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The objective of this study was to develop a controlled delivery system for PEGylated octreotide using a
Poloxamer based in situ gel forming polymer. PEGylated octreotide kept its full biological activity and
higher serum half-life compared to the original octreotide. The designed drug delivery system contained
low concentration of Poloxamer 407 (P407) (<0.16%) with polyvinyl alcohol (PVA) as a polymeric addi-
tive. Rheological measurements of gel vehicle formulations indicated that the in situ gel forming system
with optimum sol–gel transition temperature of 28.7 �C could be formed using a combination of P407
and PVA at ratio of 15–10% (w/v). The effect of formulation additives such as buffering agents on rheo-
logical behavior demonstrated that sodium bicarbonate and lactic acid have opposite effect on sol–gel
transition temperature of the system. Using buffering agents, it was possible to shift the sol–gel transition
to lower or higher temperatures. The in vitro release profiles of octreotide and PEGylated octreotide from
the selected P407/PVA formulations were measured using a membrane-less device. PEGylated octreotide
showed slower release rate from the gel system with different release kinetic compared to octreotide. In
animal studies, a sustained release rate was achieved with both PEGylated and non-PEGylated octreotide,
but longer delivery was observed for PEGylated octreotide. Tissue histopathological studies confirmed
the biocompatibility of the delivery system for PEGylated octreotide, supporting the suitability of
P407/PVA mixture as an injectable drug delivery system. The total effects of increasing PEGylated peptide
half-life and prolonged release from thermoresponsive gel system offer the potential for sustained deliv-
ery of PEGylated octreotide.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The growth hormone (GH) secretion and activity regulation is
the first choice of medical therapy for acromegaly. Because the nat-
urally occurring somatostatin has short half-life in blood circula-
tion (1–3 min), highly potent synthetic analogues, introduced in
the 1980s, revolutionized the treatment of acromegaly. These ana-
logues were designed to imitate GH release regulation activity of
the endogenous neurohormone. Among the many somatostatin
analogues, synthesized, octreotide and lanetrotide are the most
common in clinical use (Vance and Laws, 2005). Octreotide is a
synthetic octapeptide analogue of somatostatin with improved
metabolic stability approved for treatment of diseases related to
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the increased secretion of GH, gastrin, secretin, glucagon and insu-
lin (Bruns et al., 2002).

The therapeutic use of octreotide, like many low molecular
weight proteins, is limited by its rapid proteolytic degradation in
plasma (less than 2 h), requiring frequent daily subcutaneous or
intravenous administration. A commercially available formulation
of octreotide with sustained delivery rate is a polymeric formula-
tion of octreotide using poly lactide-co-glycolide microspheres
for its monthly intramuscular administration (Murty et al., 2003).
However, this system suffers from a lag time of 14 days before
reaching therapeutic concentration in plasma, requiring daily
injection of the peptide to cover this lag time (Thanoo and Johns,
2010). Therefore It would be desirable to develop a sustained drug
delivery system without this limitation of the microsphere based
delivery system.

To address this issue we investigated a novel injectable con-
trolled release system using PEGylated octreotide in a thermore-
sponsive in situ gel forming matrix.

http://dx.doi.org/10.1016/j.ejps.2012.09.017
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Our previous study revealed that disulfide bond PEGylated
octreotide could successfully be prepared using a synthesized
bis-thiol alkylating PEG reagent, which reacts with both thiol
groups resulted from the reduction of octreotide disulfide bond
(Erfani Jabarian et al., 2012). The required bis-thiol alkylating
PEG reagent was prepared from commercially available O-(2-Ami-
noethyl)-O0-methyl poly (ethylene glycol) (5000 g/mol) in five
steps. The desired PEGylated peptide was then separated from
other reaction species by centrifugal ultra-filter and then desalted
(Erfani Jabarian et al., 2012).

In present study, the beneficial effects of PEGylation on biolog-
ical activity, pharmacokinetic parameters and drug release from
in situ gel forming system was investigated.

