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Table 2
Compositions of infusion solution.

g/500 ml

NaCl Kl CaCl; MgCl; C3HsNaOz  CioHppCaliy KoHPOs MgS04  ZnSO4 Amino acids Glucose pH mequiv./L
Normal saline 450 - - - Tre c - - - - - 6.0 1
AMINOFLUID® 038 - . - - 115 041 0.56 031 0.70 15.00 3750 6.7 3
AMICALIQ® v - 0.82 - 015 141 - . 013 S i 2 3750 46-56 . 3
SOLITA®-T No. 3 0.45 075 - - 112 - L= Tl = . 2150  35-65 1
Hartmann's solution pH8 3.00 015 . 010 - 1.55 - - - - . - 78-82 1
Lactec® Injection - 3.00 0.15 010 - 1.55 - - - 60-85 08
MEYLON® NaHCOs 14g/20ml. . 70-85 5

ical Co., Inc., Tokyo, Japan) with a 10m Teflon tube (0.5 mm id.)
as a post-column. The automated pretreatment system consisted
of a pretreatrnent column, a constant pump for cleaning solutions,
and two switching valves. The pretreatment column used was a
2.5 cm stainless-steel (4.0 mmi.d.) 5 wm @ LiChroCART 25-4 Lichro-
spher 100RP-18e (Merck, Darmstadt, Germany). The mobile phase
consisted of acetonitrile:1/150 M phosphate-buffered solution (pH
6.3). The ratio of organic to aqueous phase was 28:72 (v/v). 1 MKOH
was used for the reaction solution. Special grade ethanol (99.5%)
was used for the cleaning solution. The flow rate of the mobile
phase, reaction solution, and cleaning solution were 1.0 ml/min,
0.5ml/min and 2.0 ml/min, respectively. The temperature of both
columns was approximately 60°C. A 50 pul aliquot of a two-fold
diluted sample in mobile phase was injected. This system was con-
structed in accordance with the first supplement of the Japanese
Pharmacopoeia (15th edition).

2.4.2. Dialysis method

Rate of PGE; retention in lipid particles was measured by a dialy-
sis method. 340 pl of Lipo-PGE; was injected into a dialysis cassette,
immersed in 85ml of each infusion solution, and incubated with
gentle agitation at 20°C in a water bath. Each dialysis cassette was
floated by using a buoy. After incubation for the indicated time the
dialysis cassette was retrieved and the concentration of PGE, inside
the cassette measured using the HPLC method described earlier. A
5 ug/ml solution of PGE; in normal saline was also injected into a
dialysis cassette, incubated for the indicated time, and then the con-
centration of PGE in the cassette measured as Lipo-PGE;. The rate
of PGE; retention was calculated in comparison with the 0 time
sample, after correction for changes in volume of solution in the
dialysis cassette.

3. Results and discussion

Firstly, we investigated whether the intravenous line becomes
clogged by a suspention of generic Lipo-PGE; formulations and
Hartmann's solution pH 8. A 2 mi solution of Formulation #1 (inno-
vator) or Formulation #3 (generic) was injected into a 500ml
infusion bag of “Hartmann's solution pH 8.” After mixing, an infu-
sion set was attached to each infusion bag and the roller clamp was
fully opened. In the suspension of Formulation #1, no decrease in
drip rate or accumulation of aggregated substances in the infusion
line was observed, By contrast, the drip rate of a suspension of For-
mulation #3 significantly decreased after Th and had completely
stopped after 2 h. Additionally, a white aggregation substance was
observed in the infusion line of the suspension of Formulation #3
(Fig. 1). Thus, we confirmed the previously reported phenomena.

We reasoned that an increase in the diameter of lipid particles
in the infusion solution was likely to cause a decrease in the drop
rate and the formation of aggregates. Therefore, after mixing of
Lipo-PGE; with infusion solution, the time-dependent change in
the mean diameter of lipid particles in the suspension was mea-
sured by dynamic light scattering (DLS) (Fig. 2). Seven different
infusion solutions were used in this study as listed in Table 2. Hart-

mann’s solution pH 8 and Ringer’s lactate with sodium bicarbonate
solution were included, which have been reported to cause aggre-
gates and blockages in the infusion line. The mixing of Lipo-PGE4
with Aminofluid® or Amicaliq® induced no obvious alteration in
the size of the lipid particles over time, although the mean diam-
eter was slightly greater compared to that observed using normal
saline. The slightly greater diameter of the Lipo-PGE; particles in
the presence of Aminofluid® or Amicaliq® is presumably caused by
an accumulation of positively charged substances, such as arginine,
histidine, Mg2* and Zn?*, around the lipid particle. In the case of
Solita-T® No. 3 and Lactec® Injection, the mean diameter of the lipid
particles was unchanged compared with that observed in normal
saline. The mixing of Formulation #3 or Formulation #4 with the
mixture of Lactec® injection and Meylon® (a 7% sodium bicarbon-
ate injection) transiently increased the mean diameter of the lipid
particles, although that of innovator formulations did not. Interest-
ingly, there was no significantincrease in the mean diameter of lipid
particles in Hartrnann's solution pH 8.

Next, the number of large diameter lipid particles was deter-
mined in suspensions of Lipo-PGE in infusion solution using a
single-particle optical sensing (SPOS) method. The number of lipid

Fig. 1. Photograph of aggregation substances in suspension with Formulation #3
and Hartmann's solution pH 8, .
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Fig. 2. Mean diameter of Lipo-PGE; after mixing with each infusion solution. Lipo-PGE; was mixed with each infusion solution and incubated at room temperature, Data

represent the mean = SD,

particles with a diameter >0.5 wm or >1 um in an emuilsion of
Lipo-PGE; with each infusion solution is shown in Figs. 3 and 4,
respectively. Intriguingly, the particle number >0.5 um of generic
formulations was larger than that of innovator formulations in all
of the infusion solutions tested, while the particle number >1 Jm
of generic formulations was clearly smaller than that of innovator

formulations in most of the infusion solutions, except Hartmann's
solution pH 8 and Lactec® injection with Meylon®. Mixing generic
formulations in Hartmann's solution pH 8 HD caused a significant
increase in particle number especially with a diameter >1.0um.
However, the particle number >1.0 pm of innovator formulations
remained unchanged, although the particle number >0.5 ym of For-
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mulation#1 gradually increased over time. Furthermore, in Lactec®
injection with Meylon®, the particle number >1.0 yum of generic for-
mulations increased markedly. Fig. 5 shows the particle distribution
in an emulsion of each formuation with Hartmann's solution pH

8 or Lactec® injection with Meylon®, Among the innovator formu-
lations, the distribution curve of Formulation #2 was unchanged,
even 24 h after mixing, although that of Formulation #1 displayed
an increase in the number of large particles. For the generic for-
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mulations, a significant increase of lipid particles of around 1 pm
in diameter or a broad distribution of large particles was observed
in Hartmann’s solution pH 8 or Lactec® injection with Meylon®,
respectively. These results indicate that the increase in the size
of the lipid particles is related to the infusion solution used. The

change in the size of the lipid particles in Amicalig® was observed
over a period of time, The particle number of innovator formula-
tions increased 24 h after mixing, while that of genericformulations

did not. In other infusion solutions there were no change in the
particle number.

