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Abstract—Isothermal-isobaric molecular dynamics simulations are used to calculate the specific volume of models of trehalose and
three amorphous trehalose-water mixtures (2.9%, 4.5% and 5.3% (w/w) water, respectively) as a function of temperature. Plots of
specific volume versus temperature exhibit a characteristic change in slope when the amorphous systems change from the glassy to
the rubbery state and the intersection of the two regression lines provides an estimate of the glass transition temperature 7,. A com-
parison of the calculated and experimental T, values, as obtained from differential scanning calorimetry, shows that despite the pre-
dicted values being systematically higher (about 21-26 K), the trend and the incremental differences between the T, values have been
computed correctly: T 2'3% /W) Tg.s% (w/w) < Té‘g% w/w) Tg.o% (/W) The mobility of water has been investigated over temperature
ranges covering the rubbery and the glassy phases of the trehalose-water mixtures by calculating the diffusion coefficients of water.
The temperature dependence of the diffusion coefficient changes in the region of the glass transition and can be used as well to esti-
mate T, values. The activation energies for water diffusion were found to be independent of the amount of water in amorphous
trehalose.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Amorphous carbohydrates are often employed in the
pharmaceutical and food industries to effectively encap-
sulate, stabilise and ultimately release labile pharmaceu-
tically active materials. They possess advantageous
properties such as being readily available with high pur-
ity, low toxicity, good glass-formers and have high glass
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transition temperatures (Tg).l’2 At temperatures below
T,, in the so-called glassy state, molecular mobility is
sharply reduced. High viscosity of the system slows the
relaxation time down dramatically and the amorphous
formulation gains physical stability.! The higher the T, o
value of an amorphous formulation the higher the tem-
perature to which the physical stability can be extended.
Thus, encased in a high T, amorphous carbohydrate,
pharmaceutical products may be stored at room temper-
ature and shipped without cooling. For example, the
disaccharide trehalose (Scheme 1) is widely used for this
purpose due to its relatively high glass transition tem-
perature and low tendency to crystallise.!
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Scheme 1. Structure of trehalose.

In general, carbohydrates are hydrophilic and tend to
strongly interact with water, which they may absorb
either during the manufacturing process of a pharmaceu-
tical formulation or from their surrounding after manu-
facture. Water can act as plasticizing agent changing the
key mechanical properties and depressing the glass tran-
sition temperature of an amorphous carbohydrate.>>
Furthermore, water may also affect the degradation of
the actual drug embedded in the carbohydrate excipient.®
Thus, structural and dynamic properties such as distribu-
tion, diffusion, mobility, etc., of water in amorphous car-
bohydrates have been a subject of great interest to both
experimentalists’ 7 and theoreticians.'®23

The main aim of this study was to investigate if
modelling is capable of reproducing the reduction of
T, values with increasing water content which has been
observed by differential scanning calorimetry (DSC)
measurements in amorphous trehalose-water mixtures
with a water content of 0-5.4% (w/w). In addition, the
temperature dependency of the water diffusion coeffi-
cients D was investigated over selected temperature
ranges, which covered the rubbery and glassy phases
of the trehalose—water mixtures.

The glass transition temperatures were obtained by
simulating the cooling of an amorphous solid by per-
forming a series of isothermal-isobaric molecular
dynamics (MD) simulations at set temperatures. Experi-
ments have shown that the thermal expansivity of an
amorphous system will decrease at its T, when it passes
from a rubbery to a glassy state.?*° Thus, a lower rate
of decrease of the specific volume vy, with decreasing
temperature may be expected below T,. Therefore, a
plot of vypec against temperature shows a change in slope
and T, can be identified at the intersection of two regres-
sion lines. This phenomenon is the foundation of the
so-called free volume theory,*'*> where the (free) vol-
ume and the density are the main controlling parameters
determining the dramatic slowing down of the structural
relaxation times at and below the glass transition tem-
perature.” This method is often applied to model T,
values of polymers, carbohydrates and carbohydrate—
water mixtures,?? 23444

Simulations will, however, overestimate the 7, val-
ues'®* since values are dependent on cooling rates.*®
In typical DSC experiments cooling rates are in the

range of minutes whereas for molecular dynamics the
cooling rate is in the nanosecond range. Thus, we do
not expect the calculated 7, values to be identical to
the T, values obtained from DSC measurements. We
do, however, expect that the incremental changes of
the modelled set of 7, values will be comparable to
the experimental values.

