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Abstract 

The synthesis of multi-arm PHB-based triblock copolymers (poly([R]-3-hydroxybutyrate)-b-

poly(N-isopropylacrylamide)-b-[[poly(methyl ether methacrylate)-g-poly(ethylene glycol)]-

co-[poly(methacrylate)-g-poly(propylene glycol)]], PHB-b-PNIPAAM-b-(PPEGMEMA-co-

PPPGMA), and their subsequent self-assembly into thermoresponsive hydrogels are 

described. ATRP of N-isopropylacrylamide (NIPAAM) followed by poly(ethylene glycol) 

methyl ether methacrylate (PEGMEMA) and poly(propylene glycol) methacrylate (PPGMA), 

was achieved from bromoesterified multi-arm PHBs macroinitiators. The composition of the 

resulting copolymers was investigated by 1H, 13C J-MOD NMR, SEC, TGA, and DSC 

analyses. Copolymers featuring different architectures and distinct hydrophilic/hydrophobic 

contents were found to self-assemble into thermoresponsive gels in aqueous solution. 

Rheological studies indicated that the linear 1-arm based copolymer tend to form a micellar 

solution, while 2- and 4-arm copolymers afforded gels with enhanced mechanical properties 

and solid-like behavior. These investigations are the first to correlate the gelation properties to 

the arm-number of a PHB-based copolymer. All copolymers revealed a double 

thermoresponsive behavior due to the NIPAAM and PPGMA blocks, thus allowing first the 

copolymer self-assembly at room temperature, and then the delivery of a drug at body 

temperature (37 °C). The non-significant toxic response of the gels, as assessed by cell 

viability of CCD-112CoN human fibroblast cell lines with different concentrations of the 

triblock copolymer ranging from 0.03 to 1 mg.mL1, suggest that these PHB-based 

thermoresponsive gels are promising candidate biomaterials for drug delivery applications.  

Keywords: Poly([R]-3-hydroxybutyrate) (PHB), multi-arm polymer, water-soluble polymer, thermo-

responsive polymer, hydrogel, drug delivery, polyester  
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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] poly(ε-

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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Among such hydrophobic cores, natural PHB is a linear, biodegradable and 

biocompatible isotactic polyester featuring D()-3-hydroxybutyric acid as repeating unit. 

PHB thus belongs to the class of natural renewable polymers derived from the biomass, 

similar to lignin, cellulose, starch or plant oils which are originated from green and 

sustainable resources.[13] PHB is also the most common member of the polyhydroxyalkanoate 

(PHA) family, which are aliphatic polyesters featuring a three-carbon backbone structure with 

a substituent (R) on the -position (Figure 1; R = Me for PHB).[14]             

 

Figure 1. Chemical structure of PHAs 

As a hydrophobic and semi-crystalline polymer, PHB is hard to dissolve in common 

organic solvents, it is also brittle as compared to other biodegradable polyesters such as 

poly(ε-caprolactone) (PCL).[15] These drawbacks keep PHB away from a wide range of 

applications, especially in the field of water-soluble polymers and hydrogels. To date, studies 

reported on PHB-based hydrogels remain limited. The polyurethane approach involving the 

reaction of a PHB diol with a diisocyanate, provides a convenient synthetic pathway to 

produce biodegradable PHB-based thermogels with 98 wt.% of water from a polymer 

concentration as low as 2 wt.%.[8a]  Also, atom transfer radical polymerization (ATRP) 

process was used to prepare thermo-responsive PHB copolymers based on poly(N-

isopropyacrylamide), PNIPAAM-b-PHB-b-PNIPAAM,[8c] and an esterification reaction was 

used to prepare PHB-b-PEG-b-PHB[16] and PEG-b-PHB-b-PEG[8b] triblock copolymers, 

affording thermo-responsive micelles. However these copolymers could not form a hydrogel 

at physiological temperature, probably due to the unbalanced hydrophobicity-hydrophilicity. 
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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 α-cyclodextrin solution to afford hydrogels based on supramolecular 

interactions. These latter hydrogels resulted from the aggregation of α-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
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Scheme 2. Synthesis of PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) by sequential 

ATRP of NIPAAM followed by a one-pot ATRP of PEGMEMA and PPGMA from multi-

arm hydroxy telechelic PHB macroinitiators. 

Results and discussion 

Synthesis and characterization of multi-arm PHBs as ATRP macroinitiators. Multi-arm 

hydroxyl end-capped PHBs were synthesized from the transesterification of a high molar 

mass natural PHB with different alcohols, namely hexanol, ethylene glycol and erythritol, in 

the presence of dibutyl tin dilaurate (DBTL) catalyst, as inspired by a previously reported 

procedure (Scheme 1)[18]. The recovered purified hydroxy telechelic PHBs, PHB1-OH, 

PHB2-OH and PHB4-OH, respectively, were then characterized by 1H NMR analyses (refer 

to the Experimental Section, Figures S1S3). A series of three PHBs-OH having 1, 2 or 4 

arms, i.e. 1, 2 or 4 terminal hydroxyl groups, and with a molar mass of Mn,NMR = 1600, 2300 

and 1700 g.mol1, respectively, were isolated in fair yields (Table S1). These hydroxy end-

functionalized pre-oligomers were next chemically modified into their analogous bromoester 

end-capped PHBs (Scheme 1), to subsequently serve as ATRP macroinitiators in the 

successive polymerization of the acrylamide and methacrylates (Scheme 2). The esterification 

of PHBs-OH using 2-α-bromoisobutyryl bromide afforded the corresponding PHBs-Br 

without alteration of the polyester backbone, as monitored by 1H NMR analyses (Table S1, 

Figures S4S6). It needs to be further noted that the hydroxylated PHBs and the subsequent 

brominated PHBs have a polydispersity ranging from 1.3 to 1.5, indicating that the 

subsequent copolymers actually cover a range of molecular weights and may be made from 

polymers of different chain length. 

