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a b s t r a c t

Protein stabilization by solvent additives is frequently used concept in formulation development,
although new technologies implemented over the past decade can improve protein biophysical as well
as clinical properties by protein structural design (e.g. PEGylation, acylation, hesylation). The scope of
this work was to evaluate the effect of chosen carbohydrate or polyol stabilizer in the formulation; firstly
on linear peptide sequences on instable model of rHuG-CSF cleaved macromolecule by novel method
named protein and peptide stabilizer pre-screening PPSP (formulated tryptic digest mixture stability
evaluation in 54 h) and on overall stability of rHuG-CSF macromolecule by quantifying all relevant degra-
dation parameters. Comprehensive protein stabilizing screening study included conformational analysis
of formulated rHuG-CSF protein to obtain information on its secondary structure conformational stabil-
ity. Protein aggregation induced by modulating conditions in solution (e.g. thermal stress and agitation)
creening was monitored over discrete time periods. Oxidation and deamidation, as well as truncation or hydrolysis
were accurately quantified. Together with pre-screening data, obtained by fast and resourceful amino
acid sequence degradation analysis by LC–MS, statistical data evaluation of stabilizing contribution of
substances selected from group of carbohydrates and polyols was performed. According to the statis-
tical interpretation of obtained results the stabilizers were ranked in the following order: turanose,
d-trehalose, lactitol, acetate buffer (non-stabilized sample), xylitol, cellobiitol, sorbitol,d-lyxose, leucrose,

ate, c
sorbitol without polysorb

. Introduction

Marginal stability of proteins can be attributed to their molec-
lar complexity and delicate three-dimensional structure. The
herapeutic use of proteins without prior stabilization is question-
ble. It is therefore necessary to develop a final formulation of such
roperties that will ensure its stability throughout the biophar-
aceutical ‘life cycle’, including manufacturing, shipping, instant

dministration, or short-/long-term storage prior to administration
Chang and Hershenson, 2002).
A variety of compounds, conditions and microenvironments
ave been demonstrated to affect the stability of proteins in a
olution. Sugars, polyols, and certain amino acids and salts are all
nown to be protein stabilizers. On the other hand, hydrophobic
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organic compounds, chaotropic salts such as urea, and guanidine
hydrochloride are known to be protein destabilizers. Timasheff and
co-workers explain these effects by preferential interaction of pro-
teins with solvent components (Lee and Timasheff, 1981; Gekko
and Timasheff, 1981; Arakawa and Timasheff, 1984, 1985), where
the protein stabilizers are preferentially excluded from the proteins
while destabilizers bind to them. The presence of these co-solutes
in protein solution creates thermodynamically unfavourable sit-
uation, consequently stabilizing the native protein structure as
denaturated would lead to a greater contact surface between pro-
tein and the solvent and further increase of the unfavourable effect.
Understanding the mechanisms of action of the solvent additives
on the protein stability is of the utmost importance while develop-
ing a long-term viable formulation (Arakawa et al., 1991, 2001; Chi
et al., 2003a).
The scope of this work was to evaluate the effect of chosen
formulation stabilizers on rHuG-CSF macromolecule stability. Sta-
bilizers screening, a necessary step in formulation development,
was performed by quantifying all relevant degradation parameters.
This labour and time consuming screening approach was combined

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:renata.pavisic@pliva.com
mailto:mario.cindric@irb.hr
dx.doi.org/10.1016/j.ijpharm.2009.12.015
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Fig. 1. Chemical stru

ith rapid pre-screening method linking linear amino acid chain
egradation processes and higher order structural stability.

Recombinant methionyl human granulocyte colony stimulating
actor (rHuG-CSF) macromolecule is extremely sensitive to agita-
ion, pH, ionic strength, temperature, light, freezing, etc. (Herman
t al., 1996), thus making the protein macromolecule almost ideal
or the stabilizer screening study. Studied model protein rHuG-CSF,
s a non-glycosylated, 175 amino acid, 18.8 kDa protein produced
n Escherichia coli. Cytokine macromolecule rHuG-CSF belongs to

distinct structural class of growth factors and folds into a four-
elical bundle with a left handed twist and overall dimensions of
5 Å × 26 Å × 26 Å (Hill et al., 1993). The structure of rHuG-CSF is
tabilized by two disulfide bonds, both of which are required for
ctivity. The molecule also contains one free cysteine residue (Ricci
t al., 2003). When dissolved only in water, rHuG-CSF produced
oth in mammalian cell (one O-linked glycan on Thr133 glycosy-

ated, known as Lenogastrim) and E. Coli (non-glycosylated, known
s Filgrastim) share the same extreme instability relative to for-
ulated pharmaceutical product. Production of PEGylated form

ould potentially overcome this problem, resulting in a hybrid
olymer–biopolymer macromolecule with clinical and biophysi-
al properties superior to the non-stabilized rHuG-CSF molecule
Piedmonte and Treuheit, 2008).