173



174

H. Shibata et al. / International Journal of Pharmaceutics 378 (2009) 167-176

Mean+£S.D.

Hartomann's solution pH 8 HD

Lactec® Injection with NaHCO;

Table3

Volume-weighted percentages of lipid particles with a diameter of >5 jm (PFATs ) 2 h after suspension,
Lipo-PGE, Normal saline

Formulation #1 0.025 + 0.006

Formulation #2 0.006 % 0,001

Formulation #3 0.034 £ 0.002

Formulation #4 0.012 £ 0.003

0.026 & 0.002 0.009 & 0,001
0.007 + 0.001 0.007 & 0.001
0.014 + 0.004 0.056 & 0,004
0.008 + 0.001 0.012 + 0,002

These results indicate that the substantial increase in the num-
ber of large particles is a potential factor leading to the aggregation
of substances in the infusion line and slowing of the drip rate.
Moreover, our studies revealed that, even using innovator formula-
tions, the mixing of Formulation #1 with Hartmann's solution pH
8 increased the number of large particles at some level. Thus, in
some cases, the SPOS method could detect changes in the number
of large particles that could not be detected by the measurement of
mean diameter or size distribution using DLS. Our data also indi-
cate that the SPOS method may be a useful means of assessing the
formulation stability of emulsions or the incompatibility with infu-
sion solutions. Although the actual number of particles is given in
this study, in USP (729, the instrument range of detection is set at
1.8-50 pm, and the volume-weighted percentage of lipid particles
greater than 5 wm (PFATs) must be less than 0.05%. Thus, the PFAT;
of each Lipo-PGE; formulation was calculated after mixing with
normal saline, Hartmann's solution pH 8, or Lactec® injection with
Meylon® (Table 3). Only the PFATs of Formulation #3 in Lactec®
injection with Meylon® was more than 0.05%, and the PFAT; of even
generic formulations did not exceed 0.05%, This is because there was
asignificantincrease in the number of lipid particles around 1 pmin
diameter in the emulsion of generic formulations with Hartmann's
solution pH 8. Such emulsion conditions could result in a blocked
infusion line or at least some build-up of aggregation substances.
Therefore, a measurement of the number of particles not only larger
than 5 pm but also around 1 wm will be required depending on the
particular situation. Large particles ranging from dozens to several
hundred pm in diameter, which can clog the infusion line directly,
were not detected in our study. There is a possibility that the partial
accurnulation of lipid particles around 1 pm may trigger a blockage
in the infusion line. However, we could not eliminate the existence
oflarge particles that are not detected by the SPOS method because
they may be unstable in the very high flow rates used in this tech-
nique. Nevertheless, the assessment of emulsions using the SPOS
method will simplify the procedure and allow the detection of a
wide distribution of particie sizes.

One factor that may increase the number of large particles in
the emulsion of generic Lipo-PGE; but not innovator Lipo-PGE,
under alkaline conditions in the presence of calcium ions, such
as Hartmann's solution pH 8 or Lactec® injection with Meylon®,
is the zeta potential of the particle surfaces. As is well known, an
electric charge on the particle surface brings about inter-particle
repulsion, thereby preventing aggregation (Washington et al., 1989;
Washington, 1990). If the electric charge of the particles in the
emulsion is small, the stability of the emulsion will decrease. Thus,
the zeta potential of each Lipo-PGE; formulation in water was
measured (Table 4). Surprisingly, there were no significant differ-
ences between innovator and generic formulations. Indeed, the zeta
potential of the generic formulations was slightly lower than that

Table 4
Zeta potential of Lipo-PGE;.

of the innovator formulations. This result indicates at least that the
difference of zeta potential in normal saline may not be a factor
causing the difference in stability between generic and innovator
formulations under alkaline conditions in the presence of calcium
ions. To clarify the effect of zeta potential on the formation of aggre-
gation, the zeta potential value of each formulation in all infusion
solutions as well as various pH solutions in the presence or absence
of calcium ions should be measured as a subject of futureinvestiga-
tion. Other factors include not only the difference in the method for
manufacturing or the control of the process, but also a difference
in the formulation. While the lipid particle of innovator formula-
tions is composed of soybean oil, that of generic formulations is
composed of olive oil as shown in Table 1. These two kinds of plant
oil seem to have some differences in their physical characteristics
because the main fatty acid of soybean or olive oil is linoleic acid
or oleic acid, respectively. All additives in the generic formulations,
except the oil, are exactly the same as innovator formulations. The
hydrophile-lipophile balance (HLB) of emulsifier or oil as well as
temperature and pH is important for the stability of the emulsion
(Griffin, 1954; Becher, 1957). Thus, there is a possibility that the
change of plant oil might bring about an alteration in the appropri-
ate HLB of lecitin, and cause instability within the emulsion such
as aggregation. Additionally, the HLB of lecitin is not constant like
7-13, because lecitin is a mixture of emulsifiers. Therefore, the
HLB, relative proportion, or purity of lecitin might bring about the
observed difference in stability. In either case, a detailed investi-
gation will be required to reveal the cause of the increase in the
number of large particles in generic formulations under alkaline
conditions in the presence of caldum ions.

