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Abstract

The goal of this study was to investigate the conformational stability of a model protein, bovine serum albumin (BSA), during
the primary emulsification process of poly(d,l-lactide-co-glycolide) (PLGA) microspheres preparation. Differential scanning
calorimeter (DSC) was utilized to assess the conformational structure of BSA during primary emulsification in the presence
and absence of PLGA. Three excipients [i.e. mannitol, hydroxypropyl-�-cyclodextrin (HP-�-CD) and sodium dodecyl sulfate
(SDS)] were investigated for their stabilizing effect on BSA during emulsification process. The DSC profile of intact BSA was
best fitted by a non-2-state model with two peaks, which have midpoint temperatures (Tm1, 60.9±0.4 ◦C andTm2, 66.4±1.0 ◦C),
respectively, and a total calorimetric enthalpy�Htot of 599±42 kJ/mol. After emulsifying BSA aqueous solution with methylene
chloride, an additional apparent peak at a higher temperature was observed. TheTm of this peak was 77.4 ± 0.8 ◦C. HP-�-CD
was able to suppress the occurrence of an additional peak, whereas mannitol failed. SDS increased the thermal stability of BSA
dramatically. Furthermore, HP-�-CD increased BSA recovery from 72±8% to 89±7% after extraction from w/o in the presence
of PLGA. These results provided evidence that HP-�-CD could be a promising excipient for conformational stability of BSA
during synthesis of PLGA microspheres.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years, biodegradable poly(d,l-lactide-co-
glycolide) (PLGA) microspheres have received much
attention for their capability to control the release of
bioactive macromolecules such as peptides and pro-
teins for a desired period of time (Cohen et al., 1991;
Gupta et al., 1997; Cleland, 1998; Crotts and Park,
1998). As a novel delivery system, biodegradable mi-
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crospheres are suitable for many proteins and peptides
which have short biological half-life or poor bioavail-
ability. Protein or peptide-loaded microspheres have
been commercially available such as Lupron Depot®

(TAP Pharmaceutical Products Inc., Lake Forest, IL)
and more recently Nutropin DepotTM (Genentech,
Inc., South San Francisco, CA) for long-term delivery
of leuprolide acetate and recombinant human growth
hormone, respectively.

Water-in-oil-in-water (w/o/w) emulsion technique
is commonly used to encapsulate the water-soluble
proteins into a polymeric matrix (Jeffery et al., 1993;
Yang et al., 2001). In this method, a primary emulsion
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(w/o) is created by emulsifying the protein aqueous
solution with a continuous organic phase containing
PLGA. The primary emulsion is then mixed in an
aqueous solution containing surfactant to produce a
double emulsion (w/o/w). Microspheres are formed
during solvent removal and can be collected by cen-
trifugation or filtration. However, some drawbacks
related to microsphere preparation make it difficult
to encapsulate protein into polymer matrix keeping
its full native structure and/or biological activity (van
de Weert et al., 2000a). Protein stability has been a
concern due to exposure to organic solvents, soni-
cation, and mechanical shear forces during micro-
spheres preparation (Morlock et al., 1998; Kim and
Park, 1999; Krishnamurthy et al., 2000). All of
these stresses can be destructive to protein hierarchy
structure as well as biological activity. Aggregation,
deamidation and other protein stability problems have
been reported during the microencapsulation of pro-
teins (Schwendeman et al., 1996; Jiang et al., 2002).
Protein denaturation may lead to the formation of an
antibody that gives unwanted immune responses. In
addition, protein aggregates have been suggested to
lead to incomplete release from microspheres (Park
et al., 1998).