Synthesis and characterization of PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) 

copolymers. The synthesis of poly(3-hydroxybutyrate)-b-poly(N-isopropylacrylamide)-b-

[[poly(methyl ether methacrylate)-g-poly(ethylene glycol)]-co-[poly(methacrylate)-g-
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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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Table 1. ATRP of NIPAAM, PEGMEMA and PPGMA from PHBs-Br macroinitiators. 

Copolymer 

 

[PHBBr]0 : 

[CuBr]0 : 

[NIPAAM]0 : 

[PEGMEMA]0 

: [PPGMA]0  

Number 

of PHB 

arm 

PHB-Br 

Mn,NMR 
a 

(g.mol-1) 

NIPAAM 

Conv. b 

(%) 

PNIPAAM 

Mn,th 
c 

(g.mol-1) 

PNIPAAM 

Mn,NMR 
d 

(g.mol-1) 

PPEGMEMA 

Mn,th 
e 

PPPGMA 

Mn,th 
e 

PPEGMEMA: 

PPPGMA 

molar mass 

ratiof 

(%) 

PHB:PNIPAAM: 

PPEGMEMA: 

PPPGMA 

molar mass ratiog 

(%) 

PHB: 

PNIPAAM: 

PPEGMEMA:

PPPGMA 

Mn,th
h 

PHB-b- 

PNIPAAM-b- 

(PPEGMEMA

-co-PPPGMA) 

Mn,SEC 
i 

ÐM j 

P1 1:1:100:9:14 1 1400 55 6200 6000 9900 5200 2:1 6:27:44:23 22 500 26 300 1.78 

P2 1:1:70:9:14 2 2500 89 7050 7000 9900 5200 2:1 10:28:41:21 24 600 18 850 1.71 

P3 1:1:70:7:20 2 2500 72 5700 5700 7700 7500 1:1 11:24:33:32 23 400 20 000 1.48 

P4 1:1:70:11:8 2 2500 58 4900 4600 12100 3000 4:1 11:20:55:14 22 200 17 300 1.71 

P5 1:1:55:9:14 4 1700 79 4900 5000 9900 5200 2:1 8:23:45:24 21 800 17 700 1.88 

a Experimental molar mass value of PHB-Br determined by 1H NMR analysis in CDCl3 of the isolated polymer (not including either theC(O)C(CH3)2Br or the alcohol moiety –(CH2)5CH3, O(CH2)2O 

orOCH2(CH(O))2CH2O for PHB1, PHB2 and PHB4, respectively; refer to the Experimental Section, Table S1). b NIPAAM conversion determined by 1H NMR analysis of the crude reaction mixture 

(refer to the Experimental Section). c Theoretical molar mass value of the PNIPAAM segment of the PHB-b-PNIPAAM diblock copolymer calculated from the relation: [[NIPAAM]0/[PHBBr]0 × 

ConvNIPAAM × MNIPAAM] with MNIPAAM = 113 g.mol1. d Experimental molar mass value of PNIPAAM segment of the PHB-b-PNIPAAM diblock copolymer determined by 1H NMR analysis in CDCl3 of 

the isolated polymer from the relative intensities of the signals of the the methylene (–CH2CH(CONH(CH3)2), 2.51 ppm) to the PHB main-chain methine hydrogens (–OCH(CH3)CH2, 5.26 ppm)(refer 

to experimental section).e PPEGMEMA and PPPGMA theoretical molar mass values calculated from the relation: [[PEGMEMA]0/[PHB-b-PNIPAAM-Br]0 × ConvPEGMEMA × MPEGMEMA] with MPEGMEMA = 

1100 g.mol1 and [[PPGMA]0/[PHB-b-PNIPAAM-Br]0 × ConvPPGMA × MPPGMA], respectively, with MPPGMA = 375 g.mol1, assuming the quantitative conversion of PEGMEMA and PPGMA (refer to the 

Experimental Section).  f Molar mass ratio of the PPEGMEMA and PPPGMA  blocks of the copolymer as determined from the initial monomer feed ratio. g 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. i Theoretical molar mass values of the triblock 

copolymer determined from the relation: Mn,NMR,PHB + Mn,NMR,PNIPAAM + Mn,th,PPEGMEMA + Mn,th,PPPGMA. 
i Experimental molar mass values determined by SEC analysis in THF at 30 °C vs. polystyrene 

standards (uncorrected value; refer to the Experimental Section). j Dispersity value determined by SEC analysis in THF at 30 °C. Acc
ep

ted
 m

an
us

cri
pt



12 
 

 

Figure 2. Variation of Mn,NMR (g.mol1) values of the PNIPAAM segment in the PHB-b-

PNIPAAM diblock copolymer, synthesized from PHB1-Br macroinitiator, as a function of 

NIPAAM conversion (Table 1, entry 1). 

