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Abstract
A series of thermosensitive polyethylene glycol (PEG)-polylactic-acid (PLA)-based hydrogels were synthesized, through the 
Diels–Alder reaction, with tunable hydrophilicity and hydrophobicity. Polyethylene glycol (PEG) was end-functionalized 
with furan groups using a synthetic furanic diol prepared by thiol-ene reaction. Functional maleimide PLA was prepared 
from PLA-diol, glycerol, 4,4′-methylenebis(cyclohexyl isocyanate)  (H12MDI) and N-hydroxymethylmaleimide (HMM), by 
the isocyanate-alcohol condensation reaction. FTIR, 1H NMR, DSC, and SEC studies of the prepared precursors were car-
ried out. Then, an organic solvent-free environmentally friendly synthesis was used to obtain the cross-linked Diels–Alder 
adducts, by changing the feeding ratio of PEG/PLA. The rheological studies proved the success of using Diels–Alder reaction, 
confirming the formation of cross-linked networks and its thermal dependence. After proceeding with their characterizations, 
the obtained adducts were brought into contact with the water leading to the formation of hydrogels. Swelling measurements 
revealed that the chemical composition influenced the swelling and the water diffusion mechanism of hydrogels. Finally, we 
found that hydrolytic degradation was governed by ester bond hydrolysis that could be controlled by adjusting the composi-
tion ratio of PEG to PLA.
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Introduction

Polymeric hydrogels are cross-linked materials composed of 
hydrophilic macromolecules whose particularity is to retain 
a high amount of water [1]. Thanks to their soft consistency, 
the wide variety of their synthesis methods and their physi-
cal and tunable characteristics, biocompatible hydrogels 
have emerged as one of the most desirable cross-linked bio-
materials used for many applications in regenerative medi-
cine, biotechnology, pharmaceutical, cosmetics, or plastics 
sectors [2, 3].

Hydrogels can be synthesized from natural, synthetic, 
or hybrid polymers [4]. As natural polymers, a variety 
of polysaccharides like chitosan, dextran, and alginate 
have generated a great interest owing to their good bio-
logical properties, as well as excellent gel-forming prop-
erties [5]. Synthetic polymers, such as poly(acrylic acid), 
and its derivatives, poly(ethylene oxide) and polypep-
tides, exhibit good mechanical strength [6]. Among the 
hydrophilic synthetic polymers used in the preparation of 
hydrogels, poly(ethylene glycol) (PEG) is one of the most 
encountered. Being a non-immunogenic and non-cytotoxic 
hydrophilic polymer, PEG is approved by the FDA and has 
found widespread application in the design of biomaterials 
for the controlled release of active molecules and tissue 
repair systems [7–9]. Despite these obvious advantages, 
PEG is not biodegradable and this restricts its use in tis-
sue engineering. Currently, there is an increased interest 
in biodegradable hydrogels for regenerative medicine field 
used as scaffolds, delivery systems, as they do not require 
any surgical removal process [10]. In this respect, com-
bining PEG with a biodegradable polymer could repre-
sent a potential solution for adjusting the biodegradability 
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of PEG-based hydrogels. Poly(lactic acid) (PLA) is one 
of the most used biodegradable polymer for biomedical 
application, because of its suitable mechanical and bio-
logical properties [11, 12]. It has been extensively studied 
in the literature, as the hydrophobic building blocks of 
amphiphilic hydrogels, to control the water uptake of these 
hydrogels while allowing predictable control of degrada-
tion’s rates [13].

Hydrogels can be chemically or physically cross-linked. 
Chemically cross-linked hydrogels endow good mechani-
cal and structural stability generally better than those of 
physically cross-linked hydrogels [14]. However, the use 
of reagents, suitable catalysts, or photoinitiators during 
chemical cross-linking affects inevitably the biocompat-
ibility of the final material [15].

The Diels–Alder reaction (DA) represents in this con-
text an ideal and selective way to overcome the disad-
vantages detected in most chemical cross-linking process. 
Indeed, it allows the development of covalent hydrogels 
under mild conditions without any additive and without 
producing side reactions [16]. Diels–Alder chemistry 
involves the reaction between a diene and a dienophile, 
typically furan and maleimide functional precursors [17, 
18]. The interest in the exploitation of furan compounds is 
due to their renewable nature and their pronounced diene 
character, which favors the reaction in terms of yield and 
kinetics [19]. The maleimide group is the most used dieno-
phile function in the DA reaction thanks to its reactivity 
enhanced by electron attractive groups [20]. DA reaction is 
a thermosensitive equilibrium, which is displaced towards 
reactants at high temperature by the rDA (reverse Diels 
Alder) reaction. This property can be used for the syn-
thesis of dry networks for hydrogel creation in a green 
solvent-free process [21].

This work focuses on the development of hybrid hydro-
gels containing hydrophilic/hydrophobic blocks formulated 
from PEG and PLA through the Diels–Alder reaction. PEG 
and PLA were functionalized with furyl and maleimide 
groups, respectively. The obtained precursors, furan-
terminated PEG (PEG-F) and trimaleimide-terminated 
PLA (PLA-Tri M), were then used for hydrogels prepara-
tion. First, Diels–Alder adducts were synthesized via the 
reactive extrusion process by modulating the balance of 
PEG-F and PLA-Tri M. The choice of this method offers 
the advantage of not using solvent and ensuring continuous 
production. Once obtained, their immersion in water leads 
to the formation of hydrogels. The thermoreversibility of 
Diels–Alder adducts was assessed by rheology experi-
ments. The microstructure, swelling properties, diffusional 
behavior, thermal reversibility, and hydrolytic degradation 
of hydrogels were studied, and properties were then dis-
cussed according to the hydrophilic/hydrophobic balance.

