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Abstract

The objectives of this study were to investigate the potential interactions between the model protein drug (bee venom peptide, BVP) and
thermosensitive poly(DL-lactide-co-glycolide-b-ethyleneglycol-b-pL-lactide-co-glycolide) (PLGA-PEG-PLGA) copolymers and to examine the
drug—copolymer interactions on the in vitro drug release and hydrogel degradation. The PLGA-PEG-PLGA copolymers were synthesized by
ring-opening copolymerization of DL-lactide and glycolide with PEG as an initiator. Drug—copolymer co-precipitate blends were prepared and
analyzed by Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) to characterize the specific interactions between drug
and copolymer. For the better understanding the drug—copolymer interactions on drug release, insulin was selected for comparison. The release of
the two protein drugs from the copolymer-based hydrogels and hydrogel degradation was studied at 37 °C under agitation. The results of FTIR and
XRD indicated that the hydrogen bonding interactions existed between the N—H group of BVP and C=0 group of the copolymers. The insulin and
BVP released from the copolymer hydrogel over 15 and 40 days, respectively. The BVP—copolymer interactions retarded the BVP release rate and
degradation of hydrogel, but did not significantly affect the biological activity of BVP. These results indicate that the drug—copolymer interactions

need to be considered when attempting to use PLGA-PEG-PLGA hydrogels as sustained delivery carriers of protein or peptide drugs.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, thermosensitive hydrogels have gained great
interest in drug delivery, cell encapsulation, and tissue engineer-
ing due to the sol—gel transition of the hydrogels in response
to temperature changes (Eve and Leroux, 2004; Hatefi and
Amsden, 2002; Jeong et al., 2002). These thermosensitive hydro-
gels are injectable fluids that can be introduced into the body
in a minimally invasive manner prior to forming a hydrogel
at the injection site, which slowly degrade over a period of
several days or weeks. Injectable thermosensitive hydrogels
have many advantages over systems shaped into their final
form before implantation. For example, the loading of such
a system with a drug can be achieved by simple mixing of
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the drug with the copolymer solution and it can be easily
injected with a syringe into a desired body site avoiding a
surgical procedure. If the hydrogels are biodegradable, they
obviate the need for removal of the materials after the drug
depot exhausted. Furthermore, this kind of hydrogel is held
together by non-covalent forces avoiding the use of organic sol-
vent or chemical reactions, which may be potentially deleterious
to the loaded protein- and peptide-drugs (Bromberg and Ron,
1998).

Homopolymers or copolymers of N-isopropylacrylamide
(Schild, 1992; Lin and Cheng, 2001), poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) (known as polox-
amers) (Brown et al., 1991), and poloxamer-g-poly(acrylic
acid) (Bromberg, 1998) are typical examples of thermosen-
sitive polymers. However, such copolymers are generally not
biodegradable, limiting their practicality for use in the clinic. The
thermosensitive systems based upon chitosan were developed
and could be used as sustained delivery systems of paclitaxel
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(Ruel-Gariepy et al., 2004). Recently, a new class of thermosen-
sitive and biodegradable poly(organophosphazene) hydrogels
were reported (Couffin-Hoarau and Leroux, 2004; Lee et al.,
2002; Lee and Song, 2004). The hydrogel characteristics such as
gelation temperature and biodegradability can be controlled by
introducing various hydrophobic and hydrophilic constituents.
Thermoreversible block copolymers composed of poly(ethylene
glycol) (PEG) (A) and biodegradable polyesters (B), such
as polylactide (PLA), poly(pL-lactide-co-glycolide) (PLGA)
arranged as ABA or BAB were studied as sustained release drug
carriers (Duvvuri et al., 2005; Zentner et al., 2001; Qiao et al.,
2005).