One report suggests that the PGE; retention rate of generic for-
mulations in lipid emulsions is lower than that of the innovator
formulations (Takenaga et al., 2007). Lipo-PGE; should be present
at a high concentration within a lesion and maintain the concentra-
tion and activity of PGE; in the circulatory system. Stable retention
of PGE; within the lipid particle is very important for exhibiting
clinical effectiveness, Thus, the PGE; retention rate was measured in
normal saline, Solita®-TNo. 3, and the infusionsolution inwhich the
number of large particles increased, such as Amicalig®, Hartmann's
solution pH 8, and Lactec® injection with Meylon® (Fig. 5). The PGE4
retention rates were measured using either the filtration, dialysis,
or ultrafiltration method in previous reports (Takenaga et al., 2007;
Igarashi et al., 1988; Yamaguchi et al,, 1995; Teagarden et al., 1988).
In the filtration method, the sample is passed through a membrane
filter with a pore size of 0.1 um connected to a disposable syringe.
However, smaller particles may pass through the filter unit causing
the data to fluctuate depending on the precise force applied to the
syringe, In this study, the PGE; retention rate was measured by the
dialysis method. Compared to a solution of PGE,, each formulation
clearly retained PGE; in lipid particles in normal saline, Solita®-

Peak position: .~~~ * Formulation #1 (innovator) Formulation # 2 (innovator) Formulation # 3 (generic) Formulation# 4 (generic)
Mean(mV) . -~ .ma -245 =285 , . -283 - '
Width (mV) 6.0 7.1 61 B 49 .
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T No. 3 and Amicaliq® (Fig. 6). Moreover, there were no significant
differences between formulations in these three infusion solutions.
PGE, was rapidly released from lipid particles in Hartmann's solu-
tion pH 8, and Lactec® injection with Meylon®. Indeed, almost no
PGE4 remained in the lipid particles after 8 h. These results corre-
late with previous reports which indicated that the PGE; retention
rate was influenced by the pH of buffered solution (Yamaguchi et
al., 1995). This is because in alkaline condition PGE; (pK,=4.89)
is anionic form and readily released from lipid particled while in
acidic condition PGE1 is nutral form and mainly distributed to the
oil/water interface (Teagarden et al., 1988). Even in these two infu-
sion solutions, in which an increase in the number of large particles
was observed, differences in the PGE retention rate between inno-
vator and generic formulations were not detected, Therefore, our
results indicate that the PGE, retention rate of generic formulations
is no lower than that of the innovator formulations.

Our study shows that the marked increase of large diameter
(>1 wm) particles is a likely reason for the slowing of the drip rate

and aggregation of substances in an infusion line of generic formu-
lations under alkaline conditions in the presence of calcium ions.
Moreover, our study indicates that a measurement of the num-
ber of large particles is very effective in assessing the stability
of an emulsion. We also show that the mixing of Lipo-PGE with
Hartmann's solution pH 8 or Lactec® injection with Meylon® sig-
nificantly decreased the retention rate of PGE; in lipid particles
compared to normal saline. This decreased retention rate of PGEq
is undesirable if Lipo-PGE; is to exert its full clinical effectiveness.
Actually, the mixing of Lipo-PGE; with medicines other than infu-
sion solution is restricted according to the package insert. However,
the application of Hartrnann's solution pH 8 is unrestricted because
it is an infusion solution. Care must be taken over the choice of
infusion solution due to the increase in the number of large par-
ticles generated using the generic formulations. Furthermore, it is
preferable to administer Lipo-PGE; at as low a dilution as possible.
In conclusion, except under atkaline conditions in the presence of
calcium ions, there is no difference in mixing any infusion solu-
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tion with Lipo-PGE;. Specifically, there is no differences between
generic formulations and innovator formulations in terms of PGE;
retention rate in lipid particles. Thus the clinical effect of generic
formulations will not differ greatly from that of innovator formula-
tions.
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Applicability of a Terahentz Pulsed Spectroscopy (TPS) and a Terahertz Pulsed Imaging (TPI) for
detection of tulobuterol (TBR) crystals in transdermal patches was investigated. Because TBR has
high permeability in dermis, crystalline TBR in patch matrices contributes to controlling the release
rate of TBR from a matrix. Therefore, crystalline TBR is one of the important factors for quality control
of TBR transdermal tapes. A model tape that includes 5 ww%, 10 ww%, 20 ww% or 30 w/w% of
TBR was measured by TPS/TPI. TBR crystals in the matrices were successfully detected by TP
Identification of TBR in an image of a crystal-like mass was done by comparison between the spectra
of tapes and a TBR standard substance. These results indicate that TPS and TP! are applicable to

identifying crystalline lumps of an active drug in tapes for quality control.

1. Introduction

Terahertz (THz) time-domain spectroscopy gives an elec-
tric field record of time delay due to the presence of mate-
rial in a beam path with a higher refractive index when
compared to a reference. Fourier-transformed waveforms
from an electric field show a characteristic relationship
between frequency and absorbance. Fourier-transformed
waveforms provide information about not only intra-mole-
cular vibration and lattice vibration, but also intermolecu-
lar forces and hydrogen bonds.

In the pharmaceutical industry, applications of TPS and
TPI for discrimination of polymorphs (Taday etal. 2003;
Walther etal. 2003; Strachan etal. 2004, 2005; Zeitler
et al. 2005, 2006, 2007, Day et al. 2006) and for detecting
unique waveforms of APIs have been reported. Thus,
these technologies are expected to be used for qualitative
and/or quantitative analysis (Taday etal. 2003; Upadhya
et al. 2003; Ueno et al. 2006; Zeitler et al. 2006). In parti-
cular, THz spectroscopy has been used for detecting for-
eign materials in samples and for measuring the thickness
of coatings (Fitzgerald et al. 2005; Zeitler et al. 2006; Ho
et al. 2007).

Tulobuterol ((R,S)-2-tert-butylamino- 1 -(2-chlorophenyl)
ethanol, TBR) transdermal tapes are used to cure bron-
chial asthma as a bronchodilator (§,-blocker). TBR is one
of the suitable compounds for systemic transdermal for-
mulation because it has very high permeability into the
keratin layer. The release rate of TBR from the matrix is
controlled by the formation of lumps of TBR crystals. For
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this reason, crystallization of TBR in a matrix is an impor-
tant factor assuring the quality of this tape. However, ver-
ifying the crystallization of an active drug is difficult be-
cause TDDS tapes (or patches) generally have a
sandwich-like structure with a matrix between a liner and a
supporting board. Although release testing is often used to
evaluate “releasability”, which is one of the physico-chemi-
cal properties of an active drug in transdermal phanmaceuti-
cals, releasability is not a suitable parameter for evaluating
crystallization of an active drug. In order to compensate for
this disadvantage, development of an altemative method by
which to observe crystallization of an active drug in a ma-
trix through a liner and/or a supporting board is needed.
This manuscript describes the applicability of one of the
innovative non-destructive analytical techniques, TPS and
TP, for quality evaluation of TDDS tapes.

Tulobuterol

2. Investigations, results and discussions

2.1. THz pulsed spectrum of TBR obtained by TPS in-
Strument

Fig, 1(A) shows the typical THz electric field records ob-
tained from the TBR pellet and reference (PE pellet) by
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Fig.2: THz spectra of model tape (20 w/w%, A-20) and placebo tape
(0 w/w% TBR) obtained with quartz. The characteristic THz spec-
tral range of TBR (from 45cm™ to 70cm™) is best observed
when etaloning effects are not dominating the range due to the
thinness of the sample, as was the case here

the TPS 1000. The THz electric field record of the TBR
pellet was shifted compared with that of the reference and
the unigue Fourier-transformed THz waveform of TBR
was observed compared with that of the PE reference
(Fig. 1(B)). This unique absorbance range, from 70 cm™!
to 45 cm™!, seemed to be available to detect TBR absor-
bance from the total waveform of tapes.

