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Abstract. While the concept of using polymer-based sustained-release delivery systems to maintain
therapeutic concentration of protein drugs for extended periods of time has been well accepted for
decades, there has not been a single product in this category successfully commercialized to date despite
clinical and market demands. To achieve successful systems, technical difficulties ranging from protein
denaturing during formulation process and the course of prolonged in vivo release, burst release, and
incomplete release, to low encapsulation efficiency and formulation complexity have to be simulta-
neously resolved. Based on this updated understanding, formulation strategies attempting to address
these aspects comprehensively were reported in recent years. This review article (with 134 citations) aims
to summarize recent studies addressing the issues above, especially those targeting practical industrial
solutions. Formulation strategies representative of three areas, microsphere technology using degradable
hydrophobic polymers, microspheres made of water soluble polymers, and hydrophilic in vivo gelling
systems will be selected and introduced. To better understand the observations and conclusions from
different studies for different systems and proteins, physicochemical basis of the technical challenges and
the pros and cons of the corresponding formulation methods will be discussed.
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INTRODUCTION

Protein drugs represent a group of the most effective,
natural, and the fastest growing medicines for treatment of
nearly 150 indications including various severe chronic
conditions such as cancer, diabetes, hepatitis, leukemia,
and rheumatoid arthritis (1). A critical problem in protein
therapy is that most protein drugs are currently adminis-
tered by frequent injections due to their tissue imperme-
ability and short in vivo life. In the case of chronic
conditions, daily or multiple weekly injections for years or
even lifetime have resulted in poor patient compliance. For
tissue regeneration therapy on the other hand, the in vivo
life of some cytokines are limited to hours or even minutes
after injection, far from sufficient to exert biological
functions in vivo. Sustained-release technology offers the
promise for reducing dosing frequency, maximizing the
efficacy–dose relationship, and decreasing adverse side
effects. To achieve in vivo or in situ sustained-release of
protein drugs, various polymer-based formulation strategies
have been examined since 1970s (2–10).

However, developing sustained-release dosage forms of
proteins has been proven to be a daunting task. Despite

extensive research efforts and considerable technology
advances, there has yet to be a single sustained-release
protein dosage form commercialized to date since the drop
off of Nutropin Depot, the only once-launched sustained-
release protein drug in this category. Due to the susceptible
advanced structures, sustained-release depot technologies
successfully applied to peptide drugs are no longer feasible
to proteins. Rather, they cause proteins to denature. There-
fore, most of recent formulation strategies attempting practi-
cal dosage forms have involved efforts to avoid exposing
proteins to water–oil interfaces, water–air interfaces, cross-
linking reagents, and hydrophobic environment of the
polymer matrix of sustained-release systems (3,4).

The primary objective of this review article is to update
the advances in developing sustained-release protein dosage
forms in recent years, especially those attempting practical
industrial technologies or products. For fundamental dis-
cussions regarding stabilizing microencapsulated proteins,
alleviating acidity generated from degradable polymers, and
improving protein release kinetics from polymer-based
sustained-release systems, some excellent earlier reviews
are available (11–20).

While various formulation strategies have been pro-
posed and examined to achieve a comprehensive solution
for sustained-release delivery of proteins, the observations
or conclusions from different researchers for different
proteins and delivery systems should best be understood in
a way such that they can be comparable to each other.
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Therefore, discussions regarding chemical bases of protein
stabilizing approaches in both formulation process and
prolonged sustained-release period are included in this
review. However, protein PEGylation and other structural
modification are considered as different long-acting strate-
gies than sustained-release of native proteins, and, thus,
studies in these areas are not discussed.

THE CHALLENGES IN DEVELOPING
POLYMER-BASED PROTEIN SUSTAINED-RELEASE
SYSTEMS

Protein Instability in Formulation Processes

As compared with peptide drugs, the greatest difficulty
in formulating proteins into polymer-based sustained-release
dosage forms is that protein molecules possess fragile
advanced structures which may easily denature during
formulation processes involving water–organic solvent inter-
faces and during a sustained-release period by protein
aggregation and protein adsorption onto the hydrophobic
polymers. The energy barrier for dissolved protein molecules
to unfold was reported to be around 5–20 kcal/mol (16,17),
similar to that of a hydrophobic interaction and water–oil or
water–air interfacial tension. Because of such close energy
level, protein molecules may easily be denatured due to the
interfacial tension between water and organic solvents used to
dissolve biodegradable polymers for sustained-release, or due
to the contact with the hydrophobic polymer matrix.

To circumvent solvent-induced protein denaturing, con-
tact of protein solutions with organic solvents or hydrophilic/
hydrophobic interfaces should be avoided (21). There could
be two ways to achieve this: to convert proteins to solid
particles or other stabilized forms prior to encapsulating these
fragile molecules into polymeric systems (22) and to avoid
using polymeric materials which need organic solvents to
dissolve (23). For either of the approaches, however, techni-
cal challenges still exist. First of all, to convert protein
solutions to solid protein particles, the process itself must be
mild enough to ensure that the native conformation of
proteins will not be altered. While many protein stabilizers
(such as salts, sugars, surfactants, and bivalent metal ions)
have been applied to form protein-containing solid particles
prior to microencapsulation or to stabilize protein droplets
suspending in organic polymer solution (24–28), most of them
are compromised with burst release (28) protein aggregation
(29,30), reduced efficacy (31), and formulation complexity
(32). The all-hydrophilic systems, on the other hand, have
experienced limited duration of protein release, burst release,
or exposing proteins to reactive cross-linkers.

