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The influence of two different pH values on the physical stability of recombinant human bone mor-
phogenetic protein-2 (rhBMP-2) in aqueous solution was evaluated in the present work. RhBMP-2 in
solution at pH 4.5 or 6.5 was characterized by intrinsic and extrinsic (Nile Red and 1,8-ANS) fluorescence
spectroscopy, 90° light-scattering and transmission electron microscopy (TEM). Compared to the pH 4.5
solution, rhBMP-2 at pH 6.5 had (i) a stronger intrinsic fluorescence intensity, (ii) a longer fluorescence
lifetime, (iii) a stronger 90° light-scattering intensity, (iv) a stronger Nile Red fluorescence intensity,
(v) a higher Nile Red fluorescence anisotropy, (vi) a lower 1,8-ANS fluorescence intensity, (vii) a higher
1,8-ANS fluorescence anisotropy and (viii) a longer 1,8-ANS fluorescence lifetime. Electron microscopy
showed that rhBMP-2 at pH 4.5 contained aggregates of about 100 nm in diameter. More and larger pro-
tein aggregates (0.1-2 wm) were observed in solution at pH 6.5. Taken together, these results indicate
conformational changes and increased aggregation of rhBMP-2 at pH 6.5 compared to pH 4.5, demon-
strating a strong influence of pH on rhBMP-2 physical stability. These observations must be considered
when developing a delivery system for rhBMP-2.

Electron microscopy

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Discovered by M.R. Uristin 1965, bone morphogenetic protein-2
(BMP-2) is an important growth factor in bone formation and heal-
ing. BMP-2 belongs to the transforming growth factor-f3 (TGF-3)
family, which are multifunctional cytokines that control cell pro-
liferation and differentiation (Celeste et al., 1990). Considering the
short half-life of the protein (Hsu et al., 2006; Senta et al., 2009),
therapeutic applications of BMP-2 may benefit from a localized
delivery system. To be clinically effective, a delivery system should
retain BMP-2 at the implantation site for a sufficient time period
and sufficient level (Li and Wozney, 2001).

In 2002, the first product containing recombinant human BMP-
2 (rhBMP-2) was approved by the Food and Drug Administration
(FDA) as an autograft replacement for interbody spinal fusion pro-
cedures and by the European Medicines Agency (EMEA) for the
treatment of open tibial fractures (Geiger et al., 2003; McKay et al.,
2007). To date, FDA and EMEA have approved both indications. The
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product is marketed as the INFUSE® Bone Graft kit (Medtronic) in
the U.S. and as the InductOS® kit (Wyeth) in Europe and consists of
lyophilized rhBMP-2 and an absorbable collagen sponge (ACS) car-
rier for the protein. The collagen sponge retains only a small amount
of rhBMP-2 at the repair site (Uludag et al., 1999; Geiger et al.,2003),
therefore the applied protein concentration (milligram range) is
much higher than the physiologic concentration (nanogram range).
To increase the retention of the protein at the implantation site,
new types of delivery systems aiming at immobilization of growth
factor have been investigated (Luginbuehl et al., 2004).

In order to preserve protein biological activity, particular atten-
tion should be given to the design of such a delivery system.
Parameters like formulation pH, temperature conditions and shear
stress caninduce structural changes in proteins during manufactur-
ing, storage, reconstitution and administration processes (Wang,
1999). One of the most common processes that may compromise
the stability as well as the desired biological activity of protein
drugs is the aggregation of individual molecules, which might lead
ultimately to their precipitation (Manning et al., 1989; Middaugh
and Volkin, 1992). Aggregates may also trigger other receptors
which can result in undesired biological activity, side effects and
toxicity (Bucciantini et al., 2002).

The pH of the formulation has a strong influence on the protein
aggregation process. A change in pH will change the net charge of
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a protein and thus the balance between attractive and repulsive
forces of protein molecules (Chi et al., 2003). At pH values close
to the isoelectric point (pl), the relative contribution of attractive
interactions between protein molecules increases, favoring precip-
itation. Regarding rhBMP-2 which pl is 8.2, the literature shows a
reduced solubility at pH above 6 (Ruppert et al., 1996; Vallejo and
Rinas, 2004). To ensure an adequate solubility, the commercially
available rhBMP-2 is formulated in a 5 mM glutamic acid buffer pH
4.5 (Friess et al., 1999a; Schwartz, 2005). However, the combina-
tion of rhBMP-2 formulation at pH 4.5 with a delivery system may
resultin a pH shift toward higher pH. This was observed for instance
with collagen sponge (ACS) (Friess et al., 1999a,b) as well as with
other delivery systems (Maus et al., 2008; Bergman et al., 2008). An
increase in pH might affect the stability of the protein which could
influence the bioactivity of the system.