2.2. THz image and spectra of TBR crystal in matrix

'Fig. 2 shows the Fourier-transformed THz spectra of the

placebo tape (the red line, an acrylic matrix) and the mod-
el tape (the blue line, 20w/w% TBR in an acrylic matrix,
A-20). The fingerprint-like waveform of TBR from
70 cm™! to 45 cm™! was observed in the THz spectra ob-
tained from the A-20. This observation suggests that che~
mical information of TBR can be detected in a tape. A
lump of TBR crystals was detected at the top left of the
image (Fig. 3(A)). The TPI contrast derives from refrac-
tive index differences. Therefore, it was presumed that the
edge of the lumps of the TBR crystals contributed to mak-
ing the definite contrast of shift of the refractive index.
However, the image that is made from the shift of a re-
fractive index would not provide chemical information
about the lumps of TBR crystals. In order to identify the
origin of the lumps of crystals, the THz spectra obtained
from pixels which are located inside the lumps or outside
the lumps were compared. Both spectra are shown in
Fig. 3(B). The waveform indicated as the blue line repre-
sents the THz spectrum obtained from the pixel that is
located inside the lump of crystals. The red line indicates
the spectrum obtained from a pixel that is located outside
the lump of crystals. The THz spectrum from the crystal
shows a characteristic waveform range from 70 cm™! to
45 cm™!, almost the same as that of TBR standard sub-
stance. This observation strongly suggests that an image
could be obtained from the crystal formed from TBR.
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Fig. 3:

THz image of TBR crystal (A) and Fourier-
transformed waveforms of pixels inside and
outside of the crystals (B), obtained from A-
20. The aggregation of TBR crystals which
the arrow points to was clearly identified (A).
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It should be possible to observe the character-
istic spectrum of TBR (from 45¢m™' to
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outside of the crystal, but etaloning effects are
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Fig, 4:

THz image of TBR crystals in matrix obtained
using TPI 1000. Several sizes of TBR crystals
were detected in the scanned area (the longer
diameters: 0.5 mm to 3 mm, the shorter dia-
meters: 0.1 mm to 0.2 mm)
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Fig. 5:

THz images of model tapes (0 and 10 w/w%
TBR). Although there should be many small
white crystals in R-10, only some were de-
tected in the scanned area. In cases where the
white crystals cannot be observed, the crystals
might be smaller than the spatial resolution
(100 pm) of TPIL. Further studies need to be
carried out to investigate differences in the
samples
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2.3. Size of crystals and spatial resolution of TPI

Fig. 4 shows the THz image obtained from the model tape
(30 w/w% TBR, an acrylic matrix, A-30). Both model
tapes were obtained from the same batch. Several sizes
(short: 0.1 mm~0.2 mm, long: 0.5 mm-3 mm) of crystals
were observed in these images.

The THz images obtained from the placebo tape (a rubber
matrix, R-0) and the model tape (10 w/w% TBR, rubber
matrix, R-10) are shown in Fig. 5. The image on the right
side was obtained from R-10. Although small white crys-
tals can be observed through a liner or a supporting board,
no image of the lumps was observed in the THz image.
This suggested that the sizes of the TBR crystals were
smaller than the spatial resolution of TPI (approximately
100 um). According to our study using Microscopic Laser
Raman Spectroscopy/Mapping, the size of the TBR crys-
tals was estimated to be from 6 pum to 40 pm (Sakamoto
et al. 2006, 2007).

2.4. Depth image of crystals in TDDS tape

The THz image of A-30 and its depth image are shown in
Fig. 6. The thickness of the lump of crystals in the matrix
increased. The refractive index of the THz pulse was
shifted due to the edges of the lumps of TBR crystals.
This suggested that a comparatively big shift of a refrac-
tive index provides a definite image.

In conclusion, it was shown that THz spectroscopy/ima-
ging technology was useful for detecting lumps of crystals
of an active drug in transdermal tapes. THz spectroscopy/
imaging can provide unique physical (and/or certain kinds
of chemical) information compared with near infrared and/
or mid infrared spectroscopy/imaging. In particular, ob-
taining a depth image from a pharmaceutical sample
would be very useful for gaining an in-depth understand-
ing of the quality of pharmaceuticals.

Although approximately 100 um of spatial resolution in
the THz pulsed image would hinder the detection of min-

>
=

y-tiirection (mm)

Fig. 6:

THz image of TBR crystal and depth THz im-
age of matrix (A). The depth THz image in
the scanned area where the crystal is observed
shows the change in the thickness of the tape
that can be seen (B)
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Fig. 7:

Flowchart showing preparation of model tapes.
Residual solvents were removed by heating, and
the mold was used to produce a sheet of model
tape with a constant thickness and area

ute particles that are smaller than the spatial resolution, a
reflective index of the THz pulsed wave may provide
other useful information. Moreover, it would be able to
detect problems caused by the manufacturing process,
such as mixing of air bubbles and heterogeneity of active
substances in the matrix. Therefore, this technology would
be useful as an analytical tool not only for pharmaceutical
quality control, but also for process control in pharmaceu-
tical manufacturing.

Table: Prepared model transdermal tapes in this study

TBR level Acrylic matrix Rubber matrix
0 wiw% A-Q R-0
(Placebo)

10 w/iw% - R-10

20 wiw% A-20 -

30 wiw% A-30 -

3. Experimental

3.1, Materials

TBR (purity > 99.0%) and model tapes were supplied by Hisamitsu Phar-
macentical Co Inc (Tokyo, Japan). Polyethylene (PE) powder of particle
size < 80 pm was supplied by Induchem.

3.2. Model tapes

The model tapes were prepared by TDDS Laboratory, Hisamitsu Pharma-
ceutical Co Inc (Tsukuba, Japan). In order to identify crystals of TBR in
the matrix, two kinds of matrices, rubber and acrylic matrices, were pre-
pared. The flowchart for preparing the model tapes is shown in Fig. 7.
TBR and other ingredients of the adhesive solutions were stimed in the
mold adequately. The mixture was extended on the liner and residual sol-
vents were removed by drying. When the thickness of the matiix (the ad-
hesive layer) became a constant (approximately 50 wm thickness), a sup-
porting board was pasted on the matrix after removing the mold. A
polyethylene terephthalate (PET) film was selected as a liner and as a sup-
porting board, for both the model and the placebo tape. And then these
tapes cut to a size of 36 mm diameter. TBR crystals in model tapes were
generated by leaving the tapes to crystaliize for some time.

