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Isothermat-isobaric molecular dynamics simulations are used to calculate the specific volume of models of

different amorphous carbohydrates (glucose, sucrose, and trehalose) as a function of temperature. Plots of
specific volume vs temperature exhibit a characteristic change in slope when the amorphous systems change
from the glassy to the rubbery state. The intersection of the regression lines of data below (glassy state) and

above (rubbery state) the change in slope provides the glass transition tempefgtuidngse predicted
glass transition temperatures are compared to experimgntalues as obtained from differential scanning

calorimetry measurements. As expected, the predicted values are systematically higher than the experimental

ones (about 1234 K) as the cooling rates of the modeling methods are about a factor'&ffd€er.
Nevertheless, the calculated trendTgfvalues agrees exactly with the experimental trefghlucose < T sucrose

< Tyrehalose Fyrthermore, the relative differences between the glass transition temperatures were also computed

precisely, implying that atomistic molecular dynamics simulations can reproduce trengsvafues in
amorphous carbohydrates with high quality.

1. Introduction Computational methods can be used to assist in tailoring new
excipient mixtures. Models of excipient mixtures can be built

in silico, and the quality of physical stabilization can be
estimated by calculating th&; with respect to the ratio of
components. Other important challenges for modelers are the
influence of water (i.e., from humidity) on the stability of
excipients and the interactions between pharmaceutically active
compounds and excipients. Before attempting to use modeling
directly on complex models, th&; values of the three well-
known glass-forming carbohydrates glucose, sucrose, and tre-
halose (Figure 1) have been calculated and compared to
experimental data obtained from differential scanning calorim-
etry (DSC) measurements. Sucrose and trehalose have been
selected because, as mentioned above, they are used in the
pharmaceutical industry as excipients. Despite less importance
as an excipient, the simple monosaccharide glucose has been
chosen as a further less complex testing case.

The accuracy of an in silico method can only be established
when experimental values are available to be compared to
calculated values, and only then can a method be used with
confidence in predicting values. The chosen in silico method
>f,or calculating glass transition temperatures is to simulate the

The amorphous state is omnipresent within the pharma-
ceutical and food industriés® as a great amount of organic
compounds, such as proteins and peptides, do not easily
crystallize. The amorphous state of an inactive compound
(excipient) may even be deliberately produced by standard
processeso effectively encapsulate, stabilize, and release labile
pharmaceutically active materials. For example, carbohydrates
find use as excipiemtsdue to their advantageous properties
which include being good glass-formers and having high glass
transition temperaturesT§). The disaccharides sucrose and
trehalose are often used in stabilizing membranes and prdteins,
either in their pure form or as part of an excipient mixture.
Trehalose is widely used because of its relatively higtand
low tendency to crystallizé&.®

The glass transition temperatures are related to the physical
stability of an amorphous formulatichbelow theTy, pharma-
ceutically active materials should be stable due to high viscosity.
The structural relaxation time of a system slows dramatically
at theTy, and thus, the molecular mobility becomes extremely
reduced. Different factors such as added buffers, salts, and mois
ture can depress the glass transition temperatures. Thus, it is ver . . o
important to use excipients that have a higto compensate _coollng of an amorphous_ solid by performing isothermal
for these possible factors. The pharmaceutical industry, there-1S0Paric molecular dynamics at set temperatures.
fore, makes great efforts to design elaborate excipient mixtures 1he thermal expansivity of an amorphous system is expected

to optimize encapsulation, storage, and release of a drug. to decrease at if§; when it passes from a rubbery to a glassy
state. Thus, a plot of the specific volumeg vs temperature
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Glucose Sucrose Trehalose
o-D-glucopyranose o-D-glucopyranosyl, f-D-fructofuranose t-D-glucopyranosyl, o-D-glicopyranoside

Figure 1. Models of glucose, sucrose, and trehalose.

