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ABSTRACT: We studied the physical and biophysical affects of the nonionic surfactants
polysorbate 20 and 80 and their mechanism of interaction using darbepoetin alfa, a
4-helix bundle protein, as the exemplary protein. Differences were observed between the
abilities of the polysorbates to prevent surface loss/aggregation and correlated with each
polysorbates initiation of micelle formation prior to the critical micelle concentration
(CMC). The biophysical properties monitored by far-UV circular dichroism (CD) and
tryptophan (Trp) fluorescence showed effects due to polysorbates, but were not corre-
lated with their CMC. At a constant protein concentration PS-80 induced a-helix in the
protein with a maximal effect at 15:1 molar ratio of PS-80/protein. PS-20 initially
induced a-helix with a maximal effect at 1.5:1 ratio followed by a decrease in the
a-helix content. PS-80 had no effect on near-UV CD but increased Trp fluorescence only
at the 150:1 polysorbate/protein ratio. PS-20 decreased the near-UV CD and Trp
fluorescence. Thermodynamic studies by isothermal titration calorimetry (ITC) demon-
strated that the protein interacts with monomeric polysorbate, but not with polysorbate
micelles. The data suggest that the polysorbates differentially interact with the protein
and that the biophysical effects are dependent on the structure of the polysorbate and
the polysorbate to protein ratio. � 2009 Wiley-Liss, Inc. and the American Pharmacists

Association J Pharm Sci 98:3200–3217, 2009
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INTRODUCTION

The hydrophobic–hydrophilic interface is a major
stress for proteins in liquid during purification,
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filtration, transportation, freeze-drying, spray
drying, storage, and delivery. Since proteins
themselves are amphiphilic, a fraction of the
protein molecules in solution partition to the
hydrophobic–hydrophilic surface such as an air–
liquid interface. Proteins at the interface can
unfold further, exposing more hydrophobic sur-
face in order to enhance amphiphilicity.1–4 Inter-
face-solution partitioning and interfacial induced
unfolding are not completely reversible, resulting
in protein surface loss, misfolding, and aggrega-
tion. Surface-active agents, or surfactants, are
EMBER 2009



EFFECT OF POLYSORBATES ON DARBEPOETIN ALFA STRUCTURE 3201
often added to protein solutions to prevent
physical damage or loss as mentioned.5–12 Human
serum albumin (HSA) has been used in a number
of protein formulations as a stabilizer to prevent
surface adsorption, especially at low protein
concentrations. Recent concerns about the pre-
sence of infectious agents (e.g., viruses and prions)
in mammalian products have prompted many
regulatory agencies to prohibit the use of HSA and
other similar additives, forcing the exploration of
other options. Based on data from the Physicians
Desk Reference over half of the approximately
30 different biologics on the market contain
polysorbate with concentrations ranging from
0.004% to 0.1% (w/v). For several of those
products, polysorbates, nonionic surfactants, are
being used instead of HSA.

The polysorbates are amphiphilic, nonionic
surfactants composed of fatty acid esters of poly-
oxyethylene sorbitan.13 Polysorbate 20 (PS-20,
polyoxyethylenesorbitan monolaurate) and poly-
sorbate 80 (PS-80, polyoxyethylenesorbitan mono-
oleate) are the most common polysorbates
currently used in the formulation of protein
biopharmaceuticals.14 Both types of polysorbates
have a common backbone and only differ in the
structures of the fatty acid side-chains. The
hydrocarbon chains provide the hydrophobic
nature of the polysorbates while the hydrophilic
nature is provided by the ethylene oxide subunits.
In solution the polysorbates occur as either mono-
mers or in micelles depending on a number of
factors including the polysorbate concentration,
buffer composition, and temperature of the solu-
tion. Below the critical micelle concentration
(CMC) the polysorbates are predominantly mono-
meric while above the CMC the surfaces are
saturated with polysorbate and the additional
surfactant is present as micelles. The CMC value
for PS-20 is approximately 0.007% (w/v) and
0.0017% (w/v) for PS-80 in water.15 The lipophi-
licity of the fatty acid tail of the polysorbates not
only drives its surface activity but also its
interaction with proteins. For membrane proteins
interactions with surfactants is expected and well
described,16–19 as surfactants are commonly used
to solubilize membrane proteins during purifica-
tion, biological studies, and biophysical studies.
On the other hand, the interaction between
soluble proteins and surfactants are rarely
reported and not routinely explored. Since many
protein formulations contain polysorbates at both
above and below their CMC, information on
polysorbates effects on proteins and the nature
DOI 10.1002/jps JOURN
of protein–polysorbate interaction at broad ranges
of protein and polysorbate concentrations can be
useful in assessing polysorbates’ suitability as
excipients.

The protein–polysorbate interactions that have
been observed are generally considered weak,
hydrophobic interactions as deduced by electron
paramagnetic resonance (EPR), refractive index,
isothermal titration calorimetry (ITC), and sur-
face tension measurements.10,20–31 Helenius and
Simons30 compared the interactions of both Triton
X-100 and deoxycholate micelles with several
different lipophilic and hydrophilic proteins, and
found that the hydrophilic proteins bound little or
no surfactant. More extensive characterization
and binding have recently been demonstrated for
a small number of proteins including recombinant
human growth hormone (rhGH), rhGH geneti-
cally fused to HSA, and recombinant human
interferon gamma (rhIG). Chou et al.31 showed
similar binding for Albutropin with PS-20 and
PS-80 at saturable molar ratios of 10:1 and 9:1,
respectively. For rhGH and rhIG, 2–6 polysorbate
molecules were bound to each protein with the
number bound dependent on the hydrophobicity
of the protein surface and the surfactant.22

Similar conclusions regarding the hydrophobicity
of the surfactants were reached by other inves-
tigators while studying the interactions between
bovine serum albumin (BSA) and a variety of
triton series surfactants by both surface tension28

and ITC measurements.29 The dissociation con-
stants for these proteins determined by ITC
measurements gave values in the mM to mM
range.29

While the studies of the recombinant proteins
demonstrated binding of the polysorbate to the
protein, structural effects were not well investi-
gated. Chou et al.31 mentioned a 2 nm blue shift in
the fluorescence emission of Trp which could be
due to induced changes in conformation, or simply
to a change in hydrophobicity of the Trp environ-
ment upon polysorbate binding. Studies of rhGH
with polysorbate by far-UV CD20 at low protein
concentrations or by Fourier-transform infrared
spectroscopy21 at higher protein concentrations
also demonstrated a negligible effect of the
polysorbate on the protein secondary structure.
Similar studies on the anti-L-selectin antibody
showed that while PS-20 binds to the anti-L-
selectin antibody, changes in the secondary
structure were not observed by far-UV CD.26 In
each of these studies of the secondary structure,
the solutions contained polysorbates in excess of
AL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 9, SEPTEMBER 2009
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the CMC such that the majority of polysorbate
was micelles and only a small fraction of mono-
mers were present in solution. Additionally, the
structural studies were generally done with single
concentrations of protein and polysorbate using
limited biophysical analysis leaving open the
possibility that other ratios of polysorbate and
protein or analysis with additional biophysical
techniques would show different effects.