To our knowledge, no information is currently available on pH-
dependent physical stability of rhBMP-2. This study investigates
the influence of the formulation pH on the aggregation state and
conformational changes of rhBMP-2. A commercial formulation of
rhBMP-2 at pH 4.5 (InductOs®, Wyeth Pharmaceuticals) was used
as areference and compared with the same formulation neutralized
to pH 6.5. This latter pH is close to the pH of the system currently
used in clinic after combination of protein formulation with a col-
lagen delivery carrier (Friess et al., 1999a). Various complementary
methods, such as intrinsic and extrinsic (hydrophobic dyes Nile Red
and 1,8-ANS) fluorescence spectroscopy, light scattering and trans-
mission electron microscopy (TEM) were used to compare rhBMP-2
solutions at pH 4.5 and 6.5. These analytical techniques are well
established for the characterization of chemical and physical sta-
bility of protein formulations (Pellaud et al., 1999; Lakowicz, 2004;
Capelle et al., 2005; Jiskoot and Crommelin, 2005; Demeule et al.,
2007b; Hawe et al., 2008).

2. Materials and methods
2.1. Materials

Lyophilized rhBMP-2 from the InductOs® kit (Wyeth Pharma-
ceuticals, Zug, Switzerland) was stored at —20°C until use. This
lyophilized formulation is composed of rhBMP-2 with 0.5% sucrose,
2.5% glycine, 5mM L-glutamic acid, 5mM sodium chloride and
0.01% polysorbate 80 (Friess et al., 1999b; Schwartz, 2005). The
solution of rhBMP-2 at pH 4.5 was obtained by reconstitution
of the lyophilizate with water. The solution of rhBMP-2 at pH
6.5 was obtained by adding the required quantity of 150 mM
sodium hydroxide solution to the pH 4.5 solution. The pH was
measured using a Biotrode glass electrode and a pH-meter from
Metrohm (Herisau, Switzerland). The concentration of rhBMP-2
at both pH values was 0.75 mg/mL as determined by UV-visible
absorbance. Nile Red (9-diethylamino-5H-benzo[a]phenoxazine-
5-one) and 1,8-ANS (1-anilinonaphtalene-8-sulfonic acid) were
purchased from Invitrogen (Luzern, Switzerland). Nile Red was dis-
solved in ethanol to produce a 100 wM stock solution, which was
stored at 4°C, protected from light. A stock solution of 5.35 mM
1,8-ANS in ethanol was prepared and stored at 4 °C, protected from
light. Sucrose, glycine, glutamic acid, sodium chloride, polysor-
bate 80 and sodium hydroxide were purchased from Fluka (Buchs,
Switzerland).

2.2. Steady-state fluorescence spectroscopy

The steady-state fluorescence and steady-state fluorescence
anisotropy measurements were recorded with a Fluoromax
spectrofluorometer (Spex, Stanmore, UK) at 25°C in a ther-
mostated cuvette holder. The measurements were performed in

a 0.2cm x 1 cm Hellma quartz cuvette with 400 pL of sample. For
all fluorescence measurements, the large side of the cuvette (1 cm)
was oriented towards the excitation beam. The intrinsic protein flu-
orescence, which is essentially due to the tryptophan residues, was
monitored between 300 and 450 nm with an excitation wavelength
of 280 nm. The spectra were recorded with 0.1s integration time
per 1 nm increment. The excitation and emission slits were set to
0.3 mm and 0.5 mm, respectively. The variation of the fluorescence
between two samples of the same protein solution was less than
1%.

