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ABSTRACT

Purpose The purpose of this study is to show how
disaccharides differ in their ability to protect lyophilized (-
galactosidase from enzymatic activity loss and secondary
structure changes during storage.

Methods [3-galactosidase was lyophilized with trehalose,
sucrose, cellobiose or melibiose at 2:1, 20:1 and 40: | excipient/
protein weight ratios, and stored up to 90 days at 45°C. Protein
enzymatic activity was studied using o-nitrophenyl-3-D-galacto-
pyranoside cleavage test, and its secondary structure in
lyophilizates analyzed using Fourier transform infrared spectros-
copy. The crystallization tendencies, glass transition temperatures
and water contents of lyophilizates were evaluated using x-ray
powder diffractometry, differential scanning calorimetry and
thermogravimetry, respectively.

Results The enzymatic activity of [3-galactosidase decreased
more slowly in lyophilizates containing trehalose or melibiose
at 2:1 excipient/protein weight ratio when compared to those
containing sucrose or cellobiose. Similar behavior was ob-
served when analyzing the protein’s secondary structure in
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lyophilizates. In 20:1 and 40:1 excipient/protein weight ratio
lyophilizates the decrease of enzymatic activity was less
dependent on the excipient, but activity was always amongst
the highest in melibiose lyophilizates.

Conclusions Melibiose was shown to be effective in protecting
lyophilized 3-galactosidase during storage. The protein secondary
structure was shown to change at comparable rate in lyophilizates
as its enzymatic activity after rehydration.

KEY WORDS [3-galactosidase - disaccharides - lyophilization -
protein secondary structure - storage stability

INTRODUCTION

The instability of protein-structured pharmaceuticals is one
of the main reasons why the number of marketed drug
products containing such active compounds is still limited
(1). To counter this inherent instability, pharmaceutical
protein formulations may be dried in the hopes of making
the proteins more resistant to structural changes over time.
The most common method used in protein pharmaceutical
stabilization during the last decades has been freeze drying.
However, even if the protein is not irreversibly damaged by
the freezing and dehydration, long-term storage can cause
protein degradation, especially at relatively high temper-
atures. Excipients such as disaccharides are often used to
prevent degradation during dehydration and storage, but in
order to protect the protein, the excipient must stay in
amorphous form and not crystallize (2). Amorphous exci-
pient’s ability to protect proteins from conformation changes
has been attributed to the high viscosity of the glassy state
which keeps the proteins from unfolding (3), as well as to
their ability to replace water as a hydrogen bond former
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when the protein is dehydrated, thus preserving the protein’s
native aqueous structure (4). Crystallization of an amorphous
excipient may cause proteins to lose their active form (5), but
even without such a phase transition a mere increase in the
molecular mobility of the amorphous phase can lead to
lowered stability (6). Therefore, it can be said that the
storage stability of lyophilized protein pharmaceuticals
depends on a number of different factors, many of which
are still poorly understood.

Protein degradation caused by lyophilization and
storage has commonly been analyzed from reconstituted
lyophilizates with methods such as enzyme activity
analysis (5) and chromatographic studies (7,8). However,
it 13 also possible to analyze changes in protein folding
directly from the lyophilizates, for example by using
spectroscopic methods, which allow fast characterization
of lyophilizes without having to rehydrate the dried
product. IR-spectroscopy has been shown to be applicable
for this purpose, as it is able to detect changes that occur
in protein secondary structure during lyophilization (9).
These measurements have often been done by monitoring
the amide T region around 1700-1600 cm™', where the
absorbance 1s due to amide bond in-plane C = O
stretching, coupled with in-plane C-N stretching and N-
H bending (2,10). The amide II region around 1600-
1500 cm'l, which is mostly due to N-H vibrations, has also
been used in protein secondary structure studies, although
less frequently (11). Changes in protein amide bonds are
nonetheless visible in both amide I and II regions, and
they can both be used to analyze changes in protein
secondary structures.

Fig. I The molecular structures HO
of the excipients used in
the study.
HO,
HO Y O
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D-trehalose

(a- D-glucopyranosyl
a- D-glucopyranoside)

In this study, the storage stability of lyophilized f-
galactosidase was evaluated in the presence of different
weight ratios of trehalose, sucrose, cellobiose and
melibiose, all of which are disaccharides with the same
chemical formula (C;9H99O1;) but have different molec-
ular structures (Fig. 1). Of these disaccharides, trehalose
and sucrose have been used extensively in lyophilization
studies (6,7), whereas cellobiose has been studied only
marginally (8), and according to our best knowledge no
research articles have been published that describe the use
of melibiose as a lyoprotecting excipient for proteins. The
aim was to study the effect of different excipients on the
retention of f-galactosidase enzymatic activity during
storage and to compare them with possible protein
secondary structure changes that were measured directly
from lyophilizates using FT-IR. fB-galactosidase was
selected as the model protein, as its enzymatic activity is
easy to quantify (12), and the secondary structures of f-
galactosidases have been studied thoroughly with IR
spectroscopy (11,13).

