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Abstract

Reconstitution of lyophilized protein formulations sometimes results in a cloudy solution, depending on the compositions and manufacturing
conditions, which causes quality concerns. In this study, the lyophilized protein formulation of recombinant human Interleukin-11 (rhIL-11) was
investigated using different lots with varying dissolution behaviors upon reconstitution due to differing processing conditions. In an attempt to
distinguish the solid structures in the different lots, relatively new techniques such as inverse gas chromatography (IGC) and thermally stimulated
depolarized current (TSDC) as well as powder X-ray diffraction (PXRD) and differential scanning calorimetry (DSC) were adopted for analysis.
PXRD, DSC, and IGC all failed to distinguish between the solid structures, but TSDC was able to discern the differences. Interestingly, TSDC
suggested that the variations in dissolution behavior were attributable to the differences in molecular mobility and the micro heterogeneity of
amorphous components in the solid structures. Since even the cloudiest reconstituted solutions became transparent in several minutes, it was likely
that the differences in the solid structures of the different lots of lyophilized cakes were slight. This study demonstrates the usefulness of TSDC in

the analysis of lot-to-lot variations in amorphous pharmaceuticals.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lyophilized protein formulations sometimes cause disso-
lution problems upon reconstitution due to differences in
composition, the manufacturing process, and storage conditions.
There are many studies on lyophilized protein formulations in
the literature that report on how to control product tempera-
ture during manufacturing, how to choose appropriate stabilizing
excipients, and how to stabilize products during both manufac-
turing and storage from a mechanistic point of view (Carpenter
et al., 1997; Tang and Pikal, 2004). In these studies, a variety of
analytical tools are used to examine the manufacturing processes
and to characterize the physicochemical properties of the freeze-
concentrate as well as the solid structure of the lyophilized cake
(Nail et al., 2002). It is, however, often difficult to obtain consis-
tent quality from lot-to-lot because freeze-drying is a complex
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mixture of dynamic and non-equilibrium processes, which may
cause a diverse variety of amorphous forms and heterogeneity
to occur in the lyophilized cake (Hancock et al., 2002). Since it
is essential to secure lot-to-lot consistency in pharmaceutical
production, it is worthwhile to search for new tech-
niques capable of sensitively discerning variations in product
quality.

Inverse gas chromatography (IGC) is a method of chromato-
graphic analysis used to detect the surface free energy and
acid—base (acceptor—donor) properties of solid materials. Unlike
in ordinary gas chromatography, the solid sample is packed in
a column as the stationary phase, and then vaporized organic
solvents are introduced into the column to probe the solid sur-
face (Grimsey et al., 2002). There has already been extensive
work done on developing applications for the pharmaceuti-
cal research field, including the examination of batch-to-batch
variation (Ticehurst et al., 1994, 1996), changes in the sur-
face energetics that occur with milling (Roberts et al., 1994;
York et al., 1998; Feeley et al., 1998), the effect of humid-
ity on surface energetics (Djordjevic et al., 1992; Sunkersett
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et al., 2001), changes in surface properties caused by granula-
tion (Yokoi et al., 2004), determination of the glass transition
temperature (Surana et al., 2003), and prediction of the quality
of powder for inhalation (Cline and Dalby, 2002; Tong et al.,
2006). With IGC, unlike conventional methods such as water
penetration, the highest energy sites on the surface are probed
more readily than the lower ones because probe molecules are
flown at infinite dilution (Newell and Buckton, 2004). This
infers that IGC is a very sensitive tool capable of detecting
slight differences between solid surfaces. In fact, Ticehurst et
al. (1994) demonstrated that IGC was able to discern variations
between batches of salbutamol sulfate that were not distinguish-
able when FT-Raman or X-ray diffraction were used. Ticehurst
et al. (1996) also showed that IGC was capable of discerning
batch-to-batch variations in a-lactose monohydrate that were
not distinguishable when conventional analytical methods were
used.

