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Abstract The degradation of polymeric materials is reco-
gnized as one of the goals to be fulfilled for the sustainable
economy. In this study, a novel methodology was pre-
sented to synthesize multiple highly cross-linked polymers
(i.e., hydrogels) through amine—thiol scrambling under mild
conditions. Amine-terminated poly(ethylene glycol) (PEG-
NH,) was reacted with the representative conjugate accep-
tors to synthesize hydrogels in organic and aqueous solu-
tions, respectively. The materials above exhibited high
water-swelling properties, distributed porous structures, as
well as prominent mechanical strengths. It is noteworthy
that the mentioned hydrogels could be degraded efficiently
in hours to release the original coupling partner, which
were induced by ethylene diamine at ambient temperature
through amine-amine metathesis. The recovered PEG-NH,
reagent could be employed again to regenerate hydrogels.
Due to the multiple architectures and functions in poly-
meric synthesis, degradation and regeneration, a new
generation of “smart” materials is revealed.
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1 Introduction

Highly cross linked soft materials (e.g., hydrogels) turn
out to be an ideal material and has been extensively emp-
loyed in various fields for their high water absorption,
programmability, good biocompatibility, easy operation
and tunable mechanical properties [1]. For instance,
hydrogels have achieved wide applications in bioprinting
[2], bio-inking [3], tissue engineering [4,5], regenerative
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medicine [6], drug delivery [7], biosensing [8], etc. More-
over, as economic society is leaping forward, and sus-
tainable development is being continuously promoted,
hydrogels are serving as a powerful tool in sustainable
energy, water purification [9], maximum energy efficiency
[10], optical component [11], molecular testing [12],
wearable device [13], actuators [14,15], etc. Furthermore,
worn-out sensors will primarily end up as electronic
waste, thereby probably polluting the environment and
endangering human health [16].

On the whole, the natural hydrogels (e.g., hyaluronic
acid, collagen and alginate) are degradable, whereas they
commonly face the limitations of unique spatial divisions
and variable time scale involved in manipulating immune
response or moderate mechanical properties [17,18]. In
addition, the synthetic hydrogels (e.g., poly(acrylicacid)
(PAA), poly(vinyl alcohol) (PVA) and PEG) exhibiting
adjustable mechanical properties break through the limita-
tions, so considerable hydrogels exhibiting high mecha-
nical strength have been developed [19]. Though
extensive studies have been conducted on degradable
materials, most of the materials above are based on
polymers (e.g., PVA, polyacrylamide [20], chitosan [21],
PAA [22], poly (acrylic acid) [23]). Substantial synthetic
materials cannot be degraded, remolded, or reformed,
thereby triggering several adverse consequences (e.g.,
pollutions, processing and manufacturing difficulties and
energy-waste). On the whole, synthetic PEGs are costly,
thereby limiting their wide applications and large-scale
preparation. For this reason, the PEG reagents should be
recycled from the existing or finished products and
reused. To the best of our knowledge, however, the
recovering work on PEG-based hydrogels has been rarely
investigated. Thus, such a type of novel materials
exhibiting degradable properties should be produced in
the field of material, which can achieve a wide range of
applications (e.g., medicine and drug delivery to
microelectronics and environmental protection) [24,25].
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2 Experimental

2.1 Synthesis of conjugate acceptors (CAs)

Meldrum’s acid derived cross-linker 1 and barbituric acid
derived cross-linker 3 were synthesized by complying
with the previous procedures presented by Wentrup [26]
and Sheikha [27], respectively. In addition, the cross-
linker 2 was synthesized in accordance with the reported
work by Kalow [28]. Chemicals originated from TCI
Chemicals, Aladdin Chemicals and other reagent manu-
facturers.

2.2 Preparation of hydrogels

CAs and 4-PEG amine (M, = 10 kDa) were dissolved in
acetonitrile or deionized water (10% acetonitrile as co-
solvent) and then swirled at ambient temperature. The
solution was moved to a mold exhibiting a diameter of
25 mm and a thickness of 1 mm for the gelation of the
solution. The hydrogels were dried and then swelled in
PBS buffer for six hours until the equilibrium was
reached for all tests. The hydrogel samples applied for
rheological testing reached the swelling equilibrium.

