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ABSTRACT

The purpose of the present studies was to systematically
investigate protein-mannitol interactions using vacuum dry-
ing, to obtain a better understanding of the effect of pro-
tein/mannitol wt/wt ratios on the physical state of mannitol
and protein secondary structure in the dried state. Solutions
containing B-lactoglobulin (BLg):mannitol (1:1-1:15 wt/wt)
were vacuum dried at 5°C under 3000 mTorr of pressure.
The physical state of mannitol was studied using x-ray pow-
der diffractometry (XRPD), polarized light microscopy
(PLM), Fourier-transform infrared (FTIR) spectroscopy, and
modulated differential scanning calorimetry (MDSC).
XRPD studies indicated that mannitol remained amorphous
up to 1:5 wt/wt BLg:mannitol ratio, whereas PLM showed
the presence of crystals of mannitol in all dried samples ex-
cept for the 1:1 wt/wt BLg:mannitol dried sample. FTIR
studies indicated that a small proportion of crystalline man-
nitol was present along with the amorphous mannitol in
dried samples at lower (less than 1:5 wt/wt) fLg:mannitol
ratios. The T, of the dried 1:1 wt/wt BLg:mannitol sample
was observed at 33.4°C in MDSC studies, which indicated
that at least a part of mannitol co-existed with protein in a
single amorphous phase. Evaluation of the crystallization
exotherms indicated that irrespective of the BLg:protein
wt/wt ratio in the initial sample, the protein to amorphous
mannitol ratio was below 1:1 wt/wt in all dried samples.
Second-derivative FTIR studies on dried BLg and recombi-
nant human interferon o-2a samples showed that mannitol
affected protein secondary structure to a varying degree de-
pending on the overall mannitol content in the dried sample
and the type of protein.
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INTRODUCTION

Recently, there has been an increased level of interest in
developing drying technologies in addition to lyophilization
to formulate proteins as dry powders. The need has been
generated to overcome some of the issues associated with
the process of lyophilization that include long processing
times (typically 3-5 days), expensive set up and mainte-
nance of the lyophilization plants, and, most of all, the insta-
bilities incurred upon proteins because of the inherent steps
involved during freeze-drying.'> The alternative technolo-
gies to lyophilization that have been developed recently in-
clude spray-drying,** spray-freeze drying,” bulk crystalliza-
tion,® supercritical fluid technology,”® vacuum drying,” and
foam drying.'” Due to the complex structural properties,
proteins have a tendency to denature and undergo irreversi-
ble aggregation during various processing steps of drying.'"
" The general strategy to stabilize proteins against drying
and dehydration stresses is to use sugars such as trehalose or
sucrose. The protective action of these sugars is attributed to
their water-substituent properties,*'® which would preserve
protein native structure upon loss of water, and/or their ten-
dency to form stable glassy matrices,'”"” which would pro-
vide a kinetic barrier for protein denaturation or aggregation
to occur.

Mannitol is often added in dried protein formulations as the
bulking agent as it has the tendency to crystallize rapidly
from aqueous solutions. However, the physical state of
mannitol depends on the processing steps, and improper
control of the drying process can significantly affect the
physical properties of mannitol in terms of its crystallization
behavior. For example, manipulation of the freezing cycle
can result in the formation of either amorphous mannitol or
crystalline mannitol depending on the duration and the cool-
ing rate during the freezing step of lyophilization.”**' Stud-
ies have been reported on the effect of mannitol on the sta-
bility of proteins during freeze-drying,”** spray-drying,”*
and microsphere preparation.”” It has been shown that, in
general, protein stability depended on the physical state of
mannitol, and crystalline mannitol was ineffective in pre-
serving protein activity. Investigations have shown that
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mannitol crystallinity is affected by the presence of a coso-
lute such as proteins, buffer components, or sugars.”**' Al-
though these investigations indicated that a certain cosolute
to mannitol ratio is required for the mannitol to remain
amorphous, there has been no detailed systematic study to
investigate the effect of the protein:mannitol ratio on the
crystallinity of mannitol. In certain instances, for example, a
higher protein:mannitol ratio (1:50 wt/wt) has been used to
investigate protein-mannitol interactions,” whereas, in other
studies, it has been reported that mannitol crystallinity is
inhibited even at a much lower protein:mannitol wt/wt ra-
tio.** It is also important to note that in almost all of the stud-
ies performed to investigate protein-mannitol interactions,
freeze-drying or spray-drying has been used as the drying
process. These processes by themselves have the tendency
to affect protein structure and stability because of the inher-
ent steps involved such as freezing, presence of ice/water
interface (in case of freeze-drying,) or generation of a large
air/water interface (in case of spray-drying). Hence, it would
be difficult to ascertain whether an alteration in protein sta-
bility or structure in the presence of mannitol is due to the
effect of the process or the inability of the excipient (ie,
mannitol) to preserve protein structure/stability.

Therefore, the goal of the present studies was to systemati-
cally investigate protein-mannitol interactions using a sim-
ple drying process (ie, vacuum drying) in order to obtain a
better understanding of the physical state of mannitol in the
presence of proteins and its effect on the secondary structure
of proteins. Vacuum drying was used in these studies be-
cause it offered a simple means of removal of water without
any additional complications encountered in other proc-
esses. A multitude of techniques such as x-ray powder dif-
fraction (XRPD), polarized light microscopy (PLM), modu-
lated differential scanning calorimetry (MDSC), and Fou-
rier-transform infrared spectroscopy (FTIR) were used for a
comprehensive analysis. The emphasis has been placed on
studying the effect of varying protein:mannitol wt/wt ratios
on the physical state of mannitol using beta-lactoglobulin
(BLg) as a model protein and on quantification of the amor-
phous and crystalline contents of mannitol in the dried sam-
ples.

