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Biodegradable smart materials with self-healing
and shape memory function for wound healing+

Sigin Sun,? Chaoxian Chen,*®° Jianghong Zhang? and Jianshe Hu @ *2

Notwithstanding the rapid development of suture elastomers to meet the needs of practical surgery,
utilizing the elastomers’ self-healing function as a surgical suture to facilitate the healing of wounds has
not been addressed. Here, a biodegradable aliphatic polycarbonate smart elastomer, mPEG,;3-b-PMBC,,
was synthesized from aliphatic polycarbonate monomer with methoxy polyethylene glycol (mPEGy;3, 5.0
kDa) as initiator, which exhibited excellent mechanical properties, highly efficient self-repairing, and
remarkable shape memory behavior. The polymers possess outstanding self-healing ability for 150 min.
Meanwhile, after 46.33 + 1.18 s, the temporary shape of the obtained polymer had been recovered. The
results of biocompatibility tests reveal that the polymers have excellent biocompatibility and can be
regarded as good biomedical materials. Then, in vivo experiments were used to prove the self-healing
knotting ability of the polymers and quickly close a wound surface using a programmed shape at
physiological temperature. The results demonstrated that the injury wound can be effectively healed

rsc.li/rsc-advances

1. Introduction

In surgery, healing behavior can be promoted by exact wound
closure, which can reduce the suffering of patients."* Surgical
sutures can facilitate wound healing. However, the skill of
knotting presents particular challenges for doctors. Especially,
the necrosis of surrounding tissues occurs when the knotting
force is too large, which leads to the injury wound being
susceptible to risk of secondary infection.®* Suture polymers
have been used to facilitate the needs of practical surgery;
however, exploiting the polymers' self-healing function, appro-
priate mechanical strength, knot security, and little inflamma-
tory response as a surgical suture to enhance wound healing
efficiency has not been reported.

Shape-memory polymers (SMPs) have excellent potential
because they can respond to heat, electric fields, light, magnetic
fields, etc., promoting the possible applications in many fields
such as intelligent sutures, actuators, and so on.*™** In other
words, the network's movement can promote the restoration of
permanent shapes of SMPs, and thus they are regarded as smart

“Department of Chemistry, College of Science, Northeastern University, Shenyang
110819, P. R. China. E-mail: hujs@mail.neu.edu.cn

*Department of Material Science and Engineering, Key Laboratory of Polymer
Chemistry and Physics of Ministry of Education, Peking University, Beijing 100871,
P. R. China. E-mail: Chenchaoxian1001818@pku.edu.cn

T Electronic supplementary information (ESI) available: The synthesis of the
polymer; the structure, thermal behavior, mechanical properties, shape memory
performance, enzymatic  degradation, and  biological  recognition
characterization of the obtained elastomers; in vivo studies; H&E stain testing of
the self-healing of the SMPs (PDF). See DOI: https://doi.org/10.1039/d2ra07493a

© 2023 The Author(s). Published by the Royal Society of Chemistry

compared with traditional sutures, which will offer new study suggestions for subsequent healing areas.

