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12 Abstract: The cross-linkable PCL-PEG analogues block-graft copolymer was designed and
13 synthesized, which with the copolymer of the MEO:MA and OEGMA as graft chains to improve
14 the mPEG-b-PCL-b-mPEG copolymer the aqueous solution properties. And successfully prepared
15 two hydrogels via a copper-catalyzed 1, 3-dipolar azide-alkyne cycloaddition reaction of alkyne-
16 terminated poly[glycidyl methacrylate-co-2-(2-methoxyethoxy) ethyl methacrylate-co-oligo
17 (ethylene glycol) methacrylate] [P(GMA-co-MEO:2MA-co-OEGMA)] with azide end-functionalized
18 PCL-PEG analogues block-graft copolymer, and tetrakis (2-propynyloxymethyl) -methane (TPOM)
19 and with azide end-functionalized PCL-PEG analogues block-graft copolymer. The copolymer's

20 chemical structure was characterized by proton nuclear magnetic resonance spectroscopy and
21 fourier transform infrared spectroscopy. The molecular weights of the copolymers were decided
22 with gel permeation chromatography. The water solubility and temperature sensitivity of the
23 copolymers were studied by taking digital photos and transmittance change measured by UV
24 spectrophotometer at different temperatures. Fluorescence probes, surface tension, dynamic light
25 scattering and transmission electron microscopy were used to analyze the micelles that copolymers
26 self-assembly in aqueous solution. The sol-gel behavior of copolymer solutions at high
27 concentrations was explored by vial inversion experiments. Finally, the network structure of the
28 gels was observed by scanning electron microscopy. These conclusions indicate that these hydrogels
29 are expected to be used as a new material in the field of biomedicine.

30 Keywords: e-Caprolactone; block-graft copolymer; click chemistry; hydrogel
31

32 PACS:J0101

33 1. Introduction

34 The use of chemical techniques to synthesize biomimetic materials such as biological tissues and
35  carriers has become one of the hotspots of research [1,2]. Hydrogel with three-dimensional network
36  structure stands out among many chemical synthetic materials because of their good
37  biodegradability, low immunogenicity, and the micro-environment that can truly simulate human
38  tissues and cells on a three-dimensional scale [3-5]. Environmentally responsive hydrogels are a class
39  of hydrogels that produce corresponding reversible changes depending on small changes in their
40  environment, such as temperature, pH, and ion concentration [6,7]. This special property makes
41  environmentally responsive hydrogels suitable for many sub-area of biomedical applications, such
42 as controlling drug release, tissue engineering, gene delivery, artificial muscle, etc [8-12]. But, the
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43 amount of the copolymer in a lot of hydrogels is limited, and the content of the rigid monomer in
44 the comonomer directly affects swellability and mechanical properties of the hydrogels[13].
45  Therefore, it is necessary to designe a new type of hydrogel.

46 There are many ways to synthesize hydrogel, such as free radical polymerization,
47  microemulsion polymerization, "click chemistry" [14] and the like. Among them, the monomer
48  conversion rate of the radical polymerization method is slightly lower, and the formed
49  macromolecular structure is not easy to control [15]. Microemulsion polymerization has a limited
50  range of applications [16]. Click chemistry is one of the most common methods for synthesizing gels
51  because of its ability to rapidly synthesize various compounds and at a low cost [17-19]. In particular,
52 the monovalent copper ion in "click chemistry"” catalyzes the dipolar cycloaddition reaction of azido-
53 alkynyl group, the crosslinking reaction condition is mild, the gelation rate is controllable, and the
54 Cu(J) in the catalyst is no toxic to cells, which determines this way is an ideal method for preparing
55  three-dimensional network hydrogels [20,21].

56 It is well known that polyethylene glycol (PEG) and poly (e-caprolactone) (PCL) are widely used
57  inthe field of biomedicine because they have the superior properties of being non-toxic, non-immune
58  and degradable to human body [22-28]. The initial strength of PCL is high, the degradation rate is
59  slow, and the mechanical properties are maintained for a long time. It can be applied to bone repair
60  ortissue engineering as a material to increase toughness. However, the disadvantage of PCL in water
61  solubility limits the application of PCL-PEG copolymer [29,30]. A PEG analogues copolymer formed
62 by the polymerization of 2-(2-methoxy ethoxy) ethyl methacrylate (MEO:MA) and oligoethylene
63  glycol methyl methacrylate (OEGMA), except that having good water solubility similar to PEG, it
64  also has unique temperature sensitivity, moreover, the molar ratio of MEO2MA and OEGMA added
65  to the reaction directly affects the low critical solution temperature (LCST) of the copolymer after the
66  reaction [31-33]. Based on the above conditions, this work designed to synthesize a novel cross-
67  linkable PCL-PEG analog block-graft copolymer, which having MEO-MA and OEGMA monomer to
68  improve the water solubility and temperature sensitivity properties of the PCL block.

69 In addition, two different crosslinkers were synthesized in this work: alkyne-terminated
70 P(GMA-co-MEO:2MA-co-OEGMA) contain 2-(2-methoxy ethoxy) ethyl methacrylate (MEO2MA) and
71  oligoethylene glycol methyl methacrylate (OEGMA), given the polymer the same good water
72 solubility and temperature sensitivity as the PCL-PEG analog block-graft copolymer. TPOM [34] can
73 provide multiple click sites. Two hydrogels with different internal three-dimensional network
74  densities are formed. The two hydrogels will exert their great potential value in the field of
75  biomedicine.

