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Doxorubicin (DXR) was loaded into two kinds of thermo-responsive biodegradable star-shaped block copolymer (4arm

PLGA-PEG) solutions with different PLGA block lengths under various conditions (drug-concentrations, polymer-

concentrations and block compositions). All release profiles of DXR from star-block copolymer hydrogels showed sustained

patterns. To assess this polymer as a sustained drug-delivery formulation, in vivo anti-tumor efficacy was examined by using

tumor-bearing mice treated with DXR-loaded/ DXR-free hydrogels based on the result of the release study. After 1 month,

the mice treated with DXR-loaded S11-C1 and DXR-loaded S9-C1 copolymer solutions had remarkably suppressed tumor-

volume compared to that of the mice treated with DXR-free copolymer solution. And DXR-loaded S11 hydrogel showed

more significant tumor inhibition due to the different hydrophobicity between S9 and S11 copolymers. In vitro release and

in vivo anti-tumor activity studies performed for 1 month revealed the potential of this hydrogel as a sustained and long-term

drug delivery carrier.
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Temperature-sensitive polymer hydrogels which exhibit a

sol-gel phase transition behavior in an aqueous solution with

increasing the temperature have been attracted as carriers for the

injectable drug delivery systems. As an example, Pluronics or

Poloxamers, triblock copolymers composed of poly(ethylene

oxide-b-propylene oxide-b-ethylene oxide), flow at room

temperature, but form gels at body temperature at a specific

concentration. So, Poloxamers might be mixed with therapeutic

agents such as drugs, cells or proteins in a sol state and injected

using a syringe into the body to form an in situ gel-forming drug

depot. There are a large number of reports on Poloxamer

hydrogels used for the sustained delivery of several drugs

such as melanotan-I (MT-I), mitomycin C, interleukin-2, and

urease.1–5 Most release profiles show sustained release kinetics

over several hours (4–8 h). Use of Poloxamer hydrogel provides

the drug-stability and sustained release formulation. However,

Poloxamers have several drawbacks, such as a non-degradabil-

ity, dissolution at the injection site in a few days and toxicity.

Recently, hydrogel-based injectable polymers possessing

themogelation, biodegradablility, and non-toxicity have been

developed for the long-term delivery system of a variety of

drugs. Among them, PEG-PLGA-PEG or PLGA-PEG-PLGA

block copolymers composed of poly(ethylene glycol) and

poly(DL-lactide-co-glycolide) exhibit reversible sol-gel transi-

tion behavior.6,7 These gels remain at the injection site for

approximately 1 month in contrast to Poloxamers.8 Several

drug release cases from PEG-PLGA-PEG and ReGel (PLGA-

PEG-PLGA) hydrogel were reported. The more hydrophilic

ketoprofen was released slowly over 2 weeks, while the more

hydrophobic spironolactone was released over 2 months from

PEG-PLGA-PEG hydrogels.9 For several drugs including 5-

fluorouracil, indomethacin, paclitaxel, and various protein

pharmaceuticals, release from ReGel showed a sustained

release for 1–6 weeks.10,11 However, these linear block

copolymer systems have a limitation of molecular weight by

a triblock topology. They should have only molecular weight

of 4000–5000 to show a sol-gel transition below 37 �C. To

overcome such a molecular weight limitation, gelation behav-

ior of graft copolymer systems (PLGA-g-PEG) was studied.12

From this point of view, the study on star-block copolymer

systems showing sol-gel transition behavior is worth, because

they can have a wide range of molecular weight from the multi-

initiator and form well-defined structures.

