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a b s t r a c t

This study was aimed at developing a suitable controlled release system for proteins by modifying
the structure of thermosensitive copolymer monomethoxy poly(ethylene-glycol)-co-poly(d,l-lactide-
co-glycolide)-co-monomethoxy poly(ethylene-glycol) (mPEG–PLGA–mPEG). Eleven mPEG–PLGA–mPEG
copolymers were synthesized and characterized by 1H NMR and gel permeation chromatography (GPC).
Thermosensitivity of the copolymers was tested using the tube inversion method. Four of the eleven syn-
thesized copolymers were dissolved in water as injectable solutions at room temperature which turned
into gels abruptly at body temperature (37 ◦C), indicating the potential use as in vivo drug delivery sys-
tem. Lysozyme was used as a model protein to study in vitro release characteristics of the copolymer
based delivery system. The copolymer based formulations released lysozyme (quantified by micro-BCA
ysozyme
rotein stability
rotein delivery

protein assay) over 10–30 days, depending on copolymer structure. The released lysozyme was confirmed
to conserve its structural stability by differential scanning calorimetry (DSC) and circular dichroism (CD),
and biological activity by specific enzyme activity assay. Furthermore, the copolymer based formulations
showed excellent biocompatibility as tested by MTT assay and in vivo histological evaluation. Therefore,
the copolymers controlled the in vitro release of lysozyme while conserving protein stability and bio-
logical activity, indicating that it is an appropriate delivery system for long term controlled release of
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proteins.

. Introduction

There are several therapeutically important proteins that have
een discovered in the past two decades since the completion of
uman genome sequencing and functional studies (Venter, 2001);
eanwhile, the tremendous advancements in biotechnology made

he large-scale production of these proteins a reality (Lee, 2002).
nfortunately, the clinical application of many of these therapeu-

ic proteins is limited by the lack of suitable delivery systems.
o far, delivery by subcutaneous injection is the most commonly
sed method of administration of protein. In order to maintain the
herapeutic effect, frequent injection is required, due to the short
alf-life of proteins in vivo (Pitt, 1990), but low patient compliance
akes this administration method undesirable. Thus, a suitable

elivery system of protein is warranted in order to deliver protein

ontinuously in its active form over a longer period after a single
njection.

Recently, thermosensitive polymer-based injectable in situ gel
orming drug delivery systems have attracted great research inter-
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st because of their advantages, such as ease of manufacturing,
voidance of organic solvents, convenient application, and sus-
ained release of incorporated drug (Hoffman, 1987; Stile et al.,
999). Poly(N-isopropylacrylamide) (poly-NIPAAM) is the proto-
ype of thermosensitive polymers. However, due to its toxicity,
oly-NIPAAM is not used for drug delivery (Bae et al., 1987;
child, 1992). The first thermosensitive polymer approved by the
DA was triblock poly(ethylene oxide)-co-poly(propylene oxide)-
o-poly(ethylene oxide) (PEO–PPO–PEO) copolymer, also called
Pluronics®” or “Poloxamer” (Merril and Pekala, 1987; BASF, 1993).
onetheless, except for its use as surfactant and thickening agent

n pharmaceutical products, PEO–PPO–PEO failed to meet expec-
ations for pharmaceutical implants, due to non-biodegradability
nd occurrence of side effects (Wang and Johnston, 1991; Muller
t al., 1997; Wasan et al., 2003). In 1997, MacroMed Inc. devel-
ped a type of biodegradable thermosensitive triblock copolymer
y replacing the hydrophobic non-degradable PPO block of polox-
mer with a biodegradable poly(d,l-lactide) (PLA) block. The new

EO–PLA–PEO (Mw 5000–2040–5000 Da) triblock copolymer was
ound to control the release of dextran, a high molecular weight
ydrophilic molecule, for 12 days (Jeong et al., 1997). Although
he PEO–PLA–PEO/water system exhibits sol–gel transition at
ody temperature (37 ◦C), this system can only be loaded with

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:jagdish.singh@ndsu.edu
dx.doi.org/10.1016/j.ijpharm.2008.08.018
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herapeutic agents at an elevated temperature of 45 ◦C at which
t exists as a Newtonian fluid. This physicochemical property limits
ts application in protein delivery since most proteins get denatured
t high temperatures.

Later, MacroMed Inc. discovered that the thermosensitive
ol–gel transition of the copolymer/water system is directly related
o the block composition and arrangement of the copolymer (Jeong
t al., 1999a,b). After replacing the PLA block with PLGA block,
odifying the block length of PEO, and rearranging the block

equence, MacroMed reported that both mPEG–PLGA–mPEG and
LGA–PEG–PLGA (Regel®) are thermosensitive liquid drug carrier
ystems which can be loaded with therapeutic agents at a tem-
erature lower than 30 ◦C with a sol–gel transition properties
t 37 ◦C. PLGA–PEG–PLGA (Regel®) has been studied extensively,
ue to the ease of one-step synthesis. Unfortunately, Regel® sys-
em is usually required to be prepared at the temperature lower
han room temperature for injectability and was reported to
ontrol the release of loaded protein for only ∼7 days, further
ncreasing the length of hydrophobic PLGA block caused protein
ggregation in the formulations (Zentner et al., 2001; Chen et al.,
005a).

Due to the different gelation mechanism from Regel®,
PEG–PLGA–mPEG/water system was claimed to be able to load
ith therapeutic agents at room temperature with abrupt sol–gel

ransition at ∼30 ◦C. Such a special sol–gel transition of the
PEG–PLGA–mPEG/water system not only avoids the high temper-

ture denaturation of loaded protein but also provides convenience
n administration because of the system’s suitable injectability
t room temperature. mPEG–PLGA–mPEG (Mw 550–2810–550 Da)
as found to continuously release a hydrophilic drug, ketoprofen,

or 3 days and another larger mPEG–PLGA–mPEG (Mw 12,798 by
PC) was reported to release loaded pDNA for ∼14 days (Jeong et al.,
000; Li et al., 2003). So far, no further investigation has been pub-

ished for the application of mPEG–PLGA–mPEG in the controlled
elease of proteins. According to the reported literature, the block
ength of biodegradable triblock copolymers has significant effects
n the initial burst and the release duration of incorporated ther-
peutic agents, for two reasons: (1) proper ratio of the length of
ydrophilic mPEG block and hydrophobic PLGA block induces less
ush-out effect by increasing gel’s stability, and (2) larger PLGA
lock results in a controlled release for longer duration of loaded
herapeutic agents by slower degradation (Jeong et al., 1999a,b;
hen et al., 2005a; Chen and Singh, 2005b). Thus, extension of the

ength of PLGA block while conserving the thermosensitivity of the
opolymer and stability of formed gel is necessary to produce a
uitable delivery system for controlled release of macromolecules
ver a long period.

