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a b s t r a c t

In this study, we aimed at developing controlled and sustained protein release formulations using a com-
bination system of polyelectrolyte complexes (PECs) and thermosensitive poly(organophosphazene)
hydrogels as an injectable gel-depot system. In the protein-loaded hydrogel system, the loaded proteins
were released rapidly through diffusion regardless of viscosities and mass loss of the gels because of the
small hydrodynamic size of the proteins. To suppress protein diffusion and increase protein size, we
induced PECs between negatively charged proteins (BSA, gelatin-type B 75 bloom, a-amylase, and
hGH) and polycations (protamine, polyethylenimine, poly-L-lysine, and poly-L-arginine (PLA)) via an elec-
trostatic interaction and loaded the PECs into the hydrogels. The formations of PECs were affected by
molecular weight, pI (or pKa), and types of amine group of the used polycations. Unlike other polycations,
PLA formed a large uniform complex with BSA, and the PLA/protein complex-loaded hydrogel showed the
slowest protein release behavior. In the PEC-loaded hydrogel system, the protein release could also be
controlled by viscosities of the gel and weight ratios of polycations and proteins, although the activities
of the proteins were decreased in proportion to the PLA amounts. These results suggest that the PEC-
loaded injectable and thermosensitive poly(organophosphazene) hydrogel has considerable potential
for creating a sustained protein delivery system by using the PEC via electrostatic interaction.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Protein therapeutics is a rapidly developing area within the bio-
pharmaceutical industry [1]. The use of protein drugs has increased
more quickly than that of small-molecule drugs because of their
high specificities and fewer adverse side effects [1,2]. However,
most protein drugs are frequently administered by the subcutane-
ous injection due to the inherent instability and extremely short
half-life in vivo [3–5]. This leads to poor patient convenience, high
dose, non-specific toxicity, and increased cost [4]. Therefore, the
optimization of pharmacokinetic properties of the proteins is a
main issue in this area, and many approaches such as mutagenesis,
chemical modification, and sustained delivery system to overcome
the obstacles have been suggested [1].

Among these approaches, a sustained protein delivery system
can improve the pharmacokinetic properties of the proteins by
maximizing the efficacy–dose relationship and decreasing adverse
side effects without changes in their own structures of the pro-
ll rights reserved.
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teins. The protein drugs are formulated mainly by encapsulation
or entrapment in the polymeric delivery system. The most investi-
gated system is poly(lactic-co-glycolic acid) (PLGA) microsphere,
and it has advantages such as extended release period and biode-
gradability [6,7]. However, the development of sustained protein
delivery system using the PLGA microsphere has been hampered
due to the initial burst release of proteins, use of organic solvents,
hydrophobic environment, and acidic degradation products [5,6,8–
10].

As an alternative delivery system, injectable and thermosensi-
tive hydrogels have been receiving extensive attention because of
their temperature-dependent gelation properties without any
additional external factors [11]. The advantages of this system
are easy administration [12] and simple drug loading without or-
ganic solvents as well as their hydrophilicity and compatibility
with proteins and living tissues [13,14]. However, the protein re-
lease from the hydrogels is generally diffusion controlled, and a
long-term sustained release is not expected due to the small
hydrodynamic size of the proteins [15].

The combination of more than two different delivery systems
such as microsphere and hydrogel can be one of the formulation
methods for controlled drug release [16]. The diffusion rate of
the drug is controlled by two different release steps: release from
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the microsphere and release from the hydrogel. With this compos-
ite system, several groups combined PLGA microsphere and hydro-
gel together and obtained controlled and sustained protein release
profiles, although the microsphere preparation often has low pro-
tein loading efficiency and shows protein instability from the use
of organic solvents [17–19].

The use of water soluble, biodegradable, and polymeric poly-
electrolyte complexes (PECs) instead of the PLGA microsphere
can circumvent these limitations. PECs are formed in solution by
strong electrostatic interactions between two oppositely charged
polyelectrolytes. The preparation method of PEC is less compli-
cated, and the use of water as a solvent is a major advantage as a
drug delivery system in humans [20]. This system has many poten-
tial applications including gene delivery and surface modification
[20,21]. Like genes, some protein drugs with isoelectric points
(pI) below 7.4 exhibit negative charges at the physiological condi-
tion (pH 7.4). Mao et al. successfully induced PECs between chito-
san derivatives and insulin [22]. The formations of PECs were
influenced by a variety of factors such as the system pH, poly-
mer/protein ratio, and polymer molecular weight. The PEC could
protect insulin from degradation and be lyophilized successfully
without influencing the complex property. Huang et al. induced
PECs using dextran sulfate and various polycations for controlled
release of vascular endothelial growth factor (VEGF) [23]. The
resulting PECs showed high VEGF entrapment efficiency and con-
trolled release of bioactive VEGF.

Recently, we have examined injectable and thermosensitive
poly(organophosphazene) hydrogels as a protein delivery system
[24,25]. The poly(organophosphazene) hydrogel showed a temper-
ature-dependent sol–gel transition behavior, and it is known that
the degradation products are non-toxic [26–28]. However, some
of the entrapped proteins were released rapidly from hydrogel by
diffusion. To suppress this initial burst release, we tried to make
a complex of protein and chitosan to increase protein size and
loaded them into the hydrogel [25]. The electrostatic interactions
between negatively charged proteins (pI < 6) and positively
charged chitosan decreased the initial release rate, but the initial
burst release behaviors of gelatin and BSA were still observed.
For this reason, we assumed that because the pKa value of chitosan
is 6.5, the ionic interaction between chitosan and protein was
weakened by deionization of the amine group at pH 7.4, producing
protein dissociation and diffusion.

Here, we first examined the effects of protein molecular weight,
gel viscosities, and gel mass loss on the protein release behaviors
from the hydrogels. Second, to inhibit the initial diffusion of pro-
teins, we induced PECs of the negatively charged proteins by mix-
ing with several polycations (protamine, polyethylenimine (PEI),
poly-L-lysine (PLL), and poly-L-arginine (PLA)), which have pI (or
pKa) values above 7.4, and then characterized. Third, we loaded
the PECs into the hydrogel and evaluated the effects of the types
of polycation, gel viscosities, and weight ratios of polycation and
protein on the protein release behaviors. Finally, we chose a-amy-
lase and human growth hormone (hGH) as therapeutic proteins
and examined the effect of PECs on release kinetics and the activ-
ities of released proteins.
2. Materials and methods