The diffusion coefficients of water were obtained from
the mean square displacement (MSD) of the water oxy-
gen atoms at a particular temperature using the Einstein
relation®’ (see below). This approach is one of the most
frequently used in determining diffusion coefficients by
MD simulations.?*?%23:333%4% The temperature depen-
dency of the water diffusion coefficient changes in the
glass transition range'*!%2>273 and is another source
of predicting T, values. Accordingly, the quality of this
approach is also analysed and the dependency of the
activation energy of diffusion on the water content of
amorphous trehalose is discussed.

2. Methods
2.1. Experimental methods

Trehalose was commercially available as o,0-D-(+)-tre-
halose dehydrate crystalline powder from Fluka
(=99.0% purity). To obtain the anhydrous amorphous
trehalose sample, freeze-drying was performed using a
VirTis AdVantage benchtop freeze-dryer. Additionally,
trehalose samples were prepared containing 2.9%,
4.5% and 5.3% (w/w) water by placing the anhydrous
trehalose samples in desiccators where different relative
humidities (RH) were maintained with standardised sat-
urated salt solutions (Table 1).

The trehalose samples (5-10 mg) were placed in DSC
pans and were sealed inside a glove box, which was kept
at a relative humidity below 0.5% using regenerated
molecular sieves. For all DSC measurements, a Mettler
Toledo STAR DSC822° differential scanning calori-
meter was used with nitrogen purge at 50 cm*/min. An
indium calibration was used (7}, = 429.60 & 0.3 K, heat
of fusion =28.4540.6J/g), and the samples (ca. 2
10 mg) were analysed in crimped aluminium pans (40
and 100 pL).

Table 1. Details of used trehalose-water mixtures

%RH  Saturated salt

% (w/w) H,O  Corresponds to:

solution
11 LiCl 2.9 41H,0 + 72 trehalose
molecules
22 CH;COO K" 4.5 64H,0 + 72 trehalose
molecules
33 MgCl, 5.3 77H,0 + 72 trehalose
molecules




1472 A. Simperler et al. | Carbohydrate Research 342 (2007) 1470-1479

Using DSC, the heat capacity C, of a sample can be
monitored, which resembles the change of the enthalpy
H of a system with respect to temperature:*’

C, = 0H(T)/oT (1)

The integral over the experimentally obtained DSC
cooling traces,

/deT:H(T)+COI’1St (2)

was used to determine the glass transition temperatures.
The resulting H (short hand for H(T) + const) against
temperature plots graphically resemble the vgpe. versus
T plots as obtained from calculations: curves with a
shallow inflexion. The experimental values of T, (re-
ferred to as 7;") were then obtained by fitting regression
lines through the low and high temperature branches of
these curves and determining their intersections.