Protein Aggregation During In Vivo Release

Maintaining the native conformation of protein during
the sustained-release process may be an even greater
challenge. Being packed in a sustained-release depot at high
concentration and at body temperature for a prolonged
period of time, unprotected protein molecules may have an
increased probability to aggregate with each other or to
adsorb on the inner surface of the polymer matrix (33). As
flexible macromolecules, proteins may denature from their

native state by reversible and irreversible conformation
changes (16,18). For water soluble proteins, aggregation
through the hydrophobic domains of proteins or adsorption
of proteins onto the polymer matrix facilitate irreversible
conformation changes of proteins (see Fig. 1; 16,18). A
successful sustained-release system must prevent, or at least
reduce, protein–polymer contact and interaction.

Most degradable polymers used for protein sustained-
release are polyesters that generate acidic species during
degradation. The acidic species (which may still be polymers
or oligomers) may be entrapped in sustained-release depots
and result in a localized pH drop which is another cause for
protein denaturing (33–38).

Immunogenicity by Denatured Proteins

Proteins denaturing from their native state are often
antigenic and sometimes result in severe immunogenicity and
serious clinical consequences. Neutralizing antibodies result-
ing from denatured proteins cannot only attenuate the
efficacy of protein therapy but also induce significant side
effects if the antibodies cross-react with patients’ endogenous
proteins. For example, protein-induced neutralizing antibod-
ies to erythropoietin (EPO) result in red cell aplasia (39) and
induced antifactor VIII (FVIII) antibodies worsen the
pathology associated with hemophilia (40). While immuno-
genicity induced by denatured or aggregated proteins has
been a long-standing concern, there has not yet been a
regulatory guideline for acceptable levels of protein aggrega-
tion. In the development of new protein delivery systems,
avoiding any increased protein aggregation, as compared with
already approved products, is crucial.

Encapsulation Efficiency and Formulation Complexity

For microencapsulation using the so-called “double
emulsion” method, proteins in solution state may easily leak
to the outer aqueous continuous phase, resulting in unaccept-
able low encapsulation efficiency (41,42). Replacing the inner
protein solution with solidified protein particles may substan-
tially improve encapsulation efficiency, but protein particles still
have the chance to contact with the outer aqueous continuous
phase, leading to considerable loss of proteins. In general,
higher encapsulation efficiency may be obtained by atomizing a
protein-in-polymer suspension through a drying (or solidifica-
tion) atmosphere prior to entering a collecting buffer (43).
However, spray drying associates with complicated microen-
capsulation processes, equipment, and sterilization conditions
(32). The technical challenges in developing sustained-release
systems for proteins are summarized in Table 1.

RECENT APPROACHES IN DEVELOPING
SUSTAINED-RELEASE DOSAGE FORMS
FOR PROTEIN DRUGS

To prevent protein denaturing by microencapsulation
processes, most recent studies in developing sustained-release
system for protein drugs have involved efforts to avoid
exposing dissolved protein molecules to the interface of water
and organic solvents. Reported formulation strategies may be
classified into three categories: (1) to formulate proteins into
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solid particles or some other stabilized form to gain resistance
to organic solvents prior to microencapsulation processes, (2)
to microencapsulate proteins with polymeric materials soluble
in water, and (3) to form sustained-release depots by an in vivo
gelling process. To address protein aggregation and on-
polymer adsorption during the prolonged course of sustained-
release, some researchers suggested blending hydrophilic
polymers or basic inorganic salts into polylactide-co-glycolide
(PLG) systems to reduce hydrophobicity of the protein-loading
matrix (64,65). Some have demonstrated strategies of using
new polymeric materials, as well as PLG conjugated with a
hydrophilic block (66,67). Studies representative for each of
these strategies will be reviewed in the following paragraphs.

Chemical Basis of Protein Denaturing

In the processes of formulation and sustained release,
proteins are subjected to a series of instability mechanisms
such as hydrolysis, deamidation, acid- or enzyme-catalyzed
degradation, and irreversible conformation changes including
unfolding, aggregation, and adsorption on polymers (11,17).
Among these mechanisms, irreversible conformation change
is the mechanism lacking in peptides, and responsible for the
deferred success to commercialize sustained-release protein
dosage forms despite a number of sustained-release peptide
drugs already being on the market. We will therefore focus
our discussion of protein instability on noncovalent confor-
mation changes.