Experimental

Materials

Hydroxytelechelic PEG with a number average molecular 
weight Mn = 1550 g.mol−1 was provided by Fluka. Prior to 
use, L-lactide (PURAC, PURASORB) was dried under vac-
uum at 50 °C for 24 h. Glycerol (99%), tin 2-ethylhexanoate 
(Sn (Oct)2, 95%), dibutyltin dilaurate (DBTDL, 95%), 
3-allyloxy-1,2-propanediol (AP, 99%), 2-furanmethanethiol 
(FMT, 97%), 2,2′-azobis (2-methylpropionitrile) (AIBN, 
98%), 4,4′-methylene bis (cyclohexyl isocyanate)  (H12MDI, 
90%), 1,4-butanediol (BD, 99%), N,N-dimethylformamide 
(DMF, anhydrous, 99.8%), acetone (99.5%), and tetrahy-
drofuran (THF, anhydrous, 99.9%) were all purchased from 
Sigma Aldrich. Furfuryl alcohol (FAL, 98%) was supplied 
by Acros Organics. N-hydroxymethylmaleimide (HMM) 
was prepared according to the method described by Taw-
ney et al. [22] (synthesis and characterization (Figs. S1, S2, 
and S3) are given in supplementary data). DMF, THF, and 
glycerol were dehydrated by 4 Å molecular sieves for 48 h 
before use, and the other reactants were used without further 
purification.

Synthesis of 3‑(3‑furfurylmercaptan propoxy) 
propane‑1,2‑diol by thiol‑ene reaction (FD)

3-(3-furfurylmercaptan propoxy) propane-1,2-diol (FD) 
was synthesized by thiol-ene reaction between 3-allyloxy-
1,2-propanediol (AP) and 2-furanmethanethiol (FMT). 
Thirty grams of AP (0.227 mol) and 25.91 g of FMT 
(0.227 mol) were introduced in a round bottom flask, at 
room temperature in THF. 0.164 g of AIBN (0.001 mol), 
dissolved in THF, was then added and the homogenized 
mixture was refluxed at 70 °C. The reaction was followed 
by FTIR in order to verify the evolution of the double bond 
as a function of time. Complete conversion was obtained 
after 24 h of reaction. The solvent was then removed by 
evaporation under reduced pressure. The organic phase 
was washed with water to remove the residual AP and 
dried over magnesium sulfate.

Synthesis of furan‑functionalized polyethylene 
glycol (PEG‑F)

Three samples of furan-functionalized PEG with different 
PEG diol content and the same furan functionality were 
synthesized. In PEG-Fi, i is the percentage of the PEG-F 
used for the synthesis of adducts.

Table 1 includes the stoichiometry ratio used for the 
different syntheses.
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The synthesis of PEG-F60 with a furan-functionality of 3 
is given as an example.

In a 100-mL flask equipped with magnetic stirring, 20 g 
of PEG-diol (0.0129 mol), 1.6 g of FD (0.00645 mol), and 
6.77 g of  H12MDI (0.0258 mol) were introduced. The reac-
tion mixture was stirred at 50 °C in 60 mL of acetone under 
nitrogen atmosphere in the presence of 0.14 g of DBTDL as 
catalyst. FTIR was used to follow the evolution of the isocy-
anate absorption band as a function of time. Once the band 
of the isocyanate remained invariable, 1.26 g (0.0129 mol) 
of FAL was added. At the end of the reaction, the solvent 
was evaporated in a vacuum oven at 50 °C for 12 h.

Hydroxyl telechelic polylactic acid (PLA‑diol)

PLA hydroxyl-telechelic oligomer was obtained by ring 
opening polymerization of L-lactide monomer catalyzed 
by tin (II) 2-ethylhexanoate following a previously reported 
procedure [23].

A typical synthesis procedure is shown below: 80  g 
of L-lactide (0.55  mol) and 12.35  g of 1,4-butanediol 
(0.14 mol) were introduced into a 150-mL three-necked 
flask under nitrogen atmosphere. The reaction mixture was 
conducted at 110 °C until homogenization. Then, 2.25 g of 
the catalyst (Sn(Oct)2) (0.005 mol) was added dropwise. The 
system was maintained under mechanical stirring for 6 h. 
The resulting PLA-diol was obtained as a white waxy solid.

Maleimide‑modified PLA (PLA‑Tri M)

PLA-diol was end-functionalized with maleimide through 
the reaction of its hydroxyl groups with diisocyanate and 
multi-alcohol to obtain tailored structure of PLA-Tri M with 
a functionality of 3.

A typical synthesis procedure is shown below: in a 
150-mL three-necked flask equipped with magnetic stir-
ring, 20 g of PLA-diol (0.0277 mol), 0.85 g of glycerol 
(0.0092 mol), and 16 g of  H12MDI (0.0611 mol) were 
firstly dissolved in anhydrous DMF. The reaction mixture 
was stirred at 80 °C under nitrogen atmosphere. Subse-
quently, 0.37 g of DBTDL (0.0006 mol) acting as a cata-
lyst was injected after the homogenization of the system. 
The reaction was monitored by FTIR until the isocyanate 

absorption band at 2263   cm−1 remained stable. Then, 
4.93 g of HMM (0.0253 mol) were introduced and the 
reaction was maintained until the total consumption of the 
isocyanate group. At the end of the reaction, the resulting 
reaction product was precipitated in diethyl ether and then 
dried under vacuum at 50 °C for 24 h.

Hydrogel preparation by DA reaction

Various formulations of Diels–Alder hydrogels were 
prepared by modulating the ratio of hydrophilic/hydro-
phobic prepolymers. First, dry adducts were synthesized 
via reactive extrusion, by mixing PLA-Tri M and PEG-F, 
respecting the equifunctionality of furan and maleimide 
functions and with proportions allowing the obtaining of 
similar nodes concentration.

The appropriate weights of the two precursors were 
introduced in the extruder and mixed in different ratios 
at 90 °C (Table 2). After slow cooling to room tempera-
ture, the cross-linking of the mixture was carried out via 
the Diels–Alder reaction. The formation of hydrogels was 
achieved by the incubation of adducts in water.

