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Abstract

Possible protein/amino acid interactions and the physical states of amino acids after freeze-drying have been studied using isoperibol calorime-
try and differential scanning calorimetry (DSC). Good linear correlations (R2 = 0.99) between the enthalpies of solution and the percentage of
antibody in all physical mixtures, as well as unchanging melting temperatures of amino acids for physical mixtures demonstrated that there is no
interaction between the antibodies and amino acids studied upon physical mixing. On the other hand, positive deviations for antibody/histidine
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nd antibody/arginine freeze-dried samples obtained from the isoperibol calorimetry results demonstrated that molecular level interach
s ion–dipole or electrostatic interactions or hydrogen bonding, occur between antibodies and histidine or arginine. The values of�Hinteraction

or antibody/histidine (1:1, w/w) and antibody/arginine (1:1, w/w) lyophilized samples were approximately 8 kJ/mol. These interacti
lso confirmed by decreased and/or the disappearance of melting temperatures of the amino acids with DSC measurements. A nega

rom linearity was detected for antibody/aspartic acid lyophilized samples which indicated partial amorphization of aspartic acid. No
rom linearity as well as similar melting temperatures of antibody/glycine lyophilized samples indicated the absence of interactions b
ntibodies and glycine upon freeze-drying.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Protein stability is a major concern for protein pharma-
euticals and this problem remains a challenge for protein
hemists and the pharmaceutical industry. To overcome the
rotein instability problems in aqueous solutions, solid forms
f proteins often have to be made to achieve an acceptable
helf life (Manning et al., 1989). Because the observed rates
f chemical degradation reactions in the solid state are dra-
atically slower than in liquid formulations, solid formulations
ften possess greater long-term stability (Arakawa et al., 2001).
oreover, solid dosage forms can avoid some stability prob-

Abbreviations: rh-DNase, recombinant human deoxyribonuclease I protein;
h-GH, recombinant human growth hormone; rh-MetGH, recombinant human
ethionyl growth hormone; rh-IGF-1, recombinant human insulin-like growth
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lems that occur during shipping and handling for liquid
mulations due to mechanical stress. Freeze-drying is a w
accepted approach for the manufacture of protein pharm
tical and diagnostic agents that are physically or chemi
unstable in aqueous solution (Pikal, 1990; Cleland et al., 199
Fox, 1995; Carpenter et al., 1997). Despite the attractivene
of freeze-drying, this process generates a variety of free
and drying stresses, such as solute concentration, form
of ice crystals, pH changes, dehydration stresses, etc. (Franks
1990; Anchordoquy and Carpenter, 1996; Chang et al., 1
Nagendra et al., 1998). All of these stresses can cause prot
to change their native conformations or lose their biolog
activities to various degrees. Minimization of damage to
teins due to stresses arising from the freeze-drying proces
remains a major challenge in the development and man
ture of such products. In order to prevent these freeze-d
induced protein structural alterations and the loss of pro
biological activity, stabilizers are often required in a protein
mulation to preserve protein structure and activity during
freezing and drying processes. Various stabilizers (or ex

378-5173/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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ents), such as sugars/polyols, polymers, surfactants, and amino
acids, have been found to successfully prevent protein inactiva-
tion during freeze-drying. Two (or more) stabilizers may have
to be used to protect proteins from conformational changes dur-
ing freeze-drying if a single stabilizer does not serve as both
a cryo- and lyo-protectant. Carbohydrates, such as sucrose,
trehalose, and mannitol, are commonly used as both cryopro-
tectants and lyoprotectants in freeze-dried protein formulations.
Numerous FTIR studies have shown that carbohydrates stabi-
lize many proteins during freeze-drying (Carpenter et al., 1989,
1999; Allison et al., 1999; Souillac et al., 2002b). Sucrose
and trehalose are usually the primary stabilizers for lyophilized
protein formulations. In order to better understand the stabiliza-
tion mechanisms of protein by additives upon lyophilization, a
calorimetric method was developed previously in our labora-
tory to evaluate protein/carbohydrate interactions in the solid
state (Souillac et al., 2002a). The direct molecular level interac-
tions between proteins (rh-DNase, rh-GH, rh-MetGH, and rh-
IGF-1) and some carbohydrates (e.g., sucrose, trehalose) were
detected by isoperibol calorimetry and differential scanning
calorimetry.

A recent study performed by Genentech showed that histidine
protected an antibody against lyophilization induced structural
perturbation and increased the stability of the antibody during
subsequent storage (Sane et al., 2004). It is of interest to exam-
ine the protective effects of this and other amino acids on the
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by lyophilization (Costantino et al., 1997; Overcashier et al.,
1997).