The formulation matrix of tested prototype rHuG-CSF formula-
ions contained single, tested non-specific stabilizer selected from
he group of sugars and polyhydric alcohols: trehalose, xylitol, cel-
obiitol, turanose, cellobiose, leucrose, lactitol, lyxose or sorbitol
Fig. 1). The non-ionic surfactant polysorbate 80 and acetate buffer
H 4.0 were present in tested formulations as in currently mar-
eted rHuG-CSF produced in E. Coli (Neupogen by Amgen®) which
ssures long-term stability of product stored at 2–8 ◦C (Herman et
l., 1996).

Optimal conditions in the tested formulations were set to avoid
he environment known to destabilize rHuG-CSF, as the goal of the
tudy was to isolate and monitor only the extent of stabilization
nduced by single tested non-specific stabilizer. Since pH of the

olution is an important factor that can influence on conformational
tability of protein/peptide, the pH of the tested formulations was
ept at 4.0 (Ricci et al., 2003; Narhi et al., 1991), as the secondary
tructure of protein, namely alpha helices integrity is preserved
t low pH where the free cysteine is protonated (Arakawa et al.,
of tested stabilizers.

1993). Furthermore, a low salt environment (meaning no addi-
tion of agents that would increase ionic strength), was used in
test formulations to minimize aggregation, as the literature data
for rHuG-CSF indicate that increasing of the ionic strength by the
addition of 150 mM NaCl induced aggregation at pH of 3.5 (Chi et
al., 2003b).

Overall, eight formulations besides marketed one were eval-
uated with two control samples used to facilitate interpretation
of results: non-formulated sample composed solely of protein in
acetate buffer pH 4.0 and sample composed of protein in acetate
buffer pH 4.0 stabilized by sorbitol only; both prepared without
addition of polysorbate.

In order to get complete overview of protein behaviour in
prepared rHuG-CSF samples, the stabilizer screening study was
performed by means of monitoring protein conformation by cir-
cular dichroism (CD) spectroscopy, protein aggregation by size
exclusion chromatography (SEC HPLC) and field flow fractionation
(FFF), oxidation and deamidation by reverse phase chromatography
(RP HPLC) following exposure to agitation, elevated temperature,
forced oxidation and freeze/thaw cycling simulating stresses: all of
which are conditions a product may encounter during its lifecycle.

The pre-screening experiment was conducted to evaluate con-
nectivity between linear amino acid chain degradation processes
and higher order structural stability (e.g. aggregation and sec-
ondary structure) in different formulations. Protein fragments
stability was monitored by peptide mapping liquid chromatogra-
phy/mass spectrometry (LC/MS) analysis, method not yet used for
this purpose and its results were compared with other screening
methods.

Based on the results of statistical analysis of collected data the
overall stabilizing effect of the selected substances, was estimated
with the aim to both determine the optimal stabilizer, and to com-
pare the response pattern of different stabilizers across a variety of
parameters essential for the product stability.

2. Materials and methods
2.1. Materials

Recombinant methionyl human granulocyte colony stimulat-
ing factor (rHuG-CSF), expressed in E. Coli, was produced by
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LIVA (Zagreb, Croatia). Stabilizers d(+)-trehalose dihydrate, xyl-
tol, minimum 99% and cellobiitol, minimum 98% were purchased
rom Sigma Aldrich (St. Louis, USA). d(+)-Turanose, ∼99%, d(+)-
ellobiose, ≥99.0%, d-leucrose, ≥98.0%, d-lactitol monohydrate,
urisis, ≥99.0% were purchased from Fluka (Buchs, Switzerland)
ndd-lyxose, 99% were purchased from Fluka (Milwaukee, Switzer-
and). Sorbitol, Ph. Eur. quality, was purchased from Roquette
Lestrem, France). Polysorbate 80, Ph. Eur. quality, was purchased
rom J.T. Baker (Phillipsburg, USA). Acetic acid glacial, Ph. Eur. qual-
ty, and sodium hydroxide, Ph. Eur. quality, were purchased from

erck (Darmstadt, Germany). Water for injections, produced by
LIVA (Zagreb, Croatia), was used for preparation of formulations.

.2. Preparation of protein formulations

rHuG-CSF formulations were prepared by ultrafiltration of con-
entrated rHuG-CSF solution (protein concentration 2.9 mg/ml in
aCl solution) into formulation placebo. The ultrafiltration step
as repeated three times at 5000 g, using Millipore Centrifugal Fil-

er Device Centricon YM-10, 10,000 MW cut-off. Each formulation
lacebo contained single stabilizer; d(+)-trehalose dihydrate, xyli-
ol, cellobiitol, d(+)-turanose, d(+)-cellobiose, d-leucrose, d-lactitol

onohydrate, d-lyxose, or sorbitol in a concentration of 50 mg/ml
nd 10 mM sodium acetate buffer used to adjust the pH to 4.0
the buffer was prepared by titration of acetic acid with sodium
ydroxide solution). Following ultrafiltration step, polysorbate 80
as added to each of thus prepared nine samples to achieve final

oncentration of 0.04 mg/ml. The samples were made to starting
olume using formulation placebo making protein concentration
.9 mg/ml in the tested samples.