Injectable in situ gel forming systems are fluids that undergo
abrupt solidification or gelation by several mechanisms such as sol-
vent or pH exchange, UV radiation and temperature regulation
(Abashzadeh et al., 2011). The latter approach, also designated as
thermoresponsive systems, display phase transition behavior as
the temperature changes. The ideal thermoresponsive system
would be a free flowing solution at room temperature, which forms
gel after injection. Some polymers such as polysaccharides (e.g., cel-
lulose derivatives), N-isopropyl acrylamide copolymers, poly ethyl-
ene oxide-b-propylene oxide-b-ethylene oxide (Poloxamer) and its
copolymers and poly (ethylene oxide)/(D,L-lactic acid-co-glycolic
acid) copolymers undergo gel formation in response to temperature
changes (Ghahremankhani et al., 2008; Ruel-Gariepy and Leroux,
2004). This paper focuses on a Poloxamer-based in situ gel forming
system for the delivery of octreotide. Poloxamers or Pluronics� are
triblock copolymers of ethylene oxide (EO) and propylene oxide
(PO) possessing amphiphilic properties, which depend on their
PEO/PPO weight ratio. Poloxamer 407 (P407), with a nominal
molecular weight of 12,600 and a PEO/PPO weight ratio of 2:1,
has been widely used in drug delivery systems, since FDA approved
its use as an ‘‘inactive’’ ingredient for intravenous, inhalation, oral
solution and suspension, ophthalmic or topical preparations (Tala-
saz et al., 2008; Hatefi and Amsden, 2002).

High concentrations of P407 aqueous solutions form thermore-
sponsive gels. In aqueous solutions, P407 molecules self-assemble
into micelles at the critical micellization temperature due to PPO
blocks dehydration. When the temperature rises above a certain
point, micelles lose their water, become dehydrated, and form a
gel. P407 aqueous solution at concentrations above 20% behaves as
a liquid at low temperature (<10 �C) but semi-solid gel at body tem-
perature (Ruel-Gariepy and Leroux, 2004). However, concentrated
solutions of P407 may cause discomfort in application and remark-
able toxicity due to increased cholesterol and triglycerides levels
in plasma. Therefore, thermoresponsive gel formulations containing
less than 16% Poloxamer are favored for controlled drug delivery sys-
tems (Talasaz et al., 2008; Baiwen et al., 2010; Mori et al., 1997).

In situ gel forming systems developed by mixing P407 and dif-
ferent polymeric additives such as cellulose derivatives have been
investigated previously. In these systems, lower concentration of
P407 is sufficient to prepare a sol–gel system, by adding a second
polymer to the system, due to the increase in micelles entangle-
ment (Ruel-Gariepy and Leroux, 2004; Packhaeuser et al., 2004;
Dumortier et al., 2006). In this work, poly vinyl alcohol (PVA)
was used as an additive polymer to lower the needed concentra-
tion of P407 for the gel formation, due to its higher biocompatibil-
ity and better gel capacity (Taheri et al., 2011).

2. Materials and methods

2.1. Materials

Poloxamer 407 was obtained from BASF (Ludwigshafen, Ger-
many). Poly vinyl alcohol (Mw: 9000–10,000, 80% hydrolyzed)
was from Sigma–Aldrich (St. Louis, MO USA). Octreotide acetate
was purchased from Hybio Pharmaceutical Co. (Shenzhen, China).

All other chemicals, reagents and solvents were from Merck
(Darmstadt, Germany).

2.2. PEGylation of octreotide

PEGylated octreotide was prepared using a bis-thiol alkylating
reagent to which mPEG (Mw � 5000 Da) was attached. In the first
step of PEGylation reaction, octreotide disulfide bond was reduced
to liberate the two cystein thiol; subsequently bis thiol alkylating
reagent reformed the disulfide bond via a three carbon bridge.
The desired PEGylated peptide was separated from other reaction
species by ultra filtration and then desalted. Lyophilized samples
were preserved at �20 �C prior to use. Scheme 1 represents plausi-
ble mechanism of octreotide PEGylation reaction (Brocchini et al.,
2006; Erfani Jabarian et al., 2012).

2.2.1. Analytical determination of octreotide and PEGylated octreotide
PEGylated octreotide purity was measured using a HPLC system

consisting of an Agilent liquid chromatography (Agilent Technolo-
gies, Inc. Santa Clara, CA, USA), model 1200 series equipped with a
UV/VIS detector (G1314B-VWD) operating at 215 nm, a G1311A
solvent delivery pump, a Rheodyne injector and Chromatopac
CR-501 Data processor. A waters packing L1 (250 � 46 mm)
(5 lm) column with mobile phase: A (0.1% (v/v) TFA in water)
and B (0.1% (v/v) TFA in acetonitrile) were used for PEGylated
octreotide separation. The gradient elution conditions were
70:30–40:60 (A:B), for 20 min at a flow rate of 1.0 ml/min. Octreo-
tide purity was also measured by the same HPLC system and col-
umn used for PEGylated octreotide measurement. A mobile
phase consisting of phosphate buffer (20 mmol, pH = 7.4) and ace-
tonitrile (65:35) at a flow rate of 1.0 ml/min was used for octreo-
tide analysis (Na et al., 2005; Park and Na, 2008).

