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a b s t r a c t

Feasibility studies were performed to develop a process for obtaining stable dry protein formulations
based on in situ polyethylene glycol (PEG)-induced precipitation and vacuum drying of interferon alpha-
2a (IFN�2a) solution in a vial. Using a laboratory scale freeze dryer, the process was carried out in two
phases: first, protein solution containing PEG was concentrated to achieve protein precipitation, and sec-
ond, remaining water was removed by further reducing the chamber pressure. Drying conditions, i.e.
temperature and pressure, and solution composition were selected to ensure maximal precipitation (sol-
ubility of IFN�2a), to achieve precipitation without boiling, and to ensure stability. Dried formulations
were subjected to stability studies (40 ◦C). Concentration and precipitation could be achieved at a fast
olyethylene glycol (PEG)
recipitation
acuum drying

rate by utilizing pressures slightly above the vapor pressure of water. Fluorescence and circular dichro-
ism (CD) studies showed that precipitated IFN�2a maintained its native structure. Fourier transform
infrared spectroscopy (FTIR) studies showed that IFN�2a when dried in the presence of trehalose, main-
tained its secondary structure. Trehalose also prevented formation of aggregates during drying. Moisture
contents of 1% (w/w) were achieved within 48 h of drying. Dry formulation containing 1:20:100 (w/w)
IFN�2a:trehalose:mannitol was stable against aggregation and oxidation (6% oxidized at 40 ◦C, 6 months).
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Stability profile was comp

. Introduction

Stability problems often arise in protein formulations due to the
omplex native structure of protein molecules. These problems are
sually associated with manufacturing and processing as well as
ith the long-term storage stability and manifest in the form of
hysical instability (aggregation, precipitation or unfolding) and/or
hemical instability (oxidation, deamidation or �-elimination)
Arakawa et al., 1993; Wang, 1999; Cleland and Langer, 1994;

anning et al., 1989). In order to minimize these instabilities, pro-
eins are frequently formulated in the dried state. Freeze drying
r lyophilization has been the process of choice for the prepara-

ion of dry protein powders (Pikal, 1994; Wang, 2000). However, in
ecent years there has been an increased level of interest towards
he development of alternative drying technologies. This is because
reeze drying, though successful for several proteins, has certain

∗ Corresponding author at: U-3092, School of Pharmacy, University of Connecti-
ut, Storrs, CT 06269, United States. Tel.: +1 860 486 3655; fax: +1 860 486 4998.
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e to a similar lyophilized formulation.
© 2008 Elsevier B.V. All rights reserved.

isadvantages. These include the instabilities incurred on proteins
ue to the inherent steps involved in the process of lyophilization,

ong processing times, and expensive setup and maintenance of the
yophilization plant (Gomez et al., 2001; Strambini and Gabellieri,
996; Chang et al., 1996; Izutsu et al., 1998).

Other methods that are being evaluated and reported in lit-
rature include spray drying (Munmenthaler et al., 1994; Maa et
l., 1998a), spray-freeze drying (Munmenthaler and Leuenberger,
991), bulk crystallization (Shenoy et al., 2001), supercritical fluid
rying (Moshashaee et al., 2000; Winters et al., 1996), simple
vaporative or vacuum drying (Roser, 1991; Mattern et al., 1997)
nd foam drying (Brohnstein, 2003). Although all of the above
entioned techniques have shown promise, limitations still exist

n each of these processes. For example, use of organic solvents
n supercritical fluid technology can lead to the perturbation of
he native structure of protein molecules, and presence of large

ir–water interface has been associated with protein aggregation
n spray drying (Winters et al., 1996; Maa et al., 1998b). Similarly,
imple evaporative drying may require long drying times (Mattern
t al., 1997). Hence, despite the continued emergence of the new
echniques, there is a need for a drying process which is economical,

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:kalonia@uconn.edu
dx.doi.org/10.1016/j.ijpharm.2008.09.001
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oes not create protein stability problems and can be utilized for a
iven protein, resulting in a desired shelf-life of the product.

Recently, Sharma and Kalonia have reported that precipitation
f proteins by polyethylene glycols (PEGs) under favorable condi-
ions followed by vacuum drying of the precipitate can be used
or the formulation of proteins as dry stable powders (Sharma and
alonia, 2004). The process is simple, economical, less time con-
uming and preserves protein structure and conformation during
rying and upon storage at accelerated temperatures. This method
ffers several advantages including prevention of the protein from
old denaturation, freezing induced denaturation and short dura-
ion of drying process (1–2 days). However, this process involved

ultiple steps (precipitation, filtration, mixing of the precipitate
ith the stabilizer, vacuum drying of the mixture and powder fill-

ng in vials) in order to achieve the final dry protein formulation
n a vial. Nevertheless, the advantages offered leads to opportunity
or further development of this process as a single-step technology
hat can be utilized in industry in a setting similar to freeze drying.

The above authors have also demonstrated the utility of PEGs as
he precipitating agents of choice during the development of their
rying process (Sharma and Kalonia, 2004). PEGs have also been
sed earlier to carry out the crystallization of proteins for thera-
eutic use (Shenoy et al., 2001). Utility of PEGs as the precipitating
gents of choice is because of their following properties: (1) negli-
ible effect on the native structure of the protein (higher molecular
eight PEGs may affect the tertiary structure); (2) required in

elatively small amounts for precipitation; and (3) approved for
arenteral use (Sharma and Kalonia, 2004; Polson et al., 1965;
eepezauer and Brishammar, 1974; Haire et al., 1984; Ingham,
978). Though, phase separation of proteins can also be carried out
y utilizing some of the other precipitating agents such as salts
ammonium sulfate) or organic solvents (ethanol), their utility in
protein drying process is limited because of the disadvantages

ssociated with the use of these precipitating agents (Melander and
arvarth, 1977; Askonas, 1951). For example, salts are required in
igh concentrations while use of organic solvents may result in the
enaturation of proteins. Since the principle objective for any dry-

ng process is the transformation of the protein to the solid state
y removal of water while maintaining the native structure of the
rotein, it is worthwhile to mention that phase separation of pro-
eins by PEGs with least denaturation is by far the most important
dvantage that PEGs offer, and hence makes them of immense use
n the development of precipitation related drying process.