drates'?~20 and there is also experimental evidetiééconfirm- 2.2. Theoretical Methods The molecular structures of
ing that the specific volume indeed shows a change in slope atglucose, sucrose, and trehalose were extracted from the Cam-
its Tg. Thus, we follow the so-called free volume theéfy? bridge Structural Database (CSB$!We considered no specific

However, it should be acknowledged that at this time it is not conformers of the molecules, and all structures were kept fully
absolutely clear whether the (free) volume and the density or flexible during the whole MD process. Subsequently, the
the temperatuf&26 are the main controlling parameters deter- amorphous model systems of the carbohydrates were built with
mining the dramatic slowing of the structural relaxation times the Amorphous Cell tool as implemented in the Materials Studio

at theTg.’ 3.0 simulation package from Accelr§s.A total of 144
Using molecular dynamics (MD) is likely to give an molecules of glucose and 72 molecules of the disaccharide
overestimate of thd values?® The measurement of & is sucrose or trehalose were used to build cubic amorphous cells

highly dependent on the cooling réfwhich is in the range of  with dimensions close to 3.& 3.0 x 3.0 nm. In total, three
minutes in an experiment such as DSC. In contrast, the cooling models were built for each of the saccharides, and thus, three
rate in an MD study is in the nanosecond range. Thus, the independent data sets were available for the determination of a
calculatedTy values cannot be expected to be quantitatively glass transition temperature.

similar to the Ty values obtained from DSC measurements.  These periodic cells were relaxed for 2 ns under isobaric

However, we will show that the calculatdq values are in the - isothermal conditions (NPT ensemble) at a temperature of about

same order as the experimental valu@g3cose < Tgsucrose < 100 K above the experimentdl, values (i.e., 420, 430, and
T4trehalose Fyrthermore, the incremental changes of the modeled 470 K for glucose, sucrose, and trehalose, respectively). The
set of Ty values are comparable to the experimental one. final configurations of these MD runs were used as starting
structures for a cooling cycle where the temperature was
2. Methods decreased in 10 K steps until a temperature about 100 K below

the experimentaly value was reached (i.e., 220, 230, and 270

commercially obtained as crystalline powders:p-glucose K for glucose, sucrose, and trehalose). At each temperature, an
from Arcos Organics $99% purity), sucrose from Aldrich NPT MI_D_ run was carried Ol..lt for 200 ps, where 150 ps allows
(=98% purity), andx,a-b-(+)-trehalose dihydrate from Fluka for _equmbratlon at the par_tlcular temperature and_the last 50
(299.0% purity). The glassy state of glucose was obtained PS iS used for data sampling. The final cgnflguratlon of each
experimentally via quench-cooling. The sample was equilibrated individual 200 ps run served as the starting structure for the
at 303 K for 1 min and then cooled to 243 K at a rate of 10 Subsequent one. For the last 50 ps, at every picosecond the
K/min. Subsequently, the sample was melted by raising the SPecific density gspe) was sampled, and the average value (over
temperature to 436 K and quench-cooled again to 243 K. To these 50 data points) was taken as the result. Plotgpefvs
obtain amorphous sucrose and trehalose samples, freeze-dryin§imulation time {) (Figure 2) for each of the saccharides (for
was performed using a VirTis AdVantage benchtop freeze-dryer. three different temperatures) show that@jecvalues are well
The freeze-dried sugar samples-@ mg) were placed in DSC  equilibrated within the chosen simulation period of 200:ggec
pans and were sealed inside a glovebox, which was kept at acan subsequently be calculated vias3ds and these specific
relative humidity below 0.5% using regenerated molecular volumes were plotted vs temperature.
sieves. In the case of glucose, heating cycles were also performed;
For all DSC measurements, a Mettler Toledo STAR DSE822 the final configurations of the three cooling cycles (i.e., the
differential scanning calorimeter was used with nitrogen purge configurations at 220 K) were relaxed for 2 ns under isobaric
at 50 cn¥min. An indium calibration was used§ = 429.60+ isothermal conditions. The three resulting relaxed configurations
0.3 K, heat of fusion 28.45% 0.6 J/g), and the samples (ca. were entered into the heating cycles. For the relaxation process
2—10 mg) were analyzed in crimped aluminum pans (40 and as well as for the subsequent cooling and heating cycles, MD

