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a b s t r a c t An injectable biodegradable pH/temperature-sensitive oligo(b-amino ester urethane) (OAEU) was synthesized. The OAEU was synthesized by addition polymerization between the isocyanate groups of 1,6diisocyanato hexamethylene and the hydroxyl groups of a synthesized monomer piperazine dihydroxyl amino ester (monomer PDE) in chloroform in the presence of dibutyltin dilaurate as a catalyst. The synthesized OAEU was characterized by 1H NMR spectroscopy, Fourier transform infrared spectroscopy and gel permeation chromatography. The aqueous solutions of OAEU showed a sol-to-gel-to-sol phase transition as a function of temperature and pH. The gel window covered the physiological conditions (37 °C, pH 7.4) and could be controlled by changing the OAEU concentration. After a subcutaneous injection of the OAEU solution into Sprague–Dawley rats, a gel formed rapidly in situ and remained in the body for more than 2 weeks. The in vitro cytotoxicity test and in vitro degradation showed that the OAEU hydrogel was non-cytotoxic and biodegradable. The in vitro release of doxorubicin from this OAEU hydrogel was sustained for more than 10 days. This injectable biodegradable pH/temperature-sensitive OAEU hydrogel is a potential candidate as a drug/protein carrier and in biomedical applications. Ó 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.



1. Introduction Polymeric hydrogels are three-dimensional polymer networks which can absorb and retain a large amount of water and/or biological ﬂuids [1–10]. The hydrophilic and biocompatible properties of the injectable hydrogels have advantages in biomedical applications, such as drug/protein delivery and tissue engineering [11– 19]. There are two typical types of injectable hydrogels: chemically and physically crosslinked hydrogels. Chemically crosslinked hydrogels can be formed by different processes, such as enzyme reactions [20], photocrosslinked reactions [21] and Michael-addition-type or other chemical reactions [22–25]. However, experimental difﬁculties and the requirements of enzymes, crosslinking agents, photocrosslinkers and/or organic solvents may cause damage to cells/tissues as well as the denaturation of combined bioactive molecules [7]. In contrast, physically crosslinked hydrogels can be formed by the self-assembly of amphiphilic block/graft copolymers in response to external stimuli, such as electric ﬁeld, glucose, pH, temperature or a combination of these. Many types of physically injectable hydrogels and their application in drug/protein delivery have been reported. Temperaturesensitive hydrogels, which exist in the sol state at low ⇑ Corresponding author. Tel.: +82 31 290 7282; fax: +82 31 292 8790. E-mail address: [email protected] (D.S. Lee). Present address: Department of Biomedical Engineering, Case Western Reverse University, Cleveland, OH 44106, USA. 1



temperatures but turn into a gel state at physiological temperature (37 °C), have attracted considerable attention. Typical examples of temperature-sensitive hydrogels are as listed: poly(N-isopropylacrylamide) [26], Pluronic and its derivative [27,28], triblock copolymers consisting of hydrophilic poly(ethylene glycol) (PEG) and hydrophobic block including poly(caprolactone-co-lactide) (PCLA–PEG–PCLA), poly(caprolactone) (PCL–PEG–PCL), poly(lactide-co-glycolide) (PLGA–PEG–PLGA), poly(phosphazene) [29–34] and natural polymers [8]. However, temperature-sensitive hydrogels are normally neutral, which limits their application to the delivery of ionic drugs/proteins. Recently, injectable hydrogel systems sensitive to both pH and temperature have attracted increasing interest. Copolymer-containing anionic groups, such as sulfamethazine oligomer [10,35], or cationic groups, such as poly(b-amino ester) (PAE), poly(amido amine) (PAA) and poly(bamino urethane) (PAU) [36–45], were introduced to make ionic interactions with the oppositely charged drug/protein molecules. In contrast to physical polymeric hydrogels, oligomer hydrogels or low molecular weight hydrogels can be formed by non-covalent interactions, such as hydrogen bonding and/or hydrophobic interactions [46–52] instead of the formation of bridged micelle networks. Low molecular weight systems that show a gel–sol transition in response to external stimuli, such as pH, light or enzymes, and their application in the biomedical ﬁeld have been reported [47–58]. Polymers containing amino urethane groups have great potential as polymeric hydrogel carriers for the delivery of drugs/
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proteins because of their non-toxicity and ability to form hydrogen bonds and ionic interactions with biomolecules. However, the reported gels have high molecular weight and/or are non-biodegradable hydrogels [42,43]. In this study, an injectable biodegradable low molecular weight oligo(b-amino ester urethane) (OAEU) pH/ temperature-sensitive hydrogel was synthesized for controlled release of doxorubicin (DOX). The synthesized OAEU was characterized by proton nuclear magnetic resonance (NMR) spectroscopy, Fourier transform infrared (FTIR) spectroscopy and gel permeation chromatography (GPC). The sol–gel phase transitions of OAEU in aqueous solutions as well as the inﬂuencing factors were examined. The injectability, in vivo gelation and gel degradation as well as cytotoxicity testing were studied. The in vitro release of doxorubicin, an anticancer drug, from this hydrogel was also examined.