Early research in the field focused on synthesis of the ther-
mosensitive hydrogel materials and application of them in
sustained drug delivery systems. The thermosensitive hydro-
gels were considered as the promising carriers for the protein
and peptide drugs and extensively investigated to use as sus-
tained delivery systems of these drugs (Zentner et al., 2001;
Qiao et al., 2006; Kim et al., 2001). However, the potential
drug—copolymer interactions on the drug release, biological
activity and hydrogel properties are neither well investigated
nor ignored. There are only limited numbers of studies that
have suggested the presence of ionic interactions between the
loaded drug and copolymers, therefore influencing the drug
release from the hydrogels (amEnde et al., 1995; Peppas and
Wright, 1998; Alvarez-Lorenzo and Concheiro, 2002). In the
case of thermosensitive drug delivery systems, drug—copolymer
interactions such as hydrogen bonding interactions, ionic inter-
actions and hydrophobic bonding interactions may potentially
affect the drug release patterns from the hydrogels. It is
especially important that when the protein or peptide drugs
loading into the thermosensitive hydrogel are discussed, inter-
actions between the drugs and copolymers are to be considered.
The nature and extent of the interactions may not only alter
the drug release, but also determine the ability of hydrogels
to provide a safe environment for the drugs (Dong et al.,
1992).

Bee venom peptide (BVP), also be named melittin, is
a small peptide with a molecular weight of 2.84kDa and
consists of 26 amino acid residues in the following sequence:
Gly-Ile-Gly-Ala-Val-Leu-Lys-Val-Leu-Thr-Thr-Gly-Leu-Pro-
Ala-Leu-Ile-Ser-Trp-Ile-Lys-Arg-Lys-Arg-Gln-Gin-NH,. BVP
is the principal active component of bee venom, and it has potent
anti-inflammatory and anti-microbial activity. BVP has been
utilized to relieve pain and to treat inflammatory diseases such
as theumatoid arthritis (RA) in humans. BVP therapy is carried
out by the long-term administration of a series of injections.
Conventional regimen entails a course of three times a week
over 8—10 weeks. In order to improve the therapy efficacy and
patient compliance, an injectable sustained delivery system for
BVP is needed.

In this article, the injectable sustained delivery systems of
BVP based on thermosensitive PLGA-PEG-PLGA copolymers
were developed. The presented BVP—copolymer interactions
were characterized by powder X-ray diffraction analysis
(PXRD) and FTIR, and the effects on drug release and hydrogel
degradation were also studied.

2. Materials and methods
2.1. Materials

Polyethylene glycol (PEG 1500) was purchased from Shang-
hai Pudong Gaonan Chemical Corporation. DL-Lactide and
glycolide were purchased from CONAN Medical Supply Com-
pany and used without further purification. Bee venom peptide
was supplied by Jilin Natural Pharmaceutical Co. Ltd. Stan-
nous 2-ethylhexanoate and Lowry Reagent were purchased from
Sigma (St. Louis, MO, USA). Zinc—insulin (27.51.U./mg, zinc
content, 0.2%) was purchased from Wanbang Biopharmaceu-
tical Company (China). All other chemicals were of reagent
grade.

2.2. Synthesis and characterization of PLGA-PEG-PLGA
triblock copolymers

The PLGA-PEG-PLGA triblock copolymer was synthesized
by ring-opening polymerization as described in our previous
paper (Qiao et al., 2005). Briefly, PEG was dried in a three-
necked flask under vacuum and stirring at 120°C for 2h
before copolymerization. The ring-opening polymerization in
the bulk state was carried out with different molar ratio of pL-
lactide/glycolide (6/1 and 15/1) and the weight ratio of PEG was
adjusted to 30% (w/w). Stannous 2-ethylhexanoate (0.2%, w/w)
was used as catalyst. The resulting PLGA-PEG-PLGA triblock
copolymers were dried under vacuum. The copolymer nomen-
clature was designated PLGA-PEG-PLGA(X/Y), where X/Y is
the molar ratio of DL-lactide/glycolide.

'"H NMR spectra of PLGA-PEG-PLGA copolymers were
obtained in CDCl3 using a NMR instrument (Bruker ARX-300)
at 300 MHz. If x is the peak area at §=5.2 ppm; y is the peak
area at 6 =4.8 ppm, the molar ratio of pDL-lactide/glycolide can
be calculated through the following equation: molar ratio of
DL-lactide/glycolide = 2x/y.

The molecular weights and molecular weight distribution
indexes of the PLGA-PEG-PLGA copolymers were monitored
by GPC system with a Shimadzu LC-10AD HPLC pump, Shi-
madzu RID-6A refractive index detector (Kyoto, Japan) and
Hewlett-Packard Plgel columns. Tetrahydrofunan was served
as solvent with a flow rate of 1 ml/min. The molecular weights
of the copolymers were determined relative to polystyrene stan-
dards.