2.1. Experimental Methods The three carbohydrates were

100 uL). simulations were performed with DISCOVERusing the
From the heat cycles, &, (referred to asry™d) for each of COMPASS®36 force field. The Anderson thermostat and

the three carbohydrates was obtained as the micijaifitan barostat’ were employed with a time step of 1 fs. Since the

endothermic transition. A secog (referred to ad¢*°°) was internal pressure of a solid or liquid compound exceeds the

obtained by integrating the experimental cooling curves. The external pressure by-34 orders of magnitude, the external
resulting plot shows a change of slope, and the intersection of pressure can be set to zero for convenience (preliminary
the regression lines of data above and below the change in slopecalculations showed that accounting for the external pressure
results in the glass transition temperatige®°. of 1C° Pa the specific volume is only changed by less than



19680 J. Phys. Chem. B, Vol. 110, No. 39, 2006 Simperler et al.

Tend =

(@) 1544 Toa= 180 K
= \ b s duindil

1,52 1 00K l‘:'p,l,.‘."\-Jh'-,~"|,}'-ﬁ"fh ;'.‘f’-ﬂ""*”*wlﬂ,-1‘Li'y“'"",r W

-
.
o

[ spec [ngma]
3

144 |k
{ lt .J'. i J' |"I J!' |I
142 - .].J J"{JM'W{ ‘ Jul rl*:'n.'g | | !
1.40 4| I
1.33 T 1 r T 1 r T 1
0 0.1 02 24 2.5 26 48 4.9 5.0
t [ns]
Tena =
(b) 152 230K
| el
150 L'L"L'"‘ff» r1l-1(|{l " JW (A
Toa = v (L i
Y 330K ! l L
ol 1.48 A T! v , |
E = s —
o Tstan = i Al LT- "
%1_46- plomes! “lm“" f_ﬂh‘l \i{w‘rf‘l 1, |
2
1-40 T 1 r T 1 T T 1
0 0.1 02 20 2.1 22 40 4.1 42
t [ns]
(c) 1.54 1 Tand -
i 270 K

| Ll il ool £ i )
1509 70K 'L\,-‘tlf!\ ﬂﬁk 1;”‘&'. fl"l* ey f.;r.'l’,%

.y
P 1.48 |} 'J*H’jllp‘r""ﬁfll’r.ﬂ'h"‘l1H'l-|al'\';w;/lﬂ'w

£
o
B2 1.46 Tstan =
2
2 1.44 1 | .
‘l1 42 4;'}| MLr #-‘JL l\ \"l.é
: "q\[lh|l|I Ll '.‘lﬁllqurrgt
1404 1) YU
138 T L r T 1 T T 1
0 0.1 02 20 21 22 40 41 42

t [ns]

Figure 2. pspecvst for (a) glucose, (b) sucrose, and (c) trehalose for three different temperatures: start temp&safunmifipoint temperature
(Tmig; nearTy), and end temperatur@4,. The averagespecvalues over the last 50 ps (visualized by bold lines) are given within the figure.

0.2%—which is by far smaller than normal fluctuations of this 3. Results

key property). The cutoffs (with a cutoff radius of 1.25nm) for - 5 1 |soparic—Isothermal Molecular Dynamic Simulations.

the computation of energies and forces for the electrostatic as\ya consider the procedure of obtainifig with isobaric—

well as van der Waals interactions (employing a Lennard-Jonesisqthermal MD calculations in more detail using the example
9—6 function) were charge group baseq to avoid erroneous of glucose (Figure 3)uspec Of all three amorphous models
monopole-monopole terms. The calculation for glucose was (referred to as models A, B, and C, open symbols) is plotted vs
also done once using the Ewald summation to check the temperature in the upper plot (Figure 3). If these data points
applicability of the chosen cutoff radius; the discrepancies with were connected, a curve with a shallow flexion would be
respect to the calculated specific volumes were less than 1%,obtained. As mentioned above, this is due to the different linear
but the charged group based summation enhanced the computingelationships betweemspec and temperature at temperatures
speed by a factor of approximately 15. below and above the glass transition temperature. Above the