Nile Red fluorescence was monitored between 560 and 750 nm,
with an excitation wavelength of 550nm. The spectra were
recorded with 0.1 s integration time per 1 nm increment. The exci-
tation and emission slits were set to 1 mm and 2 mm, respectively.
Prior to measurement, 4 pL of the Nile Red stock solution was added
to 400 p.L of the protein solution. 1,8-ANS fluorescence was mon-
itored between 390 and 650 nm, with an excitation wavelength
of 372 nm. The spectra were recorded with 0.01 s integration time
per 1 nm increment. The excitation and emission slits were set to
0.5mm and 1 mm, respectively. Prior to measurement 3.9 wL of the
1,8-ANS stock solution was added to 400 L of the protein solution.

Steady-state fluorescence anisotropy measurements were per-
formed using Glan-Thompson prism polarizers and the anisotropy
A was calculated from the equation:

lIp,0 — G -Io,00 (1)

A=
Io,0 +2G - Ip,90

where I, 5 is the fluorescence intensity at a given wavelength and
the subscripts indicate the position of the polarizers in the excita-
tion (m) and emission (n) beams relative to the vertical axis. G is a
correction factor: G=1Is0,0/I90,90-

The anisotropy value of the protein fluorescence was calculated
from fluorescence spectra between 335 and 360 nm, using an exci-
tation wavelength of 280 nm, with 1s integration time per 1 nm
increment. The excitation and emission slits were both set to 3 mm.

The anisotropy value of the Nile Red fluorescence was calculated
from fluorescence spectra between 610 and 640 nm, using an exci-
tation wavelength of 550 nm, with 1s integration time per 1 nm
increment. The excitation and emission slits were set to 2 mm and
4 mm, respectively.

The fluorescence anisotropy value of 1,8-ANS was calculated
from fluorescence spectra between 465 and 500 nm, using an exci-
tation wavelength of 372 nm, with a 1s integration time per 1 nm
increment. The excitation and emission slits were set to 1 mm and
2 mm, respectively.

2.3. Steady-state fluorescence lifetime

Fluorescence lifetimes were measured using time-correlated
single-photon counting (TCSPC) on an IBH 5000U fluorescence life-
time spectrophotometer (Jobin Yvon Horiba, New Jersey, USA).
NanoLED sources with excitation wavelengths at 279 nm, 371 nm
and 560 nm were used to measure the fluorescence lifetimes of
protein, Nile Red and 1,8-ANS, respectively. The emitted photons
were counted at 345nm, 625nm and 480nm for protein, Nile
Red and 1,8-ANS, respectively. For all lifetime measurements, the
small side of the cuvette (0.2 cm) was oriented towards the excita-
tion beam. Data analysis was performed using the DAS6 program
(Jobin Yvon Horiba, New Jersey, USA). The measured fluorescence
intensity decay was deconvoluted with the instrument response
function, as measured using a dilute suspension of colloidal sil-
ica (Ludox, Aldrich, Milwaukee, USA). The calculated fluorescence
intensity decay with time was fitted with a multi-exponential
model. The intensity-weighted average fluorescence lifetime, tf,
was calculated from the individual fluorescence decay times t
and the normalized pre-exponential values o using the equation
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(Lakowicz, 2004):

Z?—1O‘iri2
== (2)

D i T

where n=2 or 3.

2.4. 90 static light scattering

The 90° static light scattering was measured with a Fluo-
romax spectrofluorometer (Spex, Stanmore, UK) at 25°C in a
thermostated cuvette holder. The measurements were performed
ina 0.2 cm x 1 cm Hellma quartz cuvette with 400 L of sample.

The measurement range was between 400 and 750 nm, with
the excitation and emission monochromators synchronized. The
spectra were recorded with a 0.01s integration time per 1nm
increment. The excitation and emission slits were set to 0.5 mm
and 1mm, respectively. For light scattering measurements, the
large side of the cuvette (1 cm) was oriented towards the excitation
beam.

2.5. Transmission electron microscopy (TEM)

A 5-plL aliquot of the sample was incubated for 45s on a
freshly glow-discharged copper grid (200 mesh) covered with a
parlodium/carbon film. The grid was sequentially washed with
three drops of deionized water and stained for 45 s with 2% (w/v)
freshly diluted and filtered uranyl acetate. Excess stain on the grid
was absorbed by filter paper and the grid was subsequently air-
dried; two grids were prepared per sample. The grids were analyzed
using a Hitachi 7000 (Tokyo, Japan) transmission electron micro-
scope with an acceleration voltage of 80 kV.