Swelling properties of hydrogels

Swelling behavior of hydrogels was studied by a general 
gravimetric method by measuring the weight gain over a 
period of time until equilibrium was reached. DA adducts 
were incubated in deionized water at 25 °C and 37 °C. At 
regular time intervals, the swollen gels were removed and 
the excess water remaining on the surface was carefully 
dried with filter paper. The swelling rate was calculated 
using the following equation:

where Wd is the initial weight of DA adducts and Ws is the 
weight of swollen hydrogels. The equilibrium swelling was 
considered to be reached when the weight of the hydrogels 
no longer increased with time.

(1)SR(%) =
(Ws −Wd)

Wd
× 100

Table 1  Molar ratios of furan-functionalized PEG

Samples PEG-diol FD H12MDI FAL

PEG-F40 1 1 3 2
PEG-F60 2 1 4 2
PEG-F90 6 1 8 2

Table 2  Composition of Diels–Alder adducts

Designation Composition PEG-Fi/
PLA-Tri 
M
%wt/%wt

PE40PL60 PEG-F40/PLA-Tri M 40/60
PE60PL40 PEG-F60/PLA-Tri M 60/40
PE90PL10 PEG-F90/PLA-Tri M 90/10
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Hydrolytic degradation

The hydrolytic degradation tests were carried out on the 
obtained hydrogels in three different media with different 
pH values. Previously weighted hydrogels were immersed 
in closed vials containing one of the following buffer solu-
tion: acidic aqueous solution (pH = 4.35) phosphate buffer 
(pH = 7.4) and basic solution (pH = 9.5). The vials were 
maintained under inert conditions at 37 °C for 10 weeks. 
The samples were taken once a week, washed with distilled 
water, dried under vacuum, and then weighed using a preci-
sion balance to determine the remaining masses.

The percentage of weight loss  (wl) was calculated accord-
ing to the following equation:

where mt stands for the weight of dried samples and m
0
 is 

the initial weight.

Analytical techniques

The samples were characterized by Fourier transformed 
infrared spectroscopy (FTIR) using a Nexus-type Nicolet 
spectrometer in attenuated total reflectance (ATR) mode. 
Spectra were collected for all the samples at room tempera-
ture in the range of 700–3700  cm−1 with a spectral resolution 
of 4  cm−1 for a total of 64 scans.

Proton nuclear magnetic resonance (1H-NMR) spectra were 
acquired on a Brüker Avance Fourier transform apparatus having 
a nominal frequency of 400 MHz. Solvent used was deuterated 
chloroform (δ = 7.26 ppm) or deuterated DMSO (δ = 2.5 ppm) 
at 80 °C and TMS (tetramethylsilane) was used as reference.

Number average molecular weight ( Mn ), weight average 
molecular weight ( Mw ), and polydispersity index ( Dm ) of 
the PEG-F and PLA-Tri M precursors were estimated by 
size exclusion chromatography (SEC) system equipped 
with a 515 HPLC pump, a 717 plus autosampler, and a 2414 
refractive index detector. Additionally, a Wyatt ViscoStar 
viscometer and a WYATT miniDAWN TREOS multiangle 
light scattering detector were used. The flow rate of tetrahy-
drofuran (THF, Biosolve, GPC grade) in the mobile phase 
was 1 mL/min. The dissolution of each sample was first per-
formed at room temperature for 15 min.

Differential scanning calorimetry (DSC) experiments 
were performed using a TA Q10 instrument under nitrogen 
atmosphere (50 mL/min). The method consists of imposing 
a rise in temperature from − 80 °C up to 200 °C at a heating 
and cooling rates of 10 °C/min. The glass transition tem-
peratures (Tg) and the melting temperatures (Tm) were taken 
respectively at the inflection point of the curve by means of 
the melting endotherm during the second pass.

(2)w
1(%) =

mo − mt

mo

× 100

Thermogravimetric analyses (TGA) were carried out 
on a METTLER TOLEDO TGA/DSC thermogravimetric 
analyzer. The samples were placed in aluminum crucibles 
and ramped at 30 to 600 °C at a heating rate of 10 °C/min 
under inert atmosphere. The thermal degradation tempera-
tures (Td) recorded correspond to a 5% weight loss of the 
samples.

The rheological properties of the hydrogels and adducts 
were evaluated using an Advanced Rheometric Expansion 
System (ARES-G2) rheometer operating with parallel plate 
geometry (25 mm diameter). The dynamic rheological anal-
ysis of DA adducts was carried out by first performing a 
strain sweep of 0.1 to 100% at 1 Hz to identify the linear 
viscoelastic range of the samples. Then, a destruction of net-
works was ensured, by keeping the samples between the two 
plates of the rheometer at 120 °C for 5 min, by adopting the 
same procedure carried out in our previous publication [24]. 
Maturation and frequency sweep tests of the adducts were 
performed at 80 °C to ensure the cross-linking Diels–Alder 
equilibrium and measure the elastic and shear loss moduli, 
respectively. Temperature sweep experiments were realized 
at 1 rad  s−1 frequency and 5 °C/min and 1 °C/min, respec-
tively, heating and cooling rate constant. Frequency sweep 
measurements for hydrogels were performed at 25 °C and 
37 °C, at a fixed strain previously assessed by stress sweep 
experiments.

A micro-compounder HAAKE™ MiniLab II from 
Thermo SCIENTIFIC France, equipped with two conical 
screws (5/14 mm diameter), a pneumatic bypass and a recir-
culation channel, was used in co-rotating mode and operat-
ing at 50 rpm, monitored by MiniLab software. Seven grams 
of PLA-Tri M and PEG-F was first premixed and then intro-
duced into the mixer at 90 °C. After about 10 min, where 
stable torque is reached, the mixtures were left for about 
5 min and then extruded as a flat rod about 1.5 mm thick 
and 5 mm wide. This was then cooled to room temperature.

Results and discussion

Synthesis and characterization of hydrogel 
precursors

Synthesis of 3‑(3‑furfurylmercaptan propoxy) 
propane‑1,2‑diol (FD)

An efficient approach for the synthesis of a furan com-
pound with dihydroxyl group was developed (Scheme 1). 
The significant interest of this method is its simplicity 
and its effectiveness to substitute the commercial furanic 
products, which are still too expensive. The radical addi-
tion of the FMT to the AP was carried out by the thiol-ene 
reaction between the allyl group of AP and thiol group 
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of FMT. The 3-(3-furfurylmercaptan propoxy) propane-
1,2-diol was obtained according to the following reaction 
scheme:

The success of this reaction was confirmed by FTIR spec-
troscopy (Fig. S4 in SI) and expected chemical structure of 
FD was confirmed by 1H-NMR spectrum (Fig. S5 in SI).