2.2. Computational methods

2.2.1. Calculation of T, values. The molecular structure
of trehalose was extracted from the Cambridge Struc-
tural Database (CSD).>>' No specific conformers of
the trehalose molecules were considered and all struc-
tures were kept fully flexible during the whole MD pro-
cess. The amorphous model systems of trehalose and the
trehalose-water mixtures were built with the Amor-
phous Cell tool as implemented in the Materials Studio
3.0™ simulation package from Accelrys.?” Seventy-two
molecules of trehalose were used to generate a model
for anhydrous trehalose whereas for the trehalose-water
mixtures 41, 64 and 77 water molecules where added to
obtain models with 2.9%, 4.5% and 5.3% (w/w) water,
respectively. In total, three cubic cells (with periodic
boundaries in all directions) of 3.0 nm x 3.0 nm x 3.0 nm
(Fig. 1) were built for anhydrous trehalose and each of
the mixtures. Thus, three independent data sets (referred
to as data sets I, IT and III) were available for the deter-
mination of a particular glass transition temperature.
These cells were relaxed for 2 ns under isobaric-iso-
thermal conditions (NPT ensemble) at a temperature
of about 100 K above the experimental T, values (i.e.,
470, 460, 470 and 450 K for trehalose with 0%, 2.9%,
4.5% and 5.3% (w/w) water, respectively) using periodic
boundary conditions. The final configurations of these
MD runs were used as starting structures for a cooling
cycle where the temperature was decreased in 10 K steps
until a temperature of at least 100 K below the experi-
mental T, value was reached (i.e. 270, 240, 200 and
170 K for trehalose with 0%, 2.9%, 4.5% and 5.3%
(w/w) water, respectively). At each temperature, a
NPT MD run was carried out for 200 ps, where 150 ps
allows for equilibration and the last 50 ps is used for
data sampling. The final configuration of each individ-
ual 200 ps run was extracted and subsequently used as

Figure 1. Cubic cell with 75 molecules of trehalose (grey) and 64
molecules of water (black).

starting structure for the following run. Every ps, the
specific density, pspec, Was sampled from the last 50 ps
of each run and the average value over these 50 data
points was taken as the result. Plots of pgpec versus sim-
ulation time ¢ (Fig. 2) for a model of 72 trehalose and 64
water molecules (for three different temperatures) show
that all pgp,ec values are well equilibrated within the cho-
sen simulation period of 200 ps. Finally, the specific
volumes

USPeC = l/pspec (3)

were calculated and plotted versus temperature.
All MD simulations were performed with DISCOVER?
using the compass®® > force field. The Anderson

T=270K

1.50 WW HMWMW%

02 20 2.1 22 40 41 4.2

t [ns]
Figure 2. Plot of py,.. versus simulation time, ¢, for 75 molecules of
trehalose and 64 molecules of water for three different temperatures:
T'=470 K (start-temperature), 7=370 K (near 7y) and 7T=270 K

(near end). The average pgpec values over the last 50 ps (visualised by
bold lines) are given within the figure.
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thermostat and barostat®® were employed with a time

step of 1fs. The cutoffs (with a cutoff radius of
1.25 nm) for the computation of energies and forces
for the electrostatic as well as van der Waals interactions
(employing a Lennard-Jones 9-6 function) were charge
group based to avoid erroneous monopole-monopole
terms.

2.2.2. Calculation of diffusion coefficients. The diffusion
coefficients of water were modelled for trehalose with
2.9%, 4.5% and 5.3% (w/w) of water over a temperature
range, which covered the rubbery and glassy phases of
these systems. Therefore, the final configuration of each
individual cooling run was taken and exposed to 50 ps
MD under isochoric-isothermal conditions (NVT
ensemble) at the respective temperatures. For each of
the trehalose-water mixtures, the NVT-MD runs were
performed on configurations of all three cooling runs
to have three independent data sets (referred to as data
sets I, IT and III) available for the determination of a
particular diffusion coefficient. During the MD-runs,
data were sampled every 0.5 ps. The diffusion coefficient
D of water at a particular temperature can be evaluated
from the limiting slope from a plot of mean square dis-
placement (MSD) of the oxygen atom of water against
time,

1. d[MSD
D= gllmHoo % (4)

where
MSD = ([Fi(t) — 7(0)[) (5)

and 7(¢) is the position of the ith oxygen atom in the
simulation box at a particular time ¢ with angle brackets
indicating mean values averaged over this period of
time. The initial period of the NVT-MD runs is influ-
enced by the input NPT-MD data, while the final time
points is noted to show rather poor statistics, giving rise
to large fluctuations.”” Thus, the diffusion coefficient
was obtained from a slope of a linear regression of data
points in the range from 10 to 40 ps.