The purpose of the present study was to further modify the
lock length of mPEG–PLGA–mPEG copolymer for extending the
elease of incorporated protein and to investigate the effects of
he copolymers on protein stability. Eleven mPEG–PLGA–mPEG
riblock copolymers were synthesized having serially increased
ength of both hydrophilic mPEG and hydrophobic PLGA block,
n order to find a copolymer consisting of the longest hydropho-
ic PLGA block while retaining the system’s injectability at room
emperature, sol–gel transition property at 37 ◦C and satisfactory
el stability. The copolymers with appropriate thermosensi-
ive sol–gel transition property were selected for controlled
elease formulation of a model protein, lysozyme, and for eval-
ating the effect of copolymers on stability and activity of
ysozyme. Moreover, the copolymers which showed better con-
rolled release of lysozyme were examined for their in vitro
iocompatibility using MTT assay and in vivo biocompatibil-

ty by histological examination of the skin tissue at injection
ites.

i
M
(
m
m

Pharmaceutics 365 (2009) 34–43 35

. Materials and methods

.1. Materials

Monomethoxy poly(ethylene glycol) (mPEG550 and mPEG750)
as purchased from Sigma (St. Louis, MO, USA). d,l-Lactide
as obtained from TCI (Tokyo, Japan). Glycolide was bought

rom Maybridge (Cornwall, UK). Lysozyme (EC 3.2.1.17) from
hicken egg white and Micrococcus Lysodeikticus (Micrococcus
uteus) were purchased from Sigma (St. Louis, MO, USA). Micro-
CA protein assay reagent kit was purchased from Pierce
Rockford, IL, USA). Human embryonic kidney (HEK 293) cell
ine was obtained from American Type Culture Collection
Rockville, MD, USA). All other chemicals used were of analytical
rade.

.2. Copolymer synthesis

The triblock copolymer (mPEG–PLGA–mPEG) was synthesized
y ring-opening polymerization following diblock condensa-
ion (Jeong et al., 1997; Singh et al., 2007a). Briefly, lactide
nd glycolide were polymerized onto mPEG chain to produce
PEG–PLGA diblocks which were then connected by the cou-

ling agent isophorone diisocyanate (IPDI) to generate triblock
PEG–PLGA–mPEG copolymer. Fig. 1 shows the modified syn-

hetic scheme of mPEG–PLGA–mPEG triblock copolymer. According
o previously reported investigations, larger hydrophobic block
ustained copolymer degradation over a longer duration, thereby
esulting in the controlled release of incorporated therapeutic
gents over a longer period (Chen et al., 2005a). Moreover, the ratio
f the length of mPEG and PLGA blocks affected the thermosensi-
ive sol–gel transition in a critical way (Packhaeuser et al., 2004).
hus, the lengths of both mPEG and PLGA blocks were elongated
arefully, in order to find the copolymer with longest hydrophobic
LGA block length while conserving the copolymer/water system’s
njectability at room temperature, sol–gel transition and gel sta-
ility at 37 ◦C. The different block lengths of triblock copolymers
ere achieved by varying the reaction initiator mPEG (mPEG550 or
PEG 750) and adjusting the feeding ratio of mPEG to monomers

lactide and glycolide).

.3. Copolymer characterization

.3.1. 1H NMR analysis
1H NMR (Varian Unity, 300 MHz) was used to determine the

tructural composition of synthesized copolymers. All spectra were
ecorded at 25 ◦C in deuterated chloroform (CDCl3) and tetram-
thylsilane (TMS) signal was taken as the zero chemical shift.
umber average molecular weight (Mn) and the ratio of lactic acid

LA) to glycolic acid (GA) portions were calculated by integrating
he signals pertaining to each monomer, such as the peaks from
H3 of LA (at 1.55 ppm), CH3 of mPEG end group (at 3.38 ppm), CH2
f mPEG (at 3.65 ppm), CH2 of GA (at 4.80 ppm), and CH of LA (at
.20 ppm) (Jeong et al., 1999a).

.3.2. Gel permeation chromatography (GPC)
GPC was used to determine molecular weight distribution of

ynthesized copolymers. The measurement was carried out on a
aters 515 (Milford, MA) apparatus equipped with a refractive
ndex detector and two Styragel® HR4E and HR5E columns (Milford,
A). The analyses were performed at 30 ◦C, using tetrahydrofuran

THF) as an eluant at a flow rate of 1 ml/min. Polystyrenes having
olecular weight of 162–6,035,000 Da were used as standards for
olecular weight calibration.



36 Y. Tang, J. Singh / International Journal of Pharmaceutics 365 (2009) 34–43

ers fol

2

t
a
c
d
a
t
1
t
t
o

2
f

o
c
3
p

2

1
P
(
t
a
p
m
B
m
C
f
5
m
w
f

2
l

2
c

n
s
b
r
w
a
l
a
d
l
s
(

2
(

J
w
o
a
s
e
c

m

w
o

Fig. 1. The synthetic scheme of mPEG–PLGA–mPEG triblock copolym

.3.3. Thermosensitive sol–gel transition of copolymer solutions
mPEG–PLGA–mPEG triblock copolymers were dissolved in dis-

illed water at a series of concentrations of 40%, 30%, 20%, 10%
nd 5% (w/v). After equilibration at 4 ◦C for 12 h, vials containing
opolymer solutions were immersed in a water bath equilibrated at
esignated temperatures. After equilibration at a constant temper-
ture for 10 min, the sol–gel transition was determined by inverting
he tube for 1 min until no fluidity was observed (Jeong et al.,
999b). The testing temperatures ranged from 10 to 90 ◦C with the
emperature increments of 2 ◦C/step. The determined critical gela-
ion temperatures (CGT) and critical gelation concentrations (CGC)
f triblock copolymers were depicted in phase diagrams.

.4. Preparation of thermosensitive in situ gel forming
ormulations for lysozyme

Copolymer was dissolved in distilled water at a concentration
f 40% (w/v). Model protein lysozyme (2%, w/v) was added to the
opolymer solution and homogenized at a speed of 8000 rpm for
s at room temperature. The solution formulation of lysozyme was
ushed through a 25-gauge needle to test its injectability.

.5. In vitro release of lysozyme

An aliquot of 0.5 ml solution formulation was injected into a
0 ml tube which was then incubated at 37 ◦C for gel formation.
hosphate buffer saline (PBS, 0.01 M, pH 7.4) containing NaN3
0.02%, w/v) was added into the tube as a release medium. The
ube was incubated in a reciprocal shaking water bath at 37 ◦C
nd 35 rpm during the release studies. Samples were withdrawn
eriodically and replaced with the same amount of fresh release
edium. The amount of released protein was determined by micro-

CA protein assay. An aliquot of 150 �l suitably diluted sample was
ixed with 150 �l of working reagent (micro-BCA reagent A, B and
in a volume ratio of 50:48:2). The mixture was incubated at 37 ◦C
or 2 h and then cooled down to room temperature. Absorbance at
70 nm was measured by Dynex MRX Revelation TC model 96-well
icroplate reader (Vienna, VA). The standard sample of lysozyme
as prepared in PBS within the concentration range of 3–80 �g/ml

or standard calibration curve.