2.1. Materials

Hexachlorocyclotriphosphazene was acquired from Aldrich and
purified by sublimation at 55 �C under vacuum (about 0.1 mmHg).
Poly(dichlorophosphazene) was prepared as described previously
[29]. a-Amino-x-methoxy-PEG (AMPEG) was prepared by a pub-
lished method [30]. The L-isoleucine ethyl ester hydrochloride (Ile-
OEt�HCl) was prepared according to the literature [31]. Ethyl-2-(O-
glycyl) lactate ammonium oxalate (GlyLacOEt�AO) was prepared as
described by Crommen et al. [32]. Tetrahydrofuran (THF) was dried
by reflux over sodium metal and distilled, and triethylamine (TEA)
was distilled over barium oxide under dry nitrogen. Bovine serum
albumin (BSA, Wako, purity: 95%, Mw 66 kDa), gelatin-type B 75
bloom (GB 75, Mw 20–25 kDa, Sigma), lysozyme grade I (Mw
14 kDa, Sigma), a-amylase from Bacillus subtilis (Mw 68 kDa, Sig-
ma), immunoglobulin G (IgG, Mw 150 kDa, Sigma), water-soluble
chitosan (Mw 120 kDa, Ja Kwang, Korea), protamine (Mw 7 kDa,
Sigma), polyethylenimine (PEI, Mw 25 kDa, Aldrich), poly-L-lysine
hydrobromide (PLL, Mw > 70 kDa, Sigma), and poly-L-arginine
hydrochloride (PLA, Mw > 70 kDa, Sigma) were used without fur-
ther purification. Recombinant human growth hormone (hGH)
was kindly provided by Chong Ken Dang Pharmaceutical Corp.
(Seoul, Korea). In case of hGH, six molar ratio of zinc acetate was
added to 10 mg/ml of hGH solution to stabilize hGH. After precip-
itation, the suspension was lyophilized. All other reagents were
purchased from commercial suppliers and used as received.
2.2. Synthesis of poly(organophosphazenes)

All reactions were carried over an atmosphere of dry nitrogen
by using standard Schlenk-line techniques.
2.2.1. [NP(IleOEt)1.23(AMPEG550)0.77]n (1)
Polymer 1 was synthesized according to the procedure of the

previous report [33]. In detail, IleOEt�HCl (16.21 g, 82.84 mmol)
suspended in anhydrous THF (200 ml) containing TEA (46.18 ml,
331.35 mmol) was added slowly to poly(dichlorophosphazene)
(8.00 g, 69.03 mmol) dissolved in dry THF (200 ml). The reaction
mixture was stirred placed in a dry ice bath for 12 h and then at
room temperature for 36 h. To this mixture, AMPEG 550 (60.75 g,
110.45 mmol) dissolved in dry THF (200 ml) containing TEA
(61.58 ml, 441.80 mmol) was added to the polymer solution, and
the reaction mixture was stirred at room temperature for 12 h
and then at 40–50 �C for 36 h. The reaction mixture was filtered;
the filtrate was concentrated and poured into n-hexane to obtain
a precipitate, which was reprecipitated twice in the same solvent
system. The polymer product was further purified by dialysis in
methanol for 4 days and then in distilled water at 4 �C for 4 days.
The dialyzed solution was freeze-dried to obtain polymer 1. Yield:
69%. 31P NMR (CDCl3), d (ppm): 18.4. 1H NMR (CDCl3), d (ppm):
0.8–1.0 (s, 6H), 1.1–1.3 (br, 3H), 1.3–1.6 (br, 2H), 1.6–1.9 (br, 1H),
2.8–3.1 (br, 2H), 3.4 (s, 3H), 3.5–3.9 (br, 42H), 3.9–4.1 (br, 2H),
4.1–4.3 (br, 3H).
2.2.2. [NP(IleOEt)1.30(AMPEG550)0.70]n (2)
Polymer 2 was synthesized by the procedure of polymer 1 with

poly(dichlorophosphazene) (8.00 g, 69.03 mmol), IleOEt�HCl
(16.21 g, 82.84 mmol), and AMPEG 550 (60.75 g, 110.45 mmol)
were used. Yield: 62%. 31P NMR (CDCl3), d (ppm): 19.0. 1H NMR
(CDCl3), d (ppm): 0.8–1.0 (s, 6H), 1.1–1.3 (br, 3H), 1.3–1.6 (br,
2H), 1.6–1.9 (br, 1H), 2.8–3.1 (br, 2H), 3.4 (s, 3H), 3.5–3.9 (br,
42H), 3.9–4.1 (br, 2H), 4.1–4.3 (br, 3H).
2.2.3. [NP(IleOEt)1.34(AMPEG750)0.66]n (3)
Polymer 3 was synthesized by the procedure of polymer 1 with

poly(dichlorophosphazene) (8.00 g, 69.03 mmol), IleOEt�HCl
(18.24 g, 93.19 mmol), and AMPEG 750 (67.30 g, 89.74 mmol).
Yield: 70%. 31P NMR (CDCl3), d (ppm): 18.9. 1H NMR (CDCl3), d
(ppm): 0.8–1.0 (s, 6H), 1.1–1.3 (br, 3H), 1.3–1.6 (br, 2H), 1.6–1.9
(br, 1H), 2.8–3.1 (br, 2H), 3.4 (s, 3H), 3.5–3.9 (br, 62H), 3.9–4.1
(br, 2H), 4.1–4.3 (br, 3H).
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2.2.4. [NP(IleOEt)1.21(GlyGlyOEt)0.01(AMPEG550)0.78]n (4)
Polymer 4 was synthesized according to the procedure of the

previous report [24]. In detail, IleOEt�HCl (4.02 g, 20.54 mmol) sus-
pended in anhydrous THF (50 ml) containing TEA (11.42 ml,
82.15 mmol) was added slowly to poly(dichlorophosphazene)
(2.0 g, 17.26 mmol) dissolved in dry THF (50 ml). The reaction mix-
ture was stirred placed in a dry ice bath for 12 h and then at room
temperature for 36 h. To this mixture, TEA (0.29 ml, 2.07 mmol)
and GlyLacOEt�AO (0.11 g, 0.52 mmol) dissolved in dry acetonitrile
(30 ml) were added, and the reaction mixture was stirred at room
temperature for 8 h. AMPEG 550 (14.81 g, 26.92 mmol) dissolved
in dry THF (50 ml) containing TEA (14.97 ml, 107.69 mmol) was
added to the polymer solution, and the reaction mixture was stir-
red at room temperature for 12 h and then at 40–50 �C for 36 h.
The reaction mixture was filtered; the filtrate was concentrated
and poured into n-hexane to obtain a precipitate, which was repre-
cipitated twice in the same solvent system. The polymer product
was further purified by dialysis in methanol for 4 days and then
in distilled water at 4 �C for 4 days. The dialyzed solution was
freeze-dried to obtain polymer 4. Yield: 61%. 31P NMR (CDCl3), d
(ppm): 18.0. 1H NMR (CDCl3), d (ppm): 0.8–1.0 (s, 6H), 1.1–1.3
(br, 6H), 1.3–1.6 (br, 5H), 1.6–1.9 (br, 1H), 2.8–3.1 (br, 2H), 3.4 (s,
3H), 3.5–3.9 (br, 42H), 3.9–4.1 (br, 4H), 4.1–4.3 (br, 5H), 5.0–5.1
(br, 1H).
2.2.5. [NP(IleOEt)1.11(GlyGlyOEt)0.06(AMPEG550)0.83]n (5)
Polymer 5 was synthesized by the procedure of polymer 4 with