MATERIALS AND METHODS
Preparation of Lyophilization Solutions

B-D-galactosidase from Aspergillus oryzae (M,,~125 kDa,
activity NLT 76.5 U/mg) was a kind gift from Amano
Enzyme Inc. (Nagoya, Japan), and the protein was purified
by using tangential flow filtration. Pall Minimate TTT
system (Pall Co., NY, USA) with Omega 30 K MWCO
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filter was employed with continuous filtration method using
purified water as the filtration medium and by collecting 7
diafiltration volumes. After filtration, the initial f-
galactosidase activity was measured with enzymatic activity
analysis test (n=3) as described later. The protein filtrate
was then diluted to 0.5 mg/ml concentration with purified
water, and D-trehalose (179531, Sigma-Aldrich, MO, USA),
D-sucrose (18219, Sigma-Aldrich, MO, USA), D-cellobiose
(G7252, Sigma-Aldrich, MO, USA) or D-melibiose
(M5500, Sigma-Aldrich, MO, USA) was added to produce
solutions with 1 mg/ml, 10 mg/ml and 20 mg/ml of
excipients. The excipient/protein weight ratios of these
solutions were, therefore, 2:1, 20:1 and 40:1, respectively.
The disaccharides were dried at 60°C/100 mbar for 48 h
before use. Protein solutions without excipients (protein
concentration 0.5 mg/ml) and excipient solutions without
protein (excipient concentration 20 mg/ml) were also
produced. One ml of each solution was pipetted into
blow-molded 10-ml vials, and the vials were loosely fitted
with rubber lyophilization stoppers. The vials were placed
randomly on the shelves of Lyostar II freeze dryer (SP
Industries Inc., Warminster, USA) and equilibrated at 5°C
for 30 min. The vials were then frozen at —45°C for 2 h
and at —40°C for 30 min. Primary drying was carried out
at —35°C and 0.2 mbar for 21 h, followed by an isobaric
heating of 5°C per hour to 35°C, where the samples were
held for 2 h. After equilibration to 25°C, the chamber was
brought to atmospheric pressure using dry Ny gas, and the
vials were closed by compression before opening the
chamber. Aluminum crowns were fitted on the vials after
removal from the chamber. No wvisible collapses were
observed in the samples during lyophilization.

Determination of Possible Crystallinity Present
in Lyophilizates

The crystallinity of the lyophilizates, or lack thereof, was
studied by using Bruker D8 Advance x-ray powder
diffractometer (XRPD, Bruker Axs Inc., WI, USA).
Samples were analyzed after lyophilization and after 90 days
of storage at 45°C to check if crystallization had occurred
during this time (z=1). The angular range was 5—40° (20),
and the measurement rate 0.1° per second. Diffractogram
peak angles were compared to those acquired from
Cambridge Structural Database using ConQuest 1.10
program (CCDC, Cambridge, UK) for crystal identifica-
tion purposes.

Determination of Lyophilizate Residual Moisture
Contents and Glass Transition Temperatures

The residual moisture contents of the lyophilizates were
measured with thermogravimetric analysis using TGA 850
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(Mettler-Toledo Inc., Switzerland). One to five mg of the
lyophilizate was transferred into measurement pans and
heated from 25°C to 120°C (20°C/min) and held there for
5 min under 50 ml/min dry Ny flow. Sample moisture
contents were calculated from the weight changes (n=1).
The glass transition temperatures (T,) of the lyophilizates
were measured with differential scanning calorimetry using
DSC823e (Mettler-Toledo Inc., Switzerland). Samples were
hermetically sealed in aluminum pans inside a glovebox
under low relative humidity (RH~5%) conditions, and the
samples to be analyzed were taken from different wvials
(n=3). The T, of the samples was determined by
equilibrating them at 25°C for 3 min and then heating
them at 10°C/min at least 30°C over their T, under
50 ml/min dry Ny flow. T, was taken as the midpoint
temperature of the glass transition. The T, of the aqueous
formulations was also measured so that those temperatures
would not be exceeded during primary drying. Approxi-
mately 5 mg of the solutions were hermetically sealed in
aluminum pans, equilibrated at —50°C for 15 min and
heated to 10°C at 10°C/min under 50 ml/min dry Ny
flow. The onset of the transition was taken as the T, value
(n=1), so that when the samples were held below this
temperature during primary drying, the amorphous phase
would remain in glassy state.

Determination of the B-Galactosidase Activity
of Rehydrated Solutions

The effect of drying and storage on the enzymatic
activity of P-galactosidase was analyzed by rehydrating
the lyophilizates with 1 ml of purified water and
analyzing the enzyme activity with spectrophotometric
o-nitrophenyl-p-D-galactopyranoside (ONPG) cleavage
rate test. Briefly, the protein solutions were incubated in
the presence of ONPG, a colorless molecule resembling
lactose. In its active form, f-galactosidase breaks ONPG
into colorless galactose and yellow o-nitrophenol. The
concentration of o-nitrophenol in the solution can be
quantified by measuring its UV-absorbance at 420 nm.
The test described elsewhere (12) was modified to suit the
enzyme concentration of this study by using pH 7.3
sodium phosphate buffer and 10 min incubation time. A
standard curve of B-galactosidase concentration oversus
ONPG catalysis activity was formed, and the activity of
the 0.5 mg/ml P-galactosidase solution after tangential
flow filtration and subsequent dilution was assigned as
100% in relative activity. Activities of rehydrated lyophi-
lizates were analyzed from different vials (n=3) immediately
after lyophilization and after storing them for 7, 30 and
90 days at 45°C. The enzymatic activity present in
rehydrated lyophilizates was compared to that of the initial
protein filtrate. The standard deviation of the method for
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TFF processed solution was +1.6% (n=3), and the drift from
day 0 to day 90 was -2.0%.

