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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
aqueous 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-
tion 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.
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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 VIII, 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 native protein conformation in aqueous
solutions (e.g., antithrombin IIT)'®!” and their propensity to
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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 L-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 (FT-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, U.S.A.)
and ICN Biomedicals Inc. (Aurora, OH, U.S.A.), respectively. Disodium hy-

drogen citrate sesquihydrate, monosodium citrate, and disodium(+)-tartrate
dihydrate were obtained from Kanto Chemical Co. (Tokyo, Japan). Sodium
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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., Darien, 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
lyophilizer 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 ul,
13 mm 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 temperature 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 6h, and 35°C for 6 h. 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-DKK 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 ul) 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 flow. 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 Diffraction (XRD) Analysis Powder X-ray diffraction
patterns were obtained at room temperature using a Rint-Altima diffrac-
tometer (Rigaku, Tokyo, Japan) with CuK¢ 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-
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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. 1 mg 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 um). 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—1715 cm™").229

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 L-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 (50 mm, 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 (10 mg/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.®

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
pH Thermal property pH Thermal property Crystallinity” Thermal property Residual
water (%)
Na,-citrate 8.51 L1 —43.0x1.2°C 7.06 T,': =35.8%0.1°C Amorphous T,: 74.9%2.0°C 5.2+0.9
Na,H-citrate 5.28 .1 —39.120.0°C 5.30 T,': =31.6=0.2°C Amorphous T,:782%+2.6°C 5.1+0.9
NaH,-citrate 3.72 .1 —33220.2°C 3.97 T, —244=x1.1°C Amorphous T;:61.1x1.8°C 5.2+0.0
Citric acid 2.29 .1 —55.0%03°C 2.63 n.d. Amorphous T,:43.7+1.8°C 5.5*1.8
Na,-L-tartrate 7.24 .1 —40.0£0.1°C 6.73 T,': =32.6x0.1°C Amorphous T,: 68.8£2.6°C 49%2.1
NaH-L-tartrate 3.50 Exotherm: —26.2, —15.0°C 3.72 Exotherm: —10.9°C Amorphous T, 56.6+3.8°C 7.0+2.2
L-Tartric acid 2.26 T,': =56.6=0.8°C 2.56 n.d. Amorphous T,:43.7+1.8°C 8.4*04
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 T,': =39.5%0.7°C Amorphous T,:49.2%3.7°C 7.7+1.2
Endotherm: —8.1°C Endotherm: —7.9°C
Succinic acid 2.82 Unclear 3.41 Exotherm: —17.6°C Amorphous T, 42.0x6.2°C 6.0+1.3

a) 50mMm. b) Obtained by powder X-ray diffractometry.

¢) Prepared by mixing and disodium succinate and succinic acid.
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Fig. 1. Thermograms of Freeze-Dried Excipients (0.5—1mg, 50 mm in

Initial Solutions) Scanned from —30 °C at 5 °C/min

The solids presenting crystallization or melting peaks (A) and glass transitions (B)
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 L-tartaric acid solutions collapsed during the
primary drying process, presumably because their 7,'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 L-
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 (50mm) 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 (10 mg/ml) and Various Concentrations (1.5—50mm) of Sodium
Citrate Buffer (pH 6.0)

FT-IR 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—50 mm) 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 mmM 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
(1656cm™") intensity.>?*?* 39 Larger structural changes
were suggested in freeze-drying of the protein from sodium
phosphate and sodium succinate buffer solutions.
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10 mg/ml, C: 50 mg/ml).

Figure 5 shows area-normalized second-derivative amide I
spectra of BSA freeze-dried with the organic acids and their
salts (50 mm). Spectra of the protein in the corresponding
buffer solutions (20 mmMm, 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 o-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 o-helix band intensity reached a plateau at the salt
concentrations (20—50 mm) 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 a
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 (20 mM) concentration because of the
large overlapping absorbance in the amide I region. Insuffi-
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Fig. 7. Area-Normalized Second-Derivative Amide I Spectra of Im-
munoglobulin G in an Aqueous Buffer Solution (10 mg/ml) and Freeze-
Dried Solids

The initial monosodium citrate solution (20 mm) 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 fB-sheet band intensity indicated that IgG freeze-
dried from sodium phosphate buffer (20 mm, pH 6.0) had a
partially altered structure. Monosodium citrate (50 mm) al-
lowed the IgG to retain the intramolecular B-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 transition 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
mMm) 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.'? 19

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.'®!7?23¥ 4D 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 ionic environments, including enzyme
reactions in ionic liquids (RTMS: room temperature molten
salts).* 4% 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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