poly(dichlorophosphazene) (8.00 g, 69.03 mmol), IleOEt�HCl
(15.53 g, 79.39 mmol), and GlyLacOEt�AO (0.92 g, 4.16 mmol),
and AMPEG 550 (60.75 g, 110.45 mmol). Yield: 66%. 31P NMR
(CDCl3), d (ppm): 18.5. 1H NMR (CDCl3), d (ppm): 0.8–1.0 (s, 6H),
1.1–1.3 (br, 6H), 1.3–1.6 (br, 5H), 1.6–1.9 (br, 1H), 2.8–3.1 (br,
2H), 3.4 (s, 3H), 3.5–3.9 (br, 42H), 3.9–4.1 (br, 4H), 4.1–4.3 (br,
5H), 5.0–5.1 (br, 1H).
2.2.6. [NP(IleOEt)1.17(GlyGlyOEt)0.04(AMPEG550)0.79]n (6)
Polymer 6 was synthesized by the procedure of polymer 4 with

poly(dichlorophosphazene) (4.00 g, 34.52 mmol), IleOEt�HCl
(7.70 g, 39.35 mmol) and GlyLacOEt�AO (0.46 g, 2.07 mmol), and
AMPEG 550 (30.37 g, 55.23 mmol). Yield: 66%. 31P NMR (CDCl3), d
(ppm): 19.2. 1H NMR (CDCl3), d (ppm): 0.8–1.0 (s, 6H), 1.1–1.3
(br, 6H), 1.3–1.6 (br, 5H), 1.6–1.9 (br, 1H), 2.8–3.1 (br, 2H), 3.4 (s,
3H), 3.5–3.9 (br, 42H), 3.9–4.1 (br, 4H), 4.1–4.3 (br, 5H), 5.0–5.1
(br, 1H).
2.3. Characterization of poly(organophosphazenes)

Proton-decoupled 31P NMR spectra were measured with a Var-
ian Gemini-300 spectrometer operating at 121.4 MHz using tri-
phenyl phosphate as an external standard. 1H NMR spectral
measurements were taken with the same spectrometer operating
at 300 MHz in the Fourier transform mode. The viscosity measure-
ments on the aqueous polymer solutions were taken on a Brook-
field RVDV-III + viscometer between 5 and 60 �C under 0.1�1

shear rate. The measurements were taken with a set spindle speed
of 0.2 rpm and with a heating rate of 0.33 �C/min. Molecular
weights (Mw) of polymers were measured by gel permeation chro-
matography (GPC) system (Waters 1515) with a refractive index
detector (Waters 2410) and two stryagel columns (Waters styragel
HR 4E and HR 5E) connected in line at a flow rate of 1 ml/min at
35 �C. THF containing 0.1 wt.% of tetrabutylammonium bromide
was used as an eluent. Polystyrenes (Mw: 1270; 3760; 12,900;
28,400; 64,200; 183,000; 658,000; 1,050,000; 2,510,000;
3,790,000) were used as standards to calibrate the column.
2.4. Preparation of polycation/protein complexes

BSA and GB 75 were used as negatively charged protein drugs
for making complexation with polycations. All polycation/protein
complexes were prepared in phosphate-buffered saline (PBS) at
pH 7.4 and freshly prepared before use. The complexes were pre-
pared at various polycation/protein weight ratios by adding poly-
cation solutions to protein solution with gentle vortexing and
incubated at room temperature for 20 min.
2.5. Characterization of polycation/protein complexes

To confirm the complex formation of different polycations and
BSA, we performed NATIVE-PAGE using a Bio-Rad Mini-Protean 3
cell electrophoresis system. Formation of complexes was induced
at various weight ratios from 0.1 to 50, and the final volume with
the 5� sample buffer was 25 ll. Gels were prepared discontinu-
ously with stacking and running gel of 5% and 10% polyacrylamide,
respectively. After loading of the complexes onto the polyaryla-
mide gel, electrophoresis was carried out in a constant voltage
mode at 80 V using a Bio-Rad power supply in a Tris/glycine buffer
at pH 8.3. The gels were stained with Coomassie brilliant blue R-
250 staining solution (Bio-Rad, USA) and destained with an aque-
ous solution of 10% methanol and 10% acetic acid.

The particle sizes of the polycation/BSA complexes were mea-
sured using a zetasizer nano particle analyzer (Zetasizer Nano ZS,
Malvern, UK). The measurements were taken in triplicate.
2.6. In vitro protein release

Poly(organophosphazenes) and different polycations were dis-
solved in PBS with stirring at 4 �C. After dissolving, protein solution
was added to the polymer solutions with stirring at 4 �C (final con-
centration of protein: 0.1% (w/v)). In order to transform the solu-
tions into hydrogels, 0.5 ml of the final solution was transferred
to a millicell (diameter: 12 mm, Millipore), and the millicells con-
taining the solution were incubated for 10 min at 37 �C. The milli-
cells containing polycation/protein complex-loaded hydrogels
were soaked in 10 ml of PBS and incubated in a water bath
(KMC-1205SW1, Vision, Korea) at 37 �C, with a mild shaking mo-
tion (50 rpm). The PBS was renewed periodically with a fresh buf-
fer. The released protein was quantified via micro BCA
(bicinchoninic acid) assays (Pierce, USA), and the total amount of
released proteins was calculated from each of the established stan-
dard curves. The bioactivity of released a-amylase was measured
by the procedure of Sigma (Enzymatic assay of a-amylase, EC
2.1.1.1). The biological binding activity of released hGH was ana-
lyzed by a commercial enzyme-linked immunosorbent assay (ELI-
SA) kit (BioCheck, Inc.). All release experiments were conducted in
triplicate.
3. Results and discussion

3.1. Characterization of poly(organophosphazenes)

We obtained injectable and thermosensitive poly(organophosp-
hazenes) by a substitution reaction of poly(dichlorophosphazene)
with L-isoleucine ethyl ester (IleOEt), a-amino-x-methoxy-PEG
(AMPEG), and ethyl-2-(O-glycyl)lactate (GlyLacOEt) (Fig. 1). IleOEt
contributes to the hydrophobic interactions occurring between
hydrophobic groups of neighboring polymer molecules. AMPEG is
a hydrophilic part of the polymer, which forms hydrogen bonds
with water molecules. GlyLacOEt is a hydrolysis-sensitive moiety
that functions in the acid-catalyzed degradation of the polymer



Fig. 1. Structures of synthesized poly(organophosphazenes). (a) Polymers 1–3; (b) polymers 4–6.
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[25]. By adjusting the compositions of the substituents, the gela-
tion temperature and degradation rate can be controlled as well.