Incorporation of both PEGMEMA and PPGMA was clearly evidenced by 1H NMR 

analysis, as illustrated in Figure 3 (Figures S7, S8). For the 2-arm PHB-based copolymer, the 

PEGMEMA/PPGMA feeding ratio was varied from 1:1 to 4:1 in order to evaluate the 

physico-chemical properties of the subsequent gels derived from the triblock copolymers 

upon varying the hydrophilic/hydrophobic content. A set of five distinct PHB-b-PNIPAAM-

b-(PPEGMEMA-co-PPPGMA) with 1, 2 or 4 arms and different PEGMEMA/PPGMA ratios 

was thus prepared with similar molar mass value (Mn,th = 21 80024 600 g.mol1), and 

isolated in a grams scale (typically ca. 3 g). The chemical structure of the resulting PHB-b-

PNIPAAM-b-(PPEGMEMA-co-PPPGMA) triblock copolymers was assessed by 1H NMR 

(Figure 3, S7, S8) after purification of the copolymers by dialysis. The corresponding 13C[1H] 

J-MOD NMR spectra similarly evidenced the characteristic signals of PHB, PNIPAAM, 

PPEGMEMA and PPPGMA segments along with their respective awaited phase (Figure 4). 

The isolated triblock copolymers exhibited a monomodal SEC chromatogram with molar 

mass values up to Mn,SEC = 26 300 g.mol1 and relatively moderate dispersity (1.48 < ĐM < 

1.88; Table 1).  
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Figure 3. 1H NMR (400 MHz, CDCl3, 23 °C) spectra of: a) PHB11400-b-PNIPAAM6000-b-

(PPEGMEMA9900-co-PPPGMA5200) (Table 1, entry 1) synthesized by the ATRP of NIPAAM 

from PHB11400Br (Table S1, entry 1), followed by the random ATRP of PEGMEMA and 

PPGMA; b) PPGMA (Mn = 375 g.mol1), c) PEGMEMA (Mn =1100 g.mol1), and d) 

NIPAAM. 
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Figure 4. 13C[1H] J-MOD NMR (100 MHz, CDCl3, 23 °C) spectrum of PHB11400-b-

PNIPAAM6000-b-(PPEGMEMA9900-co-PPPGMA5200) (Table 1, entry 1) synthesized by the 

ATRP of NIPAAM from PHB11400Br (Table S1, entry 1), followed by the ATRP of 

PEGMEMA and PPGMA. 

The thermal characteristics of the triblock copolymers featuring a different number of 

arms and of PPEGMEMA/PPPGMA contents, were estimated by TGA analyses, as illustrated 

in Figure 5. The thermal degradation profiles of all the copolymers featuring a similar molar 

mass value (Mn,th = ca. 22 900 g.mol1) were similar regardless of the number of arms. The 

analyses revealed their thermal stability up to ca. 250 °C, which is suitable for auto-claving 

(usually at 121 °C). The observed two-step mass loss profile was attributed to the stepwise 
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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 

 

Reference 

PHB:PNIPAAM: 

PPEGMEMA:PPPGMA 

Molar ratioa 

Tm
b 

(°C) 

Tm
b 

(°C) 

Td1
c 

(°C) 

Weight 

lossd 

(%) 

Td2
 c 

(°C) 

Weight 

lossd  

(%) 

P1 5:27:45:23 35 135 300 17 395 83 

P2 10:28:41:21 38 142 280 20 407 80 

P3 11:24:33:32 36 135 276 25 407 75 

P4 11:20:55:14 36 142 276 23 404 77 

P5 8:23:45:24 36 150 276 23 409 77 

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.   
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Figure 5. Thermal degradation profiles of a) PEGMEMA, b) P2: PHB22500-b-PNIPAAM7000-

b-(PPEGMEMA9900-co-PPPGMA5200) (note that the first degradation observed corresponds to 

residual solvents loss) (Table 1, entry 2), c) PHB2-OH, and d) PPGMA. The thermal 

degradation profiles of PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) copolymers 

featuring different block sizes and different number of arms is reported in Figure S10). 