2.3 Characterizations of hydrogels

Rheological measurements were performed by applying a
Rheometer (MCR 302, Anton Paar) equipped with a
parallel plate geometry (25 mm rotor). Scanning electron
microscopy (SEM) images were captured under ultra-
high resolution field emission scanning electron micro-
scope (Tescan Maia3 LMH, Czech Republic). All mecha-
nical tests were performed with the use of an electronic
universal testing machine (UTM2203, SUNS, China)
equipped with 100N load cell, and the temperature fluctu-
ation in the test was reported to be lower than 2 °C-h™! to
eliminate the effect of temperature fluctuations on hy-
drogel testing. The hydrogel samples were characterized
under Raman spectrometer (Horiba Jobin-Yvon, LabRam
Aramis Raman Spectrometer, France) with 532 nm
excitation wavelength. The pH (potential-of-hydrogen)
was measured by employing an instrument equipped with
FE28-Meter (FiveEasy Plus, METTLER TOLEDO).

2.4 Degradation and regeneration of hydrogels

The fully swollen hydrogel was transferred to the ethylene-
diamine solution for degradation. After the degradation,
the mixture was collected, and the mixed solution under-
went the rotary evaporation to remove ethylenediamine.
Moreover, a white solid was produced and dried in va-
cuum. Subsequently, the minimal amount of chloroform
was exploited to dissolve the solid matter, and the mixed
solution was poured into ice ether for low-temperature
centrifugation to produce a white precipitate, which was
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then dried in vacuum to produce the recovered 4-PEG
amine. Next, the solution was dried in vacuum to produce
a white powder 4-PEG amine. 4-PEG amine was confirm-
ed through NMR spectrum in CDCl,.

3 Results and discussion

CAs (1, 2, 3) with similar structures are all containing
adjacent bis-methylthiol esters which can be scrambled
by amine derivatives [29,30]. Thus, 4-PEG amine 4 was
employed to react with the representative CAs in organic
and aqueous mediums, respectively, to produce hydrogels
(Fig. 1). The properties of the materials above made from
different acceptors in the two solvents were characterized
and compared. It is noteworthy that all the hydrogels
could be degraded quantitatively in hours by adding
ethylene diamine (EDA) through amine—amine metathesis
[31,32]. Through the decoupling reactions between bis-
vinylogous amide CAs and EDA, the networks were
cleaved to release the original coupling partners (Fig. 1).
Moreover, the 4-PEG amine was recovered through dia-
lysis and precipitation, which was subsequently verified
by nuclear magnetic resonance (NMR) and gel penetra-
tion chromatography (GPC). Furthermore, the recovered
monomer was employed again to effectively regenerate
soft materials. New hydrogel materials were successfully
synthesized, further succeeded in monomer recovering
after degradation to regenerate hydrogels. The recover-
able polymers based on dynamic covalent bonding refer
to a type of new environmentally “intelligent” materials.
First, hydrogels (A-1, A-2 and A-3) were synthesized in
organic solvent, i.e., acetonitrile due to the rapid amine-
thiol scrambling (Fig. 2). Two equivalents of CAs were
mixed with one equivalent 4-PEG amine (M, = 10 kDa)
(Figs. S1-S3, cf. Electronic Supplementary Material,
ESM). Through the vortex processing, monomers 2, 3
were cross-linked with 4-PEG amine to generate the
matrixes of A-2 and A-3, respectively, in 5 min through
amine—thiol scrambled and methyl mercaptan released
(Fig. 2(a)). Besides, an overlong time of 27 min was
required to form A-1, which indicated a slow coupling
speed due to the different leaving abilities exhibited by
methanethiol on CAs. The swelling ratios in water for the
hydrogels reached 5.7, 4.5 and 5.9, respectively, from the
measured sizes (Fig. 2(b)). The materials were observed
to be stable and hardly hydrolyzed in water over 15 d
(Fig. S4, cf. ESM). Furthermore, as indicated from the
results of rheological analysis, the hydrogel maintained
the properties of an elastomer in an hour, which demon-
strated the stability of the soft materials (Fig. S5, cf.
ESM). SEM was performed to present the microstructure
of the materials made from different CAs (Figs. 2(c),
S6-S8, cf. ESM). Figure 2(c) illustrates the typical SEM
images of the cross sections of A-1, -2 and -3 with magni-
fication (M) = 15 k. Under the difference in cross linkers,
A-2 showed a larger pore size (5 um) than A-1/A-3
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Fig.1 Recycling of soft materials through “amine—thiol coupling and amine—amine decoupling” reactions: materials of synthesis
through the reactions between CAs 1, 2, 3 and 4-PEG amine 4 with releasing methyl mercaptan (CH;SH); EDA-induced decoupling
to release the original amine partner 4 and five-membered ring product 5, 6, 7. The recyclable monomer was employed again to
regenerate soft materials.
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Fig.2 (a) Formation of A-1, -2, -3 in acetonitrile; (b) Swelling properties for A-1, -2, -3 in water, size changes and swelling ratios;
(c) SEM images for A-1, -2, -3. M = 15 k; (d) Raman spectra for A-1, -2, -3; (e) Storage modulus (G') and loss modulus (G") for
swelled A-1, -2, -3; (f) Stress-strain tension test for swelled A-1, -2, -3; (g) Maximum force, tensile strength and elastic modulus test