Mannitol is a nonreducing acyclic sugar commonly used in
pharmaceutical formulations. Mannitol is known to exist
primarily in 3 main polymorphic forms designated as a, f3,
and o forms that can be prepared by altering solution condi-
tions and drying rates. Recently a monohydrate form of
mannitol that is formed during freeze-drying has also been
reported.”® The spectral features of these polymorphs have
been discussed elsewhere.”*® The commercially available
mannitol mainly comes as the B-polymorph, which is also
the thermodynamically stable form of mannitol at room
temperature.

BLg was used as the model protein for the characterization
of physical state of mannitol because of its ease of commer-
cial availability in large quantities in the lyophilized form.
To study the effect of mannitol on the secondary structure of
proteins, studies were performed using PLg and recombi-
nant interferon a-2a (IFNa2a). The 2 proteins were chosen
for secondary structure analysis because of the differences
in their secondary structure content (BLg predominantly has
beta sheets, whereas IFNa2a is an all alpha-helical protein).
BLg is an 18-kDa protein that exists as a dimer at pH 7.4.
The isoelectric point (pI) of BLg is about 5.0, hence it pos-
sesses a net negative charge at pH 7.4. IFNa2a is a mono-
meric (from size exclusion chromatography-light scattering
and velocity sedimentation studies; data not shown), 19-kDa
protein, and the pl of this protein is in the range of 6.0 to 7.0.
Hence, at pH 5.0 (pH of the solution at which IFNo2a was
supplied), IFNa2a has a net positive charge.

MATERIALS AND METHODS

Materials

All buffer reagents and chemicals used in the present studies
were of highest purity grade available from commercial
sources and were used without further purification. D-
mannitol was obtained as a fine crystalline powder United
States Pharmacopeia grade from Cerestar USA Inc
(Hammond, IN). Beta-lactoglobulin was obtained from
Sigma-Aldrich (product no. L-3908, St Louis, MO) as a
lyophilized powder (lyophilized from deionized water). In-
terferon o-2a (IFNo2a) was donated generously by Hoff-
man-La Roche (Nutley, NJ) and was supplied as a 1.6-
mg/mL solution in pH 5.0 acetate buffer. Double distilled
water, filtered through a 0.22-pm Millipore Millex filter
(Millipore Corp, Billerica, MA) was used for preparation of
all solutions.

Vacuum Drying

Dried samples of protein and mannitol were prepared by
vacuum drying aqueous solutions containing fLg and man-
nitol in 1:1, 1:2, 1:5, 1:10, and 1:15 wt/wt ratios. Using a
molecular weight of 36 000 Da for BLg dimer, these wt/wt
ratios correspond to 1:198, 1:396, 1:989, 1:1980, and 1:2967
molar ratios of PLg:mannitol, respectively. The solutions
were prepared in 10 mM phosphate buffer, pH 7.4, with
ionic strength adjusted to 100 mM using sodium chloride. In
brief, lyophilized PLg was dissolved in buffer and then
added to mannitol solutions of varying concentrations to
achieve desired PLg:mannitol ratio. For drying, 1 mL of
each solution (in triplicate) was placed in 10-mL glass vials
(West Pharmaceutical Co, Lionville, PA), and drying was
performed using an FTS Dura-stop freeze-dryer (FTS sys-
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tems Inc, Stoneridge, NY) at an initial controlled shelf tem-
perature of 25°C under 3000 mTorr of pressure. During dry-
ing, the product temperature dropped down to ~0°C within 5
to 10 minutes. As the product temperature started increasing
and reached close to 5°C, the shelf temperature was also
reduced to 5°C, and the drying was then performed at a shelf
temperature of 5°C for 24 hours. The vials were finally stop-
pered under vacuum and stored at -20°C for further analysis.
The final product appeared as a highly porous dried mass
inside the vial.

Moisture Analysis

Moisture analysis was performed on dried samples using an
Orion AF7LC Coulometric Karl Fischer Titrimeter (Orion
Research Inc., Boston, MA). The samples were sus-
pended/dissolved in anhydrous methanol, and the moisture
content was determined using anhydrous methanol as blank.
All vacuum-dried samples had a final moisture content in
the range of 0.5% to 1.2% wt/wt irrespective of the physical
state or content of the protein or mannitol at the end of the
24-hour vacuum-drying period. All samples were stored in
sealed vials (sealed within the dryer at the end of drying),
and physical characterization was performed within 24 to 48
hours. No change in the moisture content was observed at
the end of this storage time.