76 2. Experimental Section

77  2.1. Materials

78 e-Caprolactone (99%), monomethoxy poly(ethylene glycol) (Mw =750 g-mol'), Cuprous chloride
79  was purchased from Alfa Aesar. Stannous octoate (Sn(Oct)2, 96%), Glycidyl methacrylate (99%),
80  Pentaerythritol (98%), Tetrabutylammonium bromide were purchased from J&k. Hexamethylene
81  diisocyanate (HMDI), 2-(2-methoxy ethoxy) ethyl methacrylate (MEO2MA) were purchased from
82  TCL. Propargyl bromide and N-dodecyl mercaptan, N, N, N', N', N"-pentamethyl diethylenetriamine
83  (PMDETA) were purchased from Macleans. Sodium azide purchased from Zhengzhou Penny
84  Chemical Reagent Factory, 2,2"-bipyridine was purchased from Guangdong Guanghua Technology
85 Co., Ltd. Dichloromethane, n-hexane, anhydrous diethyl ether, toluene, methanol, N, N-
86  dimethylformamide (DMF), 1,4-dioxane, acetone and other reagents were purchased from
87  Sinopharm Chemical Reagent Co., Ltd. Among them, ¢-Caprolactone should be dried with CaH: for
88 48 hours at room temperature before use. Methylene chloride was refluxed for 4 hours under the
89 condition of adding CaHz>, and then distilled out for use. Toluene needs to be refluxed for 4 hours
90  with the addition of an appropriate amount of Na, and distilled for use.
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92 2.2. Synthesis
93  2.2.1. Synthesis of block copolymer mPEG-b-PCL-b-mPEG
94 Block copolymer mPEG-b-PCL-b-mPEG is synthesized by ring-opening polymerization (ROP).

95 The specific operations are as follows: Weigh a certain amount of mPEG into a three-necked flask

96  containing dry toluene and stir. Weigh a certain molar ratio of a-Chloro-¢-caprolactone (aCleCL) and

97  e-Caprolactone (¢CL) in a small flask, completely dissolved in a small amount of toluene and added

98  to the reaction vessel. Add three drops of catalyst stannous octoate, under a nitrogen atmosphere, the

99  reaction was heated in a 120 °C oil bath for 12 h. The diblock copolymer mPEG-b-PCL was obtained.
100 Then, the system was cooled to 60 °C and nitrogen gas was still introduced. The diblock copolymer
101  mPEG-b-PCL was reacted with Hexamethylene diisocyanate (HMDI) in a ratio of 2:1 for 6 hours, and
102 then the reaction was terminated by cooling, and the product was precipitated with cold methanol.
103 Dissolve in dichloromethane, precipitate with cold diethyl ether, and finally dry in a vacuum oven.
104 The a-chloro-e-caprolactone used in this step was synthesized according to the method of the
105 literature [35]. '"H NMR (CDCL): 6-1.68 (m, 3H), 6-2.01 (m, 3H), 6-4.13 (m, 1H, COOCHz), 6-4.53 (m,
106  1H, COOCH>), 6-4.74 (dd, 1H, CHCI).

107 2.2.2. Synthesis of mPEG-b-[PCL-g-(MEO2MA-co-OEGMA)]-b-mPEG and azide end-functionalized
108  mPEG-b-[PCL-g-(MEO:MA-co-OEGMA)]-b-mPEG

109 Block-graft copolymer mPEG-b-[PCL-g-(MEO:MA-co-OEGMA)]-b-mPEG is synthesized by the
110 method of atom transfer radical polymerization (ATRP), and the specific operations are as follows:
111 the triblock copolymer mPEG-b-PCL-b-mPEG (412.6 mg, 0.1 mmol) was taken in a dry Schlenk flask
112 with nitrogen gas. The copolymer was completely dissolved with 5 mL of N, N-dimethylformamide
113 as a reaction solvent. The reaction system was sealed after adding MEO:MA (1.8 mL, 9.7 mmol) and
114  OEGMA (0.13 mL, 0.3 mmol). The freeze-vacuum-thaw operation is then repeated to remove oxygen
115  from the solution. Then, under continuous nitrogen flow, the catalyst of cuprous chloride (10.3 mg,
116 0.1 mmol) and the ligand of 2, 2"-bipyridine (31.5 mg, 0.2 mmol) were added to Schlenk tube. After
117  thereaction was heated at 70 °C for 12 hours, the system was cooled. The viscous product was diluted
118  with deionized water and then transferred to a MWCO14kDa dialysis bag for 3 days to remove
119  impurities. After lyophilization, the transparent colloidal product mPEG-b-[PCL-g-(MEO2MA-co-
120  OEGMA)]-b-mPEG was obtained.

121 mPEG-b-[PCL-g-(MEO:MA-co-OEGMA)]-b-mPEG (330 mg), sodium azide (37 mg) were
122 dissolved in N, N-dimethylformamide, and stir the reaction at room temperature 72 h. The product
123 was precipitated with anhydrous diethyl ether, diluted with water and then transferred to a
124 MWCO14kDa dialysis bag for dialysis for 3 days. After lyophilization, a slightly white colloidal
125  product azide polymer mPEG-b- [PCL-g-(MEO:2MA-co-OEGMA)]-b-mPEG was obtained.