Polyethylene glycols are non-ionic polymers with a general for-
ula HO–(CH2CH2O)n–H. The mechanism of the precipitation of

roteins by PEGs has been well documented. Phase separation of
roteins by different molecular weight PEGs has been explained
n the basis of steric exclusion mechanism, according to which
roteins are excluded from the immediate vicinity of the PEG
olecules due to steric effects (Atha and Ingham, 1981; Arakawa

nd Timasheff, 1985a). Steric exclusion of PEGs leads to the pref-
rential hydration of proteins resulting in the maintenance of the
rotein native structure.

The present paper describes the development of a process based
n in situ protein precipitation by PEGs followed by evaporative
rying. The process was designed to achieve dry protein formu-

ation from its aqueous solution directly within the vial (in situ
tresses on the fact that protein precipitation and drying are per-
ormed within the vial once the vials filled with a protein solution
ave been loaded within the dryer). The process is thus a modifica-

ion of the process that was developed by Sharma and Kalonia. The

odified technique eliminates the need for the steps of centrifu-
ation/filtration and bulk powder filling thus making the process
ore practical for industrial use with minimal concerns about

terility issues. In this method, the precipitation of protein is carried

a
h
6
(
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ut from its aqueous solution containing the suitable precipitating
gent by removal of water under moderate vacuum, thus increasing
he concentration of the precipitating agent until desired precip-
tation of the protein is achieved. Further drying is achieved by
tilizing high vacuum thus facilitating rapid removal of remain-

ng water resulting in dried protein ready for pharmaceutical and
herapeutic use. The overall objective of this work was to develop a
ingle-step drying process that is available to protein formulators
s an alternative to lyophilization.

Based on the previous study, Recombinant human interferon
lpha-2a (IFN�2a) was used as the model protein for these studies
Sharma and Kalonia, 2004). IFN�2a has 165 amino acids and has a

olecular weight of 19.2 kDa (Hochuli, 1997). IFN�2a is an all heli-
al protein (65% alpha helical) with a pI in the range of 6.0–7.0 (Klaus
t al., 1997). The protein is found to maintain its native structure in
he pH range of 4.0 and 8.0 (Sharma and Kalonia, 2003a). IFN�2a is
hosen as the model protein for the drying studies since it is well
haracterized, is susceptible to oxidation (Gross et al., 1998) (since
EGs have peroxides, which accumulate on storage (Johnson and
aylor, 1984; Kumar and Kalonia, 2006), this provides an oppor-
unity to evaluate effect of peroxides, if present, on oxidation of
FN�2a) and has propensity to unfold during the normal vacuum-
rying process (Sharma and Kalonia, 2003b). IFN�2a in solution is
lso known to undergo aggregation on storage (Gross et al., 1998).

This study shows that in situ protein precipitation by PEGs fol-
owed by vacuum drying can be used as a suitable process for the
ormulation of proteins in the dried state. Results are presented in
etail on the selection and optimization of the formulation, devel-
pment of the process for drying and on the stability studies of
arious formulations that were prepared by PEG precipitation and
acuum drying. Finally results from the accelerated storage sta-
ility studies on PEG precipitated and vacuum dried IFN�2a are
ompared with that of similar freeze dried formulation in order to
ompare the long-term stability of dry protein produced by the two
ethods.

. Materials and methods

.1. Materials

All buffer reagents were of the highest purity grade available
rom commercial sources and were used without further purifica-
ion. PEG 1450 was obtained from Acros Organics (Geel, Belgium)
nd PEG 3350 was obtained from Fischer Scientific (Fair Lawn,
J). d-Mannitol was obtained as fine crystalline powder United
tates Pharmacopeias grade from Cerestar USA Inc. (Hammond, IN).
rehalose dihydrate was obtained from Sigma–Aldrich (St. Louis,
O). IFN�2a was donated generously by Hoffmann-La Roche and
as supplied as 1.6 mg/ml solution in 25 mM acetate buffer, con-

aining 120 mM NaCl (total ionic strength = 142 mM). Protein was
tored at −80 ◦C in small vials and each vial was thawed before
se. 5-cm3 tubing clear vials with 20 mm finish (diameter × height:
2 mm × 40 mm, i.d. × o.d.: 13 mm × 20 mm, catalogue no. 223685)
ere purchased from Fischer Scientific (Millville, NJ). Fluoretec

toppers (V10 451, Single vent, 20 mm lyophilization) were pur-
hased from West Pharmaceuticals (Lititiz, PA).

.2. Solubility studies
Solubility of IFN�2a in the presence of PEG 3350 was obtained as
function of PEG concentration, ionic strength and excipients (tre-
alose and mannitol). All studies were conducted at 25 ◦C and pH
.5. pH 6.5 is the midpoint of the isoelectric pH range of IFN�2a
protein has lowest apparent solubility at the isoelectric point
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Sharma and Kalonia, 2004) and hence pH 6.5 was chosen in order
o minimize the concentration of PEG required to precipitate the
rotein out of the solution). Stock solutions of the protein, PEG
nd excipients were prepared at pH 6.5 utilizing phosphate buffer.
djustments of ionic strengths if required were made using NaCl.

FN�2a was precipitated by adding aliquots of buffered PEG stock
olution to the solution of IFN�2a (in order to study the effect of
xcipients, PEG stock solution was added to the solution of IFN�2a
ontaining the required excipients) to vary the PEG concentration.
he final volume of the solution was adjusted to 1.0 ml.

The final solutions obtained were mixed well and equilibrated
or 2 h. The protein suspensions thus obtained were centrifuged at
600 × g for 30 min to separate the protein precipitate. Protein sol-
bility was obtained by measuring absorbance of the supernatant
t 280 nm (E1% 9.3 for IFN�2a). Since precipitation by PEG results in
he formation of amorphous protein phase, the solubility is referred
o as apparent solubility rather than true solubility (McPherson,
985; Smatanova, 2002).

.3. Structural characterization of the precipitated IFN˛2a

Addition of PEG to the solution of IFN�2a results in the precipi-
ation of the protein. Fluorescence spectra of the protein suspension
btained after the protein has been precipitated out of the solution
y PEG and that of the native protein in solution were com-
ared. The protein precipitate was collected after centrifugation
nd reconstituted in acetate buffer pH 5.0, and the secondary and
ertiary structure of the reconstituted IFN�2a was compared with
he structure of the native IFN�2a using Far and near UV circular
ichroism (CD) spectroscopy.