2.3. Animals

In vivo examinations were accomplished using male Sprague–
Dawley rats; weighing 210–300 g. Animals were housed and han-
dled according to the European Directive: 86/609/EEC. The process
of killing the animals was performed using an anesthetic overdose
method. In vivo experimental protocol was approved by the Ethics
Committee of the Pharmaceutical Research Center.

2.4. In vivo biological activity studies

Eighteen male rats, weighing 210–250 g, were divided in three
study groups. Animals were anesthetized with sodium pentobarbi-
tal (60 mg/kg of body weight, administered i.p.) (Cai et al., 1986).
Thirty minutes later, control group received a subcutaneous injec-
tion of water for injection (WFI); the second and third group re-
ceived octreotide and PEGylated octreotide at a dose of
30 lg peptide/kg, subcutaneously at the back of the neck. The
blood samples were collected directly from heart at
15,30,60,120,180, and 240 min after injections. Sodium pentobar-
bital at half of the initial dosage was given at 60–90 min intervals
to maintain anesthesia. The blood serum was separated and as-
sayed for growth hormone by Rat GH-RIA kits (Institute of isotopes
Ltd., Hungary) (assay range: 1.6–100 ng/ml).

2.5. Thermoresponsive gel preparation

P407 solutions were prepared by the cold method described by
Schmolka (1972). Appropriate amount of P407 was slowly added
to cold water under stirring to prepare the desire concentration.
Each mixture was kept refrigerated until P407 dissolved com-
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Scheme 1. Plausible mechanism of peptide PEGylation reaction (Brocchini et al., 2006).
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pletely. PVA was dissolved in water at 60–70 �C while stirring.
After cooling at refrigerator, the P407 solution was gently added
to PVA solution to obtain the exact weight fraction (Bercea et al.,
2011). Other additives and ingredients dissolved in water before
the addition of P407. All thermoresponsive gel formulations of
PEGylated octreotide and octreotide contained P407, and PVA, so-
dium bicarbonate and lactic acid at desired concentrations.

2.6. Visual measurement of gelation temperature

Two glass tubes of 10 ml capacity, one containing 1 g of sample
and the other 1 ml of water, were transferred to a water bath. A
thermometer was placed in the water filled glass tube. The temper-
ature of the water bath was increased and the temperature at
which the solution in the sample containing tube stopped flowing
upon inverting the tube was recorded (T1). Similarly, the tempera-
ture was decreased and the temperature, at which the gel started
flowing, was recorded (T2). The Average of both temperatures
was calculated as the critical gelation temperature.

2.7. Rheological studies

Rheological studies were performed to evaluate changes in the
rheological parameters as a function of temperature and the effect
of additives on sol–gel transition temperature. Oscillatory mea-
surements were accomplished using an Anton paar MCR300 (Ger-
many) stress controlled rheometer equipped with a cone & plate
test geometry (plate diameter of 50 mm and cone angle of 2) at a
fixed frequency of 1 Hz and 0.1% stress amplitude to ensure linear
viscoelasticity. All measurements were performed at temperatures
ranges of 10–40 �C and 2 �C/min heating rate.

The storage or elastic modulus (G0), the loss or viscous modulus
(G00), damping factor (G00/G0) and complex viscosity (g�) were deter-
mined from the rheological studies data.

2.8. In vitro drug release studies

In vitro release studies of octreotide and PEGylated octreotide
from thermoresponsive in situ gel forming system were performed
at 37 �C using membrane less dissolution model (Zhang et al.,
2002; Desai and Blanchard, 1998; Barichello et al., 1999).
One gram of the cold thermoresponsive solution formulations
were transferred into glass tube and placed in a 37 �C bath. After
the gelation, 500 ll of phosphate buffer (0.1 mM, pH = 7.2), pre-
equilibrated at the experimental temperature, was layered over
the surface of formulations. After complete removal of the medium
at predetermined time intervals (0,2,8,24,48,72,96,144,168,192,
216,240,264 and 336 h), fresh release medium was replaced. Each
experiment was performed in triplicates. The amounts of octreo-
tide and PEGylated octreotide released from gels were obtained
by HPLC analysis of the release medium aliquots as described
before.
2.9. Pharmacokinetic study

2.9.1. Single dose pharmacokinetic study
Octreotide and PEGylated octreotide in WFI were subcutane-

ously injected into male rats weighing 250–300 g (n = 5 per group)
at a dose of 100 lg peptide/kg. Control group received 1 ml of WFI.
0.5 ml blood samples were taken directly from heart at 0,0.5,1,2,4,
and 6 h after injections (Na et al., 2005). The blood serum was ana-
lyzed by EIA (Peninsula Laboratories Inc., San Carlos, CA, USA). A
standard calibration curve was constructed using octreotide. The
areas under the concentration-time curves (AUCs) were calculated
by the trapezoidal method. The other pharmacokinetic parameters
were calculated using a non-compartmental pharmacokinetic
model and Microsoft Excel software.
2.9.2. In vivo release profile of octreotide and PEGylated octreotide
from the in situ gel forming system

Sixteen Male rats, weighing 280–300 g, were divided in four
study groups. Control group received a subcutaneous injection of
gel vehicle alone. The second and third group received thermore-
sponsive gel formulation of PEGylated octreotide and octreotide
(equivalent to 2 mg octreotide), respectively. Octreotide in buf-
fered solution (pH = 4.2) at the same dose was injected to the
fourth group, subcutaneously.