2

b
a
w

lowing the Jeong’s procedure with modifications (Jeong et al., 1997).

.6. Conformational stability and biological activity studies of
ysozyme

.6.1. Conformational stability study by differential scanning
alorimetry (DSC)

DSC measurements were carried out on an ultra-sensitive scan-
ing calorimeter (VP-DSC, MicroCal, Northampton, MA). All the
amples and references were degassed by stirring under vacuum
efore loading into the sample cell and reference cell. The heat flow
equired for thermally balancing the sample cell and reference cell
as recorded from 25 to 95 ◦C. A scan rate of 1.5 ◦C/min was used for

ll samples. The release medium background was subtracted from
ysozyme sample scan during data analysis. The transition temper-
ture (Tm) and the calorimetric enthalpy change (�H) of thermal
enaturation were used for evaluating conformational stability of

ysozyme. All thermodynamic values were averaged over four mea-
urements. Data analysis was performed using Origin5.0® software
OriginLab, Northampton, MA).

.6.2. Secondary structure stability study by circular dichroism
CD)

CD measurement was performed in a quartz 0.1 cm cell, using a
asco J-815 CD spectrophotometer (Jasco, Tokyo, Japan). CD signals
ere recorded from 260 to 200 nm at 25 ◦C using a band width

f 1 nm and a scanning rate of 100 nm/min. All spectra were the
verage of five consecutive scans. Fresh release medium (PBS) was
canned in the same wavelength range for obtaining a baseline to
liminate the background interference. The molar ellipticity was
alculated using the following equation:

olar ellipticity [�] = �

C l

here � was the ellipticity in mdeg; l was the pathlength (0.1 cm)
f the cell and C was the concentration of protein sample in mmol/l.
.6.3. Biological activity of lysozyme by enzymatic method
Micrococcus luteus (0.01%, w/v) was suspended into phosphate

uffer (66 mM, pH 6.15) and diluted to obtain an A450 between 0.2
nd 0.6. A 0.1 ml aliquot of appropriately diluted lysozyme sample
as mixed with 2.5 ml of prepared Micrococcus luteus suspension
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3.1.2. Molecular weight distribution analysis by gel permeation
chromatography (GPC)

A unimodal GPC trace was found for all synthesized copoly-
mers (graphs not shown). The progressively increased molecular
Y. Tang, J. Singh / International Jour

n a quartz cell (path length 1 cm), which was then immediately
laced into a spectrophotometer. The rate of decrease of absorbance
t 450 nm was monitored by the UV spectrophotometer during a
otal period of 2 min at 25 ◦C. The slope of the linear portion in the
lot of absorbance against time provided the amount of lysozyme

n enzyme unit (EU) (Shugar, 1952; Al-Tahami et al., 2006; Singh
t al., 2007a). Units of biological active lysozyme were calculated
ased on EU, using the following equations:

Units of lysozyme/ml sample

= (�A450nm/ min Test − �A450nm/ min Blank) × (df)
0.001 × 0.1

nits of lysozyme/mg = Units of lysozyme/ml sample
mg lysozyme/ml sample

In the equation, df was the dilution factor and 0.001 was from the
efinition of lysozyme unit as one unit will produce a �A450 nm of
.001 per minute at pH 6.15 and 25 ◦C using a suspension of Micro-
occus luteus as substrate in a 2.6 ml reaction mixture. The volume
n milliliters of lysozyme sample used was 0.1 ml. The biological
ctivity of released lysozyme sample was compared with native
ysozyme sample (freshly prepared lysozyme solution in PBS) to
valuate the effect of polymeric formulation on lysozyme’s biolog-
cal activity.

.7. Biocompatibility of copolymer based delivery system

.7.1. In vitro biocompatibility
The in vitro biocompatibility of triblock copolymers was investi-

ated by MTT assay using human embryonic kidney cells (HEK 293).
ecause living cells can reduce a water soluble yellow dye (3-(4,5-
imethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)) to
water insoluble purple formazan product by mitochondrial suc-

inate dehydrogenases, the absorbance of the formazan product at
70 nm can be used to measure the cell viability (Ignatius and Claes,
996; Singh and Singh, 2007b). In this study, copolymer extracts
ere prepared by incubating the copolymer formulation in phos-
hate buffer saline (PBS, pH 7.4) for degradation at 37 and 70 ◦C
ver 10 days and then the pH was adjusted to 7.4 using 1 M NaOH.
opolymer extracts and fresh PBS were filtered through a 0.2 �M
embrane and diluted serially with growth medium (modified

agle’s minimum essential medium supplemented with 10% of fetal
ovine serum) at various dilution ratios. Then copolymer extracts,
resh PBS as well as their diluents were added into 96-well plates
ontaining HEK293 cells. Cells treated with the same amount of
rowth medium were used as a control group. The plates were incu-
ated at 37 ◦C in a humidified 5% CO2 atmosphere for 24, 48, and
2 h. At indicated time points, 20 �l of MTT solution (5 mg/ml in
BS) was added into each well followed by 4 h incubation. After cul-
ure medium was suctioned completely, 100 �l per well of dimethyl
ulfoxide (DMSO) was added to dissolve the formed formazan crys-
als. The absorbance that correlated with the number of viable
ells in each well was measured by an MRX-Microplate Reader at
70 nm. Cell viability of the control group was considered as 100%.
he absorbance of groups treated with copolymer extract, PBS as
ell as the diluents was compared with that of the control group

o obtain the percentage of cell viability.

.7.2. In vivo biocompatibility

In vivo bicompatibility study was carried out using female Wis-

ar rats (Harlan, Indianapolis, IN). The skin tissue from the injection
ite was evaluated for the biocompatibility of the polymeric deliv-
ry system. In this study, 300 �l of blank polymeric delivery system
as injected subcutaneously at the back of the neck of rats. Rats F
Pharmaceutics 365 (2009) 34–43 37

ere euthanized at 1 day, 1 week, 2 weeks, 1 month, 2 months, and
months after treatments. Skin tissue from the injection site was

urgically removed, fixed in 10% neutral buffered formalin for 48 h,
ehydrated in a graded series of alcohol and embedded in paraf-
n. Transverse sections (5-�m thick) were prepared using rotatory
icrotome and mounted on glass slides followed by counter stain-

ng with hematoxylin and eosin. The slides were examined under
light microscope for any signs of acute and chronic inflamma-

ions, such as tissue granulation, fibrous capsule formation, and
brosis.

.8. Data analysis and statistics

Analysis of variance (ANOVA) and student’s t-test were used
or statistical comparison. A probability value less than 0.05 was
onsidered significant.

