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Abstract

A model enzyme, carbonic anhydrase, was encapsulated and released from poly(lactide-co-glycolide) (PLGA) microspheres (1^3 Wm)
made by a novel phase inversion technique. Lecithin was used as a surfactant in the encapsulation process and was incorporated in either
the organic phase, aqueous phase, both phases, or not at all. Additional microspheres were also made with lecithin incorporated in the
aqueous phase and a basic salt, MgCO3, in the polymeric phase. Released carbonic anhydrase, protein extracted from microspheres, or
enzyme incubated with lecithin and PLGA were analyzed via HPLC and activity assay to determine the effect of these additives on
protein integrity and activity. Lecithin in the aqueous phase appeared to increase the fraction of enzyme in monomeric form as well as its
activity for both extracted protein and released protein as compared to the other formulations without MgCO3. Incubation of enzyme
with PLGA degradation products indicated that the acidic environment within the microspheres aids in the irreversible inactivation of the
encapsulated protein. Addition of MgCO3 further increased the amount of monomer in both the extracted and released protein by
decreasing the amount of acid-induced cleavage and noncovalent aggregation, but still greatly decreased the activity of the
enzyme. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The encapsulation of proteins within polymeric micro-
spheres for drug delivery has been the focus of many re-
search groups in the past several decades. Proteins such as
insulin [1], BMP-2 [2], and ovalbumin [3] have been encap-
sulated, released, and delivered either locally or to the
systemic circulation to produce a desired e¡ect. Perhaps
the most important example is the ¢rst product introduced
into the market, Lupron Depot, which consists of leupro-
lide acetate encapsulated within a poly(lactide-co-glyco-
lide) (PLGA) matrix, developed by Ogawa et al. [4^7].
Other groups have also studied similar PLGA systems
encapsulating leuprolide acetate recently and have ob-
served a controlled release of this LHRH analogue for
120 days accompanied by in vivo e⁄cacy [8]. In addition,
delivery of other proteins such as recombinant human
epidermal growth factor from PLGA microspheres has

resulted in constant plasma levels for as long as 11 days
and increased gastric healing over unencapsulated rhEGF
solution [9].

While there are many obvious advantages to using a
delivery system to administer proteins, numerous hurdles
must ¢rst be overcome during the encapsulation process.
Proteins in aqueous solution are notorious for undergoing
hydrophobic interactions and adsorption when in aqueous
solution and exposed to polymer surfaces [10^12]. Addi-
tionally, proteins can become either cleaved or aggregated
[13] when entrapped within the microsphere. PLGA, a
bioerodible polymer approved for several drug delivery
products, forms acidic degradation products when exposed
to physiological £uid. These byproducts form a highly
acidic microenvironment within the con¢nes of the micro-
sphere which can a¡ect, not only the conformation, but
the activity as well, of the remaining encapsulated protein
[10^13]. For this reason, di¡erent methods of stabilizing
proteins within polymeric microspheres have been em-
ployed and have produced positive results. Trehalose, for
example, has been used to successfully stabilize BSA so
that when released from PLGA microspheres, both the
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monomer content and secondary structure were very sim-
ilar to unencapsulated BSA [14].

Surfactants have long been used as stabilizers during the
protein encapsulation process because they not only de-
crease the absorption of protein to the polymer surface
[15], but also serve to increase the encapsulation e⁄cien-
cies in drug delivery systems [16]. However, the e¡ect of
any additives on the activity of encapsulated molecules
must also be considered. Attempts to stabilize proteins
by other methods have also been made by Schwendeman
[13], including strides to directly counteract the decreasing
pH within the interior of degrading PLGA microspheres
by the incorporation of basic salts such as MgCO3 and
Mg(OH)2. Several other research groups have utilized the
incorporation of salts within microspheres to successfully
stabilize encapsulated proteins such as recombinant hu-
man growth hormone [17] and erythropoietin [18] and to
modulate release from these types of microspheres.

In a previous study [19], we have evaluated similar mi-
crospheres fabricated from PLGA which were shown to
impart controlled release properties to microparticles en-
capsulating a wide variety of proteins at low loadings
(6 2%), while at higher loadings (5^6.5%), the more ex-
tensive network of interconnecting channels caused the
protein to be released more quickly.

In this study, the addition of both a surfactant and basic
salt are investigated within the same type of drug delivery
system containing carbonic anhydrase, an acid-sensitive
model enzyme. The speci¢c aim of this study was to de-
termine the cause of protein inactivation within PLGA
microspheres, whether by protein adsorption during the
encapsulation process or acid-induced cleavage during hy-
dration and release. In addition, we wanted to study the
e¡ect of the addition of lecithin and MgCO3 on the activ-
ity of the enzyme. Although the e¡ect of these types of
additives on protein activity has been studied by other
groups, this study focuses on the evaluation of these ad-
ditives for small microsphere systems (1^3 Wm) with rela-
tively high loadings. The environment within these small
particles may not be the same as those described for larger
PLGA systems in other studies and so must be investi-
gated separately.

2. Materials and methods

2.1. Materials

Dichloromethane was from Allied Signal and petroleum
ether from Mallinckrodt. Bovine carbonic anhydrase was
obtained from Sigma-Aldrich and poly(lactide-co-glyco-
lide) (50:50) (PLGA) from Boehringer Ingelheim. The mi-
cro-BCA protein assay was obtained from Pierce. Lecithin
(USP grade) was obtained from Spectrum Laboratory
Products. A Cole Parmer ultrasonic homogenizer, Lab-
conco Lyph-Lock 6 lyophilizer, and Millipore high pres-

sure ¢ltering apparatus were used in the fabrication of
microspheres. A Corning pH meter, a Bio-Rad model
3550 microplate spectrophotometer, and a Waters 2690
Alliance separations module and 996 photodiode array
HPLC system were used for data collection.