We hypothesize that by using multiple ana-
lyses, namely, secondary and tertiary structure
analysis, hydrodynamic analysis, and calori-
metric analysis, it will be possible to further
characterize conformational changes due to poly-
sorbate binding to a protein. Here we present
data from studies using a variety of biophysical
techniques including analytical ultracentrifuga-
tion (AUC), ITC, near-UV and far-UV circular
dichroism (CD), and tryptophan (Trp) fluores-
cence spectroscopy for characterizing interactions
between an exemplary protein, darbepoetin alfa,
and the PS-20 and PS-80 monomers and micelles.

Darbepoetin alfa is a member of the class of
erythropoiesis stimulating agents, such as Epoe-
tin alfa and Epoetin beta, and is used for treating
anemia associated with chronic renal failure or
chemotherapy-induced anemia. Darbepoetin alfa
is a hyper-glycosylated 4-helix bundle protein
stabilized by two disulfide linkages.32 It contains 5
N-glycans (Asn 24, Asn 30, Asn 38, Asn 83, and
Asn 88) and 1 O-glycan (Thr 126) that effect both
the circulating half-life and the conformational
stability of the protein.33 The protein also contains
2 Trps (Trp 51 and Trp 64) which can be used
to monitor changes in structure induced by
polysorbate binding. In addition to its spectral
features darbepoetin alfa was chosen as an
exemplary protein due to its 4-helix bundle
topology common to many cytokines used as
protein biologics, such as Epoetin alfa whose
structure has been determined for the nonglyco-
sylated MKLysEPO produced in Escherichia
coli,34 recombinant human growth hormone,35

recombinant human granulocyte colony stimulat-
ing factor,36 and stem cell factor.37
EXPERIMENTAL SECTION

Materials

Recombinant darbepoetin alfa bulk (2 mg/mL in
20 mM sodium phosphate 140 mM, sodium
chloride, pH 6.2, stored at 2–88C) was obtained
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 9, SEPTEMBER 2009
from Amgen, Inc. (Thousand Oaks, CA). Protein
concentration was determined with an Agilent
8853 UV/Vis spectrophotometer, using a photo-
diode array detector. The molar extinction coeffi-
cient used for the concentration calculations is
0.98 (e280 (mg/mL)�1 cm�1). The value was deter-
mined empirically based on the absorbance and
mass of the protein only. BSA, 1,6-diphenyl-1,3,5-
hexatriene (DPH), sodium dodecylsulfate (SDS),
Dulbecco’s phosphate buffered saline (PBS) solu-
tion, tetrahydrofuran (THF) and inorganic salts
were purchased from Sigma-Aldrich (St. Louis,
MO). PS-20 was obtained from Mallinckrodt
(St. Louis, MO). PS-80 was obtained from Croda
(Edison, NJ).
Sample Preparations

Darbepoetin alfa was diluted from approximately
2.0 mg/mL or 0.11 mM bulk in 20 mM sodium
phosphate, 140 mM sodium chloride, at pH 6.2 to
the corresponding concentrations of each experi-
ment described in the Result section. PS-20 and
PS-80 stock at 0.1%, 1.0%, and 2.0% (w/v) were
prepared by weighing the appropriate amount of
polysorbates followed by addition of the buffer.
PS-20 and PS-80 stock at 0.0001%, 0.001%, and
0.01% (w/v) were prepared by serial dilution from
1.0% (w/v) stock. Though the exact concentrations
of polysorbates were not measured for all the
samples, this polysorbate solution preparation
approach was previously shown to give desired
concentration based on HPLC-charged aerosol
detector (HPLC-CAD) tandem analysis (data not
shown). The molar concentration of polysorbate
was calculated using the following conversion: 1%
(w/v) PS-20¼ 8.14 mM and 1% (w/v) PS-80¼
7.63 mM. For simplicity, molar concentration-to-
% (w/v) conversion for both PS-20 and PS-80 used
in this study is 1% (w/v)¼ 8 mM. The target
darbepoetin alfa–polysorbate solution mixtures
were achieved by diluting darbepoetin alfa bulk
and PS-20 and PS-80 stock. Darbepoetin alfa–
polysorbate solutions were incubated at room
temperature for 16 h before measurements. The
buffer used for all darbepoetin alfa and poly-
sorbates experiments was 20 mM sodium phos-
phate, 140 mM sodium chloride, at pH 6.2.

BSA, obtained as lyophilized powder, was
reconstituted with PBS. The resulting solution
was dialyzed against PBS at 48C for 16 h. The
BSA–SDS mixtures were prepared by the same
approach as darbepoetin alfa–polysorbate.
DOI 10.1002/jps



EFFECT OF POLYSORBATES ON DARBEPOETIN ALFA STRUCTURE 3203
DPH was dissolved in THF to make 10 mM
stock. DPH stock (0.5 mL) in THF was then added
to 1 mL of protein–surfactant mixture 4 h prior to
measurements.
Fluorimetric Method For Measuring Initiation of
Micelle Formation

The micelle formation of PS-20 and PS-80 in water
and buffer were determined based on the method
of Chattopadhyay and London38 as modified and
described here. Concentrated solution of PS-20
and PS-80 were prepared by weighing 1 g of
polysorbate into a 100 mL volumetric flask and
adding water or buffer (20 mM sodium phosphate,
140 mM sodium chloride, at pH 6.2) to dissolve the
polysorbate. The solution was allowed to stand
overnight then QSed to 100 mL by slow addition of
water or buffer to prevent foaming of the solution.
The 1% (w/v) polysorbate solution was used to
prepare 10 mL of a 0.02% (w/v) solution of
polysorbate. The 0.02% (w/v) solution was used
to prepare 10 mL of a 0.0001% (w/v) solution in
either the water or buffer. An aliquot (10 mL) of
DPH solution, prepared as previously described,
was added to each 10 mL aliquot of solution. The
low concentration PS solution (0.001%) containing
DPH was titrated with the 0.02% solution con-
taining DPH using an ATF 105 Aviv Fluorimeter
equipped with an autotitrator (Aviv Biomedical,
Lakewood, NJ). The lExcitation was 358 nm with a
1 nm bandwidth and the lemission was 430 nm with
a 5 nm bandwidth. The titration was done in a
3.5 mL quartz cuvette containing a stir bar with a
stirring time of 1 min between additions and a 2 s
averaging time without stirring. The additions
steps were done in 0.002% concentration incre-
ments to a final concentration of 0.02% (w/v).
Titrations without polysorbate were used as back-
grounds for subtraction from the data and all data
were normalized to the highest emission value for
each titration.
Circular Dichroism Measurements