The primary emulsification step has been suggested
as a major cause for protein denaturation and aggre-
gation (Morlock et al., 1997). In this step, protein is
exposed to a number of stresses. Sonication, which is
widely used to create the first emulsion, can introduce
high pressures, temperature gradients, shear forces
and free radicals (Krishnamurthy et al., 2000). All of
these factors can denature proteins. More importantly,
sonication produces a large interface between aqueous
and organic phases. Proteins may be adsorbed and
denatured at the interface (Sah, 1999a,b; van de Weert
et al., 2000b). In spite of the wide use of microen-
capsulation of proteins into PLGA microspheres by
w/o/w emulsion technique, only a limited number of
systematic studies have been performed in relation to
protein behavior at the water/organic solvent interface
(Sah, 1999a,b; van de Weert et al., 2000b). In particu-
lar, the current available information is limited to the
protein solution emulsified with methylene chloride or
ethyl acetate without the presence of PLGA polymer,
which does not exactly simulate the microencapsula-
tion step. The paucity of information may be due to
the difficulty of breaking the emulsion in the presence

of polymer without introducing any additional stress
on protein molecules (van de Weert et al., 2000b).

We have recently reported extraction method for
protein from PLGA-containing primary emulsion
(Kang et al., 2002). Low molecular weight poly(ethy-
lene glycol) (PEG 400) was used in the above extrac-
tion method. PEG 400 can break PLGA-containing
emulsion by dissolving the polymer. Therefore,
protein recovery from PLGA-containing emulsion
increased dramatically, which allowed us to study
the properties of protein in this system. Differential
scanning calorimeter (DSC) measures the change of
enthalpy upon thermal denaturation of proteins (�H)
and the midpoint temperature of the denaturation
(Tm). Since DSC allows measurement of the enthalpy,
it provides structural information on a macroscopic
scale. DSC is an ideal method to study protein ther-
mal stability in solution and it has been used in pro-
tein aqueous formulation screening studies (Remmele
et al., 1998; Kang et al., 2002).

Among all protein stabilization approaches asso-
ciated with solvent extraction/evaporation technique
(van de Weert et al., 2000a), the use of excipients
in the protein aqueous phase is one of the effec-
tive methods. A number of excipients have been
investigated for their effects on protein stability. The
most representative types of stabilizing excipients
are sugars (Cleland and Jones, 1996), surfactants
(Krishnamurthy et al., 2000) and cyclodextrins (Sah,
1999b; Kang et al., 2002). In this study, we investi-
gated the conformational stability of a model protein,
bovine serum albumin (BSA), at water/organic sol-
vent interface in the absence and presence of PLGA
using DSC. We studied the protein behavior in the
presence of PLGA using our recently reported ex-
traction procedure (Kang et al., 2002). We selected
mannitol, hydroxypropyl-�-cyclodextrin (HP-�-CD)
and sodium dodecyl sulfate (SDS) representing sugar,
cyclodextrin and surfactant, respectively. These excip-
ients were studied for their ability to conformationally
stabilize BSA during primary emulsification process.

2. Materials and methods

2.1. Materials

BSA, mannitol, PEG 400 and SDS were purchased
from Sigma Chemical Company (St. Louis, MO).
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HP-�-CD was obtained from Aldrich Chemical Com-
pany (Milwaukee, WI). Methylene chloride was pur-
chased from Fisher Chemical Company (Fair Lawn,
NJ). PLGA (50:50, inherent viscosity 0.63 dl/g in
hexafluoroisopropanol at 30◦C) was obtained from
Birmingham Polymer, Inc. (Birmingham, AL). Micro-
BCA protein assay reagent kit was received from
Pierce Chemical (Rockford, IL).

2.2. Preparation of primary emulsions and
their de-emulsifications for protein recovery
and stability

Forty milligram of BSA was dissolved in 0.2 ml of
phosphate-buffered saline (PBS, pH 7.4, 10 mM). This
aqueous protein solution was then emulsified with 3 ml
of methylene chloride in the absence and presence
of 400 mg of PLGA. The emulsification was carried
out by a microtip equipped ultrasonicator (Sonifier®

cell disruptor, Model W185, Heat System-Ultrasonics,
Inc., Plainview, NY) for 30 s at 40 W. After emulsi-
fication, BSA was extracted into aqueous phase by
adding 20 ml of PBS and then centrifuged at 3000×g

