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a b s t r a c t

A dual ionic interaction system composed of a positively charged polyelectrolyte complex (PEC) con-
taining human growth hormone (hGH) and anionic thermosensitive hydrogel has been suggested for
sustained delivery of bioactive hGH. The PEC was prepared by ionic interaction between negatively
charged hGH and positively charged protamine sulfate (PS) to suppress diffusion of hGH. Moreover, we
loaded the positively charged PEC into an anionic, injectable, and thermosensitive poly(-
organophosphazene) hydrogel to enhance sustained release of hGH by dual ionic interactions. PS formed
a spherical complex with hGH, and their ionic interaction grew stronger with increasing amounts of PS.
From a weight ratio of 0.5, the PS/hGH complex had a size and zeta-potential that were constantly
maintained around 500 nm and þ8 mV, respectively, in 0.9% NaCl. The PEC-loaded hydrogels suppressed
the initial burst release of hGH and extended the release period in vitro and in vivo. In a pharmacokinetic
study in rats, the PEC-loaded anionic hydrogel extended half-life 13-fold with similar area under the
curve (AUC) compared to hGH solution. Furthermore, single injection of PEC-loaded anionic hydrogel
showed a more increased growth rate than daily injection of hGH solution for 7 days in hypophysec-
tomized rats, demonstrating its potential as an injectable, sustained delivery system that can release
bioactive hGH.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Human growth hormone (hGH), which stimulates growth and
differentiation of target tissue such as muscle and bone, is one of
the major protein drugs [1,2]. Its clinical applications include not
only growth hormone deficiency in children and adults, but also
growth failure due to Turner syndrome or chronic renal failure
[3,4]. However, like other protein drugs, it requires frequent
administration via parenteral injection due to its short plasma half-
life; parenteral injection results in poor patient compliance, high
dose, non-specific toxicity and increased cost [4e7]. Therefore,
development of a sustained hGH delivery system that can provide
reduced frequency of injection, adverse effects, and cost is very
attractive, and many delivery systems have been suggested to
overcome this obstacle.
þ82 2 958 5308.
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Among them, microparticles are the most investigated delivery
system. The representative example is a biodegradable poly(lactic
acid-co-glycolic acid) (PLGA) microsphere. The advantage of a PLGA
microsphere is long-term delivery of loaded hGH [8,9]. Nutropin
depot�, the first launched sustained delivery system of hGH, uses
the PLGAmicrosphere. It was launched as a once every 2 weeks to 1
month formulation, although it was withdrawn from the market
due to the high cost of manufacturing [10]. However, this system
also has several disadvantages as a delivery carrier of protein
including low loading efficiency, use of a thick needle for injection,
high initial burst release, protein aggregation by the hydrophobic
surface of the microsphere, denaturation from using organic
solvent and inflammation from acidic degradation products [11e
13]. To date, the only commercially available sustained release
formulation of hGH is the hyaluronate microparticle formulation. It
was launched as a once-a-week injection formulation in Korea by
LG Life Sciences in 2007 [4]. However, because the serum hGH level
was maintained for 30 h in cynomolgus monkeys, development of
a new sustained delivery system of hGH was still required for more
improved patient convenience [4,14].
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Injectable and thermosensitive hydrogel is one of the promising
carriers for proteins. It has some desired properties as a protein
delivery carrier compared to other delivery systems, such as high
water content and a temperature-dependent gelation without
organic solvents or chemical cross-linkers [15,16]. The drug can be
easily formulated by simple mixing without any loss of drug
content. Patient convenience can also be improved by a simple
injection using a fine needle without surgery [15,17]. Generally,
however, the loaded protein drugs are rapidly released by diffusion
during the initial swelling of hydrogel due to their hydrophilic
nature and small hydrodynamic sizes compared to the pore size of
hydrogel [16,18,19]. This initial burst release of loaded proteins was
also observed in the thermosensitive poly(organophosphazene)
hydrogel, which has been developed by our group [20,21].

Incorporation of another delivery system such as microparticles
or implants to a hydrogel can be methods to achieve controlled and
sustained release of protein from hydrogel [19]. As the another
delivery system, PLGA microparticles [18,22], cholesteryl group-
bearing pullulan (CHP) nanogels [23], or poly(propylene fuma-
rate) (PPF) implants [24] have been incorporated into hydrogels.
These composite delivery systems succeeded to retard protein
release compared to hydrogel only. However, preparation of an
additional delivery system can complicate the manufacturing
process, and some problems can be newly generated by the
inherent disadvantages of another delivery system, such as low
loading efficiency of protein.