For reasons of comparison, the diffusion coefficient of
water was calculated as well. An amorphous model
(999H,0 molecules in a cubic cell with the dimensions
3.13nm x 3.13 nm X 3.13 nm, referring to a density of
1gem™!) was built with the Amorphous Cell tool.*
The model had to undergo similar treatment to the tre-
halose-water models and due to the fact that water mole-
cules are small the simulation times could be reduced in
some cases. The cubic cell was relaxed under periodic
boundary conditions for 1 ns under NPT conditions at
a temperature of 170 K. The final configurations of
these MD runs were used as starting structures for a
heating cycle where the temperature was increased in
10 K steps until a temperature of 390 K, which is below
the boiling point of water. Calculating a cooling cycle

was not possible as a relaxation at 390 K resulted in a
massive expansion of the cell. At each temperature, a
NPT MD run was carried out for 100 ps, and the final
conformations of each run were used to perform the
50 ps NVT-MD runs to obtain the diffusion coefficient
of water. We obtained a diffusion coefficient of
44x107°m?s~! (at 300 K and 1 atm), which overesti-
mated the experimental value of 2.14x 10" m*s~' (at
298 K and 1 atm).>’ The modelling of diffusion coeffi-
cients is still difficult because it is highly sensitive to
the modelling conditions,’® such as choice of ensemble,
thermostat, cutoff radii, force field, etc.

In order to avoid artificially rescaling of velocities
(which plays no role for structure and energy but is cru-
cial for dynamics of a given system) the Nosé” instead
of the Anderson®® thermostat was used.

3. Results
3.1. Comparison of experimental and calculated T, values

For each of the four amorphous trehalose samples,
examples of experimental DSC cooling traces and corre-
sponding integrals (Fig. 3a—d, upper and lower plots)
are shown. The regression lines employed to determine
the glass transition temperature are shown in the H
against temperature plots and the 7, values are indi-
cated: 368, 329, 312 and 304 K for trehalose with
0.0%, 2.9%, 4.5% and 5.3% (w/w) water, respectively.
The decrease of T, with an increasing amount of water
has been proven to be reproducible with experimental
methods.

The procedure of obtaining 7, values from MD sim-
ulations by plotting the average specific volume of three
independent amorphous models against temperature
was discussed by the authors in more detail elsewhere.'®
Following this procedure, three data sets I, IT and III
(Fig. 4, open symbols, upper plots) were used to obtain
average Uspec values (Fig. 4, closed symbols, upper plots)
for each of the amorphous trehalose and three tre-
halose—water mixtures. Such plots contain a kink in
the glass transition region as above T, (rubbery phase)
the specific volume will increase more rapidly with
increasing temperature than below T, (glassy phase).
Therefore, the calculated data have to be split into a
glass-set and a rubbery-set so that two linear regression
lines can be obtained. The intersection of these two lines
allows the determination of 7,; due to the higher kinetic
energy, which naturally occurs at higher temperatures,
the scattering of data points is more pronounced in
the rubbery phase than in the glassy phase. Thus, the
allocation of data points near T, is made especially dif-
ficult. However, it was found18“3fthat taking the average
(Fig. 4, closed symbols, upper plots) over the three data
sets gave a great improvement considering the level of
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Figure 3. Experimental DSC traces of trehalose with (a) 0.0%, (b) 2.9%, (c) 4.5% and (d) 5.3% (w/w) of water. Upper plot: DSC cooling trace 0H(T)/
OT versus temperature 7. Lower plot: integral of the DSC trace H versus temperature 7. Fit of two linear regression lines through the data points of
the glass branch (H) and the data points of the rubber branch (0). T, values are indicated at their intersection. All data points which were not used

for fitting the regression lines are indicated with O.

scattering. The allocation of data points to either the
glass- or rubber-set was also less ambiguous using the
averaged data. Accordingly, all data points were suc-
cessfully separated into a glass- (Fig. 4, closed squares,
lower plot) and a rubber-set (Fig. 4, open square, lower
plot). The intersection of the two resulting linear regres-
sion lines indicates the change of slope within the vgpec

against T plot; this gives T, values of 392, 350, 338
and 327 K for trehalose with 0.0%, 2.9%, 4.5% and
5.3% (w/w) water, respectively.

