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Introduction 

Supramolecular hydrogels belong to a novel class of three-dimensional  hydrophilic 

cross-linked polymers possessing display unique physicochemical properties such as, water 

swelling capabilities, therapeutic encapsulation, biodegradability and biocompatibility. They 

also display interesting properties such as optoelectronic properties, enzyme responsiveness, 

self-healing ability and shape memory properties.[1] Some hydrogels are also able to undergo 

reversible phase transition in response to various environmental stimuli due to the 

noncovalent cross-linkages and can be used as promising biomaterial scaffolds for diagnosis 

and therapeutic delivery.[1d, 2] Thermoresponsive hydrogels are an important class of soft 

supramolecular materials that are suitable for a wide range of biomedical applications, such as 

injectable in-situ gelling drug release depots,[3] tissue engineering scaffolds,[4] cell sheet 

engineering,[5] and anti-adhesion materials.[6] They consist of chemically or physically 

crosslinked three dimensional polymeric networks, that can hold a large amount of water 

without breakdown. These high water content hydrogels also allow these hydrogels to be used 

for 3D cell culture. Thermoresponsive hydrogels,[2f] also referred to as thermogels, undergo a 

sol-gel transition as the temperature changes.[2e] Notably, thermogels have potential 

applications in injectable systems and nanomedicine due to their ability to self-assemble into 

micelles in an aqueous medium.[7]           At body temperature (37 °C), hydrophobic segments 

such as poly([R]-3-hydroxybutyrate) (PHB),[8] poly(propylene glycol) (PPG),[9] �S�R�O�\���0-

caprolactone-co-lactide) (PCLA),[10] and poly(D,L-lactide-co-glycolide) (PLGA),[11] are used 

to form the core of the micelles, while hydrophilic segments such as the common 

poly(ethylene glycol) (PEG) interact with water molecules at the corona. The driving force for 

a sol-gel transition are the hydrophobic interactions which are favored at higher temperatures. 

The association of hydrophobic cores forces ordered packing of micelles into a macroscopic 

gel.[12]       
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Both the PHB-b-PEG-b-PHB[16] and PEG-b-PHB-b-PEG[8b] triblock copolymers were 

formulated with an �.-cyclodextrin solution to afford hydrogels based on supramolecular 

interactions. These latter hydrogels resulted from the aggregation of �.-cyclodextrin and PEG 

segments, and were found suitable for controlled drug release applications. A recent study 

reported symmetric star shape PHB (~100 kDa) prepared by ring-opening polymerization. 

The relationship between solution and melt viscosity of PHB with linear and star (3-arm and 

6-arm) were therein demonstrated.[17] 

The present study reports the synthesis of first PHB oligomers with 1, 2, and 4 

hydroxyl end-capping groups from commercially available natural PHB, using different 

transesterification agents such as hexanol, ethylene glycol and erythritol (PHB1-OH, PHB2-

OH and PHB4-OH, respectively), and their ensuing bromoesterification (Scheme 1). 

Subsequently, these latter PHBs-Br served as macroinitiators for the ATRP of first (N-

isopropylacrylamide) (NIPAAM) to provide diblock PHB-b-PNIPAAM copolymers, and 

consequently of poly(ethylene glycol) methyl ether methacrylate (PEGMEMA) and 

poly(propylene glycol) methacrylate (PPGMA), to ultimately afford a series of PHB-based 

thermo-responsive triblock copolymers, PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) 

(Scheme 2). The copolymers consisted of a central organic core and of several arms of 

copolymer chains composed of blocks of PHB, PNIPAAM and a last block of randomly 

distributed PPEGMEMA and PPPGMA, the latter acrylate segments bearing PEG and PPG 

grafts, respectively. Linear and star-shaped copolymers derived from PHB1, and PHB2 or 

PHB4, respectively, provided thermo-responsive hydrogels as evidenced by rheological 

investigations in relation to the number of arms and the hydrophilic/hydrophobic content. 