Blood samples (0.5 ml) were collected directly from heart at
0,0.25,1,5,7,15 and 20 days. The blood sampling intervals of the
forth group was 0,0.5,1,2,6 and 24 h after octreotide solution
injection. The resultant serum samples were collected and stored



Fig. 1. Inhibition of pentobarbital induced GH secretion in rats by PEGylated
octreotide and octreotide. PEGylated octreotide or octreotide or WFI (as control)
was injected s.c. to male rats at a single dose of 30 lg peptide/kg. GH secretion was
induced 30 min after i.p. injection of pentobarbital sodium (60 mg/kg) and serum
GH levels were measured using rGH RIA kits. Data are represented as mean GH
serum concentration in serum ± standard deviation of data, n = 6.
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at �20 �C until analysis was performed with octreotide EIA kits
(Peninsula Laboratories Inc., San Carlos, CA, USA).

2.10. Histological examination

Twenty four Male rats, weighing 280–300 g, were divided in
two study groups. Control group received 0.3 ml of saline and the
second group received 0.3 ml of the final formulation solution con-
taining 15% of P407, and 10% of PVA, PEGylated octreotide and buf-
fer components, subcutaneously into the dorsal part. The animals
were sacrificed using a lethal dose of pentobarbital at 1,7 and
14 days. Subcutaneous tissue samples, around the injection site
were removed and fixed in 10% formalin solution at 48 h. The sam-
ples were embedded in paraffin and sliced by 5 lm thickness. To
quantitative assess of the inflammatory reaction in the area of
gel implantation, the number of neutrophils and eosinophils was
counted in hematoxylin-eosin stained sections. Moreover, immu-
nohistochemical staining for macrophages was performed by using
a monoclonal antibody against CD68 (Dako, Glostrup, Denmark).
Immunohistochemistry was performed on formalin-fixed, paraffin-
embedded sections as previously described (Fathi et al., 2012). 3,30-
Diaminobenzidine was used as chromogen to produce a brown-
colored signal, then sections were counterstained with Mayer’s
hematoxylin solution, and the number of CD68-positive macro-
phages was counted (Fathi et al., 2012). To quantify the number
of inflammatory cells, 20 microscopic fields were serially examined
for each section.

2.11. Statistical evaluations

Results were expressed as mean ± standard deviation (SD) of
rats per group. One-way ANOVA with Tuckey’s post hoc and non-
parametric Mann–Whitney U test were performed using SPSS
11.5 to determine the level of significance in the data from the bio-
logical activity and histological experiments, respectively. Other
data were compared using an independent Student’s t test. A p va-
lue less than 0.05 was considered as significant.
Table 1
Polymer composition of placebo formulations.

Polymers Composition

A (%) B (%) C (%)

P407 15 15 10
Polyvinyl alcohol 15 10 15
3. Results and discussion

3.1. PEGylated octreotide purity

High performance reverse phase chromatography showed an
identical peak with 23.6 min retention time related to PEGylated
octreotide in comparison with octreotide standard peak retention
time at 11.5 min.

3.2. In vivo biological activity studies

Octreotide considerably inhibits GH secretion in patients with
acromegaly. Blood serum GH level is one of the markers, which
is measured for diagnosis of the disease and monitoring the treat-
ment (Na et al., 2005). A similar effect as reported for octreotide
and other somatostatin analogues is expected for PEGylated pep-
tide. Therefore, the biological activity of PEGylated octreotide
was investigated by measuring the capability of GH serum level
reduction in rats. The male rat has an intermittent pattern of GH
release with large amplitude pulses occurring regularly at 3-hourly
intervals throughout the day and night (rGH [125I] RIA KIT, Pack
leaflet). To maintain elevated GH hormone levels, animals were
kept under anesthesia during the study.