126~ 2.2.3.Synthesis of crosslinker alkyne-terminated P(GMA-co-MEO:2MA-co-OEGMA)

127 P(GMA-co-MEO:MA-c0o-OEGMA) was synthesized by the reversible addition-fragmentation
128  chain transfer polymerization (RAFT) method. First, the chain transfer agent CTA of RAFT was
129 synthesized according to the method in the literature [36]. Passing nitrogen into a dry Schlenk flask,
130 the chain transfer agent CTA (36.4 mg, 0.1 mmol) was dissolved in 5 mL 1,4-dioxane, and then add
131  MEO:MA (2.5 mL, 13.58 mmol), OEGMA (0.183 mL, 0.42 mmol), GMA (0.082 mL, 0.6 mmol), and
132 finally 20 mg AIBN. The Schlenk flask was placed in a water bath below 10 °C for 40 minutes and
133 then placed in a 60 °C oil bath for reaction. 5 hours later, cooled the reaction system, the product was
134 diluted with deionized water and then transferred to a MWCO14kDa dialysis bag for dialysis for 3
135  days. After lyophilization, a pale yellow gum product was obtained.

136 Above P(GMA-co-MEO:MA-co-OEGMA) (574 mg) and NaH (46 mg) were completely dissolved
137  in Tetrahydrofuran (THF), stirred for 15 minutes, 166 pL of propargyl bromide was added to the
138  reaction system, and reacted at room temperature for 48 hours. The reaction solution was dialyzed
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139 against a MWCO14kDa dialysis bag for 3 days. After lyophilization, the yellow product alkynylated
140  P(GMA-co-MEO:MA-co-OEGMA) was obtained.

141 2.2.4. Synthesis of crosslinker TPOM

142 TPOM was synthesized according to the methods provided in the previous literature [34]. The
143 specific procedure was as follows: KOH (15.6 g) was thoroughly dissolved in 30 mL of N, N-
144  dimethylformamide in a dry 100 mL round bottom flask, pentaerythritol (2.5 g) was added, and
145 stirred at 5 °C for 30 minutes. Then, propargyl bromide (20.8 g) was added dropwise to the flask over
146 20 minutes. The solution was brown and stirred at 40 °C for 24 hours. After adding an appropriate
147  amount of water, the mixture was extracted with 50 mL of diethyl ether. The organic layers were
148  combined, washed with brine and water then dried over anhydrous magnesium sulfate. Finally, an
149 organic solution of ethyl ester:n-hexane (V/V = 2:8) was used as a mobile phase to purify the column
150  to obtain an orange product.

151  2.25. Preparation of two hydrogels via "click chemistry"

152 The prepared azided mPEG-b-[PCL-g-(MEO2MA-co-OEGMA)]-b-mPEG and alkynylated
153  P(GMA-co-MEO:MA-co-OEGMA) in a certain molar ratio dissolved in the deionized water, stirred
154  until the solution was nearly transparent. then, sodium ascorbate (150 mg) was added, stir evenly,
155  and added a few drops of saturated copper sulfate pentahydrate solution quickly, a small amount of
156  gel appeared within 1 min, the reaction was continued at room temperature until present a
157  homogeneous solid gel. The gel was rinsed several times with deionized water to remove unreacted
158  impurities.

159 The prepared azided mPEG-b-[PCL-¢g-(MEO:2MA-co-OEGMA)]-b-mPEG and the tetrakis (2-
160  propynyloxymethyl)-methane (TPOM) were dissolved in N,N-dimethylformamide (DMF), N, N, N,
161 N, N'-pentamethyl diethylenetriamine (PMDETA) (17.4 mg) was added and stirred until the solution
162 was translucent, CuCl (7.2 mg) was quickly added, a small amount of gel appeared within 1 min, and
163 the reaction was continued at room temperature for 24 h.

164  2.3. Characterization

165  2.3.1. Nuclear Magnetic Resonance Spectroscopy ('H NMR)

166 Nuclear magnetic resonance mass spectrometry was performed on a Bruker Avance 300 MHz
167  nuclear magnetic resonance apparatus at room temperature using deuterated chloroform as a
168  solvent.

169  2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)
170 The infrared spectrum was measured by a Tensor 27 Fourier transform infrared spectrometer.
171  The sample should be mixed with KBr, ground into a powder and dried before being tableted.

172 2.3.3. Gel Permeation Chromatography (GPC)

173 Gel permeation chromatography is a method of characterizing the molecular weight of the
174 copolymer. The method used polystyrene as a standard sample, tetrahydrofuran as a mobile phase,
175  aflow rate of 1 mL/min, and the number average molecular weight (Mn) and polydispersity index
176  (Mw/Mn») were determined by gel permeation chromatography at room temperature.

177 2.4. Water Solubility and Temperature Sensitivity

178 The water solubility and temperature sensitivity of the block-graft copolymers were illustrated
179 by digital cameras taking photos of their changes at different temperatures and the transmittance
180  measured by the UV spectrophotometer as a function of temperature.
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181 The preliminary determination of water solubility and temperature sensitivity was carried out
182 by disposing a 2 mg/mL aqueous copolymer solution in a transparent glass vial at room temperature,
183  and after fully stirred, photographed the digital photos at 25 °C, 35 °C and 45 °C respectively.

184 In addition, the water solubility and temperature sensitivity of the copolymers aqueous
185  solutions were illustrated by measured the transmittance at different temperatures by an ultraviolet
186  spectrophotometer (UV-1901). The transmittance at different temperature of a series of copolymers
187  aqueous solutions with a concentration of 2 mg/mL was measured by UV-visible spectrophotometer
188  and temperature control system, and the correlation curve was drawn according to the change of
189  transmittance with temperature. In the inflection point, the low critical solution temperature (LCST)
190  of the different component block-graft copolymers can be judged. Configured tBG3 aqueous
191  solutions at concentrations of 0.5, 1, 2, 4, 8 mg/mL respectively, and measured the transmittance
192 change of the solutions at 25-50 °C to obtained low critical solution temperature (LCST) of the
193 different concentrations about the tBG3 solutions.