Measurements were carried out on an Aviv 202-01
(Aviv Biomedical), a Jasco J-720, and a Jasco
J-810 spectropolarimeters (Jasco, Inc., Easton,
MD). Comparability of the measurements on both
spectrophotometers was confirmed using Epogen
bulk standard. All the wavelength scan measure-
ments were conducted at 258C using 0.1 and
DOI 10.1002/jps JOURN
0.2 mm rectangular quartz suprasil cuvettes for
far-UV and 10 mm cylindrical quartz suprasil
cuvettes for near-UV CD (Hellma Cells, Inc.,
Plainview, NY) in peltier temperature controlled
cell holders. The far-UV CD spectra were taken
from 200 to 250 nm at a 0.5 nm interval with 10 s
average time on an Aviv 202-01 and 20 nm/min
with 8 s response time for the Jasco J-720 and
Jasco J-810. Near-UV CD spectra were taken from
250 to 320 nm at 10 nm/min with a 16 s response
time. Mean residue ellipticity (MRE, deg cm2

dmol�1) was calculated using Eq. (1),

MRE ¼ Mo � u

10 � l � C
(1)

where Mo is mean residue weight (112.12 Da/
residue), u the observed ellipticity (mdeg), l the
light path (cm), and c the concentration (mg/
mL).39 All samples were measured at least three
times. Spectra were blanked subtracted prior to
the MRE calculation. Standard errors for each
sample were reported.
Fluorescence Emission Measurements

Fluorescence measurements were carried out on
an AVIV model ATF-105 automated titrating
differential/ratio spectrofluorometer (Aviv Biome-
dical). Emission spectra were recorded from 310 to
410 nm in 1 nm steps with excitation at 295 nm
using a 1� 0.4 cm cuvette. All samples were
measured at least three times. Standard error for
each sample was reported.
Analytical Ultracentrifugation

The solution molecular weights of the peptides
were evaluated by sedimentation equilibrium
measurements carried out with a temperature-
controlled Beckman XL-I analytical ultracentri-
fuge equipped with an An-60 Ti rotor and a
photoelectric scanner (Beckman Instruments,
Palo Alto, CA). Samples were loaded in a double
sector cell equipped with a 12 mm Epon center-
piece and a sapphire optical window. The refer-
ence compartment was loaded with the matching
buffer. The samples were monitored at 280 and
350 nm at a rotor speed of 50,000 rpm at 208C for
sedimentation velocity.

Analysis of the raw data was carried out using
SEDFIT v. 8.9 (a freeware developed by Dr. Peter
Schuck of NIH) to obtain concentration distribu-
AL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 9, SEPTEMBER 2009
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tion (c(s)) as a function of sedimentation coeffi-
cient (s, svedberg).40,41 Both frictional ratio and
meniscus were fitted for each sample. The range of
s-values for fitting was 1-11s (for darbepoetin
alfa–polysorbate experiments) or 0.1-10s (for
BSA–SDS experiment) with a resolution of 100
using a confidence level of 0.7.
Isothermal Titration Calorimetry (ITC)

The ITC experiments were done on a MicroCal
VP-ITC (MicroCal, Inc., Northampton, MA). All
samples were dialyzed against the buffer, 20 mM
sodium phosphate, 140 mM NaCl, pH 6.2, before
the ITC experiments were performed. The buffer
was filtered through a 0.22 mm filter. The samples
and the buffer were degassed immediately prior to
each experiment. The concentrations and injec-
tion volumes used in each experiment are shown
in the legends of the corresponding figures. The
initial delay for all the experiments was 360 s,
the interval between two adjacent injections was
360 s, the stirring speed was 270 RPM, and the cell
temperature was 258C. The 1st titration in an ITC
experiment is usually unusable. In order to con-
serve the samples, a very small amount (0.5 mL)
was used for the 1st injection in all the experi-
ments reported here unless otherwise specified.
The data from the 1st injection was usually
removed before the fitting analysis, and the data
analysis was done using MicroCal Origin 7. The
molecular weights used to calculate the molar
monomer concentrations for PS-80 and PS-20 are
1310 and 1228 Da, respectively.
Agitation Study Monitored by Size Exclusion
Chromatography

Darbepoetin alfa was diluted from approximately
2.0 mg/mL or 0.11 mM bulk in 20 mM sodium
phosphate, 140 mM sodium chloride, at pH 6.2 to
the desired concentrations. The target darbe-
poetin alfa–polysorbate solution mixtures were
achieved by diluting the darbepoetin alfa bulk to
50 mg/mL or 2.75 mM and PS-20 or PS-80 stock
to make solutions of 0.0001%, 0.0003%, 0.0006%,
0.0012%, 0.0025%, 0.005%, 0.0075%, and 0.01%
(w/v) of surfactant. Darbepoetin alfa–polysorbate
solutions (1 mL in 3 cc glass vial) were vortexed
using a VWR DS500 orbital Shaker at room
temperature for 48 h before size exclusion
chromatography (SEC) measurements.
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SEC was used to separate aggregates, dimers,
and peptide clips from the darbepoetin alfa
monomer. Chromatography was performed using
two TosoHaas G3000SWXL columns in tandem.
The flow rate was 0.5 mL/min and the isocratic
mode was used. The detection was observed at
215 nm. Data reported is % dimer of total peak
area.
Surface Loss by Enzyme-Linked Immunosorbent
Assay (ELISA)

Darbepoetin alfa was diluted from approximately
2.0 mg/mL or 0.11 mM bulk in 20 mM sodium
phosphate, 140 mM sodium chloride, at pH 6.2 to
the corresponding concentrations. The target
darbepoetin alfa–polysorbate solution mixtures
were achieved by diluting darbepoetin alfa bulk
to 60 ng/mL or 3.3 nM and PS-20 or PS-80 stock
to make solutions with a final concentration of
0.0003%, 0.0005%, 0.0008%, 0.001%, 0.003%,
0.005%, 0.008%, and 0.01% (w/v) surfactant.
Darbepoetin alfa–polysorbate solutions (1 mL in
3 cc glass vial) were prepared at room tempera-
ture, stored at 48C, and analyzed by ELISA within
24 h after preparation.

The samples for ELISA were serially diluted to
0.5 ng/mL with 10%-BSA diluent while standards
were serial diluted to 2.5%, 1.25%, 0.625%,
0.3125%, 0.15625%, 0.078125%, and 0 ng/mL
BSA. The controls were serial diluted to 2.0,
0.625 and 0.250 ng/mL. One hundred microliters
of each standard, control, and sample was added
in triplicate to the 96-wells that came with
Quantikine IVD Human EPO Immunoassay Kit
(R&D Systems, Minneapolis, MN). This was
incubated on a rocker for 1 h in the dark after
which the solutions in the plate were decanted
and blot dried on a paper towel. Two hundred
microliters of EPO conjugate (also from the kit)
was added to the dried plate and incubated on a
rocker for 1 h in the dark. After an hour, the plate
was washed four times with 1�-wash solution
(from the kit) and blot dried completely. Next,
200 mL of substrate-1 and substrate-2 mixture in a
ratio of 1:1 was added to the well and incubated for
20 min in the dark without shaking, after which
100 mL of substrate stop solution (from the kit)
was added and allowed to incubate for 20 min.
The plate was read on a plate-reader at 450 and
650 nm. The concentrations of the controls
and samples were calculated using the standard
curve. The error analysis was calculated from
standard error of triplicate measurements.
DOI 10.1002/jps
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RESULTS