As shown in Fig. 1 a single dose of 30 lg peptide/kg of either
octreotide and PEGylated octreotide inhibited GH release 15 min
after injection and reduced serum GH level compared with control
group (p < 0.05). The effect of PEGylated octreotide on GH release
inhibition was comparable to octreotide in the first hours. After
60 min, the serum GH level mildly was elevated in octreotide
group but was reduced in the group receiving PEGylated octreo-
tide. The GH level after 240 min of PEGylated octreotide injection
is significantly different from octreotide receiving group
(p < 0.05). It is remarkable that PEG attachments to octreotide
disulfide bond produced a biologically active compound, which is
longer acting than octreotide without disrupting its native cyclic
structure and conformation.
3.3. Gel preparation and optimization

To develop an in situ gel forming drug delivery system for
PEGylated octreotide using minimum concentration of P407, PVA
was mixed with low concentration solutions of P407(<16%). Poly-
meric solutions prepared from both polymers are shown in Table 1.
All formulations were free flowing viscous liquids at the cool tem-
perature (2–8 �C) which formed a semi-solid and uniform gel at
higher temperature (37 �C).

The PEGylated octreotide delivery system was prepared using
thermoresponsive gel forming components and a buffer system,
consisted of sodium bicarbonate and lactic acid to adjust pH at
4.2 ± 0.3 and preserve PEGylated octreotide more stable.
3.4. Measurement of gelation temperature

The critical gel temperature of different thermoresponsive sol–
gel systems is shown in Table 2. The mixture solution containing
P407 (15%) and PVA (10%) showed higher critical gel temperature
at 28.7 �C.



Table 2
The critical gelation temperature of placebo formulations.

Composition T1 (�C) T2 (�C) Average (�C)

A 20.0 15.0 17.5
B 29.5 28.0 28.7
C 27.5 25.0 26.2

Fig. 2. Dependence of G0 , G00 and damping factor (G00/G0) on temperature for samples
with different polymer compositions (P407:PVA). (A) (15%:15%), (B) (15%:10%), and
(C) (10%:15%).

Fig. 3. Variation of damping factor as a function of temperature for samples with
different polymer compositions (P407:PVA). (A) (15%:15%), (B) (15%:10%), and (C)
(10%:15%).

Fig. 4. Complex viscosity variation as a function of temperature for samples with
different polymer compositions (P407:PVA). (A) (15%:15%), (B) (15%:10%), and (C)
(10%:15%).
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3.5. Rheological analysis

3.5.1. Effect of polymer mixture composition on rheological behavior
Fig. 2 shows the temperature dependence of viscoelastic param-

eters for P407 low concentration solutions containing PVA. At low
temperatures, all the polymer mixture solutions indicated low
storage modulus (G0) and loss modulus (G00) which increased by
temperature elevation as a result of gel formation. Above the tran-
sition temperature, storage modulus (G0) was higher than loss
modulus (G00) suggesting the elastic behavior of the gels. The mix-
ture solution containing P407 (15%) and PVA (10%) showed higher
transition temperature, which is closer to body temperature. When
adding PVA up to 15%, the transition temperature decreased and
the curve was displaced to the left. Even if the P407 concentration
reduced up to 10%, the higher content of PVA shifted the transition
temperature to the lower temperatures. For the samples with P407
(15%) and PVA (15%) composition, the sol state was completely vis-
cous and gel like at room temperature which might face some dif-
ficulties during application.

Damping factor changes as a function of temperature for poly-
mers mixture solutions are shown in Fig. 3. At low temperatures,
the measured damping factors of all samples were higher than 1
which represented smaller interaction of internal structure and li-
quid like behavior. In contrast, by elevating temperature the stron-
ger interactions in gels structure results lower damping factors to
less than 1. The damping factor values for the mixture solution
containing P407 (15%) and PVA (10%) were higher at low temper-
atures due to lower viscosity of the solution and liquid like
behavior.

Fig. 4 shows the complex viscosity changes as a function of tem-
perature for polymeric mixture solutions. As it can be observed, the
viscosity of all samples increased by temperature elevation which
demonstrate the gel forming phenomenon in response to temper-
ature changes.

These results indicate that composition of P407 (15%) and PVA
(10%) presents the most appropriate mixture as thermoresponsive
drug delivery system since it exhibited suitable solution viscosity



Table 3
Final formulation of PEGylated octreotide and octreotide thermoresponsive in situ
forming gels.

Ingredients
(%w/w)

PEGylated octreotide
thermosensitive in situ forming
gel (%)

Octreotide
thermosensitive in situ
forming gel (%)

P407 15 15
PVA 10 10
Sodium bicarbonate 0.175
0.175
Lactic acid 0.34 0.34
PEGylated octreotide 4.25
–
Octreotide – 0.7

Lactic acid and sodium bicarbonate were used for pH adjusting at 4.2 ± 0.3. Quan-
tities are expressed by percent weight (%w/w).