Ty Values of Glucose, Sucrose, and Trehalose

0.71 4

0.70 A

V spec [cm3/g]

o o o

(] [0 o

~ ® ©
1 1 1

0.66 ¢

0.65 -

u

0.71 q

0.70 A

0.69 -

V spec [cm3/g]

O Model A
A Model B
o ModelC
@ Average

0O ®p>
o e
0 e
o ep
o

>
ae >
one® b
O e
o e

oec
0® >
ocoe

oo

o e®
O @>

0O e
oe >
O ®p>

o >

T K]

J. Phys. Chem. B, Vol. 110, No. 39, 2008681

probably caused by the higher kinetic energy associated with
higher temperature. A sharp improvement, however, could be
reached by taking the average over the three data sets (closed
symbols, Figure 3, upper plot), where the data points especially
at higher temperatures are less scattered.

Thus, the averagepecvs temperature (Figure 3, middle plot)
is used to determine th. The difficulty now lies in separating
the data points into a glassy and rubbery phase. We can confi-
dently assume that the five data points at lowest temperature
(m, Figure 3, middle plot) belong to the glassy state whereas
the five high-temperature point&l( Figure 3, middle plot)
belong to the rubbery state. A linear regression line through
each of these two sets of five points allows a correlation coeffi-
cient (R?) value to be calculated. The remaining poirits Fig-
ure 3, middle plot) then have to be allocated to either the glassy
or the rubbery phase. Whenever a new data point is added, the
quality of its allocation is roughly checked by monitoring the
changes oR? values of the corresponding linear regression line.
When all data points are successfully separated into a glass and
a rubber set, the intersection of the two resulting linear
regression lines indicates the change of slope ofuthgvs T
plot (Figure 3, lower plot), thus yielding & value of 325 K.

The same procedure has been applied to sucrose (Figure 4a)
and trehalose (Figure 4b). The data of the two disaccharides
are more scattered (Figure 4, upper plots) than those of glucose.
However, the average over the three individual data sets results
in a reasonablespecvs T plot, and the correspondirig, value
can be obtained from the intersecting linear regression lines
(Figure 4, lower plots): 347 K for sucrose and 392 K for
trehalose.

3.2. Comparison of Experimental and CalculatedTg
Values Commonly, experimentalists determifigby monitor-
ing the heat capacityQy) using DSC. The heat capacity is the
change of the enthalpyHj of a system with respect to
temperaturé®

C,= oH(T)/aT 1)

Typical heating traces from DSC runs show an endothermic
peak (endothermic overshoot) due to physical aging phenomena
(enthalpic relaxation) near the glass transiiéh3%4! whereas
the cooling traces show a “smooth” transition. The glass
transition temperature is usually characterf2ed the midpoint
of the endothermic transition in a heat cycle, referred t6,&s.
The Tgmid values for glucose, sucrose, and trehalose are 296,
333, and 380 K, respectively.

The integral over an experimentally obtained DSC heating
or cooling trace

Figure 3. Calculatedvspecvs T plots of glucose. Upper plotuspecdata

of three independent models of amorphous glucose (open symbols)
along with averagespecdata (closed symbols). Middle plot: fit of two
linear regression lines through the first fivgecdata points of the glass
branch @) and the last five points of the rubber branch).(
Nonallocated points are indicated with Lower plot: fit of two linear
regression lines through theyecdata points of the glass branch (solid
line) and the data points of the rubber branch (dashed lifig)s
indicated at their intersectioi? of the linear regressions in this and
the following figures is directly given in the plots.