Cytotoxicity assay and doxorubicin release monitoring showed these novel triblock 

copolymers to be promising drug-delivery systems. 
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Scheme 1. Synthesis of multi-arm hydroxy telechelic PHBs from the transesterification of high molar mass PHB followed by 

bromoesterification. Acc
ep

te
d 

m
an

us
cr

ipt



8 
 

Acc
ep

te
d 

m
an

us
cr

ipt





10 
 

poly(propylene glycol)]] (PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) was easily 

synthesized from PHBs-Br following a stepwise approach (Scheme 2). The PHB-b-

PNIPAAM diblock copolymers were first synthetized from the PHBs-Br macroinitiators by 

ATRP of NIPAAM catalyzed by CuBr. NMR molar mass values (Mn,NMR) of PHB-b-

PNIPAAM copolymers was in good agreement with the theoretical data (Mn,th) as determined 

from the monomer consumption (Table 1). For instance, NMR monitoring of the 

polymerization of NIPAAM from PHB1-Br into the corresponding PHB1-b-PNIPAAM, 

showed the linear increase of the molar mass of the PNIPAAM segment as determined from 

1H NMR analysis of the isolated diblock copolymer, with the NIPAAM conversion, as 

depicted in Figure 2. Along with the fair agreeement of the molar mass as determined by 1H 

NMR spectrocopy (Mn,NMR, Table 1), with the theroetical molar mass value as calculated from 

the NIPAAM conversion (Mn,theo, Table 1), this behavior contributed to highlight a controlled 

polymerization. 
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quantitative thermal degradation of the PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA), 

with the first step occurring between ca. 250 °C and 325 °C, followed by the second step from 

ca. 325 °C to 445 °C. These two stages of mass reduction were assigned to the degradation of 

first the PHB segment and part of the PPPGMA block (Td
25 = ca. 276 °C; temperature at 

which 25 % of the triblock copolymer mass loss has occurred), prior to that of the PNIPAAM, 

PPEGMEMA and remaining PPPGMA segments (Td
75 = ca. 404 °C; temperature at which 75 

% of copolymer mass loss has occurred), respectively, as illustrated with the profile of PHB2-

b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) (P3; Figure 5). Indeed, the onset degradation 

temperature of bacterial PHB has been reported at Td = 229 °C[19], while PHB1-OH, 

PNIPAAM, PEGMEMA and PPGMA have shown degradation temperature, Td
25 at ca. 

289 °C, 400 °C,[20] 398 °C and 241 °C , respectively (Figure 5-traces,a,c,d).  

 

Table 2. Thermal characteristics of PHB-b-PNIMAAM-b-(PPEGMEMA-co-PPPGMA) 

copolymers 
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�3�� �������������������� ���� ������ ������ ���� ������ ���� 

�3�� ���������������������� ���� ������ ������ ���� ������ ���� 
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�3�� �������������������� ���� ������ ������ ���� ������ ���� 

a Molar mass ratio of the PHB, PNIPAAM, PPEGMEMA and PPPGMA blocks of the copolymer as determined from Mn,NMR for 
PHB and PNIPAAM and from Mn,th for PPEGMEMA and PPPGMA. b Melting transition temperatures measured by DSC (2nd 
heating cycle). c Decomposition temperature measured by TGA, derivative peak value was reported. d Weight% loss determined by 
TGA. e Not determined.   

 

Acc
ep

te
d 

m
an

us
cr

ipt







18 
 

(PEGMEMA:PPGMA ratio of 2:1���� �*�¶�� � ��63.8���� �*�´�� � ��35.3) than for the one formed with P4 

(PEGMEMA:PPGMA ratio of 4:1�����*�¶��� ��55.2�����*�´��� ��31.2). Increasing the hydrophilic content 

of the copolymer thus lowered the ability to form a gel. 

Table 3. Rheological characteristics of the gels formulated from multi-arm PHB triblock 

copolymers at 25 °C. 

Reference Copolymera 
Number 

of arms 

Copolymer 

concentrationb 

(w/v%) 

�*�¶�� c 

(Pa) 

Visual 

appearance 

G1 P1 1 20 7.6 sol 

G2 P1 1 15 6.8 sol 

G3 P2 2 20 63.8 gel 

G4 P2 2 15 29.3 gel 

G5 P3 2 20 - insoluble 

G6 P3 2 15 - insoluble 

G7 P4 2 20 55.2 gel 

G8 P4 2 15 6.1 sol 

G9 P5 4 20 461.5 gel 

G10 P5 4 15 100.3 gel 

a Triblock copolymer, refer to Table 1. b Storage modulus measured by rheology. c Loss modulus measured by 
rheology. 
 