The polyelectrolyte complex (PEC) has several advantages
compared to other delivery systems, mentioned above. It can be
prepared by simple mixing between charged protein and oppo-
sitely charged materials, and the use of water as a solvent helps to
Fig. 1. A schematic illustration cartoon for proposed dual ionic interaction system
maintain protein stability [25]. Recently, we confirmed the poten-
tial of the PEC incorporated hydrogel as a controlled and sustained
delivery system of protein [20]. The PEC was induced between
negatively charged hGH (pI: 5.27) and positively charged poly-L-
arginine (PLA, >70 kDa, pI of arginine: 10.76) and loaded to the
thermosensitive poly(organophosphazene) hydrogel. The
composite system suppressed the initial burst release and extended
hGH release compared to hGH solution in vivo. However, the area
under the curve (AUC) of released hGHwas decreased more than 2-
fold compared to hGH solution due to difficult dissociation of hGH
from PLA.

In this study, we designed dual ionic interaction system
composed of a slightly positively charged PEC containing anionic
hGH and anionic thermosensitive hydrogel to improve the
bioavailability of hGH while keeping a sustained release profile
(Fig. 1). To facilitate dissociation of hGH from PEC, a protamine
sulfate (PS) was used as a cationic material, to make a PEC. It is an
FDA approved, arginine rich peptide used as an additive for
subcutaneous injection and it has been used clinically as a long-
acting formulation of insulin [26]. We hypothesized that its lower
molecular weight (5 kDa), existence of other amino acids (except
arginine), and sulfate groups might help to dissociate hGH
compared to PLA. The characteristics of the PS/hGH PEC were
examined by electrophoresis, transmission electron microscopy
(TEM), particle size, and zeta-potential. Moreover, we also
synthesized anionic poly(organophosphazene) hydrogel and
loaded the PEC into that to induce an additional ionic interaction
between the positively charged PEC and anionic hydrogel. The
effect of a dual ionic interaction on the release profile and bioac-
tivity of hGHwas then examined in vitro and in vivo by comparing it
based on hGH loaded PEC and anionic hydrogel for sustained delivery of hGH.
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to a neutral poly(organophosphazene) hydrogel loaded with PEC
and neutral or acid hydrogels without PEC.
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 [27]. a-Amino-u-methoxy-poly(ethylene
glycol) with molecular weight of 550 (AMPEG 550) was prepared by a published
method [28]. The L-isoleucine ethyl ester hydrochloride (IleOEt$HCl) was prepared
according to the literature method [29]. Ethyl-2-(O-glycyl)lactate ammonium
oxalate (GlyLacOEt$AO) was prepared as described by Crommen et al. [30]. Glycyl-
glycine allyl ester trifluoroacetic acid salt (GlyGlyOAll$TFA) was synthesized as
described previously [31]. Tetrahydrofuran (THF) was dried by reflux over sodium
metal and distilled, and triethylamine (TEA) was distilled over barium oxide under
dry nitrogen. Recombinant human growth hormone (hGH) was provided from
Chong Ken Dang Pharmaceutical Corp. (Seoul, Korea). Protamine sulfate (PS) was
purchased from Wako (Osaka, Japan). All other reagents were purchased from
commercial suppliers and used as received. All animal experiments were approved
by Animal Care Ethnic Committee (ACEC) of Korea Institute of Science and Tech-
nology (KIST).
2.2. Synthesis of anionic and neutral poly(organophosphazene)

All reactions were carried over an atmosphere of dry nitrogen by using standard
Schlenk-line techniques.

2.2.1. Anionic poly(organophosphazene)
([NP(IleOEt)1.30(GlyGlyOH)0.19(AMPEG550)0.51]n (polymer 1))

Polymer 1 was synthesized according to the procedure of the previous report
[32]. In detail, IleOEt$HCl (7.43 g, 37.97mmol) suspended in anhydrous THF (100 ml)
containing TEA (21.17 ml, 151.88 mmol) was added slowly to poly(di-
chlorophosphazene) (4.00 g, 34.52 mmol) dissolved in dry THF (100 ml). The
reaction mixture was stirred at dry ice bath for 12 h and then at room temperature
for 36 h. To this mixture, TEA (6.73 ml, 48.32 mmol) and GlyGlyOAll$TFA (3.46 g,
12.08 mmol) dissolved in dry THF (80 ml) were added, and the reactionmixture was
stirred at room temperature for 8 h. AMPEG 550 (20.88 g, 37.97 mmol) dissolved in
dry THF (100 ml) containing TEA (21.17 ml, 151.88 mmol) was added to the polymer
solution, and the reaction mixture was stirred at room temperature for 24 h and
then at 40e50 �C for 24 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 solutionwas freeze-dried and some of the obtained polymer (8 g,
14.3 mmol) was dissolved in dry THF at room temperature under nitrogen atmo-
sphere for next reaction. After dissolving, tetrakis(triphenylphosphine) palladium(0)
(0.47 g, 0.41 mmol) and morpholine (4.73 g, 54.31 mmol) were added subsequently
to cleave the allyl ester, which is protecting group of carboxylic acid. After stirring for
12 h at room temperature, the solvent was evaporated and the residue was dialyzed
with a dialysis membrane (MWCO: 6e8 kDa) against methanol for 4 days and
distilled water at 4 �C for 4 days, and the final dialyzed solution was subsequently
freeze-dried to obtained polymer 1. Yield: 46%. 1H NMR (CDCl3), d (ppm): 0.8e1.0 (s,
6H), 1.1e1.3 (b, 3H), 1.3e1.6 (b, 2H), 1.6e1.9 (b, 1H), 3.2 (s, 2H), 3.3 (s, 3H), 3.4e3.8 (b,
44H), 3.9 (s, 2H), 4.0e4.1 (b, 1H), 4.1e4.3 (b, 2H).