3. Results

3.1. Characterization of rhBMP-2 at two different pH values by
steady-state fluorescence spectroscopy

RhBMP-2 was characterized by fluorescence spectroscopy at pH
4.5 and at pH 6.5 by intrinsic protein fluorescence as well as with

Table 1

Relative differences [%] of steady-state fluorescence spectroscopy of rhBMP-2 and of
extrinsic dyes with rhBMP-2 at pH 4.5 and at pH 6.5 are given. All parameters were
normalized for rhBMP-2 formulation at pH 4.5. Absolute fluorescence parameters
of rhBMP-2, Nile Red with rhBMP-2 and 1,8-ANS with rhBMP-2 are presented in
Tables 2-4, respectively.

Imaxa Ab th rcd
rhBMP-2 +33 +5 +32 +50
1 M Nile Red with rhBMP-2 +39 +19 -3 +25
50 wM 1,8-ANS with rhBMP-2 -19 +8 +8 +29

2 Relative steady-state fluorescence intensity at the emission maximum.
b Relative steady-state fluorescence anisotropy.

¢ Relative intensity-weighted average fluorescence lifetime.

d Relative rotational correlation time.

the extrinsic fluorescent probes Nile Red and 1,8-ANS. The relative
differences in fluorescence intensity, anisotropy, lifetime and cal-
culated rotational correlation time of rhBMP-2 with and without
fluorescent probes are summarized in Table 1. Absolute fluores-
cence parameters of rhBMP-2, Nile Red with rhBMP-2 and 1,8-ANS
with rhBMP-2 are presented in Tables 2-4, respectively. At both pH
values, the rhBMP-2 concentration was 0.75 mg/mL, as determined
by UV-visible absorbance. The tryptophan fluorescence emission
maxima for rhBMP-2 at pH 4.5 and pH 6.5 were 342 nm and 340 nm,
respectively (Fig. 1). This 2-nm blue shift of the tryptophan fluo-
rescence emission maximum, in addition to the 33% fluorescence
intensity increase (Table 2), indicated a more hydrophobic envi-
ronment for the tryptophan residues in the protein at pH 6.5, likely
related to protein aggregation and conformational changes.

The extrinsic fluorescent dyes Nile Red and 1,8-ANS are used
to detect changes in the tertiary structure of proteins (Hawe et al.,
2008). The fluorescence intensity of 1 wM Nile Red with rhBMP-2
at pH 6.5 was about 39% stronger (Table 3) than at pH 4.5 (Fig. 2).
Stronger fluorescence intensity is related to the increased binding
of Nile Red to rhBMP-2 aggregates at pH 6.5. No difference was
observed in the fluorescence intensity of Nile Red with rhBMP-2 at
pH 4.5 and with the buffer formulation containing 0.005% polysor-
bate 80 (Fig. 2). Thus, at pH 4.5 the fluorescence emission of Nile
Red with rhBMP-2 was in large part due to the fluorescence of Nile
Red bound to the micelles of polysorbate 80.

Table 2
Fluorescence parameters of rhBMP-2 at pH 4.5 and pH 6.5.
AemMmax? (nm) lmaxb A€ Tld (ns) o (%) 75 (ns) az (%) 73 (ns) as (%) 7€ (ns) Chi. Sq~f 7% (ns)
rhBMP-2 pH 4.5 342 100 0.056 0.6 39.5 1.7 43.8 4.6 16.7 2.8 1.06 0.6
rhBMP-2 pH 6.5 340 133 0.059 0.6 28.8 1.9 44.2 52 27.0 3.7 1.21 0.9

2 The steady-state fluorescence emission maximum.
b Relative steady-state fluorescence intensity at the emission maximum.
¢ The steady-state fluorescence anisotropy measured at 347 nm.

d The best fit to fluorescence lifetimes was obtained using three exponential terms: I(A, t)=ca1(A) exp(—t/t1)+0a (L) exp(—t/T2)+a3(A)exp(—t/T3), where 71, T, and T3 are
the decay times of the three components, and o (1), @2(A) and a3(A) are the exponential factors at the emission wavelength A.

¢ The intensity-weighted average fluorescence lifetime (see Section 2).
f Chi Square value reflects the quality of the mathematical fit: 1 is the best fit.
¢ The rotational correlation time (see Section 3).