Since the CMC values for polysorbates play an
important role in experimental design and data
analysis, the effect of the buffer (20 mM sodium
phosphate, 140 mM sodium chloride, pH 6.2) on
micelle formation was examined using a fluori-
metric assay.38 The onset of micelle formation and
shape of the titration curves were equivalent
when polysorbate was titrated into either water or
buffer (Fig. 1). Additionally, the data demonstrate
that while the reported CMC values for PS-8042–44

and PS-2043–45 are 0.0017% (w/v) and 0.007% (w/v)
micelle formation is initiated at concentrations
below the CMC of approximately 0.001% (w/v) and
0.002% (w/v) polysorbate, respectively.
Effects of Polysorbates on Physical Stability of
Darbepoetin Alfa

Polysorbates 20 and 80, surfactants that are
commonly used in protein formulations, prevent
physical instability such as protein loss at the
hydrophobic–hydrophilic interface and protein
aggregation during agitation and storage. The
effectiveness of these two surfactants in protect-
ing darbepoetin alfa from these stresses was first
explored. Protection from surface adsorption was
analyzed by incubating the protein in glass vials
Figure 1. The titration curves showing the relative
fluorescence of 1,6-diphenyl-1,3,5-hexatriene change
with increasing amount of polysorbates in water and
in 20 mM sodium phosphate 140 mM sodium chloride
pH 6.2 buffer. White and black triangles denote poly-
sorbate 20 samples in water and buffer, respectively.
White and black circle denote polysorbate 80 samples in
water and buffer, respectively.

DOI 10.1002/jps JOURN
in the presence of increasing amounts of surfac-
tant. Figure 2A shows the percent recovery
of darbepoetin alfa (60 ng/mL or 3.3 nM) as a
function of polysorbate concentration. Because of
the low protein concentration an ELISA assay was
used to measure the amount of darbepoetin alfa
remaining in solution following equilibration with
the vial. Complete recovery was achieved with PS-
80 concentrations of 0.005% (w/v) or greater while
full recovery with PS-20 was not achieved until a
concentration of approximately 0.008% (w/v) was
reached. Figure 2B shows the % dimer formed as a
result of the agitation stress induced by vortexing
on darbepoetin alfa (50 mg/mL or 2.75 mM) in
the presence of varying amounts of polysorbate.
At the two lowest concentrations of PS-80 a slight
increase in the concentration of dimer was
observed with suppression of aggregate formation
at concentrations greater than 0.001% (w/v) and
complete suppression above 0.003% (w/v). In
contrast, PS-20 decreased aggregate formation
at low surfactant concentrations, but was not as
effective as PS-80 in fully suppressing aggregate
formation until concentrations of 0.005% (w/v)
or greater were achieved. The concentrations of
surfactant necessary for attaining either complete
recovery of the protein or preventing loss roughly
correlate with the CMC values for each poly-
sorbate type.
Effects of Polysorbates on Secondary and Tertiary
Structures of Darbepoetin Alfa

The effects of polysorbates on the secondary
and tertiary structures of darbepoetin were first
assessed by adding increasing amounts of poly-
sorbate (0.00001–1% (w/v)) to 5.5 mM darbepoetin
alfa. At this concentration of darbepoetin alfa in
the absence of polysorbate the protein loss to the
cuvette could not be detected. The concentration
range of polysorbates studied extended above and
below their critical micelle concentrations or
CMCs (0.007% (w/v) for PS-20 and 0.0017% (w/
v) for PS-80). Figure 3A shows the changes in the
secondary structure upon addition of surfactant.
The presence of 0.01% (w/v) PS-80 increased the
helicity of darbepoetin alfa as measured by a
decrease in the MRE at 208 and 222 nm (u208 and
u222). The same concentration of PS-20 did not
show an effect on the protein structure. The
relative fraction helix based on u222

46 of the
polysorbate containing darbepoetin alfa samples
with respect to those of the polysorbate-free
AL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 9, SEPTEMBER 2009



Figure 2. (A) Percent recovery of 60 ng (3.3 nM) darbepoetin alfa in glass vial in the
presence of varying amount of PS-20 and PS-80, as determined by ELISA. (B) Percent
dimer of darbepoetin alfa (50 mg/mL or 2.75 mM) formed as a result of agitation in the
presence of varying amount of PS-20 and PS-80. PS-20 samples were denoted by light
gray shaded bars, while PS-80 samples were denoted by black filled bars. The dashed line
denotes PS-20 and PS-80 CMCs. The LOD for this assay is 0.07% and the LOQ is 0.2%.
The error bars represent the standard error of three different experimental measure-
ments.
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samples is shown in Figure 3B. As polysorbate
concentrations increased, darbepoetin alfa
became more helical. The maximal effect was
observed at 0.01% (w/v) PS-80 and 0.001% (w/v)
PS-20 representing molar ratios of 15:1 and 1.5:1,
Figure 3. (A) Far-UV CD spectral overlay
darbepoetin alfa with 0.01% (w/v) PS-20 (- - -
PS-80 (. . .). (B) Plot of relative helicity (calculat
varying amount of polysorbates to helicity (ca
alfa in absence of polysorbates. White bars a
respectively.
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respectively. As the polysorbate concentrations
were increased past their point of maximal effect a
decrease in the degree of helicity was seen with a
more dramatic decrease occurring for the samples
containing PS-20 than the PS-80 containing
of 5.5 mM darbepoetin alfa (—), 5.5 mM
), and darbepoetin alfa with 0.01% (w/v)
ed from u222) of 5.5 mM darbepoetin alfa in
lculated from u222) of 5.5 mM darbepoetin
nd black bars denote PS-20 and PS-80,

DOI 10.1002/jps
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samples. At the highest concentrations of poly-
sorbate tested, 0.1% (w/v), the helicity of the
protein in the presence of PS-20 was less than that
of the sample that did not contain polysorbate.

The effect of PS-20 and PS-80 on the tertiary
structure was also examined using fluorescence
and near-UV CD. The addition of polysorbate
affected the protein fluorescence. As shown in
Figure 4A addition of PS-80 at a concentration of
0.01% (w/v), or 15:1 molar ratio, had little effect on
the fluorescence while addition of PS-20 caused
a decrease in the fluorescence yield relative to
that of the control measured at the same protein
concentration. No change was observed for the
emission maxima for any concentration or type of
polysorbate tested. At the lowest concentration of
polysorbate tested, 0.001% (w/v), there was no
effect on the fluorescence (Fig. 4B) while at 0.1%
(w/v) the samples containing PS-80 showed an
increase in fluorescence and those containing
PS-20 showed the opposite effect with a further
decrease in the fluorescence yield. Differences in
the fluorescence yield can be attributed to the
degree of Trp exposure to the solvent, a change
in the local polarity of the Trp environment or a
change in the distances between a fluorescent Trp
and a Tyr involved in energy transfer in the native
structure.