materials.**"” Undoubtedly, SMPs have been manufactured as
surgical sutures to facilitate wound healing.**'%'”
Furthermore, polymeric materials' self-healing ability has
been used in wound healing, body sensors,”®*>" and other
fields.”*** With the advancement of ever-increasing stimuli-
responsive actuation elastomers, actuating polymers have
been embraced in many fields.>?**® Intrinsic self-healing
elastomers are manufactured via non-covalent bonds. These
bonds, including hydrogen bonding,***”*° hydrophobic
interactions,***' polymer entanglements,*** and others,'®* can
be facilitated to synthesize self-healing elastomers with good
mechanical properties. The variation of such non-covalent
interactions can be used to adjust the self-healing behavior of
materials.’****® Many researchers are devoted to designing
smart materials, promoting their excellent properties for use in
biomedical applications.>****>¢373% For instance, Biswas et al.>’
prepared polyurethane nanohybrid based on in situ polymeri-
zation. The polymers have a 95.0% shape recovery ability, and
the healing time of wounds is 9 days, but the technology of self-
healing knotting was not reported. Zeng et al.*® synthesized
shape-memory polymeric materials that indicated a shape
recovery ratio of ~95.0% and tensile fracture stress of 27.2 MPa.
After being processed into a spiral-like stent through the shape
memory function of the materials, the blended polymers
showed an efficient self-expansion within 20 s at 37 °C.
However, if the polymers were used in biomedical applica-
tions, their mechanical strength, self-healing, and shape
memory function are widely challenged and
contradictory.>'*?*42%373% Until now, none of the literature
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reports have addressed the above issues when polymers are
applied to wound healing.

Here, we report a suggestion for self-healing knotting for
wound healing to synthesize and fabricate surgical sutures. The
polymers were formed from 2-methyl-2-benzyloxycarbonyl
propylene carbonate (MBC)**** with Sn(Oct), and methoxy
polyethylene glycol (mPEG,43, 5.0 kDa) as initiators based on
ring-opening polymerization. The obtained surgical sutures can
properly close a wound edge under temperature induction and
have good self-healing knotting ability at room temperature for
self-tightening sutures in key-hole surgery. The mechanical
properties, self-repair efficiency, shape memory, biocompati-
bility, and degradation properties of the surgical sutures were
investigated thoroughly. The experimental results demon-
strated that the prepared novel sutures have potential as
excellent biomaterials for wound healing.

View Article Online
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2. Results and discussion

2.1 Design of the elastomer and mechanical and self-
repairing properties

In our work, the aliphatic polycarbonate network is synthesized
by the bulk ring-opening polymerization of MBC using mPEG;3;
as an initiator (Fig. 1(B)). The resultant elastomers were named
P,-P;. Synergistic interactions between hydrophobic interac-
tions and hydrogen bonds of the network will occur, which lead
to excellent properties, including appropriate mechanical
properties, self-repairing, and shape memory of the network
structure (see Experimental section, ESIT for more details). As
shown in Fig. 1(E), in the NMR spectrum of monomer MBC, the
signal at 6 = 7.45-7.28 corresponds to unsaturated hydrogen in
the benzene ring; the methylene group directly connected to the
benzene ring has a single peak at 6 = 5.20 because there is no
hydrogen on its adjacent carbon; signals at 6 = 4.66 and ¢ = 4.21

correspond to the methylene on the carbonate ring,
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(A) SMP suture with self-healing property for the interface of a wound. (B) Schematic process of the obtained SMPs. (C) Schematic of the

construction of the SMPs based on aliphatic polycarbonate. (D) The network structure of the obtained SMPs. (E) The *H NMR spectrum of the

monomer MBC, initiator, and elastomer P».
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corresponding to the vertical bond and the equatorial bond,
respectively, thus appearing in the NMR spectrum in two posi-
tions and will affect each other and split into double peaks.
Furthermore, 6 = 1.28 corresponds to the methyl signal, which
presents a single peak because there is no hydrogen on the
adjacent carbon. The "H NMR spectrum indicated the typical
signal peak of the initiator mPEG;;; at 3.64 ppm. After poly-
merization, the hydrophobic association was formed between
the benzene ring groups on the side chain of the polymer. The
signal of unsaturated hydrogen on the benzene ring and the
signal of the methylene group directly connected to the benzene
ring of MBC disappeared, becoming a broadband peak, which
may be due to the formation of intermolecular/intramolecular
hydrophobic associative interactions formed by the benzene
ring groups after cross-linking, thereby shielding their chemical
signals. In addition, both the methylene signal and the methyl
group signal of MBC were weakened, which was due to the
presence of terminal hydrogen bonding interactions in the
cross-linked network. Under the action of the electrostatic field,
the density of the electron cloud around the proton decreases,
so that the precession of the extranuclear electrons of the
hydrogen atom is further bound by the hydrogen bond, and the
paramagnetic shielding and deshielding effects increase,
resulting in a deshielding effect.