Table 3
Fluorescence parameters of 1 wM Nile Red with rhBMP-2 at pH 4.5 and pH 6.5.
AemMmax? (nm) Tnax? AC 719 (ns) oy (%) 73 (ns) o (%) £ (ns) Chi. Sq.f 7.8 (ns)
NR with rhBMP-2 at pH 4.5 625 100 0.127 0.9 10.4 3.5 89.6 3.4 1.18 1.6
NR with rhBMP-2 at pH 6.5 625 139 0.151 0.9 15.2 3.5 84.8 33 1.02 2.0

2 The steady-state fluorescence emission maximum.
b Relative steady-state fluorescence intensity at the emission maximum.
¢ The steady-state fluorescence anisotropy measured at 625 nm.

d The best fit to fluorescence lifetimes was obtained using two exponential terms: I(, t)=a; (1) exp(—t/t1)+az(A)exp(—t/t2), where 71 and T, are the decay times of the
three components, and o (1) and «,(A)are the exponential factors at the emission wavelength A.

¢ The intensity-weighted average fluorescence lifetime (see Section 2).
f Chi Square value reflects the quality of the mathematical fit: 1 is the best fit.
¢ The rotational correlation time (see Section 3).
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Table 4
Fluorescence parameters of 50 wM 1,8-ANS with rhBMP-2 at pH 4.5 and pH 6.5.
Aemmax? (nm)  Imax®  AC 719(ns) w1 (%) T2(ns)  oa(%)  T3(ns) a3 (%) T (ns)  Chi.Sqf .8 (ns)
1,8-ANS with rhBMP-2 at pH 4.5 480 100 0.213 0.9 5.1 5.5 40.1 13.7 54.8 11.7 1.24 134
1,8-ANS with rhBMP-2 at pH 6.5 480 81 0.231 0.7 5.0 5.9 43.2 14.9 51.8 12.6 1.07 17.3

3 The steady-state fluorescence emission maximum.

b Relative steady-state fluorescence intensity at the emission maximum.
¢ The steady-state fluorescence anisotropy measured at 482 nm.
d

The best fit to fluorescence lifetimes was obtained using three exponential terms: I(A, t) =1 (A) exp(—t/T1)+o2(X) exp(—t/T2) +a3(A) exp(—t/t3), where 11, T and 73 are
the decay times of the three components, and o1 (1), @2(A) and «3(A) are the exponential factors at the emission wavelength A.

¢ The intensity-weighted average fluorescence lifetime (see Section 2).
f Chi Square value reflects the quality of the mathematical fit: 1 is the best fit.
¢ The rotational correlation time (see Section 3).
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Fig. 1. Steady-state fluorescence emission spectra of rhBMP-2 at two different pH
values.

A19%decrease in fluorescence intensity was observed for 50 M
1,8-ANS with rhBMP-2 at pH 6.5 compared to pH 4.5 (Table 4). The
fluorescence intensity of 1,8-ANS with buffer formulation is lower
compared to the fluorescence of 1,8-ANS with rhBMP-2 (Fig. 3).
Our data show that the two dyes, 1,8-ANS and Nile Red, interact
differently with the protein and its buffer. Nile Red binds predom-
inantly to hydrophobic pockets of the rhBMP-2 aggregates and
micelles of polysorbate 80. 1,8-ANS binds both via electrostatic and
hydrophobicinteractions to the positively charged protein (Matulis
and Lovrien, 1998). Stronger fluorescence intensity of 1,8-ANS with
rhBMP-2 at pH 4.5 compared to pH 6.5 is due to an increased bind-
ing of the dye to more positively charged protein molecules.