Thermally stimulated depolarized current (TSDC) is a
method of thermal analysis used to detect dielectric relaxation.
TSDC detects depolarized currents generated when polarized
dipoles relax as the temperature increases (Shmeis et al., 2004a).
This highly sensitive system is capable of detecting currents
as small as a femto-ampere (10~'> A). Although it had been
widely used to study the dynamics and molecular motions in
polymer science (Zielinski and Kryszewski, 1977), TSDC was
only recently introduced to the pharmaceutical research field.
Shmeis et al. (2004a,b) compared TSDC with differential scan-
ning calorimetry (DSC) and found that TSDC was able to detect
phase transitions in amorphous solid dispersion that were not
detectable using DSC. These transitions included a-relaxation,
where only a small heat capacity change occurred with strong
glass. TSDC was also capable of detecting a B-relaxation event,
which was totally undetectable using DSC, which demon-
strates the excellent sensitivity of TSDC. Samouillan et al.
(2002) examined the physicochemical properties of elastin and
linked its relaxation behavior with its molecular architecture,
which demonstrates the usefulness of TSDC in analyzing pro-
tein configurations. Proteins consist of polar repeating units
in peptide bonds that are likely to be sensitive to dielectric
polarization.

In this study, the solid structure of the lyophilized for-
mulation of recombinant human Interleukin-11 (rhIL-11) was
investigated. It was previously demonstrated that the dissolu-
tion behavior of the lyophilized formulation varied depending
on the processing conditions (freezing conditions) (Hirakura et
al., 2004). The temperature histories of the freezing phase had
differential physicochemical impacts on the formulation, and
their contribution to the occurrence of cloudiness upon reconsti-
tution was investigated. Circumstantial evidence suggested that
the variations in dissolution behavior associated with different
processing conditions were a result of the differences in the dis-
position of the amorphous components such as the protein and
dibasic phosphate anion in the lyophilized cake. It was suggested
that the cationic protein (p/> 11.5) was flanked by dibasic phos-
phate anions, which are divalent, through electrostatic attraction
and only in a barely soluble lyophilized cake. In this study, IGC
and TSDC were used to discern the differences in the lyophilized

cakes, and TSDC was found to be useful for this purpose. Powder
X-ray diffraction (PXRD) and differential scanning calorimetry
(DSC) were also used for reference. The literature search indi-
cated that this is the first application of TSDC for the detection of
lot-to-lot variations in the solid structure of lyophilized protein
formulations.

2. Materials and methods
2.1. Materials

The organic solvents used for IGC and glycine used for PXRD
were purchased from Kanto Chemical (Tokyo, Japan).

2.2. Freeze drying

Recombinant human Interleukin-11 (rhIL-11) solution was
supplied by Wyeth Research. The solution was diluted
and freeze-dried according previously reported procedures
(Hirakura et al., 2004). The solution (5 mg/ml rhIL-11, 300 mM
glycine, 10 mM sodium phosphate, pH 7.0) was filtered through
abottle-top filter equipped with a micro-porous membrane made
from polyethersulfone (200 nm in pore size, Nalge Nunc Int.,
New York), manually dispensed into glass ampoules (1 ml each),
and placed on a temperature-controlled shelf in a lyophilizer
(R2L-100KPS, Kyowa Vacuum Engineering, Tokyo). After an
ice nucleation procedure was begun in the lyophilizer at —6 °C,
the ampoules were left at that temperature for 20 h, and then
cooled below —25 °C (typically —28 °C) (pretreated formula-
tions). The door of the lyophilizer was then opened and another
group of fresh ampoules was put on the cooled shelf (—28 °C)
(untreated formulations). These two groups of formulations
were exposed to almost the same process except that the pre-
treated formulation had been exposed to the pretreatment storage
phase. The cooling rates for both formulations during the freez-
ing phase (—6 °C to lower than —25 °C) were almost the same,
ranging from around 1 to 2 °C/min. The frozen samples were
then vacuum-dried.