Analysis of the IR Spectra of Lyophilizates

FT-IR spectroscopy was used to analyze protein secondary
structure from the lyophilizates. Approximately 2 mg of the
lyophilizate was ground with 250 mg of FT-IR grade KBr
(221864, Sigma-Aldrich, MO, USA) and compressed into a
pellet under vacuum. The samples were analyzed using
Vertex 70 (Bruker Optics Inc., MA, USA) by measuring the
spectra 20 times with 4 cm™
650 cm
samples were measured by placing 100 pl of 10 mg/ml
protein solution between two KBr discs and measuring the
spectra with the same settings as above. All dry samples to
be analyzed were taken from different vials (n=5) after
lyophilization and after storing them 7, 30 and 90 days at
45°C. The spectra were further treated using OPUS 4.0
program (Bruker Optics Inc., MA, USA) by calculating

resolution between 4000-
under dry air flow. Aqueous p-galactosidase

their second derivatives, after which they were smoothed
using Savitzky-Golay function (nine-point smoothing). The
resulting spectra were baseline corrected along 1720-
1490 em™ region (amide I and II regions) to minimize the
effect of differing baselines on further data analysis. The
spectrum of pure water was subtracted from the aqueous
protein spectra before further mathematical processing.
The protein spectra were interpreted according to
literature (11,13-15).

Multivariate Analysis

Multivariate data analysis (partial least squares, PLS) of the
spectra was carried out using Simca-P"® program (Umetrics
AB, Umea, Sweden). The basic theory of PLS is explained
elsewhere (16). Generally, a PLS model is an attempt to
relate two data matrices, predictors (X) and response (Y), to
each other. The model forms principal components (PCs),
which may be regarded as vectors which best describe the
variation between the score matrices of X and Y (known as
T and U, respectively). As one PC rarely describes data
variation adequately, the amount of model PCs can be
increased to improve the accuracy at which the model
describes the data. Each added PC attempts to explain the
variation not explained by the previous components, and
adding more PCs generally improves the predictive
capability of the model, but only to a certain point. The
predictive ability of the model can be described using the
cumulative goodness of prediction (Q,um°) value, where
the value 1 indicates that the model predicts the data points
perfectly, and as value decreases so does the predictability
of the model. In the case of spectroscopy, each spectrum
may therefore be expressed by a number of values equal to

the number of components in the model. Differences
between spectra may be visualized by plotting their PCs
on a coordinate system, where each PC is represented by
an axis. This kind of plot is known as a score plot. For two
identical spectra the PCs would also be identical, which
means that they would be superimposed on the score plot.
The multivariate model can also be used to identify which
sections of the spectra have the greatest impact on different
PCs, and when this is drawn on a coordinate system, such
plot is known as a loadings plot. In the case of FT-IR
spectra, the wave number regions which undergo significant
changes have large loading values, which means that
loadings plots can be used in conjunction with score plots
to identify and interpret spectral changes from very large
amounts of data.

PLS modeling has been frequently used in correlating
spectral data with changing sample properties, such as the
water content of a drug compound (17) and tablet crushing
strength (18). In this study, the method was used to relate
the FT-IR spectra acquired from protein/excipient lyophi-
lizates to their storage time at 45°C. IR transmittance
values between 1720 and 1490 cm™ were plotted as
predictors, and the storage time (from 0 to 90 days) was
used as the response.

RESULTS

Crystallinity, Residual Moisture Content
and T, of the Lyophilizates

All lyophilizates were found to be amorphous after freeze
drying according to their XRPD analyses. After 90 days
storage at 45°C all lyophilizates containing protein had
remained amorphous, while pure lyophilized sucrose had
crystallized during storage (sucrose crystal structure con-
firmed using ConQuest 1.10 program). It should be noted
that crystallinity was not detected in the lyophilizate with
40:1 sucrose/p-galactosidase weight ratio, which indicates
that even a small amount of the protein could inhibit the
crystallization of sucrose during storage. The thermogravi-
metric measurements performed on the lyophilizates
showed weight loss during the measurements, and the total
weight loss was considered as the amount of residual
moisture present in the samples. Moisture contents ranging
from <1% to nearly 3% (w/w) were measured, as shown in
Table I. Increasing the excipient/protein weight ratio of the
lyophilizates decreased their residual moisture content. All
DSC measurements performed on the lyophilizates showed
a single clear endothermic baseline shift, which was
interpreted as the glass transition. The glass transition
temperatures are also shown in Table I. The transition
temperatures generally increased in the order sucrose <
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Table | Water Contents (n= 1) and Glass Transtition Temperatures (n = 3) of Lyophilized Excipient/Protein (E/P) Mixtures and Pure Excipients

Residual moisture content (%-w/w)