()
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The FTIR spectra of the obtained SMPs are shown in
Fig. 2(a). After polymerization, the hydroxyl associations have
been established at 3400-3000 cm ‘. Meanwhile, the peaks of
the carbon-carbon double bond, methyl, and methylene C-H
stretching vibration are reinforced. Accordingly, the monomer
unit has been successfully ring-opened. Furthermore, the
thermal transitions of the obtained SMPs were investigated
(Fig. 2(b)). The results demonstrated that the glass transition
temperature (T,) of the SMPs based on aliphatic polycarbonate
was increased with a decrease of the catalyst, and the T, values
of P, P,, and P; are 17.30 °C, 17.46 °C, and 17.55 °C. The hard
and soft domains of the obtained SMPs were enhanced to
reinforce the physical cross-linked density of the elastomer
network,® indicating that 7, of the obtained SMPs can be
slightly enhanced. Meanwhile, the thermogravimetric analysis
of the SMPs shows that they have good stability up to temper-
atures as high as 300 °C. Importantly, compared with those for
wound healing reported previously,**** the mechanical strength
of the obtained SMPs is comparable (Fig. 2(d)).

The mechanical properties of SMP P; were determined.
Owing to the physical cross-linking interactions of the network
structure, the mechanical properties of P; are dependent on
frequency (Fig. S1(a and b)¥). As the temperature increases, the
moduli (G’ and G”) of P; decreased (Fig. S1(b)T), demonstrating
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(a) FTIR spectra of the SMPs. Note: the chemical structure of the monomer is reported in our previous work.? (b and c) The thermal

behavior of the SMPs: (b) DSC curves of the obtained SMPs; (c) TGA curves of the obtained SMPs. (d) Curves of mechanical properties of the

SMPs.
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that physical cross-linked interactions were established, and
the polymer has potentially self-healing ability.

Fig. 3(a) shows curves of the tensile strength of P,. The
results indicated that the mechanical properties of polymer P,
were notably increased with enhanced speeds, indicating that
the network was cross-linked by physical interactions.®**>*
Then, the mechanical strength curves of the self-healing
behavior of P; are shown in Fig. 3(b). After 120 min, the self-
healing efficiency of P, is 98.88%, suggesting that the poly-
mers possess excellent self-healing ability duo to the physical
cross-linked interactions in the network. In addition, Fig. 3(c)
shows images of the self-healing of P, and P;. After 60 min,
almost complete regeneration of the surface is achieved,
revealing that the broken non-covalent bonds in the network
can be quickly reconnected. Furthermore, the self-healing study
was completed at 25 °C, higher than Ty of the elastomer, which
will promote the movement capability of the polymer segments
to further facilitate the self-healing of the polymers. Impor-
tantly, the synthesized polymers' self-healing behavior can be
greatly reinforced by the catalyst content, and the self-healing
time of P; is 120 min. Comparing with the self-healing time
of P,, with a decrease of the catalyst content, the self-healing
ability of the SMPs increase, which is due to the increase of
cross-linking density.® Therefore, the self-repairing ability of the
obtained SMPs had been significantly enhanced, promoting the
high efficiency of self-repairing of the SMPs.

View Article Online
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To further investigate the relationship between healing effi-
ciency and temperature for the SMPs, the self-healing abilities
of the SMPs were explored at high temperature (Fig. S27). After
130 min and 110 min at 37 °C, P, and P; can be fully healed,
respectively. Then, with increased temperature, the self-healing
ability of the SMPs can be notably enhanced, and the full
healing time is only 20 min and 10 min at 50 °C for P; and P;,
respectively. Therefore, the self-healing efficiency of the ob-
tained SMPs can be notably increased by temperature. Mean-
while, the polymer movement of the SMPs can be driven, which
will promote the re-formation of the hydrogen bonds and
hydrophobic associative interactions of the network with vari-
ation of the temperature.