The synthesized polymers with different substituents and molar
ratios are listed in Table 1. The polymers were characterized using
NMR spectroscopy, GPC, and viscometer. The molar ratio of the
substituents of the polymers was calculated from the integration
ratios of 1H NMR spectra between methyl protons (6 H) of the Ile-
OEt, CH (1 H) of GlyLacOEt, and ethylene protons (42 H or 62 H) of
AMPEG 550 or AMPEG 750 appearing at 0.8–1.0, 5.0–5.1, and 3.5–
3.9 ppm, respectively, according to our previous works [23,24,32].
The polymers exhibited average molecular weights in the range of
1.9–4.3 � 104 g/mol. The polymers were soluble in cold water, and
the aqueous solutions of the polymers exhibited sol–gel phase
transition properties according to the temperature changes. The
gelation properties were controlled by hydrophilic/hydrophobic
balances of the polymer composition. Increasing the molar ratio
of hydrophobic IleOEt in the polymer increased the maximum vis-
cosity (Vmax) and decreased the maximum temperature (Tmax), ex-
cept for polymer 2. The longer chain length of AMPEG (AMPEG
750) of the polymer (polymer 3) required more IleOEt contents
to compensate increased hydrophilicity, and this led to high Vmax

and Tmax of hydrogel.
The hydrophobicity of a loaded drug can change the gelation

property as it changes the hydrophobic/hydrophilic ratio. We pre-
viously mixed doxorubicin or paclitaxel with the polymer solution
and measured gelation behaviors [34]. Doxorubicin increased Tmax

and decreased Vmax because of the hydrophilic glucosamine,
whereas paclitaxel, a hydrophobic drug, increased Vmax. When
we mixed the proteins to the polymer solution, however, the gela-
Table 1
Characteristics of poly(organophosphazenes).

Polymer Structurea Tass (�C)b

1 [NP(IleOEt)1.23(AMPEG550)0.77]n 5.0
2 [NP(IleOEt)1.30(AMPEG550)0.70]n 19.8
3 [NP(IleOEt)1.34(AMPEG750)0.66]n 7.8
4 [NP(IleOEt)1.21(GlyLacOEt)0.01(AMPEG550)0.78]n 10.8
5 [NP(IleOEt)1.11(GlyLacOEt)0.06(AMPEG550)0.83]n 15.8
6 [NP(IleOEt)1.17(GlyLacOEt)0.04(AMPEG550)0.79]n 19.6

a The substituted ratios were determined by 1H NMR.
b The association temperature at which the viscosity starts to increase. Viscosity was
c The temperature at which viscosity reaches the maximum value.
d Viscosities at 37 �C.
e Viscosities at Tmax.
f Mw was measured by GPC.
tion behaviors were very similar with the polymer solution alone.
In case of BSA, the gelation behaviors of polymer 5 solutions with
0%, 0.1%, and 0.2% BSA, the same concentrations as doxorubicin did
not vary dramatically (Fig. 2), although the Vmax was decreased by
20 Pa s in both BSA-loaded hydrogels, and Tmax was increased by
2 �C in the 0.2% BSA-loaded hydrogel. The polymer 5 solutions
loaded with lysozyme and IgG also showed the same Vmax and Tmax,
and almost similar gelation behaviors with the polymer solution
alone (data not shown). These results indicate that the prepared
polymer hydrogels can be used as an injectable protein delivery
system.

3.2. In vitro release of proteins

We examined protein release behaviors from poly(organ-
ophosphzene) hydrogels based on the molecular weights of the
proteins used and viscosities and mass loss behaviors of the hydro-
gels. Fig. 3 shows in vitro release behaviors of lysozyme, BSA, and
IgG, which have different molecular weights (14 kDa, 66 kDa, and
150 kDa, respectively) from hydrogels. As expected, the protein re-
lease rate was decreased, and the prolonged release period was ob-
served with increasing molecular weight of the protein. The
cumulative released amounts from polymer 5 hydrogel for lyso-
zyme, BSA, and IgG after 2 days were 87%, 61%, and 45%, respec-
tively. However, all proteins showed a rapid initial release
behavior, indicating that a precise controlled release is still
required.

The influence of gel viscosity on protein release was also inves-
tigated using three polymers with viscosities of 1025, 582, and
Tmax (�C)c V37�C (Pa s)d Vmax (Pa s)e Mw (�104)f PDI

37.7 1025 1085 2.6 2.2
34.7 400 405 1.9 1.8
45.9 557.5 652.5 2.2 1.7
39.8 582 617.5 4.3 2.9
39.7 177.5 190.0 3.7 2.7
38.9 187.5 205 2.0 2.0

measured at 10 wt.% of polymer concentration in PBS (pH 7.4).



Fig. 2. Viscosity changes of polymer 5 hydrogel with BSA (j: polymer 5 only, d:
polymer 5 with 0.1% (w/v) BSA, N: polymer 5 with 0.2% (w/v) BSA).

Fig. 3. In vitro release behaviors of various proteins from two hydrogels which have
different molecular weight of AMPEG. In vitro cumulative release behaviors of
proteins by time increasing (j: lysozyme from polymer 5 hydrogel, d: BSA from
polymer 5 hydrogel, N: IgG from polymer 5 hydrogel, h: lysozyme from polymer 3
hydrogel, 4: IgG from polymer 3 hydrogel). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. In vitro release of BSA from various hydrogels with different gel viscosities
(j: polymer 1 hydrogel, d: polymer 4 hydrogel, N: polymer 5 hydrogel).
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177.5 Pa s at 37 �C (Fig. 4). We expected to see more sustained re-
lease behaviors at the higher viscosities, but the release rates of the
three polymer systems were similar, as shown in Fig. 4. Theoreti-
cally, no solute diffusion is possible within the hydrogel matrix
when the mesh size approaches the size of the solute [35]. This re-
sult indicates that the mesh sizes of the hydrogel networks were
larger than the hydrodynamic size of BSA (�7.2 nm) [36]. There-
fore, BSA was released by diffusion, and the release rate did not de-
crease, even in the gel with the highest viscosity.

Fig. 3 also indicates that the proteins were released from hydro-
gels by diffusion. The swelling and mass loss behaviors of the
hydrogels were affected by the length of AMPEG. In the polymer
5 hydrogel, which has AMPEG 550, the swelling was observed for
22 days, and then the mass of the polymer was decreased gradu-
ally. On the other hand, the polymer 3 hydrogel, which has AMPEG
750, showed faster swelling and mass loss than polymer 5 hydro-
gel. To examine a relationship between swelling and mass loss
properties of hydrogels and protein release, in vitro release exper-
iments of lysozyme and IgG were performed using the hydrogels of
polymers 3 and 5. Both hydrogels showed similar release behaviors
for both proteins despite different swelling rates and mass loss
behaviors (Fig. 3). This result indicates that the mesh sizes of
hydrogels are larger than the hydrodynamic sizes of the proteins
(lysozyme: 4.1 nm, IgG: 10.7 nm) [36] and the proteins are re-
leased by diffusion, regardless of swelling and mass loss of hydro-
gel. To suppress the initial burst release and obtain sustained
release, we prepared polyelectrolyte complexes (PECs) by mixing
negatively charged proteins and polycations to enlarge the protein
sizes.