2.2. Microsphere fabrication

Microspheres were fabricated from an overall 2% solu-
tion (w/v) of PLGA (MW 12 068) and carbonic anhydrase
by a novel phase inversion technique [20]. Brie£y, two so-
lutions, 500 Wl of a 30 mg/ml solution of carbonic anhy-
drase in Tris^HCl bu¡er, pH 8.0, and 9.5 ml of a 38.9 mg/
ml polymer in dichloromethane solution, were added to-
gether for a ¢nal volume ratio of 1:19. This two-phase
system was then probe sonicated at an amplitude of 20%
for 30 s with an ultrasonic homogenizer at room temper-
ature. Following sonication, the resulting water in oil emul-
sion was frozen in liquid nitrogen followed by lyophiliza-
tion at 350‡C and 30 Wm Hg for 48 h. The dried polymer
product was then resuspended with agitation in dichloro-
methane at an overall concentration of 2% or 20 mg/ml
solvent. This suspension of solubilized polymer and insolu-
ble protein particles was then quickly introduced into a
nonsolvent bath of petroleum ether at a solvent:nonsolvent
ratio of 1:50. The resulting microspheres were then col-
lected with a high pressure ultra¢ltration system and stored
at 4‡C. Theoretical microsphere loading was 7.5%.

For other formulations, lecithin was added to either the
aqueous phase, the organic phase, or both phases of the
two-phase system prior to the sonication step of the mi-
cronization process. For formulation made with lecithin in
the aqueous phase, protein was added to a lecithin in
water suspension to yield 500 Wl aqueous phase with a
¢nal concentration of 60 mg/ml lecithin and 30 mg/ml
protein. This aqueous phase was then vortexed for 45 s
prior to addition to the polymer solution in order to facil-
itate lecithin protein complexation. For lecithin in the or-
ganic phase, 30 mg lecithin was added to the 9.5 ml of
polymeric phase prior to combination of the two phases.
For lecithin in both phases, protein was added to a lecithin
in water solution to make an aqueous phase with ¢nal
concentrations of 30 mg/ml lecithin and 30 mg/ml protein.
This phase was vortexed for 45 s, and an additional 30 mg
lecithin was added to the polymer solution prior to com-
bination of the two phases.

2.3. Microsphere fabrication with MgCO3 basic salt

One additional formulation was made incorporating the
basic salt MgCO3 within the microspheres. Microspheres
were formulated just as with lecithin in the aqueous phase,
but with the addition of 10% MgCO3 powder (w/w) to the
organic phase. The two phases were sonicated as before,
frozen, and lyophilized. Microsphere fabrication then pro-
ceeded as above.
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2.4. Microsphere characterization

For scanning electron microscopy (SEM), samples were
mounted and coated for 2.5 min with a gold and palladi-
um mixture and examined for morphology and size with a
Hitachi S-2700 scanning electron microscope.

For particle size distribution, a 3 mg aliquot of un-
loaded control microspheres suspended at a concentration
of 10 mg/ml in a solution of 1% HPMC (hydroxypropyl-
methylcellulose) and 1% Pluronic F127 was analyzed on a
Coulter particle size analyzer small volume module, model
LS 230, in order to determine the entire population size
distribution.

To determine the degradation rate of the polymer, the
average molecular weight of degrading unloaded control
microspheres was ascertained via gel permeation chroma-
tography (GPC). For each sample, a 5% solution was
made in chloroform and analyzed on a Perkin-Elmer LC
pump model 250 gel permeation chromatography system
composed of an isocratic LC pump model 250, an LC
column oven model 101, and a LC-30 RI detector, and
a 900 series interface computer. Samples were eluted
through a PL gel 5 Wm mixed column and a 5 Wm/50 Aî

column connected in series at a £ow rate of 1.0 ml/min
and a temperature of 40‡C. The system was calibrated
with a series of monodisperse polystyrene standards
(MW: 600^200 000).

For FTIR (Fourier Transform Infrared Spectroscopy)
microsphere samples were analyzed on a Perkin-Elmer
model 1725U FTIR spectrometer and compared to unen-
capsulated lecithin. Samples were ground with a mortar
and pestle and mixed with KBr at a ratio of 1:100. The
mixture was then pressed into a pellet and spectra ana-
lyzed from 400 cm31 to 4000 cm31. Unique peaks ob-
served for unencapsulated lecithin but not for carbonic
anhydrase microspheres without lecithin were compared
to spectra obtained for microspheres fabricated with lec-
ithin in each of the phases. The presence of these peaks
was used qualitatively to establish the entrapment of lec-
ithin within the microspheres.

2.5. Microsphere protein extraction

Microspheres from each formulation were divided into
10 mg aliquots (n = 2). Half of the aliquots were incubated
in 500 Wl of PBS bu¡er at 37‡C for 1 h to allow initial
protein release, while the other half were not. At 1 h,
incubating samples were centrifuged at 2000Ug for
5 min, and the supernatants removed and saved on ice
for analysis. Following release, samples were dried and
all samples, whether subjected to release or not, were ex-
tracted as follows. Microspheres were dissolved in 500 Wl
dichloromethane and vortexed for 1 min to ensure solubi-
lization of polymer only. An additional 500 Wl of acetone
was then added to spur protein precipitation (necessary
for subsequent extractions once protein has been hy-

drated) and vortexed for 30 s. Samples were then centri-
fuged at 11 000Ug for 5 min to precipitate protein and any
remaining unsolubilized polymer. Supernatants were re-
moved and discarded and the pellets dried with com-
pressed air. Precipitated protein was then resuspended in
Tris^HCl bu¡er, pH 8.0, and samples centrifuged again to
pellet any remaining unsolubilized polymer. The resulting
protein-rich supernatant was saved on ice and the pellet
subjected to resolubilization in dichloromethane and the
entire extraction process repeated. The process was re-
peated once for samples previously subjected to protein
release and twice for those not subjected to release, so
that there were three protein fractions for each type of
sample. Total loaded protein was extracted for each sam-
ple. We assume that all protein was able to be re-solubi-
lized since the extraction was performed until no further
particles could be seen. Protein samples were kept on ice
whenever possible both during and following the extrac-
tion process to maintain protein integrity and activity.