Two control samples without the addition of polysorbate 80
ere prepared. The non-stabilized sample was prepared by ultra-
ltration of concentrated rHuG-CSF solution into 10 mM acetate
uffer pH 4.0 (serving as formulation placebo for this sample) which
as further used for dilution to starting volume resulting in protein

oncentration of 2.9 mg/ml in the sample. The sample stabilized by
orbitol only was prepared in the same way as the non-stabilized
ample using sorbitol formulation placebo for ultrafiltration and
nal dilution steps.

.3. Protein stabilizer pre-screening by peptide mapping LC/MS

Samples were diluted to protein concentration of 1.5 mg/ml
sing the corresponding formulation placebos (see Section 2.2),
esalted through Microcon YM-10 tube and re-diluted with
ppropriate volume of digestion solution to starting volume.
igestion solution was a mixture of Tris–acetic buffer (pH 8.5,
.1 M)/formulation placebo (2:1, v/v). After ultrafiltration and
HuG-CSF digestion solution preparation the final solution was
igested with trypsin in a mixture containing 250 �l of protein
1.5 mg/ml) and 5 �l of trypsin (1 mg/ml). The digestion mixtures
ere incubated for 18 h at 37 ◦C. After digestion reduction of disul-
de bridges was performed by adding 50 �l of DTT (0.01 M) into
he digestion mixture. Obtained samples were placed into boil-
ng water for a minute and left to stand at 25 ◦C for 1620, 2441
nd 3253 min prior to analysis. Quantitative analysis of peptides
roduced by trypsin cleavage was performed on Q-TRAP mass spec-
rometer (Applied Biosystems) connected to an Agilent 1100 Series
C System (Wilmington). A gradient HPLC method was employed
o separate trypsin fragments. Mobile phase A consisted of 0.1%
FA (v/v) in water and mobile phase B consisted of a mixture ace-

onitrile/water (90:10, v/v) with addition of 0.1% TFA (v/v). Waters
ymmetry 300 C18 column (4.6 mm × 150 mm, pore size 30 nm,
article size 5 �m) maintained at 30 ◦C was used for the analy-
is. The column was equilibrated for 5 min with channel A at flow
ate of 0.75 ml/min. Peptides were eluted over the next 85 min
harmaceutics 387 (2010) 110–119

with gradient raising linearly from 0% to 40% B at flow rate of
0.75 ml/min and then linearly to 90% B and gradient flow rate
raising linearly to 1.25 ml/min in 30 min. Column was rinsed for
5 min with linear gradient raising from 90% to 100% B at con-
stant flow rate of 1.25 ml/min. After that, elution conditions were
returned to 0% B and flow rate was decreased to 0.75 ml/min (ini-
tial conditions) during 5 min. Initial conditions were kept for the
last 5 min equilibrating the column for the following injection.
Autosampler temperature was set to 25 ◦C. Injection volume was
50 �l. Flow splitter for the MS analysis (LC Packings, Dionex, CA,
USA) with split ratio of 1:4 was employed. ESI source of the mass
spectrometer was operated in positive ion mode under following
conditions: source temperature 450 ◦C, scan rate 1000 amu/s, LIT
fill time 40 ms, declustering potential 30 V, entrance potential 10 V,
collision energy 10 eV.

2.4. Protein conformation monitoring by circular dichroism (CD)
spectroscopy

Conformational analysis of protein was carried out by CD
measurements. CD spectra were recorded on a Jasco J-810 spec-
tropolarimeter (Tokyo, Japan) equipped with a Peltier temperature
controller Jasco PFD 425S. Far-UV spectra were collected using a
1-cm path length quartz cuvette. Thermal transitions were exam-
ined by monitoring of ellipticity at 222 ± 2 nm (�222), at a rate
of 1 ◦C/min between 50 and 90 ◦C. Sensitivity setup was standard
(100 mdeg), data pitch at 0.1 ◦C, response 1 s. Samples were first
diluted to 50 �g/ml in formulation placebo and further diluted to
20 �g/ml in water (Milly Q) prior to measurement. Noise reduction
and data analysis were performed using Spectra Analysis Program.
Degree of protein denaturation (Tm determination) was assessed
using Spectra Analysis Program – Denatured Protein algorithm.

2.5. Protein aggregation monitoring by size exclusion
chromatography (SEC HPLC)

Dimer, oligomers and aggregate amounts were deter-
mined by size exclusion chromatography on an Agilent 1100
HPLC system (Agilent Technologies) using TSKgelG3000SWXL
7.8 mm × 3000 mm and 5 �m particle size column (Tosoh Bio-
science, Stuttgart, Germany) with diode array detection at 215 nm
(Bw 4 nm) with reference wavelength at 450 nm (Bw 80 nm).
The column temperature was maintained at 30 ◦C. Mobile phase
used was 50 mM ammonium hydrogen carbonate (pH 7.0) at flow
rate 0.5 ml/min. Samples were diluted to about 0.4 mg/ml using
formulation placebo solutions and 20 �l was injected for analysis.
The total time for chromatographic elution was 30 min. Samples,
while in the autosampler tray, were maintained at 7 ◦C.