X-Ray Powder Diffraction

XRPD scans of dried samples were obtained on a Brucker
D5005 x-ray diffractometer (Brucker AXS Inc, Madison,
WI) using a CuKa radiation of wavelength 0.154 nm (volt-
age 40 kV, current 40 mA) from 2° to 40° range of 260 at a
scan rate of 0.5°/min. Approximately 100 mg of the dried
product was placed on the flat polymer-based sample
holder. All scans were normalized with respect to the counts
per second to remove the variability in the intensity caused
by slightly different powder amounts. The XRPD patterns
obtained for mannitol in all samples were compared with the
standard scans for identification of the mannitol poly-
morphs.””*® The abscissa of the scans is presented in 20 an-
gles and can be converted to d-spacings (in Angstroms, to
remove wavelength dependence of peaks) using Bragg’s
equation (ie, A = 2dsin0, where A is the wavelength of the
radiation).

Polarized Light Microscopy

Vacuum-dried samples were analyzed for crystallinity using
PLM (Micro-Tech Optical (NE) Inc, Bloomfield, CT). A
few milligrams of the samples were placed on a glass slide
under a drop of immersion liquid and covered with a cover-

slip. Dried samples were viewed under magnification x40,
and the pictures were captured and stored using a Sony Hy-
per HAD color video camera (Sony, New York, NY).

Fourier-Transform Infrared Spectroscopy (Mannitol
Characterization)

FTIR spectroscopy was used to characterize the amorphous
and crystalline polymorphs of mannitol. FTIR scans of dried
samples containing mannitol were collected on a Nicolet
Magma 560 FTIR spectrometer equipped with a dTGS de-
tector. For each dried sample, an amount equivalent to ap-
proximately 1.0 mg of mannitol was mixed with 150 mg of
dried KBr to produce the KBr pellet. A total of 100 scans
were accumulated at 4-cm™ instrument resolution in the re-
gion of 4000 cm™' to 400 cm’™.

Modulated Differential Scanning Calorimetry

MDSC scans on dried samples were obtained on a TA In-
struments 2920 Modulated DSC equipped with a refriger-
ated cooling system and calibrated using indium (TA In-
struments Inc, New Castle, DE). The dried samples were
hermetically sealed in aluminum pans in dry nitrogen envi-
ronment. All scans were obtained in the range of -20°C to
200°C at a scan rate of 2°C/min with a modulation of
0.5°C/min. The scans were normalized for the weight of
mannitol in the sample that was placed in the pan and ana-
lyzed using Universal Analysis software provided by TA
Instruments.

For quantification of the amorphous mannitol in the dried
state, a known amount of the dried sample (in triplicate) for
various wt/wt ratios was placed in the DSC pan. The area
under the crystallization exotherm was calculated using the
Universal Analysis software and normalized for the weight
of mannitol. Since all of the mannitol was present in the
amorphous state in the 1:1 PLg:mannitol wt/wt ratio (from
XRPD and PLM results), the heat of crystallization from
this sample was used to calculate the amount of amorphous
mannitol in other samples. The methodology is discussed in
more detail in the MDSC results section.

Fourier-Transform Infrared Spectroscopy (Protein
Secondary Structure)

The secondary structure of rhIFN and BLg in vacuum-dried
samples was evaluated by obtaining area-normalized second
derivative FTIR spectra using a Nicolet Magna 560 FTIR
spectrometer equipped with a dTGS detector. The spectra of
dried protein powders were collected in the transmission
mode using KBr pellets prepared by mixing samples con-
taining equivalent of 0.5 to 1 mg protein in 150 mg of dried
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Table 1. Specific XRPD Peak Positions Characteristic of Various Polymorphs of Mannitol Used for
Polymorph Identification Along With Their Reported Melting Points™*

o Polymorph B Polymorph 0 Polymorph
C o 10.4° o
Distinguishing XRPD peak 13.6 o 9.7
ositions 17.2° 14.6 22.2°
p : 23.4° '
Melting points* 166°C 166.5°C 150°C-158°C

*XRPD indicates x-ray powder diffractometry.
tData from Burger et al”’
{Data from Yu et al.**

KBr under dry nitrogen environment. The pellet preparation
was performed using a previously described procedure that
was modified slightly.”*° Instead of placing the whole die
in vacuum overnight, only KBr was dried overnight. The
protein-KBr mixtures were prepared under dry nitrogen en-
vironment, and the pellets were pressed in vacuum under 12
tons of hydraulic pressure. A total of 100 scans were accu-
mulated in the 4000 to 400 cm™ region at 4-cm™ instrument
resolution. The original scans were smoothed using an 11-
point smoothing function, and the second derivatives of
these scans were obtained in the 1750 to 1550 cm™ region
(amide I). The second derivative spectra were baseline sub-
tracted and finally area-normalized to unit area for relative
comparisons.

RESULTS AND DISCUSSION

Characterization of Physical State of Mannitol in
Vacuum-Dried Protein-Mannitol Samples

XRPD Studies

The 3 main polymorphs of mannitol (ie, a, B, and & forms)
exhibit distinct 26 peaks in XRPD scans that can be used to
identify the type of polymorph present in a given sample.””**
Some characteristic peaks of these 3 forms along with their
reported melting points are shown in Table 1. The peak po-
sitions listed for each mannitol polymorph are those, which
are not present in the other 2 polymorphs, hence the absence
or presence of these listed peaks in the XRPD scan would
clearly indicate the type of polymorphs present in the dried
sample.