. Results

.1. Copolymer characterization

.1.1. Structure and molecular weight analysis using 1H NMR
Eleven copolymers were synthesized following the scheme

hown in Fig. 1. A typical 1H NMR spectrum of synthesized copoly-
ers was presented in Fig. 2, which was similar to the reported

pectrum of mPEG–PLGA–mPEG triblock copolymer (Jeong et al.,
999a). The characteristic peaks pertaining to mPEG–PLGA–mPEG
riblock copolymer were found at 1.55 ppm (CH3 of LA), 3.38 ppm
CH3 of mPEG end group), 3.65 ppm (CH2 of mPEG), 4.30 ppm (con-
ecting CH2 group between PLGA and mPEG), 4.80 ppm (CH2 of
A), and 5.20 ppm (CH of LA). Integrations of the peaks at 1.55 ppm

CH3 of LA), 3.38 ppm (CH3 of mPEG end group), 3.65 ppm (CH2 of
PEG), and 4.80 ppm (CH2 of GA) were used to calculate the num-

er average molecular weight (Mn) (Table 1). Copolymers from P1
o P5 had mPEG block in the same length of 550 Da with gradu-
lly elongated PLGA block from 2741 to 4112 Da. Copolymers from
6 to P11 comprised of larger mPEG block of 750 Da with serially
nlarged PLGA block from 3839 to 5066 Da. The ratio of LA to GA
oieties was fixed at ∼3 for all copolymers.
ig. 2. 1H NMR spectrum of synthesized mPEG–PLGA–mPEG triblock copolymer.



38 Y. Tang, J. Singh / International Journal of

Table 1
1H NMR and GPC characterization of synthesized copolymers

Triblock copolymer
mEPG–PLGA–mPEG

1H NMR GPC

Structure Mn
a Mn

b Mw
c PDId

P1 EG12–L30G10–EG12 3841 3561 4163 1.17
P2 EG12–L35G12–EG12 4318 3761 4392 1.17
P3 EG12–L39G13–EG12 4715 4057 4728 1.16
P4 EG12–L41G14–EG12 4866 4524 5312 1.17
P5 EG12–L45G15–EG12 5212 4973 5994 1.21
P6 EG17–L42G14–EG17 5339 5648 6655 1.18
P7 EG17–L45G15–EG17 5613 5985 7144 1.19
P8 EG17–L48G16–EG17 5887 6427 7770 1.21
P9 EG17–L50G17–EG17 6089 6761 8376 1.24
P10 EG17–L52G18–EG17 6291 6807 8238 1.21
P11 EG17–L55G19–EG17 6566 7054 8590 1.22

Note: EG: mPEG block of mPEG–PLGA–mPEG triblock copolymer. The subscript indi-
cates the number of repeat units of ethylene glycol in the copolymer, LG: PLGA block
of mPEG–PLGA–mPEG triblock copolymer. The subscript indicates the number of
repeat units of lactic acid (L) and glycolic acid (G) in the copolymer.

a Number average molecular weight obtained from 1H NMR analysis.
b
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Number average molecular weight obtained from GPC measurements.
c Weight average molecular weight obtained from GPC measurements.
d Polydispersity index obtained from GPC measurements.

eights [both number average molecular weight (Mn) and weight
verage molecular weight (Mw)] were observed by GPC, which were
n accordance with the 1H NMR analysis (Table 1). The molecular

eight distribution of copolymers was expressed as polydispersity
ndex (PDI = Mw/Mn). All synthesized copolymers were observed to
ave a low polydispersity index (close to 1). A unimodal GPC trace
nd low polydispersity index further confirmed the formation of
riblock copolymers as well as sufficient purity for further study of
opolymer thermosensitivity.

.1.3. Thermosensitivity characterization of mPEG–PLGA–mPEG
opolymers

The thermosensitive sol–gel transition of mPEG–PLGA–mPEG
opolymer solutions was summarized by phase diagrams (Fig. 3).

opolymer P1 (EG12–L30G10–EG12), P2 (EG12–L35G12–EG12), P6
EG17–L42G14–EG17) and P7 (EG17–L45G15–EG17) were completely
issolved in distilled water as clear solutions up to polymer con-
entration of 40% (w/v) at 4 ◦C. These polymeric solutions showed

ig. 3. Phase diagrams of mPEG–PLGA–mPEG triblock copolymers. Keys: (�) copoly-
er P1 (EG12–L30G10–EG12); (�) copolymer P2 (EG12–L35G12–EG12); (�) copolymer

6 (EG17–L42G14–EG17); (�) copolymer P7 (EG17–L45G15–EG17).
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fast sol–gel–sol transition in response to the elevated tem-
erature from 10 to 90 ◦C. Other copolymers were soluble at a
oncentration below 15% (w/v) but failed to exhibit the ther-
osensitive sol–gel transition. Thus, phase diagrams were used

o depict the sol–gel transitions of copolymer P1, P2, P6 and P7
olutions only. The transition temperature was found to be a
unction of both copolymer concentration and structural compo-
ition. In the temperature range of 10–90 ◦C, copolymer solutions
t concentrations higher than 15% (w/v) existed in three phys-
cal states: solution, gel, and precipitate. At a given copolymer
oncentration, the minimal temperature required for the sol–gel
ransition of copolymer solution was defined as lower critical gela-
ion temperature (LCGT), and the temperature required for gel to
recipitate was referred to as upper critical gelation temperature
UCGT). As shown in Fig. 3, an increase in the copolymer con-
entration resulted in a decrease in the LCGT with a concurrent
ncrease in the UCGT. Besides the effects of copolymer concen-
ration, structural composition of the triblock copolymers also
howed significant influence on the sol–gel–precipitate transitions.
n increase in the mPEG block length from 550 Da (EG12) to 750 Da

EG17) dramatically shifted both sol–gel and gel–precipitate tran-
itions to higher temperature (�T = ∼10 to 12 ◦C). An increase in
he PLGA block length from 2741 Da (L30G10, copolymer P1) to
218 Da (L35G12, copolymer P2), keeping the mPEG block length
onstant (550 Da), resulted in the shift of sol–gel transition to
ower temperature and the gel–precipitate transition to a higher
emperature. The same phenomenon was also observed for copoly-

ers P6 and P7. Furthermore, the P1, P2, P6 and P7 copolymers
hat had a concentration in the range of 35–40% (w/v) existed as
lear solutions at room temperature (∼22–25 ◦C) and turned into
white gel immediately at body temperature. This physicochem-

cal property makes these copolymers suitable for drug delivery
pplications.