3.3. Preparation and characterization of protein-loaded PECs

We chose BSA as a model protein because it is a negatively
charged protein under physiological conditions with a pI of 5.6.
To control the release behavior from hydrogel, we induced poly-
electrolyte complexes (PECs) by mixing BSA in PBS at pH 7.4 with
polycations such as protamine, polyethylenimine (PEI), poly-L-ly-
sine (PLL), and poly-L-arginine (PLA) and then examined the com-
plex formation, particle size, and any effects on the gelation
behaviors. These polycations have different molecular weights
and charge densities and have been used in the gene delivery sys-
tem mainly for gene condensation and nanoparticle formation [37–
40].

The complex formation between BSA and polycations was con-
firmed by a gel retardation assay (Fig. 5). In the previous study, we
prepared similar complexes between cationic chitosan and several
negatively charged proteins and performed in vitro studies of pro-
tein [25]. The chitosan/protein complex reduced the initial release
rate compared with free protein, but gelatin and BSA still showed
an initial burst release. It might be due to the weak ionic interac-
tion between chitosan and the proteins. Because the pKa of chito-
san is 6.5, the ionic interaction between chitosan and the
proteins can be weakened at pH 7.4 by the deionization of the
amine groups, leading to protein diffusion. To confirm the complex
formation at pH 7.4, we induced chitosan/protein complex in PBS
at pH 7.4 and performed an electrophoresis assay at various weight
ratios of chitosan and BSA. As expected, chitosan and BSA did not
form a complex, even at a weight ratio of 50 (Fig. 5a).

In contrast to chitosan, other polycations, which have higher
pKa than 7.4, formed complexes with BSA, but all of the PECs were
required considerable positive charges for complex formation
(Table 2), and the weight ratio for the complex formation was



Fig. 5. NATIVE-PAGE for the confirmation of various polycation/BSA complexes. (a) Chitosan; (b) protamine; (c) PEI; (d) PLL; (e) PLA. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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varied by polycations used. Protamine and PEI required a polyca-
tion/BSA weight ratio of 50 for the complete complex formation,
whereas PLL and PLA required a lower weight ratio. Although the
weight ratio for the complex formation was the same as in prot-
amine and PEI, the band intensities of BSA were varied at the
weight ratios of less than 50. Protamine started to retard BSA
migration at a weight ratio of 5, whereas PEI only required a
weight ratio of 0.1. This is maybe due to the high positive charges
of PEI with high molecular weight (Table 2). In the cases of PLL and
PLA, they more strongly blocked BSA migrations than PEI, even
though they have a lower amount of positive charge than PEI. This
result indicates that the molecular weight of polycation is impor-
tant for the complex formation with the number of positive charge.
In the PECs of PLL and PLA, the complex formation of PLA was a lit-
tle stronger than that of PLL. This difference might be explained by
pI. Because arginine has a higher pI than lysine, arginine can be
ionized more easily than lysine to create stronger ionic interactions
with BSA (pI: 5.6). The pIs of arginine and lysine are 10.76 and 9.74,
respectively.

The polycation/BSA complexes were also characterized by mea-
suring their size and distribution. Fig. 6 shows the particle size dis-
tribution of polycation/BSA complexes at a weight ratio of 1. The
peak around 8 nm corresponds to free BSA. In the protamine, PEI,
and PLL groups, multimodal peaks were observed in a broad range,
indicating that varied sizes of complexes were formed. With NA-
TIVE-PAGE result, the intensity of free BSA peak decreased with
the order of protamine > PEI > PLL. We also measured the particle
size of all kinds of PECs at different weight ratios (0.1 and 10),
but multimodal size distributions were still observed except prot-
Table 2
Conversion of weight ratio to mole ratio and number of charges.

BSAa Protamineb PEPc PLLd PLAd

Weight ratio 1 1 1 1 1
Mole ratio 1 10.8 2.6 0.9 0.9
Charges at weight ratio of 1 (ca.) �17 248 512 492 404

a The charges were calculated by total number of positively charged residues
(Arg + Lys) minus total number of negatively charged residues (Asp + Glu).

b The number of charged amino acids was calculated by the result of amino acid
analysis.

c The charges correspond to the number of primary amines.
d The molecular weights were regarded as 70 kDa. The charges were corre-

sponded to all e-amino or guanidine groups of PLL or PLA.

Fig. 6. Particle size distributions of various polycation/BSA complexes at weight
ratio of 1. (a) Protamine/BSA; (b) PEI/BSA; (c) PLL/BSA; (d) PLA/BSA. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
amine/BSA at the ratio of 10, which produced a uniform complex
with a hydrodynamic diameter of 1721 nm (data not shown). In
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contrast, the size distribution of PLA/BSA complexes was monomo-
dal at all weight ratios, and the size of the complexes was larger
than those of other polycation/BSA complexes. At a weight ratio
of 1, the hydrodynamic diameter of the PLA/BSA complex was
6840 nm, the largest particle size.

This result may be due to the high molecular weight and high
charge density of PLA. The molecular weight of PLA is 10-times
higher than that of protamine, and it has the highest pI. The pKa val-
ues of PEI are nine for the primary amine, eight for the secondary
amine, and 6–7 for the tertiary amine [41]. Another possible reason
may be that higher propensity of arginine form larger clusters than
any other amino acids containing aliphatic chain or many methy-
lene groups. Arginines form supramolecular clusters due to their
multiple polar interactions and planar structures of the guanidine
group, and these clusters help in stacking and having strong inter-
actions with neighboring molecules in the aqueous medium. These
clusters also present a hydrophobic surface by the alignment of
their three methylene groups. This hydrophobic surface provided
by the clusters might also contribute to the formation of large com-
plexes with BSA as well as multiple ionic interactions [42].

As mentioned in Section 3.1, the gelation behavior of a polymer
solution can be affected by the hydrophobicity of the loaded drug,
and the polymer solution with drugs must become a gel for the
sustained protein release at the body temperature. We, therefore,
tested the gelation behaviors of the various PECs-loaded polymer
5 solutions (Fig. 7). PEI/BSA complexes showed the same Tmax but
higher Vmax than hydrogel alone, whereas PLL/BSA and PLA/BSA
complexes showed increased Tmax but similar Vmax. PEI is a viscous
liquid and its structure is highly branched, whereas PLL and PLA
are homopolymers of lysine or arginine, the most hydrophilic ami-
no acids, which might influence the gelation behavior. Although
arginine exists as hydrophobic clusters in solution, the hydropho-
bic surface of clusters might be masked by the complexation with
BSA.