for 20 min to accelerate phase separation.
In case of PLGA-containing emulsion, this ex-

traction process was modified as previously reported
(Kang et al., 2002). Briefly, 1 ml of PEG 400 was
added to the PLGA-containing emulsion. The clar-
ity of this emulsion increased markedly after gentle
shaking. Then 19 ml of PBS was added to this system
before further centrifugation. The aqueous phase was
subjected to protein quantification and DSC measure-
ment. In some cases, excipients such as mannitol,
HP-�-CD, and SDS were added to the aqueous pro-
tein solution to test their effects on conformational
stability of BSA during primary emulsification. Forty
milligram of mannitol or HP-�-CD was used with the
aqueous protein solution. However, SDS was used as
BSA/SDS molar ratio of 1:10.

2.3. Protein quantification

BSA content in the samples was determined by
the MicroBCA protein assay (Smith et al., 1985)
using appropriate reagent blank and standard curves.
Protein recovery was reported as the percentage of
protein extracted into the aqueous phase following
centrifugation.

2.4. Conformational stability of BSA by differential
scanning calorimeter

DSC measurements were carried out using an
ultra-sensitive differential scanning calorimeter (VP-
DSC, MicroCal, Northampton, MA). It is especially
designed for studies on dilute aqueous solutions of
biological macromolecules. All samples and buffers
were degassed by stirring under vacuum before load-
ing into the sample and reference cells. The heat flow
required to keep the sample cell and reference cell
thermally balanced was recorded from 25 to 95◦C,
using scan rate of 1.5◦C/min. The buffer background
was subtracted from each sample-reference scan dur-
ing the data analysis process.Tm is the midpoint
transition temperature at which folded and unfolded
molecules are equally populated. The calorimetric
enthalpy�H was determined by integrating the area
under the transition peak. Data manipulation was
performed using Origin® software provided with the
instrument.

3. Results

3.1. BSA stability during primary emulsification
in the absence of PLGA

To simulate the water/organic solvent volume ra-
tio as in microsphere fabrication, we used 0.2 ml of
PBS and 3 ml of methylene chloride in all sample
preparations. The BSA concentration was 200 mg/ml.
Table 1summarizes the results on recovery and DSC
thermal parameters of BSA recovered in aqueous
phase after emulsification with methylene chloride
in the absence of PLGA. The recovery of BSA was
more than 90%, which is similar to the result ob-
tained by Sah when low concentrations of human
serum albumin (0.2–1 mg/ml) were emulsified with
methylene chloride (Sah, 1999b). We did not observe
any significant difference in BSA recovery between
samples in the absence and presence of excipients
(i.e. mannitol, HP-�-CD and SDS). However, the re-
covered BSA showed diverse DSC profiles (Table 1
and Fig. 1). The deconvolution of intact BSA (neg-
ative control) curve revealed that the apparent one
peak with a shoulder at the right side was best fit-
ted by a non-2-state model with two peaks, which
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Table 1
BSA recovery and thermal parameters after emulsifying with methylene chloride in the absence of PLGA (mean± S.D., n = 3)

Recovery
(%)

Tm1 (◦C) Tm2 (◦C) Tm3 (◦C) �H1

(kJ/mol)
�H2

(kJ/mol)
�H3

(kJ/mol)
�Htot

(kJ/mol)

Control (−) – 60.9± 0.4 66.4± 1.0 – 289± 8 310± 46 – 599± 42
Control (+mannitol) – 59.7± 2.0 67.9± 1.5 – 312± 42 281± 24 – 593± 65
Control (+HP-�-CD) – 60.1± 0.1 64.5± 1.1 – 385± 67 260± 63 – 645± 20
Control (+SDS) – 81.8± 0.2 – – 1197± 21 – – 1197± 21
No excipient 98± 7 62.5± 0.6 66.4± 2.2 77.4± 0.8 276± 38 301± 59 63± 13 624± 50
Mannitol 99± 7 63.0± 2.3 68.1± 3.6 77.3± 0.5 297± 54 306± 100 63± 17 666± 29
HP-�-CD 99 ± 8 62.4± 0.6 70.2± 0.6 – 490± 80 193± 38 – 682± 71
SDS 94± 7 81.1± 0.3 – – 1101± 92 – – 1101± 92

represent two independent transitions (Fig. 2A). The
transition temperatures of these two peaks wereTm1
60.9 ± 0.4◦C and Tm2 66.4 ± 1.0 ◦C, respectively,
and the�Htot was 599± 42 kJ/mol.