Glass transition temperature

Sucrose Melibiose Cellobiose Trehalose Sucrose Melibiose Cellobiose Trehalose
E/P 2:1 2.6 2.6 2.7 2.7 65°C (= 2°C) 72°C (£ 9°C) 65°C (= 2°C) 80°C (= 6°C)
E/P 20:1 .2 [.3 I.5 2.1 67°C (= 4°C) 81°C (= 2°C) 75°C (= 2°C) 90°C (= 4°C)
E/P 40:1 0.9 I.5 1.2 I.5 69°C (= 3°C) 83°C (= 5°C) 80°C (= 10°C) 94°C (= 6°C)
Pure excipient 0.8 1.2 |.4 [.5 62°C (= 3°C) 82°C (= 5°C) 88°C (= 1°C) 96°C (+ 5°C)

Weight loss expressed as%-w/w, standard deviations shown in brackets where appropriate

cellobiose ~ melibiose < trehalose, as the transition
temperatures of melibiose and cellobiose often appeared
within standard deviation limits from each other. Increasing
the excipient/protein weight ratio generally led to a higher
T,, which was caused by the decrease in water content.
When measuring the T, of the aqueous formulations, the
values for trehalose, sucrose, cellobiose and melibiose
solutions (20:1 and 40:1 excipient/protein weight ratios)
containing f-galactosidase were —31°C, —34°C, —31°C
and —32°C, respectively. The concentration of the exci-
pients did not seem to affect T, significantly, but in the
case of 2:1 excipient/protein weight ratio solutions the
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transition was too weak to be measured. The measured T,/
values were higher than the shelf temperature of the freeze
dryer (—35°C) during primary drying.

Changes in B-Galactosidase Activity during Storage

The relative activities remaining in reconstituted lyophili-
zates that were stored at 45°C are shown in Fig. 2. The
lyophilizates with 2:1 excipient/protein weight ratio had
shrunk slightly after 7 days storage at 45°C, but no massive
collapses were observed. Freeze drying f-galactosidase
without excipients resulted in significantly lower relative

100

Excipient: melibiose

%-relative lactase activity remaining

40 )
0L . : : : {
0 20 40 80 80 100
Time (days)
100

Excipient: sucrose

%-relative lactase activity remaining

0 20 40 60 80 100
Time (days)

Fig. 2 The relative 3-galactosidase activity remaining in reconstituted lyophilized solutions with 2:1 (o), 20:1 ([) or 40:1 (A) excipient/protein weight
ratios stored at 45°C (n=3). The average values and standard deviations were obtained from the activity analysis tests, the connecting lines are shown as

visual aid.
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activity than lyophilizing it in the presence of the excipients
(not shown in Fig. 2). The relative activity remaining in the
excipient-free f-galactosidase was approximately 13% after
lyophilization, and no activity was detected when pure
lyophilized p-galactosidase was stored at 45°C for 7 days or
longer. The analysis of the formulations containing dis-
accharides showed that there was no significant difference
between their enzyme activities immediately after freeze
drying. Melibiose was found to be significantly superior to
sucrose and cellobiose at 2:1 excipient/protein weight ratio
when stored at 45°C for 7 days or longer (p<0.05), and it
was also shown to be superior to trehalose when stored at
that temperature for 90 days. On the other hand, trehalose
was shown to be inferior to other disaccharides at 40:1
excipient/protein weight ratio when stored up to 90 days.
There was also a significant difference between the
activities of 2:1 and 40:1 excipient/protein weight ratio
formulations for cellobiose and sucrose from day 7 onwards
and for melibiose at day 90, indicating that from that point
forward B-galactosidase activity loss was lower with 2:1 than
with 40:1 excipient/protein weight ratio. No clear differ-
ences were observed between trehalose formulations of
different disaccharide/protein weight ratios at given time
points. P-galactosidase activity values at different time
points were also fitted into an equilibrium first-order decay
model to compare their activity loss rate constants. The
results for the 2:1 excipient/protein weight ratio formula-
tions are shown in Table II. Relatively good fit was
achieved (R*>0.98) for all formulations, and the rate
constants of melibiose and trehalose formulations were
lower than those of sucrose and cellobiose formulations.

Analysis of Lyophilizate FT-IR Spectra

The analysis of lyophilizate FT-IR spectra revealed clear
differences between pure excipient and excipient/protein
mixture spectra at 1720-1490 cm’! in some, but not all, of
the formulations. The amide I and II region spectra of the
20:1 and 40:1 excipient/protein weight ratio samples did
not clearly differ from pure excipient spectra in that region
(data not shown), indicating that the amount of protein in
the KBr pellets was too small to be detected. However,
there were clear differences in the spectra of 2:1 excipient/
protein weight ratio formulations and the pure excipients at
amide I and II regions, showing that the amount of protein

in the pellets was large enough to produce a clear protein
spectrum. The second derivative spectra of aqueous f-
galactosidase before freeze drying and those of lyophilizates
that were freeze dried without excipients or with melibiose
or sucrose (2:1 excipient/protein weight ratio) and stored
up 90 days in 45°C are shown in Fig. 3. The formulations
containing trehalose and cellobiose in the same excipient/
protein weight ratio produced similar FT-IR spectra as
those containing melibiose or sucrose (data not shown).
Before freeze drying, the most intensive peaks of the
spectrum are located around 1650 em™, 1639 cm™ and
1628 cm™'. The first of these peaks can be attributed to a-
helical structures according to literature, while the second
and third correspond to P-sheet structures (11,13). After
freeze drying, only one P-sheet peak is observed around
1635 cm™, and the relative intensity of the amide II band is
increased. In excipient-free lyophilizates, there is also a