194 2.5. Micelle Properties of Polymers

195 Determination of critical micelle concentration (CMC): (1) Determination of critical micelle
196  concentration by surface tension method: prepared a series of copolymer solutions, the surface
197  tension of each copolymer solutions was measured on DCAT21 surface tension meter, and plotted
198  the surface tension as a function of polymer concentration. The turning points were the CMC of the
199  copolymer solutions. (2) Fluorescent probe technology: This method used a certain concentration of
200  pyrene solution, a series of copolymer solutions of different concentrations (10-*~10'mg/mL), judged
201  the critical micelle concentration (CMC) by a mutation in the Is/I1 value after the pyrene is dissolved
202  in the micelle solutions. The measurement was performed with a fluorescence spectrophotometer,
203 and the intensity of the emission spectrum corresponding to 5 (383 nm) and I1 (373 nm) at each
204 concentration was recorded. Ploted the I3/I1 and logc curves, the turning point was the critical micelle
205  concentration (CMC) of the block-graft copolymer.

206 The particle size and particle size distribution were measured by dynamic light scattering
207  instrument: configured 1 mg/mL copolymers aqueous solution, and used a water filter with a pore
208  size of 0.45 um to remove impurities. The particle size of the copolymer aqueous solution in the
209  temperature range of 20-45 °C was measured using a ZS90 type dynamic light scattering instrument.
210 The micelle morphology was observed by transmission electron microscopy: the copolymers
211  solution with a concentration of 1 mg/mL was prepared, preheated to stability at 25, 35 °C
212 respectively, and the preheated solution was then dropwise to a clean carbon support membrane (200
213 mesh), after it was naturally dried, it was dyed with 1 wt% of phosphotungstic acid, and dried under
214 vacuum at different temperatures. Finally, samples were prepared by vacuum drying at different
215  temperatures, and the micelle morphology was observed by a JEM-2100 transmission electron
216  microscope.

217  2.6. Sol-Gel Transition

218 Dispensed polymer solutions of different mass concentrations in vials, stirred them evenly,
219  placed each polymer solution in a 20 °C - 50 °C water bath until the solution was equilibrated, each
220  rising temperature is 2 °C. After balance, observed and recorded the state of the copolymer solutions.

221 2.7. SEM Analysis of Gel

222 The two different gels synthesized were fully swelled in water, and then freeze-dried to obtain
223 dry gels, and the surface morphology of the two dry hydrogels was taken by a uniform scanning
224 cross section in an environmental scanning electron microscope.

225
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226  3.Results and Discussion
227 3.1. Synthesis and Characterization of tBG Copolymer and Hydrogels
228 In this study, the diblock copolymer mPEG-b-PCL was synthesized by ring-opening reaction of

229  e-caprolactone and mPEG, and Sn(Oct): as catalyst. The reaction was continued under the action of
230  the coupling agent HMDI to couple the mPEG-b-PCL to synthesize the mPEG-b-PCL-b-mPEG triblock
231  copolymer. Then, the P(IMEO:2MA-co-OEGMA) was grafted into the side chain of mPEG-b-PCL-b-
232 mPEG triblock copolymer by ATRP, the mPEG-b-[PCL-g-(MEO2MA-co-OEGMA)] -b-mPEG triblock-
233 graft copolymer was synthesized, and azide end-functionalized the triblock-graft copolymer. Under
234 the premise of synthesizing the triblock-graft copolymer, the crosslinker alkynyl P(GMA-co-
235  MEO:MA-co-OEGMA) was synthesized by RAFT, and another crosslinker agent TPOM was
236  synthesized by organic reaction. Finally, the azided triblock-graft copolymer was chemically clicked
237  separately with the two crosslinkers under different conditions to form a hydrogel. As shown in
238  Schemel.
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240 Scheme 1. Synthesis of copolymer mPEG-b-[PCL-g-(MEO2MA-co-OEGMA)]-b-mPEG and preparation
241 of two hydrogels.
242 The chemical structure of the mPEG-b-PCL-b-mPEG triblock copolymer, the mPEG-b-[PCL-g-

243 (MEO:MA-co-OEGMA)]-b-mPEG triblock-graft (tBG) copolymer and the azide end-functionalized
244  mPEG-b-[PCL-¢g-(MEOMA-co-OEGMA)]-b-mPEG  copolymer were demonstrated by nuclear
245  magnetic resonance mass spectrometry and Fourier transform infrared spectroscopy. Figure S1 is the
246  nuclear magnetic spectrum of mPEG-b-PCL-b-mPEG triblock copolymer and mPEG-b- [PCL-g-
247  (MEO:MA-co-OEGMA)]-b-mPEG triblock-graft copolymer. In Figure S1 (a), 3.59 and 3.31 ppm are
248  representative peaks of hydrogen atoms in the -CH.CH20- and -OCHs groups in mPEG. 4.00, 2.24,
249  1.55 and 1.31 ppm are representative peaks of hydrogen atoms in -CH200C-, -OCCHz- and -(CHz)s>-
250  in PCL respectively. There is a very weak peak at 4.10 ppm, which represents the methyl proton peak
251  of -OCCHCIL. In Figure S1 (b), the proton peak at 4.10 ppm of -OCCHCI disappears, and the resonance
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252 peaks of hydrogen in -CH200C-, -OCH:CH20- and -OCHs of the graft chain P(MEO:MA-co-
253  OEGMA) have respectively appeared at 4.03, 3.55 and 3.31 ppm. Figures S1(a) and S1(b) illustrate the
254 block-graft copolymers synthesied successfully. Figure S2 is infrared spectrum of the mPEG-b-[PCL-
255  g-(MEO:MA-co-OEGMA)]-b-mPEG triblock-graft copolymer and the azide end-functionalized
256  mPEG-b-[PCL-¢g-(MEO2MA-co-OEGMA)]-b-mPEG triblock-graft copolymer. In this figure, near the
257 1700 cm is a C=0O stretching vibration peak. Comparing Figure S2 (a) and Figure S2 (b), the peak at
258 2097 cm is the characteristic absorption position of -Ns, indicating that the azide group is
259  successfully connected to the copolymer chain.