As discussed above, the energy barrier for protein
conformation changes in solution is in the range of 5–
20 kcal/mol, which is much lower than covalent changes
(>100 kcal/mol) but similar to those of water–oil interfacial
tension and hydrophobic interactions (16). To prevent
proteins from denaturing (i.e., irreversible conformation
changes), a delivery system should provide a microenviron-
ment that reduces the chemical potential (free energy) of
protein molecules loaded in it or to increase the energy
barrier for a protein molecule to transfer from its native state
to a denatured state (see Fig. 2a,b). For example, loading
highly aqueous proteins in a hydrophilic matrix with abun-
dant hydroxyls may significantly reduce the proteins’ free
energy as compared with an environment lacking hydroxyls,
while immobilizing proteins into a solid matrix or dispersing
proteins in a viscous medium may increase the energy barrier
for intramolecular movement and intermolecular contacts of
proteins. The most favorable systems are, of course, those
that can stabilize proteins thermodynamically and, at the
same time, increase the kinetic barriers for proteins to

denature (Fig. 2c). Carpenter reported that while loading
proteins in a PEG solution of low concentration may cause an
increase in the protein’s ΔG due to the unfavorable PEG
environment, the PEG solution prevented proteins from
aggregation by resulting in a shrinkage of protein molecules
that raised the barrier for the protein molecules to extend
their hydrophobic domains to each other (68). The same
author also found that increasing PEG concentration, on the
contrary, resulted in protein precipitation out of the solution
and facilitated protein aggregation. This phenomenon may be
explained in that low concentration PEG only slightly raised
the protein’s free energy (ΔG) but significantly prohibited the
protein–protein interaction, while for high PEG concentra-
tion, the ΔG increase was substantial so that protein
molecules could no longer exist in the PEG solution (see
Fig. 2d,e). Phase separation of a protein out of a cosolution
with PEG as a function of temperature and PEG concentra-
tion was reported by Morita et al. (69).

Stabilizing Proteins Prior to Microencapsulation Involving
Organic Solvents

A well-known method to convert proteins to fine solid
particles for sustained-release microencapsulation is protein
precipitation by bivalent metal ions, the technique used in
Nutropin Depot (70). Protein complexation with bivalent
metal ions in an aqueous phase was found as an effective way
to form stabilized particles for some proteins, such as human
growth hormone (hGH; 70), while the method was also
reported to facilitate aggregation when applied to some other
proteins such as erythropoietin (71). It was reported that
hGH forms complexes with zinc ions in its native form in the
body (70). This protein dependency in stabilization effect of
bivalent metal ion may be explained in that the ionic
complexation leads to a thermodynamically favored state for
some proteins but raises structural constraints for others
(Fig. 2).

To avoid zinc-induced aggregation, Zale et al. used a
salting out method to prepare EPO particles (71). EPO was
precipitated to particles by adding ammonium sulfate into its
aqueous solution and collected for sustained-release micro-
encapsulation using PLG. EPO released from the composite
PLG microspheres prepared with the salting out particles
showed significantly reduced dimers or oligomers as com-
pared with that from the microspheres loaded with the EPO–
zinc complex. However, this system showed severe initial
burst release (71). Ammonium sulfate, like other salting-out
reagents, is highly water soluble and cannot be easily

Fig. 1. Schematic description of protein aggregation and adsorption
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removed from the precipitates of water-soluble proteins (due
to its insolubility in organic solvents) prior to microencapsu-
lation. The salt may easily dissolve inside hydrated micro-
spheres after administration and result in a high osmotic
pressure to drive burst release.

Morita et al. introduced another protein particle tech-
nique for sustained-release microencapsulation, precipitating
proteins with PEG (69). The bovine serum albumin (BSA)
particles were formed by phase separation of a protein–PEG
cosolution during a freezing process. Since PEG is soluble in
organic solvents, pure fine BSA particles were obtained by
freeze drying its cosolution with PEG, followed by washing
away the PEG phase. The protein particles were then added
to a PLG/organic solvent solution to form a protein-in-PLG
suspension and then emulsified into an aqueous continuous
phase containing 1% polyvinyl alcohol to form composite
microspheres. This process is widely known as solid-in-oil-in-
water (S/O/W) microencapsulation. The composite PLG
microspheres loaded with the pure BSA particles showed a
release profile with minimal initial burst (69). However, the
pure protein particles are directly surrounded by hydrophobic
polymers (PLG for example) matrix in microspheres. Wheth-
er a delicate and bioactive protein can maintain its integrity
and activity in this surrounding has not been discussed.

To protect delicate proteins from organic solvents and
hydrophobic polymer matrix, packing these molecules into
particles of sugars, polysaccharides, or other water soluble
polymers prior to microencapsulation is a well-reported
strategy (22–27). Among these sugar-based protein stabil-
izers, cyclodextrin and heparin were suggested by Rosa et al.
and Wang, respectively, for their energy-favored interaction
with proteins (72,73). The former authors suggested that
cyclodextrin derivative associated with proteins to form a
combined solid cake (72), and they lyophilized lysozyme
together with cyclodextrin derivative and PEG, followed by
milling the lyophilized powders to fine particles for microen-
capsulation. Heparin was selected by the latter authors for
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Fig. 2. Energy barriers for protein denaturing
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their natural existence in extracellular matrix (73). In general,
direct lyophilization of proteins with polysaccharide results in
larger, irregular, or fibrous particles that need to be further
broken down to fine particles suitable for microencapsulation.
The process of milling larger particles to small sizes may be
hazardous to delicate proteins (21). Packing proteins into
particles of small molecular sugars may encounter the similar
osmotic pressure problem as inorganic salts.