2.2.2. Neutral poly(organophosphazene)
([NP(IleOEt)1.17(GlyLacOEt)0.04(AMPEG550)0.79]n (polymer 2))

Polymer 2 was synthesized according to the procedure of the previous report
[33]. In detail, L-isoleucine ethyl ester hydrochloride (7.70 g, 39.35mmol) suspended
in anhydrous THF (100 ml) containing TEA (21.94 ml, 157.4 mmol) was added slowly
to poly(dichlorophosphazene) (4.00 g, 34.52 mmol) dissolved in dry THF (100 ml).
The reaction mixture was stirred at dry ice bath for 12 h and then at room
temperature for 36 h. To this mixture, TEA (1.15 ml, 8.28 mmol) and GlyLacOEt$AO
(0.46 g, 2.07 mmol) dissolved in dry acetonitrile (60 ml) were added, and the
reaction mixture was stirred at room temperature for 8 h. AMPEG 550 (30.37 g,
55.23 mmol) dissolved in dry THF (100 ml) containing TEA (30.71 ml, 220.92 mmol)
was added to the polymer solution, and the reaction mixture was stirred for 12 h at
room temperature and then at 40e50 �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 2. Yield:
66%. 1H NMR (CDCl3), d (ppm): 0.8e1.0 (s, 6H), 1.1e1.3 (br, 6H), 1.3e1.6 (br, 5H), 1.6e
1.9 (br, 1H), 2.8e3.1 (br, 2H), 3.4 (s, 3H), 3.5e3.9 (br, 42H), 3.9e4.1 (br, 4H), 4.1e4.3
(br, 5H), 5.0e5.1 (br, 1H).
2.3. Characterization of poly(organophosphazenes)

The structures of prepared polymers were estimated by measuring 1H NMR
(Varian Gemini-300 spectrometer operating at 300 MHz in the Fourier transform
mode with CDCl3). The viscosity measurements on the aqueous polymer solutions
were performed on a Brookfield RVDV-IIIþ viscometer between 5 and 60 �C under
0.1 s�1 shear rate. The measurements were carried out with a set spindle speed of
0.2 rpm and 1 �C raise in temperature in 3min. Molecular weights (Mw) of polymers
were measured by gel permeation chromatography (GPC) system (Waters 1515)
with a refractive index detector (Waters 2410) and two stryragel columns (Waters
styragel HR 4E and HR 5E) connected in line at a flow rate of 0.8 ml/min at 35 �C. THF
containing 0.1 wt% of tetrabutylammonium bromide was used as a mobile phase.
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. In vitro swelling and degradation test of poly(organophosphazene) hydrogels

After transferring 0.2 ml of the polymer solutions (10 wt%) dissolved in 0.9%
NaCl to pre-weighed millicells (diameter: 12 mm, Millipore, USA), the millicells
containing polymer solution were incubated for 10 min at 37 �C in order to trans-
form the solutions into hydrogels. The hydrogels were soaked in 4 ml of pre-heated
phosphate buffered saline (PBS) and incubated in a water bath (KMC-1205SW1,
Vision, Korea) at 37 �C, with a mild shaking motion (50 rpm) for 28 days.

In swelling test, the hydrogels were weighed at pre-determined time points
after removal of excess water carefully. The swelling ratios of hydrogels were
calculated using the following formula:

Swelling ratio ¼
�
Wwet �Wdry

�.
Wdry

where Wwet and Wdry are the weight of the swelled hydrogel and the weight of the
dry hydrogel, respectively.

In the tests of mass and Mw decreases of the hydrogels, the hydrogels were
taken at pre-determined time points and lyophilized. The lyophilized polymerswere
weighed and measured Mw and compared with initial weight and Mw of polymers.

2.5. Preparation of PS/hGH polyelectrolyte complexes (PECs)

All PS/hGH PECs were freshly prepared prior to use. The PECs were prepared at
various weight ratios by mixing the PS solution and hGH solution, and incubating it
at room temperature for 20 min.

2.6. Characterization of PS/hGH PECs

The complex formation ability of PS with hGH was confirmed by Native-PAGE
using a Bio-Rad Mini-Protean 3 cell electrophoresis system. Gels were prepared
discontinuously with stacking and running gel of 5% and 10% polyacrylamide,
respectively. After loading of the complexes onto the polyarylamide gel, electro-
phoresis was carried out in a constant voltage mode at 100 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 (Rio-Rad, USA) for the observation of hGH
bands. The hGH release ability from the PEC was confirmed by SDS-PAGE and per-
formed by the same procedure with Native-PAGE, except for the addition of SDS to
gel, electrophoresis buffer, and loading dye. The morphology of PS/hGH PEC was
observed using transmission electron microscopy (TEM, CM 200 electron micro-
scope, Philips), wherein the PECs were negative stained using a droplet of 2 wt%
aqueous uranyl acetate. The particle sizes and zeta-potentials of the PS/hGH PECs
were measured using a Zetasizer Nano ZS (Malvern, UK). The measurements were
conducted in triplicate.