The effect of polysorbates on tertiary structure
was further confirmed by near-UV CD (Fig. 5A
and B). The darbepoetin alfa concentration used
Figure 4. (A) Trp emission spectral (Ex. 29
(—), 5.5 mM darbepoetin alfa with 0.01% (w/
0.01% (w/v) PS-80 (. . .). (B) Plot of relative fluo
darbepoetin alfa in varying amount of polys
346 nm) of 5.5 mM darbepoetin alfa in absence o
denote PS-20 and PS-80, respectively.

DOI 10.1002/jps JOURN
for the near-UV CD experiments was 55mM, 10-fold
higher than the concentration used for far-UV
CD and Trp fluorescence emission experiments,
therefore, more polysorbate was added to main-
tain comparable protein/polysorbate molar ratios.
The PS-80 had no effect on the near-UV CD signal
of the protein, whereas the PS-20 decreased the
relative ellipticity at 15:1 and 150:1 molar ratios of
polysorbate to protein. Based on the Trp emission
and near-UV CD results, PS-20 may have
increased the degree of Trp exposure to solvent
making the Trp more hydrated, reduced the local
polarity of the Trp environment, increased the
distance between a Trp/Tyr energy transfer pair
or a combination of these. In contrast, PS-80
slightly reduced Trp exposure to solvent and/or
increased local polarity of the Trp environment.

A second set of experiments to probe darbepoe-
tin alfa–polysorbate interactions, this time main-
taining the polysorbate concentration 0.01% (w/v)
while varying the protein concentration (1.375,
2.75, 5.5, 13.75, and 27.5 mM), covering the range
of polysorbate/protein molar ratios from 3:1 to
60:1. This particular polysorbate concentration
was chosen because the changes on far-UV CD
and Trp emission of darbepoetin alfa were clearly
observed by the ellipticity at 222 nm (u222)
(Fig. 6A) and fluorescence emission yield at
346 nm (Fig. 6B). The results clearly show that
the degree of changes in the secondary and
tertiary structure change is dependent on the
5 nm) overlay of 5.5 mM darbepoetin alfa
v) PS-20 (- - -) and darbepoetin alfa with
rescence (emission at 346 nm) of 5.5 mM

orbates to the fluorescence (emission at
f polysorbates. White bars and black bars
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Figure 5. (A) Near-UV CD spectral overlay of 55 mM darbepoetin alfa (—), 55 mM
darbepoetin alfa with 1% (w/v) PS-20 (- - -) and darbepoetin alfa with 1% (w/v) PS-80 (. . .).
(B) Plot of relative ellipticity at 290 nm (u290) of 55 mM darbepoetin alfa in varying
amount of polysorbates to u290 of 55 mM darbepoetin alfa in absence of polysorbates.
White bars and black bars denote PS-20 and PS-80, respectively.
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molar ratio of polysorbate/protein. In all cases the
greatest change was observed at the highest
polysorbate-to-protein ratios with a decrease in
the measured effect as the polysorbate/protein
ratio decreased. For relative fluorescence there
was no observable difference between the poly-
sorbates while the onset and the degree of change
in helicity were earlier and greater for PS-80 than
for PS-20.
Figure 6. (A) Relative helicity (based on u2

centrations in the presence of 0.01% (w/v) polys
alfa concentrations in the absence of polysorba
346 nm) of the varying darbepoetin alfa conce
polysorbates to that of the varying darbepoet
polysorbates. PS-20 samples were denoted b
samples were denoted by filled circles and (. .
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Monitoring Darbepoetin Alfa–Polysorbate
Interactions by Sedimentation Velocity Analytical
Ultracentrifugation

Sedimentation velocity analytical ultracentri-
fugation (AUC-SV) is used to characterize the
hydrodynamic behavior of macromolecules in
solution. Sedimentation analysis of proteins con-
taining Trp can be monitored by UV absorbance at
22) of the varying darbepoetin alfa con-
orbates to that of the varying darbepoetin
tes. (B) Relative fluorescence (emission at
ntrations in the presence of 0.01% (w/v)
in alfa concentrations in the absence of
y opened circles and (- - -) while PS-80
.).
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EFFECT OF POLYSORBATES ON DARBEPOETIN ALFA STRUCTURE 3209
280 nm. Similar analysis of surfactants, on the
other hand, is more complicated. Because of the
low molecular weight of the individual poly-
sorbate molecules (<2 kDa) the only species in
solution that can travel under a centrifugal field
are the micelles. Unfortunately, the polysorbates
do not have a strong UV/Vis absorbing chromo-
phore making detection by that method difficult.
The interior of micelles are similar to an oily
organic phase and organic dyes can be taken up
allowing the micelles to have the same absorbance
characteristics as the dyes themselves. In a
hydrophobic organic environment, as opposed to
a polar aqueous environment, the extinction
coefficient of the dyes increases dramatically,
allowing for detection of the surfactant micelles,
but not the surfactant monomers; this approach
has been used to determined the CMCs of
surfactants.38,47 DPH was used to probe the
micelles during a sedimentation experiment. This
dye has an absorbance maximum at 350 nm and
no absorbance at 280 nm allowing the micelles and
proteins to be monitored individually in the same
experiment, using 350 nm for the micelle and
280 nm for the protein. If the protein interacts
with the polysorbate micelles, then the protein-
micelle adduct should appear at both wavelengths
and have a similar sedimentation coefficient.

Since BSA is known to bind to SDS micelles,
BSA–SDS can be used as a control experiment
to demonstrate that this experimental approach
can detect protein interaction with surfactant
micelles. The control AUC-SV experiments involved
0.5 mg/mL BSA, 0.1% (w/v) SDS, and a mixture of
Figure 7. Sedimentation analysis of 0.5 mg
PBS (. . .), and the mixture of 0.5 mg/mL BSA a
at (A) 280 nm and (B) 350 nm.
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BSA and SDS (0.5 mg/mL BSA and 0.1% (w/v)
SDS). Note that DPH (10 mM) was added to all the
solutions. The purpose of this control experiment
is to demonstrate that this experimental techni-
que can detect protein interaction with surfactant
micelles. In the solution containing BSA alone
(Fig. 7A), the primary species had an s-value of
4.2s and was detected by absorbance at 280 nm,
while the BSA–SDS mixture consisted primarily
of a species with an s-value of 3.4s. At 350 nm
(Fig. 7B), the solution containing SDS alone
showed a main species with an s-value of 0.9s,
while the BSA–SDS mixture consisted primarily
of a species with an s-value of 3.6s, and the 0.9s
species disappeared. These results demonstrated
the presence of mixed micelles containing SDS
and BSA, in agreement with previously published
results.48–50

