). The dotted lines have unit slope.
near 500 K for pure amorphous trehalose (10 molecGlesnd 20

molecules®) and near 400 K for 80 wt % solutiona). 10°

A 100 wit% trehalose

@ Trehalose in 80 wit% trehalose solution|
near 500 K for a pure trehalose system (10 molecules) and near ) O Water in 80 wt% trehalose solution

400 K for solutions of 80 wt % trehalose (6 trehalose molecules 107 | " Fits to WLF Equation .
with 29 waters). The same results were obtained from pure
trehalose systems with 20 molecules, indicating that finite size
effects are not seen in these results. The errors on the glas
transition temperatures from this analysis are estimated to be
+40 K. Note that the cooling rate from one point to the next
was effectively infinite. The results from these simulations are
therefore not expected to coincide with experimental data, as a ;
fast cooling rate would result in a high®y. A highly accurate 107 F
experimental measurement has recently been made by workers
in our group which places the glass transition at 388 K for ‘

amorphous, anhydrous trehalose and at 246 K for 80 wt % 10 300 200 200 500
solutions? As expected, our ultrafast quench simulation results Temperature (K)

overpredict the transition in both cases, and the changg in Fi e :

. " . igure 10. The diffusivity calculated for trehalose and water in
with composition would appear to .be slightly less pronpgnced solution. The behavior with temperature of trehalose diffusivity in a
for the model. In the following section, however, we revisit the pure system is compared to trehalose and water in an 80 wt % trehalose
glass transition behavior by analyzing several dynamic propertiessolution. The trehalose data has also been fit with the WLF equation
of the system. by using the StokesEinstein approximation to calculate viscosity.

3.5. Diffusivity. Diffusivity was measured for dilute trehalose
(6 wt %), 80 wt %, and pure trehalose at a variety of
temperatures from NVTMD simulation. The diffusivity calcula-
tion is based on the Einstein relation:

.. @ 5
Diffusivity (cm"/sec)

the 80 wt % samples, the diffusivity of water remains about

30-fold higher than that of trehalose over a 250 degree range
in temperature. As the trehalose becomes more hydrated, the
effect of water becomes more pronounced, resulting in a 100-

1 fold increase in trehalose diffusivity when 20 wt % water is
D=lim — Z[X(O) — x(t)]? Q) reached (see circles in Figure 10).
= 6tN 4 Our calculations indicate that, for the concentrated systems

studied in this work which are nearest (but still above) their
where D is the diffusivity, t is time, n is the number of glass transition temperatures, an unusually long equilibration
molecules, and is the position of the center of mass as a time is required for the water to reach the diffusive regime.
function of time. A representative ledog plot of mean-squared  This is apparently due to restriction of the motion of water in
displacement of trehalose versus time for 6 wt % trehalose atthese systems. The time scale of motion for the trehalose matrix
25°C is shown in Figure 9. From this data, the diffusivity for has decreased to such an extent that the water molecules rattle
trehalose was calculated to be 32 1076 cn/sec, which around a specific site at short times, and they must wait for the
compares well with the value of 2:6 10-% cm?/sec which was trehalose molecules to move before they can jump to another
interpolated from recently published experimental w&rk. site. An example of the slowed motion of the trehalose
From a practical point of view, calculations for pure trehalose molecules is given in Figure 11 for a simulation of 98 wt %
and for an 80 wt % solution are more relevant than those for trehalose. In this case, the sugar molecules never reached the
dilute solutions, as they are concerned with the rate at which diffusive regime even after 30 ns of simulation time. In Figure
water diffuses in a freezedried trehalose sample. These results 12 the path taken for a single water molecule in 98 wt %
are presented in Figure 10. Not surprisingly, the diffusivity of trehalose at 450 K is shown. For comparison, paths for water
trehalose in the pure system is roughly two orders of magnitude molecules in 80 wt % solutions at 450 and 600 K are also
below that in a hydrated system (80 wt % trehalose). Also, in shown. It is clear that the water molecules are being trapped in
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Figure 11. Log—Ilog plot of mean-squared displacement versus time trehalose solution at 127 (400 K) (panel A), 177C (450 K) (panel

for trehalose in a 98 wt % trehalose solution at 2Z7 Even after 30 B), and 327°C (600 K) (panel C). Once the molecules reach the

ns of simulation time, the trehalose has not reached the diffusive regimediffusive regime, the slope of the curve is unity (dotted lines); its