Figure 1 shows the XRPD scans of pure mannitol and of
mannitol dried from water and buffer. The XRPD pattern of
commercial mannitol used in these studies showed sharp
peaks at 23.4°, 14.6°, and 10.4° 20 that were characteristic
of the crystalline B-polymorph (Table 1). This finding was
also confirmed by the presence of a melting point peak
~166°C (DSC studies not shown). When dried from water
or buffer, additional peaks were observed at 22.2° and 25.3°

20 in the XRPD scans, indicating the presence of o-
polymorph along with B-polymorph. The presence of a-
polymorph was ruled out because no peaks were observed at
either 13.6° or 17.2° 26.
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Figure 1. XRPD scans of pure mannitol and mannitol vac-
uum dried from water and buffer: (a) pure mannitol, (b)
mannitol dried from water, (c¢) mannitol dried from buffer.
The arrows represent the peaks that are not present in the
XRPD scan of pure mannitol.

Figure 2 shows the XRPD scans of samples vacuum dried
from solutions containing different wt/wt ratios of
BLg:mannitol and of pure mannitol. No peaks were ob-
served in the XRPD patterns of vacuum-dried samples con-
taining up to 1:5 wt/wt fLg:mannitol, indicating a lack of
crystallinity in these samples. This finding indicated that
proteins such as BLg have a tendency to inhibit crystalliza-
tion of mannitol up to a certain wt/wt BLg:mannitol ratio. As
the mannitol content was increased up to a 1:15 wt/wt
BLg:mannitol ratio in the dried samples, several low inten-
sity peaks were observed in the XRPD scans. From the posi-
tions of these low intensity peaks, it seemed that mannitol
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Figure 2. XRPD scans of samples vacuum dried from solu-
tions containing different wt/wt ratios of fLg:mannitol, re-
spectively: (a) 1:1, (b) 1:2, (¢) 1:5, (d) 1:10, (e) 1:15, and (f)
pure mannitol.

crystallized out as a mixture of polymorphs at higher pro-
tein:mannitol ratios. Specifically, peaks at 9.7° and 22° 20
for the 1:15 wt/wt BLg:mannitol containing dried sample
indicated that mannitol crystallized out mainly as a &-
polymorph. The small peak present at 18.7° 26 and 23.4° 26
indicated that a small amount of mannitol could be crystal-
lizing out as either a- or f-polymorph.

PLM Studies

Figure 3 shows the PLM images of vacuum-dried samples
prepared from solutions containing various ratios of fLg and
mannitol as compared with a 1:1 wt/wt physical mixture of
BLg:mannitol. The crystalline mannitol appeared as bright
white needles as shown in Figure 3A, whereas the protein
appeared as black particles in the background because of its
amorphous character. When vacuum dried, no evidence of
any crystalline mannitol was observed in the 1:1 wt/wt
BLg:mannitol containing sample as shown in Figure 3B.
This finding supports the results observed in XRPD, which
show that protein significantly inhibits mannitol crystalliza-
tion upon vacuum drying at low protein:mannitol ratios.
However, in all of the other samples (Figures 3C-3F), some
amount of crystalline mannitol was observed, which was
attributed to the brightness in the PLM images of these sam-
ples; however, the brightness was far less compared with
that observed in the physical mixture. This finding indicated
that mannitol was present in these samples both in the amor-
phous and crystalline forms.

The presence of crystalline mannitol in samples containing
as low as 1:2 wt/wt BLg:mannitol, as seen in the PLM im-
ages, was an important observation, since no evidence of
crystalline mannitol was seen in these samples from XRPD
studies. This finding could be due to the low sensitivity of
the XRPD to the presence of a slight amount of crystalline
material in mixed crystalline/amorphous systems. Based on
these results, it can be concluded that PLM is a far more
sensitive technique to indicate the presence of crystalline
material as compared with XRPD. Although PLM seemed
to be a better indicator of the presence of crystalline material
in a mixed system, this technique could not be used for the
quantification of the crystallinity in the present system pri-
marily because the random distribution of the crystals in the
system makes any reproducible quantification difficult.
FTIR studies were conducted to further investigate and con-
firm whether crystalline mannitol was present in lower (less
than 1:5 wt/wt) BLg:mannitol-containing dried samples.

FTIR Studies

It has been shown that the FTIR spectra of the 3 polymorphs
of crystalline mannitol differ considerably and reflect the
difference in the interaction forces between molecules that
result from different conformation arrangements in each
crystal polymorph.”’ By similar argument, considerable
changes in the FTIR spectra should also be observed be-
tween the amorphous form and the different crystalline
forms of the same material. In general, the peaks observed
in a typical FTIR spectrum can be categorized in 2 sections:
(1) the "functional group" region from 4000 to 1500 cm™, in
which the peaks are characteristic of specific kinds of bonds
and their vibrational modes, and (2) the "fingerprint" region
from 1500 to 400 cm™, where the peaks arise from complex
deformations of the whole molecule. The peaks in the fin-
gerprint region are a characteristic of molecular symmetry
or combination bands arising from multiple bonds deform-
ing simultaneously and hence are unique to each molecule.