2.3. Measurement of gelation temperature

The distilled water was mixed with PLGA-PEG-PLGA
copolymer and allowed to dissolve under magnetic stirring at
room temperature. The copolymer solutions at concentrations
of 15%, 17%, 20%, 23% and 25% (w/w) were prepared for the
measurement of gelation temperature. A 20 ml transparent vial
containing 2.6 g of magnetic bar (cylinder, 10 mm x 5 mm i.d.)
and 10 g copolymer solution was placed in a water bath. Each
sample at a given concentration was heated at a constant rate
of 2 °C per minute with constant stirring (200 rpm). When the
magnetic bar stopped stirring due to gelation of the solution, the
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temperature read from the thermometer was determined as the
gelation temperature (Qiao et al., 2005).

2.4. Invitro drug release studies

Various amounts of BVP and zinc—insulin were mixed
with the copolymer solutions (20%, w/w). If any air bubbles
produced, placed at room temperature until the air bubbles dis-
appeared. The mixture (0.4 ml) containing 5mg, 10 mg, and
20 mg of BVP and 1 mg of insulin were placed into the test tubes
and incubated for 2 min at 37 °C. Three milliliters of phosphate
buffer (pH 7.4) containing 0.02% (w/v) NaN3; were added to
the formed hydrogels and gently shaken at 20 rpm. At sampling
times, the release medium was all removed for the measure-
ment of BVP and insulin and replaced with fresh phosphate
buffer.

The amount of BVP in the release medium was determined
by the Lowry method. The samples of 0.6ml were trans-
ferred to tubes followed by adding 2.5 ml of alkaline copper
reagent (a freshly prepared solution by mixing 1 ml of 1%
(w/v) CuSO4-5H>0 and 1 ml of 2% (w/v) potassium tartrate
in water with 100 ml of 2% (w/v) Na;COs3 in 0.1 M NaOH) and
allowed to stand for 10 min at room temperature. Next, 0.1 ml
of diluted Folin reagent (1:3 dilution in distilled water) was
added and mixed well. After stored for 30 min in darkness, the
assay mixture was measured at 500 nm using a UV-9100 spec-
trophotometer (Rayleigh Analytical Instrument Corp., Beijing,
China). The BVP content in the release medium was determined
by the standard curve of absorbance as a function of standard
concentration.

Insulin was measured by a reverse phase HPLC method
(SPD-10Avp, Shimadzu). The analysis was performed at
214 nm on a C;g column (5 pm particle, 150 mm x 4.6 mm i.d.,
Diamonsil™). The mobile phase was an isocratic mixture of
0.2M sodium sulfate anhydrous solution adjusted to pH 2.5
with phosphoric acid and acetonitrile (72:28, v/v). The injection
volume was 20 pl and the flow rate was 1.0 ml/min.

The release data of BVP were evaluated by model-dependent
methods to elucidate the drug release mechanism (Jeong et al.,
1999). Drugs diffusion from the polymer matrix can be described
by Eq. (1). The equation can be simplified as Egs. (2) or (3)
depending on the value of M/M .
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where M; is defined as the mass of the drug released at time ¢,
M« is the mass of drug released as time approaches infinity, and
D and [ are the diffusion coefficient of the drug and the thickness
of the device, respectively.

2.5. BVP bioactivity assay

BVP is non-cell-selective anti-microbial peptide which pos-
sesses activity against both bacterial and mammalian cells
and the interaction with mammalian cell membrane will cause
hemolysis (Zhu et al., 2007). The anti-microbial and hemolytic
activities of BVP were believed to be correlated to its bind-
ing to cell membranes and the anti-microbial activity of BVP
is of a similar potency to its hemolytic activity (Blondelle and
Houghten, 1991; Sun et al., 2005). In this study, the hemolytic
activity of the BVP was tested by using human red blood cells
(RBCs) to reflect the membrane binding activity. Fresh RBCs
were isolated in vacutainers containing ethylene diaminete-
traacetic acid (EDTA), centrifuged at 2000 rpm for 10 min and
washed three times with phosphate buffer saline (PBS, phos-
phate buffer, 0.15 M NaCl, pH7.4). The RBCs were suspended in
the PBS. The hemolytic assay was performed by adding the BVP
samples in phosphate buffer to 0.5ml of a 5% solution of the
stock RBCs in PBS to reach a final volume of 1.0 ml. Following
gentle shaking, the suspension was incubated in a 37 °C water
bath for 60 min. The samples were then centrifuged at 2000 rpm
for 10 min. The absorbance of the supernatant was then mea-
sured at 541 nm. Zero hemolysis (blank) and 100% hemolysis
controls were determined by using RBCs suspended in PBS and
distilled water, respectively. All hemolysis experiments were
done in triplicate.