The thermal properties of triblock copolymers were also evaluated by DSC. Results 

corresponding to second heating cycle only showed two thermal transtions most likely arising 

from the PPEGMEMA, PHB and PNIPAAM blocks (Table 2). The first melting transition 

temperature observed at Tm = +35 +38 °C may correspond to the PPEGMEMA segment, as 

the Tm of the PEGMEMA precusor was recorded at +38 °C (H = 110 J/g). The second 

thermal transition from ca. +135 °C to +150 °C resulted from the overlap of the melting 

transition of crystalline PHB and from the glass transition of PNIPAAM. Indeed, the mono-, 

di- and tetra-hydroxylated PHB macroinitiators showed a Tm ranging from +130 °C to 

+142 °C ((H = 67.884.5 J/g, Xc = 46.357.6% based on reference value of 146.6 J/g for 

completely crystallized PHB,[21] suggesting a highly crystalline structure. This crystallinity 

can contribute to the observed powder morphology which is also more convenient to handle 

during hydrogel formulation. Furthermore, the glass transition temperature of the PNIPAAM 
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reported at Tg = +133 °C (Mn, SEC = 13300 Da) overlapped with the observed melting 

temperature transition at ca. 141 °C.[22] In addition, the ratio of PEGMEMA:PPGMA being 

fixed at 2:1 (see P1, P2 and P5), the melting enthalpies of PEGMEMA were found to lessen 

from H = 9.1 to 0.3 J/g with an increasing number of arms. This hinted a loss of crystallinity 

upon raising the number of arms while keeping the PEGMEMA/PPGMA ratio constant. 

Gel formation with multi-arm PHB based copolymers. Gels were simply formed upon 

dissolution of the PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) copolymers in water at 

room temperature. The effect of the number of arms in the copolymer and of the 

concentration of the triblock copolymer were first studied. The most significant result are 

gathered Table 3. The minimal required concentration to form a gel was initially established 

by rheological measurements at 15% (copolymer: H2O, w/v) (Figure S9). These investigations 

revealed that gels could not be formed from the 1-arm triblock copolymer (P1) at 20%; only 

solutions can be formed as shown by the very low storage modulus (G’= 7.5 Pa) and loss 

modulus (G’’= 6.9 Pa) values. On the other hand, a gel could be easily obtained from the 2-

arm (P2) and the 4-arm (P5) triblock copolymers. At 20% of copolymer (w/v), the G’ value 

measured for P5 was higher (G’ = 461.5 Pa) than the one reached with P2 (G’= 63.8 Pa), thus 

suggesting that the star-shaped structure of the copolymer significantly and favorably 

enhanced the mechanical properties of the resulting gel. The PHB star-shaped structure thus 

seemed to nicely promote chain network interpenetration. Moreover, the 

PEGMEMA/PPGMA initial ratio also seemed to affect the gel properties. Indeed, 

hydrophobic interactions being a major driving force for gel formation, the 2-arm P3 

copolymer exhibiting a PEGMEMA/PPGMA ratio of 1:1 cannot be dissolved in water due to 

the length of the hydrophobic block, while the P2 and P4 copolymers having a ratio of 2:1 and 

4:1, respectively, did form a gel at 15% and 20% (w/v) of copolymer concentration. For the 2-

arm copolymers, storage and loss modulus were higher for the gel formed with P2 copolymer 
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(PEGMEMA:PPGMA ratio of 2:1, G’ = 63.8, G” = 35.3) than for the one formed with P4 

(PEGMEMA:PPGMA ratio of 4:1, G’ = 55.2, G” = 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%) 

G’  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 by the switch between G’ and 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 G’ and G’’ values 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 high G’ and G’’ values 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 

moduli (G’ and G’’) versus temperature obtained from temperature sweep measurements done 

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

respectively, formed with P1: PHB11400-b-PNIPAAM6000-b-(PPEGMEMA9900-co-

PPPGMA5200), P2: PHB22500-b-PNIPAAM7000-b-(PPEGMEMA9900-co-PPPGMA5200), and P5: 

PHB41700-b-PNIPAAM5000-b-(PPEGMEMA9900-co-PPPGMA5200 ) (Table 1, entries 5). 

 

In order to evaluate the influence of the number of arms in PHB-b-PNIPAAM-b-

(PPEGMEMA-co-PPPGMA) on the viscoelastic properties of the supramolecular formed 

hydrogels, oscillation frequency sweep measurements were carried out at a strain of 0.2% 

which was determined as the linear-viscoelastic region by oscillation amplitude sweep 

measurements (Figure 7a). The storage modulus (G’) and loss modulus (G’’) were monitored 

over the strain frequency. The magnitude of the gel storage modulus is about 104 Pa which is 

about the modulus of skeletal muscle.[24] At low frequencies, the gels exhibited very low G’ 

and G’’ values and then reached a plateau at a strain frequency of 20 s1. At higher 

frequencies, G1 and G3 gels presented very high values of G’ and G’’, thus evidencing their 

high stability with a solid-like behavior resulting in highly structured materials at this state. 

As expected, the number of arms significantly affected the mechanical properties, with G’ and 

G’’ values of the gel formed with the 1-arm copolymer being 10 times lower than those 

obtained for the gels formed from 2- and 4-arm copolymers. The G9 gel displayed a behavior 

assimilated to a fluid-like material, with a tendency to lose its mechanical properties at high 

frequency. Despite the linear structure of the P2 copolymer, the gel formed presented a 

similar behavior as the gel obtained with the 4-arm PHB with slightly lower values of G’ and 

G’’. This result suggested that the linear or star-shaped topology of the copolymer was not the 

only chemical characteristic that governed the gel solidity. The chemical structure of the 2-

arm copolymer seemed to enhance the stability and the mechanical properties of the gel 
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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 

moduli (G’ and G’’) versus frequency and b) apparent viscosity (ηapp) 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, 