for swelled A-1, -2, -3.

(2.0-3.0 pm). Furthermore, to examine the chemical
structure of A-1, -2 and -3, the bonds were characterized
by Raman spectroscopy to determine the occurrence of
amine—thiol substitution (Figs. S9-S11, cf. ESM). The
stretching vibration peak of the C—S bonds at 712 cm™!
from the monomers vanished, while the peak of the C—N
bonds at 1135 cm™' appeared, which demonstrated the
amine—thiol scrambling (Fig. 2(d)). Next, the mechanical
property exhibited by hydrogels was consistent with
rheological data. Figure 2(e) presents the variations of
storage modulus (G') and loss modulus (G") of swelled
hydrogels under the fixed frequency (1 to 150 rad-s™).

Overall, the materials were mainly elastically deformed
with G' > G" under the entire frequency range, thereby
indicating the essence of elastic solids. The G' values of
the gels complied with the order: A-3 (~ 56 kPa) > A-2
(~ 40 kPa) > A-1 (~ 38 kPa) at this range of angular
frequencies, which means that the A-3 were more robust
than A-2/A-1 in resistance to shear. In kinetics from
rheometry, the G' for all the hydrogels were constant at
48 k (A-1), 46 k (A-2) and 61 k (A-3), respectively, over
300 s, thereby verifying the property of the robust elasto-
mers (Fig. S12, cf. ESM). Next, the tensile properties of
these soft materials were tested. Figure 2(f) plots the
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tensile stress-strain curves of A-1, -2 and -3 samples after
the swelling. According to the figure above, A-1 exhi-
bited an extremely low tensile strength (59.3 kPa),
whereas A-3 could withstand greater strain (~ 1.06%),
which demonstrated its higher crosslink density. In
addition, Figure 2(g) presents the maximum force, tensile
strength and elastic modulus of A-1, -2 and -3. In
comparison, A-2 achieved the greatest elastic modulus of
130 kPa, while A-3 achieved the largest tensile strength
of 120 kPa. Thus, A-2 was proved to be the least prone to
deformation. Since the crosslinking density has been
found as a pivotal factor of the strength of the hydrogel,
different ratios between acceptor 3 and 4-arm PEG amine
were adopted to verify whether the tensile properties of
the materials would be inconsistent. With the decrease in
the proportion of conjugated receptors in the reaction
system, the material could withstand greater strain (from
1.0% to 3.0%) and its brittleness was reduced, accompanied
by a reduction in the stress that could be tolerated (from
0.8 MPa to 0.5 MPa) (Fig. S13, cf. ESM).