In the present FTIR studies, the whole region of 4000 to 400
cm’ was evaluated in order to gain an understanding of the
physical state of mannitol in various dried samples. Figure
4A shows the FTIR spectra of pure mannitol, pure BLg
(vacuum-dried BLg in the absence of mannitol), and a 1:1
wt/wt physical mixture of fLg:mannitol in the functional
group region. As observed, pure mannitol showed sharp
peaks between 3400 cm™ and 3200 cm™ that are characteris-
tic of the O-H stretching vibrations with intermolecular H-
bonds. Another set of sharp peaks was observed between
3000 and 2800 cm™, characteristic of the C-H stretching
vibrations. The positions and the number of peaks in these
regions related to the B-polymorph of mannitol (compared
with spectra described by Yu et al’®), which was also con-
firmed earlier by XRPD studies. The FTIR spectrum of pure
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Figure 3. Polarized light microscopy images of samples vacuum dried from solutions containing various
wt/wt ratios of BLg:mannitol, respectively: (A) physical mixture of 1:1 wt/wt BLg:mannitol, (B) 1:1, (C)
1:2, (D) 1:5, (E) 1:10, and (F) 1:15. The bright white parts of the images indicate crystallinity in the sam-

ples.
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Figure 4. FTIR spectra of (a) pure BLg, (b) pure mannitol and (c) physical mixture of 1:1 wt/wt
BLg:mannitol. (A) Functional group region. (B) Fingerprint region. The arrows represent the peaks

of interest.

protein in the functional group region showed a broad peak
at 3200 cm™ and another set of small peaks in the 3000 to
2800 cm™ region. Since there are several functional groups
present in the protein, specific assignment to these peak po-
sitions was not attempted. It is sufficient for our purpose that
the peak positions and number of peaks differ for pure man-
nitol and pure protein. Hence, when a physical mixture of
BLg and mannitol was prepared in a 1:1 wt/wt ratio, the re-

sulting FTIR spectrum showed peaks that would typically
result from the sum of the spectra of the pure compounds.
Of special interest in the FTIR spectrum of physical mixture
were the peaks at 3380 cm™ and the group of peaks between
3000 and 2800 cm™.

The fingerprint region (1400-400 cm™) actually provided a
better indicator of the physical state of mannitol since the
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Figure 5. FTIR spectra of samples vacuum dried from solutions containing various wt/wt ratios of
BLg:mannitol: (a) physical mixture of 1:1 wt/wt fLg:mannitol, (b) 1:1, (¢) 1:2, (d) 1:5, and (e) 1:10. (A)
Functional group region. (B) Fingerprint region. The arrows represent the peaks where the changes are most

prominent.

protein, BLg, did not exhibit any significant peaks in this
region (as shown in Figure 4B). Mannitol, on the other
hand, displayed several characteristic peaks in this region.
The shape and position of these peaks corresponded to the
B-polymorph of mannitol. Because of the pronounced peaks
of mannitol in this region as compared with Lg, the shape
of the FTIR spectrum of the 1:1 physical mixture of
BLg:mannitol mainly resembled the spectrum shape of pure
mannitol. This finding was useful as any change in the spec-
trum shape could be related directly to a change in the
physical state of the mannitol.

Figures 5A and 5B show the FTIR scans of vacuum-dried
mannitol-fLg samples in various wt/wt ratios and are com-
pared with the FTIR scan of 1:1 wt/wt physical mixture of
mannitol and BLg. The FTIR scan of sample containing
dried mannitol and BLg present in a 1:1 wt/wt ratio indicated
that mannitol loses its crystallinity to a significant extent.
This finding was based on the broadening of the peak at
3400 to 3300 cm™, which was unlike the peaks in the spec-
tra of pure protein or mannitol or the physical mixture in this
region. This broadening is attributed to the enormous inter-
molecular hydrogen bonding in the system as a result of
mannitol being present in amorphous state with the protein.
The presence of amorphous mannitol was further confirmed
by the loss of sharp peaks in the 3000 to 2800 cm™ region
and the absence of several peaks in the fingerprint region
that were originally present in the physical mixture. The
overall absence of sharp peaks in the fingerprint region, re-
sulting in broadening of the spectrum, is a direct indication
of mannitol being present in the amorphous form, since
none of the crystal forms of mannitol exhibit this behavior.
The loss of peaks occurs because of a loss in the specific
vibrational modes of the mannitol molecule, which are re-

stricted in a crystal, to the much more widely distributed
vibrational modes that are typical of an amorphous system.

As the mannitol proportion was increased in the dried sam-
ples compared with BLg, appearance of some of the IR
peaks was observed, which were also present in pure
crystalline mannitol and in the physical mixture, for ex-
ample, at 3400 cm’, in the region of 3000 to 2800 cm’, and
in the fingerprint region. This finding indicated that upon
increasing the mannitol proportion in the dried samples from
1:2 to 1:10 wt/wt PLg:mannitol ratios, the crystals of
mannitol appeared in the system. However, the intensity of
these peaks was not as high as seen in the 1:1 physical
mixture of mannitol and fLg, which indicated that there was
amorphous mannitol present in the system as well. The
intensity of these peaks increased proportionally to the
mannitol amount in the system, further indicating that the
crystallization of mannitol depended strongly on the BLg to
mannitol ratio. It is important to mention again that the
presence of crystalline mannitol was not evident in low
mannitol-containing dried samples from XRPD studies such
as in 1:2 or 1:5 wt/wt PLg:mannitol samples. These samples,
however, did show the presence of a slight amount of
crystalline mannitol as indicated by the reappearance of
certain low-intensity peaks characteristic of crystalline man-
nitol in FTIR studies as was also indicated by the PLM
studies. Hence, FTIR spectroscopy appeared to be more
sensitive than XRPD in picking up small quantities of
crystalline material in a largely amorphous system.