2.2 Shape memory behaviors

As demonstrated above, the obtained SMPs possess controllable
mechanical properties and high-efficiency self-healing ability.
Next, the function of shape memory needs to be investigated for
the obtained SMPs. As shown in Fig. 4, the stored deformation
energy can be fixed when the synthesized polymer is immersed
in 7 °C water, which will limit the mobility of the polymer's
chain (Video S17) and afford programmed temporary shapes.
Then, the mobility of the polymer's chain and fixed stored
deformation energy can be stimulated by increased tempera-
ture. This is attributed to the view that enough toughness of the
polymers when the polymers were input below T, may restore
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(a) Curves of mechanical strength of P,. (b) Mechanical strength curves of self-healing behavior of Ps. (c) Images of self-healing of the
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Fig. 4 (a) The shape recovery ratio of elastomer P,. (b) The shape recovery ratio of the obtained sample P, within three cycles. (c) R, and Ry

curves of polymers P;—Ps. (d) The shape changes of P, as a response to body temperature.

the deformation energy and fix any deformed state of the
polymers. Meanwhile, the temporary shape of the polymer can
be recovered to its original shape under the driving force of the
synergistic effect. Furthermore, after 46.33 + 1.18 s, the
temporary shape of the elastomer can be restored (Fig. 4(a),
Video S1 and S27). Fig. 4(d) shows the shape changes of P, as
a response to body temperature, demonstrating that the struc-
tural changes of the polymer had been induced by enhanced
temperature, and the subsequent biomedical applications can
be realized by thermal responsiveness of the polymer.

2.3 In Vitro enzymatic degradation tests

The degradation behavior of an elastomer can be examined in
terms of the mass loss of the polymer.*”*>** As shown in Fig. 5,
the polymer's degradation behavior was investigated by degra-
dation tests in vitro. The results revealed that a good linear
relationship of mass loss of the polymer can be obtained, shown
in Fig. 5(a). This is because the aliphatic polycarbonate has
good biocompatibility and no acidic degradation products
resulting from its degradation.** Therefore, the degradation
behavior of the polymer was studied, indicating that the pH

© 2023 The Author(s). Published by the Royal Society of Chemistry

value of the polymer can remain at a value of ~7.0 and does not
widely reduce during the degradation time (Fig. 5(b)), which
enables the materials to be applied in biomedical fields.
Furthermore, Fig. 5(c—e) shows SEM images (x5.0 K, x10.0 K) of
the polymer before and after degradation. The degradation
holes of the polymer can be obviously observed, and the inter-
face of the polymer became wrinkled and rough after
degradation.

The mechanical strengths of the obtained P; changed after 8
days of degradation as shown in Fig. S3,f demonstrating that
the mechanical strengths of the obtained P; were reduced with
an increase of the degradation time. The stress value of P; was
0.41 MPa and 0.33 MPa after 2 and 8 days of degradation,
respectively. This is attributed to the view that after degrada-
tion, the surface of SMPs becomes wrinkled and rough, and the
physical cross-linked interactions of SMPs are weakened, which
will lead to a decrease in mechanical strength.

2.4 Biocompatibility behavior

The biocompatibility tests of the elastomer can be conducted
using HUVECs in vitro. As shown in Fig. 6(a), after culturing for

RSC Adv, 2023, 13, 3155-3163 | 3159


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07493a

Open Access Article. Published on 23 January 2023. Downloaded on 3/5/2026 2:57:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

RSC Advances

(a) 10

View Article Online

Paper

Mass loss (%o)

©)

(b9

pH value

6 v T

40
1 (days)

Fig. 5

(a) The mass loss curve of polymer P, with increasing number of days. (b) The pH curve of polymer P, with increasing number of days. (c,

d and e) SEM images (x5.0 K, x10.0 K) of polymer P, before and after degradation at 37 °C.