2.6. Protein release from microspheres

Microspheres were divided into 10 mg aliquots (n = 3)
and placed in microcentrifuge tubes. A 1 ml aliquot of
PBS bu¡er, pH 7.4, was added to each vial. The tubes
were closed and positioned on their sides so that the max-
imum surface area of each sample would be available for
release into bu¡er. Samples were incubated at 37‡C for a
total of 1 week and were assayed at various time points:
10 min, 30 min, 1, 2, 4, 8, 24, 48, and 120 h and 1 week. At
each time point, the samples were centrifuged at 2000Ug
for 5 min, and the supernatants were removed and saved
on ice to maintain protein integrity and activity for further
analysis. Fresh bu¡er was replaced in each vial at each
time point to allow further protein release. Vials were
agitated with each bu¡er change.

2.7. Protein incubation with additives

Aliquots of carbonic anhydrase (0.1 mg/ml) were incu-
bated at 37‡C with various additives in order to determine
the e¡ect on both protein form and activity. One sample
was incubated for each time point, and each was terminal.
Protein was incubated alone, or with the addition of 10,
50, or 100 mg control PLGA microspheres, 3 mg lecithin,
or 10 mg control microspheres and lecithin. Incubation
times were 10, 20, and 30 min, and 1, 2, 4, 8, 24, and 48
h. The bu¡er was not changed during these experiments.

2.8. Protein integrity analysis

Aliquots (50 Wl) from the release study supernatants
(n = 3) and microsphere protein extractions (n = 1) were
assayed with a micro BCA reagent kit (sensitivity range
1^20 Wg/ml) and samples read at 540 nm. A calibration
curve was made for carbonic anhydrase and run against
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a BSA standard supplied with the assay kit. Values ob-
tained for the release studies were summed to determine
the cumulative release and are reported as per cent release
of loaded protein based on total protein extraction.

Extracted protein, release study supernatants, and pro-
teins incubated with additives were run on a TosoHaas
SEC column with a Waters 2690 Alliance HPLC separa-
tions module linked to a 996 photo diode array detector
system (n = 1 for each sample examined via HPLC). The
£ow rate of the mobile phase (100 mM sodium phos-
phate with 0.5 M NaCl in HPLC grade water) was set
at 0.7 ml/min. Extraction samples, release samples, and
additive incubation samples were ¢ltered and injected at
a volume of 20 Wl with a run time of 30 min and peak
areas obtained compared to carbonic anhydrase standards
of 0.1, 0.5, and 1.0 mg/ml. Spectra were collected in the
range of 200^400 nm and chromatograms extracted at
215 nm using Millennium software.

2.9. Protein sequence analysis

The protein sequence of bovine carbonic anhydrase was
examined for amino acid pairings which might promote
acid-induced cleavage of the enzyme within the degrading
microsphere. The presence of these sequences and the frag-
ments that would be produced by their cleavage were com-
pared to the sizes of protein fragments revealed by HPLC
analysis.

2.10. Protein activity analysis

Extracted protein, release study supernatants, and pro-
teins incubated with additives were analyzed (n = 1) to de-
termine per cent activity of loaded protein using the meth-
od of Wilbur and Anderson [21]. Brie£y, the pH of a 6 ml
aliquot of Tris^HCl bu¡er (starting pH 8.0 at 23‡C) in a
30 ml beaker was continuously measured while being
stirred at 4‡C. A 4 ml aliquot of water previously satu-
rated with CO2 gas was added to the beaker and the time
taken for the pH to drop from pH 8.3 to pH 6.3 was
recorded. This time (T0) was taken as the blank. To de-
termine enzyme activity, the same procedure was per-
formed with the addition of 100 Wl of 0.01 mg/ml enzyme
to the reaction mixture. The time for the pH drop was
measured in seconds for each sample (T), and active units
of enzyme were determined using the following equation:

Units=mg ¼ ½2UðT03TÞ�=½TUmg enzyme� ð1Þ

3. Results and discussion

3.1. Microsphere characterization

SEM micrographs of carbonic anhydrase loaded PLGA
microspheres without lecithin revealed spherical structures

fairly uniform in size and ranging from 0.2 to 0.4 Wm in
diameter (Fig. 1). Particle analysis yielded a size distribu-
tion with a median of 2.033 Wm, again indicating that
these particles are extremely small. The discrepancy be-
tween data obtained by the two methods may be explained
by a tendency for the microspheres to aggregate when
suspended in solution.

GPC of unloaded control microspheres revealed a de-
crease in polymer MW by 24.7% after 2 days, 55.3% by 5
days and 66.7% by the end of the experiment at 7 days.
Previous studies with this polymer have shown that
although the polymer molecular weight begins to decrease
immediately, mass loss does not commence until 7 days
degradation [19]. These results agree with previous obser-
vations made for bulk-eroding systems and give an indi-
cation as to the amount of degraded material entrapped
within the microsphere interior.

Phosphatidylcholine, commonly known as lecithin, was
chosen as the surfactant for this study. Lecithin, however,
can either be completely solubilized in organic solvent or
form micelles in water. Since many encapsulation proce-
dures involve the emulsi¢cation of aqueous (water) and
organic (oil) phases, we decided to assess the e¡ect of
lecithin, when incorporated in each of these phases, on
the activity of an encapsulated enzyme.

FTIR spectroscopy of microspheres as compared to un-
encapsulated lecithin indicated that lecithin is entrapped
within microspheres whether incorporated within the or-
ganic phase, aqueous phase, or both phases (Fig. 2). The
peak corresponding to lecithin at 2852.74 cm31 was found
in all microspheres tested but appeared much larger for

Fig. 1. SEM micrograph of PLGA microspheres loaded with carbonic
anhydrase without lecithin.
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each of the microspheres fabricated with lecithin than for
those made without lecithin. In addition, a developing
small shoulder was observed for microspheres made with
lecithin and corresponded to the unique lecithin peak at
2923.07 cm31 not seen for microspheres without lecithin.
Finally, the very broad peak observed for unencapsulated
lecithin at 3287.91 cm31 was relatively larger for micro-
spheres made with lecithin than for those fabricated with-
out. Interestingly, lecithin in the aqueous phase appeared
to be incorporated within microspheres to a lesser degree
than lecithin in the organic phase as indicated by the rel-
ative size of the observed peaks.