Synthesis of furan‑functionalized polyethylene 
glycol (PEG‑F)

In order to be able to modify the hydrophilic/hydrophobic 
balance in the networks’ structure with PEG-F and PLA-Tri 

M polymers, while respecting the equifunctionality of furan 
and maleimide groups, various PEG-F precursors were 
synthesized. The functionality of furan was maintained for 
all samples; only the concentration of furan functions by 
weight was varied by modifying the quantities of PEG-diol 
and  H12MDI.

FD previously synthesized by thiol-ene reaction was sub-
sequently used to obtain furan-functionalized PEG accord-
ing to the reaction scheme presented below for the synthesis 
of (PEG-F60) (Scheme 2). This synthesis was carried out 
via two-step reactions. During the first step, PEG-diol was 
reacted with the isocyanate and the 3-(3-furfurylmercaptan 

Scheme 1  Synthesis of 
3-(3-furfurylmercaptan pro-
poxy) propane-1,2-diol (FD) by 
thiol-ene reaction

CH2 CH CH2 O CH2 CH

OH

CH2 OH +

O

CH2 SH

AIBN = 5.10-3 [AP] / THF / 24h

Under reflux

O

CH2 S CH2 CH2 CH2 O CH2 CH CH2

OH

OH

AP FMT

FD

Scheme 2  Synthesis of PEG-
F60
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propoxy) propane-1,2-diol to gain intermediate bearing 
free–NCO groups. In the second part, FAL was added to 
the reaction mixture to give the desired compound PEG-F60.

The progress of the alcohol-isocyanate reaction was 
tracked by FTIR, as shown in Fig. 1. In the first step of reac-
tion, the isocyanate carbonyl absorption band at 2263  cm−1 
decreased until it became stable confirming the presence of 
free isocyanate groups at the end of the arms. After adding 
the FAL in the second step, a gradual disappearance of NCO 
vibration band after 5 h of reaction was observed, while the 
intensities of absorptions bands of the urethane and the furan 
groups were emerged at 1530  cm−1 and 1422  cm−1, respec-
tively. Similar results were observed for the other PEG-F 
precursors.

The chemical structure of the expected PEG-F was veri-
fied by 1H-NMR. All the PEG-F precursors show similar 
1H-NMR spectra. Herein, the 1H-NMR spectrum of PEG-F60 
was given as an example and depicted in Fig. 2. The pres-
ence of signals at 7.65 ppm  (H1), 7.56 ppm  (H27), 6.3 ppm 
 (H25,26), and 6.5 ppm  (H2,3) are assigned to the protons of the 
furanic nucleus, those at 3.5 ppm correspond to the protons 
 (H20,21) of PEG.

The average furan functionalities were verified by 1H 
NMR spectrum. It was considered of 3, knowing that the 
ratio between the peaks  H1 and  H27 relative to the furan 
group and the peak  H16 of isocyanate was approximately 
close to the theoretical proportions.

DSC studies revealed that the designed PEG-F precursors 
are semi-crystalline polymers (Fig. S6 in SI). As shown by 

the data reported in Table 3, the melting point (Tm) was 
ranged from 21 to 36 °C, which is lower values than the ini-
tial PEG-diol (Tm = 47 °C). The melting enthalpy measured 
for PEG-F40 is very low (0.4 J.g−1) compared to PEG-F60 
and PEG-F90, having a melting enthalpy of 64.0 and 72.0 J.
g−1, respectively. On the other hand, the glass transition of 
PEG-F40 is clearly defined, which is in agreement with its 
low rate of crystallinity.

It was found that both Tg and Tm values increase with 
increasing PEG and  H12MDI content in the formulation 
of furan-functionalized PEG. PEG-F60 and PEG-F90 own 
the highest Tm values compared to PEG-F40. For example, 
PEG-F90 showed a Tm value of 36 °C, whereas PEG-F40 
displayed a Tm of 21 °C. Concerning the glass transition, 
PEG-F90 showed the highest Tg value. Based on the molecu-
lar weights determined by SEC, PEG-F60 and PEG-F90 high-
lighted the shorter chain length molecules. So, this slight 
shift of Tg and Tm towards higher value may be explained 
by a greater density of rigid segments and hydrogen bonds 
due to isocyanate groups which reduce the movements of 
molecules and create more ordered phases [25, 26].

The molecular weights (number average molecular 
weight ( Mn ), weight average molecular weights ( Mw ), and 
polydispersity index ( Dm ) of the obtained PEG-F precur-
sors are shown in Table 3. The results revealed that the 
number-average molecular weight of PEG-F40 was slightly 
higher than those of PEG-F60 and PEG-F90 which own 
close molecular weights (Fig. S7 in SI). Globally, molecu-
lar weight tends to decrease from PEG-F40 to PEG-F90 as 

Fig. 1  FTIR spectra acquired 
at different reaction times from 
the reaction mixture of PEG-F60 
synthesis
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it has been observed by Gaina et al. [27] for the synthe-
sis of cross-linked poly(ether-urethane)s. Authors noticed 
that by increasing the molar ratio of chain extender in the 
formulation isocyanate/polyol/chain extender, the average 
molecular weight of the polyurethane decreased. Dispersity 
index increases slightly from PEG-F40 to PEG-F90, the last 
for which shorter chains are more present.

Synthesis of PLA‑diol

Hydroxyl-telechelic PLA was obtained by ring opening 
polymerization of L-lactide using 1,4-butanediol as the co-
initiator and stannous octoate as the catalyst (Scheme S1). 

The obtained PLA-diol had an average molecular weight of 
Mn = 780 g  mol−1, a DPn of 10, and a Tg of − 12 °C.