To load proteins into polysaccharide fine particles
without hydrophilic/hydrophobic interfacial tension, Jin et al.
and Stenekes et al. demonstrated their method based on
aqueous two-phase separation (24,74–76). Aqueous two-
phase systems consisting of polysaccharide and PEG phases
are documented in a number of materials for protein
purification (77). The partition coefficient for proteins ranges
from 10 to 100 (78).

To prevent polysaccharide-dispersed phases from fusing
with each other and forming a block phase, Jin et al.
introduced the third component, an anionic polysaccharide,
sodium alginate, to a dextran–PEG aqueous two-phase
system (24). The anionic alginate formed a diffuse electric
double layer around the dispersed dextran droplets to keep
them apart from each other so that the two-phase system
became a stable “aqueous–aqueous emulsion”. Delicate
proteins partitioned preferentially in the dextran-dispersed
phase were converted to dense glassy particles highly
resistant to organic solvents by means of lyophilization
procedure (79). For some proteins which are unstable during
the dehydration process of lyophilization, addition of a small
portion of small molecular sugars (such as trehalose) made
significant improvement (80,81). The dextran particles were
harvested by rinsing the lyophilized powder with organic
solvent to remove the PEG continuous phase and further
microencapsulated into composite PLG microspheres
through a S/O/W process. The researchers examined their
method by microencapsulating an enzyme, β-galactosidase, in
poly(lactic/glycolic acid) (PLGA) microspheres and assaying
its catalytic activity after each formulation step. Bioactivity of
β-galactosidase was well preserved (79). The sizes of the
protein-loaded dextran particles, 1–2 μm in diameter, are in
the appropriate range for being loaded into composite
microspheres for human injection according to the suggestion
that the inner particles should be less than 5% of the
microspheres in diameter (82).

Nils et al. reported a method to load proteins into
amylopectin particles via an aqueous phase separation
process (26,27,83). Proteins were added into a 20% amylo-
pectin solution and then dispersed into a PEG solution,
followed by amylopectin gelling below 55°C and lyophiliza-
tion. After the PEG continuous phase was removed using
organic solvent, protein-loaded amylopectin particles, 20–
80 μm in diameter, were harvested. For sustained-release
purposes, the amylopectin particles were coated with a PLG
shell using an air suspension technique. Due to the sizes of
the amylopectin core (20–80 μm), however, the release-
controlled PLG shell should be thin enough to ensure that
the final microspheres are not too large for injection. To coat
a thin and uniform polymer layer over the surface of
microspheres may require some practice. In addition, if
multiple amylopectin particles are enclosed in one PLG shell
to form composite microspheres, the large amylopectin inner

particles may result in burst release (82). Since phase
separation and gelling of amylopectin occur around 55°C
(26,27,83), preparation of smaller amylopectin particles may
require rapid cooling to prevent fusion of separated dispersed
phase.

Byung et al. demonstrated another technology to prepare
small particles for loading proteins into composite PLG
microspheres (22). Hydroxyethyl starch was grafted with
acrylic acid through an ester bond, followed by an emulsion
polymerization reaction through the C = C double bonds of
the grafted acrylic groups. For protein microencapsulation,
the internally cross-linked starch particles, around 140 nm in
diameter, were first added in the protein solution to soak the
solution into the particle matrix. The dry particles can soak
protein solutions roughly ten times their original mass when
impregnated in such a solution and can swell up to as much as
11-fold in diameter (22). The protein-carrying starch particles
were added in a PLG/dichloromethane solution to form a
starch-in-PLG suspension and then subjected to S/O/W
process for microencapsulation. While this process still
involved a water/oil interface, the authors found that by
preloading horseradish peroxidase into starch particles, the
activity retention after microencapsulated increased to 80.9%
as compared with microencapsulation through the “water-in-
oil-in-water” (W/O/W) process (61.5%; 22).

For preparation of protein particle-loaded composite
microspheres, the spray freeze-drying or air suspension
methods involve some special formulation conditions such
as the use of liquid nitrogen, high temperature, and organic
solvent ventilation system. These may complicate the formu-
lation process especially for sterilized products. The emulsi-
fication based methods, such as S/O/W, need only mixers and
conventional lyophilizers for manufacturing. However, since
oil/water interfaces still exist, chances for the encapsulated
protein particles to be hydrated and dissolved by penetrated
water, contact with the oil/water interfaces, have to be taken
into account. These issues may result in aggregation of some
delicate proteins and low protein encapsulation efficiency. To
avoid protein hydration in the microencapsulation process, a
solid-in-oil-in-oil process involving an oil continuous phase
was used (84). However, choices of the oil are limited to a few
PLG solution-immiscible ones such as silicone oil, which need
large amount hydrocarbon to clean up in postmicroencapsu-
lation process. A continuous phase that does not dissolve the
hydrophilic protein particles, immiscible with PLG solution,
and soluble in water is demanded.

Stabilizing Proteins in Microsphere Matrix During Sustained
Release

Proteins survived from microencapsulation processes are
subjected to a number of stability constraints after injection to
the body. The major hazardous conditions inside sustained-
release microspheres are the hydrophobic environment of the
polymer matrix and acid microenvironment generated from
polymer degradation (most of them are polyesters). For
microspheres with small molecular sugars or salts encapsulat-
ed as protein stabilizers, these reagents are normally highly
soluble and rapidly diffuse out of the microspheres, leaving
proteins unprotected in hydrophobic polymer matrix (42,85).
Partially degraded polymers (such as PLG), on the other
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hand, form acidic oligomers that are entrapped inside the
microspheres causing a substantial pH drop (as low as 1.5)
within the microspheres (36). This acidic condition may result
in protein instability.