.3.1. Fluorescence spectroscopy
Fluorescence measurements were carried out using a

erkinElmer LS-50 Luminescence spectrometer. The excita-
ion wavelength was fixed at 295 nm and the emission scans were
ollected between 310 and 400 nm. An excitation slit width of
0 nm and emission slit width of 5 nm was used to collect all
he emission scans. A scan speed of 20 nm/min was selected to
mprove the signal to noise ratio. For every solution, 5 spectra

ere accumulated and averaged to get the final spectrum. The
olutions or the suspensions were equilibrated at 25 ◦C and were
ontinuously stirred with a small magnetic bar. All spectra were
orrected for the Raman peak by subtraction of the emission
can of the buffer from the fluorescence emission scan of the
olution or the suspension. The fluorescence emission spectra
ere normalized to an intensity of 1 at the �max using FL-winlab

oftware (PerkinElmer Instrument Corporation (Wellesley, MA).

.3.2. CD spectroscopy
Measurements were performed using a Jasco-710 spectropo-

arimeter. The far UV-CD studies were performed in a 0.1 cm path
ength cell using a protein concentration of 0.1 mg/ml and a scan
peed of 20 nm/min from 200 to 260 nm. The near UV-CD studies
ere performed in a 0.2 cm path length cell using a protein con-

entration of 2 mg/ml and a scan speed of 50 nm/min from 250 to
10 nm. A total of 5 spectra were accumulated and averaged.

.4. Vacuum-drying studies

The first step in the development of the drying process was

o determine conditions under which water can be evaporated
ithout boiling from solutions containing the desired formula-

ion in order to concentrate the components to an extent such
hat the protein could be completely precipitated (≥90% precip-
tation) by utilizing minimal amounts of the precipitant. These

c
q
a
v
e
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tudies were conducted by placing the vials with water or with the
ppropriate formulation in a laboratory scale Durastop lyophilizer
FTS/Kinetics Thermal Systems, Stoneridge, NY). Vials were stop-
ered with the vents open and placed on the loading tray in
hexagonal arrangement (each vial is surrounded by six other

ials except the ones that are on the edges which were always
mpty). The load was then transferred from the tray to the shelf
f the dryer. Conditions for the initial slow evaporation were hence
etermined.

Formulations for drying were prepared by mixing appropriate
liquots of protein, PEG, mannitol and trehalose in the desired
atios from their stock solutions. Vacuum drying of the formula-
ions was performed in two steps. In the first step the formulations
ere concentrated to the desired volume of the solution by uti-

izing appropriate conditions (see Section 3). Once the solution
ad been reduced to desired volumes and complete precipitation
chieved, the second step was initiated by reducing the pressure
o 100 mTorr while maintaining the shelf temperature. The dry-
ng was performed at this pressure for a maximum of 48 h. The
olume of the solution kept for drying was 1.0 ml. All formula-
ions that were dried contained 0.4 mg of the protein. Formulations
hat were dried contained protein:trehalose:mannitol in different
eight ratios (the formulation will thus be referred to as x:y:z for-
ulation). In addition formulations also contained PEG 3350 as

he precipitating agent. The amount of the precipitating agent was
ifferent for different formulations (see Section 3).

Karl Fischer titrimetry was used to determine the moisture con-
ent of the dried formulations. Secondary structure of IFN�2a in
he dried formulations was done by using second derivative trans-

ission Fourier transform infrared spectroscopy (FTIR). Presence
f soluble and insoluble aggregates of IFN�2a in the reconstituted
ried formulations was done by size exclusion chromatography
SEC-HPLC) and UV spectroscopy respectively.

.4.1. Moisture analysis
Moisture content was determined using an Orion AF7LC Coulo-

etric Karl Fischer Titrimeter (Orion Research Inc., Boston, MA).
amples were analyzed dissolving or dispersing in methanol/
ormamide (75%/25%) and using dry methanol/formamide
75%/25%) as blank.

.4.2. Analysis of secondary structure
The secondary structure of IFN�2a was evaluated by obtaining

rea normalized second derivative FTIR spectra on a Nicolet Magna
60 FTIR spectrometer (Nicolet Inc., Madison, WI). FTIR spectra of
riginal IFN�2a sample were recorded using a demountable path-
ength cell with CaF2 windows. The pathlength was fixed by placing
6 �m mylar spacer. A solvent blank spectrum was collected with
ater. Transmission spectra of dry samples were obtained by KBr
elletization. Approximately 0.5 mg of IFN�2a was mixed with
00 mg of KBr (dried overnight at 40 ◦C) and transferred to a stain-

ess steel die. The die was placed on a 12 ton hydraulic press (Carvar,
abash, IN) and evacuated with an attached vacuum pump. Pellets
ere prepared by pressing at 12,000 psi for approximately 2 min.
total of 128 scans were accumulated in 4000–400 cm−1 region

t 4 cm−1 instrument resolution. The second derivatives of these
cans were obtained in 1700–1600 cm−1 region (amide I). The sec-
nd derivatives were baseline corrected and finally area normalized
o unit area for relative comparisons (Dong et al., 1995; Heller et al.,
997). Quantitative analysis of the second derivative spectra was

arried out using the area overlap method. The area of overall values
uantitates the similarity between two spectra. The values are on
scale 0–100 (the greater the similarity, the higher the value). The
alues were calculated using the method described by Gribenow
t al. (1999). It should be realized that the authors had normalized
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he spectra to an area of 100 (unit area in the present case). Hence,
he values obtained were multiplied by 100.

.4.3. Estimation of insoluble and soluble aggregates
The amount of insoluble aggregates that may have formed

uring drying was determined by UV spectroscopy. The dried sam-
les were reconstituted and filtered through a 0.45 �m filter. The
oncentration of the protein in the filtrate was determined by mea-
uring the absorbance at 280 nm.

The amount of soluble aggregates was determined by analyzing
econstituted and filtered samples using size exclusion chromatog-
aphy (SEC-HPLC) attached online to a UV detector set at 280 nm
nd a 90◦ light scattering detector by Precision Detectors (Belling-
am, MA). A waters YMC-Pack Diol-60 column, DL06S05-3008WT
300 mm × 8.0 mm inner diameter, 5 �m particle size), which is a
iol end-capped silica based column (Waters Corp., Milford, MA),
as used. The mobile phase was 25 mM acetate buffer, pH 4.5, with

25 mM NaCl and the flow rate was 1 ml/min.