260 Figure S3 is the nuclear magnetic spectrum of the RAFT chain transfer agent CTA and the
261  P(GMA-co-MEO:MA-co-OEGMA). The resonance peaks of CTA are 0.82, 1.184, 1.67 and 3.2 ppm,
262  which corresponding to the proton on the -CHs, -(CHz)s-, -CHz- and -CCHs, and -CH:2S- groups
263  respectively. The presence of these peaks indicates CTA synthesized successfully [36]. The peaks near
264  1.24 and 1.83 ppm in the nuclear magnetic spectrum below is respective corresponding to the -
265  CH(CHs): and -CHz- groups on the main chain. The peaks at 3.376, 3.624 and 4.10 ppm are
266  corresponding to the proton of the -OCHs, -CH20- and -COOCH:- groups on the branches,
267  respectively. It was proved that P(GMA-co-MEO:MA-co-OEGMA) was also successfully prepared.
268  Figure S4 is infrared spectra of P(GMA-co- MEO:MA-co-OEGMA) and alkynylated P(GMA-co-
269  MEO:MA-co-OEGMA). Comparing the two figures, an obvious alkynyl characteristic absorption
270  peak appeared at 2063 cm in the infrared spectrum below, indicating that the alkynylated P(GMA-
271 co-MEO:MA-co-OEGMA) was successfully synthesized.

272 Figure S5 shows the infrared spectrum of the azided triblock-graft copolymer, the crosslinker
273 alkynylated P(GMA-co-MEO2MA-co-OEGMA), the crosslinker TPOM and the two gels. Figure S5(a)
274  same with Figure S2(b), is the infrared spectrum of the azided triblock-graft copolymer. Figure S5(b)
275  represents the crosslinker alkynylated P(GMA-co-MEO2MA-co-OEGMA). Figure S5(c) is the infrared
276  spectrum of TPOM, the peaks at 3280 cm™! show the existence of the C=CH. Figure S5(d) and S5(e)
277  represent the infrared spectrum of the two gels respectively. Observed the Figure S4, the infrared
278  spectrum of gels no longer shows the characteristic functional groups of the reactants of the
279  crosslinkers, indicating that the azided triblock-graft copolymer reacts well with both crosslinkers.
280 In the step of mPEG-b-PCL-b-mPEG triblock copolymer synthesis, the total amount of &-
281  Caprolactone and a-Chloro-¢-Caprolactone added to the reaction remained unchanged, while the
282  ratios of the e-Caprolactone and the a-Chloro-¢-Caprolactone were respectively 8:2, 7:3, 6:4, 5:5. The
283  difference in the content of the characteristic functional group CL determines the difference in the
284  total amount of the grafted MEO:2MA and OEGMA copolymer on the triblock-graft copolymer.
285  Therefore, the molecular weight of the copolymers also differs. The molecular weight of each polymer
286  was measured by gel permeation chromatography as shown in Table S1. The measured molecular
287  weight of the polymer is consistent with the molecular weight of the experimental design basically.
288 At the same time, the measured PDI values are less than 1.20, indicating that the method used in the
289  experiment is indeed advantageous for the synthesis of polymers with narrow molecular weight
290  distribution.

291 3.2. Water solubility and temperature sensitivity

292 The length of the hydrophilic mPEG segment in the triblock copolymers mPEG-b-PCL-b-mPEG
293 is limited, and the hydrophobic PCL chain determines that the water solubility of the polymer is
294  relatively poor [30]. The triblock copolymers mPEG-b-PCL-b-mPEG was added in deionized water
295  and did not solved. The water solubility of the triblock-graft copolymer mPEG-b-[PCL-g- (MEO2MA-
296  c0-OEGMA)]-b-mPEG is greatly improved due to the PIMEO2MA-co-OEGMA) graft chains. This is
297  because the hydrophilic oligo (ethylene glycol) graft chain in PIMEO:MA -co-OEGMA) forms a
298  hydrogen bond with the solvent water molecule. In addition, the PEG analogues polymer formed by
299  the polymerization of MEO:MA and OEGMA also has unique temperature sensitivity. Therefore,
300  these two substances give the copolymer of corresponding temperature sensitivity [31]. Figure 1is a
301  photograph of the triblock-graft copolymers (tBG) at 25 °C, 35 °C and 45 °C. The tBGs solution at 25
302 °Cis clear, and with the temperature rises, the tBGs solution gradually cloudy.
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303
304 Figure 1. Photographs of the block-graft copolymers aqueous solutions (2 mg/mL) at 25 °C, 35 °C and
305 45°C.
306 The specific case is illustrated by the transmittance curve measured by an ultraviolet