2.3. Turbidity measurement

The turbidity of a reconstituted solution was defined by
optical density at 650nm. Water for injection (1ml) was
applied to an ampoule to let the lyophilized cake disperse in
the medium. After the cake was fully dispersed, the cloudy
solution was transferred to a plastic cell. The cell was imme-
diately mounted on the sample holder of a spectrophotometer
(U-3300 spectrophotometer, Hitachi, Tokyo) for measure-
ment.

2.4. Powder X-ray diffraction (PXRD)

An X-ray diffractometer (RINT-TTRIIIL, Rigaku Corporation,
Tokyo) equipped with a Cu Ko source operating at a tube load
of 50kV and 300 mA was used. The divergence slit was 1 mm
wide, and both the scattering slit and receiving slit were left
open. Each sample was scanned between 5° and 40° (20 with
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a step size of 0.02° and a scan rate of 4°/min). The diffracted
X-ray was detected using a scintillation counter. Pure (3-glycine
crystals were prepared by recrystallizing them according to the
method reported by Drebushchak et al. (2002), with a minor
modification. The glycine crystallinity in the lyophilized cakes
was estimated by comparing the total peak intensities between
the lyophilized cake and pure 3-glycine. The peak intensities
observed using lyophilized cakes were compensated for by
the glycine fraction [approximately 78% (w/w)] in the solid
samples.

2.5. Inverse gas chromatography (IGC)

A commercial inverse gas chromatograph was used for analy-
sis (IGC system, Surface Measurement Systems, London, UK).
The oven of a gas chromatograph (HP6890, Agilent Technolo-
gies, Santa Clara, CA) was used to maintain the probe gas
temperature at 30 °C. A silanized glass column (i.d., 3 mm; col-
umn length, 30 cm) was plugged with dimethyldichlorosilane
silanized glass wool at one end, weighed, filled with solid sam-
ple, tapped for 10 min, again weighed, and plugged up with the
same glass wool to fix the solid sample. The column was placed
in the column oven and maintained at 30 °C. Helium was used
as the carrier gas (flow rate: 10 ml/min), and several kinds of
probe gases (undecane, decane, nonane, octane, heptane, chloro-
form, acetone, ethyl acetate, and ethanol) were serially injected
into the column. The column was equilibrated for 24 h at 30 °C
and 0%RH before measurement to completely dry the sam-
ple. Measurements were carried out at 30°C and 0%RH. A
flame ionization detector (FID) was used to detect the probe
molecules.

Data were analyzed according to Schultz and Lavielle (1989).
The net retention volume (Vy) is related to the dispersive com-
ponent of the surface free energy of the solid (yf) and probe
(yf) as follows,

2
Y +C

1/2
RT In Vy = 2NAG/) “a(yf)
where R is the gas constant, T the temperature, No the Avo-
gadro’s number, a the surface area of the adsorbed probe
molecule, and C is a constant. When RT In Vy is plotted against

a(yf)l/ 2, alkanes yield a straight line, and the dispersive com-
ponent of the surface free energy of the solid (yf ) is calculated

using the slope of the alkane line [2NA()/§1)1/2]. The devia-
tion from the alkane line along the Y-axis (when polar probes
are used) represents the specific component of the surface free
energy of the solid (A GiP ). AGiP can be reduced to the fol-
lowing equation according to Gutmann (1978) and Drago et al.
(1971):

AGSP = K4 DN + Kp AN¥,

where DN is the donor or base number of the adsorbed probe
molecule, and AN¥* is the acceptor or acid number of the
adsorbed probe molecule corrected to take dispersive contribu-
tions by Riddle and Fowkes into account (1989). By measuring
the value of AGiP using several probe vapors and plotting

90

o
[
0 I
T
=1
=
e Activation
2 Freeze-in
£ Depolarization
& L l occurs

0 Polarization ‘ .

L |
0 9 24 33 39 48
Time (min)

Fig. 1. A schematic view of the experimental program for TSDC is shown.

AGiP /AN* versus DN/AN*, the values of K4 and Kp are
calculated for the solid of interest.