2. Experimental



A FTIR spectrometer (FT/IR-4100 Type A, TGS, Jasco) was used to record the IR spectra. The molecular weight of OAEU and its distribution were measured by GPC using a Waters Model 410 instrument with a refractive index detector (Shodex, RI-101) and one Styragel column (KF-802), at a ﬂow rate of 1.0 mL min1 (eluent: THF; 40 °C). Poly(ethylene glycol) standards (Waters) were used for calibration. 2.4. pH titration pH titration was carried out to determine the pH-sensitive property (pKa value) of the synthesized OAEU. Brieﬂy, OAEU was dissolved in 50 mL distilled water at a concentration of 1 mg mL1, and the pH was adjusted to 3.0 by adding 1 N HCl. The titration proﬁle was recorded by the repeated addition of 50 lL of 0.1 N NaOH. The pKa value of OAEU was calculated from the derivative of the titration curve, which corresponds to the inﬂection point [43].



2.1. Materials 2.5. Sol–gel phase transition measurement Anhydrous chloroform, anhydrous dichloromethane (DCM), 2mercaptoethanol (ME), 1,6-diisocyanato hexamethylene (HDI), dibutyltin dilaurate (DBTL), 1-(2-hydroxyethyl) piperazine (HP), doxorubicin hydrochloride and phosphate buffered saline (PBS) were obtained from Sigma–Aldrich (St. Louis, MO, USA) and used as received. 1,10-Decanediol diacrylate (DDDA) was purchased from TCI Co. (Tokyo, Japan) and used as received. Sodium hydroxide (NaOH), hydrochloric acid (HCl), tetrahydrofuran (THF), DCM, diethyl ether and n-hexane were all products of Samchun Co. (Seoul, Korea). All other reagents were of analytical grade and used without further puriﬁcation. 2.2. Synthesis of biodegradable OAEU OAEU was synthesized by addition polymerization between the isocyanate groups of HDI and the hydroxyl groups of the synthesized monomer, HP–DDDA–ME (PDE), in chloroform in the presence of DBTL as a catalyst (Scheme 1). The monomer PDE was synthesized by Michael-addition reaction between the active hydrogen atoms of HP and ME and the vinyl groups of DDDA. In this report, HP and ME were used as the pH- and temperature-sensitive moiety, respectively. The detail reaction to synthesize PDB monomer is as follows: HP, DDDA and ME at a 1/1/1 mol ratio were dissolved in anhydrous DCM at a reactants concentration of 20 wt.% in a round-bottom ﬂask at ambient temperature. The reaction was carried out at 45 °C for 2 h with a reﬂux condenser, and the reaction solution was concentrated by vacuum evaporation and precipitated in excess n-hexane. The precipitated monomer PDE was dried under vacuum for 48 h prior to use. The structure of synthesized monomer PDE was conﬁrmed by 1H NMR. The synthetic processing of OAEU was as follows: monomer PDE (25 mmol) and 0.0025 g of DBTL were dried in a 250-mL two-neck round-bottom ﬂask under vacuum at 60 °C for 30 min. The vacuum was replaced with dried nitrogen, followed by the addition of 80 mL anhydrous chloroform. After the monomer PDE was completely dissolved, HDI (15 mmol) was added, and the reaction was continued for further 3 h. Finally, the reaction solution was concentrated by vacuum evaporation and precipitated in excess diethyl ether. The precipitated OAEU was ﬁltered and dried under vacuum for 48 h. The ﬁnal yield was 80%.