Water, the most abundant of resources worldwide, has
been found as an ideal medium for chemical reactions.
Inspired by this finding, this study attempted to synthe-
size the soft materials by replacing organic solvent with
water (Fig. 3). Accordingly, monomers 1, 2, 3 (2 equiv.)
were mixed with 4-PEG amine (1 equiv. M, = 10 kDa) in
deionized water (10% acetonitrile as co-solvent),
respectively (Figs. S14-S16, cf. ESM). The cross linking
and formation of hydrogels W-1, -2 and -3 were slower
and required 30, 63 and 51 h, respectively, which were
inconsistent with the performances in organic solvent.
This was most probably due to the reduced electro-
philicity of conjugate acceptors once linked with an amine,
as well as the reduced mobility and interaction between
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molecules with the increase in the viscosity during the gel
formation. Moreover, as opposed to the reaction speed in
aprotic acetonitrile, the speed was 1 > 3 > 2 under protic
aqueous condition for the gelation (Fig. 3(a)). In predi-
cation, the pH impacted the coupling reactions, so the pH
of the solutions was then tested. According to Fig. S17
(cf. ESM), the water system was weakly alkaline (~8.6)
in the synthetic process, thereby accelerating the amine-
thiol substituting on two sides of the conjugate acceptors
[33].

When the amine-thiol replacement is identified in
water, the reduced scrambling points will reduce the
crosslinking density as predicted above. In this study, the
mechanical properties of the mentioned materials would
be reduced (Figs. S18 and S19, cf. ESM). First, aqueous
swelling ratios of the three hydrogels were 6.2, 6.8, 7.5,
respectively (Fig. 3(b)), higher than those made from
acetonitrile (Figs. S20 and S21, cf. ESM). In SEM, the
pore size of W-2 reached the largest (~—~6 pum), while W-1
and W-3 approached 4 pm (Figs. 3(c), S22-S24 (cf.
ESM)). The pore sizes of W-1, -2 and -3 are generally
larger than that of A-1, -2 and -3. This phenomenon could
be explained by the hypothesis that in the water system,
more unilateral amine—thiol replacement occurred on
CAs, thereby causing a decrease in the cross-linking
density. In Raman spectra, the results demonstrated the
crosslinking formation in W-1, -2 and -3 matrixes, the
stretching vibration peak appeared at 1135 cm™' for C-N
bond along with the decrease of the peak of C—S groups
at 712 cm™! (Fig. 3(d)). In rheometry, the G' value of the
gels generally decreased, which complied with the order:
W-3 (~48 kPa) > W-2 (~32 kPa) > W-1 (~28 kPa) at
the monitored angular frequency. In kinetics, the G'
values for the hydrogels reached 23 kPa (W-1), 34 kPa
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Fig.3 (a) Hydrogel formation for W-1, -2, -3 in water (10% acetonitrile as co-solvent) over time; (b) Swelling properties of W-1, -2

and -3 in water, size changes and swelling ratios; (c) SEM images

of W-1, -2 and -3 after the swelling and the lyophilization. M = 15

k; (d) Raman spectra for W-1, -2 and -3; (e) Storage modulus (G') and loss modulus (G") for W-1, -2 and -3 after the swelling;
(f) Stress-strain tension test for W-1, -2 and -3 after the swelling; (g) Maximal force, tensile strength and elastic modulus test for the

swelled samples of W-1, -2 and 3.
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(W-2), 62 kPa (W-3), respectively, over 300 s (Fig. 3(e),
Fig. S18).