307  spectrophotometer. As shown in Figure 2(a), the transmittance of the tBG1 to tBG4 solution gradually
308  increases at room temperature because the density of the characteristic functional group Cl of the
309  tBG1 to tBG4is increased with the same polymerization degree. That is, from tBG1 to tBG4, the water-
310  soluble improved according to the increased density of the copolymer P(MEO:MA-co- OEGMA)
311  segment in the graft, so the solution becomes more and more transparent. In addition, as can be seen
312 from the figure, the transmittance of the four copolymer aqueous solutions began to decrease sharply
313 after 35 °C, indicating that the LCST of the tBGs solutions is 35 °C. After 40 °C, the transmittance of
314 tBG1 was almost no longer decreased, and the transmittance of the others solution was 0%, indicating
315  that the same concentration of the polymer aqueous solution, the content of MEO2MA and OEGMA
316  isone of the important factors that affect the temperature sensitivity of the copolymer.

317 Figure 2(b) is a graph showing the transmittance with different concentration of the tBG3
318  aqueous solutions as a function of temperature, and Figure 2(c) is the LCST curve with different
319  concentration of the tBG3 aqueous solution. Combining the two graphs, it can be seen that the LCST
320  of the same copolymer solution gradually decreases as the concentration increases from 1 mg/mL to
321 8 mg/mL. This shows that the choice of concentration is also very important when studying
322 copolymer solution, whether the concentration is too high or too low, it affects the normal function
323 ofits action.

324 3.3. Critical Micellization Concentration Determination (CMC)

325 The copolymer molecules are present in a single molecule state when the concentration of the
326  amphiphilic copolymer solution is very low. As the concentration of the copolymer solution increases
327  to a certain value, the copolymer molecules self-assemble to form nanoscale core-shell micelles, this
328  concentration value is the critical micelle concentration of the copolymer solution. There are many
329  methods for determining the critical micelle concentration. In this study, two experimental methods
330  were used to determining the critical micelle concentration: fluorescence spectrometer and surface
331  tension meter.

332 Figure 3 (a) shows the CMC of the tB2 solution is 0.0047 mg/mL, Figure 3(b) shows that the CMC
333 of tBG2, tBG3, and tBG4 solutions are 0.0237 mg/mL, 0.0599 mg/mL, and 0.0841 mg/mL respectively,
334  and these values are several to ten times greater than the CMC of the tB2 solution. This is because the
335  addition of the hydrophilic segment of P(MEO:MA-co-OEGMA) makes it impossible for the
336  copolymer solution which can balance the hydrophilic-hydrophobic chain to form micelles at the
337  original critical micelle concentration, and the hydrophilic segment is slightly superior. In this case,
338  agreater concentration is required to achieve a new hydrophilic-hydrophobic chain balance to form
339 micelles. That is, the larger the amount of the hydrophilic chain PIMEO2MA-co-OEGMA) added, the
340  larger the CMC of the formed block-graft copolymer [37,38].
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355 Figure 2. The transmittance of the tBG1 to tBG4 aqueous solution (a), the transmittance with different
356 concentration of the tBG3 aqueous solution (b), and the LCST curve with different concentration of
357 the tBG3 aqueous solution (c).
358 Figure 3(c) is a graph showing the surface tension in different concentrations of tBG3 and tBG4
g grap &

359  copolymers solutions measured by the surface tension method, and the turning point is the CMC of
360  the copolymers. Before the turning point, the surface tension decreases rapidly with the increase of
361  the solution concentration. When reaching the CMC, the copolymer self-assembly forms micelles in
362  the solution. After the CMC, the surface tension hardly changes with the increase of the solution
363  concentration. The results measured by this method are close to the CMC measured by the fluorescent
364  probe method, and the CMC of the tBG4 solution is greater than the CMC of the tBG3 solution under
365  the same conditions, too. It also demonstrates that under certain conditions, the better hydrophilicity
366  of the copolymer is the larger CMC is

367

368
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369
370 Figure 3. The CMC of the copolymer tB2 (a), the CMC of copolymer tBG2, tBG3, and tBG4 measured by
371 fluorescence spectrometer (b), and the CMC of copolymers tBG3 and tBG4 measured by the surface tension
372 method (c).
373 3.4. Particle Size of Copolymer Micelles
374 Figure 4 (a) is the graph showing the particle size distribution measured by the dynamic light

375  scattering instrument at room temperature for the four-component copolymers micelles of tBG1 to
376  tBGA4. It can be seen from the figure that the particle size of the four groups of copolymers is very
377 small under the same conditions, and they are centralized at 60~70 nm. At the same time, as the
378  density of the graft chain P(IMEO:2MA-co-OEGMA) increases from tBG1 to tBG4, the micelle particle
379  size distribution range slightly expands. This is probably because small particle size micelles are
380  produced due to polymerization unevenness during the synthesis [39].

381 Figure 4 (b) shows the particle size distribution of the tBG4 copolymer micelles solution at 25 °C
382  and 37 °C. It can be seen that the particle size of the micelles is mainly distributed around 60 nm at
383  25°C, and with the temperature increases to 37 °C, the particle size of the micelles also increases to
384  about 200 nm. The reason about the particle size of micelles in tBG4 copolymer solution increases
385  with temperature is that the hydrophobic PCL chain in the tBG4 block-graft copolymer forms the
386  core of the micelle, hydrophilic PEG and P(MEOMA-co-OEGMA) chains form the shell of the micelle,
387  but the graft chain PIMEO2MA-co-OEGMA) forms hydrogen bonds with water molecules at 25 °C
388  [40], which lead the graft chain in an extended state, and the actual particle size is equivalent to being
389  formed only by the backbone PCL-PEG. While as the temperature reaches 37 °C, the hydrogen
390  bonding of the graft chain P(IMEO:MA-co-OEGMA) and water molecules becomes weak, and the
391  P(MEO:MA-co-OEGMA) chain begins to collapse outside the original small particle size micelles, at
392 this time, a large amount of P(MEO2MA-co-OEGMA) graft chain adhered to the micelle core, and the
393 particle size of the entire micelle increased a lot [33].