Doxorubicin (DXR, trade name Adriamycin) is an anti-

cancer drug widely used in chemotherapy. It exerts its

cytotoxic activity by inhibiting DNA and RNA biosynthesis

within cancer cells.13–15 But, to overcome several problems

such as its cytotoxicity to normal tissue and inherent multi-drug

resistance effect and to improve the therapeutic effects, several

drug delivery systems including polymer-drug conjugates,

liposomes, nanoparticles, and polymeric micelles have been

developed.16–18
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Recently, we reported star-shaped 4arm PLGA-PEG block

copolymers with different hydrophobic block lengths and

different hydrophilic/hydrophobic ratio.19 These polymers

show temperature-sensitive sol-gel-sol phase transition behav-

ior at specific composition (> 24wt%). In this study, star-

shaped block copolymer solution containing doxorubicin was

prepared as a sustained drug carrier. With varying the polymer

concentrations, doxorubicin contents and polymer composi-

tions, drug release study was investigated in vitro. On the basis

of the in vitro release study the anti-tumor activity was also

evaluated on human tumor xenografted on nude mice in vivo.

EXPERIMENTAL SECTION

Materials

Monomethoxy poly(ethylene glycol) (MPEG, Mn = 550),

pentaerythritol, DL-lactide, stannous 2-ethylhexanoate

(Sn(oct)2), 4-(dimethylamino) pyridine (DMAP) and 1,3-

dicyclohexylcarbodiimide (DCC) were used as received from

Sigma-Aldrich. Glycolide was supplied by Purac and succinic

anhydride and triethylamine were purchased from Junsei and

Acros, respectively. Adriamycin hydrochloride (ADR-HCl)

was supplied from Nippon Kayaku, Japan. MPEG was dried

in vacuo at 80 �C for 10 h before use. All other chemicals

were of reagent grade and were used as received without

purification.

Animals and Tumor Cell Lines

Female, 6-week-old, CD1 mice (20–30 g body weight) were

purchased from Charles River, Japan. The animals were cared

for and all of the animal experiments were performed in

accordance with the Guide for the Care and Use of Laboratory

Animals as adopted and promulgated by the National Institutes

of Health (NIH). KB cells were kindly supplied from the

National Cancer Center Research Institute, Japan and cultured

in DMEM (Sigma) containing 10% fetal bovine serum in a

humidified atmosphere with 5% CO2 at 37 �C.

Synthesis of Temperature-sensitive Star-block Copolymer

Two kinds of temperature-sensitive star-shaped 4arm

PLGA-PEG block copolymers with different hydrophobic

block lengths were prepared. In the previous work, we

described the synthesis of these polymers, characterization,

micellization behavior and gelation behavior.19

Briefly, star-shaped 4arm PLGA-PEG block copolymers

were synthesized from the following procedures: First, by

using succinic anhydride, MPEG was carboxylated to pro-

duce �-monocarboxyl-!-monomethoxypoly(ethylene glycol)

(CMPEG) with carboxylic acid terminal group. Second,

hydroxy-terminated star-shaped 4arm PLGA was polymerized

from bulk ring-opening polymerization of DL-lactide and

glycolide in the presence of multifultional-initiator, pentaery-

thritol at 150 �C for 6 h. The molecular weight of 4arm PLGA

block was controlled by the feed ratio of lactide and glycolide

to pentaerythritol. Finally, we obtained 4arm PLGA-PEG from

the coupling reaction of two reactive precursors, 4arm PLGA

and CMPEG. In Table I, molecular weights and molecular

weight distributions of synthesized star polymers, S9 and S11,

were summarized. The lengths of their hydrophobic block,

4arm PLGA, were different, while lactide/glycolide ratio was

fixed at 75:25.

In vitro Biodegradability of Star-block Copolymer Hydro-

gels

The in vitro biodegradability of star-block copolymer

hydrogels was evaluated by measuring the changes in molecu-

lar weight at 37 �C in phosphate buffered saline (PBS)

(pH 7.4). 0.4mL of star-block copolymer hydrogels with

initial polymer solutions of 36wt% were prepared in a vial,

which was kept in incubator with gentle stirring at 37 �C. After

10min, 3.5mL of PBS (pH 7.4, 37 �C) was added into the

formed gel. The samples were taken at specific time intervals.