Protamine/BSA complexes showed higher Tmax and Vmax than
hydrogel only and the same Tmax and higher Vmax than PLL and
PLA complexes. The hydrophobic amino acids of protamine such
as valine seem to interact with the hydrophobic regions of the
polymer, and the hydrophilic amino acids such as arginine allocate
hydrophilicity separately, altering the gelation behavior. All groups
showed a sol status at low temperature and a gel status at 37 �C,
indicating that the PECs-loaded polymers can still be used as an
injectable depot system.
Fig. 7. Viscosity changes in polymer 5 hydrogel according to the loading of the
various polycation/BSA complexes (j: polymer 5 only, d: protamine, N: PEI, .: PLL,
�: PLA).
3.4. In vitro release of protein from PEC-loaded hydrogel

The in vitro protein release studies were performed to examine
the effect of the PECs on the protein release from hydrogel. Fig. 8a
shows in vitro BSA release behaviors from polymer 5 hydrogel
loaded with various kinds of PECs at a weight ratio of 1. Because
the largest particle size was observed at a weight ratio of 1 in
PLA/BSA complexes, we used this ratio in all kinds of PECs and
compared the release rate. All PEC systems showed slower release
than BSA alone, and the release rate of BSA was decreased in the
order of BSA alone > PEI > PLL > protamine > PLA. The cumulative
released amounts of BSA from PEC-loaded polymer 5 hydrogel
for BSA alone, PEI, PLL, protamine, and PLA after 2 days were
61%, 38%, 37%, 28%, and 23%, respectively. This result indicates that
the release rate is affected by the size and distribution of com-
plexes. The PLA/BSA complexes, which showed a narrow distribu-
tion of large particles, showed the slowest release. Otherwise, the
release rate was increased with the number of smaller particles,
except for protamine. Although protamine/BSA complexes showed
the highest intensity of small particles, they also showed the
largest particles, and this might decrease the initial burst release
of BSA (Fig. 6).
Fig. 8. In vitro BSA release behaviors from various polycation/BSA complexes-
loaded polymer hydrogels at a weight ratio of 1. (a) Polymer 5 hydrogel (j: BSA
only, d: protamine, N: PEI, .: PLL, �: PLA). (b) Polymer 2 hydrogel (j: BSA only, N:
PEI, �: PLA).
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To examine the viscosity effect of hydrogel on the protein re-
lease from the PEC-loaded hydrogel system, we also used polymer
2 hydrogel, which has a higher viscosity than polymer 5 hydrogel,
with the same complex systems except of protamine and PLL
(Fig. 8b). When compared with the result of Fig. 8a, the release rate
of BSA alone was slightly increased, while that of PEI or PLA com-
plex systems was suppressed. The cumulative released amounts of
BSA from PEC-loaded polymer 2 hydrogel for BSA alone, PEI, and
PLA after 2 days were 66%, 48%, and 11%, respectively. Especially,
PLA/BSA complexes in polymer 2 hydrogel showed more sup-
pressed release rate than those in polymer 5 hydrogel, perhaps be-
cause of different mesh sizes. When the mesh size approaches the
size of the solute, no solute diffusion is possible within the hydro-
gel matrix [36]. Because the viscosity of polymer 2 is higher than
that of polymer 5, the three-dimensional network of the polymer
2 may be tighter than that of the polymer 5 and affect BSA release.
The initial release rate of BSA was decreased in the order of particle
sizes (BSA alone > PEI/BSA complex > PLA/BSA complex) like the
polymer 5 hydrogel.

As shown in Fig. 3, the initial release rate was increased with
decreasing protein molecular weight. To control the release rate
of low molecular weight of protein, we also performed in vitro
GB 75 release using PLA and polymer 2 hydrogel, which showed
the lowest initial BSA release, at different weight ratios (Fig. 9).
GB 75 has a similar pI (4.5–5.2) but a threefold smaller molecular
weight than BSA. The PLA/GB 75 complexes showed slower release
than GB 75 alone, like BSA, but all groups of GB 75 showed faster
release rate than those of BSA. BSA alone and GB 75 alone were
completely released after 10 days and 4 days, respectively. With
PLA, the cumulative release amounts of BSA and GB 75 from the
complexes at a weight ratio of 1 after 36 days were 35.3% and
97.1%, respectively. Increasing the weight ratio of PLA also de-
creased the initial release rate of the protein. When we increased
the weight ratio to 10, the GB 75 was released steadily without ini-
tial burst release until 36 days. The cumulative released amounts
of GB 75 from PEC-loaded polymer 2 hydrogel for GB 75 alone,
PLA/GB 75 complex at a weight ratio of 1, and 10 after 2 days were
54%, 42%, and 16%, respectively.

Finally, we chose a-amylase (pI: 5.59, Mw: 68 kDa) and human
growth hormone (hGH) (pI: 5.27, Mw: 22 kDa) as negatively
charged therapeutic proteins and performed in vitro release studies
to examine the effect of PECs on the release kinetics and the activ-
ities of released proteins. The PLA was used to form a complex with
Fig. 9. In vitro release behaviors of GB 75 from the hydrogel of polymer 2 at various
PLA/GB 75 weight ratios (j: gelatin only, d: PLA/GB 75 weight ratio of 1, N: PLA/GB
75 weight ratio of 10).
proteins because of the reason mentioned above. Fig. 10a showed
cumulative release behavior of a-amylase. The pI and Mw of a-
amylase were similar with BSA, but the release behavior was quite
different. The PLA decreased the release rate of a-amylase in pro-
portion to the PLA amounts, as the result of BSA, but the difference
in the release rate was negligible at the beginning, although that
was expanded as time goes on. The cumulative released amounts
Fig. 10. In vitro release behaviors of a-amylase (a) and bioactivities of released a-
amylase (b) from the hydrogel of polymer 5 at various PLA/a-amylase weight ratios
(j: a-amylase only, d: PLA/a-amylase weight ratio of 0.1, N: PLA/a-amylase
weight ratio of 0.5, .: PLA/a-amylase weight ratio of 0.75).
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of a-amylase from PEC-loaded polymer 5 hydrogel for a-amylase
alone, PLA/a-amylase complex at a weight ratio of 0.1, 0.5, and
0.75 after 2 days were 91%, 78%, 67%, and 57%, respectively, which
were higher than those of BSA. This difference may be come from
their own characteristics of proteins, indicating that the formula-
tion should be oriented to the each protein drug.

The bioactivity of released a-amylase is shown in Fig. 10b. The
release behavior of bioactive a-amylase was similar to total a-
amylase released. The bioactivities of a-amylase alone and PLA/
a-amylase complex at a weight ratio of 0.1 were maintained, rela-
tively. However, from the weight ratio of 0.5, the difference was in-
creased between the amount of released a-amylase and the
activities of that. The activities of a-amylase from PEC-loaded poly-
mer 5 hydrogel for a-amylase alone and PLA/a-amylase complexes
at weight ratios of 0.1, 0.5, and 0.75 after 2 days were 91%, 76%,
34%, and 24%, respectively.