Modulated Differential Calorimetry Studies

MDSC studies were performed to characterize the amor-
phous mannitol present in various vacuum-dried PLg-
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mannitol systems. MDSC was used in order to clearly study
the various events that could be seen in a typical thermo-
gram for an amorphous system such as glass transition, re-
crystallization, protein denaturation, and mannitol melting.
The theory behind MDSC is well documented in litera-
ture.’'** In brief, for the purpose of present studies, the re-
versible heat flow characterizes the "reversing" events such
as glass transition, whereas the nonreversible heat flow
characterizes events such as enthalpy relaxation and crystal-
lization. Hence, MDSC can be used to deconvolute events
that may take place in a complex system. Figure 6 repre-
sents the reversible heat flow, nonreversible flow, and the
total heat flow in a MDSC scan for a vacuum-dried 1:1
wt/wt BLg:mannitol system. Several events are evident in
this scan. The presence of amorphous mannitol in the dried
sample was confirmed by the presence of glass transition,
T,, which is most evident in the reversible heat flow ther-
mogram and has a midpoint around 33.4°C (shown in the
inset). The glass transition was followed by the crystalliza-
tion of mannitol as shown by the presence of crystallization
exotherm in the nonreversible heat flow thermogram (crys-
tallization exotherm will not appear in the reversible heat
flow thermogram). The final 2 events represented the pro-
tein denaturation endotherm around 130°C (based on DSC
of pure vacuum-dried protein) and melting endotherm of the
crystalline mannitol around 142°C (lower temperature than
that of pure mannitol due to presence of protein as the impu-
rity).

As shown in the inset of Figure 6, the glass transition mid-
point of amorphous mannitol appears around 33.4°C, which
is significantly higher than the reported glass transition mid-
point of the pure amorphous mannitol (13°C-15°C).” This
finding indicates that at least a part of the amorphous manni-
tol existed in a single amorphous phase with the amorphous
protein, and the resulting glass transition midpoint is the
weighted average of the glass transitions of the 2 compo-
nents. This is important because for both the "vitrification
theory" and the "water-substitution theory" of stabilization
of proteins in the dried state, the primary criterion for an
effective stabilizer is that it must be present in a single
amorphous phase with the protein. Hence, mannitol could
serve as an effective stabilizer of proteins during drying as
long as it remains amorphous in the system.

Figure 7 represents the total heat flow thermograms for
dried samples that contained fLg:mannitol in the range of
1:2 to 1:10 wt/wt ratios. The crystallization exotherm is
clearly seen in all thermograms, indicating the presence
of amorphous mannitol in all of the initial samples. Fur-
thermore, the crystallization exotherms appeared at lower
temperatures for increasing amounts of mannitol in dried
samples, indicating enhanced susceptibility of the amor-
phous mannitol to crystallize as the mannitol proportion
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Figure 6. MDSC thermogram of vacuum-dried 1:1 wt/wt
BLg:mannitol showing the reversible, nonreversible, and
total heat flow. Various events indicated are (a) mannitol
glass transition (expanded in the inset), (b) mannitol recrys-
tallization, (c) protein denaturation, and (d) mannitol melt-
ing.
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Figure 7. Total heat flow in MDSC thermograms indicating
crystallization exotherms of mannitol in samples vacuum
dried from solutions containing various wt/wt ratios of
BLg:mannitol. (a) T , midpoint at 20°C. (b) T , midpoint at
17.5°C.

is increased. Of interest, the areas under the crystallization
exotherms decreased with increasing mannitol proportion in
the dried sample. Considering that these thermograms were
normalized for the weight of mannitol, this observation indi-
cated that the ratio of the amorphous to crystalline mannitol
decreased with an increase in the overall amount of manni-
tol in the dried protein-mannitol samples. Hence, it can be
concluded that as the mannitol ratio is increased in the vac-
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Table 2. Normalized Heats of Crystallization for the Amorphous Mannitol in Various wt/wt Ratios of BLg:Mannitol-Dried
Samples From The MDSC Scans and Results of the Calculations Indicating Ratio of BLg: Amorphous Mannitol in the

Dried Samples*
Sample . .
pLg:Mannitol  Weight in l:l/[;lzm;gl Normalized Heat of % Amorphous Aﬁ;ﬁliltzllls Amorl')rl(::)el:i\/[an-
Ratio, wt/wt DSC Pan, unt, Crystallization, J/g} Mannitol . P u
mgt mg¥ Content, mg nitol Ratio, wt/wt

1:1 9.5 425 128.5+11.1 100% 425 1:1

1:2 7.3 4.82 64.3+£42 50.07% 2.41 1:0.97

1:5 7.3 6.08 24.64+£2.1 19.17% 1.217 1:0.95

1:10 6.1 5.54 10.59 + 0.9 8.24% 0.555 1:0.85

*MDSC indicates modulated differential scanning calorimetry.

Only single values are presented to represent the amount of mannitol in each wt/wt ratio.

*Values are mean (n = 3) + SD.

uum-dried mannitol-BLg samples, mannitol is present in
both crystalline and amorphous forms with the crystalline
mannitol amount increasing with an increase in total manni-
tol proportion. This finding could be an indication of the fact
that there is only a fixed ratio of pLg:mannitol that keeps the
mannitol amorphous and the rest of the mannitol crystallizes
out.