2.6. Protein oxidation, deamidation and truncation monitoring
by reverse phase chromatography (RP HPLC)

The level of oxidized, deamidated and truncated forms was
determined by RP HPLC. Analysis was performed on an Agilent 1100
HPLC system (Agilent Technologies) using Phenomenex Jupiter C4
column (4.6 mm × 250 mm), 5 �m particle size, and 300 Å pore size.
Detection was performed with diode array detection at 215 nm.
The column temperature was maintained at 60 ◦C. Mobile phase
A: 0.1% TFA/10% MeCN (v/v) and mobile phase B: 0.1% TFA/80%
MeCN (v/v) were used at the flow rate 0.6 ml/min. Separation was
achieved using linear gradient from 66% to 73% mobile phase B

in 35 min followed by 15 min linear gradient from 73% to 90%
mobile phase B after which returns to 66% mobile phase B. Samples
were diluted to concentration of about 0.2 mg/ml using formulation
placebo. Forced oxidation study was performed by adding solution
of hydrogen peroxide to final concentration of about 0.02%, mixed
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Fig. 2. Stability of rHuG-CSF T1 fragment in tested samples

nd incubated at 25 ◦C for 30 min. The reaction was then quenched
ith about 1.5 mg of l-methionine. The injection volume was 50 �l.

he total time for the method was 60 min. Samples, while in the
utosampler tray, were maintained at 10 ◦C.

.7. Statistical data evaluation

The performance of different stabilizers under each of the tested
onditions was ranked within a respective condition so as to make
he results for all tests cross-comparable. The overall results were
eighted so as to reflect the fact that the LC/MS measurements on

he same fragment were taken at three different time points. The
erformance rankings of different stabilizers were then compared
sing Kruskal–Wallis ANOVA. Post hoc multiple comparisons were
sed to determine individual differences in performance among
espective stabilizers, and Kendall coefficient of concordance was
sed to determine the degree of agreement among the performed
ests in ranking of the stabilizers (Siegel and Castellan, 1988).

. Results and discussion

.1. Protein/peptide stabilizers pre-screening (PPSP) by peptide
apping LC/MS
Protein/peptide stabilizers pre-screening (PPSP) relies on the
dea of rapid detection of degradation sites of a fragmented pro-
ein. Modern analytical techniques for protein analysis are often
ot able to accurately pinpoint the most critical degradation site

Fig. 3. Stability of rHuG-CSF T2 fragment in tested samples at tim
e points 27, 40 and 54 h determined by mass spectrometry.

in protein without fragmenting the protein in smaller pieces.
Smaller protein fragments are more amenable to analysis than large
protein macromolecules which generally give limited amount of
information after intact molecule analysis. Depending on macro-
molecule size and the number of protein sites susceptible for
degradation, early beginning of degradation process might remain
undetected.

In this method the protein was firstly fragmented to peptides
by enzymatic treatment and quantified in time after 27, 40, and
54 h. Quantification was performed accurately by triple quadrupole
mass spectrometer in opposite to UV/VIS absorbance by selecting
mass window of 0.5 Da. For example deamidation of asparagine
and glutamine residues with mass shift of 1 Da for each amino acid
clearly detectable by mass spectrometer would stay undetected by
UV/VIS, refractive index, or fluorescence detection.

Protein was stabilized by formulation placebo at the very begin-
ning of digestion process since digestion solution was a mixture of
Tris–acetic buffer (pH 8.5, 0.1 M) and formulation placebo (2:1, v/v).
Fragment degradation obtained in different formulations revealed
degradation progress (Figs. 2–9) for each formulation vs. T1–T10
fragments evanescing in time. Linear sequence of amino acids and
the location of disulfide (–S–S–) bridges in protein are presented
in Table 1 (disulfide bridges were in –SH reduced form after the

addition of DTT to peptide mixture).

T1, T4, T9 and T10 rHuG-CSF fragments demonstrated highest
stability under the study conditions, somewhat reduced stability
was noted for T8 fragment, while stability of T2, T5 and T6 frag-
ments was generally poor. Low stability of fragments T2, T5, T6

e points 27, 40 and 54 h determined by mass spectrometry.
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4 h determined by mass spectrometry.

ould potentially be due to presence of cysteine in peptide back-
one. Kinetic analysis performed for named cysteine-containing
ragments up to 27 h (data not shown) exhibited first-order kinetic
urve expected for in solution peptide hydrolysis. Curve steepness
alculated in 27 h time period on eight time points (linear por-
ion of the curve) could predict further degradation and stabilizer

fficiency in slowdown of cystein-containing peptide hydrolysis.
ellobiitol and cellobiose were consistently the least effective in
tabilizing rHuG-CSF fragments T1, T4 and T8–T10. Interestingly,
ome stabilizers (primarily trehalose, but also xylitol, turanose and
yxose) were found to have stabilizing effect on these peptides

Fig. 5. Stability of rHuG-CSF T5 fragment in tested samples at tim

Fig. 6. Stability of rHuG-CSF T6 fragment in tested samples at tim
harmaceutics 387 (2010) 110–119

implying that they stabilize the oxidized cysteines. T3 and T7 frag-
ments were not analysed since they consist of single amino acid.