The intrinsic tryptophan fluorescence anisotropy slightly
increased for rhBMP-2 at pH 6.5 compared to pH 4.5 (Table 2). The

1.50E+07 )
3
‘g pH 45
o 1.00E+07
% placebo pH 4.5
c
3
= 500E+06-
rhBMP-2 w/o Nile Red
0 T T T T T T T T

T
560 580 600 620 640 660 680 700 720 740
Wavelength (nm)

Fig. 2. Steady-state fluorescence emission spectra of 1 wM Nile Red with hBMP-2
at two different pH values.

fluorescence anisotropy values of Nile Red with rhBMP-2 (Fig. 4)
were 0.127 and 0.151 at pH 4.5 and pH 6.5, respectively, corre-
sponding to a 19% increase (Table 3). The fluorescence anisotropy
of 1,8-ANS with rhBMP-2 (Fig. 4) at pH 6.5 was higher than at
pH 4.5 (Table 4). The fluorescence lifetime measurements showed
three lifetime populations for the tryptophan in rhBMP-2 (Table 2)
and for 1,8-ANS with protein (Table 4). Two lifetime populations
were observed for Nile Red with rhBMP-2 (Table 3). As compared
to rhBMP-2 at pH 4.5, the mean tryptophan fluorescence lifetime
was about 32% longer for the pH 6.5 formulation. No significant dif-
ference in the mean fluorescence lifetime of Nile Red with rhBMP-2
at pH 4.5 and 6.5 was observed. The mean fluorescence lifetime of
1,8-ANS was longer with the protein at pH 6.5 than at pH 4.5. Higher
fluorescence anisotropy and longer fluorescence lifetime indicated
that the tryptophan residues in rhBMP-2 and extrinsic fluorescent
dyes with rhBMP-2 were less mobile at pH 6.5 compared to pH
4.5, Decreased fluorophore molecular mobility indicates that it is
located in a more hydrophobic environment, probably related to
protein aggregation and conformational changes.

Steady-state fluorescence anisotropy A and the mean weighted
fluorescence lifetime tr can be related to rotational diffusion of the
fluorophore by the Perrin equation (Lakowicz, 2004):

Ao TF

Zolr 3)
where Ag is the limit of fluorescence anisotropy and 7. is the
rotational correlation time. In turn, rotational correlation time is
affected by the rapidity of the fluorophore reorientation and thus
the molecular flexibility/rigidity of the protein or protein—dye com-
plex. The rotational correlation time was calculated using the mean
weighted fluorescence lifetime, fluorescence anisotropy and limit
anisotropy values (Aqg is 0.3 for protein and 0.4 for dyes). Com-
pared to the protein at pH 4.5, the rotational correlation time of

8.00E+07
pH 4.5

6.00E+07
m
o
L pH 6.5
£ 4.00E+07
N
=
g
- placebo pH 4.5

2.00E+07

D T T T T T 1

400 450 500 550 600 650
Wavelength (nm)

Fig. 3. Steady-state fluorescence emission spectra of 50 uM 1,8-ANS with rhBMP-2
at two different pH values.
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Fig. 4. Fluorescence anisotropy spectra of 1 wM Nile Red (left) and of 50 uM 1,8-ANS (right) with rhBMP-2 at two different pH values.
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Fig. 5. 90° light-scattering spectra of rhBMP-2 at two different pH values.

tryptophan residues in the protein at pH 6.5 was about 50% longer
(Table 2). At pH 6.5 the rotational correlation time of Nile Red with
rhBMP-2 was about 25% longer than at pH 4.5 (Table 3). For 1,8-ANS
with rhBMP-2 the rotational correlation time was 29% longer at pH
6.5 compared to pH 4.5 (Table 4). At pH 6.5, rhBMP-2 tryptophan
residues and fluorescent dyes are located in a more hydrophobic
environment compared to pH 4.5 as indicated by longer rotational
correlation times.

3.2. 90r static light scattering

The 90° light scattering, monitored by running a synchronous
scan (Aexc = Aem ), Was used to study protein aggregation. An approx-
imately three-fold increase in light-scattering was observed for
rhBMP-2 at pH 6.5 compared to the pH 4.5 formulation (Fig. 5).

3.3. Transmission electron microscopy (TEM)

RhBMP-2 solutions at pH 4.5 and 6.5 were observed by transmis-
sion electron microscopy (TEM). Immediately after reconstitution,
both formulations contained protein aggregates. In solution at pH
4.5, protein aggregates of about 100 nm in diameter were visi-
ble only at higher magnification (Fig. 6C). In contrast, at pH 6.5,
more and larger (0.1-2 pm in diameter) aggregates were observed
in rhBMP-2 solution (Fig. 6B and D). Protein aggregates appeared
amorphous in both formulations (Fig. 6). Electromicrographs of
control buffer solutions (placebos) showed no particles (data not
shown).