In order to investigate the effect of the copolymer structure on the thermoresponsive 

behavior of the gels, oscillation temperature sweep experiments were performed on gels G1, 

G3 and G9 formed from 1-, 2- and 4-arm copolymers, respectively, featuring a constant 

PEGMEMA:PPGMA ratio of 2:1. The results showed that 1-arm linear copolymer exhibited a 

sol-gel transition at 25 °C assessed b�\���W�K�H���V�Z�L�W�F�K���E�H�W�Z�H�H�Q���*�¶���D�Q�G���*�¶�¶, while the 2- and 4-arm 
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PHB based copolymers exhibited a storage modulus always higher than the loss modulus 

from 0 to 50 °C. G1 exhibited a classic thermoresponsive behavior typical of polymers 

composed with PNIPAAM and PPG segments.[23] In fact, at low temperature, core-shell 

micelles were formed due to the amphiphilic character of the copolymer, PNIPAAM and 

PPGMA then became more hydrophobic at 25 °C providing the driving force to form 

aggregated micelles ultimately resulting in a physical gel. After increasing the temperature to 

32 °C, the NIPAAM LCST (Lower Critical Solution Temperature) was reached which 

resulted in a high increase of �*�¶�� �D�Q�G�� �*�¶�¶�� �Y�D�O�X�H�V due to the collapse and aggregation of the 

previously formed micelles. The gels formed with 2- and 4-arm copolymers also showed a 

thermoresponsive behavior. Temperature sweep experiment showed that the gels formed 

exhibited hi�J�K�� �*�¶�� �D�Q�G�� �*�¶�¶�� �Y�D�O�X�H�V��when PNIPAAM LCST was reached, thus suggesting the 

formation of gels with strong mechanical properties at body temperature (37 °C) as illustrated 

in Figure 6. 

 

Figure 6. a) Rheological data from oscillatory measurements plotted as storage and loss 

�P�R�G�X�O�L�����*�¶���D�Q�G���*�¶�¶�����Y�H�U�V�X�V���W�H�P�S�H�U�D�W�X�U�H���R�E�W�D�L�Q�H�G���I�U�R�P���W�H�P�S�H�U�D�W�X�U�H���V�Z�H�H�S���P�H�D�V�X�U�H�P�H�Q�W�V���G�R�Q�H��

on G1, G3 and G9 gels (Table 3, entries 1, 3, 9). b) Pictures showing the effect of the number 

�'�[�[
�'�[ G1 G3 G9

G1, 25�ƒC G3, 25�ƒC G9, 25�ƒC
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compared to the 1-arm copolymer, with hydrophobic interactions most likely favored by this 

structure. 

 

Figure 7. a) Rheological data from oscillatory measurements plotted as storage and loss 

�P�R�G�X�O�L�� ���*�¶�� �D�Q�G�� �*�¶�¶���� �Y�H�U�V�X�V�� �I�U�H�T�X�H�Q�F�\�� �D�Q�G�� �E���� �D�S�S�D�U�H�Q�W�� �Y�L�V�F�R�V�L�W�\�� ����app) versus shear rate 

obtained from flow measurements (at 37 °C) done on gels G1, G3 and G9 (Table 3, entries 1, 

3, 9) respectively formed with P1: PHB11400-b-PNIPAAM6000-b-(PPEGMEMA99000-co-

PPPGMA5200), P2: PHB22500-b-PNIPAAM7000-b-(PPEGMEMA99000-co-PPPGMA5200), and 

P5: PHB41700-b-PNIPAAM5000-b-(PPEGMEMA99000-co-PPPGMA5200 ); Table 1, entries 1, 2, 
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copolymers, consisted of micellar networks with more entanglement and bridging chains at 

the corona as compared with G1 linear structure. Thus, drug release from these polymeric 

networks (G3 and G9) were more restricted. This is coherent with the drug release results 

reported previously on PEG/PPG/PHB thermogels[27], using linear triblock PEG-PPG-PEG 

copolymer gel as the control. Complete drug release from PEG-PPG-PEG copolymer gel was 

observed in 4 h, while the PEG/PPG/PHB thermogels consisting of micellar network 

entanglement and bridging chains, showed slower release which lasted 40 days. The effect of 

hydrophilic/hydrophobic balance of the gel was also studied. PEGMEMA:PPGMA ratio also 

significantly impacted the release profile. The gel G7 based on the 2-arm polymer with such a 

ratio equal to 4:1 (P4) exhibited the slowest release with only 35% doxorubicin released after 

140 h due to the higher affinity between the gel and doxorubicin in the PEG hydrophilic 

corona. As demonstrated, the drug release kinetic profile of doxorubicin can easily be tuned 

by first varying the number of arms in the copolymer, and also by the hydrophilic fraction of 

the copolymer. These results make these copolymers valuable for a large range of biomedical 

applications. 
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Figure 8. Drug release profile of hydrogels G1,G3 and G9 in PBS at 37 °C (Table 3, entries 

1, 3,9), respectively, formed with P1: PHB11400-b-PNIPAAM6000-b-(PPEGMEMA9900-co-
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