In the previous studies performed in our laboratory by
Souillac et al. (2002a), rh-DNase, was used as a model
compound to study protein/carbohydrate interactions upon
lyophilization. The same model compound was used in this
study to allow comparison of protein/histidine interactions with
previous protein/carbohydrate studies. Crystallinel-histidine,
l-arginine, glycine, andl-aspartic acid and their complementary
salts were of tissue culture grade and obtained from either Fisher
or Sigma. 1.0N hydrochloric acid and 1.0N sodium hydroxide
were obtained from Fisher. All of these compounds were tissue
culture grade or higher grade and used without further purifica-
tion.

3. Methods

3.1. Sample preparation

All buffers were prepared with Milli-Q water and filtered
through 0.22�m filters. The buffer pH was adjusted using 1.0N
sodium hydroxide or 1.0N hydrochloric acid solutions. The ionic
strength of the protein solutions was not controlled.

l-Histidine solution was obtained by combiningl-histidine
with l-histidine monohydrochloride monohydrate. To prepare
300 mM histidine buffer at pH 6.0, 34.2 mg/mLl-histidine
m
w s
t mM
g pH
6 sti-
g s
I

dia-
l e-A-
L ord,
I -
t ing
U were
d
f and
1
F ount
o pro-
t /mL
( hest
e i-Q
w lled.
E ino
a 5 mL
a
l in
a f
t ilized
f

riate
a envi-
olecular level. The same calorimetric techniques utilize
ouillac et al. (2002a)can be used to investigate the interact
etween proteins and amino acids. For comparison with th
asic amino acids (histidine and arginine), glycine (which h
eutral side chain), and aspartic acid (which has a negativ
hain) were chosen to study the possibility of side chain ef
n protein/amino acid interactions.

In this paper, we explore the freeze-drying behavior of
ral l-amino acids (e.g.,l-histidine, l-arginine, glycine, an
-aspartic acid) and investigate the existence of protein/a
cid interactions. Isoperibol (or solution) calorimetry and dif
ntial scanning calorimetry were employed to characteriz
ature of such interactions which should help in understan

he mechanisms of the stabilizing effects.
The reasons to examine antibodies in this study are:

nderstand the effects of histidine, arginine, glycine, and asp
cid on the physical stability of antibodies during the fre
rying process; (ii) to help develop a stable lyophilized antib

ormulation.

. Materials and methods

Therapeutic recombinant humanized anti-CD11a m
lonal antibody and anti-IgE monoclonal antibody (
huMAb-E25), were produced and provided for this study
enentech, Inc. (South San Francisco, CA). The protein
olution contained∼30 mg/mL antibody in 5 mM histidin
t pH 6.0. Recombinant human deoxyribonuclease 1 pr
rh-DNase) was used as a model compound in this s
h-DNase produced by Genentech, Inc., was provided a
xcipient-free powder after dialysis against pure water follo
o

e

c

.
n

onohydrochloride monohydrate and 21.3 mg/mLl-histidine
ere used. Three hundred millimolar ofl-arginine solution wa

itrated using 1.0N HCl to pH 6.0 at room temperature. 300
lycine and 300 mMl-aspartic acid solutions were titrated to
.0 using 1.0N NaOH. All solutions of the amino acids inve
ated were filtered through 0.22-�m syringe filters (Osmonic

nc., Cameo 17F, Teflon).
The antibody solutions obtained from Genentech were

yzed against distilled water using dialysis cassettes (Slid
yzer, 10,000 Da cut-off, Pierce Chemical Company, Rockf
L) for at least 12 h at 4◦C with gentle stirring. The elimina
ion of former histidine excipients was confirmed by analyz
V absorbance of a placebo. The antibody concentrations
etermined at 280 nm using absorptivity of 1.46 mg−1 mL cm−1

or anti-CD11a antibody (obtained from Genentech, Inc.)
.6 mg−1 mL cm−1 for anti-IgE antibody (Gray et al., 1994).
ormulations were prepared by adding an appropriate am
f a concentrated excipient solution to the excipient-free

ein solution, and a final protein concentration of 10 mg
except for a 5 mg/mL protein concentration at the hig
xcipient concentration) was obtained by dilution with Mill
ater. The ionic strength of the solutions was not contro
xcipient-free protein solution (10 mg/mL) and pure am
cid solutions (10 mg/mL) were also prepared. Less than
liquots of the formulated protein solutions in 10-cm3 glass

yophilization vials (Wheaton Company) were lyophilized
freeze drier (Virtis, Genesis).Table 1provides a summary o

he excipients and their concentrations in the seven lyoph
ormulations.