In case of hGH, PLA suppressed initial release rate and showed
controlled release behaviors compared to a-amylase (Fig. 11a). In
contrast to the hGH alone, which showed complete release of
hGH after 2 days, the PLA/hGH complex at weight ratio of 1 re-
leased 31% of loaded hGH. The release period of hGH from PEC
was also extended more than hGH alone, and 80% of hGH was re-
leased after 14 days. With quantification of totally released
amount of hGH, the biological binding activity of released hGH
Fig. 11. In vitro release behaviors of hGH by BCA assay (a) and quantitatively
binding activities of released hGH by ELISA (b) from the hydrogel of polymer 6 (j:
hGH only, d: PLA/hGH weight ratio of 1).
was also quantified by ELISA (Fig. 11b). The release behavior of
quantitatively active hGH as a biological functionality was similar
with the result of Fig. 11a, but the amount of that was decreased
compared to the total released amount of hGH. Among the released
hGH, 61% of hGH showed biological binding activity quantitatively
after 14 days. It may be due to the associated PLA with the hGH be-
cause the hGH alone showed 100% of activities at the same condi-
tion. Although the biological binding activity of released hGH from
PEC was decreased more than hGH alone, the release period was
extended with controlled release rate. These results show that
the sustained delivery of charged proteins may be possible by
using PEC-loaded hydrogel systems. We are underway for applying
this system to therapeutic proteins and evaluating PEC formations,
protein release behaviors, and their bioactivities from the released
proteins. Furthermore, because the polycations are known to be
cytotoxic generally, the biocompatibility test will be performed to-
gether for the development of safe and effect delivery system.
4. Conclusions

We have developed a combined system of polyelectrolyte com-
plex (PEC) and injectable and thermosensitive poly(organophos-
phazene) hydrogel to suppress initial burst release and improve
sustained and controlled protein release. The hydrophilic proteins
were readily released by diffusion at the initial time period, and the
release rate was increased with small proteins, but the release rate
was not affected by viscosities or mass loss of the polymer. To cir-
cumvent this problem, we induced PECs between anionic proteins
and various polycations. The formations of PECs were affected by
the pI, molecular weight, and types of amine group of the used
polycations. Among polycations, PLA formed the largest complex
uniformly with BSA and showed the most suppression of the initial
release. In the PEC-loaded hydrogel system, protein release could
also be controlled by the viscosities of the gel and the weight ratios
of polycations and proteins, although the activities of the proteins
were decreased in proportion to the PLA amounts. These results
suggest that PEC-loaded, injectable, and thermosensitive
poly(organophosphazene) hydrogels have considerable potential
as a sustained and controlled protein delivery system. We are
underway for applying this system to therapeutic proteins and
evaluating PEC formations, protein release behaviors, biocompati-
bility, and their bioactivities from the released proteins.
Acknowledgement

This research was financially supported by the Ministry of Edu-
cation, Science and Technology in Korea.
References

[1] S. Frokjaer, D.E. Otzen, Protein drug stability: a formulation challenge, Nat. Rev.
Drug Discov. 4 (2005) 298–306.

[2] B. Leader, Q.J. Baca, D.E. Golan, Protein therapeutics: a summary and
pharmacological classification, Nat. Rev. Drug Discov. 7 (2008) 21–39.

[3] V.P. Torchilin, A.N. Lukyanov, Peptide and protein drug delivery to and into
tumors: challenges and solutions, Drug Discov. Today 8 (6) (2003) 259–266.

[4] J. Aurora, Delivery of protein and peptides – challenges and opportunities, in:
Business Briefing: Future Drug Discovery, 2006, pp. 38–40.

[5] F. Wu, T. Jin, Polymer-based sustained-release dosage forms for protein drugs,
challenges, and recent advances, AAPS Pharm. Sci. Technol. 9 (4) (2008) 1218–
1229.

[6] R.C. Mundargi, V.R. Babu, V. Rangaswamy, P. Patel, T.M. Aminabhavi, Nano/
micro technologies for delivering macromolecular therapeutics using poly(D,L-
lactide-co-glycolide) and its derivatives, J. Control. Release 125 (2008) 193–
209.

[7] O.F.L. Johnson, J.L. Cleland, H.J. Lee, M. Charnis, E. Duenas, W. Jaworowicz, D.
Shepard, A. Shahzamani, A.J.S. Jones, S.D. Putney, A month-long effect from a
single injection of microencapsulated human growth hormone, Nat. Med. 2
(1996) 795–798.



188 M.-R. Park et al. / European Journal of Pharmaceutics and Biopharmaceutics 76 (2010) 179–188
[8] H.K. Kim, T.G. Park, Microencapsulation of human growth hormone within
biodegradable polyester microspheres: protein aggregation stability and
incomplete release mechanism, Biotechnol. Bioeng. 65 (1999) 659–667.

[9] D.L. Elbert, A.B. Pratt, M.P. Lutolf, S. Halstenberg, J.A. Hubbell, Protein delivery
from materials formed by self-selective conjugate addition reactions, J.
Control. Release 76 (2001) 11–25.

[10] K. Fu, D.W. Pack, A.M. Klibanov, R. Langer, Visual evidence of acidic
environment within degrading poly(lactic-co-glycolic acid) (PLGA)
microspheres, Pharm. Res. 17 (2000) 100–106.

[11] L. Klouda, A.G. Mikos, Thermoresponsive hydrogels in biomedical applications,
Eur. J. Pharm. Biopharm. 68 (2008) 34–45.

[12] C.B. Packhaeuser, J. Schnieders, C.G. Oster, T. Kissel, In situ forming parenteral
drug delivery systems: an overview, Eur. J. Pharm. Biopharm. 58 (2004) 445–
455.

[13] K.Y. Lee, D.J. Mooney, Hydrogels for tissue engineering, Chem. Rev. 101 (7)
(2001) 1869–1880.

[14] J.K. Tessmar, A.M. Gopferich, Matrices and scaffolds for protein delivery in
tissue engineering, Adv. Drug Deliv. Rev. 59 (2007) 274–291.

[15] K.Y. Lee, S.H. Yuk, Polymeric protein delivery systems, Prog. Polym. Sci. 32
(2007) 669–697.

[16] A.K.A. Silva, C. Richard, M. Bessodes, D. Scherman, O.W. Merten, Growth factor
delivery approaches in hydrogels, Biomacromolecules 10 (2009) 9–18.

[17] A.J. DeFail, C.R. Chu, N. Izzo, K.G. Marra, Controlled release of bioactive TGF-b1
from microspheres embedded within biodegradable hydrogels, Biomaterials
26 (2006) 1579–1585.

[18] Y.I. Chung, K.M. Ahn, S.H. Jeon, S.Y. Lee, J.H. Lee, G. Tae, Enhanced bone
regeneration with BMP-2 loaded functional nanoparticle–hydrogel complex, J.
Control. Release 121 (2007) 91–99.