3.2. Protein conformation monitoring by CD

Thermally induced unfolding experiments were carried out to
assess thermal stability of rHuG-CSF in the tested formulations.
Conformational changes were monitored by circular dichroism
spectroscopy. The ellipticity at 222 nm (�222), a standard mea-
sure of helical content of a protein, was used to estimate the
secondary structural change of protein. By determining denatu-
ration temperature (Tm) values, the stabilizing effect of tested
formulations, namely the effect of added stabilizers, was deter-
mined. Although rHuG-CSF remains native and compact in some
aspects of structural integrity in formulated solutions ranging from
pH 2 to 7 (Kovlenbach et al., 1997), its conformational stability
is pH-dependent (Narhi et al., 1991). The pH value of the tested
formulations was set at pH 4.0, where conformational stability of
rHuG-CSF is optimal (Krishnan et al., 2002; Narhi et al., 1991). In
this manner, it was possible to evaluate the stabilization effect of a
single tested stabilizer.

Temperature dependency of ellipticity at 222 nm (�222) was
recorded for each formulation tested. The denaturation temper-

ature (Tm) of rHuG-CSF formulations, determined as the point of
inflection of thus obtained curve (Fig. 10), was within the narrow
temperature range starting from 74.5 to 78.3 ◦C (Fig. 11).

The Tm value for non-stabilized rHuG-CSF (acetate buffer pH
4.0) was 74.5 ◦C, whereas the addition of stabilizers in the formu-

e points 27, 40 and 54 h determined by mass spectrometry.

e points 27, 40 and 54 h determined by mass spectrometry.
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Fig. 7. Stability of rHuG-CSF T8 fragment in tested samples at time points 27, 40 and 54 h determined by mass spectrometry.
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Fig. 8. Stability of rHuG-CSF T9 fragment in tested samples

ation resulted in the increase of observed Tm values indicating
pparent improvement in thermal stability of protein. When rank-
ng the added substances according to their stabilizing effect, the

act that non-stabilized rHuG-CSF sample contains acetate buffer
lone while stabilized formulations in addition to acetate buffer
nd tested stabilizer contain 0.004% polysorbate 80 must be con-
idered, knowing that presence of small quantities of polysorbate
n the formulation can increase thermal degradation (Wang, 1999;

Fig. 9. Stability of rHuG-CSF T10 fragment in tested samples at tim
e points 27, 40 and 54 h determined by mass spectrometry.

Treuheit et al., 2002). Thermal stability of native protein was there-
fore altered in two ways, by addition of polyols and carbohydrates
in high concentration (stabilizing effect, stabilizer depended) and

by addition of polysorbate 80 (generally destabilizing effect). The
sample stabilized with sorbitol, with and without presence of
polysorbate, illustrates this well with the difference of Tm of
approximately 3.6 ◦C. Finally, although the error associated with
far-UV CD measurement is typically 5–10% indicating that mea-

e points 27, 40 and 54 h determined by mass spectrometry.
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Table 1
In silico, theoretically calculated and observed monoisothopic masses of rHuG-CSF tryptic fragments T1–T10 (reduced disulfide bridges) used for stability estimation.

Fragment Amino acid sequencea m/z (theoretical monoisotopic) Charge m/z (observed)

T3 K 147.1 1 N/A
T7 R 175.1 1 N/A
T9 VLR 387.3 1 387.3
T10 HLAQP 565.3 1 565.3
T5 LC*ATYK 698.4 1 698.3
T1 MTPLGPASSLPQSFLLK 894.0 2 893.9
T8 AGGVLVASHLQSFLEVSYR 1017.0 2 1016.9
T4 IQGDGAALQEK 565.3 2 565.3
T2 CLEQVR 747.4 1 747.4
T6 LC*HPEELVLLGHSLGIPW 1615.2 7 1615.3

APLSSC*PSQALQLAGC*LS
QLSHGLFLYQGLLQALEG
ISPELGPTLDTLQLDVADF
ATTIWQQMEELGMAPAL
QPTQGAMPAFASAFQR

a An asterix symbol (*) refers to free cystein residues after disulfide bridge reduction.
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ig. 10. Temperature dependency of ellipticity at 222 nm (�222) of rHuG-CSF in
on-stabilized sample (acetate buffer pH 4.0). The Tm value is determined as the
oint of inflection of this curve.

ured difference between samples does not appear to be significant,
ighest increase in thermal stability for rHuG-CSF can be noted
hen using cellobiose, lactitol, lyxose, xylitol and cellobiitol in the

ormulation.