Physical mixtures were prepared by triturating approp
mounts of antibodies and amino acids under a dry argon
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Table 1
Final antibody and excipient concentrations in the lyophilized formulations

Antibody
concentration
(mg/mL)

Histidine
concentration
(mM)

Antibody in the
formulation (%)

Histidine in the
formulation (%)

10 0 100 0
10 10 84 16
10 20 73 27
10 60 47 53
10 150 26 74
5 200 12 88
0 60 0 100

Arginine
concentration (mM)

Arginine in the
formulation (%)

10 0 100 0
10 10 85 15
10 20 74 26
10 60 49 51
10 150 28 72
5 200 13 87
0 60 0 100

Glycine
concentration (mM)

Glycine in the
formulation (%)

10 0 100 0
10 10 93 7
10 20 87 13
10 60 69 31
10 150 47 53
5 200 25 75
0 150 0 100

Aspartic acid
concentration (mM)

Aspartic acid in the
formulation (%)

10 0 100 0
10 10 85 15
10 20 74 26
10 60 49 51
10 144 29 71
5 188 13 87
0 60 0 100

ronment in a glove-box. Sampled antibodies and amino acid
were freeze-dried, respectively, prior to the trituration. The trit-
uration step was performed with a spatula in a glass vial for
2 min. Pure amino acids and pure antibodies, which were use
in the physical mixture studies, were also triturated for 2 min to
avoid possible variations introduced from trituration. The results
obtained for the physical mixtures were used as controls through
out the study.

3.2. Freeze-drying procedure

Freeze-drying was performed using a Virtis (Genesis) mode
unit. Vials were loaded onto the lyophilizer shelf at 5◦C and
the shelf temperature was reduced by 20◦C/h to −35◦C. The
shelf temperature was maintained at−35◦C for 9 h. Next, the
shelf temperature was increased to 0◦C at 12◦C h−1, and the
primary drying was achieved at a shelf temperature of 0◦C for

40 h. Finally, the shelf temperature was raised to 20◦C at a rate
of 10◦C h−1, and held at this temperature for 8 h (secondary dry-
ing). A vacuum of less than 150 mTorr was maintained through-
out the freeze-drying cycle. All dried samples were stoppered
under vacuum. The lyophilized vials were sealed using alu-
minum crimper caps and stored at 2–6◦C in a vacuum desiccator
over drierite until testing. The lyophilized samples were tested
within two months.

3.3. Calorimetry

A Hart Scientific Isoperibol Calorimetry (Model 4285) was
used to determine the enthalpies of solution for the pro-
tein/amino acid mixtures in 25 mL Milli-Q water at 25◦C. About
10 mg of samples were prepared for each run. The detailed
methodology was explained in previous work that was done in
our laboratory (Souillac et al., 2002a). At least triplicate mea-
surements were carried out until a good reproducibility was
obtained to determine the enthalpy of solution for each pro-
tein/amino acid mixture.

3.4. Differential scanning calorimetry

Differential scanning calorimetric analysis of the lyophilized
formulations was conducted with a Perkin-Elmer Pyris-1
calorimeter. Pure indium was used as a standard for temper-
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ture and heat flow calibrations. The physical mixtures
yophilized samples for DSC measurements were prepar

glove box filled with dry argon. Approximately 1–2 mg
ach sample was loaded into a disposable aluminum samp
nd sealed, then placed in the calorimeter. An empty pan
sed as reference. A temperature range from 25 to 280◦C was
mployed with a heating rate of 10◦C/min. Thermograms of a
rotein/amino acid mixtures (freeze-dried and physically mi
ere obtained in duplicate.

.5. Karl–Fisher titration

The residual moisture content was assayed by the Karl–F
Brinkmann, model 652) titration method. Measurements w
ade by an electrochemical technique that utilizes the con

ive state of a hydranal Coulomat AG solution. Sample wei
anging from 1 to 3 mg were used. To avoid interference f
oisture in the air, the sample was prepared by transfe

he lyophilized powder to a 1.5-mL plastic centrifuge tube
love-box filled with dry argon. The tube was capped and

aken out under a flush of dry argon. Two moisture meas
ents were conducted per lyophilized vial.

.6. Circular dichroism

CD experiments were performed using an AVIV CD-60
nstrument. Samples were prepared after reconstitution in M

water at a protein concentration of 0.2 mg/mL. Data w
ollected in the range of 240–200 nm in steps of 1 nm
moothed. The wavelength of 222 nm was used to monito
D spectrum changes in the temperature range of 25–80◦C.
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4. Results

4.1. Residual water contents for the freeze-dried mixtures

The residual water contents of various freeze-dried amino
acids and lyophilized protein formulations were obtained.
Despite some batch-to-batch differences, the residual water con-
tents achieved when antibodies were freeze-dried in the absence
of excipients (amino acids) were 3.7± 0.4% (w/w) for anti-
CD11a antibody and 5.7± 0.2% (w/w) for anti-IgE antibody,
respectively. These data indicate that the residual moisture of
the pure anti-IgE antibody was close to the values of the water
monolayer, which has been determined to consist of 5.7 g of
water per 100 g of dry protein (Costantino et al., 1997).