Similar AUC-SV experiments were conducted
using darbepoetin alfa (5.5 mM), 0.1% (w/v) PS-20,
or 0.1% (w/v) PS-80 alone, and mixtures of
darbepoetin alfa with PS-20 (5.5 mM darbepoetin
alfa and 0.1% (w/v) PS-20), and darbepoetin alfa
with PS-80 (5.5mM darbepoetin alfa and 0.1% (w/v)
PS-80). Sedimentation analysis using data from
the 280 nm channel (Fig. 8A) demonstrated that
darbepoetin alfa sedimented as a monomer with
an s-value of 3.3. The presence of either poly-
sorbate had no impact on the sedimentation
behavior suggesting that the hydrodynamic
radius or the overall fold of the protein was not
influenced by the presence of polysorbates. The
sedimentation profile of PS-20 and PS-80 micelles
monitored at 350 nm (Fig. 8B and C, respectively)
/mL BSA in PBS (—), 0.1% (w/v) SDS in
nd 0.1% (w/v) SDS in PBS (- - -) monitored
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Figure 8. (A) Sedimentation analysis of 5.5 mM darbepoetin alfa (—), the mixture of
5.5 mM darbepoetin alfa with 0.1% (w/v) PS-20 (- - -) and the mixture of 5.5 mM
darbepoetin alfa with 0.1% (w/v) PS-80 (. . .), monitored at 280 nm. (B) Sedimentation
analysis of 0.1% (w/v) PS-20 (— — —) and the mixture of 5.5 mM darbepoetin alfa with
0.1% (w/v) PS-20 (- - -), monitored at 350 nm. (C) Sedimentation analysis of 0.1% (w/v) PS-
80 (— �—) and the mixture of 5.5 mM darbepoetin alfa with 0.1% (w/v) PS-80 (. . .),
monitored at 350 nm.

3210 DEECHONGKIT ET AL.
showed that the presence of darbepoetin alfa
did not affect the sedimentation profiles of
the polysorbates. The PS-20 and PS-80 micelle
s-values were 1.7 and 2.1s, respectively. These
sedimentation results suggest that darbepoetin
alfa did not interact with the polysorbate micelles.
Furthermore, large aggregates of darbepoetin alfa
with a few polysorbate molecules, which could be
hydrophobic enough for DPH to bind to, were not
present above the detection limit of AUC-SV.
Monitoring Darbepoetin Alfa–Polysorbate
Interactions by Isothermal Titration Calorimetry

ITC is a technique for studying how substances
interact with each other.51 When substances bind,
heat is either generated or absorbed. Analysis of
the ITC data allows the determination of binding
constants, reaction stoichiometry, and the ther-
modynamic parameters: enthalpy (DH), entropy
(DS), and the Gibbs free energy (DG).51–54 In
this study, ITC was used for characterizing
the binding of the darbepoetin alfa and poly-
sorbate molecules. Prior to the ITC experiments,
the darbepoetin alfa samples were dialyzed
against 20 mM sodium phosphate, 140 mM NaCl,
pH 6.2 buffer (referred to as ‘‘the buffer’’ in the
section below). PS-80 and PS-20 stock solutions
were prepared in the same buffer at the indicated
concentrations.

Several reports describing the use of ITC for
studying the interactions of proteins with poly-
sorbate or other nonionic surfactants have been
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 9, SEPTEMBER 2009
published previously.21,29,31 In our initial ITC
study, we used high polysorbate concentrations as
described by Bam et al. The buffer titrated by
1.68% (w/v) PS-80 and 0.11 mM darbepoetin alfa
titrated by 1.68% (w/v) PS-80 are shown in
Figure 9A and B. From Figure 9A, it can be seen
that there are large ITC exothermic peaks when
the buffer alone is titrated by the PS-80, this
comes from the dilution of the polysorbate
micelles. Careful evaluation and accounting for
this contribution to the signal is necessary to avoid
inaccuracies in the calculation of the ITC results.
The titration of the protein by polysorbate
(Fig. 9B) has positive (endothermic) peaks in
the first few titrations. In contrast, there are no
such endothermic peaks in the control titration
(Fig. 9A). This outcome suggests that the inter-
action of polysorbate and the protein might be
an endothermic reaction. Although the heat of
dilution of polysorbate micelles was mentioned in
all previous publications, it appears that either
these publications were undertaken prior to the
development of highly sensitive ITC instru-
mentation that can perform this type of analysis29

or the positive (endothermic) peaks were not
observed.21,54 Additionally, the endothermic peak
in the first injection (0.5 mL) is higher than that of
the third injection of 10 mL, raising the possibility
that lowering the PS-80 concentration and/or
injection volume might result in better visualiza-
tion of the binding signal.

To verify the above hypothesis, the experimen-
tal conditions were optimized lowering the PS-80
concentration from 1.68% (w/v) to 0.84% (w/v) and
DOI 10.1002/jps



Figure 9. The ITC profiles of (A) the buffer titrated by 1.68% (w/v) PS-80, 10 mL/
injection; (B) 0.11 mM darbepoetin alfa titrated by 1.68% (w/v) PS-80, 10 mL/injection.
The 1st injection for all the experiments was 0.5 mL, which was removed from the data
analysis. Titrations with PS-20 also yielded the similar results (data not shown).
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decreasing the injection volume from 10 mL per
injection to 1 mL per injection. This minimized the
dilution signal of the PS-80 micelles and expanded
the endothermic peaks past the first three
titrations, making the curve fitting and data
analysis more reliable. The two control experi-
ments, 0.11 mM darbepoetin alfa titrated by the
buffer and the buffer titrated by 0.84% (w/v) PS-
80, as well as the sample titration, 0.11 mM
darbepoetin alfa titrated by 0.84% (w/v) PS-80,
are shown in Figure 10A–C, respectively. In
Figure 10C, there are two types of signals with
each injection. The first is the exothermic peaks
(negative direction), which are similar to the
peaks seen in the control experiment (Fig. 9A),
indicating that the peaks are from the heat of
the polysorbate micelle dilution/dissociation. The
second type is the endothermic peaks (positive
direction), which are not seen in the control
titrations. From the above data, it appears that
the endothermic peaks are the real darbepoetin
alfa-PS-80 binding signal.

To further verify if the endothermic peaks
observed above are true binding signals, we
Figure 10. The ITC profiles of (A) 0.11 mM
1 mL/injection; (B) the buffer titrated by 0.8
0.11 mM darbepoetin alfa titrated by 0.84% (w
for all the experiments was 0.5mL, which was r
with PS-20 also yielded the similar results (d