5). 
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Furthermore, the rheological properties were evaluated by flow sweep measurements 

at 37 °C. As the shear rate increased, the viscosity started to decrease and the materials 

became more fluid. The swift drop of the viscosity suggested the loss of some mechanical 

properties when the shear rate increased, a behavior making the gel potentially injectable in a 

human body. Once again, the number of arms affected the rheological properties. Indeed, the 

viscosity increased with the number of arms over the whole range of applied shear rate (from 

0 to 100 s1). It is also interesting to note that, unlike the poly(PEG/PPG/PHB urethane)s 

reported by our group[2e, 2f, 25], these gels are not transparent. These gels are also more 

susceptable to synerisis, resulting in a collapsed gel when the temperature is raised beyond 55 

oC. However, this gel appears to be more stable than other types of PNIPAAM-based 

polymers reported previously in literature which collapse after storage for a few days.[26] 

Drug release studies. To demonstrate the potential utility of multi-arm based PHB 

copolymers as drug delivery systems, a model anticancer drug, doxorubicin, was next 

encapsulated in the formed gels and the drug release was studied in phosphate buffer saline 

(PBS, pH 7.4) at 37 °C. As shown in Figure 8, the doxorubicin release profile of the PHB-

based hydrogels showed a two-stage pattern with a fast drug release rate within the initial 50 h 

followed by a plateau with a maximum of 80% release after 140 h of incubation. The number 

of arms significantly affected the drug-release profile. Indeed, only 50% of the drug was 

released after 140 h from gels G3 and G9 formed with the 2- and 4-arm copolymers, 

respectively, while 80% of doxorubicin was released with the micellar solution formed with 

the 1-arm copolymer-based gel G1. Gels G9 and G3 exhibited a slow release profile thus 

making these promising as long term drug delivery systems. As the data suggested, the 

number of arms significantly affected the rate of drug release due to the difference in micellar 

network structure (Figure 9). G3 and G9 which were prepared by using 2-arm and 4-arm 
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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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PPGMA5200), P2: PHB22500-b-PNIPAAM7000-b-(PPEGMEMA9900-co-PPPGMA5200), and P5: 

PHB41700-b-PNIPAAM5000-b-(PPEGMEMA9900-co-PPPGMA5200) (Table 1, entries 1, 2, 5). 

 

Figure 9. Schematic drawing of the proposed micellar network structure of G1, G3 and G9. 

 

Cytotoxicity of PHB based hydrogel. In order to consider these gels as potential drug 

delivery systems, the biological safety aspect of the copolymers was assessed. The 

cytotoxicity was evaluated by incubating the CCD-112CoN human fibroblast cell lines with 

different concentrations of the copolymer solutions over a period of 24 h at 37 °C. 

Quantification of the cytotoxic response was performed using the MTT assay, as shown 

Figure 10. No significant toxic response was observed even at a high concentration of 1 

mg.mL1, a promising value for the future development of temperature-responsive 

biomaterials based on these multi-arm PHB copolymers. Only the G5 gel seemed to reduce 

the cell viability, but in this case, the IC50 (50% inhibitory concentration) being over 1 

mg.mL1, it cannot preclude the use of this copolymer in some biomedical applications. The 

chemical topology of the copolymers did not seem to affect the cells viability. 

G1, SOL 25 C

G3, HYDROGEL 25 C

G9, HYDROGEL 25 C
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Figure 10. Cell viability of CCD-112CoN human fibroblast cell lines incubated with G1, G3, 

G5, G7 and G9 gels (Table 3, entries 1, 3, 5, 7, 9) respectively formed with P1: PHB11400-b-

PNIPAAM6000-b-(PPEGMEMA9900-co-PPPGMA5200), P2: PHB22500-b-PNIPAAM7000-b-

(PPEGMEMA9900-co-PPPGMA5200), P3: PHB22500-b-PNIPAAM5700-b-(PPEGMEMA7700-co-

PPPGMA7500), P4: PHB22500-b-PNIPAAM4600-b-(PPEGMEMA12100-co-PPPGMA3000), and 

P5: PHB41700-b-PNIPAAM5000-b-(PPEGMEMA9900-co-PPPGMA5200) (Table 2, entries 15) 

with a range of concentration varying from 0.03 to 1 mg.L1. 

 

Conclusion 

Original linear and star-shaped PHB-based amphiphilic triblock copolymers, PHB-b-

PNIPAAM-b-(PPEGMEMA-co-PPPGMA) were synthesized from the successive ATRP of 

NIPAAM, and PEGMEMA and PPGMA, using bromoesterified PHB macroinitiators. 

Copolymers with 1, 2 and 4 arms featuring PPEGMEMA:PPPGMA ratio varying from 1:1 to 

4:1 were prepared in grams quantity and characterized by 1H and 13C[1H] J-MOD NMR, TGA 

and DSC analyses.  
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These amphiphilic copolymers formed hydrogels in water at a minimal concentration 

of 15% (w/v). The effect of the number of arms and hydrophilic/hydrophobic content on the 

rheological properties were assessed by rotational flow sweep, oscillation frequency sweep 

and oscillation temperature sweep measurements. Formed hydrogels revealed a tunable 

thermoresponsive behavior due to PNIPAAM and PPG segments. The modulus of gels varied 

according to the number of arms of the copolymers. The gels formed from 2- and 4-arm 

copolymers exhibited interesting mechanical properties as highly structured gels with solid-

like behavior, while the 1-arm PHB copolymer formed micellar solution. These various types 

of supramolecular structures could be used as originals biocompatible drug delivery systems 

as illustrated by doxorubicin release profile and by the absence of cytotoxicity towards human 

fibroblasts cell lines.  