Table 2 compares the experimental 75" to the calcu-
lated T' g‘lc values and in Figure 5 the experimental are
plotted against the calculated values. The experimen-
tal sequence of the 7, values has been correctly
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Figure 4. Calculated vgpe. versus 7 plots of trehalose with (a) 0.0%, (b) 2.9%, (c) 4.5% and (d) 5.3% (w/w) of water. Upper plot: vy, data of three
independent data sets (open symbols) along with average vype. data (closed symbols). Lower plot: fit of two linear regression lines through the vgpec
data points of the glass branch and the data points of the rubber branch; 7} is indicated at their intersection. The correlation coefficient R? of the

linear regressions is directly given in the plots.

predicted by our simulations: T3 (") < 735% (/W) <
T2 ) < 739% (W) The calculated T, values of tre-
halose with 0.0%, 2.9%, 4.5% and 5.3% (w/w) water
are 24, 21, 26 and 23 K above their corresponding 773"
values. As stated previously in the introduction, the ex-
tremely fast cooling rates of MD simulations are respon-
sible for this overestimation of calculated 7, values with
respect to the experimental values. Nevertheless, the
MD calculations noticeably resemble the sequence and

incremental changes between the individual 7, values.
An exact agreement is not to be expected since the
experimental and simulation systems are in effect quite
different and neither in a state of equilibrium. The differ-
ent cooling rates cause the glass transitions for the
experimental and simulated systems to differ by 21—
26 K. However, what we can expect is that the incremen-
tal changes are correctly computed and this is clearly the
case.
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Table 2. Measured and calculated glass transition temperatures

% (w/w) HO TS (K) T (K)
0.0 368 392
29 329 350
45 312 338
5.3 304 327
400
380
360
3
l\ca
340 A
320 1 —E—exp
—{}—-calc
300 T T 1
0 2 4 6

Y%o(w/w) HoO

Figure 5. Experimental and calculated T, values plotted versus %
(w/w) water: T o (closed symbols) and T;""° (open symbols).

3.2. Diffusion coefficients of water

For each of the three amorphous trehalose-water mix-
tures, the diffusion coefficient of water, D, was obtained
(Section 2.2.2.) as a function of temperature. In Figure
6a—c, D of all three amorphous models (data sets I, 11
and III, open symbols) and the average of the three data
sets (closed symbols) are plotted against temperature. T,
values, which were previously obtained from the temper-
ature dependency of vgpec, are indicated with black lines
(Fig. 6a—). For all trehalose-water mixtures reported
here, the water diffusion coefficients decrease almost lin-
early with decreasing temperature in the rubbery phase
until the respective glass transition temperature is
reached. Below Ty, the values are almost zero. However,
there is some evidence that small molecules such as
water are not totally immobile below T,; they may still
undergo diffusion via ‘hopping’ between interconnected
voids left in a carbohydrate polymer matrix after the
glass transition.'>1%216%61 Given that the water con-
tents used in this study are very low it may be that dif-
fusion below T, is underestimated.

This temperature dependence of D for water in
amorphous carbohydrates has been discussed in several
scientific studies'*'®*"3? and has also been used as a
further method to determine the T, values of a system.

For the sake of comparison, this method was applied
to the trehalose-water mixtures under consideration
and Figure 6d-f show the average D values separated
into a glass (closed squares) and a rubber-set (open
square). The intersection of the two resulting linear
regression lines indicates the change of slope within
the D against T plot; this gives T giff values in the correct
sequence of 366, 351 and 344 K for trehalose with 2.9%,
4.5% and 5.3% (w/w) water, respectively. The calculated
T¢" values are 16, 13 and 17 K above the calculated 75"
values and 37, 39 and 40 K above the experimental 73"
values. The scattering of D values of the rubber-set is
much stronger than the scattering of the vg,e. values.
Therefore, the inflexion points of vg,.. against T plots
are more reliable in the prediction of 7.