The remaining gels were freeze-dried and their molecular

weight changes were determined by GPC. In addition, the pH

changes of upper solutions were measured with pH meter (Istek

735P).

Preparation of DXR-loaded Star-block Copolymer Hydro-

gel

To study the in vitro release behavior of temperature-

sensitive star-block copolymers, hydrogels with various poly-

mer concentrations and drug contents were prepared as

follows: Desired amount of the star-block copolymer was

weighted into 1.5mL microcentrifuge tubes. And then, Tris-

HCl buffer (pH 7.4, NaCl 150mM) containing DXR in the

concentrations ranging from 2 to 0.5mg/mL (2, 1, 0.5mg/mL)

were added into each tube to produce desired polymer solution

(total weight 0.1 g). 32/34/36wt% and 36/38/40wt% poly-

mer solutions which become gels at body temperature (37 �C)

were prepared for S11 and S9, respectively. The experimental
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Table I. Molecular weights of 4arm PLGAs and 4arm PLGA-PEGs

Code Sample Mn,th
a) Mn,NMR

GPC PEG

contentc)

Mn Mw PDIb) (wt%)

S9 4arm P(L75G25)9-PEG550 7672 7670 8630 10700 1.24 34

S11 4arm P(L75G25)11-PEG550 8769 8850 10290 12560 1.22 29

a)Theoretical Mn obtained from the feed ratios. b)Polydispersity index
(Mw/Mn).

c)Determined by 1HNMR.

Table II. Experimental group for anti-tumor of star-block copolymer hydrogel

Group

Polymer

conc.

(wt%)

DXR

conc.

(mg/mL)

DXR

dose

(mg/kg)

Group

Polymer

conc.

(wt%)

DXR

conc.

(mg/mL)

DXR

dose

(mg/kg)

S9-C1 36 2 10a) S11-A1 32 2 —

S9-C2 36 1 — S11-B1 34 2 —

S9-C3 36 0.5 — S11-C1 36 2 10a)

S9-D1 38 2 — S11-C2 36 1 —

S9-E1 40 2 — S11-C3 36 0.5 —

a)Copolymers used in in vivo anti-tumor activity study �Injection volume:
100 mm



groups for the in vitro release were summarized in Table II.

After 2–3 d, polymer and DXR/Tris-HCl buffer formed a

homogeneous solution at room temperature. The solution was

incubated at 37 �C for 10min to form gel.

In vitro DXR Release from Star-block Copolymer Hydrogel

The release experiment in vitro was carried out as follows:

1mL of 100mM Tris-HCl buffer (pH 7.4, NaCl 150mM) as a

release medium (37 �C) was added into polymer gel prepared

previously. And then, tubes were kept in incubator with gentle

stirring at 37 �C. At specific time intervals, 5 mL of whole

release medium was sampled. The amount of released DXR

was determined using a spectrofluorometer (Fluoroskan

Ascent� FL, Labsystems) with an excitation wavelength of

485 nm and an emission wavelength of 590 nm in comparison

to the standard curve.

In vivo Anti-tumor Activity of DXR-loaded Star-block

Copolymer Hydrogel

The anti-tumor activity of the drug loaded star-block

copolymer hydrogel was evaluated with tumor-bearing, 6-

week-old, female CD-1 mice (n ¼ 4, Charles River, Japan).

KB cells were inoculated subcutaneously into the central on

day 0. In vivo experiment was started on 7 d after tumor

implantation when the tumor volume reached about 100mm3.

The temperature-sensitive polymer solution was prepared to

36wt% concentration. The DXR-loaded and DXR-free

polymer solution was injected subcutaneously into the left

flank region of tumor-bearing mouse by using a syringe. The

DXR treatment groups (S9, S11) were injected with 100 mL of

DXR-loaded (2mg/mL) polymer solution (equivalent to 10

mg/kg of mouse DXR dose) subcutaneously into the left flank

region. The control groups, drug-free polymer solutions of S9

and S11 (Control S9-C, Control S11-C), were injected with

100 mL of polymer solutions subcutaneously into the left

flank region to compare anti-tumor activity of DXR-loaded

hydrogel with that of DXR-free hydrogel. The size of tumor

mass (the length and the width) was measured with a caliper

and tumor volume was calculated by using the following

equation: Tumor volume = 1/2LW2, where L and W denote

the length and the width, respectively. The body weight of

the mice was measured to evaluate the toxicity of the

hydrogel.