.5. Stability studies

Stability studies were performed on samples that were
ried by using precipitation and vacuum-drying technique.
ccelerated stability studies were carried out at 40 ◦C for 6
onths. Stoppered vials were sealed with aluminum seals

nd stored in desiccators containing anhydrous calcium sul-
ate (Fischer Scientific, Pittsburg, PA) to maintain 0% relative
umidity. All control samples were placed at −20 ◦C in order to
tay consistent with the previously published results (Sharma
nd Kalonia, 2004). Different formulations that were dried
nd kept on stability included: (1) IFN�2a:trehalose:mannitol
1:20:100, w/w); (2) IFN�2a:trehalose:mannitol (1:20:0,
/w), (3) IFN�2a:trehalose:mannitol (1:0:0, w/w); and (4)

FN�2a:trehalose:mannitol:methionine (1:20:100:2.5, w/w).
ethionine was included in the last formulation to study its

tility as an antioxidant. Please note that all these formulations
ncluded PEG 3350 as the precipitating agent. For compari-
on, a formulation (without PEG) containing 1:20:100 (w/w)
FN�2a:trehalose:mannitol was also prepared by lyophilization
nd subjected to stability studies. The lyophilized formulation
as prepared in FTS Durastop lyophilizer. The lyophilization cycle
as as follows: samples were cooled to 5 ◦C for 30 min followed

y cooling at −5 ◦C for 30 min before freezing at −40 ◦C for 2 h.
he shelf temperature was increased to −25 ◦C at 0.3 ◦C/min
nd the chamber pressure was decreased to 100 mTorr for 20 h.
he shelf temperature was then increased to 25 ◦C at 0.2 ◦C/min
nd the vacuum was retained at 100 mTorr. The secondary dry-
ng was performed for 10 h. Stability samples at various time
oints were assessed for insoluble aggregates, soluble aggregates
nd for oxidized species. Methodology for the determination
f soluble and insoluble aggregates has already been described
arlier.

Oxidation of IFN�2a at different time points was assessed uti-
izing reverse phase HPLC. The studies were performed by using

30 nm, 250 mm × 2.1 mm inner diameter Vydac C18 column,
18TP54 (Grace Vydac, Hesperia, CA) attached to a UV detector with
avelength set at 220 nm. The mobile phase contained solvent A

0.1% trifluoroacetic acid [TFA] in water), B (0.1% TFA and 43.5% ace-
onitrile in water) and C (0.1% TFA and 50.0% acetonitrile in water).
n isocratic elution with flow rate 1 ml/min was used for separation

ccording to the following program; mobile phase B for 25 min fol-
owed by mobile phase C for 30 min. The column was equilibrated
or 30 min with mobile phase A between injections. The oxidized
pecies were identified by comparing the chromatograms of the
amples to that obtained by the oxidation of the IFN�2a at pH 5.0

2
d
v
w
r

ig. 1. Separation and quantification of IFN�2a and its oxidized species by RP-HPLC.

y 100 mmol/l H2O2 in 5 min. Oxidized species eluted at 41 min
hile the native species eluted at 42 min (Fig. 1).

. Results and discussion

.1. Drying process

Conceptually, the process of drying was designed to be divided
nto two phases. During the first phase of drying, concentration of
omponents of the protein solution (containing protein along with
he desired precipitating agent) would be increased by evaporation
o achieve precipitation of the protein. Once the desired precip-
tation has been achieved, the second phase would be initiated,

herein high vacuum would be used to facilitate rapid removal of
ater.

The first aim of the studies was to determine conditions under
hich water can be evaporated without boiling from solutions con-

aining the desired formulation. This was necessary to concentrate
he components, through removal of water, to an extent such that
he protein could be completely precipitated (>90% precipitation)
ut of the solution by utilizing low amounts of the precipitant, i.e.
y achieving precipitation at low volumes of the solution. Devel-
pment of this first phase of drying was essential because of the
ollowing two reasons: (1) since the process was aimed to be a
ingle-step in situ process, wherein the used precipitant would
orm an integral part of the final dried formulation, it was impor-
ant that the amount of the precipitant used is minimized, and (2)
ncorporation of the slow evaporation step eliminates any issues
uch as viscosity that may be associated with the handling of the
oncentrated protein suspensions (it should be realized that the
recipitation could well be performed at low volumes and that
hese low volume precipitated suspensions could well be placed
n the dryer for drying).

The primary objective of the first phase of drying was to achieve
vaporation without boiling, at a fairly fast pace. The importance
f time is obvious. Boiling on the other hand would result in the
eneration of air–water interface which is undesirable as proteins
re prone to denaturation at interfaces (Lechevalier et al., 2003;
ostel et al., 2003). Additionally, complete precipitation of the pro-
ein during this first phase of the drying process would minimize
he exposure of the protein to the air–water interface that would
e generated during the second phase of drying. Moreover, boiling
f dilute solution that is present during this initial phase of drying
ay result in significantly compromised product appearance.
Different factors that were anticipated to affect the removal of

ater such as chamber pressure, dryer load and temperature were
nvestigated. Fig. 2 shows that rate of removal of water at 25 ◦C and
5 Torr is relatively fast. The rate of removal of water (the rate was

etermined from the slope of the curve) was 4.4 mg/min when 10
ials (1.0 ml fill) were loaded onto the shelf. The rate of removal of
ater decreased with increase in the vial load. The rate of evapo-

ation was 4.37 mg/min when 20 vials were loaded onto the shelf
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was retained when precipitated by PEG 1450 or PEG 3350. Though
ig. 2. Effect of vial load on the evaporation of water from 5 ml vials
22 mm × 40 mm) with 1 ml fills at 25 ◦C and 25 ± 0.5 Torr.

nd was 3.95 mg/min when 190 vials were loaded onto the shelf.
isual inspection of the evaporation process did not show any boil-

ng. At 25 ◦C, pressures lower than 20 Torr resulted in boiling of
he solution (vapor pressure of water at 25 ◦C is ≈24 Torr). Since
decrease in temperature results in a decrease in the vapor pres-

ure of water, lower shelf temperatures at lower pressures did not
ignificantly affect the rate of removal of water (data not shown).
harma et al. conducted a temperature dependent CD study and
howed that subtle change in the tertiary (and secondary) structure
f IFN�2a started occurring as low as 30 ◦C and hence temperatures
igher than 25 ◦C were not investigated in this regards (Sharma
nd Kalonia, 2003a). 25 ◦C and 25 Torr were hence chosen as the
arameters of choice for the first phase of vacuum drying.

The next step was to select the time point to initiate second
hase of evaporation to achieve maximal removal of residual water.

n general, process of evaporation under moderate vacuum was
ontinued until complete precipitation of the protein was achieved
t low volumes of the solution (confirmation of complete precip-
tation was done by doing solubility studies that are discussed in
ne of the following sections). The shelf pressure was then reduced
o 100 mTorr and rapid evaporation was initiated and the second
hase of drying was continued for 48 h.