3.2. Microsphere protein extraction

More protein was accounted for via HPLC from micro-
spheres which were subjected to 1 h of release prior to
extraction than from microspheres which were extracted
directly. Microspheres fabricated without lecithin had an
e⁄ciency of encapsulation of 37.1% without prior release
but 67.4% with 1 h prior release, based on the theoretical
protein loading of 7.5% (w/w). Similar e¡ects were ob-
served for microspheres made with lecithin in the organic
phase, aqueous phase, or both phases (Table 1). The high-

er values obtained from the extraction with prior release
were taken as the total protein encapsulated and the actual
protein loading calculated based on these values. Actual
protein loadings were 5.05% for microspheres made with-
out lecithin, 5.51% for microspheres made with lecithin in
the organic phase, 6.23% for microspheres made with lec-
ithin in the aqueous phase, and 6.49% for microspheres
made with lecithin in both the organic and aqueous
phases. Values for total protein loaded based on extraction
preceded by a brief period of release were obtained via
BCA protein assay and HPLC, and results for both meth-
ods were in close agreement (Table 1). In addition, more
protein was able to be extracted from formulations made
with lecithin in any phase than that made without lecithin
(Table 1), indicating that the addition of lecithin can de-
crease the aggregation of protein within microspheres.

Fig. 2. FTIR spectra of unencapsulated lecithin as compared to PLGA
microspheres encapsulating carbonic anhydrase fabricated without leci-
thin, with lecithin in the organic phase, with lecithin in the aqueous
phase, and with lecithin in both phases. Peaks of interest are 2852.74
cm31, 2923.07 cm31, and 3287.91 cm31.

Table 1
E⁄ciency of encapsulation for various carbonic anhydrase-loaded PLGA microspheres as determined by protein extraction

Use of lecithin in microspheres E⁄ciency of encapsulation (%)

HPLC values (direct
extraction method)

HPLC values (extraction
preceded by release)

BCA assay values
(extraction preceded
by release)

Actual loading (HPLC values,
extraction preceded by release)
(theoretical = 7.5%)

No lecithin 37.1 67.4 64.1 5.05
Lecithin in organic phase only 55.5 73.5 81.6 5.51
Lecithin in aqueous phase only 57.1 83.1 76.5 6.23
Lecithin in organic and aqueous phase 72.8 86.5 79.6 6.49
Lecithin in aqueous phase only, MgCO3

in organic phase
^ 71.6 70.5 5.37

Values obtained using both the BCA assay and HPLC are compared.

Fig. 3. HPLC traces of carbonic anhydrase with peaks labeled to show
the monomeric (active), aggregated, and cleaved forms. (A) Enzyme
standard; (B) enzyme extracted from PLGA microspheres ; (C) enzyme
released from PLGA microspheres for 10 min; (D) enzyme released
from PLGA microspheres for 30 min.
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Bovine carbonic anhydrase has a 259 amino acid se-
quence is approx. 29 kDa. The enzyme is active as a
monomer, but which can become aggregated or cleaved
during the process of encapsulation (Fig. 3). Since protein
cleavage products were found within microspheres, an
analysis of the protein sequence was conducted in order
to determine whether cleavage at any particular amino
acid sequence would yield the protein fragments found
[22]. Aspartate-proline, a relatively rare sequence in pro-
teins, was suspect since this group is especially sensitive to
mild acid, causing the COO3 side chain group of the as-
partic acid to attack the H2Nþ of the proline ring, result-
ing in protein backbone cleavage [23]. Although relatively
rare, two such pairings were found, one at residues 40^41
and one at residues 178^179. The sizes of probable protein
fragments due to acid-induced cleavage at these sites were
calculated and found to be similar to those revealed by
HPLC analysis (Fig. 4). These data support the theory
that incubation of protein with the acidic degradation
products within PLGA microspheres is a key contributor
to protein cleavage in this study [24,25]. Additional peaks
not corresponding to these calculated fragments were also
observed via HPLC and are believed to be due to cleavage
at either a serine or threonine residue (carbonic anhydrase
has 16 and 14, respectively), both of which are also some-
what susceptible to acid-induced cleavage [23].

Extraction from microspheres revealed that the amount
of protein in aggregated form did not vary much among
the types of fabricated microspheres (Fig. 5). Microspheres
without lecithin had 25.5% aggregates, while those with
lecithin in the organic, aqueous, and both phases had
28.0%, 17.0%, and 13.4%, respectively. Percentage mono-
mer and cleaved forms, however, varied immensely and
appeared to be dependent on whether or not any lecithin
was introduced into the organic phase. The formulations
without lecithin or with lecithin in the aqueous phase had

cleaved fractions of 26.1% and 15.6%, respectively, while
formulations with lecithin in the organic phase or both
phases, had much higher cleaved fractions of 67.5% and
63.6%.

This might indicate that the addition of lecithin to the
organic phase lowers the surface tension between the
phases to such an extent that carbonic anhydrase in the
aqueous phase begins to adsorb onto the polymer in the
organic phase. The protein would then either become ag-
gregated or would be trapped within the microsphere
where the e¡ect of an acidic microenvironment would
cause its cleavage [24,25]. Entrapped protein that was
not cleaved to a signi¢cantly lower molecular weight frac-
tion by having its covalent peptide bonds broken might
become denatured and lose its activity by the breaking of
secondary bonds and unfolding in the highly acidic envi-
ronment. This phenomenon appears to be irreversible
since the use of bu¡ers at pH 8.0 during the activity assay
did not aid in the recovery of enzymatic activity. The e¡ect
of this phenomenon was much lower, though, in a system
without surfactant. In a system where lecithin in the aque-
ous phase is far above its critical micellar concentration of
0.13 mg/ml as it is in this study (60 mg/ml in the aqueous
phase) and is in an emulsion with the protein to be encap-
sulated prior to addition to the polymeric organic phase.
In this ease the lecithin might actually be protecting the
protein during the emulsi¢cation and fabrication process
by reducing its contact with the polymer phase [26] either
by the formation of liposomes that entrap the protein or
by the formation of protein/lecithin complexes.