RESULTS AND DISCUSSION

The structures of the 4arm PLGA-PEG block copolymers

with different hydrophobic block length are shown in Figure 1.

Their average-number of monomeric unit in one arm of 4arm

PLGA was varied by 9 and 11 repeat units at a fixed mole ratio

of lactide to glycolide (75:25) and the molecular weight of PEG

was fixed at 550. Table I summarizes the molecular weight and

molecular weight distribution of the synthesized star block

copolymer. As shown in Figure 2, these polymers show the sol

to gel and gel to sol transition behavior at specific composition

(> 24wt%). They flow in sol state at room temperature, while

they form gel at body temperature. The phase diagram of S11

with the more hydrophobic PLGA block shifted left compared

to that of S9 due to the enhanced hydrophobicity.

In vitro Degradation of Star-block Copolymer Hydrogels

It is important to know in vitro degradation profiles before in

vitro release and anti-tumor efficacy tests. In vitro degradation

of star-block copolymers was studied in PBS (pH 7.4) at 37 �C.

Figure 3 shows the molecular weight (Mn by GPC) changes of

star-block copolymer hydrogels with different hydrophobic

block length during degradation time of one month. The

molecular weights by GPC decreased slowly from 10290 to

6400 and from 8630 to 4320 in S11-C and S9-C, respectively.

S11-C with longer hydrophobic block showed a little slower

In vivo Anti-tumor Efficacy of DXR from 4arm PLGA-PEG Hydrogel
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degradation rate than S9-C. This is due to the slower hydrolysis

of aliphatic polyester caused by the lower hydration of the gel

in S11-C. This tendency was also evidenced by the result of pH

changes during degradation. (Figure 4) The pH of S11-C and

S9-C block copolymer solutions was observed to decrease from

7.4 to around 3 during one month as a result of hydrolytic

degradation. However, S11-C showed slower pH decrease

during the first weak due to the longer PLGA block. These

different degradation profiles affect in vitro release and in vivo

mice studies.

In vitro Release of ADR from Star-block Copolymer

Hydrogel

Hydrogels with different drug-concentrations, polymer-

concentrations and block compositions were prepared and in

vitro drug release test was performed in Tris-buffer solution

(pH 7.4, NaCl 150mM) at 37 �C as a preceding test for

evaluating the ability of temperature-sensitive star-block

copolymer hydrogels to deliver DXR.

Figure 5 shows the released DXR content (mg) profile from

S11- and S9-series hydrogels under various conditions. All

DXR release profiles show the moderate release rates. These

pseudo zero-order release patterns indicate that these gels have

the potential of long-term drug carriers. S9-C1 and S11-C1

hydrogels (36wt% of polymer solutions with DXR of 2

mg/mL) contained DXR of 0.128mg, of which about 70%

(0.09mg) was released for one month. S11-C1 hydrogel

released 0.049mg for 5 d, afterwards it showed slower release

pattern than S9-C1 due to the different PLGA length. Of course

with decreasing contained DXR concentration, the amount of

released DXR decreased. These different release profiles for

hydrogels containing various amounts of drugs can make it

possible to fine-tune the drug release rate.