The 1H NMR characterization of PLA-diol was published 
in our previous work [23] and a typical 1H NMR spectrum 
is given in Fig. S8 in SI.

Synthesis of maleimide‑modified PLA (PLA‑Tri M)

PLA-diol was grafted with maleimide groups in order to 
obtain the dienophile (PLA-Tri M) complementary to 
PEG-F with a maleimide functionality of 3. This synthe-
sis was performed via the reaction between isocyanate 
and hydroxyl groups from previously prepared PLA-diol, 

Fig. 2  1H-NMR spectrum of PEG-F60

Table 3  Thermal properties and 
molecular weight data of PEG-F 
precursors

a Number average molecular weight, weight average molecular weight, and polydispersity index determined 
by SEC in THF
b Glass transition temperature, melting point, and melting enthalpy determined by DSC
c Degradation temperature at which a 5% weight loss was observed in TGA 

Samples  Mn
a (g.

mol−1)
 Mw  
(g.mol−1)

Mn
a Tgb (°C) Tmb (°C) △Hm

b (J.
g−1)

Td(5%) (°C)c

PEG-F40 6800 12,000 1.7  − 50 21 0.4 203
PEG-F60 3600 6800 1.8  − 51 31 64.0 200
PEG-F90 3500 6800 1.9  − 43 36 72.0 196
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N-hydroxymethylmaleimide, diisocyanate  (H12MDI), and 
glycerol as a chain connector (Scheme 3). PLA-Tri M was 
characterized by FTIR, 1H-NMR, and DSC.

To ascertain the grafting of maleimide functions to the 
PLA end arms, FTIR spectroscopy was used. Representative 
spectra of PLA-Tri M at different reaction times are given 
in Fig. S9 in SI.

In order to further confirm the chemical structure of PLA-
Tri M, 1H-NMR was performed and the spectrum is shown 
in Fig. 3. Signals at 1.4 and 5.2 ppm were assigned to the 
lactide unit protons, those at 7.3 ppm to the proton of the 
urethane function formed by the reaction between hydroxyl 
and isocyanate groups. We can notice the presence of peaks 
at 7.15 and 7.07 ppm which refer to the protons of maleimide 
confirming the success of maleimide grafting to PLA.

The number average molecular weight of PLA-Tri M 
was calculated from the 1H-NMR spectrum according to 
the following equation as reported by Li et al. [28] with 
some modification:

where α, β, γ, and η are the molar numbers of glycerol, 
 H12MDI, PLA, and HMM reagent segments, respectively, 

(3)
Mn = M(glycerol) × � +MH12MDI × � +MPLA × � +MHMM × �

whereas  M(glycerol),  M(H12MDI),  M(PLA), and  M(HMM) are their 
molar masses.

The molar ratio of  H12MDI to glycerol can be calculated 
by the following equation using the integration of  H8,  H1, 
and  H2:

HMM/glycerol and PLA/glycerol molar ratios were 
obtained using the integration of  H18,  H14,  H1, and  H2:

If α is normalized to 1, the Mn  of PLA-Tri M can be 
calculated using Eq. (3).

The average functionality of maleimide was calculated 
from the 1H NMR spectrum. The ratio between the peak 
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at 7.07 ppm relative to the proton of maleimide  (H18) and 
the peak at 4.7 ppm relative to the proton of glycerol  (H2) 
gives a functionality of 2.7.

DSC analyses highlight the formation of an amorphous 
polymer with a glass transition temperature of 20  °C 
(Table 4).

Synthesis of adducts by Diels–Alder reaction 
and hydrogels

Before starting adducts’ synthesis, both PEG-F and PLA-
Tri M thermal stability were examined in order to ensure 
stable thermal behavior during extrusion. As an exam-
ple, Fig. S10 in SI shows the comparison of PEG-F60 and 
PLA-Tri M TGA curves. Based on data obtained from 

thermogravimetric analysis (Tables 3 and 4 and Fig. S10), 
90 °C was the selected mixing temperature as no weight 
loss was observed for both prepolymers at this temperature.

Thus, a series of hybrid adducts were prepared by mixing 
PLA-Tri M and PEG-F precursors in the extruder at 90 °C, 
followed by cooling to room temperature in order to achieve 
the network formation by DA reaction (Scheme S2 in SI). 
Hydrogels were further obtained from dried networks after 
immersion in water.

Theoretical node concentration  (Cnode in mol/cm3) 
was calculated for each dry network using the following 
equation:

(7)Cnode =
nmultialcohol × �network

total mass

Fig. 3  1H-NMR spectrum of PLA-Tri M

Table 4  Thermal properties 
and molecular weight data of 
PLA-Tri M

a Number average molecular weight determined by NMR in DMSO-d6 at 80 °C.
b Number average molecular weight and polydispersity index determined by SEC in THF.
c Glass transition temperature taken as the inflection point of the DSC curves.
d Degradation temperature at which a 5% weight loss was observed in TGA.

Sample Mna (g.mol−1) Mnb (g.mol−1) DM
b Tg (°C)c   f maleimide Td(5%) (°C)d

PLA-Tri M 6500 7400 1.763 20 2.7 150
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where nmultialcohol is the molar number of glycerol and furanic 
diol and �network is the density of networks.

Initial composition of networks was decided in order to 
have similar  Cnode. The obtained values of  Cnode are given 
in Table 7.

Networks and hydrogels characterization

FTIR network analysis

The occurrence of the Diels–Alder reaction in network syn-
thesis was confirmed by FTIR. Figure 4 shows the spectra 
corresponding to the PEG-F60, PLA-Tri M, and the final 
designed network  PE60PL40. As it can be observed, the 
stretching vibration bands of the C = C bond at 1433 and 
3093  cm−1 in furan and maleimide, respectively, were dis-
appeared, whereas a new vibration band at 1652  cm−1 cor-
responding to C = C stretching in DA adduct appeared. The 
above results prove the total reaction between PEG-F and 
PLA-Tri M.