2.6. Thermally stimulated depolarized current (TSDC)

A TSDC spectrometer (TS-POLAR, Rigaku Corporation,
Tokyo, Japan) was used to measure dielectric relaxation as a
function of temperature. After the lyophilized cake was removed
from the ampoule and mixed well to achieve homogeneity, 15 mg
of the powder was compressed at 400 N (4.0 x 10° Pa) for 1 min
to form a tablet with an average thickness of 0.5 mm. The tablet
was placed on the sample holder and fixed between the elec-
trodes of a parallel plane capacitor. An insulator film was inserted
between the tablet and one of the electrodes to cut out the direct
current. The experimental program is illustrated in Fig. 1. The
tablet was heated to 90 °C at a rate of 10 °C/min and held at the
same temperature for 5 min. After an electric field of 50 V/mm
was applied between the electrodes, the tablet was kept at 90 °C
for 10 min to cause static polarization of the dipoles to occur. The
tablet was then cooled at a rate of 10 °C/min and kept at 0 °C for
6 min to freeze-in the polarization. After the electric field was
removed, the tablet was heated at the same rate of 10 °C/min.
Relaxation of the oriented dipoles was measured as a function
of temperature. Measurements were carried out in a dry helium
atmosphere.

2.7. Differential scanning calorimetry (DSC)

A spatula was used to mix the lyophilized powder in an
opened ampoule until uniformity was achieved. Sample was then
taken out, placed in an aluminum pan, and set inside the furnace
of a DSC measurement system (Q1000, TA instruments, New
Castle, DE, USA) equipped with a refrigerated cooling system
(RCS, TA instruments, New Castle, DE, USA). An aluminum
pan was crimped for effective heat conduction, and an empty
pan was used as a reference. Sample was heated to 80 °C and
held at the same temperature for 5 min. After it was cooled to
—10°C, the sample was heated to 150 °C at a rate of 20 °C/min.
Measurements were made under a constant flow of nitrogen
(50 ml/min).
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Fig. 2. Dissolution properties of rhIL-11 lyophilized formulations are shown.
The absorbance at 650 nm of reconstituted solutions is shown as a function
of time. Commercial water for injection (WFI) was applied to an ampoule.
Symbols: untreated formulation (bold), pretreated formulation (thin). The error
bars represent standard deviations (rn =3). This figure was reprinted from Fig. 1
of a paper previously published in this journal (Hirakura et al. (2004) 53-67)
after modification.

3. Results and discussion
3.1. Measurement of absorbance at 650 nm

In order to illustrate the contrast in dissolution proper-
ties of the lyophilized cakes, absorbance over time at 650 nm
is shown for rhIL-11 reconstituted solutions that were cre-
ated using a batch of commercial water for injection (WFI)
(Fig.2). A lyophilized cake produced using the standard temper-
ature program (untreated formulation) formed a cloudy solution
upon reconstitution (bold line). The cloudiness of the solu-
tion, however, is not of permanent nature, and the solution
became kinetically less cloudy with time and almost transpar-
ent in 20-30 min at the most. In contrast, a lyophilized cake
produced by the pretreatment method (pretreated formulation)
promptly dissolved in WFI (thin line). It should be noted that no
differences were observed between untreated and pretreated for-
mulations after the reconstituted solutions became transparent.
Clearly, these results suggest that there are originally some dif-
ferences in the solid structures between untreated and pretreated
formulations although they have the same chemical composi-
tions and there are no differences in the reconstituted solutions
once these components are dissolved. The cloudiness never
occurred with protein-free formulations irrespective of the pro-
cessing conditions, indicating that the protein is necessary for
the occurrence of cloudiness (not shown).