Figure 6 shows the DXR release profiles based on the

percentage. Figure 6a shows the effect of the drug concen-

tration on the profile of DXR release. As the drug content was

increased, the drug release rate decreased. DXR disperses well

in the hydrophobic core segment, while a crystallization of

drug in the hydrophobic PLGA core occurs in case of high drug

content. Figure 6b shows the DXR release profiles of hydrogels
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formed from different polymer concentrations. Actually, it was

reported that the higher the initial polymer concentration, the

slower drug release rate due to the tighter polymer-polymer

contacts inside the gel at higher concentrations of the polymer.9

But, in this study, the effect of the polymer concentration on

the drug release rate is not significant. However, as you can see

in Figure 6c, from the DXR release profiles of S9-C1 and S11-

C1 with different hydrophobic block lengths at fixed polymer

concentration and drug content, it was found that the larger the

molecular weight of the hydrophobic block, the slower the rate

of DXR release. It was due to the enhanced hydrophobicity,

which make the interactions between polymer and drug

stronger and make the hydrolytic degradation slow as discussed

above. So, even though two gels had same drug contents,

especially, at earlier stage S11 showed slower drug release rate.

In vivo Anti-tumor Efficacy of DXR-loaded Star-block

Copolymer Hydrogel

Based on the previous in vitro release results, star-block

copolymer hydrogels containing same DXR content of 2mg/

mL and different PLGA molecular weights (S9-C1, S11-C1)

were chosen to assess the in vivo anti-tumor activity. CD-1

mice bearing tumors were used. 100 mL of DXR-loaded and

unloaded star-block copolymer solutions were subcutaneously

injected into left flank and the gel was formed within 5min as

shown in Figure 7.

Figure 8 shows the volume change of tumor mass after

application of S9-C1 and S11-C1 incorporating 10mg/kg of

DXR and drug-free S9-C and drug-free S11-C as a control

group for 30 d. There was little difference in tumor-volume

change between groups Control S9-C and Control S11-C

regardless of the composition of drug-free hydrogels. But, the

increase of the tumor-volume of the mice treated with DXR-

loaded hydrogels (groups S9-C1 and S11-C1) was significantly

reduced. In other words, S9-C1 and S11-C1 hydrogels

incorporating DXR suppressed the tumor-growth. After 1

month, tumor volume of the mice treated with drug-free

copolymer solution was about 5000 cm3, while those of the

mice treated with DXR-loaded S11-C1 and DXR-loaded S9-C1

hydrogels were about 1200 cm3 and 2300 cm3, respectively. As

mentioned previously, due to the different drug release profiles

between S9-C1 and S11-C1 caused by the different hydro-

phobicity, DXR-loaded S11-C1 hydrogel showed significant

tumor inhibition.

Figure 9 shows the body weight change of the tumor-

bearing mice following application. In case of the groups

injected drug-free hydrogel, the body weight of mice contin-

uously increased because of the rapid growth of tumor mass. A

dramatic weight loss in mice treated with the hydrogel was not

In vivo Anti-tumor Efficacy of DXR from 4arm PLGA-PEG Hydrogel
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observed, which indicates no toxicity of DXR that was

delivered by the hydrogel.

CONCLUSIONS

Temperature-sensitive biodegradable star-shaped block co-

polymer was synthesized by varying the hydrophobic block

length. To evaluate this polymer as a sustained drug-delivery

formulation, we carried out in vitro drug release and in vivo

anti-tumor efficacy study for one month. The anti-tumor

activity of star-shaped copolymer hydrogels containing doxo-

rubicin was evaluated. All release profiles for DXR-loaded

hydrogels showed the sustained release patterns. The more the

loaded-drug content and the longer the hydrophobic block

length, the slower the drug release rate. Due to these different

drug release profiles between S9 and S11 caused by the

different hydrophobicity, drug-loaded S11-C1 hydrogel

showed more significant tumor inhibition. This result reveals

the potential of this hydrogel as a sustained and long-term drug

delivery carrier.
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Figure 8. In vivo anti-tumor activity of DXR-loaded star-block copolymers
after administration. The values are expressed as means� SEM
(n ¼ 4).
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Figure 9. Body weight changes of mice treated DXR-loaded star-block
copolymers after administration. The values are expressed as
means� SEM (n ¼ 4).
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