.3. Protein aggregation monitoring by SEC HPLC

Prevention of protein aggregation is one of the major concerns in
odern protein formulation having in mind that oligomers, higher
ligomers and aggregates are known for their immunogenic poten-
ial (Hermeling et al., 2004; Rosenberg, 2006; Li et al., 1995; Lèon et
l., 1998). Such physical degradation induced by agitation or ther-
al stress, which can occur during routine manufacture (passage

hrough filters and pumps, filling on high speed filling machines,

ig. 11. The Tm temperature determined by thermal denaturation studies for tested
HuG-CSF formulations.
etc.), shipping and storage (accidental freezing or exposure to ele-
vated temperature) must be stopped at the beginning of the process
or in the worst case only minimized.

rHuG-CSF aggregates are formed as a result of protein–protein
interaction caused by short-term hydrophobic auto-association
(approximate size 200 kDa) or disulfide bonds interactions
(1000–4000 kDa). These data were obtained by orthogonal analyt-
ical method (field-flow fractionation, data not shown).

It is well known that protein aggregation is highly dependent,
among other factors, on the presence of co-solutes in the protein
environment (Chi et al., 2003b), i.e. addition of disaccharide sucrose
to rHuG-CSF has decreased its aggregation rate (Krishnan et al.,
2002) as opposite to non-formulated rHuG-CSF that would produce
large amount of aggregates after freeze–thaw cycling at −20 ◦C or
during long-term storage. The efficiency of selected stabilizers in
preventing protein aggregation was investigated by measuring the
amount of dimer and higher molecular weight impurities in tested
formulations upon preparation and after subjecting them to stress
conditions known to promote protein degradation; incubation at
elevated temperature (40 ◦C) and physical agitation (vortex mix-
ing).

The level of impurities in tested samples at starting time point
prior to exposure to stress conditions was uniform and below sig-
nificant values (<1%) (Fig. 12).

3.3.1. Thermal stress
Lyxose and leucrose exhibited least stabilizing effect against

thermally induced aggregation with 17.9% and 15.8% of total impu-
◦
rities measured after one month of incubation at 40 C. Cellobiose

and turanose samples with approximately 11% of impurities fol-
lowed by sorbitol and trehalose with approximately 8%, lactitol and
xylitol with approximately 7%, down to cellobiitol with approx-
imately 5% of total impurities demonstrated superior stabilizing

Fig. 12. The amount of dimers and aggregates in tested rHuG-CSF samples prior to
exposure to stress conditions (start analysis) determined by SEC HPLC.



R. Pavišić et al. / International Journal of Pharmaceutics 387 (2010) 110–119 117

F
a

e
p
e
t
s
d
c
p
p
m
r

−
l
a
e
f
h
a
0
s
a
n
w
d
m
l
s
r
a
t
o
p
c

3

s
o
t
g
p
o
s
m
l
A
r
a
p

Forced oxidation study of rHuG-CSF was performed by spik-
ing the tested formulations with high concentration of hydrogen
peroxide, incubating the sample at 25 ◦C and finally quenching the
reaction by addition of l-methionine. The amount of oxidized rHuG-
ig. 13. The amount of dimers and aggregates in tested rHuG-CSF samples incubated
t 40 ◦C for one month determined by SEC HPLC.

ffect (Fig. 13). Presence of stabilizer sorbitol and deficiency of
olysorbate 80 in the rHuG-CSF vicinity demonstrated to be highly
fficient in inhibiting aggregation (4.0% of total impurities) owing
his to already discussed effect of polysorbate 80 on the thermal
tability of protein. From structural point of view, stabilizers that
emonstrated highest stabilizing effect sorbitol, lactitol, xylitol and
ellobiitol, with exception of trehalose, were from the group of
olyols, characterized with linear part of molecule (Fig. 1) which is
ossibly responsible for more successful creation of microenviron-
ent in protein degradation-sensitive regions preferring its native

ather than unfolded state.
Freeze–thaw stress performed by freezing at temperature

20 ◦C and thawing at 2–8 ◦C, one cycle, indicated that all formu-
ations had comparable cryoprotective effect on rHuG-CSF protein
s the amount of total impurities measured by SEC HPLC did not
xceed 0.2% for any of the formulation tested. The results of per-
ormed freeze–thaw experiment demonstrate that all formulations
ad comparable cryoprotective effect on rHuG-CSF protein as the
mount of total impurities measured by SEC HPLC did not exceed
.2% for any of the formulation tested. While preferential exclu-
ion mechanism for the stabilization of proteins in aqueous systems
pplies equally well to protein cryopreservation, these thermody-
amic arguments for protein stabilization are no longer applicable
henever water is eliminated from the system as would be the case
uring lyophilization process. During drying, the major stress that
ust be overcome is the removal of the protein’s hydration shell. By

ooking at structure of the stabilizes tested (Fig. 1) we can hypothe-
ize that each one has the potential to satisfy the hydrogen-bonding
equirements of the polar groups on dried proteins, and thus serve
s water substitutes for dried proteins. Potential stability issue in
he lyophilized form would be the absence of polysorbate 80 in two
f the formulations tested, as its presence in the formulation can
revent protein denaturation during lyophilization, presumably by
ompeting with proteins for the ice–water interface.