The model tape that contained 0 w/w% (R-0, placebo), 5 wiw% (R-S) or
10 w/w% (R-10) of TBR in a rubber matrix consisted of polyisobutylene,
polyb and lipocyclic petroleum resin, Small white crystals were seen

Fig. 8: Photograph of the metallic arm used when measuring the sample
with a reference mirror
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in all areas of the matrix in the A-10 through a liner or a supporting
board. The model tape that contained 0 w/w% (A-0, placebo), 20 w/w%
(A~20) or 30 w/w% (A-30) of TBR in an acrylic matrix consisted of acryl
adhesion polymer and isopropyl myristate, On the A-30 samples, small
white crystals were seen in all areas of the matrices. A higher TBR con-
centration was needed to generate the crystals in the acrylic matrix com-
pared with the rubber matrix because of the solubility of TBR, The pre-
pared model tapes are shown in the Table,

3.3. Apparatus and measurements
3.3.1. Transmitiance measurement of tablet by TPS

In order to identify a THz spectrum of TBR, a pellet containing approxi-
mately 10 w/w% of TBR was prepared by compressing at 2 t for 3 min
with a press machine. The pellet was measured using a TPS 1000 spectro-
meter (TeraView Limited, Cambridge, UK). Each sample was measured
covering the spectral range from 120 em™! to 2 cm™! at 1.5 cm™! of spec-
tral resolution. Spectra were obtained averaging 1800 scans.

3.3.2. Transmittance-reflectance measurements of tapes by TPI

A reference mirror was first measured, and then the samples were mounted
to the mirror and adjusted horizontally against the measurement window of
the TPI Imaga™ 1000 instrument (Fig. 8); subsequently, THz radiation
was focused onto the samples to gain maximum sensitivity. Placebo tapes
were used as a background for all measurements.

A TPI imaging system, TPI Imaga 1000 (TeraView Ltd., Cambridge, UK),
was used for the reflectance measurement, which was operated in the rapid
scan mode, Terahertz images were obtained by raster scanning the tera-
hertz beam across the sample, which was mounted at the focus position.
The scanned area was 12 mm x 12 mm, which corresponds to 120 pix-
els x 120 pixels at 100 um spatial resolution. The total measurement time
was approximately 30 min.

Pharmazie 64 (2009) 6
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The purpose of this study was to elucidate the physical properties and protein-stabilizing effects of some pH-
adjusting excipients (carboxylic acids and their sodium salts) in frozen solutions and in freeze-dried solids. Ther-
mal and powder X-ray diffraction (XRD) analysis indicated a high propensity of sodium citrates to form glass-
state amorphous solids upon freeze-drying. Some salts (e.g., sodium succinate) crystallized in the single-solute
frozen solutions. FT-IR analysis of bovine serum albumin (BSA) and bovine immunoglobulin G (IgG) in the
aqueons solutions and the freeze-dried solids showed that some glass-forming salts (e.g., monosodium citrate)
protected the secondary structure from lyophilization-induced perturbation. Freeze-drying of BSA at different
concentrations indicated retention of the secondary structure at similar monosodium citrate/protein concentra-
Hon ratios, suggesting stabilization through direct interaction that substitute water molecules inevitable for the
conformation integrity. The carboxylic acid salts should provide rigid hydrogen bonds and electrostatic interac-
tions that raise the glass transition temperature of the amorphous solids and stabilize protein structure. The rele-
vance of the structural stabilization to the protein formulation design was discussed.

Key words  freeze-drying; protein formulation; stabilization; glass; Fourier transform infrared spectroscopy

The development of protein pharmaceuticals requires ra-
tional formulation design to ensure appropriate storage sta-
bility, because the degradation of such pharmaceuticals
through various chemical and physical pathways not only
reduces their therapeutic effects but also increases the risk
of product immunogenicity." Freeze-drying is a popular
method of conferring long-term stability of therapeutic pro-
teins that is not achievable in aqueous solutions. Removal of
the surrounding water molecules during the freeze-drying
process, however, often perturbs the protein structure, lead-
ing to irreversible aggregation in the reconstituted solutions.
The structurally altered protein molecules are also prone to
chemical degradation during storage.” Maintaining the pro-
tein conformation by process and ingredient (e.g., stabilizer,
pH buffer, isotonic agents) optimization thus improves both
the physical and chemical stability of protein formulations.

Choosing the solution pH and buffer system appropriate to
a particular protein is a simple but significant element in the
formulation design because the chemical and physical in-
tegrity of proteins in the aqueous solutions and freeze-dried
solids depend largely on the pH.® Some buffer components
also favorably. or adversely affect the protein stability
through direct interactions and/or through changing the local
environments in the dried state. For example, freezing of cer-
tain buffer systems (e.g., sodium phosphate) often induces
crystallization of a component salt and resulting shift of the
local pH surrounding the proteins.” " Freeze-drying from
some buffer systems (e.g., L-histidine, citrate, or Tris) often
leads to higher activity retention of proteins (e.g., coagula-
tion factor VI, recombinant human interleukin-1 receptor
antagonist) relative to those from other buffers.”* ™' Confor-
mation of the proteins lyophilized in these buffer systems is
of particular interest.

Reported properties of some carboxylic acid salts, includ-
ing stabilization of npative protein conformation in aqueous
solutions (e.g., antithrombin IIN)'*” and their propensity to

* To whom correspondence should be addressed.  e-mail: izutsu@nibs.go.jp

form glass-state amorphous solids upon lyophilization,'®

suggest their ability to protect protein conformation against
dehydration stress through mechanisms similar to disaccha-
rides. Non-reducing disaccharides (e.g., sucrose, trehalose)
are popular stabilizers in solution and freeze-dried protein
formulations. Various saccharides and polyols thermodynam-
ically favor native protein structures over denatured states
in aqueous solutions by a “preferential exclusion” mecha-
nism.!” Sucrose and trehalose protect proteins by substitut-
ing surrounding water molecules through hydrogen bonds
during the freeze-drying process.***~*? Limited molecular
mobility in glass-state lyophilized disaccharide solids also
protects embedded proteins from chemical degradation (e.g:,
deamidation) during storage.”

The present study assesses the physical properties and pro-
tein-stabilizing effects of carboxylic acid buffer systems
(e.g., sodium citrate, sodium r-tartrate, sodium succinate)
and their constituting salts against lyophilization-induced
protein secondary structure changes. The physical properties
of the frozen solutions and freeze-dried solids were studied
by powder X-ray diffraction and thermal analysis. The effects
of carboxylic acids and their sodium salts on the structural
integrity of model proteins rich in o-helices [bovine serum
albumin (BSA)] or [-sheets [bovine immunoglobulin G
(IgG)], both prior to and after the freeze-drying process,
were studied by Fourier transform infrared (FI-IR) spec-
troscopy of the amide I band combined with a mathematical
band-narrowing technique (second-derivative)*? Possible
mechanisms of structural stabilization and their implications
for formulation design are discussed.