2.6. In vitro degradation of the hydrogels

The copolymer solutions (20% w/w, 0.4 ml) alone or the
copolymer solutions loaded with various amount of BVP (5 mg,
10 mg, and 20 mg) were used for degradation study and manip-
ulated according to Section 2.4. At sampling times, the release
medium of each test tube was transferred to the pre-weighed
vial and evaporated until constant weight. The amount of
copolymer degradation was calculated as: W=Wq — W, — W,
or W=Wq— W, — W, — Wgvp, where W is the amount of
degradation, Wy is the weight of vial after drying, W, is
the original weight of the vial, W, is the weight of phos-
phate salt, Wgyp is the amount of released BVP in the release
medium.

2.7. Preparation of copolymer/drug co-precipitate blends

A solvent casting method (Nair et al., 2001) was used to pre-
pare the blends of copolymer and BVP. Copolymer solutions
(20%, w/w, 1 ml) containing the appropriate amounts of BVP
(12.5mg, 25 mg, and 50 mg) were prepared in water. The solu-
tion was poured into a Petri dish and dried under vacuum at room
temperature.

2.8. Powder X-ray diffraction study

Powder X-ray diffraction patterns of the pure BVP, copoly-
mer, and copolymer/drug co-precipitate blends were obtained
using a D/Max-2400 diffractometer (Rigaku Corporation,
Japan). Measurement conditions included target Cu Ko, voltage
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30kV, and current 40 mA. Patterns were obtained using a step
width of 0.04° 26 between 3 and 45° at ambient temperature.

2.9. Fourier transform infrared spectroscopy (FTIR)

Infrared spectra of BVP or copolymer alone, physical mixture
and copolymer/drug co-precipitate blends were measured by
using a Flourier transform infrared spectrophotometer (Bruker
IFS-55, Switzerland). For analysis, the pellets were prepared by
mixing the samples with 200 mg of KBr and compressing the
mixture under high pressure. Each FTIR spectrum was obtained
by averaging 16 scans at a resolution of 1 cm™".

3. Results and discussion

3.1. Thermosensitive PLGA-PEG-PLGA triblock
copolymers

Thermosensitive PLGA-PEG-PLGA copolymers with the
trade name of ReGel were reported (Zentner et al., 2001), which
the pDL-lactide/glycolide molar ratio was 3/1 and the molecular
weight of PEG used for copolymerization was 1000. However,
the gelation temperature was below the room temperature, and
will bring troubles in formulation preparation and administra-
tion. By changing the molecular weight of PEG and molar
ratio of DL-lactide/glycolide, we successfully synthesized the
thermosensitive copolymer with more appropriate gelation tem-
perature (30-37 °C). The aqueous solution (25%, w/w) of the
PLGA-PEG-PLGA(6/1) copolymer flowed freely at room tem-
perature, but became hydrogel at evaluated temperature such as
37°C (Fig. 1). The typical phase diagram illustrating the gela-
tion behavior of aqueous solutions of the copolymer is shown
in Fig. 2. The copolymer solution exhibited phase transition
from sol to gel (lower critical temperature) and from gel to
sol (higher critical temperature) as the temperature monoton-
ically increased. As shown in our previous article (Qiao et al.,
2005), the characteristic signals in 'H NMR spectrum appearing
at 5.2 ppm, 4.8 ppm, 3.6 ppm, and 1.5 ppm are assigned to the
methine hydrogen of the pL-lactide units, methylene hydrogen
of the glycolide units, the methylene hydrogen of the PEG and
the methyl hydrogen of the pDL-lactide units, respectively. The
molecular weights, DL-lactide/glycolide molar ratio and poly-
dispersity indexes of the copolymers are shown in Table 1. As
shown in Table 1, the obtained composition was in good agree-
ment with the copolymer composition expected from the feed
ratio.