To further confirm that this is indeed the case, attempt was
made to quantify amorphous mannitol in the dried samples
by calculating areas under the crystallization exotherm for
samples containing different fLg:mannitol wt/wt ratios. The
assumption was that whatever amorphous mannitol was
present in the initial dried sample crystallized out and exhib-
ited a crystallization exotherm in the MDSC scan. The ad-
vantage offered by this method was that even if mannitol
crystallized out as different polymorphs, the total area under
the crystallization exotherm would still represent crystalliza-
tion from total amorphous mannitol in the initial dried sam-
ples. The sample containing PLg:mannitol in a 1:1 wt/wt
ratio was considered to be completely amorphous as also
indicated by XRPD, PLM, and FTIR studies. Hence, the
normalized heat of crystallization per gram of mannitol for
this sample would arise from all of the mannitol present. In
a similar way, normalized heat of crystallization was also
obtained for other samples containing different wt/wt ratios
of PLg:mannitol. The results are shown in Table 2. As
shown in the table, the normalized heats for higher
BLg:mannitol ratios decreased with an increase in the man-
nitol proportion in the sample. If all of the mannitol was
amorphous in all samples, then after normalization for the
mannitol weight, similar heat of crystallization data should
have been obtained. This is clearly not the case. This finding
indicates that samples with 1:2 or higher wt/wt
BLg:mannitol ratios contained both amorphous and crystal-
line mannitol as was also observed through other tech-
niques.

To calculate the amount of amorphous mannitol and the
exact ratio of protein to amorphous mannitol in the dried
samples, percentage of amorphous mannitol was obtained
by dividing the heat of crystallization obtained for 1:2 wt/wt
and higher BLg:mannitol-containing samples by the heat of
crystallization of the 1:1 wt/wt BLg:mannitol sample. From
this percentage, the amount of amorphous mannitol was
obtained in each sample. The amount of amorphous manni-
tol was then divided by the amount of protein, to obtain the
protein to amorphous mannitol ratio. These results are
shown in Table 2. It can be seen that with increasing
BLg:mannitol ratio in the dried samples, the pro-
tein:amorphous mannitol wt/wt ratio does not increase
above 1:1 and decreases only slightly with an increase in the
initial PLg:mannitol wt/wt ratios. This was an important
observation and indicated the presence of specific interac-
tions between BLg and mannitol. These results were consis-
tent with PLM and FTIR studies, which showed the absence
of crystalline mannitol at 1:1 wt/wt ratio, whereas crystalline
mannitol was clearly observed in 1:2 and higher wt/wt ra-
t10s.

If the wt/wt ratio of protein:amorphous mannitol does not
change significantly with the change in the initial pro-
tein:mannitol wt/wt ratio, then the T, of the system should
remain constant, independent of the initial protein:mannitol
ratios. However, a decrease in the T, was observed upon
increase in the protein:mannitol ratio (see Figure 7) indicat-
ing that a higher amount of amorphous mannitol may be
present in the dried state as compared with that calculated
from the crystallization exotherms. This is also indicated by
the XRPD studies, where no characteristic peaks of manni-
tol were observed, even though the results of the calcula-
tions indicated presence of more than 50% crystalline man-
nitol. A plausible explanation for this inconsistency is that
the crystallization of mannitol is affected in the temperature
scanning mode. In other words, crystallization of mannitol
occurs as a function of increasing temperature with time in
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DSC, which could result in a lower estimate of amorphous
mannitol as compared with crystallization at constant tem-
perature. Hence, the estimate of the amorphous mannitol
from the crystallization exotherm in DSC studies should be
accepted with a little caution.

Opverall, from the above studies it can be concluded that pro-
teins have a general tendency to inhibit the crystallization of
mannitol and thus retain mannitol in the amorphous state.
FTIR and PLM seemed to be better indicators of presence of
small amounts of crystallinity in the mixed amor-
phous/crystalline systems. At least part of amorphous man-
nitol was present in the single phase with the protein, and
the MDSC studies indicated that the wt/wt ratio of the pro-
tein:amorphous mannitol is relatively fixed and is independ-
ent of the initial protein:mannitol wt/wt ratio in the dried
samples. The next step was to study the effect of the physi-
cal state of mannitol on the secondary structure of protein by
use of FTIR spectroscopy.

Secondary Structure of Proteins in Vacuum-Dried
Samples Containing Mannitol: Second Derivative
FTIR Studies

FTIR studies were performed in order to investigate the effect
of the physical state of mannitol and the amount of mannitol
in the dried samples on the secondary structure of 2 proteins,
BLg and rhIFN, after vacuum drying. The 2 proteins differ
significantly with regard to their secondary structure (BLg
predominantly has beta sheets, whereas IFNo2a is an all al-
pha-helical protein). Hence, the purpose of these studies was
to study the effect of initial protein:mannitol wt/wt ratio on
the structure of 2 different proteins in the dried state following
vacuum drying. This was done by qualitatively comparing the
area-normalized second derivative FTIR spectra of proteins in
the amide I (1700-1600 cm™) region. Mannitol did not show
any IR band in this region (data not shown).