The sol (ﬂow)–gel (non-ﬂow) phase transition of OAEU in aqueous solution was determined using the tube inverting method. Brieﬂy, OAEU was dissolved in PBS at pH 3 in a 4-mL vial (10 mm diameter) at a given concentration for 4 h. The pH was adjusted to the designed values with 5 N NaOH and 5 N HCl at 0 °C, and the samples were stabilized at 2 °C overnight. The vials, which contained 0.5 mL of the OAEU solution, were placed in a water bath and heated slowly from 0 °C to 60 °C. The samples were equilibrated for 10 min at temperature intervals of 2 °C. The sol–gel transition was determined by inverting the vial [43]. 2.6. Rheological measurements A dynamic mechanical analyzer (Bohlin Rotational Rheometer) was used to determine the viscosity variation of the OAEU solutions. An OAEU solution in PBS was placed between a 20-mmdiameter plate and a 100-mm-diameter plate with a gap of 250 lm. The oscillation mode with a stress control of 0.4 Pa and frequency 1 rad s1 was performed. The heating rate was 1 °C min1 [43]. 2.7. In vitro cytotoxicity OAEU hydrogel The in vitro cytotoxicity of OAEU was examined according to the ISO/EN 10993 Part 5 Guidelines. These guidelines prescribe the use of the Dulbecco’s modiﬁed Eagle’s medium (DMEM) extraction test to assess the possible toxic effects of the components released from medical polymers during the extraction. Various amounts (10– 300 mg mL1) of OAEU were extracted at 37 °C for 24 h using DMEM culture medium as the extraction ﬂuid. After incubation, the extracts were ﬁltered (0.2 lm pore size; Advantec MFS, Dublin, CA), and 1 mL of each extract was added to L929 ﬁbroblast cells, which had been seeded in 24-well plates. Fresh DMEM was used as a negative control. After 48 h incubation, the cell viability and proliferation were determined using an MTT assay. Brieﬂy, 100 lL of fresh growth medium containing 50 lg MTT was added to each well, and the cells were incubated at 37 °C for 4 h. The absorbance at 570 nm (SpectraMaxÒ M5 Microplate Reader, Molecular Devices, Inc.) was directly proportional to the number of living cells. The survival percentage relative to the mock-treated cells (100% survival) was calculated [34,35].



2.3. Characterization



2.8. In vitro degradation of OAEU



A 500-MHz spectrometer (Varian Unity Inova 500NB instrument) was used to record NMR spectra with CDCl3 as the solvent.



The in vitro degradation of the OAEU hydrogel was examined using the mass loss method. Brieﬂy, 4 mL vials contained 0.5 mL
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1.5 mL of fresh release medium was added to the vials to maintain a constant volume of release medium. The DOX concentration in the release media and standard samples was analyzed by UV–Vis spectroscopy at 495 nm. The absorbance comparison was used to calculate the DOX concentration and accumulative release. The standard line was determined using different DOX concentrations ranging from 50 to 0.01 lg mL1 [60–63]. The potency of released DOX was also examined. The released solutions from DOX-loaded OAEU hydrogel (DOX 200 lg mL1, OAEU 30 wt.%) and hydrogel without DOX (OAEU 30 wt.%) at various release time points were exposed to L929 cell line, and MTT assay was performed to evaluate the cell viability, which is described in Section 2.7. Fresh PBS 7.4 and released solution from OAEU hydrogel without DOX were used as negative and positive controls, respectively [64].



OAEU solution (30 wt.%) at pH 7.4 were incubated at 37 °C in 15 min to form a gel. Subsequently, 3 mL of PBS at pH 7.4 was added, and the sample vials were incubated at 37 °C. The PBS in the vials was replaced with fresh PBS every day. At a predetermined time, the samples were collected, freeze-dried and the residue weight checked. The remaining weight of the degraded gels was calculated from the ratio of lyophilized degraded gels to the initial gels. The experiments were performed in triplicate. 2.9. In vivo gel formation and gel degradation Male Sprague–Dawley (SD) rats (Hanlim Experimental Animal Laboratory, Seoul, Korea) were used for in vivo experiments. The rats (5–6 weeks old, average body weight 200 g) were handled in accordance with the National Institutes of Health (NIH) guidelines for the care and use of laboratory animals (NIH publication 85-23, revised 1985). To investigate the injectability, in vivo gelation and gel stability, an aqueous solution (200 lL, 30 wt.%) of OAEU at pH 6.6 was injected subcutaneously into the backs of male SD rats. After a predetermined time, the rats were sacriﬁced and the gel morphology was observed [59]. To examine the in vivo degradation, 300 lL of a 30 wt.% OAEU solution was injected. After a predetermined time, the rats were sacriﬁced and the gels were collected and freeze-dried to obtain the residue weight. The remaining weight was calculated from the ratio of the lyophilized degraded gels to the initial gels. The experiments were performed in triplicate [59].