Selection of the time point and/or volume of the solution at
hich lower pressure is switched (time point when the second
hase of drying is initiated) is important because of following three
easons: (1) moisture content of the final dried product is antici-
ated to be dependent on the time point at which rapid evaporation

s initiated (rapid evaporation from solutions of differing viscosities
ill result in differential consistencies/porosities of the product)

Sankat and Castaigne, 2004; Abdul-Fattah et al., 2007); (2) differ-
ntial consistency/porosity of the product will result in differential
ppearance of the dried formulation (because of differential foam
hickness) (Sankat and Castaigne, 2004), and (3) the rate of evapora-
ion of water under moderate vacuum was anticipated to decrease
and hence the drying time) with increase in the concentration
f components (due to the elevation in boiling point). It was also
nticipated that the effect of the factors mentioned above would
e different for different formulations.

Though, in the present studies it was found that switching on
he lower pressures at different times did not significantly affect
he moisture content of the dried product, going below 100 �l

or 1:0:0, 1:1:0, 1:5:0 and 1:20:0 formulations and below 170 �l
or 1:20:100 formulation did compromise the product appearance
nd resulted in the formation of compact products at the bottom
f the vial. Additionally, Fig. 3 shows that the rate of evapora-

t
a
t
a

ig. 3. Effect of formulation (pH 6.5, ionic strength 15 mM) constituents on the evap-
ration of water from 5 ml vials (22 mm × 40 mm) with 1 ml vial fills and a vial load
f 10 at 25 ◦C and 25 ± 0.5 Torr.

ion of water from formulations began to deviate from linearity
hen low solution volumes were reached (visual inspection, linear

egression also started to give low r-square values). The desired vol-
me for complete precipitation was hence set at 150 �l for 1:0:0,
:1:0, 1:5:0 and 1:20:0 formulations and at 220 �l for 1:20:100
ormulation.

.2. Characterization of the precipitated IFN˛2a/selection of
recipitating agent

Although, a range of different molecular weight PEGs are avail-
ble, the choice of PEG for this study was limited to PEG 1450 and
EG 3350. PEGs with molecular weight 8000 or higher were not
onsidered for use as these have been observed to affect the native
tructure of the precipitated IFN�2a (perturbation of the tertiary
tructure of IFN�2a was observed by CD spectroscopy) (Sharma and
alonia, 2004). PEGs with molecular weight less than 1000 were
iscarded because of the following two reasons: (1) these PEGs are

iquids at room temperature and hence would have affected the
andling and appearance of the final dried product, and (2) these
ould have been required in high concentrations as it is well doc-
mented in literature that precipitating power of PEGs decreases
ith a decrease in their molecular weight (Sharma and Kalonia,

004). PEG 1450 and PEG 3350 were hence evaluated for their effect
n the structure of the precipitated and reconstituted IFN�2a in
rder to select the PEG of choice for the drying studies. PEG 1450
nd PEG 3350 were chosen because of the following two reasons.
irst, authors had previously utilized these two PEGs for the precip-
tation of IFN�2a (Sharma and Kalonia, 2004) and the data showed
romise in regards to the use of the two PEGs in the present sce-
ario. Secondly, the two PEGs were easily available to us.

Fig. 4 shows the near and far UV-CD spectra (A and B, respec-
ively) for native IFN�2a solution and the reconstituted IFN�2a
olution when precipitated from 10% (w/v) PEG 1450 and PEG 3350
t pH 6.5. Near UV-CD spectra indicated that the tertiary struc-
ure of IFN�2a on reconstitution was not significantly altered when
recipitated using any of the two PEGs. Similarly, far UV-CD spec-
ra indicated that the secondary structure of reconstituted IFN�2a
hese results clearly show that the structure of the native IFN�2a
nd that of the reconstituted IFN�2a are similar, they do not essen-
ially indicate that the structure of IFN�2a in the precipitated state
nd that of IFN�2a in solution are similar. This is because any alter-
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ig. 4. Near UV-CD spectra (A) and far UV-CD spectra (B) of reconstituted IFN�2a.
econstitution of the protein was done in acetate buffer at pH 5.0 following precip-

tation from PEGs.

tion of the structure of the protein in the precipitated state could
ell have been reversed upon reconstitution.

In order to ascertain the structure of the precipitated IFN�2a, a
uorescence study was done. Fig. 5 shows the normalized fluores-

ence emission scans of IFN�2a solution and IFN�2a suspension
hen precipitated using 10% (w/v) PEG 3350. Removal of the
recipitated protein by centrifugation showed that >95% of the flu-
rescence emission intensity from the protein suspension was due

ig. 5. Normalized fluorescence (normalized at �max) spectra of native IFN�2a in
olution and of IFN�2a suspension obtained following precipitation by 10% (w/v)
EG 3350 at pH 6.5 and ionic strength of 15 mM. Wavelength of excitation was
95 nm.
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o the precipitated protein. �max of emission for IFN�2a in solu-
ion was observed at 336 nm, while the �max of emission for the
rotein suspension was observed at 335 nm. Slight blue shift of the
max of emission in the case of protein suspension is attributed

o the scattering of light by the suspended protein particles (note
hat the fluorescence intensity is higher for protein suspension in
10–335 nm region). On the other hand there is near complete over-
ap of the two emission scans in 335–400 nm region. This indicates
hat the contribution due to scattering by the suspended protein
articles is minimal in this region. In an earlier report, it was shown
hat complete loss of the tertiary structure of IFN�2a at pH 2.0
esults in a red shift of the �max of emission by ≈3.5 nm (Kumar et
l., 2005). Additionally, it was shown in this report that the emis-
ion scans of the native protein at pH 6.5 and unfolded protein at pH
.0 showed a distinct difference in 335–400 nm region. Hence, the
ear overlap of the emission scans in 335–400 nm region observed

n the present study indicates that structure of the protein is not
ignificantly altered on precipitation. Since it has been shown pre-
iously that higher molecular weight PEGs are required in lower
mounts to precipitate the protein out of the solution (Sharma and
alonia, 2004), PEG 3350 was selected as the precipitating agent of
hoice (and hence fluorescence study was not conducted with PEG
450).