Fig. 6. Graphs of the sol–gel transition temperature for in situ forming gel vehicle
(P407/PVA) (15%:10%): and final formulation containing gel vehicle, buffering
components and PEGylated octreotide. Elastic modulus, G0 (Pa), as a function of
temperature.
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and transition temperature (about 28 �C). Therefore, this formula-
tion was selected for further studies.
Fig. 7. Cumulative release of PEGylated octreotide and octreotide from final in situ
forming gel formulations (Table 3.) at 37 �C. Data are shown as mean ± standard
deviation.
3.5.2. Effect of formulation additives on rheological behavior
The sol–gel transition temperature can be changed with addi-

tion of an active ingredient. According to stability studies, PEGylat-
ed octreotide is stable at pH = 4.2 ± 0.3. Thus, the pH of the
thermoresponsive gel formulation was adjusted at the suitable
pH using a buffer system (Table 3). The preferred buffer system
was composed of sodium bicarbonate and lactic acid (Obiols
et al., 2003). The graphs of sol–gel transition temperature for the
formulation containing P407 (15%), and PVA (10%) and buffering
agents are shown in Fig. 5. The graph of elastic modulus (G0) vs.
time changes of the formulation containing sodium bicarbonate
was shifted to lower temperatures compared to that of the formu-
lation without it. As opposed to sodium bicarbonate, lactic acid dis-
placed the elastic modulus (G0) graph of the formulation to higher
temperatures. The sol–gel transition temperature for the final gel
formulation containing PEGylated octreotide in presence of buffer
system is shown in Fig. 6. The graph of sol–gel transition is dis-
placed to lower temperature in comparison with the gel vehicle.
The temperature reversible gelation of Poloxamer solutions by
micellization is a well-known phenomenon and has been reported
previously (Koffi et al., 2006; Edsman et al., 1998; Ricci et al.,
2002). Electrolytes containing different anions and cations may
have ‘salting out’ and stabilizing or ‘salting in’ and destabilizing ef-
fect on micellization (Chiappetta and Sosnik, 2007). The alkali me-
tal halides have stabilizing effect through self-hydration and
hydrogen binding which induce Poloxamer micelles entanglement
Fig. 5. Graphs of the sol–gel transition temperature for in situ forming gel vehicle
(P407/PVA) (15%:10%): effect of buffering agents. Elastic modulus, G0 (Pa), as a
function of temperature.
and decrease transition temperature. In contrast, salts such as NaS-
CN and (NH2)2CO destabilize the micellar entangling by hydration
of micelles and increase transition temperature (Mao et al., 2001).
Therefore, sodium bicarbonate effect on transition temperature
could be explained by salting out mechanism and stronger hydro-
gen binding of ions with water molecules leading to dehydration of
Poloxamer micelles and sol–gel transition at lower temperatures.
Whereas, the opposite was found for lactic acid which increased
sol–gel transition temperature due to increasing interactions be-
tween protonated water molecules and Poloxamer micelles. PEGy-
lated octreotide is a hydrophilic molecule with high hydrogen
binding affinity, which decreases the free water molecules and ex-
erts same effect as sodium bicarbonate on sol–gel transition
temperature.

3.6. In vitro release studies

The cumulative percentage of PEGylated octreotide and octreo-
tide released from the final thermoresponsive gel formulation (Ta-
ble 3) as a function of time is shown in Fig. 7. An initial burst
release in the first 24 h was observed in PEGylated octreotide
and octreotide release profiles. The cumulative percentage of
octreotide released from gels over the first 24 h was 50.2 ± 1.1%



Table 4
Different kinetic models for release of PEGylated octreotide and octreotide form
thermoresponsive in situ forming gel preparations.

Kinetic
models

PEGylated octreotide
thermosensitive in situ forming
gel

Octreotide thermosensitive
in situ forming gel

Zero
order

y = 0.2023x + 40.619 y = 0.1535x + 69.78
R2 = 0.9075 R2 = 0.8619

First
order

y = �0.0054x + 2.1228 y = �0.0061x + 1.6896
R2 = 0.7783 R2 = 0.9369

Higuchi y = 5.1875x + 9.7411 y = 3.2644x + 53.358
R2 = 0.9447 R2 = 0.8877

Fig. 8. Average serum concentration-time curves after subcutaneous administra-
tion of 100 lg peptide/kg of octreotide, PEGylated octreotide and WFI (as control).
Data are shown as mean ± standard deviation of data, n = 5.

Table 5
Pharmacokinetic parameters in rats after subcutaneous injection of octreotide and
PEGylated octreotide.