J'C,dT = H(T) + constant 2)

can also be used to determine glass transition temperatures. The
resultingH (shorthand foH(T) + constant) vs temperature plots
are essentially curves with inflections in the glass transition
region. The experimental glass transition temperature is obtained
by fitting regression lines through the low and high-temperature
branches of these curves, and determining their intersections.
glass transition in the rubbery phase the specific volume will Integrals over cooling traces result in curves with a shallow
increase more rapidly with increasing temperature than in the inflection which graphically resemble thepecvs T plots as
glassy phase, and this phenomenon of a change in the slopebtained from calculations. For this reason and since actual
will be used for determiningy. The upper plot in Figure 3  cooling cycles have been modeled, the experimental glass
also shows that in the glassy phase fluctuations are lesstransition temperatur€c°® was obtained by integrating cooling
pronounced than at higher temperatures (i.e., in the rubberycurves. Notably, integrals over heating traces have a Blge
phase), where the data points are more scattered. This ison top of this shallow inflection due to the endothermic
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420 TABLE 1: Measured and Calculated Glass Transition
o Temperatures (K)
380 4 -5 glucose sucrose trehalose
— * T,mid 296 333 380
< T Trenalose Tgoo! 295 319 368
5, 3407 = Tceled 325 347 392
" s correctly modeled:Tglucose < Tjsucrose< T trehalose The T mid of
300 1 . glucose $ 1 K above itsTy, whereas theT,md values of
- Glucose sucrose and trehalose are 12 and 14 K above Ty## values,
260 4+ : : : , respectively. The calculater} values of glucose, sucrose, and
260 300 340 380 420 trehalose are 29, 14, and 12 K above their corresporitijiif
T K] values and 30, 28, and 24 K above their correspondysgy'

Figure 6. Both experimentalT, values plotted vs calculated ~Values. As expected, MD simulations always overestimate the
Tod values: TmdT,2aed (open symbols) andreT el (closed calculatedT values with respect to both the experimerfigit
symbols). and T values due to the extremely fast cooling rates.
Nevertheless, the results of the MD calculations are satisfying

overshoot in the glass transition region. Regardless of shape,due to the correct prediction of the sequencd gfalues and
both types of curves yield the sariig. incremental changes between the individlighalues.

For each of the three sugars, the experimental DSC cooling 3.3. Cooling vs Heating in Simulating Glass Transition
traces and the corresponding integrals (Figure 5, upper and lowerTemperatures of Glucose In principle, it should not matter if
plots) are shown. The regression lines employed to determinethe vspecvs T plot is obtained from a modeled heating or cooling

the glass transition temperature are shown inHhes temper- run. Generally, as glass transition phenomena are often studied

ature plots, and th&y values are indicated: 295, 319, and 368 in connection with polymer systems comprising large molecules,

K for glucose, sucrose, and trehalose, respectively. cooling runs are preferred to heating runs as relaxation
Table 1 compares the experimentg™d and T, as well phenomena are faster at higher temperature. Therefore, it is

as the calculatedry®ed values, and additionally, both the preferable to start with a high temperature to give the long
experimental values are plotted against the calculated onespolymer chains sufficient time to reldx-or small molecules
(Figure 6). The experimental sequence of Th@alues has been  such as glucose and both the disaccharides sucrose and trehalose,
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however, the relaxation process may well be sufficiently fast at calculated, which raises expectations that also changggah

lower temperatures. carbohydrate excipient blends can be calculated with respect
To check this, in the case of glucose, a cooling cycle and a to their mixing ratio. Thus, modeling could be effectively used

heating cycle have been performed, and bothlthealues have to tailor an optimal excipient for pharmaceutical purposes.

been determined following the procedure described in section

3.1. The specific volumes of three independent models obtained Acknowledgment. We thank Pfizer Inc. for financial support

from the cooling and heating runs are plotted against temperatureand Dr. G. Day (Department of Chemistry, University of

in the upper plots of Figure 7(open symbols) along with the Cambridge, U.K.) and Prof. A. Windle (Department of Materials

corresponding average specific volumes (closed symbols). Theand Metallurgy, University of Cambridge, U.K.) for helpful

averagevspec data vs temperature plots look fairly similar for  discussions.
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