DSC network studies

The DSC curves of the various adducts during the first heat-
ing cycle are presented in Fig. S11 in SI. The results reveal 
the existence of two glass transition temperatures for each 
sample. The lowest Tg value is observed near − 20 °C, while 
a higher Tg value appears at around 50 °C. The existence of 
these two glass transitions which are distinctly different from 

those of the uncross-linked polymers (PEG-F and PLA-Tri 
M) proved the presence of two regions. On the other hand, 
there is no melting endotherm related to the presence of 
a crystalline phase as observed for PEG-F precursors, so 
the networks are completely amorphous. Interestingly, the 
first glass transition temperatures of the adducts are higher 
than the Tg of the uncross-linked PEG-F precursors and this 
might be due to the cross-linking of the chains reducing the 
free volume.

Regarding the second glass transition of the adducts, the 
values are all more important as the proportion of PEG-F 
precursors in the networks is high (Table 5). In view of the 
slight difference in theoretical node concentration between 
the networks, this gap in Tg values is attributed to the pres-
ence of more semi-crystalline PEG-F introduced in the 
formulation [29]. Notably, it can be seen from the DSC 
curves the presence of the large endothermic phenomenon 
corresponding to the rDA reaction of the thermosensitive 
networks centralized at 125 °C, with an enthalpy of 10 J/g. 

Fig. 4  FTIR spectra of PEG-
F60, PLA-Tri M, and the 
obtained network  PE60PL40

Table 5  Tg values of Diels–Alder adducts

Designation Tg1 (°C) Tg2 (°C) PEG-F 
content 
(%)

PE40PL60  − 18 42 40
PE60PL40  − 15 55 60
PE90PL10  − 11 57 90
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These observations are in agreement with the studies of 
Avérous et al. [30].

Networks aqueous swelling studies

The swelling property of hydrogels is one of the most impor-
tant criteria with regard to their use in biomedical applica-
tions. The presence of the hydrophilic PEG into the macro-
molecular network is expected to enhance the water uptake 
capacity of the hydrogel. Several parameters can affect the 
swelling behavior of hydrogels such as external conditions 
(temperature and pH), hydrogel structure, and cross-link 
concentration.

With the aim of studying the temperature sensitivity of 
our hydrogels, swelling studies were performed at two differ-
ent temperatures: 25 °C and 37 °C. Figure 5 shows the equi-
librium swelling values of all hydrogels’ composition. As 
it can be seen, the swelling rates were higher at 37 °C than 
at 25 °C indicating that the swelling of hydrogels increases 
with temperature. This can be explained by the fact that 
when the temperature increases, the mobility of the polymer 
chains increases as well as the water diffusion, which makes 
the hydrogels swell easily [31].

The feed ratio of hydrophobic (PLA-Tri M) to hydro-
philic (PEG-F) precursors influences the swelling rate of 
hybrid hydrogels. In fact, hydrogels absorb water until their 
weight reaches a plateau that represents the rate of swelling 
at equilibrium. This ratio is principally sensitive to the gels’ 
composition and increases with the amount of hydrophilic 
PEG-F polymer. For example, at 25 °C, the 90:10 ratio of 
PEG-F/ PLA-Tri M shows a significantly high swelling rate, 

up to 73% at equilibrium compared with  PE60PL40 which 
has a swelling rate of 56%, and with  PE40PL60 which has 
the lowest swelling rate of 37%. These results are in agree-
ment with the cross-linking density of the networks too. 
Indeed, an increase in the cross-link concentration leads 
to a decrease in the swelling behavior of the networks. 
In the case of this study, even if  Cnode values are similar, 
they differ slightly from each other (Table 7). For example, 
 PE40PL60 owns the highest cross-linking node concentration 
 Cnode = 0.139 mmol  cm−3, and consequently has the lowest 
swelling rate.

In order to reveal the ability of hydrogels to be used as 
drug delivery system, Fick’s model was used with a view to 
determine the water diffusion mechanism during the swell-
ing process at 37 °C. For this, the diffusional coefficient n is 
calculated using the following equation for the first 60% of 
the fractional uptake:

where  Mt  and  Mi represent the amount of water absorbed 
at time t and at equilibrium state, respectively,  K1 is a char-
acteristic constant of the hydrogel, and n is the diffusional 
exponent of the solvent. The diffusional exponent n and  K1 
are determined from the slope and intercept of the curves 
ln(Mt/Mi) as a function of ln (t). 

For a water absorption fraction higher than 0.6, the Berens-
Hopfenberg model [32] which takes into account the relaxa-
tion process is used (Eq. 9):

(8)Ft = Mt∕Mi = K
1
tn

(9)Ft = Mt∕Mi = 1 − A.exp(−K2t)

Fig. 5  Equilibrium swelling 
ratio of all hydrogels’ composi-
tion at 25 °C and 37 °C in  H2O
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where  Mt and  Mi represent the amount of water absorbed 
at time t and at equilibrium state, respectively and  K2 and 
pre-exponential factor A are constants and are calculated 
from the slope and intercept of the plots of ln(1-Mt/Mi) as 
a function of t.

The normalized experimental curves representing the 
water absorption fraction over time  (Mt/Mi) = f(t) are shown 

in Fig. 6. For each curve, a first increase in the water absorp-
tion until reaching a first plateau is observed, and then fol-
lowed by another increase of water uptake to finally reach a 
second plateau corresponding to the maximum absorption 
rate. This behavior is more pronounced for the  PE90PL10 
adduct, showing that water diffusion occurs in several stages 
and is affected by the content of hydrophilic polymer.

Fig. 6  Water uptake fraction of 
the various hydrogel composi-
tions as a function of time in 
water at 37 °C

Fig. 7  Water uptake fraction of 
the various hydrogel composi-
tions as a function of  t0.5
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First, to check for a Fickian behavior,  (Mt/Mi) = f(t0.5) 
curves were plotted (Fig. 7). Curves show that the  Mt/Mi 
ratio seems to be proportional to  t0.5 for the very first initial 
part of the curves. Indeed, curves are linear on the 60% of 
the fractional uptake for  PE60/PLA40 and only on the 40% 
of the fractional uptake for the other adducts, suggesting a 
more evidenced Fickian behavior for  PE40/PLA60.