394 Transmission electron microscopy is one of the most common methods for studying the
395  morphology of copolymer micelles. This method can not only clearly observe the morphology of the
396  micelles, but also measure the particle size of the micelles. In order to more intuitively introduce the
397  micelles formed by the self-assembly in the copolymer aqueous solution, taken tBG4 as an example,
398  the transmission electron micrographs of the tBG4 copolymer micelles measured at 25 °C and 37 °C,
399  as shown in Figure 4 (c). The morphology of the micelles formed by the copolymer can be clearly
400  seen from the figure. The copolymer aqueous solution is very homogeneous at 25 °C, therefore, the
401  prepared micelles are evenly dispersed on the copper mesh. In this situation, the particle diameter of
402 the micelle was about 50 nm. When the copolymer aqueous solution was preheated to 37 °C, the
403  hydrogen bond between the graft chain P(MEO:2MA-co-OEGMA) and the water molecules began to
404  be destroyed, the copolymer aqueous solution was not as uniform as at 25 °C, and began to become
405  cloudy. The micelles sample prepared in this case can be observed the larger particle size, but these
406  micelles no longer a regular spherical shape and the particle diameter of the micelles were 160 nm.
407  Comparing Figure 4 (a) with Figure 4 (b), it can be found that the particle size of the micelles
408  measured by the dynamic light scattering instrument is slightly larger than the micelles diameter
409  observed by the transmission electron microscope, it is because the particle size measured by the
410  dynamic light scattering is directly measured the micelles in the aqueous solution, the entire
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411  molecular group is relatively stretched, but the particle size measured by the transmission electron
412 microscope is the dry copolymer solution obtained by dropping the copolymer solution on a copper
413  mesh and drying it.
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416 Figure 4. Size distributions of tBGs aqueous solutions (a), measured by DLS at 25 °C and 37 °C (b),
417 TEM images of tBG4 micelles at 25 °C and 37 °C (c).

418  3.5. Sol-Gel Transition

419 Figure 5(a) recorded the sol-gel transition of the different concentrations of the tBG3 copolymer
420  aqueous solution. It can be seen from the Figure that the sample solution is still in a flowing state
421  before 25 °C. After the temperature has risen to 30 °C, the highest concentration copolymer aqueous
422 solution with the 25% (wt) has formed a gel, and inverted the vial for 1 min, the gel just flow a slight.
423 Subsequently, 15% (wt) and 20% (wt) of the copolymer aqueous solution have also converted into a
424 gel at 35 °C, while 10% (wt) of the polymer solution is dehydrated directly, and appears white
425  flocculent substance. As the temperature continues to rise, each component copolymer gels begin to
426  dehydrate. This process illustrates that the sol-gel transition temperature of the copolymer aqueous
427  solution decreases with the increasing of the concentration.

428 Figure 5(b) is the sol-gel transition phase diagram, plotted from the copolymers aqueous
429  solution state change according to the temperature. In order to directly show the effect that the
430  concentration of the copolymer aqueous solution on the sol-gel transition temperature. When the
431  concentration of the polymer solution reaches a certain level, the amount of micelles in the copolymer
432 aqueous solution is also very large, the branches out the core-shell structure of micelles are in contact
433 with each other, forming a plurality of crosslinking points which can be crosslinked to constitute the
434 gel. The greater the concentration of the copolymers aqueous solution is, the more crosslinking points
435  provided are, and at the same time, the lower the induced temperature is. After the copolymer
436  aqueous solution transformed into a gel by temperature induction, as the temperature continues to
437  increase, the graft chains of copolymer micelle collapsed and the dehydration in the core is
438  intensified, the cross-linking point is destroyed, and the collapsed dehydrated micelles is partially
439  viscous, the water is separated out of the micelle and the copolymer aqueous solution is converted
440  from the gel state to white floc.

441 The conversion of the polymer solution from the sol to the gel is based on the cross-linking point
442  formed by the weak interaction between the outer branches of the micelle core, it is a physical cross-
443 linking, so the sol-gel transition process is reversible, the copolymer aqueous solution can achieve a
444 reversible transformation of the sol-gel depending on the rise and fall of the temperature [41]. As
445  shown in Figure 5(c).

446  3.6. SEM Analysis of Gel

447 The morphology of the two dry gels observed under a scanning electron microscope is shown
448  in the Figure 6. Both gels have the relatively obvious network structure. Figure 6(a) and Figure 6(b)
449  are scanned photographs of the gel formed by the azide block-graft copolymer and the crosslinker
450  alkynyl P(IMEO2MA-co- OEGMA) at 25 °C and 40 °C respectively. The network has a slightly thick
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451  hole wall and the structure is relatively incomplete. It is possible that the insufficient reaction between
452  the azide block-graft copolymer with the alkynyl P(MEO:MA-co-OEGMA). Figure 6(c) and Figure
453  6(d) are scanned photographs of the gel formed by the azide block-graft copolymer and the
454 crosslinker TPOM at 25 °C and 40 °C respectively. The network structure is relatively complete and
455  the pore walls are thin. Comparing the changes of the two gels at 25 °C and 40 °C, it can be seen that
456  the gelis in a shrinking state at 40 °C, and the three-dimensional network pore size becomes smaller.
457  This also verifies that both gels are temperature sensitive.
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461 Figure 5. Photographs of the different concentrations tBG3 copolymer aqueous solution at different
462 temperature (a), the sol-gel transition phase diagram of tBG3 (b), and schematic representation of the
463 self-assembled thermo-sensitive core-shell micelles (c).
464
465 Figure 6. The morphology of gell at 25 °C (a) and 40 °C (b), the morphology of gel2 at 25 °C (c) and
466 40 °C (d).