Table 1
The molecular weights, compositions and polydispersity indexes of the
copolymers

Copolymer M,, of copolymer  DL-Lactide/ Polydispesity
—  glycolide index
b b gly
My My ratio®
PLGA-PEG-PLGA(6/1) 4842 3824 5.7 1.27
PLGA-PEG-PLGA(15/1) 5084 4067 14.8 1.25

2 Determined by 'H NMR.
b Measured by GPC, relative to polystyrene standards.

Fig. 1. The photographs of aqueous solution of PLGA-PEG-PLGA(6/1)
copolymer at 27 °C (A) and 37 °C (B).
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Fig. 2. Phase diagram of PLGA-PEG-PLGA(15/1) (a) and PLGA-PEG—
PLGA(6/1) (b) copolymer aqueous solutions.
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3.2. Drug—copolymer interactions characterization

3.2.1. X-ray analysis

Powder X-ray diffraction analysis is often used to evaluate
drug—polymer interactions and the state of a drug in a poly-
mer matrix (Liu et al., 2004). The drug—polymer interactions
result in a change in the drug molecular mobility of the drug,
ultimately leading to an inhibitory effect on crystallization of
drug molecules and an amorphous dispersion in the polymer
(Yoshioka et al., 1995). X-ray diffraction patterns for BVP
alone, copolymer alone, and BVP—copolymer blends are shown
in Fig. 3. The presence of one broad peak in the X-ray pow-
der diffraction patterns for the copolymer confirms that it is a
semi-crystalline polymer. There are two peaks in the diffraction
graph for BVP alone. Although one of the peak of BVP alone is
overlapped by the broad peak of copolymer, the peak at a 2-theta-
scale of 9.46 degree disappeared in the BVP—copolymer blends
suggests that BVP is either in an amorphous state or in the molec-
ular dispersion. The decrease of BVP in the crystalline state in
the BVP—copolymer blends indicates that the interactions may
exist between drug and copolymer in the hydrogels. Because the
copolymer and BVP is semisolid and powder under room tem-
perature respectively, the X-ray diffraction analysis of physical
mixture was not performed due to the difficulty in preparing the
physical mixture samples.

Lin (Counts)

3 10 20 30 40
2-Theta-Scale
Fig. 3. Powder X-ray diffraction patterns for BVP and PLGA-PEG-PLGA
copolymer alone and the various BVP-copolymer blends. (a) Pure
PLGA-PEG-PLGA copolymer; (b) BVP(5mg)—copolymer blends; (c)
BVP(10 mg)—copolymer blend; (d) BVP(20 mg)—copolymer blend; (e) pure
BVP.

3.2.2. FTIR analysis

In order to elucidate the drug—copolymer interactions, the
samples were further tested by FTIR. Many studies have
used FTIR to probe the nature and extent of interactions in
drug—polymer blends (Nair et al., 2001; Puttipipatkhachorn et
al., 2001; Kuo et al., 2002). The premise of using an IR to
study drug—polymer blends is that the mixing of two compo-
nents at the molecular level which will cause changes in the
oscillating dipole of the molecules. This will manifest itself as
changes in the frequency and bandwidth of interacting groups
in the spectrum compared to the spectrum of the pure drug and
polymer.

The FTIR spectra of pure BVP, PLGA-PEG-PLGA copoly-
mer alone, physical mixture of BVP and copolymer, and
BVP—copolymer blends are shown in Fig. 4. Fig. 4 shows
the hydroxyl stretching region 3200-3600cm~! of the pure
PLGA-PEG-PLGA copolymer, N—H stretching vibrations
region 3100-3600 cmof the pure BVP, and the over-
tone of hydroxyl and N—H stretching vibrations of the
BVP-copolymer blends. The peak observed at 3422 cm™! indi-
cates the absorbance of free N—H stretching vibrations in the
pure BVP spectrum. From the peak (~1654cm™!) presented
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@
|

22002000 1800 1600
1

3800 3400 3000 2600
Wavenumber cm”