Parameters Octreotide PEGylated octreotide

Cmax (ng/ml) 25.49 ± 4.67 30.19 ± 5.02
t1/2 (h) 1.62 ± 0.32 3.80 ± 0.95*

AUC0–6 (ng h/ml) 63.09 ± 21.61 107.50 ± 4.76*

AUC0–1(ng h/ml) 70.14 ± 19.65 164.70 ± 13.67*

Cl (app) (ml/h) 455.55 ± 26.66 183.17 ± 15.36*

Vd (app) (ml) 1053.54 ± 23.71 990.98 ± 76.32
MRT (h) 2.34 ± 0.46 5.49 ± 1.36*

Data are shown in mean value ± standard deviation (n = 6). Cmax, maximum con-
centration; t1/2, biological half-life; AUC, area under the curve; Cl (app), apparent
clearance; Vd (app), apparent volume of distribution; MRT, mean residence time.
* Significantly different from octreotide (p < 0.05).

Fig. 9. Graph of comparative invivo release profiles of PEGylated octreotide and
octreotide in situ forming gels, octreotide solution (data showing in insert) and
placebo in situ forming gel as control. Data are shown as mean ± standard
deviations (n = 4).

Fig. 10. Inflammatory cells quantities, 1,7 and 14 days after subcutaneous injection
of PEGylated octreotide in situ forming gel formulation. Data are shown as
mean ± standard deviations, (n = 4). HPF: high-powered field.
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which reduced to 31 ± 2% for PEGylated octreotide. Both gel formu-
lations completely released their drug contents in a continuous
pattern over the next few days. After 24 h, the octreotide release
was followed by a slower rate up to 192 h to reach a plateau but
the release of PEGylated octreotide was continued up to 13 days.

The comparison of in vitro release profiles of PEGylated octreo-
tide and octreotide was performed by model dependent method
using zero order, first order and Higuchi kinetic models (Table 4).
PEGylated octreotide and octreotide release from thermorespon-
sive gel formulation followed first order and Higuchi model respec-
tively. The suitability of each model to describe the release kinetic
of active ingredients from drug delivery systems was based on R2

calculation for the formulations. In general, two main factors con-
tributed to drug release from P407 based formulation. The first is



Fig. 11. Microphotographs of subcutaneous tissue samples, (A) rat tissue 24 h after saline injection in control group, (B) rat tissue 24 h after PEGylated octreotide in situ gel
forming system injection, (C) rat tissue 14 days after saline injection in control group and (D) rat tissue 14 days after drug delivery system injection. ?: Neutrophils, and :
Eosinophils and Red circles: Macrophages.
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the diffusion of drug molecules through the water channels pres-
ent in gel structure, and the second is the drug release concurrent
with the dissolution of the P407 gel matrix (Yang et al., 1999). If
the dissolution of the gel was solely responsible for controlling
drug release, then the drug release rate would be the same for
octreotide and PEGylated octreotide formulations. Whereas, the re-
lease rate of PEGylated octreotide is lower than octreotide from the
similar drug delivery system. This indicates that the other mecha-
nism is also affecting the drug release from gel matrix. Octreotide
and PEGylated octreotide are hydrophilic compounds and in-
creased molecular size of octreotide upon PEGylation seems to be
the only difference between the two drugs. Diffusion of drug mol-
ecules through water channels, which is affected by the size of
drug molecule, could explain the difference of release rate between
octreotide and PEGylated octreotide. The initial burst release is
attributed to drug molecules near the surface of gel and drug diffu-
sion through water channels, which is decreased for PEGylated
octreotide. The release of PEGylated octreotide followed Higuchi
kinetics, which is indicating the role of diffusion in the release from
the in situ gel forming system.

3.7. Pharmacokinetic study

3.7.1. Single dose pharmacokinetic study
PEG modification (PEGylation) usually improves the pharmaco-

kinetic properties of peptide and protein molecules by increasing
the molecular size and shielding the surface and antigenic epitopes
of these molecules (Caliceti and Veronese, 2003). In order to eval-
uate the impacts of PEGylation on octreotide pharmacokinetic
properties following subcutaneous administration in rats, pharma-
cokinetic parameters were calculated from blood serum data. The
mean serum concentration-time profiles of octreotide and PEGy-
lated octreotide are shown in Fig. 8. The maximum serum concen-
tration (Cmax) of octreotide and PEGylated octreotide were not
significantly different (p > 0.05) but the mean serum blood concen-
tration of PEGylated octreotide at each time point after 30 min was
significantly higher than that of octreotide, resulting in higher area
under the curve. The pharmacokinetic parameters are summarized
in Table 5.The blood serum half-life calculated for PEGylated
octreotide (t1/2 = 3.8 h) was significantly higher than for octreotide
(t1/2 = 1.62 h) (p < 0.05).