Then, swelling diffusional exponents n,  K1, and  K2 of 
the hybrid hydrogels were calculated from Eqs. 8 and 9 and 
listed in Table 6. Obtained fitted curves are given in Fig. S12 
in SI.

The values of the diffusional coefficient n and the con-
stant  K1, calculated from the slope of the curves ln (Mt /Mi) 
as a function of ln(t) for  Mt/Mi less than 0.6, are given in 
Table 6. The values   of the constants  K1 do not seem to be 
affected by the composition of the adducts, knowing that the 
theoretical node concentrations are close from one adduct 
to another. On the other hand, it is noted that the value of n 
increases with the proportion of PEG in the network. The 
value of n is used for determining the diffusion type [33]. 
Indeed, n values less than 0.5 are attributed to a pseudo-
Fickian behavior and n value of 0.5 to a Fickian behavior, 
while n values comprised between 0.5 and 1 is the reflection 
of anomalous diffusion type and for n values higher than 
1, to a super case diffusion type [34]. The diffusional coef-
ficient for  PE40PL60 and  PE60PL40 networks is 0.387 and 
0.468, respectively; it can be said that water diffusion in 
these adducts follows a pseudo-Fickian behavior, whereas 

n is equal to 0.610 for  PE90PL10 adduct, which indicates an 
anomalous type diffusion.

Finally, the Berens-Hopfenberg model is applied for  Mt/
Mi greater than 0.6. The results show that the greater the 
amount of hydrophilic polymer is, the greater the chain 
relaxation seems to control the water absorption. Indeed, 
the value of  K2 increases with the proportion of PEG in the 
networks.

Rheological characterization

Dynamic rheological analysis was investigated in order to 
study the viscoelastic properties of the designed materials 
before swelling, i.e., for dry Diels–Alder adducts and after 
swelling in water (hydrogels). Diels–Alder adducts were sub-
jected to temperature sweep experiments to check the ther-
mosensitive properties and especially the heat-reversibility 
of these adducts via the DA and rDA reactions.

• Frequency sweep test at 80 °C for Diels–Alder adducts

Frequency sweep tests were performed at 80 °C after a 
maturation period to ensure thermodynamic equilibrium. As 
seen in Fig. 8a, this test revealed that storage modulus (G') 
values of all adducts were constant in the low frequency 
region and significantly higher than those found for Gʺ indi-
cating the typical solid-like gels characteristics [35].

Table 6  Kinetic parameters of water absorption in adducts 37 °C

Samples n K
1
(h−n) A K

2
(h−1)

PE40PL60 0.387 0.408 0.153 0.020
PE60PL40 0.468 0.422 0.303 0.047
PE90PL10 0.610 0.401 0.485 0.148

Fig. 8  Frequency sweep measurement at 80 °C of a  PE90PL10 and b all adduct compositions

Table 7  Thermo-mechanical properties of Diels–Alder adducts

Samples G' (Pa) Cnode (mmol 
 cm−3)

Tcrossover (°C)
Min–Max

PE40PL60 6247 0.139 107–110
PE60PL40 9363 0.135 105–114
PE90PL10 31,031 0.113 97–110

Page 13 of 18    328Journal of Polymer Research (2022) 29: 328



1 3

The values of G' at 1 rad.s−1 of DA adducts are reported 
in Table 7. By comparing the G' curves obtained for all net-
works, it is obvious that the presence of PEG block in the 
structure of the hybrid network improves the elasticity prop-
erties. As one can see on Fig. 8b, the  PE90PL10 curve is well 
above the two other curves and its shape is slightly differ-
ent. This behavior could suggest a better pressure-sensitive 
adhesive property for this formulation. From these results, 
it can be confirmed that the thermomechanical properties 
of the hydrogels depend on the PLA/PEG level in the net-
work structure. Similar observations have been reported by 
Martinez et al. [36] who observed a decrease in G' and Gʺ 
values as the PLA content increase in the hydrogel structure.

• Temperature sweep tests for Diels–Alder adducts

In order to verify the reversible character of the obtained 
adducts, temperature sweep experiments were carried out 
at a constant frequency of 1 rad.s−1. Fig. S13 in SI (a, b, 
c, and d) shows the results obtained with  PE90PL10. The 
experiments were started at a high temperature to be above 
the de-cross-linking temperature. After cooling, the sample 
was then subjected to a maturation test at 80 °C for a few 
hours to promote the DA reaction until equilibrium. Two 
heating/cooling cycles were conducted from 80 to 130 °C 
and 130 to 80 °C, respectively. Fig. S13 (a, b) and Fig. S13 
(c, d) show the results obtained during the first cycle (cool-
ing and heating) and the second cycle (cooling and heating), 
respectively. They highlight the crossing of the G' and Gʺ 
curves as a function of temperature. The crossover point, 
named  Tcrossover, indicates a nominal transition from elastic 
behavior to viscous state. Below the  Tcrossover, the reaction 
of Diels–Alder is predominant compared to the reaction of 

retro Diels–Alder. During heating, the number of network 
connections decreases and the equilibrium is more and more 
driven from the DA adduct to the formation of the reagents. 
The network is then destroyed, as it is seen with solubil-
ity tests in DMSO at high temperature. This trend has been 
already confirmed for xylan-based networks obtained via 
Diels–Alder reaction [37–39].

Values of  Tcrossover are given in Table 7. They are all 
around 110 °C with slightly lower values for  PE90PL10, prob-
ably due to its lower  Cnode value.

The thermoreversibility of the Diels–Alder networks was 
further confirmed by the solubility tests. In fact, at 25 °C, 
the networks were not soluble in DMSO, which is a good 
solvent of both PEG-F and PLA-Tri M precursors, whereas 
at high temperature of 130 °C, all the networks were almost 
dissolved in DMSO. These results confirm the reversible 
character of DA networks.