.3. Solubility studies

Solubility of proteins is affected by factors such as PEG con-
entration and ionic strength of the solution (Sharma and Kalonia,
004; Arakawa and Timasheff, 1985b). Additionally, the solubility
f IFN�2a may also be affected by the presence of excipients such as
rehalose (Antipova and Semenova, 1996; Conti et al., 1997; Paleg
t al., 1984). Solubility studies were hence conducted in order to
tudy the effect of different excipients, and hence determine the
xperimental solution conditions at which complete in situ precip-
tation of IFN�2a could be achieved, when a desired volume of the
olution is reached during the process of slow evaporation. It has
een observed earlier that the apparent solubility of IFN�2a (since
EGs result in the formation of amorphous precipitate, solubility
n the presence of PEGs will be referred to as apparent solubility)
s lowest around the pI, i.e. in the pH range of 6.0–7.0 (Sharma and
alonia, 2004). The amount of precipitating agent required to pre-
ipitate IFN�2a out of the solution would thus be minimum at pH
.5, and hence all solubility studies (and subsequently the drying
tudies) were conducted at this pH.

During the development of the drying process, it was found out
hat stabilizer such as trehalose was required to protect the sec-
ndary structure of the protein during drying and keep the protein
n soluble form on reconstitution. Hence, in addition to the pro-
ein (0.4 mg/ml), formulations that were dried typically contained
EG as the precipitating agent, trehalose as the stabilizer and man-
itol as the bulking agent. In order to obtain information about
he amount of trehalose required for optimum stability, formula-
ions that were dried contained 1:1:0, 1:5:0, 1:20:0 and 1:20:100
w/w) protein:trehalose:mannitol. Formulations that were finally
elected to undergo accelerated storage stability had 1:0:0, 1:20:0,
nd 1:20:100 (w/w) protein:trehalose:mannitol. Since such a wide
ariety of formulations were to be dried, solubility studies were
onducted on solutions that would mimic the actual formulations.

Fig. 6A shows the effect of PEG concentration on the solubility of
FN�2a in the absence and presence of 0.8% (w/v) trehalose at pH

.5 and ionic strength of 15 mM. Fig. 6B shows the effect of PEG con-
entration on the solubility of IFN�2a in the absence and presence
f 5.33% (w/v) trehalose at pH 6.5 and ionic strength of 100 mM. The
onditions used to generate data in Fig. 6A mimic the conditions
f a typical formulation that contains 0.4 mg of the protein, and
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Fig. 6. Effect of PEG concentration on the solubility of IFN�2a in the absence and
presence of trehalose at pH 6.5 (A) Solubility of IFN�2a in the absence and presence
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volume of solution that was kept for slow evaporation was 1.0 ml.
f 0.8% (w/v) trehalose at an ionic strength of 15 mM and (B) Solubility of IFN�2a in
he absence and presence of 5.33% (w/v) trehalose at an ionic strength of 100 mM.
ines are guide to the eyes.

:20:0 (w/w) protein:trehalose:mannitol (the formulation condi-
ion mimics those conditions that would be present at the onset of
rying). Similarly, the conditions used to generate data in Fig. 6B
imic the conditions of the same formulation at the time when

he volume of the solution has been reduced to 150 �l during the
rocess of slow evaporation.

Several significant observations can be made from Fig. 6A and
. Solubility of IFN�2a decreased non-linearly with an increase in
he concentration of PEG under both solution conditions. Solubility
f IFN�2a increased with an increase in the ionic strength of the
edium. Trehalose increased the apparent solubility of IFN�2a.

he effect of PEG concentration and ionic strength on the solu-
ility of proteins is well documented in literature (Haire et al.,
984; Ingham, 1978; Arakawa and Timasheff, 1985b). However, the
ncrease in the solubility of IFN�2a by trehalose in the presence of
EGs is a new finding.

In order to ascertain the effect of sugars, the apparent solubil-
ty of IFN�2a was also studied in the presence of several other
ugars such as sucrose, glucose and mannitol (data not shown).
hese studies indicated that sugars in general increased the appar-
nt solubility of IFN�2a. It is intriguing that the observed effect of
ugars on the apparent solubility of proteins is in contradiction of
he widely accepted preferential exclusion theory of protein sta-

ilization by sugars (Lee and Timasheff, 1981). Since preferential
xclusion of sugars from proteins immediate vicinity results in an
ncrease in the chemical potential of the protein molecules, prefer-
ntially excluded co-solvents tend to favor the solid state over the

O
r
p
r
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issolved state and hence should result in a decrease in the solubil-
ty of proteins (Arakawa and Timasheff, 1985b; McClements, 2002).
etailed investigation of the mechanism of the observed effects of

ugars on the solubility of proteins is currently being pursued in
ur lab.

Once the solubility of IFN�2a was determined, the plots (Fig. 6A
nd B) were used to determine the optimum amount of PEG that
hould be used in the formulation such that complete precipita-
ion of IFN�2a could be obtained at the desired solution volume of
50 �l. For example, it can be observed from Fig. 6 that if a 1:20:0
ormulation that contains 0.4 mg of IFN�2a and 15 mg of PEG 3350
1.5%, w/v) in 1 ml of solution is kept for drying, complete precipi-
ation of the protein would be obtained when the solution volume
eaches 150 �l. This is because the solubility of IFN�2a under the
onditions that would be present when the volume reaches 150 �l
s only 0.1346 mg/ml (see Fig. 6B). Thus, the amount of the protein
emaining soluble when the volume of the solution reaches 150 �l
ould only be 0.020 mg. Similarly, if the initial solution has 25 mg

f PEG, the amount of the protein remaining soluble when the vol-
me reaches 150 �l would only be 0.008 mg. However, since it was
esirable to minimize the amount of PEG required to precipitate
he protein out of the solution completely, 15 mg was chosen as the
mount of PEG that would be added to this 1:20:0 formulation.

Solubility studies were also conducted to determine the opti-
um amount of PEG required for the drying of formulations that

ontained 1:20:100 (w/w) protein:trehalose:mannitol. The results
re presented in Fig. 7. It can be observed from the figure that
ddition of 22 mg of PEG in the initial formulation would result
n complete precipitation of the protein at the desired solution vol-
me of 220 �l. This is because the solubility under the conditions
hat would be present when the solution volume reaches 220 �l
see Fig. 7B) is only 0.1376 mg/ml. Hence, the amount of protein
emaining soluble at this point of time would only be 0.030 mg.