DOI 10.1002/jps JOURN
increased the injection volume to 2 mL per
injection. This should result in doubling the
intensity of the endothermic peaks in the first
few titrations, if they originate from the binding of
the darbepoetin alfa and PS-80. The ITC profile of
0.11 mM darbepoetin alfa titrated by 0.84% (w/v)
PS-80 (2 mL per injection) is shown in Figure 11D.
Compared to Figure 11C (1 mL per injection), the
intensity of the endothermic peaks is, as expected,
nearly double the intensity. This result demon-
strates that the endothermic peaks are indeed
from the binding of the darbepoetin alfa and PS-
80. The above experiments were repeated several
times with different PS-80 concentrations above
the CMC, and similar results were observed.
Similar ITC experiments were also used to study
the interactions between darbepoetin alfa and
PS-20 and similar results were observed (data not
shown). While the endothermic peaks observed
when polysorbate was titrated to darbepoetin alfa
could be the results of darbepoetin alfa aggre-
gation instead of darbepoetin alfa binding to
polysorbate, this explanation for endothermic
peaks is highly unlikely. The concentration of
darbepoetin alfa titrated by the buffer,
4% (w/v) PS-80, 1 mL/injection; and (C)
/v) PS-80, 1 mL/injection. The 1st injection
emoved from the data analysis. Titrations
ata not shown).
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Figure 11. The ITC profiles of (A) 0.11 mM darbepoetin alfa titrated by 0.84% (w/v)
PS-80, 1 mL/injection; and (B) 0.11 mM darbepoetin alfa titrated by 0.84% (w/v) PS-80,
2 mL/injection. The 1st injection for all the experiments was 0.5 mL, which was removed
from the data analysis. Titrations with PS-20 also yielded the similar results (data not
shown).
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aggregates of darbepoetin alfa in the presence and
absence of polysorbates are similar based on size-
exclusion chromatography and SV-AUC (data not
shown) also suggesting the endothermic peaks are
likely the results of darbepoetin alfa–polysorbate
binding rather than polysorbate-induced darbe-
poetin alfa aggregation.

To evaluate the binding constant, the baseline,
the heat of dilution of protein in buffer, and heat
of demicellization were subtracted. The binding
isotherm shown in Figure 12 does not look like a
Figure 12. A representative fitting figure.
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typical binding curve in that there is no baseline
at low polysorbate to protein ratios, suggesting
that only a fraction of polysorbate monomers
bind to darbepoetin alfa and that the binding is
weak. Since only the PS-80 monomers bind to the
darbepoetin alfa, it is impossible to increase the
concentration to improve the binding curve due to
the fact that the concentration of monomeric
polysorbates cannot be higher than at their CMCs.
Because of the incomplete binding isotherms,
accurate determination of dissociation constants,
stoichiometry, and other thermodynamic para-
meters cannot be accurately achieved. Never-
theless, the incomplete binding isotherms indicate
that the dissociation constants between darbe-
poetin alfa and polysorbates are at best in the mM
range and that polysorbate monomers prefer to
interact with one another to form micelles rather
than bind the protein.
DISCUSSION

Polysorbates can improve the stability of protein
due to their ability to prevent protein surface
loss through surface adsorption and aggregation.
Previous studies have suggested that the poly-
sorbates’ protective property is the result of either
the polysorbate coating hydrophobic surfaces such
as air–water or surface–water interfaces,12,27,55–57

the polysorbate binding hydrophobic patches
on the surface of the proteins and preventing
interactions10,12,19–22,24,26,31,58 or the combination
of both. In the experiments shown here the
polysorbates prevented surface loss and aggre-
gation at polysorbate concentrations below the
respective CMCs.
DOI 10.1002/jps
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In prior studies of other proteins even though
the polysorbate bound to the protein the biophy-
sical analysis did not show any effect on the
protein conformation.21,26,31,59 In the studies
described here we found that the polysorbates
not only bound the protein, but the interaction
resulted in subtle changes to both the secondary
and tertiary structure as observed by far-UV CD,
near-UV CD, and Trp fluorescence spectroscopy
under certain conditions. The spectroscopic
results from both sets of experiments (fixed
darbepoetin alfa concentration with varying
polysorbate concentrations or fixed polysorbate
concentration with varying darbepoetin alfa con-
centrations) suggest that PS-20 and PS-80 both
interact with and affect the structure of darbe-
poetin alfa, though in different fashions. Since the
only difference between PS-20 and PS-80 is their
fatty acids (lauric acid and oleic acid, respec-
tively), it is likely that the differential effects
observed were caused either by differences in how
the surfactants bound to the same site on the
protein or in how they interacted with different
sites on the protein surface. The fact that work by
other investigators did not show effects of the
binding on the structure is not surprising given
that the protein–polysorbate interaction can be
either highly protein-specific or highly dependent
on the ratio of polysorbate to protein shown in our
studies. Many of the biophysical studies reported
previously were conducted at a single concentra-
tion of polysorbate and protein accounting for the
lack of a measurable effect. In addition, other
studies20,60 only looked at polysorbate concentra-
tions above the CMC where the concentration
of monomer remains the same if the available
interfacial area and size of micelles remains the
same. We emphasize the fact that the monomers
are in a dynamic equilibrium with the micelles
and interfacial binding and changes to the
solution or interfacial ratios could change the
concentration of monomer available to interact
with the protein.

At a constant polysorbate concentration, the
largest spectroscopic changes were observed when
concentrations of darbepoetin alfa were low while
little or no spectroscopic changes were observed
when concentrations of darbepoetin alfa were
high (Fig. 6). The degree of spectroscopic change
depends on the polysorbate–darbepoetin alfa
molar ratio, which is suggestive of binding
between polysorbate and darbepoetin alfa. ITC
experiments were conducted to further decipher
the thermodynamics of polysorbate–darbepoetin
DOI 10.1002/jps JOURN
alfa binding. Since the polysorbate–darbepoetin
alfa binding was expected to be weak, heat
associated with binding was small and could
easily be obscured by other processes occurring
during titration. This could explain the observa-
tions that the PS-80 monomer titrated by the
protein and vice versa under a variety of condi-
tions did not generate a binding signal (data not
shown). To obtain an accurate picture of binding,
a number of critical control experiments were
carried out to isolate the heat of protein–
polysorbate interactions from the heat associated
with polysorbate micelle formation.

In solution and depending on a variety of
conditions the polysorbate will exist as multiple
forms including a monomer, oligomer, and
micelles.12 This multiplicity of forms could lead
to different modes of binding or interaction with
the protein. Equilibrium for possible polysorbate–
darbepoetin alfa interactions are shown in Eqs. (2)
and (3), where PSf is the molecular polysorbate,
PSm is the polysorbate micelle, NESPf is the
darbepoetin alfa monomer, NESP–PSn is the
darbepoetin alfa–polysorbate molecules complex,
NESP–PSm is the darbepoetin alfa–polysorbate
micelle complex, and n is the number of free
polysorbate bound to darbepoetin alfa.

n PSf þ NESPf $ NESP � PSn (2)

PSm þ NESPf $ NESP � PSm (3)

Three pieces of evidence rule out the equili-
brium shown in Eq. (3). First, the effects of
polysorbates on darbepoetin alfa conformation
were observed even below the CMCs of both
polysorbates. Second, AUC-SV experiments did
not detect intermediate species that had the
appropriate s-values at both 280 and 350 nm,
although this does not rule out the possibility
that polysorbate micelles have a weak binding to
the protein and are undetectable by this system.
Third, ITC experiments showed an enthalpy
change upon titrating polysorbate to darbepoetin
alfa solution below the CMC of the polysorbates.
All the experiments suggest that darbepoetin
alfa binds to individual polysorbate molecules, as
described in Eq. (2). The lack of binding data of the
darbepoetin alfa to the micelles are in agreement
with the observations of Hermeling et al.61 in
which they attempted to assess an interaction
using SEC and found a lack of interaction between
darbepoetin alfa and PS-80 at a concentration of
0.005% (w/v).
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The number of polysorbate molecules bound
to darbepoetin alfa (n) or the stoichiometry of
binding is not known from these experiments.
However, the number of polysorbate monomers
bound to darbepoetin alfa and the fraction of
darbepoetin alfa bound to polysorbates should be
low, as there was no noticeable change between
the sedimentation properties of darbepoetin alfa
monomer in the presence and in the absence of
polysorbate. Previous reports by other research-
ers on protein–surfactant interactions have sug-
gested an estimated stoichiometry of binding.60,62