3 days in vitro, compared with the optical density (OD) values
reported by Vancso,* the OD values of the obtained SMPs were
approximate, showing that the obtained SMPs exhibit excellent
cell proliferation in our work. Then, the blood compatibility of
the polymer can be tested in terms of the hemolysis ratio ob-
tained between RBCs and the polymer. As shown in Fig. 6(b),
the appearance of hemolysis was not observed after the tests,
and the hemolysis ratio was 0.28%, far below the ASTM stan-
dard, proving that the polymer possesses good RBC
compatibility.

Furthermore, the cell viability of the polymer was examined
by confocal and clone-forming tests, the results being shown in
Fig. 6(c and d). The tests revealed that HUVECs can induce the
formation of an elliptical structure and cellular clusters
(Fig. 6(c)). Meanwhile, the cell viability of the sample with

3160 | RSC Adv, 2023, 13, 3155-3163

HUVEC lines was enhanced notably after clone-forming, indi-
cating the reinforced proliferation behavior of cells (Fig. 6(d)).
Consequently, the polymer exhibits good cell affinity to afford
opportunities in smart biomedical applications.

2.5 SMPs for wound healing applications

In vivo, a test of self-tightening of sutures was used to evaluate
the wound healing of the elastomers with self-healing and
shape memory function. The SMPs' suture and the technique of
self-healing knotting were used to investigate the conditions of
wound healing based on a mouse skin suture-wound model. As
shown in Fig. 7(A), the shape of the polymer can be fixed below
Tg, resulting in the deformation energy of SMPs being stored to
promote wound healing when the mice used in the experiment

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) The OD values of the polymer. (b) Results of hemolysis tests of the polymer. (c) Results of confocal tests of the polymer. (d) Clone-

forming of HUVECs.

are injured. Meanwhile, the postoperative knotting technique
was executed by the self-repairing function of the polymer for
the first time (Fig. 7A(f-h)). A standard surgical needle was used
to suture at 2 mm away from the wound edge (Fig. 7A(e) and
7B(a)). The process of wound healing is shown in Fig. 7B. The
wounds (length 2 cm and width 2 mm) can be healed by heat
treatment with increased time, and the wounds were completely
closed after 5 days due to the excellent shape recovery function
of the polymer (Fig. 7B and Video S3t) compared with a tradi-
tional suture. Importantly, the knotting problem is still not
solved by all SMP sutures reported.>****” However, the need for
wound healing can be satisfied by only one knot after suturing.

© 2023 The Author(s). Published by the Royal Society of Chemistry

This is attributed to the view that the polymer's self-repairing
behavior can be induced automatically by the physical cross-
linking of the network in the knotting process.® Furthermore,
after complete healing, scar formation was not produced, sug-
gesting that the self-healing function of the obtained SMPs is
effective for closing the wound, which is most important for
wound healing. The histology of the suture neighboring tissue
was studied by H&E staining examination, seen in Fig. S4.7 The
results reveal that an inflaimmatory phenomenon was not
observed obviously after 5 days of wound healing compared
with the traditional suture, showing the beneficial anti-
inflammatory ability of the polymer.
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3. Conclusions

In summary, we have successfully designed a smart elastomer.
The elastomer with good biocompatibility embraces control-
lable mechanical, high-efficiency self-repairing, and excellent
shape memory properties. The elastomer possesses an excellent
wound-closing ability, and the injury wound can be efficiently
healed by thermal treatment. Significantly, compared with
previously reported studies, the knotting problem of sutures
was improved by the polymer's self-repairing function for the
first time, and the wound-healing efficiency can be reinforced
notably. The results of this study are expected to promote the
development of the wound healing field.
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