Experimental section 

Materials 

PHB (Mn = 59 400 g.mol1), poly(ethylene glycol) methyl ether methacrylate (PEGMEMA, 

Mn = 1100 g.mol1), poly(propylene glycol) methacrylate (PPGMA, Mn = 375 g.mol1), 

N-isopropylacrylamide (NIPAAM, Mn = 113 g.mol1), hexanol, ethylene glycol, erythritol, 

1,4-dioxane (anhydrous, 99.8%), α-bromoisobutyryl bromide, 1,1,4,7,10,10-hexamethyl-

triethylenetetramine (HMTETA, 97.0%), copper(I) bromide (CuBr > 98.0%), and all other 

reagents, were purchased from Sigma-Aldrich and used as received unless otherwise stated. 

Triethylamine was purchased from Fischer Scientific and used as received. PPGMA stabilized 

with mono methyl ether hydroquinone (MEHQ) as inhibitor was purified through the 

appropriate inhibitor remover column before use. NIPAAM was purified by two successive 

recrystallizations from hexane and drying overnight under dynamic vacuum. CuBr was 

successively washed with acetic acid and acetone, and finally degassed with N2 before use. 

Spectra/Por dialysis membranes with a molecular weight cut off (MWCO) of 3500 g.mol1 

Acc
ep

ted
 m

an
us

cri
pt



28 
 

(nominal flat width = 45 mm, diameter = 29 mm, volume/length = 15 m/50 ft) were purchased 

from Spectrumlabs. 

Instrumentation and measurements 

Size exclusion chromatography (SEC) measurements were performed on a Waters 

GPC system equipped with Waters Styragel columns, a Waters-2420 ELS detector, at 40 °C. 

HPLC grade THF was used as the eluent at a low flow rate of 1.0 mL.min1. The (co)polymer 

samples were dissolved in THF (2 mg mL−1). Monodispersed PMMA standards (Mn range = 

580–380 000 g.mol−1) were used to generate the calibration curve; all Mn,SEC values of the 

(co)polymers were uncorrected for their potential difference in hydrodynamic radius vs. 

PMMA. 

1H (400 MHz) and 13C[1H] J-MOD (100 MHz) NMR spectra were recorded on Bruker 

Ascend 400 spectrometer at 25 °C and were referenced internally relative to SiMe4 ( 0 ppm) 

using the residual solvent resonance. Chemical shifts (δ) are reported in ppm and were 

referenced internally relative to tetramethylsilane (δ 0 ppm) using the residual 1H and 13C 

solvent resonances. 

 Molar mass values of PHBs-OH and PHBs-Br were determined from 1H NMR spectra 

of the precipitated polymer sample in CDCl3 from the relative intensities of the resonances of 

the main-chain methine hydrogens (–OCH(CH3)CH2CO, 5.26 ppm), to the methyl end-

group hydrogens (O(CH2)5CH3, 0.87 ppm), or the methylene hydrogens (OCH2CH2  4.25 

ppm) of ethylene glycol, or the methylene hydrogens (OCH2CH,  ca. 4.00 ppm) of 

erythritol, for 1-, 2- and 4-arm PHBs, respectively, with M3-hydroxybuturate = 86 g.mol1. The 

good resolution of the resonances corresponding to the various transesterification alcoholic 

reagents allowed their fairly reliable integration (Figures S1S6). 

The NIPAAM conversion was determined from 1H NMR analysis of the crude 

copolymer samples in CDCl3 by using the integration (Int.) ratio Int.PNIPAAM/[Int.PNIPAAM + 
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Int.NIPAAM] of the methine hydrogens (–NCH(CH3)2, NIPAAM 3.99 ppm, PNIPAAM 4.14 ppm) 

of NIPAAM/PNIPAAM (Table 1). The molar mass values of PNIPAAM block in PHB-b-

PNIPAAM copolymers were determined by 1H NMR analysis in CDCl3, from the relative 

intensities of the signals of the methylene (–CH2CH(CONH(CH3)2), 2.51 ppm) to the PHB 

main-chain methine hydrogens (–OCH(CH3)CH2, 5.26 ppm) as previously determined for 

PHB-Br before addition of NIPAAM. Since the molar mass value of PPEGMEMA-co-

PPPGMA block could not be determined from the 1H NMR spectra due to the overlap of their 

respective characteristic signals, the experimental molar mass values were considered to be 

equal to the theoretical molar mass data assuming the quantitative conversion of PEGMEMA 

and PPGMA. The resonance of the methylene hydrogens of both PEGMEMA and PPGMA 

monomers (CH2C(CH3)C(O), 5.51, 6.02 ppm, respectively) totally disappeared after the 

appropriate polymerization time as shown Figure 3. 