Although there was no significant difference among
the �Htot of all samples except those with SDS, we
found some difference in transition temperatures.
After emulsifying BSA aqueous solution in the ab-
sence of any stabilizer with methylene chloride, an
additional apparent peak at higher temperature was
observed in recovered BSA thermogram. TheTm of
this peak was 77.4±0.8◦C (Fig. 2B). Mannitol failed
to stabilize BSA in comparison to the control (without
any excipient). A similar additional peak was found
at 77.3 ± 0.5◦C in the presence of mannitol.

HP-�-CD affected the DSC profile of recovered
BSA to a great extent.Table 1andFig. 1showed that
HP-�-CD suppressed the appearance of an additional
peak. Transition temperaturesTm1 and Tm2 were

Fig. 1. DSC thermograms of BSA recovered from w/o emulsion
in the absence of PLGA. Samples with different excipients were
shown by different lines.

62.4± 0.6◦C and 70.2± 0.6◦C, respectively, slightly
higher than those found in controls (intact BSA nega-
tive control as well as the intact BSA in the presence
of HP-�-CD). However, its thermal profile was com-
parable to the controls.

Fig. 2. DSC thermogram of intact BSA (A) and BSA recovered
from w/o emulsion without PLGA and any excipient (B). The
bold line is experimental raw data and the broken lines represent
the best-fit curves deconvoluted using Origin software.
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Table 2
BSA recovery and thermal parameters after emulsifying with methylene chloride in the presence of PLGA (mean± S.D., n = 3)

Recovery (%) Tm1 (◦C) Tm2 (◦C) �H1 (kJ/mol) �H2 (kJ/mol) �Htot (kJ/mol)

Control – 58.7± 0.7 68.4± 0.9 523± 75 201± 84 724± 159
No excipient 72± 8 63.4± 0.5 71.6± 1.9 578± 25 126± 50 703± 75
HP-�-CD 89 ± 7a 62.0 ± 2.0 69.6± 1.4 565± 130 180± 67 741± 163
SDS 82± 5 79.3± 0.4 – 1126± 46 – 1126± 46
Mannitol 31± 9a 65.4 ± 3.2 73.2± 2.0 557± 4 180± 29 737± 29

a P < 0.05, t-test.

SDS changed dramatically the BSA thermal be-
havior. Fig. 1 shows an increase of total peak area
(�Htot) andTm of BSA recovered from w/o emulsion
in the absence of PLGA. Its curve was deconvoluted
by a non-2-state model with one peak which hasTm
81.1 ± 0.3◦C and �Htot 1101± 92 kJ/mol. These
values were similar to the BSA control in the pres-
ence of SDS, which hasTm 81.8 ± 0.2 ◦C and�Htot
1197± 21 kJ/mol.

3.2. BSA stability during primary emulsification in
the presence of PLGA

Table 2 summarizes the results on recovery and
DSC thermal parameters of BSA recovered in aque-
ous phase from primary emulsion containing PLGA.
DSC thermal profiles are shown inFig. 3. The base-
lines of BSA (except the curve with SDS) had a rapid
downward shift after occurrence of the first apparent
endothermic peak. This downshift of baseline is prob-

Fig. 3. DSC thermograms of BSA recovered from w/o emulsion
in the presence of PLGA. Samples with different excipients were
shown by different lines.

ably caused by addition of PEG 400 which may lead
to precipitation and aggregation of BSA molecules at
relatively high temperature range. As a result, the un-
stable baseline disguised the possible thermal transi-
tions at higher temperature range and made it difficult
to detect the third peak as observed inFig. 1. Interest-
ingly, PEG 400 barely affected the thermal behavior
of recovered BSA in the presence of SDS, which
showedTm 79.3±0.4◦C and�Htot 1126±46 kJ/mol.