We can see this e¡ect in the percentage of monomer in
each formulation. The monomer fraction was extremely
low for the formulation with lecithin in the organic phase
(4.54%) and for the formulation with lecithin in both
phases (10.0%). Yet, this fraction was greater for formu-
lations without lecithin in the organic phase, with 48.4%
and 67.5% monomer for the formulations without lecithin
and with lecithin in the aqueous phase, respectively. Since
only 75.9% of the original unencapsulated protein solution

Fig. 4. Predicted protein fragments based on acid-induced cleavage as
compared to protein fragments actually observed by HPLC.

Fig. 5. Percentage of each enzyme form extracted from microspheres as
determined by HPLC. Forms included cleaved (dotted bar), aggregated
(solid black bar), and monomeric (solid white bar). Line graph repre-
sents activity of the total enzyme, inclusive of all forms.
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was detected by HPLC to be in the monomer form, the
formulation with lecithin in water is thought to be a rather
e⁄cient and gentle method of enzyme encapsulation.

Activity of protein extracted from microspheres seemed
to correlate well with the per cent of monomer extracted.
Microspheres made without any lecithin had an activity of
55.2%. When lecithin was incorporated into both phases,
the enzyme activity was only 10.0%, while those made with
lecithin in the organic phase only had an activity of 0.62%.
The formulation made with lecithin in the aqueous phase
had an activity of 75.9%, indicating that all the protein
encapsulated retained its activity. Data from the extraction
study are summarized in Table 2.

3.3. Protein release from microspheres

Formulations made without lecithin, lecithin in the
aqueous phase or both the aqueous and organic phases
exhibited similar release pro¢les to one another (Fig. 6).
Each formulation had a fast release of between 81% and
90% up to 8 h. Each then experienced a slowing in the
release rate with only another 7^11% released for the du-
ration of the experiment. When the experiment ended at 1
week, each of these microsphere formulations had released
between 92% and 99% of the total encapsulated protein.

The formulation made with lecithin in the organic phase
only, however, was signi¢cantly di¡erent from all other
formulations at every time point throughout 1 week
(Fig. 6). This formulation also exhibited a burst type e¡ect
up to 8 h with a release of 64.7 þ 4.73% which slowed after
8 h, releasing only another 5.87% over the remainder of
1 week and bringing the total release up to 70.6 þ 4.95%.
Burst e¡ects seen for each type of microsphere were attrib-
uted to the relatively high loadings of these tiny particles
(5^6.5%) and the consequential formation of interconnect-
ing channels and pores. Lower burst e¡ects have been
observed previously for lower loadings (6 2%) in the
same type of system [19].

The form of protein released from microspheres seemed
to emulate the forms extracted, with the highest content of
monomer observed for the formulation made with lecithin
in the aqueous phase, followed by the formulation without
lecithin, lecithin in both phases, and lecithin in the organic

phase (Fig. 7). Microspheres made with lecithin in the
organic phase released only aggregates and cleaved forms
of the enzyme for the entirety of the experiment (Fig. 7B),
and the monomeric fraction was negligible. Aggregates
totaled 39.4% of the release at 10 min while cleaved forms
made up the remaining 60.6%. The release of aggregates
ceased after 30 min, with only cleaved forms being re-
leased for the remainder of 1 week and comprising
80.3% of the total protein released. None of the protein
released from these microspheres appeared to be active.

The other three formulations, those made without lec-
ithin (Fig. 7A), with lecithin in the aqueous phase only
(Fig. 7C), and with lecithin in both the organic and aque-
ous phases (Fig. 7D), followed a general pattern, releasing
all three forms of the enzyme (aggregated, monomeric,
and cleaved) for 30 min^1 h, with the vast majority being
released during the ¢rst 10 min. After this point, the
monomeric and aggregated forms were no longer released,
and the remainder of the released protein was comprised
of only cleaved enzyme. Microspheres made without lec-
ithin released 26.9% monomeric fraction with a total ac-
tivity of 20.7%. The formulation with lecithin in both
phases, however, released about the same amount of
monomer (22.7%) but with a lowered activity (3.41%).

Table 2
Percent of each enzyme form encapsulated (determined via extraction) and released (after 30 min) from PLGA microspheres

Enzyme form (%) Formulation

no lecithin organic phase aqueous phase both phases with MgCO3

Encapsulated aggregate 25.5 28.0 17.0 13.4 20.4
monomer 48.4 (55.2) 4.54 (0.62) 67.5 (75.9) 22.4 (10.0) 69.5 (25.1)
cleaved 26.1 67.5 15.6 63.6 9.96

Released aggregate 36.1 39.4 36.2 30.0 9.5
monomer 26.9 (20.7) 0 (0) 46.6 (17.1) 22.7 (3.41) 58.6 (1.74)
cleaved 37.0 60.6 17.2 47.3 31.9

Total released 91.9 þ 11.6 70.6 þ 4.95 95.0 þ 4.81 99.5 þ 3.56 98.5 þ 0.41

Activity of total protein is indicated in parentheses after monomeric fraction.

Fig. 6. Release curves for various batches of PLGA microspheres loaded
with carbonic anhydrase. Microspheres made without any lecithin (E),
with lecithin in the organic phase (F), with lecithin in the aqueous phase
(b), with lecithin in both phases (R), with lecithin in the aqueous phase
only and MgCO3 incorporated (*).
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Finally, the formulation made with lecithin in the aqueous
phase released the highest fraction of monomer (46.6%),
but only about 1/3 of the monomer was shown to be active
(17.1%) his formulation was, therefore, nearly equivalent
to the formulation fabricated without any lecithin. Data
from the release studies are summarized in Table 2.

The monomeric fractions released from each micro-
sphere formulation were greatly reduced from those ob-

served in the extractions. In addition, two of the formula-
tions (prepared with lecithin in the aqueous phase and
lecithin in both phases) had an even further diminished
level of activity. It is believed that the longer the protein
remains within the degrading microsphere, the more it
becomes cleaved by the acidic degradation products of
the polymer. This cleavage-producing e¡ect has been
shown previously [24,25].