In comparison, the hydrogels prepared from the two
different systems exhibited different properties, as listed
in Table 1. Interestingly, it can be observed that stress-
strain trends for W-1, -2 and -3 were opposite to the order
of the materials of A-1, -2 and -3 (Fig. 2(f) and Fig. 3(f)).
To be specific, A-3 made from the organic system exhib-
ited a stronger strain, whereas the strain range of W-3 was
the smallest in the water system. It was noteworthy that
the strain range of the hydrogels made from water was
larger than those made from acetonitrile. The elastic
modulus and tensile strength of W-3 reached 130 kPa.
Moreover, the elastic modulus and tensile strength incr-
eased by nearly 40 kPa from A-1 to W-1 (Fig. 3(f) and
Fig. 3(g)). Accordingly, the mechanical properties of
hydrogel synthesized from the organic system were found

1403

Subsequently, the crosslinking densities for all the
hydrogels were calculated to explain the mechanical
properties (Table 1). The densities of W-1, -2 and -3 were
lower in general meaning of reduced crosslinking than the
hydrogels made from acetonitrile. In the aprotic solvent,
the scrambling reaction of amine—thiol was more likely to
occur, whereas the nucleophilicity of amine was
weakened in water.

From perspective of environmental protection and ener-
gy conservation, degradation of polymeric materials into
non-toxic small molecules or started monomers would be
highly valued. To realize degradation of synthetic mate-
rials, stimuli-responsive dynamic covalent bonding would
be a powerful tool. Subsequently, the degradation pro-
perties of all the hydrogels were examined through amine-
amine metathesis induced by EDA (Fig. 4). The swelled
A-1, -2 and -3/W-1, -2 and -3 samples were processed in

to be better than those from water (Table1). EDA and tracked by time (Fig.4(a)). The initial solid
Table 1 Comparison of hydrogels properties

Property A-1 A-2 A-3 W-1 W-2 W-3
Gelation time 27 min 5 min 3 min 30h 63 h S5lh
Swelling ratio 5.7 4.5 4.9 6.2 6.8 7.5

Pore size/um 2-3 5 2-3 34 6 34
Storage modulus/kPa 48 46 61 23 34 48

Tensile strength/kPa 59.3 95.5 116.7 104.2 125.2 129.3
Elastic modulus/kPa 66.4 127.6 107.4 89.3 107.4 132.1
Crosslinking density 18.62 17.85 23.67 8.92 13.19 18.62

Degradation ratio/%

0.5 1

2 4 6
Time/h

Fig. 4 (a) Degradation of all materials by EDA (Initial status of materials (left dishes); residue of materials after degradation for a
certain amount of time (middle dishes); clear solutions after complete degradation (right dishes)); (b) Kinetics of degradation for all

materials in EDA through measuring weight.
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samples displayed round and intact status. Moreover, the
weight of the hydrogels was measured and recorded in a
time-dependent manner. Impacted by the distinctive
structures on the CAs and degree of crosslinking, the
degradation speed achieved the order of A-3 > A-1 > A-2,
while A-2 was significantly resistant to degradation with
requirement of 38 h. In comparison, hydrogels (W-1, -2
and -3) made from water showed faster speed in decom-
position by EDA. According to Fig. 4(a), 3, 14.5 and
3.5 h were required for samples W-1, -2 and -3, respec-
tively, to prepare clear solutions cleaved by EDA. Like-
wise, W-2 made from monomer 2 was found to be more
difficult to be degraded than W-1 and W-3 under the
identical condition (Fig. 4(b)). As described above, all the
soft materials could be degraded by ethylene diamine for
the potential recycling of 4-PEG amine (see below),
which demonstrated the occurrences of amine-amine
metathesis between bis-vinylogous amide on conjugate
acceptors and amines on EDA.

Next, the original coupled partners were recovered after
new hydrogels were degraded and regenerated by exploit-
ing recycled reagent and monomers 1, 2, 3 (Fig. 5). The
degraded samples processed by EDA were mixed toge-
ther and then dried under vacuum. Afterwards, the resi-
dues were dissolved in the minimum amount of
chloroform and precipitated from cold ether to prepare
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white fine powders (inset pictures in Fig. 5(a)). The
recovered ratio of the 4-PEG amine was approximately
60% on average in three tests. Subsequently, 'H NMR
spectra confirmed that the proton peaks for the recovered
product were consistent with those of the commercial
reagent in CDCl; (Fig. 5(a)). Furthermore, molecular
weight and retention time for the recovered and started 4-
PEG amine were analyzed through GPC, which resulted
in over-lapped peaks at the identical retention time of 8.5
min (Fig. 5(b)).