.2. In vitro release of lysozyme from polymeric formulation

The copolymer P1, P2, P6 and P7 based solution formulations of
ysozyme were injectable solutions through 25 G needle at room
emperature and turned into gels rapidly at 37 ◦C. In the in vitro
elease study (Fig. 4), the copolymer P1 based formulation showed
n initial burst release of 26.3 ± 1.1% and controlled the release
f lysozyme for ∼21 days. Copolymer P2 based formulation sup-
ressed the initial burst release to 22.1 ± 0.5% and prolonged the

elease of the protein over 28 days. A high initial burst release of
7.9 ± 1.8% and 66.2 ± 1.3% was observed for copolymer P6 and P7
ased formulations, respectively, followed by a slow release for only
0 days.

ig. 4. Effect of copolymer structural composition on in vitro release of lysozyme.
eys: (�) formulation of 40% (w/v) of copolymer P1; (�) formulation of 40% (w/v)
2; (♦) formulation of 40% (w/v) P6; (�) formulation of 40% (w/v) P7.
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Table 2
Thermal parameters of lysozyme released from thermosensitive formulations (mean ± S.D., n = 4)

Sample Calorimetric enthalpy �H (kcal/mol) Transition temperature Tm (◦C)

0 days 7 days 15 days 0 days 7 days 15 days

Native lysozyme 102.2 ± 4.1 – – 75.7 ± 0.5 – –
Lysozyme control – 74.9 ± 5.8* 67.0 ± 8.8* – 72.7 ± 0.2* 72.6 ± 0.3*

Released lysozyme
P1 formulation – 77.1 ± 4.1* 74.5 ± 8.0* – 75.7 ± 0.2a 76.0 ± 0.3a

a ± 5.9a a a
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value of cell viability was expressed as a percentage of control cells
(which were treated with growth medium only and considered to
have 100% cell viability). Gradual increase in the cell viability was
observed with increasing dilution of copolymer extracts and PBS
P2 formulation – 98.5 ± 9.1 93.8

* p < 0.05 compared to native lysozyme.
a p < 0.05 compared to lysozyme control at corresponding time points.

.3. Stability studies of released proteins

.3.1. Conformational stability by differential scanning
alorimetry (DSC)

DSC was used to investigate the conformational stability of
rotein against thermal denaturation. The DSC parameters (Tm

nd �H) of released lysozyme were compared to native lysozyme
freshly prepared lysozyme solution in PBS) and lysozyme control
lysozyme solution in PBS incubated at 37 ◦C and sampled at the
ame time points as released lysozyme) to evaluate the effect of
olymeric formulation on the protein stability (Table 2). Native

ysozyme showed a transition peak at 75.7 ± 0.5 ◦C (Tm) with a
alorimetric enthalpy change (�H) of 102.2 ± 4.1 kcal/mol during
he thermal denaturation. After 7 days incubation at 37 ◦C, the
m and �H of the control lysozyme were significantly (p < 0.05)
ecreased to 72.7 ± 0.2 ◦C and 74.9 ± 5.8 kcal/mol, respectively,
hile extension of the incubation time to 15 days resulted in fur-

her decrease in �H (67.0 ± 8.8 kcal/mol). Released lysozyme from
opolymer P1 formulation demonstrated the fold → unfold transi-
ion at a similar temperature (75.7 ± 0.2 ◦C of sample withdrawn
t day 7, and 76.0 ± 0.3 ◦C of sample withdrawn at day 15) as
ative lysozyme. However, the �H of the transition decreased to
7.1 ± 4.1 kcal/mol and 74.5 ± 8.0 kcal/mol for sample withdrawn
t day 7, and day 15, respectively, which were slightly higher
han control lysozyme but significantly (p < 0.05) lower than native
ysozyme. The Tm of released lysozyme from copolymer P2 formula-
ion was also observed at a similar temperature as native lysozyme
75.1 ± 0.3 ◦C at day 7, and 76.1 ± 0.2 ◦C at day 15) during ther-

al denaturation, and the �H (98.5 ± 9.1 kcal/mol at 7 day, and
3.8 ± 5.9 kcal/mol at day 15) were significantly (p < 0.05) higher
han control lysozyme and similar to native lysozyme.

.3.2. Secondary structure stability by circular dichroism (CD)
Secondary structure of released lysozyme was probed by CD to

urther examine the possible effects of copolymer formulations on
he structural stability of lysozyme. Fig. 5 shows the CD spectra of
ative lysozyme and released lysozyme from copolymer P1 and P2
ased formulations. All the released lysozyme displayed a strong
egative band in the range of 200–240 nm with two minima at
08 nm and 222 nm, which was similar to native lysozyme.

.3.3. Biological activity of lysozyme
Released lysozyme from P1 and P2 formulations withdrawn at

ay 28 were tested for specific enzyme activity and compared with
ative lysozyme. The enzyme activity of released lysozyme was
5.3 ± 1.6 (×104 EU/mg) and 37.4 ± 1.5 (×104 EU/mg) for P1 and

2 formulations, respectively. No significant difference was found
etween native lysozyme (37.2 ± 1.6 (×104 EU/mg)) and released

ysozyme from P2 formulation. Released lysozyme from P1 formu-
ation showed a slightly but insignificantly (p > 0.05) lower specific
nzyme activity compared to native lysozyme.

F
(
w
s
l

– 75.1 ± 0.3 76.1 ± 0.2

.4. Biocompatibility of copolymer based delivery system

.4.1. In vitro biocompatibility
The biocompatibility of P1 and P2 copolymer based on formu-

ations were evaluated by the viability assay of HEK293 cells. The
ig. 5. CD spectra of released lysozyme samples from thermosensitive formulations.
a) Lysozyme (2%, w/v) released from 40% (w/v) P1 formulation; (b) lysozyme (2%,
/v) released from 40% (w/v) P2 formulation. Keys: CD spectra of released lysozyme

ample withdrawn at day 1, day 7, day 15 and day 21. (Native) is freshly prepared
ysozyme solution in PBS.
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Fig. 6. Biocompatibility of mEPG–PLGA–mPEG triblock copolymer P1 and P2. The
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iocompatibility was expressed as cell viability in terms of percentage of control
roup. (a and b) Comparison of cytotoxicity between copolymer P1 extracts (37 and
0 ◦C) and PBS. (c and d) Comparison of cytotoxicity between copolymer P2 extracts
37 and 70 ◦C) and PBS.

ith growth medium (Fig. 6). HEK293 cells treated with P1 and
2 copolymer extracts prepared at 37 ◦C showed comparable cell
iability to PBS at all dilution ratios (Fig. 6a and c). Although an
ncrease in viability was observed for cells treated with copolymer
xtracts prepared at 70 ◦C, the increase was statistically insignifi-
ant compared to PBS treatment (Fig. 6b and d).

.4.2. In vivo biocompatibility
In vivo biocompatibility of the polymeric delivery system was

valuated in the rat after administration of blank polymeric delivery
ystem. Fig. 7a showed the image of normal subcutaneous histology
f rat skin where no formulation was injected. The subcutaneous
istologies of rat skin following administration of the copolymer
2 based polymeric delivery system were presented in Fig. 7b–g.
ne day after administration of the polymeric delivery system, an
cute inflammatory response occurred at the injection site char-
cterized by increased permeability of the capillaries and infusion
f abundant neutrophiles and lymphocytes. 1–2 weeks later, the

umber of lymphocytes and neutrophiles dropped but the count of
acrophages became predominant. The presence of macrophages
as seen for more than a month after subcutaneous administration
f the polymeric delivery system. After 3 months, the histology of
he skin sample from polymer delivery site was similar to normal

t
a
t
n
c
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kin. No signs of fibrosis, muscle damage, or necrosis were observed
uring the study, indicating the acceptable biocompatibility of the
olymeric delivery system.