Fig. 7. Release curves for various batches of PLGA microspheres loaded with carbonic anhydrase divided into cleaved (dotted area), aggregated (solid
black area), and monomeric (solid white area) fractions. Line graph represents activity of the total enzyme, inclusive of all forms. (A) Microspheres
made without any lecithin, (B) with lecithin in the organic phase, (C) with lecithin in the aqueous phase, (D) with lecithin in both phases, (E) with leci-
thin in the aqueous phase only and MgCO3 incorporated.
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3.4. Protein incubation with additives

Protein was incubated alone at 37‡C or with lecithin or
PLGA control microspheres to determine the potential
e¡ect of each on the integrity of the protein as it is being
released from a microsphere (Fig. 8). Protein incubated
alone at 37‡C maintained the same general composition
of approx. 76% monomer, 11% aggregate, and 13%
cleaved form through 4 h incubation (Fig. 8A). Between

8 and 48 h, however, percentage aggregate and cleaved
form increased, while percentage monomer decreased to
53.0%. In addition, the activity of the enzyme decreased
continuously throughout the experiment and was consis-
tently less than the percentage monomer. The percentage
of monomer which was active remained fairly consistent,
however, averaging 75.5 þ 9.57% through 8 h.

When incubated with lecithin (Fig. 8B), the percentage
aggregated form of the protein increased initially but then

Fig. 8. Percentage of each enzyme form, cleaved (dotted bar), aggregated (solid black bar), and monomeric (solid white bar), as determined by HPLC
after incubation with various additives. Line graph represents activity of the total enzyme, inclusive of all forms. (A) Incubation at 37‡C, (B) with leci-
thin, (C) with lecithin and 10 mg blank PLGA microspheres, (D) with 10 mg blank PLGA microspheres, (E) with 50 mg blank PLGA microspheres,
(F) with 100 mg blank PLGA microspheres.
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remained a constant 18.3 þ 1.48% between 10 min and 48
h, while the cleaved form continuously increased, reaching
48.8% at 48 h and causing a decrease in native monomer
to 32.8%. The activity of the monomeric form averaged
75.7 þ 9.50% throughout 48 h.

When incubated with lecithin and 10 mg of PLGA con-
trol microspheres (Fig. 8C), the monomeric fraction was
noticeably lower than that for incubation with lecithin
alone (52.0% by 10 min) and decreased to 32.8% by 48
h. The percentage of active monomer, however, was sim-
ilar, averaging 75.8 þ 9.49% throughout the 48 h.

Incubation of protein with 10 mg of PLGA control
microspheres (Fig. 8D) did not yield results that were sig-
ni¢cantly di¡erent from that of protein alone, with the
aggregated form averaging 11.0 þ 3.37% during the entire
48 h experiment. The cleaved form comprised 21.5 þ 5.17%
of the total protein for the ¢rst 4 h and then increased to
47.5% by 48 h and was accompanied by a decrease in
monomeric form from 68.6 þ 4.14% to 43.4%. The activity
of the monomeric form was consistently high.

Enzyme incubated with higher concentrations of de-
grading PLGA microspheres, however, showed very di¡er-
ent results than that incubated with only 10 mg micro-
spheres (Fig. 8E,F). While the percent composition of
the enzyme did not vary during the ¢rst 8 h, signi¢cant
changes were seen at the 24 and 48 h time points. When
incubated with 50 mg microspheres, the monomeric frac-
tion decreased to 38.9% by 24 h, with no monomer re-
maining by 48 h (Fig. 8E). The majority of the remaining
protein had been cleaved (49.2% of total protein). Protein
incubated with 100 mg microspheres was cleaved more
quickly with a composition of 9.30% aggregate, 90.7%
cleaved form, and no monomer at 24 h and 100% cleaved
form at 48 h (Fig. 8F). The enzyme activity for these
samples did not correlate with the percent monomer re-
maining but instead averaged approx. 4% of the total pro-
tein for samples incubated with either 50 or 100 mg micro-
spheres beginning at 10 min incubation. Activity of both
these sample sets was almost identical throughout the ex-
periment.

It was evident that lecithin caused a decrease in the
monomeric form of the protein by causing increases in
both the aggregated and cleaved forms. The activity of
the remaining monomeric form, however, was essentially
the same as that of the protein incubated alone at 37‡C.
The ratio of lecithin to protein in this experiment was
30:1, which is a 15-fold increase from the environment
that the protein would experience within a microsphere.

The ratio of additives to protein was increased in this
study to be much higher than the ratio used in the fabri-
cation of the microspheres. These higher ratios might help
to better simulate the e¡ects of degrading polymer on the
conformation and activity of the enzyme within the micro-
environment of the microsphere, where protein is held in
close contact with polymer at an extremely low pH and
has been reported to be as low as pH 1.8 [24,27]. Fig. 9

shows the decreasing pH of the bu¡er as the blank PLGA
microspheres degrade. An 8.1-fold increase in the ratio of
PLGA to protein (from 12:1 to 100:1), as seen in the
incubations with 10 mg PLGA microspheres (the amount
of PLGA microspheres used for our release studies), did
cause an increase in the cleaved fraction of the protein,
although this increase was not large enough to explain the
large fraction of cleaved form being released from micro-
spheres during the release studies. Additionally, this ex-
periment did not cause a decrease in the activity of the
remaining monomeric form. Incubation with 50 mg PLGA
(40.7-fold ratio increase) and 100 mg PLGA (81.3-fold),
however, did show a pronounced increase over the incu-
bation with 10 mg, starting at the 24 h mark. Additionally,
the decrease in activity seen for these samples, starting at
10 min, was drastic and did not depend on the amount of
monomeric fraction remaining. This might indicate that
the enzyme is denatured by the highly acidic degradation
products of the polymer prior to its covalent cleavage
within the microsphere which correlates with the decrease
in polymeric molecular weight observed via GPC. These
studies also show that carbonic anhydrase is most likely
not being denatured and cleaved after it has been released
into the bu¡ered system, but rather is a¡ected detrimen-
tally by the degradation products building up within the
microspheres.