peak around 1615 cm™

which can only be seen as a
shoulder in the spectra of the formulations containing
disaccharides. Absorption at this wavelength has been
attributed to intermolecular bonding in P-galactosidase
(11), as well as to distorted B-structures in other proteins
(14). Furthermore, at least three peaks are visible around
1690-1665 cm™', which have been attributed to p-turn
structures in literature (15). When storing the lyophilizates
at 45°C the intensity of the peak around 1650 cm™
increases, a region where o-helix structures of pB-
galactosidase proteins have been shown to absorb (11). It
can be seen from Fig. 3 that this peak was not initially
visible 1n 2:1 sucrose/f-galactosidase weight ratio formu-
lation spectra, but a strong peak can be seen when the
lyophilizates are stored for 7 days and longer. Further-
more, the region between 1560 and 1520 cm™ undergoes
significant changes during storage in formulations with 2:1
excipient/protein weight ratio. This absorption area has been
attributed to a-helical and several different B-structures in
different proteins (14), which means that these spectral
changes cannot be accurately interpreted.

A three-component PLS model was formed for the
second derivative spectral data of the 2:1 excipient/protein
weight ratio lyophilizates, which produced a Q,,” value of
0.82. The score plot for the data is shown in Fig. 4, where
the first, second and third PC values are plotted on x-, y-
and z-axes, respectively. It should be noted that the axes are
not drawn in scale, because each successive PCi describes a

Table Il The Results of Fitting (3-
Galactosidase Activities of 2:1

Excipient/Protein Weight Ratio
Lyophilizates during Storage into R®
Equilibrium First-Order Decay
Model (y =y, + ael~))

Sucrose Melibiose Cellobiose Trehalose

0.983 0.990 0.999 0.990
rate constant (b) 0.124 0.014 0.161 0.029
rate constant error 0.046 0.010 0.010 0.0l
Activity remaining (%) at t = oo 52.7 52.5 543 53.2
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Fig. 3 The normalized 2nd derivative IR spectra (averages, n=5) of aqueous [3-galactosidase before freeze drying and lyophilizates that were A freeze
dried without excipients, or B with melibiose (black curve) or sucrose (gray curve) at 2:1 excipient/protein weight ratio and stored up to 90 days at 45°C.

smaller amount of predictor variation when the amount of =~ However, there is often a clear change in PC values as
components 1is increased. The points describing different  the storage time increases, indicating that the amide I and
samples are generally close to each other at a given time  II region spectra change as a function of storage time.

point, indicating that their spectra are fairly similar.  Storing the lyophilizates at 45°C for 7 days causes mainly
Y trehalose
Day 90 A melibiose

(trehalose and melibiose)
O cellobiose

Day 90

sucrose
(sucrose and cellobiose 0

B analyzed after lyophilization

_0.0006 B analyzed after 7 days of storage
-0,0009 [ analyzed after 30 days of storage

0,010
O analyzed after 90 days of storage

-0,002

0,002

Fig. 4 Three-dimensional PLS score plot of the 2:1 excipient/protein weight ratio lyophilizate FT-IR spectra (n=15), where each symbol represents a
single lyophilizate spectrum. Geometric symbols (triangle, inverted triangle, circle and diamond) represent different excipients and colors (black, dark gray,
light gray and white) represent storage time before analysis.
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an increase in the first and a decrease in the second PC,
whereas storing up to 30 days increases the second PC.
When stored up to 90 days, there 1s an increase in the first
and third PC values of trehalose and melibiose containing
lyophilizates, whereas a smaller shift in second PC is
observed in sucrose and cellobiose containing lyophilizates.
The PC loading weights are shown in Fig. 5, along with the
fB-galactosidase IR-absorption region interpretations ac-
quired from literature (11,13-15). The shift in PLS scores
when storing the samples for 7 days is partially caused by
an increase at the region attributed to the increased
absorption around 1650 em™ (a-helix), as well as changes
in the 1560-1520 cm™ region (both o-helix and p-sheet).
Storing the lyophilizates up to 30 days shifts the peak
originally located around 1635 cm™ towards higher wave-
numbers (B-sheet—a-helix). When stored up to 90 days, the
spectra of lyophilizates containing trehalose and melibiose
are separated from those containing sucrose and cellobiose

p-turn (~ 1690-1665 cm’")
a-helix (~ 1650 cm™)

B-sheet (~ 1635 cm™)
distorted fi-structures
K (~1815em™)

a-helix and p-structures

/ (~ 1560-1520 cm™)

FC3

Weight

PC2

PC1

1720 1680 1640 1600 1560 1520
Wavenumber (cm‘1)

Fig. 5 The loadings plot of the PLS model, where absorption regions
have been correlated with protein secondary structure according to
literature (I'1,13—15).

by increases in the first and third PCs. These increases are
mainly due to an increase in absorption intensity around
1690-1665 cm™ (B-turn), 1650 cm™ (a-helix) and in the
1560-1520 cm™ region (both a-helix and B-sheet).