2.7. In vitro hGH release study

The polymer and PS were dissolved in 0.9% NaCl by stirring at 4 �C. After dis-
solving, hGH was added to the polymer solution with stirring at 4 �C (final
concentration of hGH: 0.05% (w/v)). 0.2 ml of the final solution was transferred to
millicells (diameter: 12 mm, Millipore, USA), and the millicells were incubated for
10 min at 37 �C, in order to transform the solutions into hydrogels. The millicells
containing hGH loaded hydrogel were soaked in 4ml of pre-heated PBSwith 0.02 wt
% sodium azide and incubated in a water bath (KMC-1205SW1, Vision, Korea) at
37 �C, with a mild shaking motion (50 rpm). The PBS was renewed periodically with
a fresh buffer solution. The released hGH was quantified via micro BCA (bicincho-
ninic acid) assays (Pierce, USA) and the released proteins were calculated from each
of the established standard curve. All release experiments were conducted in
triplicate.

2.8. Pharmacokinetic (PK) study in SD rats

The various hGH formulations were subcutaneously injected to male Sprague
Dawley (SD) rats (250e300 g) at a dose of 1.1 mg/kg as hGH using a 31-gauge needle
syringe (n¼ 3). Blood samples were drawn from the tail vein at pre-determined time



Fig. 2. Chemical structures of poly(organophosphazenes). (a) Polymer 1 (anionic polymer). (b) Polymer 2 (neutral polymer).
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points. The serums were obtained by centrifugation of blood samples and stored at
�20 �C until the assay. The concentration of hGH in serum was analyzed by
commercial enzyme-linked immunosorbent assay (ELISA) kit (BioCheck, Inc., USA).
Pharmacokinetic parameters such as maximum plasma concentration (Cmax), time
point of maximum plasma concentration (Tmax), biological half-life (t1/2), and area
under the plasma concentrationetime curve (AUC) were determined from hGH
concentrations versus time data by a model-independent method using WinNonlin
program (Scientific Consulting, Inc., USA.).

2.9. Biological efficacy in hypophysectomized SD rats

In vivo biological efficacy of released hGH from PEC-loaded anionic poly(-
organophosphazene) hydrogel was assessed by body weight gain of hypophysec-
tomized male Sprague Dawley (SD) rats (5-weeks-old (90 � 10 g) SLC, Inc. Shizuoka,
Japan). In addition to PEC/anionic hydrogel, the biological efficacies of daily injection
of hGH solution and single injection of 0.9% NaCl were also evaluated as a positive
and a negative control (n ¼ 5). The group of hGH solution received daily injection at
a dose of 0.157 mg/kg of hGH for 7 days and the group of PEC/anionic hydrogel
received a single injection at a dose of 1.1 mg/kg as hGH. All formulations were
subcutaneously injected using a 31-gauge needle syringe, like PK study. The body
weight changes of the rats were daily monitored prior to the injection. The statis-
tically significances were determined by two-tailed student t-test.

3. Results and discussion

3.1. Characterization of poly(organophosphazenes)

We synthesized anionic poly(organophosphazene) (polymer 1)
and neutral poly(organophosphazene) (polymer 2) polymers,
which have injectability, thermosensitivity, and biodegradability
(Fig. 2). Both polymers were substituted with hydrophobic L-
isoleucine ethyl ester (IleOEt) and hydrophilic a-amino-u-
methoxy-poly(ethylene glycol) (AMPEG) to give thermosensitivity.
Additionally, according to the type of polymer, carboxylic acid
terminated glycylglycine (GlyGlyOH) or hydrolysis-sensitive ethyl-
2-(O-glycyl) lactate (GlyLacOEt) was respectively substituted to
synthesize anionic and neutral polymers. Polymer 1 was prepared
by two steps, including preparation of the polymer with
Table 1
Characteristics of poly(organophosphazenes).

Polymer Structurea T0 (�C)b

1 [NP(IleOEt)1.30(GlyGlyOH)0.19(AMPEG550)0.51]n 19.8
2 [NP(IleOEt)1.17(GlyLacOEt)0.04(AMPEG550)0.79]n 19.6

a The substituted ratios were determined by 1H NMR. Viscosity was measured at 10 w
b The temperature at which the viscosity starts to increase.
c The temperature at which viscosity reaches the maximum value.
d Viscosities at 37 �C.
e Viscosities at Tmax.
glycylglycine allyl ester (GlyGlyOAll) and de-protection of the allyl
group. We confirmed the peaks of GlyGlyOAll at 4.5, 5.3, and
5.9 ppm before de-protection and their complete disappearance
after de-protection of the allyl group by 1H NMR before use.