3.5. Microspheres with MgCO3 basic salt

MgCO3 was chosen for this study because it is very
water soluble and has previously been shown to increase
the activity of proteins, such as BSA encapsulated in
PLGA, to a greater degree than other less soluble basic
salts [27]. Microspheres made with the addition of MgCO3

in the polymer phase were extracted as previously de-
scribed. The protein extracted consisted of 20.4% aggre-
gate, 69.5% monomeric form, and 9.96% cleaved form,
which was similar to the unencapsulated protein and had
a slightly higher fraction monomer than microspheres
made with lecithin in the aqueous phase alone (Fig. 5).

Fig. 9. Decreasing pH of degrading PLGA microspheres in 1 ml PBS
bu¡er at concentrations of 10 mg/ml (b), 50 mg/ml (a), and 100 mg/ml
(E).
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The enzymatic activity of the extracted protein, however,
was much lower at 25.1%.

These microspheres released 98.5% of their contents by
1 week, having released 83.7% by the ¢rst 10 min (Fig. 6).
This large burst is believed to be due to the incorporation
of salts, whose escape from the microsphere causes the
formation of large pores [28]. The protein released during
the ¢rst 10 min, however, was comprised of 58.6% mono-
mer, which was by far the largest fraction of monomeric
form released in this study. It is believed that the incor-
poration of the basic salt helps to maintain a more neutral
environment within the PLGA microspheres as they de-
grade and this most likely aids in maintaining the mono-
meric form. Additional experiments (data not shown) re-
vealed that the presence of Mg2þ does not inhibit the
activity of the enzyme.

The activity assay, however, showed very di¡erent re-
sults. As seen in Fig. 7, the enzymatic activity of the re-
leased protein is extremely low at 1.74%. Since the enzyme
is mostly in its monomeric form, but inactive, it has most
likely been denatured but has not been aggregated or co-
valently modi¢ed due to cleavage. This indicates that
although the addition of MgCO3 helps prevent acid-in-
duced cleavage of the protein, it somehow promotes the
noncovalent denaturation of the protein. It is possible
that the osmotic force of the salts causes the protein to
become extremely soluble in the two-phase system during
microsphere fabrication, leading to its denaturation at the
polymer^aqueous interface. Another simpler explanation is
that perhaps that incorporated MgCO3, which is highly
water soluble, caused the interior of the microsphere to
become too basic and, consequently, denatured the protein.

Additional pH studies were conducted to determine if,
in the course of the assay, enough time was allowed for
carbonic anhydrase to recover from suboptimal pH incu-
bation. Enzyme was mixed with bu¡ers of various pH
values and immediately assayed to determine if the speed
of recovery could be interfering with the results of the
assay. Enzyme was also incubated with these same bu¡ers
for 4 h at 37‡C and then assayed. Results showed that

enzyme immediately assayed after being combined with
bu¡ers of suboptimal pH (pH 4.0^10.0) was as active as
the enzyme at its optimal pH, 8.0 (Fig. 10). Enzyme added
to bu¡ers at extreme pH values of 12.0 and 2.0, however,
showed either reduced activity or no activity, respectively.
Only 4 h of incubation with acidic and basic bu¡ers at
37‡C severely a¡ected the enzymatic activity of carbonic
anhydrase. While enzyme incubated at pH 7.0 retained
almost 100% of its activity, a shift to the mildly acidic
pH 6.0 caused a sharp decrease of the original activity,
while more acidic pH values caused even further decreases.
Similar decreases in activity were seen for basic bu¡ers.
These decreases indicate that the incubation with acidic or
basic species, such as degrading PLGA or MgCO3 salt,
could cause a real loss of protein activity which can be
adequately measured using the assay in this study.

4. Conclusion

The goal of this study was to determine the mode of
protein inactivation for carbonic anhydrase, an enzyme
extremely susceptible to acid-induced cleavage, when en-
capsulated within PLGA microspheres (1^3 Wm). The in-
tegrity of carbonic anhydrase was assessed both within
formed microspheres and when released. Addition of lec-
ithin to the formulations as a micellar suspension in the
aqueous phase aided in the maintenance of the active
monomeric form of the enzyme, while fully soluble lecithin
in the organic phase caused the inactivation of enzyme via
cleavage and aggregation. Addition of a basic salt,
MgCO3, which had been thought to be protective against
the acidic environment of the interior of the microsphere,
actually appeared to cause the inactivation of the mono-
meric form of the enzyme. More studies with di¡erent
concentrations of MgCO3 or other less soluble bases might
be necessary to determine if lower loadings would still
produce a large monomeric fraction, yet enable the protein
to retain its activity. Finally, the ¢ndings of this study may
also be applied to the encapsulation of other protein drugs
less susceptible to acid-induced cleavage within PLGA mi-
crospheres.

Acknowledgements

The authors wish to thank Dr. Edward Hawrot of
Brown University for his expertise in biochemistry. This
research was funded by NIH Grant No. 1R01GM55245-01.

References

[1] G. Carino, J. Jacob, E. Mathiowitz, Nanosphere based oral insulin
delivery, J. Control. Release 65 (2000) 261^269.

[2] C. Aspaslan, K. Irie, K. Takahashi, N. Ohashi, H. Sakai, T. Naka-
jima, H. Ozawa, Long-term evaluation of recombinant human bone

Fig. 10. Relative activity for carbonic anhydrase incubated in various
pH bu¡ers, assayed immediately (a) and after4 h incubation at 37‡C
(O).

BBAGEN 25291 11-4-02

M. Sandor et al. / Biochimica et Biophysica Acta 1570 (2002) 63^74 73



morphogenetic protein-2 induced bone formation with a biologic and
synthetic delivery system, Br. J. Oral Maxillofac. Surg. 34 (1996) 414^
418.

[3] T. Uchida, S. Goto, Oral delivery of poly(lactide-co-glycolide) micro-
spheres containing ovalbumin as vaccine formulation: particle size
study, Biol. Pharm. Bull. 17 (1994) 1272^1276.

[4] Y. Ogawa, M. Yamamoto, S. Takada, H. Okada, T. Shimamoto,
Controlled-release of leuprolide acetate from polylactic acid or copo-
ly(lactic/glycolic) acid microcapsules : in£uence of molecular weight
and copolymer ratio of polymer, Chem. Pharm. Bull. 36 (1988) 1502^
1507.