In order to calculate stoichiometric binding of
rhGH to surfactants, Bam et al. made an
assumption that surfactants preferentially bound
to protein rather than micelles, and that surfac-
tant binding to protein was saturable. The binding
stoichiometry determination of Epoetin alfa-PS-
80 by Villalobos et al. implicitly suggested that
similar assumptions were made. These assump-
tions may be valid for some of the protein–
surfactant systems, for example the binding
between ionic surfactant and protein (e.g., BSA–
SDS) and the solubilization of membrane protein
by surfactants. However, these assumptions were
not consistent with our ITC and AUC experi-
ments. The model for polysorbates binding to
darbepoetin alfa possibly involves multiple steps
and multiple polysorbate molecules; however,
polysorbate micelles did not appear to bind to
darbepoetin alfa. While it is possible that the
behaviors of polysorbate–darbepoetin alfa binding
is not generic to all proteins, a similar set of
biophysical and thermodynamic experiments can
be designed, executed, and applied to decipher51–54

different polysorbate–protein systems.
Unlike spectroscopic changes, heat changes

upon polysorbate–darbepoetin alfa mixing were
not observed over wide ranges of protein and
polysorbate concentrations. Heat changes were
observed when increasing amounts of polysorbate
were added to the protein, but changes became
saturated when the polysorbate/protein ratio was
greater than 1.5 (Figs. 9–11). However, spectro-
scopic changes could still be observed at high
polysorbate/protein ratios (Figs. 3–5). These
results suggest that the mechanistic model of
the polysorbate–darbepoetin alfa binding could
involve multiple steps. The first step of binding
appears to occur at a low polysorbate/darbepoetin
alfa ratio resulting in the greatest heat change.
This step likely occurs as one or two polysorbate
molecules binding to one or two sites on the
protein. In the subsequent steps, the additional
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polysorbates are likely bound to the first one or
two polysorbate molecules bound in the first step.
All the binding could take place near Trp since a
change in Trp quantum yield was observed. This
mode of interaction, in which protein binds to an
oligomer of surfactants, was previously proposed
by Bam et al.60 The subsequent steps of binding
could be much weaker than the first, but result in
spectroscopic changes as they cause changes to
the local regions of structure and/or changes to
the local hydration of the protein. At low PS-20/
darbepoetin alfa (<1.5), the binding may only
cause hydration changes to local regions of the
protein, increasing the observed relative heli-
city.63–67 As the PS-20/darbepoetin alfa (>1.5)
increases, PS-20 binding could start to partially
unfold the protein, causing the Trp to become
more hydrated (lower quantum yield) and causing
the decrease in relative helicity. In contrast, PS-
80 binds to protein without unfolding the protein
over a broader range of PS-80/darbepoetin alfa.
The binding appears to be near the Trp, causing
dehydration and subsequent increase in quantum
yield. PS-80 binding also similarly impacts
hydration around the helices, causing the
observed change in the relative helicity.63–67

In summary, the results clearly demonstrate
that polysorbates can influence physical and
biophysical characteristics of darbepoetin alfa.
The effect is controlled by the ratio of polysorbate
to protein and is observed by distinct changes in
Far and near UV CD and Trp fluorescence. PS-80
increases the degree of secondary structure, while
minimally affecting the overall tertiary structure
of the protein. To a lesser extent, PS-20 also
increased the degree of secondary structure,
however, PS-20 caused tertiary structure unfold-
ing. From the protein stability standpoint in
which the stability is correlated with the extent of
secondary structure and tertiary structure, PS-80
is a more ideal stabilizer for darbepoetin alfa than
PS-20. On the other hand, the increase in helicity
caused by PS-80 could drastically change the
overall hydrodynamic behavior of darbepoetin
alfa. The AUC-SV experiment showed that the
presence of polysorbates did not change the
hydrodynamic properties of darbepoetin alfa since
the sedimentation coefficients and hydrodynamic
radii of darbepoetin alfa were the same. In
addition, the changes observed by the thermo-
dynamic and spectroscopic methods were indeed
reversible. Thermodynamic reversibility can be
assessed by considering polysorbate–darbepoetin
alfa interaction equilibrium. Analysis of the
DOI 10.1002/jps
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forward reaction or polysorbate–darbepoetin alfa
binding using ITC showed (1) that the micelle
dissociation and the subsequent binding of poly-
sorbate to darbepoetin alfa occurred immediately
upon titration, indicative of low activation energy
and (2) that the dissociation constants were at
least greater than 0.1 mM, indicative of low
energetic differences between polysorbate-bound
and polysorbate-free darbepoetin alfa. Hence, the
reverse reaction or the polysorbate–darbepoetin
alfa dissociation should also occur immediately
upon removal of polysorbate. The biophysical
effects of PS on darbepoetin alfa were also
reversible. The comparison by CD and fluores-
cence of darbepoetin alfa bulk and darbepoetin
alfa removed from polysorbate containing formu-
lation by size-exclusion chromatography showed
that their biophysical characteristics were similar
(data not shown).
CONCLUSIONS

The findings presented here are important as
polysorbate is increasingly being used as an
excipient in protein formulations even though
the full mechanism of its action is not completely
understood. The data suggest this is a dynamic
system in which the interactions between the
protein and polysorbate are in equilibrium, an
important finding for proteins used as biother-
apeutics. The thermodynamic and biophysical
studies provide insight into the physical and
biophysical effects of PS-20 and PS-80 on darbe-
poetin alfa, the mechanisms of polysorbate–
darbepoetin alfa interactions, and the reversibil-
ity of polysorbate–darbepoetin alfa interactions.
The observed biophysical effects were likely the
results of local hydration changes upon polysor-
bate–darbepoetin alfa binding. The local hydra-
tion change did not impact the hydrodynamic
property of darbepoetin alfa. Additionally, the PS-
protein interaction and the subsequent biophysi-
cal changes were reversible. Based on the results
described in this article, the optimal amount and
the proper type of polysorbates can be selected
and utilized as an excipient for darbepoetin alfa
formulation. The observation that the different
polysorbate to protein ratios resulted in different
interactions with the protein also demonstrate
that it is critical to select the appropriate con-
centrations and types of polysorbates for stabili-
zation. Finally, previous publications did not
assess the effect of dilution of surfactants during
DOI 10.1002/jps JOURN
ITC studies, and interpreted this as the binding
signal.21,29,31 In this manuscript we clearly
demonstrate that there is a significant ITC signal
upon dilution that must be compensated for, and
only after this has been considered can one
determine that the binding is to monomer rather
than micelles.
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