In situ precipitation studies were then conducted in order to
scertain if indeed protein precipitation proceeds as anticipated
rom the solubility studies. The total volume of the solution kept
or slow evaporation was 1 ml. The solution contained 0.4 mg of
he protein and the requisite amount of the precipitating agent as
etermined from the solubility studies. Fig. 8 shows that for 1:20:0
ormulation, amount of the protein remaining soluble was only
0.05 mg at the time when the volume of the solution had reduced

o ≈200 �l. From these results it was clear that complete in situ
recipitation of IFN�2a can be achieved at any desired volume of
he solution by utilizing appropriate amount of PEG in the formu-
ation. The amount of PEG required is formulation dependent and
an be easily determined from the solubility or in situ precipitation
tudies.

.4. Drying studies and characterization of the dried protein

Once the formulation and drying conditions had been estab-
ished, various formulations were subjected to in situ precipitation
nd drying. Formulations that contained 1:0:0, 1:1:0, 1:5:0 and
:20:0 (w/w) protein:trehalose:mannitol were subjected to slow
vaporation until the volume reached 150 �l and formulations that
ad 1:20:100 (w/w) protein:trehalose:mannitol was subjected to
low evaporation until the volume reached 220 �l. All formula-
ions that were subjected to drying by this technique contained
.4 mg of IFN�2a. 1:0:0, 1:1:0, 1:5:0 and 1:20:0 formulations had
5 mg of PEG and 1:20:100 formulation had 22 mg of PEG. The initial
nce complete precipitation was achieved the shelf pressure was
educed to 100 mTorr and the drying was continued for 48 h. Dried
roducts were analyzed for moisture content, and % soluble protein
emaining after reconstitution of the dried samples.
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Fig. 7. Effect of PEG concentration on the solubility of IFN�2a in the absence and
presence of trehalose and mannitol at pH 6.5. (A) Solubility of IFN�2a in the absence
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Table 1
Effect of IFN�2a:trehalose:mannitol (w/w) ratio on the % of protein remaining sol-
uble in the solutions reconstituted from samples dried with precipitation/vacuum-
drying technique

IFN�2a:trehalose:mannitol
(w/w)

Soluble protein (%) Moisture (%w/w)

Mean ± S.D., n = 3a Avg. ± dev., n = 2b

Before drying 100.00 ± 0.52 –
1:0:0 94.98 ± 0.43 0.72 ± 0.03
1:1:0 98.25 ± 1.00 1.02 ± 0.30
1:5:0 98.70 ± 1.20 0.78 ± 0.11
1:20:0 99.60 ± 0.40 0.66 ± 0.20
1:20:100 99.61 ± 0.45 0.58 ± 0.04

High vacuum drying was done at 100 mTorr for 48 h at 25 ◦C. Table also shows the
r
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nd presence of 0.8% (w/v) trehalose and 4% (w/v) mannitol at an ionic strength of
5 mM and (B) solubility of IFN�2a in the absence and presence of 3.63% (w/v)
rehalose and 18.18% (w/v) mannitol at an ionic strength of 68 mM. Lines are guide
o the eyes.
Table 1 shows the effect of protein:trehalose:mannitol (w/w)
atio on the percentage soluble protein remaining upon reconsti-
ution at the end of drying. It was observed that absence of any
tabilizer (trehalose) resulted in formation of insoluble aggregates

ig. 8. Effect of evaporation of water from formulation containing 1:20:0 (w/w)
rotein:trehalose:mannitol and 15 mg of PEG 3350 at pH 6.5 and ionic strength of
5 mM on the precipitation of IFN�2a. Total volume of the solution kept for evap-
ration was 1 ml with a protein concentration of 0.4 mg/ml. Lines are guide to the
yes.

c
t
a
i
f
b
i
o
c
d
p
w
p
v
h
o
p
w
i
C

t
o
t
r
b
a

esidual moisture content of the formulations at the end of drying.
a Percentage recovery as compared with initial prior to drying.
b (–) indicates not determined.

n the reconstituted samples. Addition of trehalose to the drying for-
ulation prevented the formation of insoluble aggregates during

rying. Addition of trehalose in 1:20 weight ratio provided com-
lete protection (within the experimental error) to IFN�2a during
rying. Table 1 also shows the data for the amount of moisture
emaining in the dried products. It can be seen from Table 1 that
ll formulations that were dried had moisture contents of less than
.5% by weight. Achievement of low moisture content is important
or the long-term stability of the formulation. Moisture contents
chieved here compare well with those usually obtained in freeze
rying.

Fig. 9A and B shows the secondary structure of IFN�2a in
he native state in solution and after drying by precipitation and
acuum-drying technique in the presence of 1:0:0, 1:1:0 and 1:20:0
w/w) protein:trehalose:mannitol as determined by area normal-
zed second derivative FTIR spectra of the amide I region. As
een from this figure, native IFN�2a shows an intense peak at
1655 cm−1, a characteristic of the presence of alpha helices in

his protein (Dong et al., 1990). Additionally, the native protein also
hows a small peak at 1633 cm−1. Peaks in this region are usually
ndicative of � sheets (Gribenow et al., 1999). Upon drying after pre-
ipitation with PEG 3350 in the absence of any stabilizer, a loss in
he intensity of peak at 1655 cm−1 is observed (Fig. 9A), indicating
loss in the content of the alpha helices of this protein. Interest-

ngly, the peak at 1633 cm−1 seem to have disappeared (although
rom Fig. 9B it appears that following drying, the peak may have
ecome very small). In addition increase in the intensities of peaks

n 1680–1695 and 1624 cm−1 regions could indicate the presence
f � turns and/or antiparallel � sheets and aggregates and/or side
hains, respectively (Bandekar, 1992; Gribenow et al., 1999). Upon
rying in the presence of trehalose, the loss in the intensity of the
eak at 1655 cm−1 was regained. Additionally, the changes that
ere observed in 1680–1695 and 1624 cm−1 regions became less
ronounced. The extent of retention of the secondary structure
aried and increased with the increase in the amount of added tre-
alose. Best structural retention was observed at 1:20 weight ratio
f protein:trehalose. It should be noted that trehalose is known to
reserve protein structure against dehydration stress by acting as
ater substituent by hydrogen bonding to the protein, and due to

ts high Tg (glass transition temperature) (Prestrelski et al., 1993;
arpenter and Crowe, 1989).