[5] Y. Ogawa, H. Okada, M. Yamamoto, T. Shimamoto, In vivo release
pro¢les of leuprolide acetate from microcapsules prepared with poly-
lactic acids or copoly(lactic/glycolic) acids and in vivo degradation of
these polymers, Chem. Pharm. Bull. 36 (1988) 2576^2581.

[6] H. Okada, T. Heya, Y. Ogawa, T. Shimamoto, One-month release
injectable microcapsules of a luteinizing hormone-releasing hormone
agonist (leuprolide acetate) for treating experimental endometriosis in
rats, J. Pharmacol. Exp. Ther. 244 (1988) 744^750.

[7] H. Okada, Y. Doken, Y. Ogawa, H. Toguchi, Sustained suppression
of the pituitary-gonadal axis by leuprorelin three-month depot micro-
spheres in rats and dogs, Pharm. Res. 11 (1994) 1199^1203.

[8] B. Woo, J. Kostanski, S. Gebrekidan, B. Dani, B. Thanoo, P. De-
Luca, Preparation, characterization and in vivo evaluation of 120-day
poly(D,L-lactide) leuprolide microspheres, J. Control. Release 75
(2001) 307^315.

[9] K. Han, K.-D. Lee, Z.-G. Gao, J.-S. Park, Preparation and evalua-
tion of poly(L-lactic acid) microspheres containing rhEGF for chronic
gastric ulcer healing, J. Control. Release 75 (2001) 259^270.

[10] T. Park, H. Yong-Lee, Y. Sung-Nam, A new preparation method for
protein loaded poly(D,L-lactic-co-glycolic acid) microspheres and pro-
tein release mechanism study, J. Control. Release 55 (1998) 181^191.

[11] W. Lu, T. Park, Protein release from poly(lactic-co-glycolic acid)
microspheres: protein stability problems, PDA J. Pharm. Sci. Tech-
nol. 49 (1995) 13^19.

[12] H. Kim, T. Park, Microencapsulation of human growth hormone
within biodegradable polyester microspheres : protein aggregation
stability and incomplete release mechanism, Biotechnol. Bioeng. 65
(1999) 659^667.

[13] G. Zhu, S. Mallery, S. Schwendeman, Stabilization of proteins en-
capsulated in injectable poly(lactide-co-glycolide), Nat. Biotechnol.
18 (2000) 52^57.

[14] K. Carrasquillo, A. Stanley, J. Aponte-Carro, P.D. Jesus, H. Cos-
tantino, C. Bosques, K. Griebenow, Non-aqueous encapsulation of
excipient-stabilized spray-freeze dried BSA into poly(lactide-co-glyco-

lide) microspheres results in release of native protein, J. Control.
Release 76 (2001) 199^208.

[15] N. Puri, A. Jones, J. Kou, C. Wyandt, Release of bovine serum
albumin from preformed porous microspheres of poly(L-lactic acid),
J. Microencapsulation 17 (2000) 207^214.

[16] J. Rojas, H. Pinto-Alphandary, E. Leo, S. Pecquet, P. Couvreur, A.
Gulik, E. Fattal, A polysorbate-based non-ionic surfactant can mod-
ulate loading and release of beta-lactoglobulin entrapped in multi-
phase poly(DL-lactide-co-glycolide) microspheres, Pharm. Res. 16
(1999) 255^260.

[17] O. Johnson, J. Cleland, H. Lee, M. Charnis, E. Duenas, W. Jawor-
owicz, D. Shepard, A. Shahzamani, A. Jones, S. Putney, A month-
long e¡ect from a single injection of microencapsulated human
growth hormone, Nat. Med. 2 (1996) 795^799.

[18] S. Putney, P. Burke, Improving protein therapeutics with sustained-
release formulations, Nat. Biotechnol. 16 (1998) 153^157.

[19] M. Sandor, D. Enscore, P. Weston, E. Mathiowitz, E¡ect of protein
molecular weight on release from micron-sized PLGA microspheres,
J. Control. Release 76 (2001) 297^311.

[20] E. Mathiowitz, J. Jacob, Y. Jong, G. Carino, D. Chickering, P. Cha-
turvedi, C. Santos, K. Vijayaraghavan, S. Montgomery, M. Bassett,
C. Morrell, Biologically erodable microspheres as potential oral drug
delivery systems, Nature 386 (1997) 410^414.

[21] R.M. Wilbur, N.C. Anderson, J. Biol. Chem. 176 (1948) 147.
[22] PIR-International Protein Sequence Database, Georgetown Univer-

sity, http://pir.georgetown.edu/cgi-bin/pirwww/query, carbonate de-
hydratase II ^ bovine.

[23] T. Creighton, Proteins Structures and Molecular Properties, 2nd edn.,
W.H. Freeman and Co., New York, 1993.

[24] P. Shao, L. Bailey, Stabilization of pH-induced degradation of por-
cine insulin in biodegradable polyester microspheres, Pharm. Dev.
Technol. 4 (1999) 633^642.

[25] T. Uchida, A. Yagi, Y. Oda, Y. Nakada, S. Goto, Instability of
bovine insulin in poly(lactide-co-glycolide) (PLGA) microspheres,
Chem. Pharm. Bull. 44 (1996) 235^236.

[26] J. Pean, F. Boury, M. Venier-Julienne, P. Menei, J. Proust, J. Benoit,
Why does PEG 400 co-encapsulation improve NGF stability and
release from PLGA biodegradable microspheres?, Pharm. Res. 16
(1999) 1294^1299.

[27] A. Shenderova, T. Burke, S. Schwendeman, The acidic microclimate
in poly(lactide-co-glycolide) microspheres stabilizes camptothecins,
Pharm. Res. 16 (1999) 241^248.

[28] W. Webber, F. Lago, C. Thanos, E. Mathiowitz, Characterization of
soluble, salt-loaded, degradable PLGA ¢lms and their release of tet-
racycline, J. Biomed. Mater. Res. 41 (1998) 18^29.

BBAGEN 25291 11-4-02

M. Sandor et al. / Biochimica et Biophysica Acta 1570 (2002) 63^7474