. Discussion

The synthesized copolymers were proven to have
PEG–PLGA–mPEG triblock structure, but not all of them

isplayed suitable characteristics for the application to in situ
el forming implant delivery systems. The hydrophobic PLGA
lock was carefully extended from L30G10 (L: lactic acid moiety;
: glycolic acid moiety) to L45G15 while fixing the LA/GA ratio

∼3:1) and keeping mPEG block length constant (EG12, 550 Da).
opolymer P1 (EG12–L30G10–EG12, 550–2741–550 Da) and P2
EG12–L35G12–EG12, 550–3218–550 Da) showed satisfactory solu-
ility in water at equilibrium temperature of 4 ◦C. However, further
xtension of the hydrophobic PLGA block from L39G13 (3615 Da)
o L45G15 (4112 Da) resulted in the marked decrease in copolymer
olubility. Increase in the hydrophilic mPEG block was known to
ncrease the solubility of copolymers. Therefore, copolymers P6
EG17–L42G14–EG17) and P7 (EG17–L45G15–EG17) were synthesized
y replacing the hydrophilic mPEG (EG12, 550 Da) of copolymer
4 (EG12–L41G14–EG12) and P5 (EG12–L45G15–EG12) with a more
ydrophilic mPEG (EG17, 750 Da). Consequently, the copolymers
6 and P7 regained a satisfactory solubility for sol–gel transition.
nfortunately, further increase in the length of hydrophobic PLGA
lock from L48G16 (copolymer P8) to L55G19 (copolymer P11)
ecreased the solubility of the copolymer and failed to achieve
he critical gelation concentration (CGC) (Jeong et al., 1999b).
hus, copolymers P1, P2, P6 and P7 were selected for delivery and
tability studies of the model protein, lysozyme.

The mPEG–PLGA–mPEG copolymer has both hydrophobic PLGA
lock and hydrophilic mPEG block. Extent of hydrophobicity and
ydrophilicity determines the sol–gel transition of the copoly-
er. As shown in the phase diagrams, increasing the length of

ydrophobic PLGA block at fixed length of mPEG resulted in a lower
ol–gel transition temperature and wider temperature region for
el phase at a given copolymer concentration. Increased in the PLGA
lock resulted in larger micelles, which had higher tendency to
orm a gel and improve gel stability at lower concentration and
ower temperature (Jeong et al., 1999b). Besides the effect of PLGA,
he hydrophilic mPEG block also remarkably affected the ther-

osensitive sol–gel transition of mPEG–PLGA–mPEG copolymer
olution. Copolymer with longer mPEG block (EG17, 750 Da) showed
higher gelation temperature than copolymer having a smaller
PEG block (EG12, 550 Da), which was in agreement with the earlier

eports (Jeong et al., 1999b; Chen et al., 2005a). The intermixing of
ydrophobic PLGA core with hydrophilic mPEG corona was respon-
ible for the thermosensitive sol–gel transition of the copolymer
olution and also for the stability of formed gel. Longer mPEG usu-
lly had less tendency for phase mixing, thus mPEG–PLGA–mPEG
opolymer having larger mPEG block required a higher tempera-
ure for enough phase mixing as well as sol–gel transition (Jeong
t al., 1999b). Increasing the length of PLGA block was reported
o compensate the effect of longer mPEG block on sol–gel transi-
ion temperature (Li et al., 2003). However, our study found that
ncreasing the PLGA block length from L48G16 (4387 Da) to L55G19
5066 Da) did not reverse the elevated sol–gel transition tempera-
ure but decreased water solubility of the copolymer.

Lysozyme was used as a model protein to examine whether

he mPEG–PLGA–mPEG copolymers (P1, P2, P6 and P7) were suit-
ble for controlled delivery system. Copolymer P1 and P2 based
hermosensitive in situ gel forming formulations demonstrated sig-
ificantly lower (p < 0.05) initial burst release of lysozyme than
opolymer P6 and P7 formulations (Fig. 4). The initial burst release
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Fig. 7. Light micrographs of rat skin showing subcutaneous histology. Magnification 20×. (a) Normal subcutaneous histology, (b) rat skin sampled from the injection site
after 1 day subcutaneous administration of the blank polymeric delivery system (copolymer P2), (c) rat skin sampled from the injection site after 1 week subcutaneous
administration of the blank polymeric delivery system (copolymer P2), (d) rat skin sampled from the injection site after 2 weeks subcutaneous administration of the blank
p site af
( eous
s blan
n

w
H
t
s

olymeric delivery system (copolymer P2), (e) rat skin sampled from the injection
copolymer P2), (f) rat skin sampled from the injection site after 2 months subcutan
ampled from the injection site after 3 months subcutaneous administration of the
eutrophils).
as normally considered to be due to the surface located protein.
owever, in the case of thermosensitive in situ forming hydrogel,

he expulsion of the aqueous phase resulting from contraction of
ystem volume during sol–gel transition was also responsible for

t
o
i
w

ter 1 month subcutaneous administration of the blank polymeric delivery system
administration of the blank polymeric delivery system (copolymer P2), (g) rat skin
k polymeric delivery system (copolymer P2) (L: lymphocytes; M: macrophage; N:
he initial burst release. Protein located in the hydrophilic domain
f the gel was subjected to the push-out effect and resulted in the
nitial burst release (Packhaeuser et al., 2004). Furthermore, gel

ith higher stability had less volume contraction than the gel hav-
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ng lower stability; as a result, copolymers P6 and P7 having larger
PEG block and less gel stability showed higher initial burst release

ompared to copolymers P1 and P2.
The size of PLGA block also played an important role in the con-

rolled release of protein. The formulation of copolymer P2 which
as a larger PLGA block (L35G12, 3218 Da) controlled the release of

ysozyme for a longer duration than copolymer P1 (PLGA block:
30G10, 2741 Da). The release of large molecules from degradable
olymeric formulation was known to be controlled by both diffu-
ion of the molecules and degradation of copolymer matrix (Jeong
t al., 2000; Chen et al., 2005a). Larger PLGA block caused the
opolymer to be more hydrophobic, which consequently slowed
own the degradation of copolymer matrix and resulted in the

onger release period of loaded protein.
A suitable controlled delivery system should be able to release

rotein in its biologically active form, as proteins, being fragile,
an be easily destabilized during formulation processes. Structural
eformation is a major reason for the loss of protein’s activity,
ecause certain tertiary, secondary, and primary structures are
equired for eliciting the physiological function of protein. There-
ore, it is important to examine the stability of proteins released
rom the mPEG–PLGA–mPEG copolymer based thermosensitive in
itu gel forming formulations.