• Frequency sweep tests for hydrogels

Hydrogels were also subjected to rheological tests. First, 
all samples were submitted to a strain sweep test to establish 
the linear viscoelastic region where G' and Gʺ are independ-
ent of the applied strain. Frequency sweep tests were then 
performed at 25 °C and 37 °C for the different hydrogel 
compositions. A typical frequency sweep test of  PE90PL10 
adduct at 37 °C and 25 °C is shown in Fig. 9.

As it can be observed, G' is weakly dependent of the fre-
quency and always greater than Gʺ confirming the solid-like 
structure and the elastic behavior of the samples. However, 
it is important to notice that G' and Gʺ are almost paral-
lel on the frequency range suggesting a fractal gel rheo-
logical behavior in this frequency range [40]. Additional 

Fig. 9  Frequency sweep of  PE90PL10 after swelling at a 25 °C, b 37 °C
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measurements at lower frequency would have resulted in a 
lower and more correct G' value but there is a risk to a water 
loss with long-time analysis.

Comparing the rheological behavior of  PE90PL10 before 
(Fig. 8a) and after swelling in water (Fig. 9b), it can be 
observed that there is a gradual decrease of G' and Gʺ with 
the frequency at 37 °C. In fact, during swelling, the inter-
molecular distance increases with temperature and the water 
occupies the space between the cross-linking nodes leading 
to a decrease in G' value.

Whereas, Fig. 9a shows almost the same behavior that 
obtained with the dry adduct (Fig. 8a) and this could corre-
spond to a little swelled hydrogel for which the water occu-
pies only the free volume.

The consistent tendency of G' proved the success and suita-
bility of the DA cross-linking reaction for hydrogel formation.

Using biodegradable polymers for hydrogels preparation 
is a selected criterion to the field of biomedical applications 
as scaffolds or implants. The rheological characterization of 
hydrogels is therefore of great relevance of the final material 
as it could be directly affecting its final performance. As 
indicator of the rigidity, G' values of the obtained hydrogels 
were found to be in the range between  103 and  104 Pa, which 
are comparable with those values of nerve tissue [41].

Degradation

It has been clearly established in the literature that deg-
radation is an important feature for the development of 
biomaterials. Understanding the degradation mechanisms 
of polymers in the body is important for designing a par-
ticular controlled release system. In order to examine the 

Fig. 10  Hydrolytic degradation of the various hydrogel compositions in different pH values at 37 °C: a  PE40PL60, b  PE60PL40, c  PE90PL10
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degradability of prepared hydrogels, hydrolytic degrada-
tion was evaluated.

Hydrolytic degradation

It is obvious that the degradation of hydrogels in solution 
depends on several parameters such as cross-linking density 
and molecular weight [42]. In another aspect, the hydro-
philicity of the macromolecular structure also plays a very 
important role in the rate of degradation of the hydrogels.

In order to simulate human body conditions, the hydro-
lytic degradation of hydrogels was investigated in three dif-
ferent media (pH = 4.71, 7.4 and 9.97) at 37 °C over a period 
of 10 weeks. Figure 10 shows the evolution of the weight 
loss percentage of hydrogels as function of degradation 
time. As depicted, the immersion of hydrogels in different 
pH leads to their hydrolytic degradation with quite different 
kinetics, which was strongly dependent on their composition 
and their properties.

The first observation with regard to these curves is that 
there are two distinct steps during the hydrolysis of hydro-
gels. From the beginning until the second week, the hydro-
lytic degradation begins rapidly. Then, from the 2nd week 
until the end, a second stage of degradation occurs until a 
maximum degradation rate is reached.

We can also notice that alkaline hydrolysis resulted in a 
higher weight loss than either acidic or neutral hydrolysis. 
This weight loss reached after 10 weeks 65% and 70%, in 
basic medium, in the case of  PE40PL60 and  PE60PL40, respec-
tively. One possible reason for this is that degradation at a 
higher pH is expected to be enhanced due to the presence of 
a high concentration of hydroxy  (OH−) ions that can cata-
lyze cleavage of the PLA-Tri M ester bonds [43]. Moreo-
ver, hydroxy ions can induce the ring-opening hydrolysis 
of maleimide groups [44]. Indeed, it has been revealed that 
DA hydrogels swell at pH = 5.5 but dissolve after 4 days in a 
basic medium. So, the more the content of PLA-Tri M in the 
network is, the higher the reached % weight loss is. Under 
acidic conditions, weight loss percentage reaches only 10% 
after 10 weeks. It could be due to a partial neutralization 
of the acidic medium functions by the urethane functions, 
which protects the ester bond to hydrolytic degradation [45]. 
At pH = 7.4, the hydrolytic degradation of networks is low 
and the % weight loss is only about 20% after 10 weeks of 
adducts immersion. For the first weeks of immersion, the 
greater the PEG-F content is, the more rapid the degradation 
is. This is in agreement with the experimental water diffu-
sion curves  Mt/Mi = f(t) (Fig. 6).

It is not at all excluded too that polyester urethane func-
tions, because of their great affinity for water molecules 
to which they can associate by hydrogen bonding, cause 
the hydrophilicity of the macromolecular chains to be 

accentuated, thus favoring their contact with water and con-
sequently their degradation by hydrolysis [46].

Conclusions

A series of hybrid hydrogels based on PEG and PLA were 
successfully synthesized through Diels–Alder reaction. This 
approach was adopted to provide a green synthesis without 
the participation of any additives or catalysts. By varying 
the furan-containing hydrophilic PEG and PLA-modified 
maleimide ratio, different compositions of DA adduct were 
obtained via extrusion process at 90 °C. Once synthesized, 
the gels were swelled with water to form the hydrogels. The 
success of the DA reaction in the formation of a thermo-
reversible cross-linked structure was confirmed by rheo-
logical studies. Swelling analysis revealed the temperature 
sensitivity of the hydrogels and the influence of the content 
of hydrophilic polymer in water diffusion mechanism.

Finally, hydrolytic degradation studies confirmed that 
an increase in hydrophilic polymer PEG-F leads to an 
increase of water diffusion into the networks’ structure 
and therefore an increase in the degradation rate due to the 
presence of hydrolytically sensitive ester groups.
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