.3.2. Agitation and aggregation
Agitation induced protein aggregation is presumably the con-

equence of protein interactions with surfaces such as air–water
r vial–water interfaces (Charman et al., 1993). Agitation, one of
he most common physical stresses that can cause protein aggre-
ation was used by applying vortex mixing of samples immediately
rior to analysis to assess protective effect of tested formulations
n rHuG-CSF agitation induced aggregation (Fig. 14). Formulations
tabilized by stabilizers leucrose, lyxose, trehalose and sorbitol had
ore than 2% of dimers, while those containing lactitol, xylitol, cel-

obiose, turanose, and cellobiitol had between 1.3–1.8% of dimers.

bsence of polysorbate 80 in the formulation stabilized by sorbitol
esulted in highest measured amount of dimer (7.7%). Interestingly,
ll of the tested samples have higher impurity levels than sam-
le containing acetate buffer alone. It could be expected knowing
Fig. 14. The amount of dimers, aggregates, oligomers in tested rHuG-CSF samples
subjected to agitation determined by SEC HPLC.

that formation of oligomers and aggregates by agitation is in the
most of the cases reversible process. Density of formulated solu-
tions in contrast to acetate buffer solution is much higher (50 mg
of stabilizers/ml) and number of molecular collisions produced by
agitation is more probable in dense solution. However, differences
noticed among differently formulated solutions can also reveal sus-
ceptibility of each formulation to inhibit or provoke unwanted
collisions.

It is worthwhile to notice that despite different driving forces
of rHuG-CSF agitation and thermally induced stress the posi-
tion of highest ranking stabilizers (cellobiitol) and lowest ranking
stabilizers (lyxose and leucrose) were in both experiments the
same.

3.4. Protein oxidation, deamidation and truncation monitoring
by RP HPLC

Methionine oxidation has been recognized as an important
cause of inactivation of therapeutic proteins and peptides during
bioprocessing and storage (Wang, 1999). Methionine oxidation can
typically be divided in two categories site specific and non-site
specific (Li et al., 1995). Site specific oxidation is induced by transi-
tion metal ions (e.g. residual amounts of tungsten originating from
syringe manufacturing process, (Rosenberg, 2006)) and therefore
can be inhibited by adding chelating agents such as EDTA, citric acid,
etc. in different recombinant protein production phases. Non-site
specific oxidation is induced by light or by contaminant oxidants
like hydrogen peroxide. Any harmless and non-toxic excipient
that can limit and reduce the exposure of methionine residues to
potential oxidants may be used to protect against non-site specific
oxidation.
Fig. 15. The amount of oxidized form 1 and oxidized form 2, in tested rHuG-CSF
samples subjected to forced oxidation conditions determined by RP HPLC.
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Fig. 16. Performance of various stabilizers under tested conditions. Median rank
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SF formed was measured by RP HPLC (Fig. 15). Presence of two
xidized forms (oxidized form 1 and oxidized form 2) was observed
nd they both consist of monooxidized Met127 or Met138. Any of
our methionines present in rHuG-CSF potentially might be oxi-
ized (Lèon et al., 1998; Yin et al., 2004); however, probability
or methionine oxidation is not equal for all four methionines,
s it depends on methionine microenvironment, i.e. first adjacent
mino acid in chain or closeness of potential oxidizers in three-
imensional protein conformation (Lu et al., 1999).

No apparent difference between the tested formulations was
oted in the amount of rHuG-CSF oxidized form 1, whereas the
mount of oxidized form 2 differed between samples stabilized
y different substances. Literature data (Lu et al., 1999) suggest
hat Met138 is solvent-accessible and its surrounding microen-
ironment may be critical for G-CSF function. Consequently, the
mount of oxidized form 2, ranging from 1.5% for sample stabilized
y xylitol and turanose to 2.4% for sample stabilized by leucrose,
ould be indication of Met138 oxidation. Similarly, the presence
f constant levels of oxidized form 1 in tested formulation can
robably be attributed to oxidation of Met127 which is less acces-
ible to the solvent. Although the focus of the experiment was on
xidation, different rHuG-CSF modifications as i.e. deamidation,
runcation and structurally rearranged forms were observed and
uantified.

In this case no connection between structural class of stabilizer
polyols and sugars) could be noted regarding their effectiveness in
reventing oxidation.

.5. Statistical data evaluation

Pre-screening data obtained by LC/MS peptide mapping exper-
ment divided stabilizers in three groups: turanose, trehalose,
actitol, lyxose, leucrose, and acetate buffer as top stabilizing can-
idates, xylitol, sorbitol and sorbitol without polysorbate as border
ases and cellobiose and cellobiitol as outliers (Fig. 16A). Further-
ore, statistical evaluation of data acquired by comprehensive and

ime consuming screening study that included quantitative anal-
sis of dimers, oligomers, aggregates and oxidized, deamidated,
runcated and altered rHuG-CSF variants is presented on Fig. 16B.
uranose, trehalose and lactitol remained in the group of top stabi-
izer candidates. Cellobiitol was added to that group in opposite to
re-screening data analysis results and xylitol changed the position
rom border to top. Sorbitol, cellobiose and acetate buffer defined
heir position as border cases and sorbitol without polysorbate,
yxose and leucrose showed little stabilizing effect.