3.2. Powder X-ray diffraction (PXRD)

The first method employed to examine the predicted differ-
ences in the solid structure was powder X-ray diffraction. Fig. 3
demonstrates the PXRD patterns obtained using the untreated
and pretreated formulations. It is clear that there were no dif-
ferences between these diffraction patterns, which typically
represent the glycine B-form. The total integrated intensities
of the diffraction peaks observed between 5° and 40° were
1.40+0.11 (x 106) and 1.33£0.10 (x 106) for the untreated
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Fig. 3. The powder X-ray diffraction (PXRD) patterns of the untreated and
pretreated formulations are shown. Pretreated formulation (upper), untreated for-
mulation (lower). Note that the three traces for each formulation were obtained
using lyophilized cakes from different ampoules.

and pretreated formulations, respectively (n=3). These results
indicate that the glycine polymorphism, crystal habit, and crys-
tallinity are the same in both formulations. When compared with
the PXRD pattern of the pure glycine 3-form, the glycine was
estimated to be approximately 90% crystalline (91.4 4 6.8%,
n=3), which in turn indicates that the remaining 10% glycine
was amorphous in both formulations. No traces represent-
ing crystals of sodium phosphate or protein were found in
the diffraction patterns, indicating that these components are
amorphous. These results suggest that the predicted structural
differences between the formulations are not due to glycine poly-
morphism, crystal habit, or crystallinity, but to the variations in
the amorphous structures.

3.3. Inverse gas chromatography (IGC)

IGC was then adopted for analysis. IGC gives information on
the physical properties of surfaces, such as wettability and polar-
ity, that can be crucial in the dissolution of solid pharmaceuticals.
Table 1 summarizes the IGC results obtained using untreated
and pretreated formulations. Apparently, there are no significant
differences between the surface properties of the untreated and
pretreated formulations. No significant differences in the disper-
sive component of the surface free energy (yf) could be observed
between the untreated and pretreated formulations. No signif-
icant differences in the change in free energy upon adsorption
(AGf\P ) because of specific interactions with the polar probe
molecules could be observed between the untreated and pre-
treated formulations. However, the change in free energy upon
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Table 1

IGC data obtained using untreated and pretreated formulations

Lot yd (mJ/m?) AGSF (kJ/mol) Ky Kp
Chloroform Acetone Ethylacetate Ethanol

Untreated 59.84 (2.40) 1.98(0.23) 9.20 (0.39) 11.25(0.26) 16.56 (0.36) 0.14 (0.00) 0.06 (0.01)

Pretreated 58.04 (1.75) 1.94(0.10) 9.11 (0.32) 11.44 (0.53) 16.47 (0.43) 0.14 (0.01) 0.06 (0.00)

The values in parentheses are standard deviations (n = 3).

adsorption (AGiP ) is much larger with basic probe molecules,
which indicates that the lyophilized cakes have more surface
area of an electrophilic nature. These results suggest that the
predicted structural differences between the formulations are not
due to the surface properties but to the internal (core) structures
of the lyophilized cakes.

3.4. Thermally stimulated depolarized current (TSDC)

TSDC was found to be useful in detecting the structural
differences between the lyophilized cakes. Fig. 4 shows the
depolarization currents observed using untreated and pretreated
formulations. Two distinct but broad depolarization peaks were
observed for both formulations. Obviously, these peaks shifted
to higher temperatures in the untreated formulations. The
traces measured using samples from different ampoules were
reproducible, which indicated that these traces are distinct rep-
resentations of the microstructures of the formulations. Since
there were no differences in glycine polymorphism, crystal
habit, or crystallinity (Fig. 3), the differences in the traces
observed between the two formulations were due to those of the
amorphous structures. The range of temperatures over which
depolarization currents occur are representative of the distribu-
tion of the solid structure relaxation times (Van Turnhout, 1998).
Moura Ramos et al. (2005) stated that amorphous substances
generally exhibit broader and stronger peaks than crystalline
ones. While crystalline substances consist of ordered structures
with specific relaxation times, amorphous ones include hetero-
geneous structures whose relaxation times are spread out over
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Fig. 4. Thermally stimulated depolarized current (TSDC) traces observed using
different lots of the lyophilized formulations are shown. The vertical and hori-
zontal axes denote a depolarization current in femto-amperes and temperature,
respectively. Symbols: pretreated (continuous); untreated (dotted). Note that the
two traces for each formulation were obtained using lyophilized cakes from
different ampoules.