The recoveries of BSA in the presence of PLGA
(Table 2) were significantly lower than those in the
absence of PLGA (Table 1). The recovery of BSA
without excipient was 72± 8%. HP-�-CD increased
(P < 0.05) BSA recovery to 89± 7%. SDS did not
increase (P > 0.05) the BSA recovery. However,
mannitol considerably decreased (P < 0.05) the re-
covery of BSA in comparison to the control (BSA
recovery without excipient).

4. Discussion

The biological activity of a protein largely depends
on its conformational structure (Price, 2000). In this
study, DSC was utilized to monitor the conformational
structure of a model protein, BSA, during emulsifica-
tion process. We observed two transition peaks for in-
tact BSA which hadTm1 60.9±0.4◦C andTm2 66.4±
1.0 ◦C, respectively (Fig. 2A). The three-dimensional
structure of BSA molecule is similar to that of hu-
man serum albumin (HSA), which is made up of
three homologous domains that assemble to form a
heart-shaped molecule (He and Carter, 1992). It has
been suggested that BSA molecule was separated into
two thermally independent units due to the crevice in
the vicinity of Trp 212 (Yamasaki et al., 1990). It was
also hypothesized that the peak of low temperature



154 F. Kang, J. Singh / International Journal of Pharmaceutics 260 (2003) 149–156

transition corresponds to the collapse of N-terminal
BSA domain and the high temperature calorimetric
domain is due to cooperative unit composed of the
other two BSA domains (Giancola et al., 1997).

The third peak observed in BSA thermogram after
emulsifying with methylene chloride in the absence of
stabilizer is due to either the conformational changes
or the formation of water-soluble aggregate of BSA
(Sah, 1999b). Formation of a new water-soluble ag-
gregate of BSA after emulsification with methylene
chloride is a reason for further aggregation during mi-
crosphere synthesis and the overall incomplete release
of proteins from PLGA microspheres (Park et al.,
1998).

The protective effect of sugars (mannitol, sucrose
and trehalose) on proteins during emulsification
process of microsphere synthesis is debatable. Sta-
bilizing effect of trehalose and mannitol on human
growth hormone was observed during emulsifica-
tion with methylene chloride (Cleland and Jones,
1996). However, sugars failed to protect lysozyme
(Sah, 1999b; van de Weert et al., 2000b; Kang et al.,
2002), and erythropoietin (Morlock et al., 1997) from
emulsification-induced aggregation. In this study,
similar DSC profile was obtained with and without
mannitol indicating that mannitol barely prevented
the conformational change of BSA induced by emul-
sification. After adding PLGA to methylene chloride,
the BSA recovery in the presence of mannitol de-
creased sharply to 31± 9%, much lower than the
control (72±8%). This may be due to greater adsorp-
tion of BSA molecules on PLGA in the presence of
mannitol. These observations suggest that mannitol
is not a good stabilizing excipient for BSA during
emulsification process.

HP-�-CD was found to be a promising stabilizer
during primary emulsification in the absence of poly-
mer for proteins such as lysozyme (Sah, 1999b; Kang
et al., 2002), ovalbumin (Sah, 1999b) and erythropoi-
etin (Morlock et al., 1997). The stabilizing capability
of HP-�-CD was based on its ability to shield hy-
drophobic amino acid residues of proteins (Matsubara
et al., 1997; Sah, 1999b). The hydrophilicity of
proteins would increase after the aromatic rings of
tryptophan, tyrosine, and phenylalanine inserting into
the hydrophobic cavities of cyclodextrins. Such an
increase in the hydrophilicity keeps proteins away
from methylene chloride/water interface and therefore

reduces the aggregation and denaturation of proteins
(Sah, 1999b). Our data showed that BSA had almost
full recovery from water/methylene chloride interface
if PLGA was not involved in this system. Our findings
also showed that BSA was very resistant to aggrega-
tion associated with exposure to methylene chloride.
However, BSA recovery decreased in the presence of
PLGA (Table 2). This may be due to BSA adsorption
to PLGA during primary emulsification. HP-�-CD
prevented this adsorption to some extent by increasing
recovery of BSA from 72± 8% to 89± 7%.