Overall stabilizing effect of selected substances was estimated
ith the aim of determining both the optimal stabilizer, and to

ompare the response pattern of different stabilizers across a vari-
ty of parameters essential for the protein stability. According to the
verall performance, i.e. the lowest cumulative rank, the stabilizers
ere ranked in the following order (from best to worst): turanose,

rehalose, lactitol, acetate buffer (non-stabilized sample), xylitol,
ellobiitol, sorbitol, lyxose, leucrose, sorbitol without polysorbate,
ellobiose (Fig. 16C). The performance of the tested stabilizers was
ignificantly different for the tested conditions (Kruskal–Wallis H
10, 561) = 65.94, p < 0.001). However, top-scoring candidates tura-
ose and trehalose were only significantly superior to leucrose,
orbitol without polysorbate, and cellobiose. Lactitol and acetate
uffer were also significantly better than sorbitol without polysor-
ate and cellobiose but not leucrose, and xylitol was only better
han cellobiose (p < 0.05 for the listed comparisons). There was a

ignificant degree of agreement among the performed tests in how
he stabilizers performed overall with Kendall W = 0.118, �2 (10,
= 51) = 60.05, and p < 0.001 (Siegel and Castellan, 1988), suggest-

ng consistency in ranking of the stabilizers. In other words, the
rdering of the stabilizers’ performance was correlated among the
and interquartile range reflect the cumulative performance of each stabilizer. (A)
Stabilizer pre-screening ranking, (B) stabilizer ranking without pre-screening data
evaluation and (C) cumulative ranking.

tested conditions, with the top-ranking stabilizers achieving con-
sistently better scoring.

4. Summary and conclusions

The effect of selected carbohydrate and polyols stabilizers on
rHuG-CSF molecule was evaluated firstly employing pre-screening
method based on peptide mapping LC/MS analysis and comple-
mented by comprehensive screening study of protein stability

under degrading conditions using a battery of analytical test meth-
ods. Based on pre-screening data turanose, trehalose, lactitol,
lyxose, leucrose, and acetate buffer are top formulation candidates,
xylitol, sorbitol and sorbitol without polysorbate are border cases
and cellobiose and cellobiitol are outliers (Fig. 16A). Comprehen-
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ive screening results confirmed ranking of turanose, trehalose
nd lactitol as top stabilizers and indicated two more: cellobiitol
nd xylitol. Sorbitol, cellobiose and acetate buffer remained border
ases and sorbitol without polysorbate, lyxose and leucrose showed
ittle stabilizing effect (Fig. 16B).

Comparison of intact protein stability and the protein excised
ieces cannot be directly compared but PPSP can be statistically

ncorporated in overall data evaluation as any other stability indica-
ive method (Fig. 16C). It is expected knowing that such sensitive

ethod as LC/MS is capable of rapid detection of even the small-
st chemical changes, a process that may not even be relevant in
ntact protein where its native conformation protects certain parts
f protein backbone as they are buried deeply inside the protein’s
hree-dimensional structure. However, named method employed
or the first time for stabilizer evaluation showed valuable con-
ribution to overall protein stability assessment. The method can
inpoint the weakest parts of the macromolecule and help us
nswering why some degradation process is more preferred than
he other in chosen formulation (e.g. the least stabile fragments
2, T5 and T6 contain cysteines in which oxidation state can be
irectly correlated to stabilizer selection under certain pH condi-
ions).

The results of the current comparisons thus suggest that the
tabilizers should be ranked in the following order: turanose, d-
rehalose, lactitol, acetate buffer (non-stabilized sample), xylitol,
ellobiitol, sorbitol, d-Lyxose, leucrose, sorbitol without polysor-
ate, cellobiose when looking at the overall performance. However,
ince individual measures of protein stability are rarely equally
mportant for the final utility of the product, one should con-
ider performance under individual tests as well as the overall
core so as to best meet the specific needs for a given prod-
ct.

Finally, there was no solid statistical connection found between
tabilizers within the same structural group (cellobiitol and lactitol
re disaccharide polyols, sorbitol and xylitol are monosaccharide
olyols, lyxose is a monosaccharide sugar and cellobiose, trehalose,
uranose and leucrose are disaccharide sugars). Interestingly, look-
ng at the top three stabilizers turanose, trehalose and lactitol it
an be noted that the first two are disaccharide sugars while lacti-
ol belongs to group of disaccharide polyols. Overall, tiny stabilizer
tructural differences might cause huge changes in protein stability
s can be seen from the experimental study results. As structurally
ifferent stabilizers yielded similar effects we hypothesize that
hey act by being preferentially excluded from the surface of the
rotein, thus creating such thermodynamic conditions that favour
rotein native state.
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