The most stable conformation of a protein is usually the native
tate (Wang, 1999). When a protein folds, most of the nonpolar
hains are buried in the interior of protein molecules out of contact
ith water. This folded structure is stabilized by intramolecu-

ar interactions such as hydrophobic interactions, electrostatic
nteractions, hydrogen bonding, intrinsic propensities, and van
er Waals forces. However, when intermolecular protein–solvent
or environmental) interactions dominate over the intramolecu-
ar interactions, proteins may denature (or unfold) into an inactive
orm through a process of conformational changes. Such conforma-
ional changes result in changes of excess apparent specific heat
apacity of protein (�Cp, ex) during thermal denaturation which
an be measured by DSC. DSC transforms the structural informa-
ion of protein into macroscopic scale thermodynamic parameters,
uch as �H and Tm. Thus, DSC measurement is now widely
ccepted for studying protein conformational (tertiary structure)
tability. In this study, incubation of lysozyme in PBS at 37 ◦C
ed to decrease in both Tm and �H. The significant decrease of
m might be as a result of the protein misfolding after unfold-
ng and the reduction of �H was attributed to protein unfolding.
hese results indicated that lysozyme was gradually unfolded, or in
ther words destabilized, in PBS with increasing incubation time at
7 ◦C. Compared to lysozyme control, released lysozyme from the
wo polymeric formulations demonstrated a similar Tm and �H
s native lysozyme suggesting that the polymeric formulation P2
ontinuously released conformationally stable lysozyme into the
elease medium (PBS).

CD is a sensitive technique to probe secondary structure of pro-
ein, particularly for diluted protein solution. According to reported
iterature, the secondary structure of lysozyme could be destabi-
ized by the presence of glycolic acid and lactic acid (Determan et
l., 2006). Since the lactic acid and glycolic acid could be produced
y mPEG–PLGA–mPEG copolymer degradation, it was important
o examine the secondary structure of released lysozyme from
ormulations. The CD spectra of released lysozyme did not dis-
lay significant difference from native lysozyme, which means the
opolymer formulation degradation had no effect on the secondary

tructure of loaded lysozyme (Fig. 5).

In order to correlate the conformational stability with the bio-
ogical activity of lysozyme, the specific enzyme activity was tested
or released lysozyme and native lysozyme. In agreement with the
onformational stability studies, the released lysozyme retained

t
f
s

Pharmaceutics 365 (2009) 34–43

ts specific enzyme activity compared to native lysozyme. Hence,
he copolymer P1 and P2 based formulations were confirmed to
ontinuously release lysozyme in biologically active form.

Good biocompatibility is an important criterion for selection of
mplanted materials. The non-biocompatible materials could cause
rreversible tissue damages, such as permanent tissue destruc-
ion, necrosis, significant fibrosis, and dystrophic calcification.

PEG–PLGA–mPEG copolymers is finally degraded into lactic acid,
lycolic acid and mPEG. Both lactic acid and glycolic acids can
e metabolized into carbon dioxide and water through the tricar-
oxylic acid cycle (Tice and Cowsar, 1984). Meanwhile, mPEG can
e cleared from body via kidney. However, the good biodegradabil-

ty does not insure good biocompatibility. Moreover, the reported
iocompatibility of polymer containing PLGA is still controversial.
t is important to investigate the biocompatibility of the synthe-
ized copolymers. Therefore, in vitro and in vivo biocompatibility
tudies were carried out in this study.

The in vitro biocompatibility of the mPEG–PLGA–mPEG copoly-
er was tested by an MTT assay. This assay has proven to be a

ensitive and reliable method for examining biocompatibility of
iodegradable polymers (Singh and Singh, 2007b; Chen and Singh,
008). In the present study, no significant difference in cell via-
ility was observed between cells treated with PBS and copolymer
xtracts. Since PBS was non-cytotoxic, the copolymer-based formu-
ation was considered to have good in vitro biocompatibility. The
ell viability was found to gradually decrease with the increased
oncentration of copolymer extracts and PBS in growth medium,
hich was attributed to the depletion of nutrition for cell growth

nd proliferation.
MTT assay proved that the neutralized copolymer extracts have

o cytotoxicity, but could not reveal the effects of acidity resulted
rom the copolymer degradation and the tissue response to the
olymeric formulation. In order to address this issue, in vivo bio-
ompatibility was evaluated by the extent and duration of tissue
nflammatory responses. An acceptable tissue reaction to poly-

eric implants should be a temporary inflammatory response to
njury caused by injection with minimal fibrosis from wound heal-
ng process (Ziats et al., 1987). Such a short process of inflammatory
esponse is characterized by acute inflammatory responses for
he first day to 2 weeks followed by a longer duration of chronic
nflammation depending on the existence of stimuli (Anderson and
hive, 1997). In this study, histological examination of skin samples
emoved from the injection site showed a typical acute inflam-
atory response 1 day after subcutaneous administration of the

olymeric formulation, distinguished by the localized hemorrhage
esulting from increased permeability of capillaries and abun-
ant infiltration of neutrophils and lymphocytes in the interstitial
paces. An acute inflammatory response was gradually replaced by
hronic inflammation in the following 1–2 weeks with increased
umber of macrophages. The chronic inflammatory response lasted

or more than 1 month and less inflammatory cells were observed
months after the administration of polymeric formulation. The

kin tissue was restored to normal status after 3 months. No persis-
ent tissue damage was observed in this study and the recovery of
emporary tissue damage satisfies the regulation of International
rganization of Standardization (ISO, 2007). Thus, the biocom-
atibility studies confirmed that the polymeric formulation has
cceptable biocompatibility for use in drug delivery system.

. Conclusion
A series of mPEG–PLGA–mPEG triblock copolymers were syn-
hesized and characterized for their use in thermosensitive system
or protein delivery. Four of the eleven synthesized copolymers
howed optimal aqueous solubility, sol–gel transition at body
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emperature, and ability to control the in vitro release of incor-
orated protein. The copolymer (P2) controlled burst release as
ell as extended the release of incorporated lysozyme in its con-

ormationally stable and biologically active form. The release of
ysozyme from the polymeric formulations was dependent on the
tructural composition of copolymers. Furthermore, the copoly-
er based formulation also showed good biocompatibility. Thus,

he mPEG–PLGA–mPEG copolymer (P2) based in situ gel forming
mplant might be an appropriate delivery system for controlled
elease of therapeutic proteins.

eferences

l-Tahami, K., Meyer, A., Singh, J., 2006. Poly lactic acid based injectable delivery sys-
tems for controlled release of a model proteína, lysozyme. Pharm. Dev. Technol.
11, 79–86.

nderson, J.M., Shive, M.S., 1997. Biodegradation and biocompatibility of PLA and
PLGA microspheres. Adv. Drug. Deliv. Rev. 28, 5–24.

ae, Y.H., Okano, T., Hsu, R., Kim, S.W., 1987. Thermosensitive polymers as on–off
switches for drug release. Makromol. Chem. Rapid Commun. 8, 481–485.