DISCUSSION

Glass Transition Temperatures and Residual Moisture
Contents

As increasing the viscosity of the glass matrix surrounding
the protein may help to preserve the secondary structure of
the protein during storage (3), it could be theoretically
possible to improve protein stability by increasing the T, of
the formulations. It was found that pB-galactosidase activity
loss rate constants were higher for sucrose and cellobiose
than for trehalose and melibiose with 2:1 excipient/protein
weight ratio, and the initial glass transition temperatures for
all formulations generally increased in the order sucrose <
cellobiose ~ melibiose < trehalose. When interpreting the
equilibrium first-order decay model, it should be noted that
the model predicts >0% activity loss at t = oo, which would
not hold true if the formulations were stored indefinitely.
However, the empirical model only describes the results in
the experimental time scale, and extrapolating such results
beyond that region would invariably produce erroneous
results. Therefore, the models can only be regarded to
represent the storage period of 90 days. The B-galactosidase
activity loss rate constants did seem to correlate with initial
lyophilizate T, but since statistically significant difference
between cellobiose and melibiose T, values could not be
established, they cannot be reliably compared. Also, as 2:1
excipient/protein weight ratio lyophilizates shrunk slightly
during the first 7 days of storage, it is likely that their glass
transition temperatures decreased due to moisture transfer
from the stoppers. The vial-to-vial variation in the T,
results may have been caused by the random placement of
vials on the shelves of the freeze dryer, which is known to
affect the rate of drying (19).

In this study, the initial residual moisture contents were
analyzed using thermogravimetry, because the lyophilizates
were difficult to analyze using Karl-Fisher titration due to
their small size and poor solubility to titration reagents.
Similar findings have been published previously by May ¢t al.
(20). The measurements were carried out because it has been
shown that the residual water content of lyophilized
formulation has an effect on protein storage stability (21).
According to the results of the thermogravimetric analysis,
the formulations with lower excipient/protein weight ratio
were shown to have relatively higher water content than
those with higher weight ratio. In comparison, sucrose
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lyophilizates contained slightly less residual moisture than
their counterparts, and trehalose lyophilizates slightly more.
The residual water content of lyophilizates after freeze
drying did not fully correlate with the protein activity loss
during storage. For example, sucrose and cellobiose lyophi-
lizates had different residual moisture contents, but their p-
galactosidase activities remained fairly similar throughout the
experiment. It should be noted that the effect of residual
moisture content on protein stability during storage is not a
straightforward matter. Even though lowering the water
content of the amorphous phase also decreases its molecular
mobility, the formulation with lowest water content (and
therefore lowest mobility) is not always the most optimal one
in protecting a protein from conformation changes. For
example, it has been shown that protein aggregation rate
during storage can in some cases be slower in formulations
with 2—3% (w/w) water content than those with lower water
content (21).

To check the reliability of the T, measurements, pure
excipient glass transition temperatures were measured
(shown in Table I) and compared to literature values. The
glass transition temperatures of pure trehalose, sucrose and
melibiose were slightly lower than what is generally given in
literature for dry samples by using similar measurement
methods, as their T, values have been reported as 100—
120°C (22,23), 70-75°C (24,25) and 85-95°C (22,24),
respectively. On the other hand, T, of pure cellobiose has
been given as 77°C (8), which is lower than what was found
here. However, in that particular study the sample
contained 2—-3% (w/w) water, which might have plasticized
the amorphous phase and lowered its T,. To take the water
contents of the lyophilizates into account when analyzing
their glass transition temperatures, T, of trehalose and
sucrose formulations with 2:1, 20:1 and 40:1 excipient/
protein weight ratios were also compared with calculated
disaccharide/water mixture T, values found from litera-
ture. For trehalose formulations, the measured glass
transition temperatures were all within standard deviation
limits from calculated T, values of disaccharide/water
mixtures (26). In the case of sucrose formulations, the other
measured T, values except that of the 2:1 sucrose/protein
weight ratio formulation were within standard deviation
limits from values calculated by using the Gordon-Taylor
equation (27,28). Overall, the glass transition temperatures
measured in this study were fairly comparable to those
found from literature, even when taking into account their
water contents. However, pure sucrose was shown to
crystallize during storage, which could have been caused
by an increase in the water content of the lyophilizate by
moisture transfer from the vial stopper to the lyophilizate.
Therefore, the glass transition temperatures of lyophilizates
should not be regarded as unchanging, as their water
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contents may rise during storage. This, in turn, may increase
the mobility of the amorphous phase and have a negative
effect on protein stability. The residual water contents or glass
transition temperatures of the lyophilizates were not measured
at the end of the experimental period, so it is not known how
these parameters changed during storage.

The thermogravimeter samples were not handed in a
dry box before measurement to prevent moisture uptake
from the atmosphere, because the apparatus uses open pans
to allow evaporation to take place freely. Even if the
samples were packed into pans in a dry box, transferring
them to the thermogravimeter would have subjected them
to atmospheric humidity. This does raise the question
whether the measured water content values are systemat-
ically too high, but as mentioned previously, the measured
glass transition temperatures and water contents correlated
fairly well with those found in the literature. This would
indicate that the samples did not absorb significant amounts
of water during the short period of time when they were
subjected to atmospheric conditions.