The polymers were characterized by 1H NMR spectroscopy, GPC
and a viscometer, as listed in Table 1. The molar ratios of the
substituents of the polymers were calculated from the integration
ratios of the 1H NMR spectra. The molecular weights of polymers 1
and 2 were 7.48 � 104 and 2.01 � 104 g/mol, respectively. The
gelation behaviors of the aqueous solutions of thermosensitive
poly(organophosphazene) polymers were controlled by hydro-
phobic/hydrophilic balances of the polymer composition.When the
contents of hydrophobic IleOEt were increased compared to that of
hydrophilic AMPEG, the Vmax was increased, and the Tmax was
decreased [34]. Polymer 1 required higher contents of IleOEt than
polymer 2 due to the existence of hydrophilic GlyGlyOH. Although
the polymers have different structures, they showed similar
viscosity properties such as T0 and Tmax. Both polymer solutions
were in a sol state below 20 �C and transformed to a gel state,
indicating that they can be used as injectable hydrogels.

The in vitro swelling and degradation behaviors of hydrogels are
shown in Fig. 3. Both hydrogels swelled and degraded as time went
on, but their rates of swelling and degradation differed by their
substituents. The swelling ratio of polymer 1 hydrogel was rapidly
increased for 2 days and sharply decreased with time. This result
corresponded with the degradation behavior of the polymer 1
hydrogel. The mass of polymer 1 hydrogel and the molecular
weight of polymer 1were also rapidly decreased. After 14 days, the
polymer 1 hydrogel did not remain, and its molecular weight
decreased by 55%. In contrast to the polymer 1 hydrogel, the
polymer 2 hydrogel gradually swelled for 21 days and slowly
degraded. After 28 days, the percentages of the remaining gel mass
and molecular weight were 70% and 94%, respectively. This fast
swelling and degradation behavior of polymer 1might be caused by
Tmax (�C)c V37 �C (Pa$s)d Vmax (Pa$s)e Mw (�104)

37.8 232.5 270 7.48
38.9 187.5 205 2.01

t% of polymer concentration in PBS buffered solution (0.01 M, pH 7.4).



Fig. 3. In vitro swelling (a), mass decrease (b), and molecular weight decrease (c)
behaviors of hydrogels.
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the presence of carboxylic acid groups of GlyGlyOH. We found that
in previous studies, increasing the hydrophilic component on the
polymer backbone led to dissolution of the polymer gel [34,35]. The
hydrophilic property of carboxylic acid might increase hydrophi-
licity of the polymer matrix, and therefore accelerate its dissolu-
tion. The fast backbone degradation of polymer 1 might also
contribute to the rapid decrease in the swelling rate and the mass
decrease of polymer 1. It was suggested that the hydrolytic degra-
dation of poly(organophosphazene) substituted with amino acid
esters was promoted by carboxylic acid group attack, which was
generated by hydrolysis of the amino acid esters [34]. In contrast to
polymer 2, which needed hydrolysis of amino acid esters to
generate carboxylic acids, polymer 1 had carboxylic acids in its
original structure. Therefore, for these reasons, the rate of molec-
ular weight decrease of polymer 1 might be faster than polymer 2.

3.2. Characterization of PS/hGH PEC

Prior to load polyelectrolyte complex (PEC) into hydrogels, we
first tried to make a human growth hormone (hGH)-loaded PEC by
using protamine sulfate (PS) at various weight ratios under
different buffer conditions and characterize them to find suitable
conditions (Fig. 4). As the buffers, distilled water, 0.9% NaCl, and PBS
were used to investigate the effect of buffer ion concentration on
PEC formation.

The complex formation was confirmed by NATIVE-PAGE
(Fig. 4(a)). As we expected, the PEC formation ability of PS was
weaker than that of poly-L-arginine (PLA). In contrast to PLA, which
showed complete retardation of hGH at the weight ratio of 1 in PBS
[20], PS could not completely retard hGH even at theweight ratio of
50. However, the intensity of hGH was decreased with increasing
amounts of PS, indicating the existence of an ionic interaction
between PS and hGH. In the electrophoresis data, there was no big
difference according to the buffer, although the intensity of hGH
was weakest in distilled water than other buffers.

In addition to PEC formation ability, particle size and zeta-
potential of PS/hGH PEC are also important factors because our
strategy for sustained hGH delivery is enlargement of the hGH size
via PEC formation and suppression of hGH diffusion via dual ionic
interaction between hGH, PS and the anionic hydrogel; these
results are represented in Fig. 4(b) and (c). The particle size of PEC
was generally not affected by the weight ratio of PS and hGH.
Instead, it showed differences according to the buffer used. Particle
size was biggest to smallest for 0.9% NaCl > PBS > distilled water.
This phenomenon might result from the ion concentration of
buffer. It seems that the small size of PEC in distilled water resulted
from strong ionic interactions between PS and hGH, because there
were no other ions that could disturb PEC formation. In the case of
PBS, a high concentration of buffer ions might disturb multiple
ionic interactions between PS and hGH by electrostatic repulsion. It
was reported that reduced binding between the oppositely charged
polyelectrolytes with increasing salt concentration by contribution
to the counter-ion in medium [36].