To neutralize the localized acidity, Zhu et al. blended
basic Mg(OH)2 or MgCO3 into PLGA microspheres (35).
Since these magnesium compounds only slightly dissolve in
water but become highly soluble in acidic media, they may
dissolve in PLGA microspheres in response to acid genera-
tion and neutralize the entrapped acidity. More reports
demonstrated another approach, blending hydrophilic poly-
mers into PLGA matrix. Dispersing hydrophilic polymers in
PLG microspheres will increase permeability of the PLG
matrix during protein release and help release or alleviate the
acids generated by PLG degradation (35). It has been
reported that blending PEG into PLGA microspheres helped
reduce entrapped acidity (64).

Moreover, since hydrophilic polymers are not released
from PLGA microspheres as rapidly as small molecular sugars,
they are retained in the PLGA matrix during the course of
prolonged release and protect proteins from adsorption onto
PLGA. Jiang and Schwendeman studied the effect of blending
PEG into PLGA microspheres on incomplete release by
codissolving PEG with PLGA in methylene chloride (64).
When 10% PEG was blended in the microspheres, 45% of
BSA loadings were released during 4 weeks, and 25% of the
BSA loadings were identified from the remaining mass as
insoluble aggregates (64). Increase in PEG contents to 20%
lead to an increase in cumulative BSA release to 75% and
disappearance of the insoluble aggregates (64). On the other
hand, however, increase in PEG content from 10% to 20%
also resulted in an increase in the first day release from 20% to
30% (64). After deducting this initial burst, about 45% of the
total BSA loadings were subjected to slow release.

Kim et al. mixed a basic diblock copolymer, poly
(ethylene glycol)-poly(l-histidine) into a BSA solution, then
encapsulated the cosolution into PLGA microspheres (86,87).
The basic copolymer played a number of roles in PLGA
microspheres such as neutralizing acidity from PLGA degra-
dation and associating with negatively charged BSA to shield
the protein and to control its release rate (86,87). While many
positively charged polymers are toxic and may cause protein
deactivation in general, the author found that the 7-kDa
cationic polymer did not result in secondary and tertiary
structure changes of BSA. This is probably because the
histidine group is a weak base with pKa around 7.0. Safety
examination for using this copolymer to pharmaceutically
active proteins is needed.

Dispersing solvent-insoluble polysaccharide particles into
PLGA microspheres is another method to blend hydrophilic
polymers into hydrophobic matrix. Using BSA, myoglobin,
and granulocyte-macrophase colony-stimulating factor as
model proteins, Jin et al. found that the strategy of loading
proteins in dextran glassy particles prior to microencapsula-
tion protects proteins from deactivation, aggregation, and
adsorption onto PLGA both in the formulation process and
in the course of sustained release (79). Cumulative protein
release from these dextran–particle-blending composite
PLGA microspheres was therefore as high as more than
90% of the total protein loadings over the period of sustained
release (79). Taking the fact that most of the water soluble

proteins portioned preferentially in dextran phase into
account (24,78), the dextran-dispersed phase may stabilize
proteins by both reduced ΔG of proteins and increased
kinetic barrier for protein conformation changes. Proteins
released from amylopectin-composite PLGA microspheres
showed a similar “complete” profile (26).

Contrary to the composite microsphere strategy, directly
conjugating a PEG block to hydrophobic microsphere-form-
ing polymers lead to uniform microsphere matrix with
increased hydrophilicity (64). Bezemer et al. conjugated a
PEG block to poly(butylene terephthalate) and used the
resulting block copolymer to form microspheres encapsulat-
ing hGH, bone morphogenetic protein 2 (BMP-2), transfer
growth factor (TGF-β) and immunoglobulin (88–90). The
authors demonstrated that the mechanical strength, chemical
degradation, as well as controlled release functions of the
microspheres may be precisely adjusted by varying the length
and ratio of each of the blocks. For example, polymers with
more PEG contents degraded faster than those with less
PEG. While direct experiment results were not presented, the
authors suggested that the amphiphilic block copolymers
exerted a surfactant function in microencapsulation; thus,
proteins were protected from the interfacial tension between
water and organic solvent in which the polymer was dissolved
(89).

A completely different strategy to avoid protein dena-
turing during the period of sustained release is to form
microspheres with highly degradable but water-impermeable
polymers, for example, polyanhydrides (91). Degradation of
the microspheres made of hydrophobic polyanhydrides
undergoes a surface erosion mechanism, for which the core
of the microspheres remained anhydrous. Proteins loaded in
this anhydrous matrix are expected to maintain their immo-
bilized dry state until being released (91). A question
regarding this system is probably still related with protein
protection during the microencapsulation process: How a
delicate protein can survive from the interfacial tension
between aqueous protein solution and organic polymer
solution. If hydrophilic protein stabilizers are loaded together
in the matrix of polyanhydrides, will the polymer degradation
turn out to be a bulky process due to stabilizer-induced water
permeability of the microsphere matrix?