Furthermore, in Figure 7 the diffusion coefficients are
plotted in a semi-logarithmic plot against 1/T: the plot
leads to the assumption that the temperature depen-
dency of D roughly follows an Arrhenius-type law

D(T) = Doe(*AEaa/RT) (6)

The emergence of a linear Arrhenius dependency has
been previously reported in experimental studies.'*!*!°
Linear regression lines for InD against 1/T have been
fitted with R® values of 0.90, 0.94 and 0.92A for
trehalose-water mixtures with 2.9%, 4.5% and 5.3%
(w/w) water. The activation energies using Eq. 6 resulted
in E0 ™™ =17 kI /mol, EX* ™™ =20kJ/mol and
ESYE o) 17 kJ/mol showing no significant differ-
ence. Thus, they are independent of the water content,
which is in agreement with the findings of Tromp et al.'?

4. Conclusions

The temperature dependency of the specific volumes of
amorphous trehalose and trehalose-water mixtures
(i.e. 0.0%, 2.9%, 4.5% and 5.3% (w/w) water) was suc-
cessfully modelled with NPT molecular dynamics simu-
lations by simulating a cooling process. To reduce the
scattering of calculated v, data especially in the higher
temperature range, three independent models were used
to generate one set of average vgpe. for each of the mix-
tures. The calculated T, values were obtained by locat-
ing the inflexion points of the vy, against T plots by
fitting linear regression lines. A comparison of the calcu-
lated data with experimental data as obtained from DSC
cooling traces revealed that the trend of the T, values
was calculated correctly: 737" W < T :5%% W) <
T2 O < 73 ) Due to much faster cooling rates
in the simulations, the calculated T, values are 21-26 K
above the experimental values. However, the trend and
the incremental changes between the experimental T,
values were precisely predicted by our simulation, which
was the main aim of this study. Thus, modelling could
be effectively used to predict T, values of carbo-
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hydrate-water mixtures, which are unsuitable for DSC
measurements due to decomposition.

The temperature dependency of the water diffusion
coefficient of the trehalose-water mixtures was obtained
by calculating the mean square displacement water sub-
sequent to NVT molecular dynamics simulations over a
range of temperatures, which covered both the rubbery
and the glassy states. Similar to the above method, the
kink in a plot of D against 7 was located by fitting
two regression lines. The obtained 79 values reproduce
the experimental trend and incremental changes but
overestimate the experimental values to a larger extent
by 3740 K. However, even the average D values
obtained from three different models have a significant
scattering in the rubbery range, which makes the fitting
of a regression line difficult. Since this scattering may be
improved only by very time-consuming computational

37 O 2.9 %(Www)
o
5 A A 4.5 %(w/w)
8 o 5.3 %(w/w)
i Linear (2.9 %(w/w))
— 01 — — Linear (4.5 %(w/w))
&2 — - -Linear (5.3 %(w/w))
E 1
Q
£ o
3 o
-4 - o
\ ~
-5 T T T )
0.002 0.003 0.004 0.005 0.006

1T K"

Figure 7. Semi-logarithmic plot of D versus 1/T for trehalose with
2.9% (O), 4.5% (A) and 5.3% (w/w) (O) of water. The three linear
regression lines are indicated full, dashed and dashed-dotted for
trehalose with 2.9%, 4.5% and 5.3% (w/w) of water.
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relaxation periods, preference should be given to the
Uspec against 7" method for estimating 7, values.

The diffusion coefficients of water molecules show an

Arrhenius-like behaviour for all trehalose-water mix-
tures under consideration. The calculated activation
energies of diffusion were quite similar and did not show
any dependency on the amount of water in amorphous
trehalose. This finding is in agreement with the fact that
the activation energies are governed by the intercon-
nected voids which are left when the trehalose molecules
randomly pack in the amorphous glass.
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