Moisture contents ranging from 2 to 5% (w/w) (g water/100 g
solid) were detected among the freeze-dried samples containing
various amino acid/antibody ratios. This range of moisture con-
tent is close to other lyophilized proteins in carbohydrate systems
(Sarciaux et al., 1999; Souillac et al., 2002a).

4.2. Heats of solution for the pure materials

Enthalpies of solution in water for pure amino acids and pure
antibodies were measured (Fig. 1), in which crystalline amino
acids showed large endothermic values, indicating their crys-
t rials
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re-crystallization for lyophilized histidine and lyophilized argi-
nine were observed.

All freeze-dried pure antibodies were characterized by large
exothermic enthalpy values, showing a more complete amor-
phous character.

4.3. Antibody/amino acid mixtures

The interactions between antibodies (anti-CD11a and anti-
IgE) and different amino acids (l-histidine,l-arginine, glycine,
andl-aspartic acid) were investigated by isoperibol calorimetry
and differential scanning calorimetry using physical and freeze-
dried mixtures.

4.3.1. Histidine- and arginine-containing mixtures
4.3.1.1. Solution calorimetry. A variety of different molar
ratios ofl-histidine to antibodies andl-arginine to antibodies
were used, respectively, to produce lyophilized antibody for-
mulations. The enthalpies of solution were examined for both
physically mixed samples and lyophilized mixtures.

As illustrated in Fig. 2a, a linear relationship between
the enthalpies of solution and the weight percent of anti-
body in anti-CD11 a/histidine physical mixtures was observed
with correlation coefficient values of 0.99. Similar correlations
were observed for physical mixtures of anti-IgE/histidine, anti-
C not
s there
a y
o .
b of

F dine
in water and (b) enthalpies of solution for freeze-dried mixtures of anti-
CD11a/histidine in water.
alline natures. In addition, the crystallinity of these mate
as detected by DSC with distinct melting peaks and si

cant heats of fusion. Freeze-dried glycine was characte
y the same endothermic value as found for the crysta
lycine sample as received. The same one sharp melting
f glycine was found in DSC scans before and after lyophi

ion. These results suggest that glycine remains fully crystal
pon freeze-drying. The other freeze-dried amino acids sh
elatively small endothermic enthalpies of solution compare
heir crystal forms, indicating the amorphous character of t
ompounds following lyophilization. These findings were c
istent with DSC results, where the presence of exotherm

ig. 1. Enthalpies of solution in water for pure amino acids and pure antib
d
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D11a/arginine, and anti-IgE/arginine, respectively (data
hown). These close to 1.00 linear correlations indicate that
re no interactions betweenl-histidine (orl-arginine) and an
f the antibodies upon physical trituration. As shown in Eq(1)
elow, theoretically the total enthalpy of solution is the sum

ig. 2. (a) Enthalpies of solution for physical mixtures of anti-CD11a/histi
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the enthalpies of the individual components (Guillory and Erb,
1985; Craig and Newton, 1991; Gao and Rytting, 1997; Souillac
et al., 2002a), for non-interacting binary systems:

�HTotal = XA �HA + XB �HB (1)

whereX is the weight fractions and�H is the enthalpies of
solution of two non-interacting substances, respectively. Hence,
in the absence of interactions, a linear relationship between the
enthalpies of solution and the percentage of one of the compo-
nents is expected.

Unlike the linear relationship obtained from physical mix-
tures, the relationships between the enthalpies of solution and
the percentages of anti-CD11a antibody showed positive devi-
ations from linearity for the freeze-dried mixtures (Fig. 2b).
Similar positive deviations from linearity were also obtained for
lyophilized mixtures of anti-IgE/histidine, anti-CD11a/arginine
and anti-IgE/arginine, respectively (data not shown). These
positive deviations may be the result of interactions between
the antibodies and histidine or the antibodies and arginine.
In such circumstances, a higher energy would be required to
dissolve the co-freeze-dried formulations than predicted for
non-interacting molecules. Similar observations were found pre-
viously in freeze-dried protein/sucrose and protein/trehalose
formulations (Souillac et al., 2002a). It is evident that the mea-
sured enthalpies of solution for the lyophilized mixtures were
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Fig. 3. DSC thermograms of anti-CD11a/histidine mixtures: (a) physical mix-
tures and (b) freeze-dried mixtures (endotherm up).

to 226◦C for 47% anti-CD11a/histidine lyophilized mixtures.
Similar observations were displayed in the different ratios of
freeze-dried anti-IgE/histidine samples (data not shown).

The freeze-driedl-arginine mixtures showed melting
endotherms as well as crystallization exotherms ofl-arginine
at 12% antibody concentration (data not shown). The melting
peak could not be detected in freeze-driedl-arginine mixtures
containing 26% or more antibody concentrations. Similar obser-
vations as shown in antibody/histidine freeze-dried samples
demonstrate that there are interactions between antibody and
l-arginine upon lyophilization (data not shown).