The zeta-potential of PEC was affected by both the weight ratio
and buffer. It generally increased with increasing cationic PS in all
buffer conditions, but its increased range was different with each
buffer. Variation of the zeta-potential for PEC was increased as the
concentration of ions in the buffer decreased (distilled water> 0.9%
NaCl > PBS). From the NATIVE-PAGE, size and zeta-potential
results, we chose 0.9% NaCl as the buffer to induce PEC because
the induced PECs have the biggest size and a slightly positive
charge, which can participate in additional ionic interaction with
the anionic hydrogel.

After choosing the buffer, we further characterized PS/hGH PEC
by measuring its size distribution, morphology and release ability



Fig. 4. Buffer effect on the complex formation, particle size, and zeta-potential. (a) Native-PAGE of PS/hGH complexes at various weight ratios. (b) Particle sizes of PS/hGH complexes
at various weight ratios. (c) Zeta-potentials of PS/hGH complexes at various weight ratios.
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of hGH (Fig. 5). The representative size distribution is shown in
Fig. 5(a), indicating the narrow size distributions of large particles,
whose mean diameter is 507 nm. After adding PS into the hGH
solution, the peak of hGH alone (5 nm, data not shown) dis-
appeared. The morphology of PS/hGH PEC was also observed by
TEM (Fig. 5(b)). The PECs were spherical in shape and their
diameters were similar as determined by their zetasizer
measurements.

The loaded hGH should be released as a native form from PEC to
carry out its own role. For this reason, we performed a release assay
of hGH from PEC at different weight ratios by SDS-PAGE and
confirmed whether hGH could be released without any aggregation
or fragmentation. In case of some PLGA microsphere, it contained
a large fraction of dimer and oligomer of hGH in addition to the
monomer by aggregation within the microspheres [11]. As shown
in Fig. 5(c), hGH could be successfully released at all weight ratios.
The molecular weight and band intensity of released hGH were
very similar to those of native hGH, even at the high weight ratios,
which showed a decreased intensity of hGH by NATIVE-PAGE.
These results suggest that the induced PS/hGH PEC has the
potential to increase bioavailability by easy dissociation of hGH as
well as to decrease the initial burst release by the increased size of
hGH.
3.3. In vitro release study of hGH

After characterization of PS/hGH PEC, we performed an in vitro
release study to investigate the effect of PEC and the ionic character
of the hydrogel on the release behavior of hGH (Fig. 6). For this
study, we loaded PEC to anionic (polymer 1) and neutral (polymer
2) hydrogels and compared the release behaviors of hGH from
those formulations to the release behaviors from polymer 1 and 2
hydrogels loaded with hGH alone. In the formulations with only
hGH, polymer 2 hydrogel rapidly released hGH within 1 day. We
expected that polymer 1 hydrogel would release anionic hGH faster
than polymer 2 hydrogel because of the electrostatic repulsion and
its fast swelling behavior. However, contrary to our expectation,
polymer 1 hydrogel decreased the initial release rate and expanded
the release period to 10 days compared to the polymer 2 hydrogel.
This phenomenon may be due to the ionic interaction between the
anionic hydrogel and positively charged amino acids of hGH.
Although hGH is an anionic protein (pI of 5.12), it also has cationic
amino acids (8 lysine, 10 arginine and 3 histidine) on the surface
[37]. Using this characteristic, Choi et al. tried to develop a sus-
tained delivery systemwith an anionic heparin-based hydrogel and
they observed slow release behavior of hGH in heparin hydrogel
compared to the neutral PEG hydrogel [37].



Fig. 5. Characteristics of PS/hGH complexes, prepared in 0.9% NaCl. (a) Size distribution at the weight ratio of 2. (b) TEM image at the weight ratio of 2. (c) hGH release assay at
various weight ratios.
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PEC-loaded hydrogels showed a more decreased initial release
rate and increased release period than the polymer 1 hydrogel
loaded with hGH alone. In the PEC-loaded hydrogel groups, the
hydrogel, which showed the lowest release rate of hGH, was
different according to time. Before 1 day, polymer 2 hydrogel
loaded with PEC showed the lowest release rates, but this was
reversed after 1 day. This phenomenon may result from a different
swelling rate of the hydrogel and existence of ionic interactions
between PEC and the hydrogel. It seems that the swelling rate of the
Fig. 6. In vitro release profiles of hGH from various formulations.
hydrogel mostly affected the release behavior of hGH before 1 day.
However, after 1 day, because of the sufficiently increased pore
sizes of the hydrogels with time, the ionic interaction between PEC
and hydrogel seems to affect hGH release more than the swelling
rate.