(i.e., the slope has not reached unity). The dotted line has unit slope.intercept is In(®). An interesting feature in panel A is the boson peak
in the displacement of trehalose attynE 6.25 or the 500 ps time

10 scale. This phenomenon is described more in the text.

the samples closest to their glass transition, namely, 80 wt %
trehalose at 360 and 400 K as well as 98 wt % trehalose at 450
K. The appearance of a boson peak is considered indicative of
a strong glass-forming systeth?! By way of comparison, our
boson peak occurs at time scales slightly longer than those
reported for silic& (0.6 ps versus 0.2 ps). It should be noted
that the presence and size of the peak is strongly system size
dependent®

It is useful to examine our results in the framework of the
Williams—Landel-Ferry (WLFY? equation, which is often used
to describe the behavior of solutions of large molecules and
polymers near their glass transition temperature. The equation
has the form:

Distance (nm})
I

-5
-15 -10 -5 0 5

Distance (nm)

—Cy(T—-Ty)

G (T=T) @

log ning =
Figure 12. Comparison of water mobility in trehalose solutions. The

movement of representative water molecules in 80 wt % trehalose - .
solutions at 450 K and 600 K projected onto tke'Y plane (main wherer andy, are the viscosities at temperatuieand T, and

panel). This is compared to the movement of water in a 98 wt % C; andC, are_ universal” constants with yalues O_f 17'44_ and

trehalose solution at 450 K (inset panel). Note the change in scale for 51.6, respectively. To use the form of this equation to fit our

the inset and the fact that the 98 wt % simulation at 450 K was five results, the viscosity of trehalose was first estimated via the
times as long. Stokes-Einstein relation:

“pockets” from which they seldom escape. The path shown for k, T
the 98 wt % system can be seen to “hop” between three distinct "= 6D 3)
cavities within the trehalose matrix. For water in 80 wt % t

trehalose at thg same temperatgre, some inpipignt hopping Which/vherekb is Boltzmann’s constanfl is temperature, and is
slows the motion of the water is apparent in Figure 12; at 600 g hydrodynamic radius of the diffusing particle. Based on the
K this behavior has entirely disappeared. This effect is similar average radius of gyration of the simulated molecules, the
to that original!y described by Sok et%lahd Suter et a’in hydrodynamic radius was estimated at 3.4 A. For 80 wt %
which simulations of gas molecules dissolved in polymer gqtionsr was estimated as the radius of gyration of trehalose
membranes showed a distinct hopping mechanism as theyp s the first hydration shell. This value was 4.2 A. The relation

moved from one pocket in the polymer matrix to another. This ¢4, ‘developed by Soesanto and Williams from concentrated
hindered motion gives rise to an “anomalous” diffusive regime, ¢, |utions of fructose and glucose was also U¥ed:

as shown in Figure 13 for an 80 wt % solution at &5 (360
K). The molecules in our system are being hindered by the
formation of transient “cages” around them which results in a
flat plateau region at intermediate times in the mean-squaredwhere g is in Pa-s andx; is the mole fraction of trehalose.
displacement versus time plBtThis type of behavior has also ~ With this information, a nonlinear WLF-type regression was
been reported for simulations of gases in polymer glags€s.  applied to the results in Figure 10. In this analysis, the
Another interesting feature apparent in Figures 11 and 13 is experimental glass transition val@egere used (388 K for pure
the so-called Bbosori peak in the mean-squared displacement trehalose, 247 K for 80 wt %) and the constadtandC, were
at about In{) = 6.25 (0.5 ps). This peak was observed only in treated as fitting parameters. For the pure trehalose sy§&tem,

log 7, = 1.918 + 11.021 (4)
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