Experimental

Materials Bovine serum albumin (A-7511, fatty acid content: approxi-
mately 0.005%, pl: 4.9), dextran 10.2k, and bovine immunoglobulin G
(#64140) were purchased from Sigma-Aldrich Co. (St. Louis, MO, US.A)
and ICN Biomedicals Inc. (Aurora, OH, US.A.), respectively. Disodium hy-

drogen citrate sesquihydrate, monosodium citrate, and disodium(-+)-tartrate
dihydrate were obtained from Kanto Chemical Co. (Tokyo, Japan). Sodium

© 2009 Pharmaceuntical Society of Yapan
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hydrogen L-tartrate was purchased from Alfa Aesar GmbH & Co KG (Karl-
sruhe, Germany). Citric acid monohydrate, trisodium citrate dihydrate,
sodium hydrogen L-tartrate, and other chemicals were purchased from Wako
Pure Chemical, Co. (Osaka, Japan). The proteins were dialyzed overnight
against buffer solutions (20 mm sodium phosphate, sodium citrate, sodium
L-tartrate, sodium succinate, pH 6.0) using cellulose tubing (MWCO 14,000,
Viskase Co., Daren, IL,U.S.A.). The dialyzed protein solutions were cen-
trifuged (1500Xg) and filtered (0.45 um PVDF, Millipore, Bedford, MA,
U.S.A.) before the freeze-drying study. Precipitation during dialysis reduced
the IgG concentrations to 15—20mg/ml in the resulting solutions.
Monosodium succinate solution was prepared by mixing equivalent amounts
of succinic acid and disodium succinate.

Freeze-Drying Freeze-drying was performed using a Freezone-6
Iyophilizer equipped with temperature-controlled trays (Labconco, Kansas
City, MO, U.S.A.). Aqueous solutions containing protein (10, 50 mg/ml) and
various concentrations of excipients in flat-bottom glass vials (300 ui,
13mm diameter) were placed on the shelf of the freeze-drier at room tem-
perature. Some of the samples also contained low concentrations (1.5—
10 mm) of the corresponding buffer system salts that were originally in the
dialyzed protein stock solutions. The shelf was cooled to —40°C at
0.5°C/min and then maintained at this temperatare for 2h before the pri-
mary drying process, The frozen solutions were dried under vacuum (21
mTorr), with the shelf temperature maintained at —40°C for 15h, —30°C
for 6, and 35°C for 6h. The shelf was heated at a rate of 0.2 °C/min be-
tween the drying steps. The vials were sealed with rubber closures under
vacuum. A pH meter (D-51, Horiba Ltd., Kyoto, Japan) and an electrode
(9669-10D) were used to measure the pH values of solutions containing pro-
tein (e.g., BSA) and excipients. The pH values of other solutions were ob-
tained using a pH meter (HM-60G, TOA-DKX Co., Tokyo).

Thermal Analysis Thermal analysis of frozen solutions and dried solids
was carried out using a differential scanning calorimeter (Q-10, TA Instru-
ments, New Castle, DE, U.S.A.) and software (Universal Analysis 2000, TA
Instruments). Aliquots of aqueous solutions (10 #l) in aluminum cells were
cooled from room temperature at 10 °C/min and then scanned from —70°C
at 5°C/min. Freeze-dried solids (0.5-—1mg) in hermetic aluminum cells
were subjected to thermal analysis from —30 °C at 5 °C/min under nitrogen
gas fiow. Maximum inflection points in the heat flow discontinuities were as-
signed as glass transitions of maximally freeze-concentrated phases in
frozen solutions (7,") and glass transitions of freeze-dried solids (7).

Powder X-Ray Dxffracuon (XRD) Analysis Powder X-ray dLﬁ&acnon
patterns were obtained at room temperature using a Rint-Altima diffrac-
tometer (Rigaku, Tokyo, Japan) with CuK o radiation at 40KV/50mA. The
samples were scanned through the range 5°<26<35° at an angle speed of
5 °/min.

Measurement of Residual Water The amount of water in the freeze-
dried solids suspended in dehydrated methanol was determined by the
Karl~Fischer method using an AQV-6 volumetric titrator (Hiranuma Sangyo,
Ibaraki, Japan).,

Fourier-Transform Infrared Spectroscopy (FT-IR) The secondary
structures of proteins were analyzed using an FT-IR system (MB104 spec-

Vol. 57, No. 11

trophotometer (ABB Bomen, Quebec, Canada) with PROTA (Bomen/Vysis)
and GRAMS/32 (Galactic Ind. Co.) software. Transmission spectra of
freeze-dried proteins were obtained from 256 scans of pressed disks contain-
ing freeze-dried solids (approx. 1mg protein) and potassium bromide (ap-
prox. 250 mg) at a resolution of 4 cm™". Spectra of aqueous protein solutions
(10 mg/ml) were recorded from 512 scans using an infrared cell with CaF,
windows and a film spacer (6 #m). Reference spectra were recorded with the
corresponding buffer and excipient solutions to obtain the absorbance spec-
tra using an automated subtraction algorithm in PROTA. The second-deriva-
tive spectra obtained with the Savitski-Golay derivative function (7-point
smoothing) were baseline-corrected and area-normalized in the amide I re-
gion (1600—1715cm™).%29

Results

The physical properties of organic acids and their sodium
salts are summarized in Table 1. Thermal analysis indicated
varied propensities of the excipients to crystallize in the
frozen solutions. Frozen monosodium vr-tartrate solution
showed two exotherm peaks that indicate eutectic crystalliza-
tion. Pairs of exothermic and endothermic peaks indicated
eutectic solute crystallization and subsequent melting in the
frozen mono- and disodium succinate solutions. A flat ther-
mogram in the heating scan suggested crystallization of suc-
cinic acid in the cooling process. Other frozen excipient solu-
tions showed thermal transition of the freeze-concentrated
non-ice phase at certain temperatures (7,': glass transitions
of maximally freeze-concentrated phases).*?” Physical prop-
erties of some frozen buffer solutions (50mm, pH 6.0) re-
flected those of the constituent salts. Frozen sodium citrate
and sodium L-tartrate buffer solutions showed 7' at —41.6
and —39.7 °C, respectively. In contrast, eutectic crystalliza-
tion of their constituent salts resulted in an exotherm peak
{—28.8°C) and an endotherm peak (—9.6°C) in the frozen
sodium succinate buffer. The addition of BSA (10mg/ml)
and accompanying small amount of the buffer components
(1.5 mm, pH 6.0) reduced the pH variation of the aqueous ex-
cipient (50 mm) solutions. A higher transition temperature
(7") and the eutectic crystallization temperatures suggested
reduced mobility of solute molecules in the freeze-concen-
trated mixture with BSA.Y