In our previous study, the neutral hydrogel loaded with the PLA/
hGH PEC at a weight ratio of 1 released 40% of the loaded hGH after
12 h while only 6% of loaded hGH was released from day 4 to 14.
The cumulative released amount of hGH for 14 days was 80% [20].
However, in the case of the neutral hydrogel loaded with the PS/
hGH complex at a weight ratio of 2, 32% of the loaded hGH was
released after 12 h and all of the hGH was released within 14 days.
These results show that the PS/hGH PEC may contribute to increase
bioavailability while keeping a sustained release of hGH, which
supports our hypothesis.

3.4. In vivo release behavior and biological efficacy of hGH from
PEC-loaded poly(organophosphazene) hydrogels

To establish the in vitro and in vivo correlation of release
behavior of hGH, we performed a pharmacokinetic (PK) study in SD
rats. Using the same groups as in the in vitro release study, hGH
alone and a solution of PS/hGH PEC were also included as controls.
The PK profiles and PK parameters of all groups are presented in
Fig. 7(a) and Table 2, respectively. We regarded the effective
concentration to be 1 ng/ml, because it is known that the threshold
level for the biological effect of hGH in humans appears to range
from 1 to 5 ng/ml [38].

With hGH solution alone, the serum concentration of hGH was
sharply increased to 856 ng/ml within 1 h and rapidly decreased
thereafter, to the point where serum hGH was not detected after



Fig. 7. Serum concentration of hGH in SD rats (n ¼ 3) following subcutaneous injection of various formulations; (a) Effect of PEC and hydrogel on the in vivo release behavior of hGH.
In case of the PS/hGH PEC contained groups, the weight ratio of 2 was used; (b) Effect of weight ratio between PS and hGH on the in vivo release behavior of hGH. Polymer 1
hydrogel was used in all groups except hGH solution. Error bars represent standard deviations.
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9 h. On the other hand, in the PS/hGH complex solution group, the
existence of PS resulted in a decreased initial release rate and
expanded duration of hGH in serum to 1 day. This phenomenon
might be resulted by protection of hGH from in vivo environment
and reduction of diffusion rate of hGH by PEC. Govardhan et al.
found that coating PS on hGH crystal reduced dissolution rate of
hGH crystal and extended release profile [10]. It is also well known
that encapsulated proteins within biodegradable polymers have
been shown enhanced half-life and sustained release profile in vitro
and in vivo [39,40].

The PS also increased Tmax and t1/2 3- and 1.6-fold, respectively,
although it decreased the AUC to 3.5-fold over the hGH only group.



Fig. 8. Body weight changes in hypophysectomized SD rats treated with hGH daily
injection formulation (0.157 mg of hGH/kg � 7 days), single injection formulation of
PS/hGH loaded (1.1 mg of hGH/kg), and 0.9% NaCl solution (negative control).
(*p < 0.05, **p < 0.01).
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However, when compared to the PLA/hGH PEC solution group at
a weight ratio of 0.5 as in our previous study [20], the PS increased
the AUC 3.6-fold while keeping the serum duration time of hGH to
1 day, evenwhen the amount of PS was four times higher than PLA.
This result suggests that the dissociation of hGH from PS/hGH PEC
is easier than from PLA/hGH PEC by weak ionic interactions.

The hydrogels without PEC also increased the duration time of
serum hGH compared to the hGH only group, but their release
profiles show some differences by the type of hydrogel, like the
in vitro result. The polymer 2 hydrogel, which has no ionic charge,
did not suppress the initial burst release. However, it increased the
duration time of serum hGH to 1 day and t1/2 by 3.2-fold. The
polymer 1 hydrogel, which has the carboxylic acid groups,
decreased the initial release rate and extended the duration time of
serum hGH to 36 h. It also decreased Cmax 2.2-fold and increased t1/
2 3.8-fold when compared to the hGH solution group. Although it
showed a slightly decreased AUC compared to the hGH solution
group and the hGH loaded polymer 2 hydrogel, the AUC level was
much higher than the PS/hGH PEC solution group.

The groups of hydrogels loaded with PEC showed improved PK
profiles compared to those without PEC. The initial burst release
was more suppressed, and the duration of serum hGH was
extended. Along with the release profile, the use of PS increased
AUC values more than the same formulations without PS, which is
in contrast to PLA, which showed decreased AUC values compared
to formulations without PLA. This phenomenon may have resulted
from a balanced ionic interaction between PS and hGH, which can
protect hGH from faster clearance and dissociate hGH sustainedly.
It seems that a low molecular weight, existence of other amino
Table 2
Pharmacokinetic parameters of Fig. 6.

AUC (ng$d/ml) Tmax (h) Cmax (ng/ml) t1/2 (h)

(a)
hGH solution 2057 1 856 0.9
PS/hGH solution 587 3 124 1.4
hGH/polymer 1 gel 1776 1 391 3.4
hGH/polymer 2 gel 2141 1 839 2.9
PS/hGH polymer 1 gel 1931 3 135 11.7
PS/hGH/polymer 2 gel 2484 9 125 2.6

(b)
PS:hGH ¼ 0.1:1 2399 1 860 7.7
PS:hGH ¼ 1:1 2746 3 430 7.1
PS:hGH ¼ 3:1 1388 3 99 9.6
PS:hGH ¼ 5:1 1354 6 125 7.6
acids (except arginine), and anionic sulfate groups of PS enable this
type of balanced ionic interaction.