The disappearance of a crystallization peak and an endother-
mic melting peak at high antibody concentration, as well as the
decrease in the melting temperature of histidine (or arginine)
with increasing antibody/histidine or antibody/arginine ratios,
confirmed the presence of interactions between histidine (or
arginine) and the antibody upon freeze-drying, as suggested by
the results of the solution calorimetry studies.
ess exothermic (more endothermic) than expected for a sy
ontaining non-interacting components.

.3.1.2. Differential scanning calorimetry. DSC thermograph
ere also obtained for both physically mixed and co-fre
ried antibody/histidine and antibody/arginine samples, res

ively. Fig. 3a showed distinct crystallization exotherms
elting endotherms of histidine throughout the entire antib

oncentration range for the physical mixtures. The me
emperature of histidine showed no significant changes
ncreasing amounts of anti-CD11a antibody in the mixtu
imilar results were obtained for physically mixed anti-IgE a
ody/histidine and antibody/arginine samples (data not sho
hese observations suggest the absence of antibody/his
nd the absence of antibody/arginine interactions upon phy

rituration. Additionally, the apparent enthalpy of crystallizat
ersus the percentage of histidine (or arginine) present i
ample was plotted for the physical mixtures (data not sho
n observed linear relationship also confirms that there a

nteractions between histidine (or arginine) and the antib
olecules upon physical mixing.
On the other hand, endothermic melting and exothe

rystallization ofl-histidine were detected in co-freeze-dr
amples containing up to 47% antibody (Fig. 3b). However, the
elting and crystallization ofl-histidine were not observed f

he mixtures containing more than 47% antibody. Moreover
ificant decreases in the melting temperature of histidine
bserved with increases in the concentration of the antibo
or instance, the melting peak of histidine for 12% anti-CD1
ontaining sample went down to approximately 241◦C from
48◦C for the pure histidine sample, and finally decrea
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Fig. 4. (a) Enthalpies of solution for physical mixtures of anti-CD11a/glycine
in water and (b) enthalpies of solution for freeze-dried mixtures of anti-
CD11a/glycine in water.

4.3.2. Glycine-containing mixtures
4.3.2.1. Solution calorimetry. A linear relationship between
the enthalpies of solution and the percentage of antibody in
the glycine systems again suggests that there is no interaction
between antibody and glycine for the physical mixtures (Fig. 4a).
For the freeze-dried antibody/glycine mixtures, a slightly nega-
tive deviation from linearity seemed to indicate very little if any
interaction between glycine and protein in the lyophilized mix-
tures (Fig. 4b). As pointed out before, no significant differences
were found between the enthalpy of solution values between
freeze-dried and crystalline glycine. Glycine remains in a crys-
talline form during the freeze-drying process, making it a good
bulking agent for lyophilized formulations.

4.3.2.2. Differential scanning calorimetry. During the DSC
scans, the melting peaks of glycine were detected at all protein
concentrations for both the physical mixtures and the lyophilized
samples (Fig. 5a and b). Neither physical nor lyophilized mix-
tures showed significant differences in the melting temperature
of glycine (ca. 242◦C) for all examined antibody concentrations.
Linear relationships between the apparent enthalpies of fusion of
glycine and the amounts of glycine in the systems were observed.
Furthermore, these two lines almost overlap (have very similar
slopes and intercepts) (data not shown). The DSC scan indi-
cates that there is little if any interaction between antibodies and
g

4
4 e
p lpies

Fig. 5. DSC thermograms of anti-CD11a/glycine mixtures: (a) physical mix-
tures and (b) freeze-dried mixtures (endotherm up).

of solution and the percentage of antibody was obtained for
physical mixtures of antibody/aspartic acid using isoperibol
calorimetry, indicating the absence of interactions between the
antibody andl-aspartic acid upon physical trituration (Fig. 6a).
For the freeze-dried mixtures, a large negative deviation from
linearity was observed inFig. 6b. This negative deviation sug-
gests that there is a larger portion of amorphous character in the
mixtures than expected in the case of no interactions. Part of the
l-aspartic acid could remain amorphous when co-freeze-dried
with antibody during the freeze-drying process.

4.3.3.2. Differential scanning calorimetry. DSC scans did
not show significant differences among any of the melting
endotherms ofl-aspartic acid for all physical mixtures (Fig. 7a).

For the anti-CD11a antibody/l-aspartic acid co-lyophilized
mixtures, the melting peak at 95◦C disappeared as shown in
Fig. 7b. Two endotherms were detected for the melting ofl-
aspartic acid for the 32% protein-containing mixture, indicating
the possible presence of interactions between aspartic acid and
the antibody. The melting ofl-aspartic acid was not detected at
lycine upon freeze-drying.