Reactivity of the recovered monomer should be studied
and investigated in depth. Thus, utilizing the reagent
(1 equiv.) to react with the same CAs (2 equiv.), new hydro-
gels ReA-1, 2, 3 were formed in acetonitrile (Fig. 5(c)).
To examine the mechanical properties of the newly
synthesized materials, rheological analysis was conducted
(Figs. 5(c), S25 (cf. ESM) and Table 2). The G' of the
novel materials decreased from the original values of
56 kPa/61 kPa/47 kPa (A-1/A-2/A-3) to 10 kPa/15 kPa/
25 kPa (ReA-1/ ReA-2/ReA-3), respectively. In addition,
their tensile properties were reduced, as compared with
those made from original 4-PEG amine. According to
Figs. S26-S27 (cf. ESM), the tensile strength and elastic
modulus of ReA-1 decreased from (59.3 kPa, 21.7 kPa)
to (66.4 kPa, 38.3 kPa), and those of ReA-2 (40.1 kPa,
63.2 kPa) declined to half of the original values (95.5 kPa,
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Fig. 5 (a) Proton NMR for started and recycled 4-PEG amine in CDCl,; (b) GPC for started and recycled 4-PEG amine in DMF;
(c) Storage modulus (G') and loss modulus (G") for ReA-1, -2, -3 after the swelling in the mode of time scan. Inset photos:
regeneration of materials by using recycled 4-PEG amine in acetonitrile.
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Table 2 Comparison of properties of A-1, -2, -3 and ReA-1, -2, -3
Property A-1 A-2 A-3 ReA-1 ReA-2 ReA-3
Gelation time 27 min 5 min 3 min 90 min 40 min 10 min
Storage modulus/kPa 48 46 61 9.8 14 84.3
Tensile strength/kPa 59.3 95.5 116.7 21.7 40.1 83.9
Elastic modulus/kPa 66.4 127.6 107.4 383 63.2 84.3
Crosslinking density 18.62 17.85 23.67 3.8 543 8.54
127.6 kPa), while the tensile properties of ReA-3 (83.9 kPa, References

84.3 kPa) were kept approximately at 75% of the original
values (116.7 kPa, 107.4 kPa). The reduced crosslinking
densities calculated in Table 2 for the re-synthesized
materials led to the sacrificed mechanical properties.
Besides, the recycling process was repeated for three
times (recovery ratio kept at 60%) for A-3, and each time
the recycled 4-PEG amine could be well gelled with the
CAs (Fig. S28, cf. ESM). The reduced performances
above could be explained by the reduced reactivity of the
recovered 4-PEG amine from incomplete degradation, not
exactly as the purchased one. Fortunately, their stabilities
were kept, which showed their promising further
applications.

4 Conclusions

In brief, polymeric materials were degraded through
amine—thiol “clicking” and amine-amine “declicking” via
conjugate acceptors. Commercially available PEG-NH,
was clicked with three representative conjugate acceptors
to develop soft materials under mild conditions through
amine—thiol scrambling. The reaction and formation of
materials were successfully operated in solvents of
acetonitrile and water, respectively. Next, the materials
above achieved high water swelling ratios of 7.5, distri-
buted pore sizes from 2 to 6 pm and high mechanical
strengths with G' of 56 kPa, which were found with
extensive potential applications. More importantly, all the
soft materials can be degraded efficiently in hours to
release the started coupling partner, which were induced
by ethylene diamine through chemically triggered amine-
amine metathesis. 4-PEG amine achieved a recovery rate
of 60%, and it could be employed to regenerate soft
materials. Compared with the reported research on hydro-
gel recovery [34], this study degraded and recovered the
raw started material and further examined the properties
and recycling efficiency. Due to the multiple architectures
and functions in polymeric synthesis, degradation and
regeneration through dynamic covalent bonding, a new
generation of materials with promising applications is
revealed.
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