Thermogravimetric analyses (TGA) were performed on a TA Instrument Q500 

apparatus. Samples were initially heated at 20 °C.min1 from 25 oC to 700 °C in a dynamic 

nitrogen atmosphere with a flow rate of 70 mL.min1. Decomposition temperatures were 

taken at the peak maximum of the first derivative of weight remaining (%) against 

temperature (o C) curve. 

Differential scanning calorimetry (DSC) measurements were carried out on a TA 

Instruments Q100. Each sample was analyzed at a rate of 10 °C.min−1, under continuous flow 

of helium (25 mL.min−1), using aluminum capsules. The thermograms were recorded 

according to the following cycles: 30 °C to 170 °C at 20 °C.min1, 170 °C for 2 min, 170 °C 

to 30 °C at 5 °C.min1, and finally 30 °C to 170 °C at 5 °C.min1. Data were collected 

during the second heating cycle.  

The rheological behavior of the hydrogels was studied using a dynamic hybrid 

rheometer (DHR-3) (TA instrument, USA) with 40-mm stainless steel flat plate geometry. 
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Temperature cooling was controlled by a thermocube circulation system attached to the 

peltier plate. A rotational flow sweep was carried out to measure the viscosity of the 

hydrogels at 37 °C, with shear rate range of 1–100 s1. An oscillation amplitude sweep was 

performed to determine the linear visco-elastic region (LVR) of all the systems, with a fixed 

frequency of 1 Hz, and a variable strain ranging from 0.02 to 100% at 37 °C. An oscillation 

frequency sweep was carried out to examine the modulus change in response to frequency 

ranging from 0.1 to 100 Hz, with a fixed strain at 2% at 37 °C. It should be noted that both the 

amplitude and frequency sweeps give the storage modulus (G’) and the loss modulus (G’’) of 

the hydrogels, but under different environments. An oscillation temperature sweep was used 

to determine the gelation temperature of the systems, with a controlled ramp rate of 

2 °C.min1, from 0 to 70 °C. The experiment was carried out at low strain (0.2 %) and low 

frequency (1 Hz) to ensure that the gelation process does not interfere under these conditions. 

The sol-gel transition point was monitored from the point at which G’ and G” intersect.[28]  

Synthesis of multi-arm PHBs as ATRP macroinitiators. The mono-hydroxylated PHB or 

1-arm PHB (PHB1-OH), was synthesized from the transesterification of commercially 

available high molar mass (59 400 g.mol1) PHB, according to the previously reported 

procedure.[18] The resulting -hydroxy telechelic PHB, PHB1-OH was thus isolated (Table 

S1). 1H NMR (400 MHz, CDCl3, 23 °C) δ (ppm) 5.25 (m, 18H, C(O)CH2CH(CH3)O), 4.18 

(br s, 1H, CH2CH(CH3)OH), 4.08 (t, 2H, CH3(CH2)4CH2OC(O)), 2.52 (d of m, 42H, 

C(O)CH2CH(CH3)O), 1.271.25 (m, 70H, C(O)CH2CH(CH3)O, CH3(CH2)4CH2OC(O)), 0.85 

(br t, 3H, CH3(CH2)4CH2OC(O); Figure S1). 

PHB1-OH was then bromoesterified into PHB1-Br to be next used as an ATRP 

macroinitiator. The purified PHB1-OH (1.50 g, 0.90 mmol, 1 equiv.) was dissolved in dry 

THF (20 mL), and triethylamine (0.21 g, 2.1 mmol, 2.4 equiv.) was added into the reaction 

flask placed at 0 °C. α-Bromoisobutyryl bromide (0.40 g, 1.76 mmol, 2 equiv.) dissolved in 
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dry THF (10 mL) was next added dropwise into the cold reaction mixture, and the reaction 

was stirred for 24 h (reaction times were not systematically optimized). The resulting polymer 

was precipitated in cold diethylether and washed several times with water and then acetone 

until complete elimination of residual diglyme to afford PHB1-Br (Mn,NMR = 1400 g.mol1; 

Table S1, Figure S4). 1H NMR (400 MHz, CDCl3, 23 °C) δ (ppm) 5.25 (m, 17H, 

C(O)CH2CH(CH3)O), 4.08 (t, 2H, CH3(CH2)4CH2OC(O)), 2.52 (d of m, 35H, 

C(O)CH2CH(CH3)O), 1.85 (br s, 1HOC(O)C(CH3)2Br), 1.271.23 (m, 60H, 

C(O)CH2CH(CH3)O, CH3(CH2)4CH2OC(O)), 0.85 (br t, 3H, CH3(CH2)4CH2OC(O); Figure 

S4). 

The dihydroxylated PHB or 2-arm PHB (PHB2-OH), was synthesized similarly to 

PHB1-OH, from the transesterification of commercially available high molar mass (59 400 

g.mol1) PHB (9.5 g, 0.16 mmol, 1 equiv.) using ethylene glycol (2.99 g, 48 mmol, 300 

equiv.) and DBTL(0.15 mL, 0.16 g, 0.25 mmol, 1.5 equiv.) (Table S1, entry 2). The reaction 

mixture was then stirred for 24 h at 140 °C. The resulting PHB was next precipitated in 

diethylether and dried under vacuum overnight to afford -dihydroxy telechelic PHB2-OH 

(Mn,NMR = 2300 g.mol1, Figure S2). PHB2-OH was then bromesterified following the same 

procedure as described above with PHB1-OH, to afford PHB2-Br (Mn,NMR = 2500 g.mol1; 

Table S1, Figure S5). 