.3.3. Aspartic acid-containing mixtures

.3.3.1. Solution calorimetry. Similar to antibody/histidin
hysical mixtures, a linear relationship between the entha
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Fig. 6. (a) Enthalpies of solution for physical mixtures of anti-CD11a/aspartic
acid in water and (b) enthalpies of solution for freeze-dried mixtures of anti-
CD11a/aspartic acid in water.

higher protein concentrations (above 32%), thereby, confirming
the formation of amorphous material during lyophilization.

4.4. rh-DNase/histidine mixtures

4.4.1. Differential scanning calorimetry
rh-DNase has been shown to have direct interactions with

several carbohydrates (i.e., sucrose, trehalose, mannitol) upon
lyophilization (Souillac et al., 2002a), and these interactions
contribute to the preservation of secondary structure of rh-DNase
during freeze-drying (Souillac et al., 2002b). In order to compare
one of the potential lyo-protectants,l-histidine, a model com-
pound, rh-DNase, which was used in the previous study (Souillac
et al., 2002a) was used to conduct some preliminary studies
with l-histidine. Differential scanning calorimetry was used to
explore the interactions between rh-DNase andl-histidine upon
lyophilization.

For physical mixtures, the detectable melting peaks of his-
tidine showed very close temperatures for all different con-
centrations of protein samples (Fig. 8a). In addition, a linear
correlation between apparent enthalpies of histidine crystalliza-
tion versus the percentage of histidine was observed (data not
shown). These observations indicate the absence of interaction
between rh-DNase andl-histidine upon physical trituration.

For the freeze-dried mixtures, melting and crystallization
p low
p
F ature
w rom

Fig. 7. DSC thermograms of anti-CD11a/aspartic acid mixtures: (a) physical
mixtures and (b) freeze-dried mixtures (endotherm up).

242◦C for the purel-histidine to approximately 240◦C for
the 10% rh-DNase-containing sample and 230◦C for the
25% rh-DNase-containing sample. This decreased melting
temperature of histidine at low protein concentration as well
as the loss of endothermic melting for histidine at high protein
concentration suggest the presence of interactions between
l-histidine and rh-DNase upon freeze-drying.

The results obtained here are similar to the observations per-
formed before using rh-DNase with sucrose (Souillac et al.,
2002a), confirming the formation of interactions between rh-
DNase and histidine upon freeze-drying.

4.4.2. Circular dichroism
Reconstituted samples of rh-DNase/histidine and rh-

DNase/sucrose were used for monitoring the protein conforma-
tion changes upon temperature increases. The CD spectrum of
rh-DNase revealed a negative broad peak at about 213 nm. Since
rh-DNase is composed ofα-helix andβ-sheet, the wavelength
of 222 nm was selected to monitor the CD spectrum changes.
A temperature range from 25 to 80◦C was used to detect the
eaks ofl-histidine could not be detected except for two
rotein concentrations (10% and 25% rh-DNase) (Fig. 8b).
urthermore, significant decreases in the melting temper
ere observed in the histidine buffer, which dropped f
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Fig. 8. (a) DSC thermographs of rh-DNase/histidine physical mixtures and (b) DSC thermographs of rh-DNase/histidine freeze-dried mixtures (endotherm up).

transition temperature of rh-DNase from its native structure to a
completely unfolded state. The CD spectrum of the buffer solu-
tion was subtracted.

A transition temperature of pure rh-DNase was detected
around 48◦C (Fig. 9a). Using the reconstituted sample of rh-
DNase inl-histidine (1:1, w/w ratio), the transition temperature
increased to about 55◦C (Fig. 9b). The increased transition
temperature of protein (∼55◦C) was also obtained using the
reconstituted sample of rh-DNase in sucrose (1:1, w/w ratio)
(Fig. 9c). Previous studies showed that there were interactions
between rh-DNase and sucrose in the solid state (Souillac et al.,
2002a,b). The CD results presented here show that the native
structure of rh-DNase was more stable in the presence of sucrose
in solution. The similar result for rh-DNase inl-histidine sys-
tem indicates that histidine improves the thermal stability of
rh-DNase in solution, as does sucrose.

Furthermore, 75% rh-DNase (weight ratio) inl-histidine and
sucrose were examined, respectively. Both excipients increased
the transition temperature of rh-DNase, showing that the pres-
ence of histidine (or sucrose) improved the protein thermal
stability.

5. Discussion

5.1. Pure excipients (amino acids)

usu-
a halp
o est

value. Partially amorphous samples, therefore, will produce an
enthalpy of solution between these two extreme values based
on the combined contributions from both crystalline and amor-
phous characteristics.

The experimental values of enthalpies of solution for the
pure amino acids illustrated thatl-histidine, l-arginine, and
l-aspartic acid became partially amorphous during the freeze-
drying process, whereas glycine remains fully crystallized.