Figure 8 shows the area-normalized second-derivative spectra
of BLg vacuum dried in the presence of varying amounts of
mannitol as compared with the vacuum dried BLg (in the ab-
sence of mannitol) and BLg in solution at pH 7.4. The second
derivative FTIR spectrum of PLg solution shows several
peaks that can be assigned to various secondary structure
components in this protein. The most intense band is ob-
served at 1631 cm”, which is indicative of the extensive p-
sheet structure in this protein.” The band at 1661 cm™ can be
attributed to the B-turns or to the a-helices present in fLg. The
other bands observed at 1684 cm™ and at 1693 cm™ indicated
the antiparallel B-sheet content in fLg.*?** As compared with
the second derivative FTIR of BLg in solution, vacuum-dried
BLg shows a significant loss in the intensity of the band at
1631 cm™. It is generally accepted that a decrease in the inten-
sity of the band in a second-derivative FTIR spectra relates to
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a decrease in the content of the associated secondary struc-
ture. The shift in the position of the peak represents a change
in the hydrogen bonding pattern, and hence, also relates to
changes in the secondary structure of the protein. Alterna-
tively, the shift may be simply due to the dehydration of the
sample. However, from the intensity differences, it can be
concluded that the vacuum-dried PLg shows a significant
decrease in the -sheet structure compared with BLg solution
structure.

E

720N
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=

——— PLg Solution
wacuur-Oried BlLg
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Figure 8. Area-normalized second derivative FTIR spectra
of BLg vacuum dried from solutions containing various
wt/wt ratios of BLg:mannitol as compared with BLg in solu-
tion and vacuum-dried PLg. (a) 1631 cm ', (b) 1661 cm ™,
(c) 1683 cm ™, and (d) 1693 cm ™.

When vacuum dried in the presence of mannitol, significant
changes in the FTIR spectra of BLg were observed in the
intensity of different bands. When dried from a 1:1 wt/wt
BLg:mannitol solution, no significant change in the intensity
of the band at 1631 cm™ was observed, although, a slight
shift in the peak minimum was observed. The slight shift as
well as changes in the side bands indicated slight changes in
the secondary structure of BLg. With further increase in the
mannitol content to 1:10 wt/wt BLg:mannitol ratio, the in-
tensity of band at 1631 cm™ decreased significantly, and this
decrease was proportional to the increase in the total manni-
tol amount in the dried sample. This decrease indicated a
loss in the B-sheet content of the protein; however, the loss
was not to an extent as seen in the lyophilized sample. These
results suggested that the amount of mannitol in the system
has significant effect on the secondary structure of the pro-
tein, BLg. The most native-like structure is observed in the
1:1 wt/wt BLg:mannitol-containing vacuum-dried sample,
which is relatively lost upon further increasing mannitol
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proportion. Since it was shown by MDSC studies that the
protein:amorphous mannitol remained relatively fixed, it
seems that the presence of crystalline mannitol somehow
affects the PLg secondary structure.

There are a few reports in literature in which similar obser-
vations have been made indicating that the presence of crys-
talline mannitol could affect the secondary structure and
stability of proteins.”** The exact mechanism is not known;
however, it can be speculated that the crystallization could
affect the distribution of the amorphous mannitol around the
protein molecules and hence affect the protein secondary
structure. No attempt is made in the present studies to eluci-
date the exact mechanism of this behavior. Future studies
will be performed based on controlled crystallization of
mannitol within the same sample to understand this behav-
ior in greater detail.

Figure 9 shows the area-normalized second derivative FTIR
spectra of vacuum-dried IFNa2a in the presence of varying
amounts of mannitol as compared with [FNo2a solution at
pH 5.0. In the absence of mannitol, [FNo2a solution shows
a major band at 1654 cm™ that is characteristic of the pres-
ence of a-helices in this protein.”> When dried from solu-
tions containing different wt/wt ratios of [FNo2a:mannitol, a
rather random pattern was observed in terms of the change
in intensity at 1654 cm™ with an increase in mannitol con-
tent unlike that observed for fLg, where the intensity de-
creased monotonically with an increase in mannitol content.
The most significant loss in intensity was observed in 1:1
wt/wt IFNo2a:mannitol-containing sample, whereas the in-
tensities of the peak at 1654 cm for 1:2 and 1:5 wt/wt
IFNo2a:mannitol-containing samples were more or less
close to that of the FTIR spectrum of IFNo2a in solution. A
slight shift in the peak minimum, however, was observed in
all dried samples as compared with the solution IFNo2a.

These results suggest that for an o-helical protein such as
IFNa2a, the increase in mannitol proportion in fact increases
the a-helical content thus making IFNa2a more native-like
in solid state. Whereas, for a protein that is rich in B-sheets
such as BLg, the B-sheet content decreases with an increase
in total mannitol content. However, these conclusions can-
not be generalized to all proteins and are specific to the 2
proteins used in this study only. More studies on a variety of
other proteins will help in understanding the general nature
of the effect of mannitol physical state on protein secondary
structure in the dried state.
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Figure 9. Area-normalized second derivative FTIR spectra
of [FNo2a vacuum dried from solutions containing various
wt/wt ratios of [FNo2a:mannitol compared with [FNa2a
solution and vacuum-dried [FNa2a.

CONCLUSION

It is concluded from the present studies that the estimation
of the amorphous mannitol content in a mixed amor-
phous/crystalline system is affected by the technique used.
PLM is far more sensitive to the presence of crystalline ma-
terial than XRPD. The protein secondary structure is af-
fected by the amount of crystalline mannitol in the system
and these structural changes are protein specific.
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