Fig. 4. The FTIR spectra of BVP, PLGA-PEG-PLGA copolymer, and the
various BVP—copolymer blends. (a) Pure PLGA-PEG-PLGA copolymer;
(b) BVP(5 mg)—copolymer blends; (c) BVP(10 mg)—copolymer blends; (d)
BVP(20 mg)—copolymer blends; (e) the physical mixture of BVP and copoly-
mer; (f) pure BVP.
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in the BVP—copolymer blends, we can postulate N—H peak at
3422 cm™! will also contribute the adsorption at corresponding
frequency. But we cannot observe obvious increase in absorp-
tion intensity at 3422 cm™! in the spectra of BVP—copolymer
blends. In the spectra of BVP—copolymer blends, the peak
of free N—H stretching vibrations at 3422cm™! is reduced
and shifts to around 3305cm~™!' (Fig. 4b—d). The peak at
1755cm™! and 1753 cm™! denotes the carbonyl stretching of
the pure copolymer and drug—copolymer blends (Fig. 4b—d).
Pure PLGA-PEG-PLGA copolymer shows a peak at 1755 cm™!
indicative of C=O0 stretching vibrations of the ester group. By
comparing C=O0 stretching vibrations of pure copolymer with
drug—copolymer blends, as the proportion of BVP in the blends
increased from 5 to 10mg or 20 mg, the peak at 1755cm™!
shifted to 1753 cm™' and the C=0 stretching peak become
broader than the pure copolymer. Previous studies on the hydro-
gen bonding between carbonyl group and N—H group proved
that the carbonyl band in the spectrum will show band shifts
to lower wave numbers and broadening compared to the band
of free carbonyl (Nair et al., 2001; Silverstein et al., 1991) and
N—H group often showed a lower band region between 3283
and 3340 cm™! compared to the free N—H band at 3440 cm™!
(Coleman et al., 1986; Coleman et al., 1988; Brunette et al.,
1982). The copolymer C=0 stretch and BVP N—H stretch shift to
lower wave numbers with the broadening and reduction in inten-
sity respectively, indicating the formation of hydrogen bonding
between the N—H group of BVP and the C=0 group of the
copolymer.

The peak around 1650 cm™! in the Fig. 4 b—d and f indi-
cate the amide I band of the drug—copolymer blends and pure
BVP. For the drug—copolymer blends, the amide I band shifts
to higher wave numbers (1655 cm™!) compared with the pure
BVP (1650cm™!). As shown in Fig. 4(f), the shoulder peak
observed at around 3300cm™! suggests that a part of N—H
form hydrogen bonding with C=0O group in the pure BVP.
In the drug—copolymer blends, the presence of the copolymer
interfered the hydrogen bonding between the N—H group and
C=0 group due to the interactions of BVP with copolymer and
resulted in the shifts of the amide I to higher wave numbers.

3.3. The effect of drug—copolymer interactions on hydrogel
degradation and drug release

The in vitro degradation profiles of the blank hydrogels con-
taining 20% (w/w) copolymers are presented in Fig. 5. It can
be seen from the Fig. 5 that the blank hydrogels almost com-
pletely degraded within about 30 days and the degradation rate
decreased with increasing the DL-lactide/glycolide molar ratio
in the copolymers from 6/1 to 15/1. Fig. 6 shows the effect of
BVP loading on the degradation of the hydrogels. As shown in
Fig. 6, the hydrogels loaded with S5mg or 10 mg BVP shows
similar degradation rate and both are slower than that of the
hydrogel loaded with 20 mg BVP. At 40 days, about 28%, 30%
and 19% of the initial amount of the copolymers remained in the
BVP loaded (5 mg, 10 mg, and 20 mg) hydrogels, respectively.
Compared with the blank hydrogel, the BVP (5 mg, 10 mg, and
20mg) loaded hydrogels underwent a slower degradation and

Gel remaining (%)

|
0 10 20 30

Time (Day)

Fig. 5. Degradation profiles of blank copolymer based hydrogels at 37 °C. (a)
PLGA-PEG-PLGA(15/1), (b) PLGA-PEG-PLGA(6/1). Both the copolymer
concentration is 20% (w/w). Each point represents the mean £ S.D.; n=3.

showed an apparent half-life of degradation about 30 days and
26 days, respectively.