467 4. Conclusions

468 The novel hydrogel is composed of the block-graft copolymer mPEG-b-[PCL-g-(MEO2MA -co-
469  OEGMA)]-b-mPEG with the alkynyl P(GMA-co-MEO:MA-co-OEGMA) and TPOM by click
470  chemistry. The water-soluble and temperature sensitive block-graft copolymer mPEG-b-[PCL-g-
471  (MEO:MA-co-OEGMA)]-b-mPEG was synthesized by ROP and ATRP. While the alkynyl P(GMA-co-
472  MEO:MA-co-OEGMA) synthesized by RAFT also has good water solubility and temperature
473 sensitivity. The LCST of the block-graft copolymer is designed within the normal physiological
474  temperature of the human body. The results of dynamic light scattering and transmission electron
475  microscopy specifically show that the trend of micelle particle size increases first and then decreases
476  with temperature increases. The azide mPEG-b-[PCL-g-(MEO2MA-co- OEGMA)]-b-mPEG molecules
477  react with the crosslinker to form the gel via click chemistry. The internal three-dimensional network
478  morphology of the gel measured by scanning electron microscopy at different temperatures certified
479  that the hydrogel has temperature sensitivity.

480 Supplementary Materials: The following are available online at www.mdpi.com/link. Figure S1: "THNMR
481  spectra of mPEG-b-PCL-b-mPEG triblock copolymer and mPEG-b-[PCL-g-(MEO:MA-co-OEGMA)]-b-mPEG
482 block-graft copolymer, Figure S2: FT-IR spectra of mPEG-b-[PCL-g-(MEO2MA-co-OEGMA)]-b-mPEG block-graft
483 copolymer and diazide end-functionalized mPEG-b-[PCL-g-(MEO2MA-co-OEGMA-b-mPEG block-graft
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484 copolymer, Figure S3: IHNMR spectra of CTA and P(GMA-co-MEO:2MA-co-OEGMA), Figure S4: FT-IR spectra
485 of P(GMA-co-MEO:2MA-co-OEGMA) and alkynylated P(GMA-co-MEO:2MA-co-OEGMA), Figure S5: FT-IR
486 spectra of the azidized block-graft copolymer, the crosslinker alkynylation P(GMA-co- MEO:2MA-co-OEGMA),
487 the crosslinker TPOM and the two gels, Table S1: Characterization of various copolymers

488 Figure S1 'HNMR spectra of the triblock copolymer mPEG-b-PCL-b-mPEG (a) and triblock- graft copolymer
489  mPEG-b-[PCL-g-(MEO:2MA-co-OEGMA) ]-b-mPEG (b)

490

491 Figure S2 FT-IR spectra of mPEG-b-[PCL-g-(MEO2MA-co-OEGMA) ]-b-mPEG triblock-graft copolymer (a) and
492 azide mPEG-b-[PCL-g-(MEO:MA-co-OEGMA-b-mPEG triblock-graft copolymer (b)
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495 Figure S3 "THNMR spectra of CTA (a) and P(GMA-co-MEO:2MA-co-OEGMA) (b).
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497 Figure S4 FT-IR spectra of P(GMA-co-MEO:2MA-co-OEGMA) and alkynyl P(GMA-co- MEO:2MA-co-
498 OEGMA).

(@

3(7‘0() 25‘()0 2(;00 1 5‘00 1 ()‘0() 500
Wavenumbers/cm’'
499
500 Figure S5 FT-IR spectra of the azide triblock-graft copolymer (a), the crosslinker alkynyl P(GMA-co-
501 MEO:2MA-co-OEGMA) (b), the crosslinker TPOM (c) and the two gels (d, e).
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503  Table S1: Characterization of copolymers

504 Table S1 Characterization of various copolymers
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Samples  [aCleCLY[eCL]"  [aCleCLJIMO] M, theory” ~ GPCresults

(1:n) (n:n) (g/mol’) M (g/mol’)’  PDI

tB1 2:8 3920 4132 1.072
tB2 3.7 3988 4184 1.044
tB3 4:6 4057 4349 1.021
tB4 5:5 4126 4435 1.089
tBG1 2:8 1:10 30448 32506 1.102
tBG2 3:7 1:10 39793 46822 1.098
tBG3 4:6 1:10 53058 57408 1.114
tBG4 5:5 1:10 66322 68261 1.158

505 tB1, tB2, tB3, and tB4 represent the triblock copolymer mPEG-b-PCL-b-mPEG. tBG1 tBG2, tBG3, and tBG4
506 represent the triblock-graft copolymer mPEG-b-[PCL-g-(MEO2MA-co-OEGMA) ]-b-mPEG. [MO}’ is the initial
507 molar ratio of MEO2MA and OEGMA, the ratio between MEO:MA and OEGMA in all block-graft copolymers
508  is973.
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