[19] A.M. Zalfen, D. Nizet, C. Jeŕôme, R. Jeŕôme, F. Frankenne, J.M. Foidart, V.
Maquet, F. Lecomte, P. Hubert, B. Evrard, Controlled release of drugs from
multi-component biomaterials, Acta Biomater. 4 (2008) 1788–1796.

[20] S.D. Hartig, R.R. Greene, M.M. Dikov, A. Prokop, J.M. Davidson, Multifunctional
nanoparticulate polyelectrolyte complexes, Pharm. Res. 24 (12) (2007) 2353–
2369.

[21] A.A. Attama, Polyelectrolyte complexes of Eudragit L30 D-55 and gelatin:
antinociceptive activity of entrapped piroxicam, Drug Deliv. 14 (2007) 155–
162.

[22] S. Mao, U. Bakowsky, A. Jintapattanakit, T. Kissel, Self-assembled
polyelectrolyte nanocomplexes between chitosan derivatives and insulin, J.
Pharm. Sci. (2006) 1035–1048.

[23] M. Huang, N. Vitharana, L.J. Peek, T. Coop, C. Berkland, Polyelectrolyte
complexes stabilize and controllably release vascular endothelial growth
factor, Biomacromolecules 8 (2007) 1607–1614.

[24] G.D. Kang, S.H. Cheon, G. Khang, S.-C. Song, Thermosensitive poly(organo-
phosphazene) hydrogels for a controlled drug delivery, Eur. J. Pharm.
Biopharm. 63 (2006) 340–346.

[25] G.D. Kang, S.-C. Song, Effect of chitosan on the release of protein from
thermosensitive poly(organophosphazene) hydrogels, Int. J. Pharm. 349 (2008)
188–195.
[26] Y. Lemmouchi, E. Schacht, S. Dejardin, Biodegradable poly[(amino acid ester)-
phosphazenes] for biomedical applications, J. Bioact. Compat. Polym. 13
(1998) 4–18.

[27] S. Lakshmi, D.S. Katti, C.T. Laurencin, Biodegradable polyphosphazenes for
drug delivery applications, Adv. Drug Deliv. Rev. 55 (2003) 467–482.

[28] M. Heyde, E. Schacht, Biodegradable polyphosphazenes for biomedical
applications, in: M. Gleria, R. De Jaeger (Eds.), Phosphazenes: A Worldwide
Insight, Nova Science Publishers, 2004, pp. 367–398.

[29] Y.S. Sohn, Y.H. Cho, H.G. Baek, O.S. Jung, Synthesis and properties of low
molecular weight polyphosphazenes, Macromolecules 28 (1995) 7566–7568.

[30] L. Bromberg, M. Temchenko, Self-assembly in aqueous solutions of
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)-b-
poly(vinyl alcohol), Langmuir 15 (1999) 8633–8639.

[31] J.D. Greenstein, M. Winitz, Chemistry of the amino acids, in: J.D. Greenstein,
M. Winitz (Eds.), Amino Acid Methyl and Ethyl Esters, vol. 2, John Wiley and
Sons, New York, 1961, pp. 925–942.

[32] J. Crommen, J. Vandorpe, E. Schacht, Degradable polyphosphazenes for
biomedical applications, J. Control. Release 24 (1993) 167–180.

[33] B.H. Lee, Y.M. Lee, Y.S. Sohn, S.-C. Song, A thermosensitive poly(organo-
phosphazene) gel, Macromolecules 35 (2002) 3876–3879.

[34] G.D. Kang, S.H. Cheon, S.-C. Song, Controlled release of doxorubicin from
thermo-sensitive poly(organophosphazene) hydrogels, Int. J. Pharm. 319
(2006) 29–36.

[35] C.C. Lin, A.T. Metters, Hydrogels in controlled release formulations: network
design and mathematical modeling, Adv. Drug Deliv. Rev. 58 (2006) 1379–
1408.

[36] W.E. Hennink, H. Talsma, J.C.H. Borchert, S.C. De Smedt, J. Demeester,
Controlled release of proteins from dextran hydrogels, J. Control. Release 39
(1996) 47–55.

[37] J.S. Blum, W.M. Saltzman, High loading efficiency and tunable release of
plasmid DNA encapsulated in submicron particles fabricated from PLGA
conjugated with poly-L-lysine, J. Control. Release 129 (1) (2008) 66–72.

[38] S. Chono, S.D. Li, C.C. Conwell, L. Huang, An efficient and low
immunostimulatory nanoparticle formulation for systemic siRNA delivery to
the tumor, J. Control. Release 131 (2008) 64–69.

[39] M.R. Park, H.W. Kim, C.S. Hwang, K.O. Han, Y.J. Choi, S.-C. Song, M.H. Cho, C.S.
Cho, Highly efficient gene transfer with degradable poly(ester amine) based on
poly(ethylene glycol) diacrylate and polyethylenimine in vitro and in vivo, J.
Gene Med. 10 (2) (2008) 198–207.

[40] T.I. Kim, M. Ou, M. Lee, S.W. Kim, Arginine-grafted bioreducible poly(disulfide
amine) for gene delivery systems, Biomaterials 30 (4) (2009) 658–664.

[41] Y. Wang, P. Chen, J. Shen, The development and characterization of a
glutathione-sensitive cross-linked polyethylenimine gene vector,
Biomaterials 27 (2006) 5292–5298.

[42] U. Das, G. Hariprasad, A.S. Ethayathulla, P. Manral, T.K. Das, S. Pasha, A. Mann,
M. Ganguli, A.K. Verma, R. Bhat, S.K. Chandrayan, S. Ahmed, S. Sharma, P. Kaur,
T.P. Sighn, A. Srinivasan, Inhibition of protein aggregation: supramolecular
assemblies of arginine hold the key, PLoS One 11 (2007) e1176.


	Enhancement of sustained and controlled protein release using polyelectrolyte  complex-loaded injectable and thermosensitive hydrogel
	Introduction
	Materials and methods
	Materials
	Synthesis of poly(organophosphazenes)
	[NP(IleOEt)1.23(AMPEG550)0.77]n (1)
	[NP(IleOEt)1.30(AMPEG550)0.70]n (2)
	[NP(IleOEt)1.34(AMPEG750)0.66]n (3)
	[NP(IleOEt)1.21(GlyGlyOEt)0.01(AMPEG550)0.78]n (4)
	[NP(IleOEt)1.11(GlyGlyOEt)0.06(AMPEG550)0.83]n (5)
	[NP(IleOEt)1.17(GlyGlyOEt)0.04(AMPEG550)0.79]n (6)

	Characterization of poly(organophosphazenes)
	Preparation of polycation/protein complexes
	Characterization of polycation/protein complexes
	In vitro protein release

	Results and discussion
	Characterization of poly(organophosphazenes)
	In vitro release of proteins
	Preparation and characterization of protein-loaded PECs
	In vitro release of protein from PEC-loaded hydrogel

	Conclusions
	Acknowledgement
	References