ASF Performance Chemicals, 1993. FDA and EPA status, BASF, North Mount Olive,
NJ.

hen, S., Pieper, R., Webster, D.C., Singh, J., 2005a. Triblock copolymers: synthesis,
characterization, and delivery of a model protein. Int. J. Pharm. 288, 207–218.

hen, S., Singh, J., 2005b. Controlled delivery of testosterone from smart polymer
solution based systems: in vitro evaluation. Int. J. Pharm. 295, 183–190.

hen, S., Singh, J., 2008. Controlled release of growth hormone from thermosensitive
triblock copolymer systems: in vitro and in vivo evaluation. Int. J. Pharm. 352,
58–65.

eterman, S., Wilson, J.H., Kipper, M.J., Wannemuehler, M.J., Narasimhan, B., 2006.
Protein stability in the presence of polymer degradation products: consequences
for controlled release formulations. Biomaterials 27, 3312–3320.

offman, A.S., 1987. Applications of thermally reversible polymers and hydrogels in
therapeutics and diagnostics. J. Control Release 6, 297–305.

gnatius, A.A., Claes, L.E., 1996. In vitro biocompatibility of bioresorbable polymers:
poly(l, dl-lactide) and poly(l-lactide-co-glycolide). Biomaterials 17, 831–839.

SO, 2007. International Organization for Standardization. Biological evaluation of

medical devices. Part 6: Test for local effects after implantation. ISO-10993,
Geneva, Switzerland.

eong, B., Bae, Y.H., Lee, D.S., Kim, S.W., 1997. Biodegradable block copolymers as
injectable drug-delivery systems. Nature 388, 860–862.

eong, B., Bae, Y.H., Kim, S.W., 1999a. Biodegradable thermosensitive micelles of
PEG–PLGA–PEG triblock copolymers. Colloid Surf. Biointerf. 16, 185–193.

Z

Z

Pharmaceutics 365 (2009) 34–43 43

eong, B., Bae, Y.H., Kim, S.W., 1999b. Thermoreversible gelation of PEG–PLGA–PEG
triblock copolymer aqueous solutions. Macromolecules 32, 7064–7069.

eong, B., Bae, Y.H., Kim, S.W., 2000. Drug release from biodegradable injectable ther-
mosensitive hydrogel of PEG–PLGA–PEG triblock copolymers. J. Control Release
63, 155–163.

ee, H.J., 2002. Protein drug oral delivery: the recent progress. Arch. Pharm. Res. 25,
572–584.

i, Z., Ning, W., Wang, J., Choi, A., Lee, P.Y., Tyagi, P., Huang, L., 2003. Controlled gene
delivery system based on thermosensitive biodegradable hydrogel. Pharm. Res.
20, 884–888.

erril, E.W., Pekala, R.W., 1987. Hydrogel for blood contact. In: Peppas, N.A. (Ed.),
Hydrogels in Medicine and Pharmacy, vol. III. CRC Press.

uller, R.H., Ruhl, D., Runge, S., Shulze-Forster, K., Mehnert, W., 1997. Cytotoxicity
of solid lipid nanoparticles as a function of the lipid matrix and the surfactant.
Pharm. Res. 14, 458–462.

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

itt, C.G., 1990. The controlled parenteral delivery of polypeptides and proteins. Int.
J. Pharm. 59, 173–196.

child, H.G., 1992. Poly(N-isopropylacrylamide): experiment, theory and applica-
tion. Prog. Polym. Sci. 17, 163–249.

hugar, D., 1952. The measurement of lysozyme activity and ultraviolet inactivation
of lysozyme. Biochim. Biophys. Acta 8, 302–309.

ingh, S., Webster, D.C., Singh, J., 2007a. Thermosensitive polymers: synthesis, char-
acterization, and delivery of proteins. Int. J. Pharm. 341, 68–77.

ingh, S., Singh, J., 2007b. Phase-sensitive polymer-based controlled delivery sys-
tems of leuprolide acetate: in vitro release, biocompatibility, and in vivo
absorption in rabbits. Int. J. Pharm. 328, 42–48.

tile, R.A., Burghardt, W.R., Healy, K.E., 1999. Synthesis and characterization of
injectable poly(N-insopropylacrylamide)-based hydrogels that support tissue
formulation in vitro. Macromolecules 32, 7370–7379.

ice, T.R., Cowsar, D.R., 1984. Biodegadable controlled-release parenteral systems.
Pharmcol. Technol. 11, 26–35.

enter, J.C., 2001. The sequence of the human genome. Science 291, 1304–1351.
ang, P., Johnston, T.P., 1991. Kinetics of sol-to-gel transition for poloxamer polyols.

J. Appl. Polym. Sci. 43, 283–292.
ang, W., 1999. Instability, stabilization, and formulation of liquid protein pharma-

ceuticals. Int. J. Pharm. 185, 129–188.
asan, K.M., Subramanian, R., Kwong, M., Goldberg, I.J., Wright, T., Johnston, T.P.,

2003. Poloxamer 407-mediated alterations in the activities of enzymes regulat-
entner, G.M., Rathi, R., Shih, C., McRea, J.C., Seo, M.H., Oh, H., Rhee, B.G., Mestecky, J.,
Moldoveanu, Z., Morgan, M., Weitman, S., 2001. Biodegradable block copolymers
for delivery of proteins and water-insoluble drugs. J. Control Release 72, 203–215.

iats, N.P., Miller, K.M., Anderson, J.M., 1987. In vitro and in vivo interactions of cells
with biomaterials. Biomaterials 9, 5–13.


	Biodegradable and biocompatible thermosensitive polymer based injectable implant for controlled release of protein
	Introduction
	Materials and methods
	Materials
	Copolymer synthesis
	Copolymer characterization
	1H NMR analysis
	Gel permeation chromatography (GPC)
	Thermosensitive sol-gel transition of copolymer solutions

	Preparation of thermosensitive in situ gel forming formulations for lysozyme
	In vitro release of lysozyme
	Conformational stability and biological activity studies of lysozyme
	Conformational stability study by differential scanning calorimetry (DSC)
	Secondary structure stability study by circular dichroism (CD)
	Biological activity of lysozyme by enzymatic method

	Biocompatibility of copolymer based delivery system
	In vitro biocompatibility
	In vivo biocompatibility

	Data analysis and statistics

	Results
	Copolymer characterization
	Structure and molecular weight analysis using 1H NMR
	Molecular weight distribution analysis by gel permeation chromatography (GPC)
	Thermosensitivity characterization of mPEG-PLGA-mPEG copolymers

	In vitro release of lysozyme from polymeric formulation
	Stability studies of released proteins
	Conformational stability by differential scanning calorimetry (DSC)
	Secondary structure stability by circular dichroism (CD)
	Biological activity of lysozyme

	Biocompatibility of copolymer based delivery system
	In vitro biocompatibility
	In vivo biocompatibility


	Discussion
	Conclusion
	References