Figure 1 shows thermograms of freeze-dried excipient solids.
Heating scans of cake-structure freeze-dried monosodium
L-tartrate, succinic acid, and monosodium succinate solutions

Table 1. Physical Properties of Carboxylic Acid and Their Sodium Salts
Frozen solutions Freeze-dried solids
Excipients? w/o BSA with 10 mg/ml BSA with 10 mg/ml BSA.
by Residual
pH Thermal property pH Thermal property Crystallinity” Thermal property vater (%)
Na,-citrate 8.51 7,": —430%1.2°C 7.06 I': —358%0.1°C Amorphous T2 749%2.0°C  5.2+09
Na,H-citrate 5.28 7't —39.1%0.0°C 5.30 T'm =31.6x02°C Amorphous T,:782+2.6°C  5.1+09
NaH,-citrate 3.72 7,1 —332x02°C 3.97 It —244%1.1°C Amorphous T 61.1x1.8°C  52x00
Citric acid 2.29 T,'s —55.0£0.3°C - 2.63 n.d. Amorphous T243.7x18°C  55x18
Na,-L-tartrate 7.24 T,': —40.0x0.1°C 6.73 T,': =32.6%0,1°C Amorphous T2 68.8%2.6°C 4921
NaH-L-tartrate 3.50 Exotherm —26.2,~150°C 372 Exotherm -109°C Amorphous T;:56.6+£3.8°C  7.0+22
L-Tartric acid 226 Tt ~56.6+0.8°C 2.56 nd. Amorphous 7,;43.7%1.8°C . 8404
Na,-succinate 8.00 Exotherm -36.6°C 6.90 Exotherm: —~21.3°C Amorphous n.d 53%1.1
Endotherm: ~7.8°C Endotherm: —8.4, —6.0°C
NaH-succinate”® 4,73 Exotherm: ~25.0°C 4.81 Tt —39.5%0.7°C Amorphous T,:49.2+3.7°C  1.7x12
Endotherm: —8.1°C Endotherm: —7.9°C
Succinic acid 2.82 Unclear 3.41 Exotherm: ~17.6°C Amorphous T:42.0262°C  6.0%13

a) 50mM. b) Obtained by powder X-ray diffractometry. ¢) Prepared by mixing and disodium succinate and succinic acid.
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are shown at different heat flow scales, Arrowheads denote glass transitions of the
freeze-dried solids (7).

(50 mM) showed endotherm peaks that indicate melting of the
crystalline moiety (Fig. 1A). A crystallization exotherm at
approximately 50 °C indicated the existence of an amorphous
region in the freeze-dried disodium succinate solid. Frozen
citric acid and r-tartaric acid solutions collapsed during the
primary drying process, presumably because their T,'s were
lower than the product temperature. Some diffraction peaks
in powder X-ray diffraction patterns suggested partial crys-
tallization of succinic acid and some salts (monosodium 1-
tartrate, disodium succinate) lyophilized in the absence of the
protein (Fig. 2, some data not shown). Other organic acid
salts formed glass-state amorphous solids during freeze-dry-
ing (Fig. 1B).

Co-lyophilization of the excipients (50mmM) with BSA
(10 mg/ml) resulted in cylindrical cake-structure solids. Pow-
der X-ray diffraction (XRD) analysis of the freeze-dried
solids showed halo patterns that indicate largely amorphous
components (Fig. 2). Most of the freeze-dried solids showed
glass transitions at temperatures close to or much higher than
room temperature in the thermal analysis (Table 1). The ab-
sence of a crystal melting peak in the heating scan (e.g.,
monosodium citrate: 217°C) also indicated the limited ex-
cipient crystallinity in the co-lyophilized solids. Karl-Fischer
titrimetry indicated a relatively high residual water content in
the freeze-dried solids (Table 1). The high protein mass ratio
was one likely reason for the high residual water content in
the solids freeze-dried without the organic acid salts.
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Fig. 3. FT-IR Spectra of BSA Freeze-Dried from Solutions Containing the
Protein (10mg/ml) and Various Concentrations (1.5—50mwm) of Sodium
Citrate Buffer (pH 6.0)

FLIR analysis was performed to elucidate the effect of
buffer salts on the lyophilization-induced protein conforma-
tion change?**?” The following experiments were per-
formed at certain (2—50mum) buffer salt concentrations be-
cause of their overlapping absorbance in the co-lyophilized
protein amide I band region (1600—1700cm™") (Fig. 3).
Figure 4 shows area-normalized second-derivative amide
I spectra of BSA in solids freeze-dried from four buffer sys-
tems (20mm, sodium phosphate, sodium citrate, sodium
L-tartrate, sodium succinate, pH 6.0). A spectrum of the pro-
tein in its initial aqueous solution (10 mg/ml, 20 mm sodium
citrate buffer, pH 6.0) was also included for comparison. The
protein showed practically identical spectra in the four buffer
solutions studied (Fig. 5). Freeze-drying of the protein from
the buffer systems resulted in a varied extent of the
lyophilization-induced structural perturbation as observed
in the broad amide I spectra and reduced o-helix band
(1656 cm™) intensity.>***#*—% Larger structural changes
were suggested in freeze-drying of the protein from sodium
phosphate and sodium succinate buffer solutions.
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Figure 5 shows area-normalized second-derivative amide 1
spectra of BSA freeze-dried with the organic acids and their
salts (50 mm). Spectra of the protein in the corresponding
buffer solutions (20 mm, pH 6.0) are also included. Freeze-
drying of BSA (10 mg/ml) with the low concentration buffer
components (1.5mm) induced similar substantial structural
changes. Monosodium citrate (50 mM) was most effective at
retaining the large a-helix band that characterized the native
protein structure upon freeze-drying. The spectra of BSA
lyophilized at different concentrations (10, 50 mg/ml, Fig. 6)
suggested the structure stabilized by monosodium citrate,

_ which effect depended roughly on the salt/protein mass ra-

tios. The a-helix band intensity reached a plateau at the salt
concentrations (20—50 m») lower than that of sucrose. Fur-
ther addition of the salt induced a broader a-helix band pre-
sumably because of the overlapping absorbance (data not
shown),

Other salts showed varied effects on the freeze-dried pro-
tein structures (Fig. 5). Disodium citrate and monosodium
L-tartrate allowed BSA to retain its secondary structure to 2
lesser extent upon freeze-drying, compared to monosodium
citrate. Trisodium citrate and citric acid were less effective at
protecting the protein structure. Other organic acids and their
salts showed a limited ability to protect the native protein
conformation upon freeze-drying. The effect of succinic acid
was studied at a lower (20mm) concentration because of the
large overlapping absorbance in the amide I region. Insuffi-
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Dried Solids .