Microencapsulation Using Water Soluble Materials

To completely circumvent the protein stability issue
raised by organic solvents and hydrophobic polymers, various
hydrophilic particulate systems have been developed for
protein sustained release. These microsphere systems are in
general formed from water soluble materials with their
dissolution retarded by surface deposition of blocking materi-
als or interior cross-linking through covalent, ionic, or
hydrophobic (domain) interactions (www.altus.com/products/
product-pipeline.cfm#theraclec Altus company website; www.
octoplus.nl OctoPlus company website; 63,92–100).

For surface deposition, an immediate example is human
growth hormone microcrystals deposited with an overlayer of
polyarginine (ALTU-238; www.altus.com/products/product-
pipeline.cfm#theraclec Altus company website; 92,93). While
bare hGH microcrystals completely dissolve in 24 h, those
with surface deposition of polyarginine extended their
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dissolution to 4–5 days (92). Result of clinical phase II trials
showed that single administration of the weekly injection
ALTU-238 induced constant insulin-like growth factor (IGF)
response in blood (www.altus.com/products/product-pipeline.
cfm#theraclec Altus company website). This result indicates
that polyarginine coating may be an effective robust platform
to extend dissolution time of protein crystals.

Hahn et al. demonstrated oil-coated hyaluronate micro-
spheres for one-injection-per-week administration of hGH
(94,95). The microspheres were prepared by spray drying an
aqueous cosolution containing sodium hyaluronate, hGH,
and lecithin. The microspheres were then suspended in
medium chain triglycerides prior to injection. Release of
hGH from the hyaluronate microspheres was extended to
50 h with 80% of hGH loads released in the first 24 h (94). A
high performance liquid chromatography and sodium dodecyl
sulfate polyacrylamide gel electrophoresis assay of hGH
released from the hyaluronate microspheres showed no
protein aggregation, and blood serum assay using beagle
dogs exhibited an area under the curve featured with Cmax of
69.5±8.0 ng/ml and Tmax between 10 and 12 h. A single
injection induced elevation of serum IGF-I level until the 6th
day (95). For some delicate proteins, especially those with net
positive charges at native states, how the negative charges of
hyaluronate affect protein stability was not discussed.

The examples above suggest that while microspheres
made of water soluble materials are friendly to proteins, the
dissolution retardation by the surface deposition is limited to
1 week. For longer periods of sustained release, different
approaches are needed.

A dextran particulate system called OctoDEX represents
a type of interiorly cross-linked microspheres of water soluble
polymers (63,96,97; www.octoplus.nl OctoPlus company web-
site). For cross-linking reaction, dextran was esterificated with
methyl acrylate, a carboxylic acid with C = C double bond.
The obtained methacrylated dextran (dex-MA) then was
dissolved in water, added to proteins, and then emulsified into
a solution of PEG to form a temporal “aqueous–aqueous
emulsion” (due to the aqueous phase separation nature of the
two water soluble polymers). Under continuous stirring,
cross-linking initiator was added, and the dex-MA dispersed
phase was solidified by an interior cross-linking through the
C = C double bonds of methyl acrylate groups grafted on
dextran (97). Since the acrylate groups are grafted onto
dextran through ester bonds, hydrolysis of the ester bonds at
physiological condition offers a bulky degradation-controlled
release.

ProMaxx is another hydrophilic particulate system for
protein sustained release which is formed of cross-linked
human serum albumin (98). Formation of ProMaxx par-
ticles involved hetastarch (a polyanionic polysaccharide),
divalent metal cations, a chemical cross-linking agent, and
heat. The technical details regarding cross-linking reaction,
cross-linking condition, and their effects on protein stability
are not mentioned.

In Vivo Gelation Systems for Sustained-Release Delivery
of Proteins

In vivo gelation systems, especially those formed of
hydrophilic and biocompatible materials, are attractive for

formulating sustained-release depots for protein drugs due to
their formulation simplicity and organic solvent-free condi-
tion. For such a carrier system, protein to be delivered is
added to its solution or fluid form prior to administration.
This protein-carrying fluid converts to gel form immediately
after injection into the body and encapsulates the proteins in
a depot. The mechanisms for in vivo gelling include thermal
gelling (with temperature decrease), reversed thermal gelling
(with temperature increase), and covalent and ionic cross-
lining (99–104). The cross-linking junctions of in vivo gelling
systems are the same as those for various hydrogels, such as
crystalline domains, hydrophobic domains, and covalent,
ionic, and hydrogen-bonded domains.

Many naturally occurring polymers such as gelatin,
agarose, starch (amylase and amylopectin), carrageenans,
gellan, chitosan, and alginate possess thermal gelling property
when being cooled from an aqueous solution. This property
may be used to form sustained-release depots. For example,
Yamamoto et al. and Park et al. reported using POE as in vivo
gelling depots for sustained-release delivery of BMP-2 and
TGF-β, respectively (105,106). The systems were heated with
proteins to solution state above body temperature and
injected into the body. By cooling to body temperature, the
system gelled to form a sustained-release depot. These
natural polymers are in general biocompatible, biodegrad-
able, and friendly to delicate proteins. The need for heating
prior to administration, however, is problematic for patient
compliance and protein stability.