3. Results and discussion 3.1. Synthesis and characterization of OAEU The novel biodegradable OAEU was synthesized by addition polymerization between the isocyanate groups of HDI and the hydroxyl groups at the ends of the synthesized monomer (PDE) in chloroform in the presence of DBTL as a catalyst (Scheme 1). The monomer PDE with dihydroxyl groups was synthesized by Michael-addition reaction between the active hydrogen atoms of HP and ME and the vinyl groups of DDDA because of the much higher reactivity of thiol and secondary amine groups in comparison with the hydroxyl groups [65]. Fig. 1a shows the 1H NMR spectrum of the synthesized monomer PDE. The protons at 2.57–2.64 ppm (peak d) were assigned to the new methylene protons, which were born from the reaction of the secondary amine groups of HP or the thiol groups of ME with the vinyl groups of DDDA. Peaks a and c indicate the presence of HP, and peaks i represent the presence of ME, whereas peaks e, f and g show the presence of DDDA in the monomer PDE. Three different monomers could be formed according to the monomer formation reaction: HP–DDDA–ME, HP–DDDA–HP and ME–DDDA–ME. However, for a general understanding, the monomer could be uniﬁed to HP–DDDA–ME (PDE) because of the equal mole fraction of HP and ME in the monomer PDE (mole ratio HP/DDDA/ME = 1/1/1), which was conﬁrmed by calculating the relative peaks area of peaks a (HP) and i (ME) in Fig. 1a.



2.10. In vitro release of DOX and the potency of released DOX The in vitro release of DOX, an anticancer drug, using the OAEU hydrogel was studied to evaluate its potential application in drug/protein delivery. OAEU solutions (20 and 30 wt.% at pH 6.6) were prepared, and DOX at a ﬁnal concentration of 200 and 50 lg mL1 was added and stirred at 2 °C for 12 h. The pH of the solutions was adjusted to 7.4 with small amounts of 5 N NaOH and 0.5 mL of the DOX-loaded OAEU solution was placed into 4 mL vials and incubated at 37 °C for 30 min to allow gel formation. Subsequently, 3 mL of fresh release medium (PBS buffer solution, 37 °C and pH 7.4) was added to each vial, which was incubated at 37 °C and shaken at 20 rpm. At a predetermined time, 1.5 mL of the release medium was sampled, and
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Fig. 1. 1H NMR spectra of (a) the monomer PDE and (b) OAEU.



The structure of synthesized OAEU with labeled protons and 1H NMR spectrum were shown in Fig. 1b. The protons at 3.10– 3.24 ppm (peak j) and 1.22–1.58 ppm (peaks k and g) were assigned to the ﬁrst, second and third methylene protons of HDI in the OAEU, respectively. Peaks b, c, d, f and g indicate the presence of the monomer PDE in the ﬁnal OAEU. The formation of the OAEU structure was further conﬁrmed by FTIR spectroscopy. As shown in Fig. 2a, the peak at 3335 cm1 (#1) corresponds to the –NH– stretching band of the formation urethane groups. The carbonyl stretching of the ester groups (in monomer PDE) and formation urethane groups were indicated at 1675–1725 cm1 (#2). The isocyanate groups were completely reacted because of the absence of peaks at 2267 cm1 (#3). Fig. 2b shows the peaks of the carbonyl groups with and without hydrogen bonding, which further demonstrates the formation of functional urethane groups. The NMR and FTIR spectra conﬁrm the formation of the OAEU structure. Furthermore, the molecular weight of OAEU and its distribution were determined by GPC, and the results are listed in Table 1. The above characterizations clearly demonstrate the successful synthesis of OAEU. In addition, the pH-sensitive property (pKa) of the synthesized OAEU was determined by the pH titration method. The buffering property of OAEU was conﬁrmed as shown in the pH titration proﬁle in Fig. 3. The measured pKa of the synthesized OAEU was 6.48. Table 1 lists the characteristics of the synthesized OAEU. 3.2. Sol–gel phase transition diagram of OAEU hydrogel The tube inverting method was used to determine the sol–gel phase transition diagram of the OAEU solution. The gelation mechanism of the oligomers was solely self-assembly, owing to the noncovalent forces such as hydrophobic interactions and/or hydrogen bonds between the oligomer molecules [46–52]. The sol–gel phase transition of the OAEU solutions showed the dependence on temperature and pH, as shown in Fig. 4. At low pH (e.g., pH 6.6), the



tertiary amine groups in OAEU were ionized, and the OAEU had hydrophilic properties. With increasing pH (such as pH 7.4), the tertiary amine groups were deprotonated. However, an aqueous solution of 20 wt.% of OAEU existed in the solution state at low temperatures ( 
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