Table 2 shows the reconstitution times of various dried formula-
ions. It was expected that the density of the vacuum dried material

btained by utilizing the current methodology would be greater
han comparable freeze dried formulations. As anticipated, the
econstitution time of the vacuum dried formulations were found to
e higher than similar freeze dried products. However, it is encour-
ging to note that the times do not differ significantly and that the
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Fig. 9. Area normalized second derivative FTIR spectra of IFN�2a in solution and
of the solid IFN�2a following drying in the absence and presence of trehalose (A)
IFN�2a in solution and IFN�2a dried in the absence of any stabilizer and (B) IFN�2a
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stabilization to the protein in the dried state. The present results
are in clear agreement with this statement.

Fig. 11 shows the SEC result for the 1:20:100 formulation pre-
pared by vacuum drying and stored at 40 ◦C for 6 months as
compared with that of native IFN�2a. It is clear that no soluble
n solution and IFN�2a dried from formulations containing 1:1:0 and 1:20:0 weight
atio of protein:trehalose:mannitol. The numbers in brackets indicate the area of
verlap (%) between the given spectrum and the native IFN�2a in solution. The IR
pectra of the solid IFN�2a were taken after KBr pelletization.

econstitution times of a 1:20:100 vacuum dried formulation were
nly about twice that of similar freeze dried formulations.

.5. Accelerated storage stability studies

Storage stability studies were conducted on a 1:20:100 formu-

ation that was prepared by utilizing precipitation and vacuum-
rying method. Formulations were also prepared containing 1:0:0
nd 1:20:0 (w/w) protein:trehalose:mannitol. A lyophilized formu-
ation containing 1:20:100 (w/w) protein:trehalose:mannitol but

able 2
econstitution times of various dried formulations

IFN�2a:trehalose:mannitol
(w/w)

Reconstitution time (s)

Avg. ± dev.a, n = 2

acuum
ried

1:0:0 261 ± 2
1:20:0 216 ± 4
1:20:100 362 ± 11

reeze dried 1:20:100 189 ± 13

he formulations were reconstituted in pH 5.0 acetate buffer.
a Deviations from average.
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ig. 10. Storage stability of various formulations of IFN�2a at 40 ◦C dried by precip-
tation/vacuum drying and lyophilization showing soluble protein remaining in the
nitial samples and in samples after 6 months of storage.

o PEG was also kept on stability in order to compare the storage
tability of the product prepared by precipitation and vacuum-
rying method and that prepared by freeze drying. All samples
ere stored at 40 ◦C for a period of 6 months. Stability of IFN�2a
as monitored by following the formation of insoluble and soluble

ggregates and the formation of oxidized species.
Fig. 10 represents the physical stability of various formulations

tored for 6 months at 40 ◦C as indicated by the concentra-
ion of soluble protein remaining in the reconstituted samples.
he figure clearly shows that the formulation containing pro-
ein:trehalose:mannitol in 1:20:100 weight ratio that was prepared
y precipitation and vacuum drying showed the best stability
s compared with the other vacuum dried and freeze dried for-
ulations. This is because minimum loss of protein due to the

ormation of insoluble aggregates occurred in this sample as com-
ared to the initial samples. The stability of formulation containing
:20:0 (w/w) protein:trehalose:mannitol was also better than the

yophilized formulation. Trehalose is known to provide structural
ig. 11. SEC-HPLC chromatograms of native IFN�2a in solution and that
f IFN�2a reconstituted from a formulation dried with 1:20:0 (w/w) pro-
ein:trehalose:mannitol by precipitation/vacuum-drying technique and stored for
months at 40 ◦C.
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Fig. 12. Percentage oxidized IFN�2a in solutions reconstituted from
1:20:100 (protein:trehalose:mannitol) and 1:20:100:2.5 (protein:trehalose:
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annitol:methionine) formulations dried by precipitation/vacuum drying and
:20:100 (protein:trehalose:mannitol) formulation dried by lyophilization and
tored for 40 ◦C for 6 months. The points represent mean of duplicate studies. The
ifference was less than 5% in the duplicate studies.

ggregates were formed in this sample. In general, none of the for-
ulations that were dried by either vacuum drying or freeze drying
ere found to have any soluble aggregates even at the end of 6
onths.
It is well established in literature that PEGs have low levels of

esidual peroxides which accumulate on storage and could poten-
ially affect the oxidation stability of sensitive pharmaceuticals
Johnson and Taylor, 1984; Kumar and Kalonia, 2006). Since, IFN�2a
s known to oxidize under neutral and acidic conditions, it was
ssential to study the long-term oxidative stability of the formula-
ions dried by precipitation and vacuum-drying technique. In fact,
ne of the reasons of selecting IFN�2a for the present studies was
ts oxidative susceptibility.

Fig. 12 compares the percentage of IFN�2a oxidized at vari-
us time points for 1:20:100 formulations that were prepared by
reeze drying and vacuum drying. As anticipated, the percent of
FN�2a oxidized was higher in the case of the protein that was dried
y precipitation and vacuum-drying technique (contained PEG).
owever, the percent of the protein oxidized was not significantly
ifferent among these two formulations. In a recent report, it was
hown that the level of residual peroxides in PEGs is significantly
educed when PEGs are vacuum dried at low pressures (Kumar and
alonia, 2006). Hence, the observation that only a small difference

s seen for the amount of the protein oxidized in the formulations
hat were dried by freeze drying (without PEG) and vacuum drying
with PEG) may not be unusual. Though, not the case with IFN�2a,
ddition of PEGs may significantly affect the oxidation suscepti-
ility of proteins. Hence, oxidative storage stability studies were
lso conducted on a formulation that contained methionine as an
ntioxidant (Yin et al., 2004). Formulation containing 1:20:100:2.5
w/w) protein:trehalose:mannitol:antioxidant was dried by pre-
ipitation and vacuum-drying technique and kept at 40 ◦C for 6
onths. The results are included in Fig. 12. Clearly, addition of
ethionine resulted in a significant decrease in the amount of the

xidized protein. The percent of protein oxidized was even less than
he similar freeze dried formulation. An antioxidant could thus be
tilized in formulations that are dried by precipitation and vacuum-

rying technique in order to minimize the effect that peroxides
resent in PEGs might have on the oxidation of the protein.

Feasibility of developing a process to formulate proteins in the
ried form has been systematically investigated and reported in this
aper. The process involves in situ polyethylene glycol-induced pro-

J

K
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ein precipitation and vacuum drying of the solution and the entire
rocess of precipitation and vacuum drying is conducted within the
ial (and the freeze dryer). It is shown that the technique offers sev-
ral advantages and hence presents itself as a suitable alternative
o lyophilization for the preparation of proteins in the dried state.
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