4. Discussion

The influence of two different pH values (4.5 and 6.5) on the
physical stability of rhBMP-2 in solution was studied. Poor physical

stability results from changes in the higher-order structure, includ-
ing protein unfolding, aggregation, precipitation and adsorption to
surfaces (Manning et al., 1989). The protein examined in this study
is a human protein expressed in a genetically engineered Chinese
hamster ovary (CHO) cell line. Following reconstitution with water
of the rhBMP-2 lyophilizate containing buffer excipients, the pH
of the formulation was 4.5. As seen by electron microscopy, the
protein solution at pH 4.5 contained few amorphous aggregates
(Fig. 6). In contrast, the aggregates at pH 6.5 were larger, different
in shape and present in higher number compared to the aggre-
gates in the formulation at pH 4.5 (Fig. 6). For both pH values no
particles were detected in rhBMP-2 solution using Nile Red fluo-
rescence microscopy. The Nile Red staining method was developed
in our group to visualize protein aggregates with minimum size
of 0.5 wm (Demeule et al., 2007a). This observation indicates the
absence of rhBMP-2 aggregates larger than 0.5 wm in size at the
two pH values. Aggregation of rhBMP-2 at pH 6.5 was confirmed
by the observed three-fold increase in light scattering compared to
pH 4.5. Protein aggregation is generally accompanied by modifica-
tions of molecular conformation (Chi et al., 2003). The enhanced,
blue-shifted fluorescence intensity (Fig. 1) and longer fluorescence
lifetime (Table 1) indicated a more hydrophobic environment for
the tryptophan residues at pH 6.5 as a result of aggregation and
conformational changes. According to the literature, the rhBMP-
2 solution at pH 4.5 (2.5mg/mL, Wyeth) contains about 1.2% of
the protein as aggregates after reconstitution, as determined by
size exclusion chromatography (SEC) (Schwartz, 2005). However,
this analytical separation technique does not detect all types of
aggregates (Philo, 2009). Loose aggregates, formed by weaker inter-
actions, may be disrupted during the separation process, and their
presence frequently remains undetected.

In addition, aggregation of rhBMP-2 accompanied by conforma-
tional changes was observed at pH 6.5 after protein staining with
the extrinsic fluorescent dyes Nile Red and 1,8-ANS. In an aqueous
environment, Nile Red and 1,8-ANS are essentially non-fluorescent
and only become more fluorescent with increasing hydrophobic-
ity of their environment (Sackett and Wolff, 1987; Matulis and
Lovrien, 1998). Dyes can bind more efficiently to protein aggregates
than to monomers due to the increased number of hydrophobic
pockets. Changes in protein conformation, unfolding and chemi-
cal degradation are also detected by changes in the fluorescence
properties of Nile Red or 1,8-ANS (Hawe et al., 2008). Nile Red
is an uncharged, small hydrophobic fluorescent probe that binds
predominantly via hydrophobic interactions and is therefore used
for the study of protein degradation and aggregation (Sackett and
Wolff, 1987; Demeule et al., 2007a). Nile Red fluorescence inten-
sity has been shown to be unaffected by pH, at least between pH
4.5 and pH 8.5 (Sackett and Wolff, 1987; Capelle et al., 2009). In
our study, the fluorescence of Nile Red with rhBMP-2 at pH 6.5 was
stronger than with rhBMP-2 at pH 4.5 (Fig. 2). This increased fluo-
rescence intensity was probably caused by the binding of Nile Red
to the protein aggregates at pH 6.5. This hypothesis is strengthened
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Fig. 6. Electron micrographs show amorphous aggregates of rhBMP-2 (0.75 mg/mL) at pH 4.5 (A; C) and pH 6.5 (B; D).

by the higher fluorescence anisotropy and longer rotational corre-
lation time of Nile Red with rhBMP-2 at pH 6.5 compared to pH 4.5
(Table 1). This indicates that the bound Nile Red was located in a
more hydrophobic environment at pH 6.5, which might be induced
by conformational changes in the protein.