The tetra-hydroxylated PHB or 4-arm PHB (PHB4-OH), was synthesized following 

the same procedure as described above for the preparation of the 1-arm PHB, by using PHB 

(11.9 g, 0.20 mmol, 1 equiv.), erythritol (7.32 g, 60 mmol, 300 equiv.) and DBTL (0.15 mL, 

0.16 g, 0.25 mmol, 1.2 equiv.) (Table S1, entry 3). -Tetrahydroxy telechelic PHB (Mn,NMR 

= 1700 g.mol1; Figure S3) was then brominated following the same procedure as described 

for the 1-arm PHB to afford PHB4-Br (Mn,NMR = 1700 g.mol1; Figure S6). 
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Synthesis of PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA). The formation of the 

triblock copolymers was carried out according to a two-step ATRP approach. In a typical 

experiment, PHB1-Br (1.4 g, 1 mmol, 51 equiv.), HMTETA (69 mg, 0.3 mmol, 1.5 equiv.), 

and NIPAAM (2.3 g, 20 mmol, 100 equiv.) were introduced in a reaction flask and dissolved 

in dioxane (5 mL) (Table 1, entry 1). After degassing the reaction mixture with nitrogen over 

30 min, CuBr (29 mg, 0.2 mmol, 1 equiv.) was added under nitrogen, and the mixture again 

degassed with nitrogen during 10 min before reaction for 24 h. The NIPAAM conversion 

(5589%) was then measured by 1H NMR in CDCl3 prior to the addition of PEGMEMA and 

PPGMA. Quantitative conversion of NIPAAM was not targeted in order to lower the 

polymerization time and to limit the extent of side reactions. Unreacted NIPAAM was 

removed from the isolated PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) triblock 

copolymers upon dialysis (see below). A prepared dioxane (1 mL) solution of PPGMA (1.3 g, 

3.5 mmol, 14 equiv.) and PEGMEMA (2.4 g 2.2 mmol, 9 equiv.), previously degassed with 

nitrogen during 10 min, was then added into the reaction mixture under inert atmosphere. The 

mixture was then stirred for 24 h and then eluted through a basic alumina column using THF 

(300 mL). This recovered solution was then concentrated using a rotary evaporator, and the 

copolymer was next dissolved in acetone (20 mL) and dialyzed for 48 h with a dialysis 

membrane (MWCO of 3500 g.mol1) using acetone (800 mL) which was renewed twice in 

order to eliminate any residual PHBOH, NIPAAM, PPGMA, PEGMEMA. Careful drying of 

the copolymer afforded the desired PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) in > 

50% typical yield (ca. 4 g, 0.17 mmol, Figures 3,S7,S8). This approach enabled to tune the 

composition of the copolymers by simply changing the feeding composition of the monomers. 

A series of PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) with a different number of 

PHB arms and different PEGMEMA/PPGMA ratios was thus prepared. The number-average 

molar mass and dispersity values of the triblock copolymers measured by SEC are reported in 

Table 1.  
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Preparation of PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPG) gels. In a typical procedure, 

the selected PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) copolymer (200 mg) was 

dissolved in distilled water (1 mL), stirred over 30 min and then placed in an ultrasound bath 

for 15 min. The gel formed was then left overnight at room temperature to equilibrate. A gel 

with a concentration of 20% (w/v) was then recovered and next used for rheological studies. 

The gel concentrations of 15% (w/v) were also evaluated (Figure S9). 

Doxorubicin release study. An aqueous solution (Phosphate Buffer Saline (PBS), 0.5 mL) 

containing 20wt% of the PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) copolymer and 

doxorubicin (0.5 mg) was prepared in a test-tube. The mixture was stirred for 30 min and then 

left in an ultrasound bath during 15 min. The gel formed was then left to equilibrate over 2 h 

at room temperature and then placed at 37 °C during the appropriate time. At a predetermined 

time-interval, an aliquot of the buffer (100 µL) was extracted and replaced with the same 

volume of fresh PBS. Each test was reproduced three times. The 100 µL sample buffer 

extracted was used to determine the doxorubicin concentration by measuring the UV 

absorbance at  = 480 nm. 

Cytotoxicity study of the copolymers. The cytotoxicity of the polymers was evaluated using 

the thiazolyl blue tetrazolium bromide MTT assay in CCD-112CoN human fibroblast cell 

lines cultured in complete medium. The cells were seeded in a 96-well plate at a density of 2 

× 104 cells/well grown overnight before being incubated in polymer solutions at a serial 

concentration of 1000, 500, 250, 125, 62.5 and 31.3 µg.mL1 in complete medium over 24 h 

at 37 °C. The cell viability was assessed with the MTT assay and the absorbance was 

measured using a microplate reader (Infinite M200, Tecan) at a wavelength of 570 nm. The 

cell viability (%) was calculated relative to the control cells cultured in medium without 

polymers. 
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