Protein Secondary Structure Analysis Using FT-IR

Sample pretreatment is an important part of spectroscopic
studies, and it is crucial to know if it affects the
measurement results in any way. Measuring IR-
transmission from pellets compressed from a mixture of
KBr and the sample of interest generally yields excellent
spectral resolution when compared to ATR measurements,
for example. However, when analyzing protein secondary
structures from compressed KBr pellets, concern might rise
whether the compression affects the interactions between
the protein and the excipient or the structure of the protein
being analyzed. Studies addressing this issue have been
previously published. The compression of KBr, disaccha-
ride and protein into pellets has been shown not to affect
disaccharide-protein interactions (29). Similar protein
secondary structure spectra may also be measured from
compressed pellets and uncompressed samples (hydrocar-
bon mulls), indicating that the compression does not
significantly alter protein secondary structure (30). There-
fore, the compression of freeze-dried protein formulations
into KBr pellets allows protein secondary structure to be
accurately determined without causing significant damage
to the sample during pretreatment. Furthermore, the KBr
transmission method allows proteins to be analyzed at
lower concentrations than when the lyophilizates are
rehydrated and their secondary structures determined from
aqueous solutions. This is because water can obscure the
FT-IR analysis of proteins by absorbing at the same region
as the amide I band (31). Based on this, Pretrelski et al. (32)
concluded that when in hydrated state, protein secondary
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structure should be analyzed from highly concentrated
solutions, but increasing the concentration may lead to
aggregation because the distance between protein mole-
cules decreases. This does not mean that measuring protein
secondary structure from aqueous solutions would be
impossible or inaccurate, but measuring the spectra directly
from lyophilizates will eliminate the need for sample
rehydration, a step which might decrease the sensitivity of
the analysis method and even alter protein conformation.

In the IR-spectra the amide I and II bands of f-
galactosidase were not visible in the formulations with 20:1
and 40:1 excipient/protein weight ratios, as their spectra
were indistinguishable from pure excipient spectra. This
was most likely the result of the weak amide I absorption of
the small amount of protein being overpowered by the O-H
stretch absorption of water (present as residual moisture),
which also absorbs in this region (31). When the secondary
structure spectra of 2:1 excipient/protein weight ratio
formulations were measured, it was evident that there were
structural changes during storage. This indicates that the
changes in protein secondary structure that affected its
enzymatic activity occurred at least partially in the solid
phase and not only when the lyophilizates were rehydrated.
As it is possible that T, of the 2:1 excipient/protein weight
ratio formulations was exceeded during storage, this might
have allowed significant protein secondary structure
changes to take place. Stll, Chang e al. (33) found that
gross changes in protein structure may occur even when the
formulations are stored under their Ty, and these changes
can be measurable with FT-IR. It should be noted that in
that study the protein secondary structure was analyzed
after 24 weeks of storage at 50°C, so it is not known
whether the rate of structural alterations was comparable to
our studies. Lyophilized B-galactosidase has also been
shown to degrade when stored at 50°C, below the T, of
the protein/disaccharide formulations in question (6).
However, the excipient concentrations used in that particular
study were significantly higher (9-50% w/w) than in our
experiments, which must be taken into account when
comparing the results. Taking these points into consideration,
it can be concluded that when stored in high temperatures
(~ 50°C), lyophilized proteins will degrade under experimen-
tal time scale even when the glass transition temperature of the
formulation is not exceeded.

When assessing the secondary structure changes in f-
galactosidase during storage, the intensification of the o-
helix peak around 1650 cm™ and the changes in the amide
IT region were found to be common to all formulations. It is
likely that the portion of a-helix structures of all secondary
structure types increases at the expense of P-sheet and
unordered structures, as has been shown earlier by Muga
et al. (11). Stll, it is difficult to see from the plain FT-IR
spectra how different excipients affect P-galactosidase

secondary structure changes. In this study, it would have
been possible to attempt to quantify the changes in protein
secondary structures during storage by calculating the
correlation coefficients (9) or the areas of overlap (34)
between the aqueous and lyophilized p-galactosidase FT-IR
spectra. However, such approach might produce unreliable
results for this kind of study, as the amide I and II peaks of
the spectra do not simply shift linearly during storage as
seen in Fig. 3. Peaks divide and converge in a seemingly
random manner, which means that it would not be likely
that all spectral changes lead to a decrease in the
correlation coeflicient or the area of overlap. Furthermore,
if protein degradation during storage would affect its
spectrum linearly, there should be at least some linear
change in the PC values of Fig. 4 as well. Stll, it is very
likely that all changes in protein secondary structure during
storage are unfavorable for its pharmaceutical quality and
bioactivity and that these changes reduce the overall
similarity between the unprocessed and processed protein.
In light of this, we agree with Wang e al. (35), who
concluded that the correlation coefficient and area of
overlap methods should not be used if the results do not
agree with visual analysis of the spectra, or if the method
seems insensitive for the protein in question. In qualitative
analysis, the PLS method can be a potent aid, as even
subtle differences in the spectra can be easily identified.
Compared to Fig. 3, it is easier to use the PLS model to
analyze the changes in protein secondary structure as a
function of storage time. It should be noted that the score
plot (Fig. 4) shows only the change of arbitrary structure
components (PCs) as a function of time, which must be
interpreted as absorption changes in amide I and II regions
by using the loadings plot (Fig. 5).