It has been reported that the BSA has more than
70 binding sites for SDS, the first 10–11 are stronger
than the rest (Decker and Foster, 1966). Previous DSC
study showed that the SDS increased thermal stability
of BSA up to SDS/BSA molar ratio of 10 (Giancola
et al., 1997). The �Htot increased about 67% and
Tm increased about 20◦C due to the strong binding
of the first 10–12 surfactant molecules (Giancola
et al., 1997). The BSA molecules were most compact
because of the rearrangement of higher-order struc-
ture of BSA by the binding of 12 SDS molecules
(Yamasaki et al., 1996). The SDS has also been re-
ported to significantly prevent insulin aggregation
induced by water/methylene chloride interface when
present in insulin/SDS molar ratio of 1:10 and 1:20
(Kwon et al., 2001). The SDS and negatively charged
insulin at pH 7.4 form insulin–SDS complex which
would have a net negative charge. The charge re-
pulsion between the insulin–SDS complex and the
negatively charged hydrated SDS polar heads at the
interface protected insulin from hydrophobic methy-
lene chloride interface (Kwon et al., 2001). We used
BSA/SDS in the molar ratio of 1:10 in our sample
preparation. The net charge of BSA at pH 7.1 is−18
(Sivars et al., 1996). BSA–SDS complex should also
have a net negative charge as insulin–SDS complex.
But, the recovery of BSA in the presence of SDS did
not improve (P > 0.05) in comparison to the control.
However, our data showed about 20◦C increase inTm
(60.9 ± 0.4◦C to 81.8 ± 0.2 ◦C) and about 100% in-
crease in�Htot (599±42 kJ/mol to 1197±21 kJ/mol).
These data indicate greater thermal stability of BSA
as compared to the control.

We performed recovery experiments with lower
concentrations of BSA (5 and 20 mg/ml) from emul-
sions containing PLGA. We observed 37 and 36%
recovery of BSA from 5 and 20 mg/ml solutions,
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respectively, in the presence of mannitol. The recov-
ery was 31% from 200 mg/ml BSA solution in the
presence of mannitol. However, we did not observe
any decrease in the recovery of BSA in the presence
of mannitol from emulsion without PLGA. Decrease
in the recovery was only observed when PLGA was
present in the emulsion. This is due to greater adsorp-
tion of BSA molecules with higher concentrations of
BSA on PLGA in the presence of mannitol. However,
we observed an increase in recovery of BSA with
its increasing concentrations in emulsions containing
PLGA in the presence of SDS. We found 63, 70, and
82% recovery of BSA from 5, 20 and 200 mg/ml solu-
tion, respectively, in the presence of SDS at BSA:SDS
molar ratio of 1:10. Thus, the recovery of BSA in
the presence of excipients from emulsions containing
PLGA would vary with varying concentrations of
BSA.

5. Conclusions

A different thermal behavior of BSA after emulsifi-
cation with methylene chloride was found in compar-
ison to the intact BSA. HP-�-CD showed its ability to
prevent this change to a great extent. Also, HP-�-CD
increased the BSA recovery from w/o emulsion in the
presence of PLGA. These findings made HP-�-CD
a promising stabilizer for BSA during microsphere
preparation. Mannitol failed to stabilize BSA during
primary emulsification. SDS increased the thermal
stability of BSA dramatically. Its potential use for
conformational stability and biological activity of
proteins is under active investigation in our laboratory.
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