Among in vivo gelling depots, the most feasible one is
probably a reversed thermal-gelling system as it meets a
number of criteria simultaneously: free of organic solvent and
reactive cross-linking reagents, relative rapid gelling at body
temperature, and biocompatible and biodegradable nature of
the forming materials (4,107,108). ReGel is an example in this
category that is formed of a tri-block copolymer consisting of
PEG and PLG (or PLA) blocks as PLG–PEG–PLG. It gels at
elevated temperature due to removal of hydrogen-bonded
water molecules from the polymer so that the system
becomes hydrophobic and water insoluble and gelation
(109). This system can be designed to be a liquid at room
temperature and a gel at body temperature by adjusting the
chain length of the PEG and PLGA blocks and overall
concentration (6). This nature imparts the system a great
convenience as a sustained-release depot; thus, water-soluble
biologic can easily be added in its fluid form and encapsulated
in its depot form after injection. The drawbacks of this system
might include that the gelation process associates with a
hydrophobic shrinkage, by which the protein-carrying liquid
may be squeezed out of the depot and result in initial burst.
Kissel et al. compared the stability of erythropoietin loaded in
ABA copolymers and in PLG microspheres prepared using a
W/O/W double emulsion method and found even more
aggregated proteins in ABA copolymers than in PLG micro-
spheres (110,111). The authors attributed EPO aggregation to
the protein unfriendly nature of the PEG domain in polymer
matrix (111). This argument is consistent with the observation
that concentrated PEG solution caused delicate proteins to
become thermodynamically unstable (69).

A poly(ethylene glycol)-based copolymer that contains
multiple thiol (–SH) groups along the polymer backbone was
reported to form a polymer hydrogel under mild preparation
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conditions. The proteins are entrapped in it via physical
binding (112). While this system showed a sustained-release
function for bovine serum albumin for 2–4 weeks and
preserved activity of erythropoietin (112), it is nondegradable
in the body and requires surgical removal.

Biodegradable hydrophobic polymers dissolved in water-
miscible (yet Food and Drug Administration approved)
organic solvents are another type of in vivo gelling systems
for sustained-release delivery of peptide drugs (113).
Alzamer® from Alza/Johnson & Johnson, Atrigel® from
Atrix Labs/QLT Therapeutics, and the SABER™ from
Durect are in this category. After injection to body, the
water-miscible solvents are drained to the surrounding tissues
and the water-insoluble polymers precipitate as a depot.
Drugs are encapsulated in the gelling depots and released in a
sustained profile along degradation of the precipitated
polymers. This type of systems has two major drawbacks:
the need for organic solution and relatively slow gelling
process. The former system may denature proteins (if applied
to protein delivery), while the latter associates with burst
release. Griebenow and Klibanov examined stability of
proteins incubated in water–organic solvent mixtures of
various water/solvent ratio and found that mixtures are
remarkably more hazardous to protein stability than pure
solvent and pure water (114). For these in vivo gelling
systems, solvent–water mixing is unavoidable during the
relatively slow solvent-draining process. While SABER™, a
solution containing sucrose acetate isobutyrate, PLA, and
benzyl alcohol, was reported for sustained-release delivery of
proteins, studies regarding protein stability have not been
disclosed (113).

Implantable Devices for Protein Delivery

The research effort on implantable devices for protein
delivery has grown exponentially in recent years, in parallel
to the rapid development of new protein therapeutics. There
have been great progresses in implant devices for protein
delivery (115–120). Mohl and Winter developed a triglyceride
implant aiming for sustained protein (115,116). Tristearin
implants containing lyophilized rh-interferon α (IFN)-2a and
varying amounts of PEG 6000 were prepared by compression.
Release studies exhibited that more than 90% of the
incorporated IFNα-2a can be liberated in a continuous way
over 1 month. Integrating hydroxypropyl-β-cyclodextrin into
the matrices proved to stabilize IFNα-2a and led to a higher
and faster protein release due to solubilizing effects. Surini et
al. designed an implantable controlled-release system based
on a polyion complex device composed of chitosan and
sodium hyaluronate for protein delivery (117). Insulin release
from chitosan–hyaluronate pellets was markedly influenced
by both the change in the polymer mixing ration and the total
pellet weight, whereas the compression pressure did not
affect the release profile significantly. However, this system
only may remain 12 h release. Liao et al. introduced a
protein-loaded fibers from interfacial polyelectrolyte com-
plexation to sustain proteins (118). Chitosan–alginate fibers
were produced by pulling from the interface between two
polyelectrolyte solutions at room temperature. Depending on
the component properties, the release time of encapsulated
protein from these fibers can range from hours to weeks.