Glycine is commonly used as a bulking agent in pharmaceu-
tical protein formulations because of its crystallization during
freezing (Akers et al., 1995; Pyne and Suryanarayanan, 2001;
Pikal-Cleland et al., 2002). In analyzing the freeze-drying behav-
ior of l-amino acids,Mattern et al. (1999)found that most amino
acids (e.g., glycine) crystallized during freeze-drying, however,
some basic amino acids (e.g.,l-histidine,l-arginine) and their
chloride salts exhibited an amorphous form. These phenom-
ena support what was observed in this calorimetric study. The
different solid forms (crystalline, amorphous) may impact the
formation of interactions, which could occur between protein
and amino acids during the freeze-drying process.

5.2. Protein/amino acid mixtures

All physical mixtures of the antibodies with different amino
acids gave good linear correlations (R2 = 0.99) between the
enthalpy of solution and the ratio of protein/excipient in the
s terac-
t ixing
( SC
The enthalpy of solution for the pure crystalline sample
lly corresponds to the highest value, whereas the ent
f solution for the pure amorphous sample will be the low
y
ample. These results demonstrate that there is no in
ion between antibodies and amino acids upon physical m
based on Eq.(1)). This conclusion was also confirmed by D
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Fig. 9. (a) Transition temperature of pure rh-DNase in aqueous solution. Monitored at 222 nm by circular dichroism. Transition temperature of 50% (w/w) rh-DNase
in the presence of (b) 50% (w/w) histidine and (c) 50% (w/w) sucrose aqueous solutions. Monitored at 222 nm by circular dichroism.

with the lack of noticeable change in the melting temperature of
amino acids.

Theoretically, for an interacting binary system, the enthalpy
due to interactions between two interacting materials should be
additive, as shown in Eq.(2):

�HTotal = XA �HA + XB �HB + �Hint (2)

where �Hint represents the enthalpy change due to interac-
tions between two interacting substances. The enthalpy change
due to interactions is considered to be composed of multiple
terms and depends on the different types of interactions in the
system. The theoretical enthalpy values of non-interacting sys-
tems can be calculated from the extrapolation of a straight line
between the enthalpy of the pure protein and that of the pure
amino acid. Thus, the enthalpy of solution values can be the-
oretically obtained for each corresponding protein/amino acid

sample (with different weight ratios) in the absence of any inter-
actions. In this case, only dissolution processes will influence the
enthalpy values because of the independence of sample weight
on �Hsol of pure proteins and pure amino acids. The values of
�Hint can be assessed by subtracting the theoretical values from
the experimental data. The determined number represents the
magnitude of�Hint and the positive or negative sign indicates
endothermic or exothermic of�Hint for each protein/amino acid
mixture.

5.2.1. Physical mixtures
The enthalpies, due to interactions between the protein and

the amino acid, obtained for physical mixtures were relatively
small and randomly distributed as expected. This pattern indi-
cates the absence of interactions between proteins and amino
acids upon physical trituration.
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Fig. 10. The enthalpy changes of interactions between protein and amino acid
for lyophilized mixtures.

The melting endotherms of amino acids in different con-
centrations of protein/amino acid mixtures displayed similar
temperatures for all physical mixtures. These observations sug-
gested that there was no interaction between the amino acids and
proteins upon physical mixing. In addition, a straight line was
obtained from plotting the apparent enthalpy of crystallization
for histidine and arginine (or heat of fusion for glycine) ver-
sus the percentage of proteins in the mixtures, confirming the
absence of interactions for physically mixed samples. This con
clusion is supported by similar observations found in the work
of Souillac et al. (2002a)for physical mixtures of proteins and
carbohydrates using isoperibol calorimetry and DSC.

5.2.2. Freeze-dried mixtures
Compared with the physical mixtures, the changes in

enthalpy of interactions between the proteins and amino acid
obtained from freeze-dried samples showed larger values i
either positive (endothermic) or negative (exothermic) directions
(Fig. 10).

For example, the changes of enthalpy of interaction for the
histidine- and arginine-containing mixtures exhibit positive val-
ues. For those two mixtures, the experimental values are mor
endothermic than those predicted for the non-interacting sys
tems, suggesting more energy is required during the dissolu
tion process. These positive deviations from linearity provided
e anti-
b ld b
i thei
s als
c