1,8-ANS binds primarily via electrostatic interactions to pro-
teins (Matulis and Lovrien, 1998). At pH 4.5 and pH 6.5, 1,8-ANS
contains negatively charged sulfonate groups and can bind to the
positively charged areas of proteins (Matulis and Lovrien, 1998;
Hawe et al., 2008). The - apparently contradictory - higher 1,8-
ANS fluorescence intensity with rhBMP-2 at pH 4.5 compared to
pH 6.5 (Fig. 3) was probably caused by an increase in the amount of
electrostatically bound 1,8-ANS molecules as the protein is more
positively charged (theoretical pI=8.2) at pH 4.5 than at pH 6.5.
The increase in 1,8-ANS fluorescence anisotropy and the increase
in 1,8-ANS fluorescence lifetime (Table 1) both indicate that at pH
6.5, the binding of the dye to rhBMP-2 is stronger than at pH 4.5. The
1,8-ANS molecules bound to rhBMP-2 at pH 6.5 were less mobile
than those bound to rhBMP-2 at pH 4.5. The calculated rotational
correlation time of 1,8-ANS with rhBMP-2 at pH 6.5 was longer than
at pH 4.5 (Table 1). The rotational correlation time indicated that
1,8-ANS bound to rhBMP-2 is in a more rigid environment at pH
6.5 as at pH 4.5. The 1,8-ANS fluorescence spectroscopy data indi-
cate that rhBMP-2 exists in different conformation and aggregation
state at the two pH values.

In the present study, we have shown that a shift of the pH of
the rhBMP-2 formulation towards the physiological pH induces
aggregation. This can be explained by a reduction of the elec-
trostatic repulsive interactions when approaching the isoelectric
point of 8.2, leading to an increase in the relative contribu-
tion of hydrophobic attractive interactions (Chi et al., 2003). The
observed pH-induced conformational changes of rhBMP-2 prob-
ably led to the exposure of hydrophobic patches. The individual

protein molecules have a tendency to aggregate in order to min-
imize the unfavorable interaction between hydrophobic residues
and the hydrophilic solvent (Wang, 1999; Morris et al., 2009).

An important limitation for the use of proteins as therapeu-
tic drugs is precipitation, which is the macroscopic equivalent of
aggregation (Manning et al., 1989). As a consequence of conforma-
tional protein modifications, the precipitation process starts with
the association of molecules dispersed in solution into primary par-
ticles that eventually flocculate to form a precipitate (Glatz, 1992).
The reported pH-dependent rhBMP-2 solubility during production
(Ruppertetal., 1996; Vallejo and Rinas, 2004 ) could thus be a conse-
quence of pH-induced conformational changes in the protein that
cause aggregation leading to precipitation.

Moreover, the fact that rhBMP-2 solubility increases in acidic
environment is thought to be relevant for its pharmacological
effect. Early in the bone-fracture response, the extracellular com-
partment between osteoclasts and bone matrix is acidified (pH
4-5). Osteoclasts secrete protons and enzymes into the extracel-
lular environment (the bone-resorbing compartment) to allow the
dissolution of the mineral constituents and digestion of organic
components of the bone matrix (Baron et al., 1985; Silver et al.,
1988; Hollinger and Wong, 1996). This acidified microenvironment
in the extracellular compartment probably provides an optimal
solubility, stability and bioactivity of BMP-2 at the site of tissue
remodeling.

RhBMP-2 is not the only protein in the TGF-f3 family that
shows pH-dependent aggregation. TGF-33 forms large precipi-
tating aggregates around physiological pH and conformational
changes of the protein are associated with aggregation (Pellaud et
al,, 1999). In addition, similarly to rhBMP-2 (Koenig et al., 1994),
TGF-33 has a high tendency to adsorb onto hydrophobic surfaces.

The use of complementary analytical methods such as
tryptophan-fluorescence spectroscopy, light scattering and trans-
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mission electron microscopy allowed a reliable assessment of
aggregation and alterations in the conformation of rhBMP-2 at pH
6.5. On the other hand, the extrinsic fluorescent dyes Nile Red and
1,8-ANS provided additional information about the pH effect on the
conformation and aggregation state of rhBMP-2.

Taken together, these data indicate that the pH conditions of
a delivery system for rhBMP-2 should be carefully considered in
order to optimize protein stability for a therapeutic application.
The observed pH-induced conformational changes and aggrega-
tion of rhBMP-2 are expected to impact protein biological activity.
In vivo studies are needed to investigate the influence of pro-
tein conformational changes and aggregation on the biological
activity.
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