Among the groups, the polymer 1 hydrogel formulation loaded
with PS/hGH PEC had the most extended release profile and half-
life (t1/2) of hGH. The duration of hGH in serum and t1/2 was
increased 10.7- and 13-fold, respectively, compared to the hGH
solution group. This sustained release profile may be caused by
additional ionic interaction between the positively charged PEC and
the anionic hydrogel in addition to the ionic interaction between PS
(positively charged) and hGH (negatively charged). It has been re-
ported that the half-life of hGH in large mammals was long
compared to that in small mammals, after a subcutaneous injection
of hGH; the half-life in rats was extended 2 times in dogs and 5.7
times in monkeys [14,41]. Because HA microparticle loaded with
hGH, which exhibited a serum hGH level for 3 days in a beagle dog
[14], was launched as a once-a-week formulation of hGH, it
suggests that the designed dual ionic system composed of anionic
hGH, cationic PS, and anionic hydrogel may have a great potential
to be used as a sustained delivery system for hGH.

To examine the effect of PS amounts on hGH release, we addi-
tionally performed PK studies using polymer 1 hydrogel loaded
with PS/hGH PEC at different weight ratios (Fig. 7(b) and Table 2).
The group with a weight ratio of 0.1, which had a negative surface
charge, demonstrated a very similar release behavior to hGH
prepared in polymer 2 hydrogel loaded with hGH alone. It did not
suppress the initial burst release, and hGH was released fully in 1
day. From a weight ratio of 1, the initial burst release was sup-
pressed, and the release period of hGH was extended with
increasing PS amounts. The PK profile of hGHwas mostly improved
at the weight ratio of 2, also shown in Fig. 7(a). However, with
a weight ratio of 3, the t1/2 and release periods of hGH were
decreased with increasing PS amounts. Further, the AUC increased
with increasing PS amounts to the weight ratio of 1 and then
decreased when the ratio reached 2. These results suggest that the
balance of ionic interactions between PS and hGH is an important
factor which can affect the PK profile of hGH.

From these PK studies, we chose polymer 1 hydrogel loaded
with PEC as a representative formulation and examined its in vivo
biological efficacy (Fig. 8). The in vivo biological efficacy of hGH was
assessed by body weight changes in hypophysectomized SD rats. In
addition to the hydrogel formulation, a 0.9% NaCl solution and an
hGH solution were also included as a negative and a positive
control, respectively; each formulation was administered by
subcutaneous injection to the back of rats. The hGH solution was
injected daily for 7 days, while the hydrogel formulation was
injected only once. Changes in body weights are presented in Fig. 7.
The bodyweights were increased in the groups containing hGH and
increasing weights were generally proportional to time. The
hydrogel formulation containing hGH showed superior growth rate
compared to daily injection of hGH solution. Furthermore, the body
weights of rats receiving the hydrogel formulation were signifi-
cantly higher than those receiving hGH solution beginning 2 days
after injection, and this difference was observed for 7 days. These
results show that the anionic hydrogel loaded with PS/hGH PEC has
the potential to be used as an alternative delivery system for
effective therapy of hGH by its controlled and sustained release of
biologically active hGH.

4. Conclusion

In this study, we present a dual ionic delivery system, composed
of an anionic, thermosensitive, and injectable poly(organo-
phosphazene) hydrogel and polyelectrolyte complex (PEC) with
protamine sulfate (PS) and human growth hormone (hGH) to
achieve both a controlled and sustained release as well as increased
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bioavailability of hGH. To examine the effect of the dual ionic
interaction, we also prepared a neutral, thermosensitive and
injectable poly(organophosphazene) and characterized it along
with the anionic polymer. The PS formed a spherical complex with
hGH, and their ionic interaction was stronger with increasing
amounts of PS. At the weight ratio of 0.5, the size and the zeta-
potential of PS/hGH PECs were constantly maintained around
500 nm and þ8 mV, respectively. The PEC-loaded hydrogels sup-
pressed the initial burst release of hGH and extended the release
period in vitro and in vivo. Among the groups, the anionic hydrogel
loaded with PEC at the weight ratio of 2 resulted in sustained
release of hGH for 4 days with comparable AUC to an hGH solution
in a pharmacokinetic study in SD rats. Furthermore, single injection
of PEC-loaded anionic hydrogel with hGH showed a significantly
increased growth rate compared to daily injection of hGH solution
for 7 days in hypophysectomized rats. These results suggest that the
anionic hydrogel loaded with PEC can be used as an effective
delivery system for hGH which can deliver hGH with highly
improved bioavailability and in a sustained release manner to
improve its biological efficacy.
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