The AUC (0–6) and AUC (0–1) were significantly higher for
PEGylated octreotide than that obtained from octreotide blood ser-
um concentration profile (107.5 and 164.7 vs. 63.09 and
70.14 ng h/ml, respectively) (p < 0.05). The mean residence time
of the PEGylated octreotide was significantly greater than that of
octreotide (5.49 vs. 2.34 h) (p < 0.05). The apparent clearance was
significantly smaller for PEGylated octreotide than that calculated
for octreotide (183.17 vs. 455.5 ml/h) (p < 0.05). These results
clearly indicate that the PEGylation of octreotide significantly in-
creases the blood serum half-life and AUC, probably through
decreasing the kidney glomerular filtration rate while increasing
protection against proteolytic enzyme degradation and the phago-
cytosis of the peptide by the reticuloendothelial system (RES) and
liver cells.

3.7.2. In vivo release profile of octreotide and PEGylated octreotide
from the in situ gel forming system

Serum concentration-time profiles of octreotide and PEGylated
octreotide after subcutaneous injection of the in situ gel forming
system and octreotide solution are shown in Fig. 9. The expanded
insert represents octreotide serum level as function of time (6 h).
The maximum serum concentration (Cmax) and the corresponding
time (Tmax) were obtained from the serum concentration vs. time
data. After administration of octreotide solution, higher serum con-
centrations of octreotide were achieved more rapidly and the Cmax



L. Erfani Jabarian et al. / European Journal of Pharmaceutical Sciences 48 (2013) 87–96 95
(337.6 ng/ml) was reached at 30 min and declined at 6 h. In con-
trast, the Cmax of octreotide and PEGylated octreotide from thermo-
responsive formulations were 80.4 ng/ml and 75.79 ng/ml,
respectively. The Tmax of the two groups receiving octreotide and
PEGylated octreotide incorporated in thermoresponsive formula-
tion were significantly different (6 vs. 24 h) and were higher than
that of the solution which could be the result of slow release of
the peptides from thermoresponsive gel formulation. The AUC0–1
calculated for the octreotide gel formulation (187.41 ng day/ml)
was about 6 times greater than that observed with octreotide solu-
tion (706.99 ng h/ml). Therefore, the thermoresponsive gel formu-
lation resulted in a prolongation of the octreotide serum
concentration due to its ability to retard the release of the peptide
from the gel formed after injection.

PEGylated octreotide serum levels were preserved more than
1 ng/ml over 7 days after injection and before returning to baseline
levels. The comparison of AUC0–1 calculated from both gel formu-
lations containing octreotide and PEGylated peptide showed a sig-
nificant difference (p < 0.05) and was higher for PEGylated
octreotide (187.41 vs. 348.84 ng day/ml). The higher Tmax and
AUC0–1 achieved from PEGylated octreotide gel receiving group
data could be explained by the assumption that increasing molec-
ular size and weight following PEG attachment to octreotide, de-
crease kidney clearance of the modified peptide. Another
possibility is that the PEGylation causes a decrease in diffusion rate
of modified peptide from drug delivery system, which supports
findings from in vitro release study.
3.8. Histological analysis

Following biomaterial implantation, the healing response is
started by monocytes and neutrophils and continues by distribu-
tion of fibroblasts and vascular endothelial cells. In acute inflam-
matory responses, the presence of eosinophils and
polymorphonuclear (PMN) cells are remarkable while in chronic
form of inflammatory response, the presence of macrophages and
fibroblasts are expected (Bratlie et al., 2010).

The quantities of eosinophils, neutrophils and macrophages of
tissue samples at 1,7 and 14 days after injection of drug delivery
system containing PEGylated octreotide in comparison with con-
trol group are shown in Fig. 10. The number of inflammatory cells
were not significantly different in both groups (p > 0.05). The
inflammatory responses in the tissue samples of injection site in
groups receiving in situ gel formulation were generally mild and
comparable to control group (Fig. 11).
4. Conclusion

In this work, the combination of PEGylation technology and
in situ gel forming drug delivery offers a suitable sustained deliv-
ery of octreotide. PEGylation increases the molecular size and
weight and cover the surface of peptides, protecting it from prote-
olytic enzymes and RES removal. On the other hand, the release of
PEGylated peptide from gel matrix is slower than native peptide
due to higher molecular size. Total effects of molecular size reduc-
tion and increased half-life, which is derived from the results of
pharmacokinetic studies, justify the in vivo sustained release of
PEGylated octreotide from the prepared in situ gel forming matrix.
The designed PEGylated octreotide drug delivery system is bio-
compatible and inflammatory changes in injection site are negligi-
ble. Furthermore, our study illustrates that this approach may be
extended for sustained delivery of other peptides using different
molecular weight polyethylene glycol and different polymer
blends for in situ gel forming formulations.
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