s l
w nine
s clos
t tion
o /mo
( -

tribution of hydrogen bonds to the conformational stability of
human lysozyme. Their results showed that hydrogen bonds
between protein atoms and between a protein atom and a bound
water molecule favorably contribute to the protein stability. The
net contribution of an intramolecular hydrogen bond to pro-
tein stability was about 9± 2.6 kJ/mol. On the other hand, the
contribution of hydrogen bonds between a protein atom and a
bound water molecule was smaller than that between protein
atoms. This is consistent with other studies, showing an enthalpy
change of hydrogen bond formation in water between−8 and
−13 kJ/mol (Schellman, 1955; Susi et al., 1964; Gill and Noll,
1972). In addition, some weak ion–dipole interactions also give
similar energy ranges. Several studies indicate that disaccharides
(i.e., sucrose, trehalose) form hydrogen bonds with proteins to
inhibit the unfolding of proteins during drying (Carpenter et al.,
1989, 1991; Tanaka et al., 1991; Lippert and Galinski, 1992;
Allison et al., 1999; Souillac et al., 2002a,b). The�Hint values,
which were obtained from previous studies conducted in our
laboratory (Souillac et al., 2002a), were from 7 to 14 kJ/mol for
all four different proteins (rh-DNase, rh-GH, rh-MetGH, and rh-
IGF-1) with sucrose at a 1:1 weight ratio of freeze-dried samples.
These energy changes were also within the scope of the hydro-
gen bond energy range, suggesting the formation of H-bonds
between proteins and sucrose. These phenomena are consistent
with hydrogen bonding (or ion–dipole) contributing primarily
to the excipient–protein interactions.

the
s his-
t (for-
m ight
f H-
b ino
a tion
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e truc-
t basic
a rmic)
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t onds.
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g and
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vidence for the formation of interactions between the
ody and amino acid molecules. These interactions cou

on–dipole interactions and/or hydrogen bonding based on
mall enthalpic values. Other types of interactions should be
onsidered.

When the values of�Hint for 1:1 weight ratio lyophilized
amples were considered, a�Hint of approximately 8 kJ/mo
as obtained for both protein/histidine and protein/argi
amples. These values for the change in enthalpy are very
o those of weak interactions, such as ion–dipole interac
r hydrogen-bonding, with energy changes around 9 kJ
Takano et al., 1999). Takano et al. (1999)examined the con
-
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e
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In the current study, the protonated guanidine motif on
ide chain of arginine and protonated imidazole motif on
idine side chain are present in the protein formulations
ulated at pH 6). These positively charged side-chains m

orm ion–dipole interactions or hydrogen bonding (good
ond donors) with antibodies. Therefore, the protein/am
cid interactions may help to stabilize the native conforma
f the protein molecule in the absence of water. In fact,
nthalpic energy required to destroy the pseudo-lattice s

ure that formed by weak interactions between protein and
mino acid molecules gives more endothermic (less exothe
alues, leading to an unfavorable enthalpic effect upon dis
ion. This was supported by Habermann’s work (Habermann
nd Murphy, 1996), which showed that the overall entha
f dissolution produced positive values for cyclic dipept

hat contain amide–amide and amide–hydroxyl hydrogen b
ome calorimetric studies also found a negative contrib

o �H during protein–ligand binding, indicating a favora
nthalpy change upon formation of such interactions (McGraw
nd Lindenbaum, 1990; St. Hilaire et al., 1994; Kornblatt e
001; Hicks et al., 2003).

Compared with previous work (Souillac et al., 2002a), the
yophilized antibodies in the presence of histidine (or argin
howed positive values of�Hint in the same range as tho
bserved in protein/sucrose and protein/trehalose mixtures
esting the existence of direct interactions between antib
nd these basic amino acids. The rh-DNase/histidine int

ions were also detected upon DSC scans, and an increasTm
f rh-DNase was observed by CD experiments. These data
est that the antibody/histidine interaction is non-specific
ay affect protein stability.
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The value of�Hint for the aspartic acid-containing mix-
tures showed negative magnitudes, which are similar to pro-
tein/mannitol lyophilized samples (Souillac et al., 2002a). A
possible reason for these negative values (more exothermic) is
the partial amorphization ofl-aspartic acid. As discussed for the
lyophilized protein/mannitol systems (Souillac et al., 2002a),
protein/mannitol interactions may have in fact occurred, but the
endothermic enthalpy generated by the formation of interactions
may have been overcompensated by the exothermic enthalpy
generated by the amorphization process. A similar explanation
can be applied to the antibody/aspartic acid formulations.

The �Hint for the glycine-containing lyophilized mixtures
has the lowest value compared to other amino acids. As illus-
trated previously, glycine tends to fully crystallize with itself
and be excluded from the protein surface during the fireeze-
drying process. The formation of interactions between glycine
and protein is very limited. The amorphous character shown for
histidine, arginine, and aspartic acid, however, suggests that such
interactions occur more easily with amorphous protein.

6. Conclusions

Differential scanning calorimetry and isoperibol calorimetry
provide methods to detect whether there are interactions between
proteins and amino acids at the molecular level. The isoperibol
calorimetry results showed that a linear correlation (R2 = 0.99)
w pe
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i s an
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