a wide temperature range (Moura Ramos et al., 2005). There-
fore, it is natural that the broad depolarization peaks observed
in Fig. 4 originate largely from the amorphous components.
It is most likely that the differences in microstructure repre-
sented by the depolarization currents reflect the differences in
the physicochemical conditions of the amorphous components.
It should be mentioned that reduced molecular mobility was
noted in the untreated formulation. This was apparent because
of the rightward shift of the depolarization peaks, which is
indicative of slower dipole relaxation times. Ikeda et al. (2005)
demonstrated that, in the TSDC spectra of terfenadine poly-
morphs, the peak approximate temperatures were 125 °C for
form I, 95 and 120 °C for form II, and 65 and 80 °C for the
amorphous form. Terfenadine is a monotropic anti-histamine
drug, and form I is more stable than form II and the amorphous
form (Yoshihashi et al., 2000). These indicate that rightward
peak shifts represent the stable forms of the drug and reduced
molecular mobility, hence slower dipole relaxation times.

3.5. Differential scanning calorimetry (DSC)

Fig. 5 shows DSC traces obtained using pretreated and
untreated formulations. To compare them with the TSDC results,
the sample settings and experimental protocols used were sim-
ilar to those for TSDC. There appeared to be no characteristic
differences between the two formulations, which were scarcely
discernible using this analytical method. A closer look at the
figures might reveal that the small heat capacity increases (down-
ward baseline shifts) observed between 80 and 120 °C were glass
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Fig. 5. Differential scanning calorimetry (DSC) traces observed using different
lots of the lyophilized formulations are shown. The vertical and horizontal axes
denote heat flow and temperature, respectively. Symbols: pretreated (continu-
ous); untreated (dotted). Note that the three traces for each formulation were
obtained using lyophilized cakes from different ampoules.
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transitions and that the glass transition temperatures (T,) had
shifted to slightly higher temperatures with the untreated for-
mulation (dotted lines). However, even if the downward shift is
caused by glass transition, such a subtle change in the trace does
not help distinguish between the untreated and pretreated formu-
lations from a practical point of view. These results indicate that
TSDC is capable of distinctly characterizing slight differences
in the solid structure that DSC can barely distinguish, which
highlights the excellent sensitivity of TSDC as an analytical
tool.

3.6. Distinction of small differences in the amorphous
microstructure using TSDC

It is likely that the differences in the solid structure occur-
ring between the untreated and pretreated formulations are
slight because, unlike other cases where solutions remain cloudy
after reconstitution, the cloudiness observed with the untreated
formulation disappeared in minutes (Fig. 2). This is also sup-
ported by the fact that PXRD and DSC could not discern the
differences between the solid structures. Interestingly, the vari-
ations in the lyophilized cakes could not be discerned using
IGC (Table 1), which measures the surface free energy of solid
materials. The failure of discrimination suggests that the slight
differences between the formulations are related to the internal
core structures. This observation coincides with the fact that dis-
solution involves several complex processes that may include not
only wettability, but also disintegration and solubility (Backton,
1995). Disintegration and dissolution are due not only to the sur-
face properties but also to the interior structures of solids. This
is particularly true for the dissolution of a drug product which
involves the integrated mixture of many ingredients.