The score plot in Fig. 4 shows that initially there is
greater variation between different spectra (score points are
scattered), but as the lyophilizates are stored, those
containing trehalose and melibiose start to become increas-
ingly similar (score points become clustered). The same can
be seen with those containing sucrose and cellobiose. It is
worthwhile to notice that the spectra of 2:1 excipient/
protein weight ratio lyophilizates that contain sucrose or
cellobiose remain relatively similar at 30- and 90-day time
points, whereas the spectra of those lyophilizates containing
trehalose or melibiose change between the storage of 30
and 90 days. This change is very small, as can be seen from
the effect of the third PC on the overall spectra. The third
PC loading plot in Fig. 5 shows that this small shift is mostly
caused by the intensification of the peak attributed to o—
helix structures and to some extent B-turn structures. Still,
the phenomenon is visible in both FT-IR spectra and
enzymatic activity measurements, as the changes in f-
galactosidase secondary structure and activity are negligible
in sucrose and cellobiose formulations with 2:1 excipient/
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protein weight ratio between 30 and 90 days of storage
(Fig. 2). It seems that trehalose and melibiose are able to
inhibit the change of B-galactosidase from active towards
inactive conformation in the early stages more effectively
than sucrose and cellobiose with this weight ratio.

The Effect of Disaccharides on B-Galactosidase
Storage Stability

fB-galactosidase activity loss kinetics in formulations with 2:1
excipient/protein weight ratio resembled that of a biphasic
system, as described by Franks (36). In such systems, water
1s divided unevenly throughout the lyophilizate, leading to
accelerated protein degradation in some parts of the sample
at the early stages of storage. Water transfer from stoppers
to lyophilizates might have also caused such activity loss
profiles, as the viscosity of the amorphous phase might have
been decreased during storage, resulting in increased
degradation rate. However, the effect was not similar in
all formulations, and melibiose in particular seemed to be
effective in protecting P-galactosidase from activity loss.
This might partially be explained by the differences in
disaccharide glass transition temperatures. Tg
trehalose and melibiose are significantly higher than that
of sucrose (22), so more water is required to bring their T,
close to the storage temperature than with sucrose. Even
though T(storage)-T, and protein degradation rate might

of dry

not always be directly correlated (37), better stability may
still be achieved when the storage temperature is decreased
further below the T, of the formulation. This could also be
one reason why trehalose and melibiose inhibited p-
galactosidase degradation at the early stages of storage
more effectively than sucrose with 2:1 excipient/protein
weight ratio, where the initial water content was relatively
high (> 2.5% w/w). The differences between disaccharides
were less pronounced at 20:1 and 40:1 excipient/protein
weight ratios, which might have been partially caused by
the lower amount of water present in those lyophilizates.
Still, this would not fully explain the differences between
the excipients, as f-galactosidase activity was lowest with
trehalose at 40:1 excipient/protein weight ratio when
compared to other disaccharides when stored up to 90 days.
This result is corroborated by a previously published study
by Yoshioka et al. (6), where trehalose (100:1 excipient/
protein weight ratio) was found inferior to sucrose in
protecting lyophilized p-galactosidase from aggregation
when stored at 50°C. Therefore, the excipient glass
transition temperatures and water contents may have an
effect on P-galactosidase stability during storage, but they
do not explain all the results. Furthermore, in our study
cellobiose was inferior to melibiose in inhibiting -
galactosidase degradation during storage, even though their
glass transition temperatures are very close to each other.
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The storage stability of lyophilized pharmaceuticals is still a
poorly understood field, and more studies on different
excipients are required to validate or dismiss the current
theories.

Melibiose has not been thoroughly studied as a phar-
maceutical excipient, and little is known about its properties
in amorphous state. However, taking into account that it
inhibited the enzymatic activity loss of p-galactosidase
almost equally well with all excipient/protein weight ratios
that were tested (significant difference was found only
between 2:1 and 40:1 excipient/protein weight ratio
formulations after 90 days of storage at 45°C), melibiose
appears to be a promising candidate in inhibiting protein
nactivation during storage. Further studies are required to
screen its usefulness in this area. No comprehensive toxicity
studies have been carried out about melibiose, but doses up
to 5 g have been administered orally to children without
reported side effects (38,39). Furthermore, it has been
shown that melibiose is not significantly hydrolyzed to
monosaccharides after intravenous administration to rats
(40) and that it is mostly secreted to urine without
metabolization (41). This suggests that melibiose 1s relatively
mert in mammals. Therefore, its use as a pharmaceutical
excipient might be possible, even though more comprehen-
sive toxicity experiments would be necessary to study its

safety.

CONCLUSIONS

The changes in enzymatic activity and secondary structure
of P-galactosidase during storage at 45°C were dependent
on the excipient used. Of all the excipients, melibiose was
shown to be most prominent in inhibiting the enzymatic
activity loss of B-galactosidase with all excipient/protein
weight ratios that were studied. The changes in protein
secondary structure as a function of storage time in 2:1
excipient/protein weight ratio samples correlated with the
enzymatic activity measurements. It was shown that the IR
spectra of the lyophilizates containing sucrose or cellobiose
as an excipient changed more during the first 30 days of
storage, whereas in the case of trehalose and melibiose the
change was more uniform throughout the 90-day storage
period. Therefore, a link between the activity loss and f-
galactosidase FT-IR spectra during storage was established.
The shortcoming of the FT-IR analysis method was that
the amide I and II bands of the protein could not be
detected in 20:1 and 40:1 excipient/protein weight ratio
formulations due to the low protein concentration in the
samples. However, in the cases where protein amide I and
II bands could be detected, the PLS model was shown to be
useful in identifying very small changes in protein secondary
structure.
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