Electrostatic interaction between the fiber components and
the charged encapsulated proteins controls the release
kinetics. The fibers were able to release platelet-derived
growth factor-bb with native state in a steady fashion for over
3 weeks without an initial burst. Yamagata et al. developed a
delivery system for proteins based on polyglycerol esters of
fatty acids (PGEFs; 119). The cylindrical matrix was prepared
by a heat extrusion technique using a lyophilized powder of
the protein and 11 types of synthetic PGEFs which varied in
degree of glycerol polymerization, chain length of fatty acids,
and degree of fatty acid esterification. Both in vitro and in
vivo release studies present that IFN-α release from matrices
prepared from monoglycerides and diglycerol esters was
initially high. On the contrary, the initial burst from matrices
prepared using the tetraglycerol esters of palmitate and
stearate was significantly reduced and was followed by a
constant rate of release. Ryu et al. constructed a planar
shaped biodegradable micro-osmotic pumps based on micro-
electromechanical system technology for long-term controlled
release of basic fibroblast growth factor (bFGF; 120). The
implantable devices were constructed by micromolding and
thermal assembly of 85/15 poly(L-lactide-co-glycolide) sheets.
Moreover, it can be further miniaturized and used for the
delivery of multiple proteins at the individual releasing
schedules. Different from the conventional delivery systems
made of biodegradable polymers, the release mechanism of
the biodegradable osmotic pumps was decoupled from the
degradation of polymers. The release profile was controlled
only by the microgeometries shaped in the devices and the
permeability of a polymer. Degradation of devices occurred
after the bFGF was released completely, and the release of
bFGF was modulated at 40 ng/day for 4 weeks. This
decoupling of the release from degradation of devices offers
great advantages over degradation-based delivery systems.
The advantages include more accurate and easier modulation
of release, avoidance protein exposure to an acidic environ-
ment from degradation, reduction of adverse inflammatory
response during the release, and minimization of any possible
reaction between proteins and degraded polymers. The
exceptional characteristics of these implantable devices above
mentioned suggest their potential for protein delivery.

OTHER APPLICATIONS OF SUSTAINED-RELEASE
DELIVERY OF PROTEINS

Stimulating Homing and Differentiation of Stem Cells
at Targeted Tissues

In addition to treatment of chronic conditions for which
reduction of injection frequency is demanded for improving
patient’s compliance, sustained-release delivery of proteins is
found useful in tissue regeneration therapy and in medical
devices. For tissue regeneration, the homing, differentiation,
and proliferation of stem cells at the site of the tissue to be
repaired rely on therapeutic level of administrated cell growth
factors within the targeting tissue for sufficient period of time,
normally several weeks (121). However, in vivo life of these
proteins range from several hours to several days, far from
therapeutic needs. While tissue regeneration by mobilized or
administrated steam cells is not a chronic process, many
tissues, such as cardiac muscles, can only be injected for very
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limited times. Thus, having therapeutic level of cell growth
factors extended for weeks after a single injection is essential.

Reported examples in this area of applications are the
collagen-based matrix system for extended release of bone
morphogenetic proteins 2 for bone regeneration (122,123).
Collagens, however, are usually derived from animal sources,
which can be a source of pathogen transmission. In addition,
collagen-based carriers can only retain soluble proteins in
their matrix for 1–2 weeks (with half life of 2 days; 124),
substantially less than therapeutically preferred duration
(>6 weeks; 125). The protein retention time will be even
shorter when an injectable form of collagen is used (to some
tissues that require small volume of injection).

Partially, due to the unavailability of appropriate system
to deliver proteins for tissue regeneration, methods to deliver
genes to express cell growth factors in targeted tissues
actively studied. However, gene delivery, by either viral or
nonviral systems, also encounters a series of technical
challenges, such as immunogenicity, chemotoxicity, and
control of gene expression (126,127). Sustained-release sys-
tems that deliver cell growth factors to targeted tissues for
sufficient period of time will offer a direct, effective, and safe
solution to regeneration therapy of tissue and organs.

Protein Drug Eluting Cardiovascular Stents

Protein-eluting cardiovascular stents represent another
potential application of protein sustained-release technology.
The chemical drugs used on current drug eluting stents,
although prevent after-stenting restenosis, inhibit healing of
the blood vessel endothelium damaged by stent installation.
The delayed endothelium recovery causes incident bleeding
and thrombus forming (128). Several proteins have been
found effective to suppress vascular smooth muscle prolifer-
ation and to stimulate vessel endothelium recovery when
directly introduced to the stenting site (129). However,
loading these proteins onto stents resulted in ineffectiveness
(130). In these work, stents precoated with a layer of
hydrophobic polymer was impregnated in a protein solution
to adsorb proteins on the polymer surface (131). However,
adsorbing proteins on hydrophobic polymer surfaces is a
known cause for protein denaturing (132). In addition, only
limited amount of proteins can be adsorbed on a stent surface
(<20 μg/stent; 133). A recent work reported by Jin et al.
suggests that mixing protein-loaded polysaccharide glassy
particles into the polymer solution for stent coating is an
effective yet simple method to improve loading capacity,
stability, and release kinetics of proteins (134).

CONCLUSION

Although there has yet to be a single pharmaceutical
dosage form for sustained release of native proteins commer-
cialized to date, the concentrated research efforts have built
up comprehensive knowledge basis to pave the way to
industrial success. Among various recent formulation strate-
gies, the methods to preload proteins into polysaccharide fine
particles prior to microencapsulation and those to load
proteins into hydrophilic in vivo gelling systems seem to be
comprehensive. Since protein sustained-release depot systems
can be formulated with all injectable excipients, as more and

more proteins sustained-release dosage forms have entered
clinic trials, commercial products in this category should be
soon to come to sight.
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