The protein and dibasic phosphate anion are most proba-
bly the amorphous components that respond differently to the
electric field in the TSDC experiments (Fig. 4). There were
no differences in glycine polymorphism, crystal habit, or crys-
tallinity between the formulations, and sodium phosphate and
the protein were found to be amorphous in both formulations
(Fig. 3). 31P-solid state NMR analysis (not shown) confirmed
that sodium phosphate is indeed amorphous in the lyophilized
cakes. It should be noted that, for a pretreated formulation,
sodium dibasic phosphate became crystallized as dodecahydrate
during freezing and phase-separated from the protein, whereas,
in an untreated formulation, the buffer salt stayed amorphous and
dibasic phosphate anions were flanked by the protein all through
the processes (Hirakura et al., 2004). In the pretreated formu-
lation, sodium dibasic phosphate dodecahydrate crystals which
crystallized during freezing later dehydrated and disintegrated
into amorphous form during drying (Hirakura et al., 2004). In
general, sodium dibasic phosphate can crystallize out of the
solution (phase-separate) during freezing, leaving only monoba-
sic salt in the freeze-concentrate (Randolph, 1997). It is also
known that sodium dibasic phosphate crystallizes into dodec-
ahydrate during freezing (Murase and Franks, 1989; Gomez et
al., 2001) and returns to amorphous form during drying (Pyne
et al., 2003a,b). Our previous observations were consistent with
the other studies and led to the conclusion that the major dif-

ferences in the solid structures of the untreated and pretreated
formulations are in the disposition of the amorphous components
such as the protein and dibasic phosphate anions. In addition,
no evidence or rationale has been presented that would suggest
that there are large enough differences in the physicochemical
condition of amorphous glycine to generate different responses
to the electric field.

Many energetically indistinct gradated states can exist in
a glassy microstructure, depending on the processing condi-
tions, because glassy systems stay in non-equilibrium by nature
(Hancock et al., 2002). This diversity of amorphous systems
often causes variations in pharmaceutical performance, and, in
many cases, analytical methods cannot identify the structural
differences. The difference in energy level would be observed
as that of enthalpy recovery when a glassy material is heated
across the glass transition temperature (Kawakami and Pikal,
2005). The DSC traces of the lyophilized formulations did not
show any clear enthalpy recovery (Fig. 5), which suggests that
the differences between the formulations are not those of the
energy level. Unlike crystals, amorphous structures are charac-
terized by an irregular disposition and loosely packed molecules,
which allow for microheterogeneity in amorphous systems (Yu,
2001). In their dielectric studies on amorphous solids, Johari
and Goldstein (1970) and Johari (1982) advanced the view that
glass may have different regions: the glass transition (primary
relaxation) involves cooperative motions in high-density regions
(a-region), whereas in secondary relaxation (3-relaxation) low-
density regions (3-region) lie between high-density regions. Yu
(2001) summarized the physical techniques for characterizing
amorphous solids and classified TSDC as one of the few capable
of detecting the microheterogeneity of amorphous systems.

It is reasonable to assume that TSDC could sensitively detect
the structural differences in the lyophilized cakes because the
differences in disposition are a kind of microheterogeneity of
the amorphous solids. It is possible that the left peaks in the
traces for both formulations (Fig. 4) were due to B-relaxation
in low-density regions, and the right peaks were due to primary
relaxation in relatively high-density regions, which might have
caused a glass transition in DSC (Fig. 5). Heterogeneity in the
amorphous microstructure can cause variations in the molecular
orientation and relaxation kinetics, which results in a fingerprint
for the particular structure. In these chemical environments, high
sensitivity to electrical fields and varying relaxation dynamics
are expected, thus TSDC has become one of the few tools that
can be used to distinguish between amorphous microstructures.

4. Conclusion

This study deals with lot-to-lot variations in a lyophilized pro-
tein formulation. There seems to be an advantage in using TSDC
to distinguish between amorphous components in solid pharma-
ceuticals, and this technique can be used to analyze synthetic
pharmaceuticals as well as protein formulations. It is usually
difficult to determine the physicochemical attributes that control
the stability and performance of solid pharmaceuticals contain-
ing amorphous components. It is also difficult to characterize
the differences among production lots because the variations
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are often small and indistinct. Since variations in amorphous
components between production lots often raise quality issues
during pharmaceutical development, it is highly desirable to
have analytical methods available to control the quality. In this
study, TSDC was found to be capable of detecting slight, but
critical, differences in amorphous microstructure. Future appli-
cations include formulation design as well as identification
testing for establishing a permissible range to ensure product
quality.
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