“The initial monosodium citrate solution (20 m») also contained a lower (10 mm) con-
centration of sodium citrate buffer salts.

cient intermolecular interaction with co-lyophilized protein
due to steric hindrance should explain the lower structure-
stabilizing effect of dextran 10.2k compared to sucrose.*” No
apparent relationship between the structure-stabilizing effect
and the glass transition temperatures (7,) or residual water
content of the freeze-dried solid (Table 1) was observed.

Second-derivative amide I spectra of bovine IgG showed
predominant intramolecular (1637 cm™') and intermolecular
(1692—1695 cm™") B-sheet bands (Fig. 7). The reduced in-
tramolecular B-sheet band intensity indicated that IgG freeze-
dried from sodium phosphate buffer (20mm, pH 6.0) had a
partially altered structure. Monosodium citrate (50 mm) al-
lowed the IgG to retain the intramolecular S-sheet band upon
freeze-drying. Retention of the predominant bands at differ-
ent wavenumbers strongly suggested the effect of salt to sta-
bilize native protein conformation rather than an artifact in-
duced by the overlapping absorption.

Discussion

The results indicate that some organic acid salts form
glass-state amorphous solids that protect proteins from struc-
tural change during freeze-drying. The carboxylic acids and
their sodium salts showed varied physical properties in the
frozen solutions and their dried solids.” A network of rigid
carboxyl/carboxylate interaction and hydrogen bonds should
explain the high glass tramsition temperature of the
lyophilized amorphous sodium citrate solids.** Our previ-
ous study also showed contribution of rigid molecular inter-
actions to form glass-state solids by co-lyophilization of cit-
ric acid an L-arginine.*” Many protein solutions have their
T,' at temperatures (approx. —10°C) higher than those of
smaller molecules.?” The addition of proteins should reduce
the mobility of other solute molecules in the freeze-concen-
trated phase, and thus prevent eutectic solute crystallization.

Freeze-drying of the protein in the sodium phosphate (20
mm) or lower concentrations of the carboxylic acid buffers
(1.5mm) perturbed their secondary structure. The struc-
turally perturbed molecules usually return to their native
structure upon re-hydration, whereas misfolding and/or bind-
ing between exposed hydrophobic regions are major causes
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of the lyophilization-induced protein aggregation. The struc-
turally altered protein molecules are also prone to chemical
degradation during storage."*** Some glass-forming organic
acid sodium salts (e.g., sodium citrates) maintained the na-
tive secondary structure of co-lyophilized BSA and IgG.
Such structural stabilization would explain the higher resid-
ual activity of proteins after freeze-drying from certain buffer
systems.'* 16

The organic acids should protect proteins through several
mechanisms in the different physical states prior to and dur-
ing the freeze-drying process. The fatty acid-poor BSA is
most resistant to heat denaturation in weakly acidic to neutral
(pH 5—7) solutions.*® Freeze-drying of the protein in the re-
gion (pH 6.0) resulted in varied secondary structures depend-
ing on the buffer systems. Observed structural stabilization at
certain salt/protein concentration ratios indicated the contri-
bution of the direct interactions. It is highly plausible that the
effective buffer salts provide proteins hydrogen bonds that
substitute for those of the surrounding water molecules in-
evitable to retain the conformation. In addition, the lower ef- .
fective concentration of monosodium citrate compared to su-
crose suggested the contribution of electrostatic (ion—ion,
ion—dipole) interactions between the salt anion (hydroxycar-
boxylate ion) and basic amino acid residues on protein sur-
faces for the structural stabilization.!™?%*?) The high T, of the
dried solids indicated mixing of the protein and salts required
for the interaction. The topic of protein-stabilizing molecular
interactions in the dried states, including the effect of differ-
ently ionized functional groups, will require further study for
elucidation. The limited mobility of the surrounding mole-
cules should prevent chemical degradation of the protein in
glass-state solids. Similar structural (thermodynamic) and
chemical (kinetic) stabilization of embedded proteins has
been reported in disaccharides.”* Some of the buffer com-
ponents should also protect proteins from cold denaturation
in the aqueous solutions and in the frozen solutions. The cit-
rate®” and L-tartrate?” ions are ‘kosmotropic’ anions that ther-
modynamically stabilize native protein structures by being
preferentially excluded from the immediate surface of the
protein molecules.!®!"#3#=4) In other words, the proteins
are preferentially hydrated in the solute solutions.

The difference in the structure and physical properties
would explain the varied protein-stabilizing effect of the or-
ganic acid salts through the above-mentioned mechanisms.
Solution pH and anion structure are major factors that deter-
mine the thermal stability of proteins in aqueous carboxylic
acid salt solutions.!” Some di- and tricarboxylic acid salts
protect proteins from thermal denaturation. The number of
carboxyl and hydroxyl groups should is also likely to be im-
portant in protecting the secondary structure of BSA through
the water-substituting hydrogen bonds and electrostatic inter-
actions against the dehydration stress. The limited structure-
stabilizing effect of succinic acid and its salts during freeze-
drying, in spite of their apparent effect to improve the ther-
mal stability of proteins in aqueous solutions, suggests that
the hydroxyl group makes a large contribution to the struc-
tural stabilization against dehydration stresses. Possible salt
crystallization at a higher salt/protein concentration ratio
should further reduce the stabilizing interactions between
them. Monosodium citrate should satisfy various require-
ments (e.g., sufficient functional groups, appropriate ionized
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states, propensity to form glass-state amorphous solids) for
protein-stabilizing interactions in the dried states.

Our results emphasize the importance of choosing an ap-
propriate buffer system when developing freeze-dried protein
formulations. Salts that have a higher propensity for crystal-
lization should be avoided especially at lower eXcipient/pro-
tein concentration ratios. Significant stabilizing effects of
some organic acid salts are applicable to the design of sugar-
free formulations. Some buffer components also raise the
glass transition temperature of co-lyophilized disaccharide
solids.*>*® The retention of protein structural integrity in the
amorphous salt solids would also be relevant to other appli-
cations of proteins in jonic environments, including enzyme
reactions in ionic liquids (RTMS: room temperature molten
salts).*—*9 Careful optimization of ingredients based on the
physical and chemical properties of the excipients should en-
sure the optimal processing and storage stability of protein
formulations.
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