The thermosensitive hydrogel maintains its network struc-
ture through hydrophobic interactions, which exist among
the hydrophobic PLGA block of the copolymer chains. The
copolymer hydrophobicity increases with increasing the DL-
lactide/glycolide molar ratio because the DL-lactide moiety
is more hydrophobic than glycolide. As a result, the hydro-
gel formed by copolymer with higher DL-lactide/glycolide
molar ratio shows slower degradation rate (See Fig. 5). The
investigation of the degradation of BAB-triblock copolymers
from hydrophobic poly(L(+)lactic acid) (PLLA) B-blocks and
hydrophilic PEG A-blocks indicated that a preferential cleavage
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Fig. 6. Degradation profiles of the BVP loaded copolymer-based
(PLGA-PEG-PLGA, 6/1) hydrogels at 37°C. (a) 5mg, (b)I0mg, (c)
20mg. The copolymer concentration was 20% (w/w). Each point represents
the mean = S.D.; n=3.
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NH\. Free BVP molecules
\C) Hydrogen bonded BVP molecules «/"\_/"\_/ PLGA block

Fig. 7. Schematic diagram of the possible mechanism of drug—copolymer inter-
actions on the drug release and hydrogel degradation. The “a” state shows the
hydrogen bonding between the BVP and copolymers when the drug loading is
low. The “b” and “c” shows the binding comes to saturated state and the free
BVP percentage increases with the increasing of drug loading.
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Fig. 8. Cumulative release of BVP from the copolymer-based hydrogels with
various BVP loading at 37 °C. (a) Smg, (b) 10 mg, (c) 20 mg. The copolymer
concentration is 20% (w/w). Each point represents the mean 4+ S.D.; n=3.

of the copolymers occurred in the vicinity of the PLLA/PEG
interface by using 'H NMR analysis (Li et al., 1994). The initial
degradation of the copolymers began with the cleavage of C=0
bond which linked hydrophilic PEG segment and hydrophobic
polyester segment. This postulation is reasonable by analyzing
the structure of the micelles. The PLGA-PEG—PLGA copoly-
mers simultaneously possess hydrophobic and hydrophilic
blocks and form spherical micelles in water, which have
hydrophobic PLGA core and hydrophilic PEG shell. Water
molecules easily closed to the outermost C=0 group which
linked hydrophilic PEG segment and hydrophobic PLGA seg-
ment due to the hydrophobicity of the micelle cores. As the
water soluble drug, BVP molecules would like to distribute in
the hydrophilic PEG domain and formed hydrogen bonding with
the outermost C=0 group (See Fig. 7b). The hydrogen bonding
interactions may shield the ester bonds from hydrolysis by water,
resulting in slower degradation rate than the blank hydrogel.
Unlike the blank hydrogels, the degradation of the BVP loaded
hydrogels was independent of DL-lactide/glycolide molar ratio
(data not shown), indicating that the effect of drug—copolymer
interactions on degradation is more pronounced than the DL-
lactide/glycolide molar ratio. The hydrogel loaded with 20 mg
BVP showed faster degradation than lower BVP loaded hydro-
gels (See Fig. 6). The reason for this behavior is not known at
present and further investigations are required to clarify this.
However, this has little effect on the main topics of the current
investigation.

Fig. 8 shows the effect of BVP loading levels on the release
patterns as a function of time. The amount of the BVP released
from the hydrogel loaded with 5 mg, 10 mg, and 20 mg of BVP
during 40 days reached 73%, 82%, and 87%, respectively. It can
be observed from Fig. 8 that the drug release rate at higher drug
loading level was faster than that at lower drug loading level
in the initial time period. After that, the drug release rate was
similar independent of drug loading. As discussed above, the
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Table 2
Kinetic assessments of in vitro release data from the hydrogels
Drug loading Eq. (1) Eq. (2)
(mg) Slope R? Slope R?

5 7.52 0.9937 3.59 0.9889
10 2.08 0.9939 3.13 0.9846
20 0.48 0.9923 3.61 0.9996

BVP molecules formed hydrogen bonding with the copolymer
molecules in the hydrogel. When the drug loading was very low,
almost all the drug molecules formed hydrogen bonding with the
copolymer (Fig. 7a). As the drug loading increased, the hydrogen
bonding interaction sites should be close to a saturated state, due
to the limited hydrogen bonding interaction sites in the hydrogel
(Fig. 7b). When almost all the interaction sites were bonded, fur-
ther increasing the drug loading would increase the percentage
of free drug molecules in the hydrogels (See Fig. 7¢). The free
drug molecules were easily diffused from the hydrophilic chan-
nel of the hydrogel due to the well water solubility of the BVP
molecules. Therefore, the higher drug loading hydrogel showed
faster drug release rate than that of lower drug loading hydro-
gels in the initial time. After most of the free BVP molecules
released, the remaining bonded drug molecules were released
from the hydrogel at similar rate.

The release data of BVP were fitted to both the Egs. (2) and
(3). According to the models, a straight line is expected for each
plotif drug release from the matrix is based on a diffusion mecha-
nism. In both cases, good correlation coefficients were obtained
indicating that BVP release from the hydrogels was diffusion
dominant (Table 2). Drug release from degradable hydrogel fol-
lowing Fickian diffusion explained that the effect of hydrogel
degradation on drug release was not pronounced. This can be
attributed to the hydrogen bonding interactions, which altered
the drug release pattern and counteract the effect of hydrogel

100

Cumulative drug release (%)

0 10 20 30 40
Time (Day)

Fig. 9. Cumulative release of BVP and insulin from the copolymer-
based hydrogels at 37°C. (a) BVP, PLGA-PEG-PLGA(6/1), (b) BVP,
PLGA-PEG-PLGA(15/1), (c) insulin, PLGA-PEG-PLGA(6/1), (d) insulin,
PLGA-PEG-PLGA(15/1). The copolymer concentration is 20% (w/w). Each
point represents the mean of triplicates, and error bars were omitted for clarity.

Table 3
Hemolysis activity of BVP released from the copolymer-based hydrogels at
different times

Copolymer Day Hemolysis
activity (%)*
1 95
5 90
PLGA-PEG-PLGA(6/1) 10 89
20 84
36 80

2 The hemolysis activity is relative to freshly reconstituted BVP in the release
medium. The values are the mean of three measurements deviated 5-10%.

degradation on the drug release. This also explains the phe-
nomenon that higher drug loading (20 mg) hydrogel showed
faster degradation rate, but the drug release rate at later period
is not faster than that of the other two lower drug loading
hydrogels.

Both the copolymer (PLGA-PEG-PLGA(6/1) and PLGA—-
PEG-PLGA(15/1)) solutions (20%, w/w) were used to examine
the effect of DL-lactide/glycolide molar ratio on the BVP release.
The release profiles of BVP from the two different copolymer-
based hydrogels loaded with 10 mg BVP are shown in Fig. 9.
The BVP release from the hydrogels was independent of the
DL-lactide/glycolide molar ratio in the copolymer. For the bet-
ter understanding the drug—copolymer interactions on the BVP
release, insulin was selected as another model protein drug.
The release profile of insulin from the copolymer hydrogels
was shown in Fig. 9. In contrast to BVP, insulin was released
with relatively faster rate over 15 days. The comparison clearly
showed that the BVP—copolymer interactions retarded the BVP
release.

For the thermosensitive hydrogel drug delivery systems,
potential incorporated drug—copolymer interactions would have
effects on the drug release rate below the lower critical solution
temperature (LCST), the magnitude of drug pulse during the
sol—gel transition process, and drug release rate from the copoly-
mer formed hydrogel. Drug—copolymer interactions between
a drug and a hydrogel can potentially alter the drug release
from the hydrogel in two ways. First, binding to the hydro-
gel could directly slow the release rate of the drug due to the
interactions with the copolymer chains, and therefore depressed
or eliminated “burst effect”. Secondly, the binding may affect
the hydrogel characteristic such as swelling or degradation,
which could affect the concomitant drug release from the hydro-
gel. As for the proteins or peptides sustained delivery systems,
the drug—copolymer interactions do not simply influence the
drug release behavior. The potential drug—copolymer interac-
tions may possibly affect their biological activity because the
interactions will likely change the protein structure. Therefore,
it is important to investigate any drug—copolymer interactions
when the thermosensitive hydrogels were used as delivery sys-
tems for protein or peptide drugs. As shown in Table 3, BVP
released from the hydrogels remained 80-95% of its original
activity. The results indicated the hydrogen bonding interactions
did not significantly influence the biological activity of BVP in
the hydrogels.
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4. Conclusion

The potential interactions between BVP and thermosensitive
PLGA-PEG-PLGA copolymers were examined. The nature of
binding was characterized by analysis of the FTIR and XRD of
BVP—copolymer co-precipitate blends. The binding was shown
to be of the hydrogen bonding between the N—H group of
BVP and C=0 group of the copolymers. The hydrogen bonding
interactions decreased the BVP release and degradation of the
hydrogels, but did not influence the biological activity of the
BVP. The importance of investigating drug—copolymer interac-
tions was shown when attempting to use the thermosensitive
copolymers as protein or peptide drug delivery systems.
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