¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry B

View Article Online
View Journal | View Issue

REVIEW

Biological applications of lipoic acid-based

".) Check for updates‘
polymers: an old material with new promise

Cite this: J. Mater. Chem. B,

2024, 12, 4574

Qing Yu,?® Zhiyue Fang,®® Shifang Luan, (2°° Lei Wang (2 *° and

Hengchong Shi (2 *2°

Lipoic acid (LA) is a versatile antioxidant that has been used in the treatment of various oxidation—
reduction diseases over the past 70 years. Owing to its large five-membered ring tension, the dynamic
disulfide bond of LA is highly active, enabling the formation of poly(lipoic acid) (PLA) via ring-opening
polymerization (ROP). Herein, we first summarize disulfide-mediated ROP polymerization strategies,
providing basic routes for designing and preparing PLA-based materials. PLA, as a biologically derived,
low toxic, and easily modified material, possesses dynamic disulfide bonds and universal non-covalent
carboxyl groups. We also shed light on the biomedical applications of PLA-based materials based on
their biological and structural features and further divide recent works into six categories: antibacterial,
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anti-infammation, anticancer, adhesive, flexible electronics, and 3D-printed tissue scaffolds. Finally, the
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challenges and future prospects associated with the biomedical applications of PLA are discussed.

Introduction

Lipoic acid (LA), a naturally occurring fatty acid with a five-
membered disulfide ring, exhibits both amphiphilicity and
antioxidant properties. As a crucial enzyme cofactor in the
human body, it is involved in the coordination of mitochondrial
energy metabolism, body detoxification, resistance to skin
inflammation, and maintaining blood sugar levels."* Ever since
it was first isolated from hepatocytes in 1951 by Reed et al.,” LA
with various biological activities has been widely used in the
treatment of many oxidation-reduction (REDOX) diseases, such
as diabetes,"” atherosclerosis,® and cancer therapy.”® Owing to
its unique pharmacological characteristics and biomass sources,
the clinical applications and disease treatment mechanisms of
LA have been extensively studied for the effective treatment of
diabetic peripheral neuropathy (DPN),'® and its global market
demand exceeds 3000 tons annually.

LA is easily activated owing to its high five-membered ring
tension and low dynamic disulfide bond energy. A high concen-
tration of LA molecules can undergo dynamic covalent ring-
opening polymerization (ROP) triggered by photo/thermal
effects. Free radical polymerization initiated by heat is one of
the conventional methods to obtain PLA. In the solvent-free
molten state, LA can yield cyclic polymers."* In recent years,
there have been significant research studies on achieving the
controlled polymerization of LA and its derivatives for the
precise structural control of PLA. Among these, the most
popular method is to add inert organic bases and mercaptan.
It is possible to achieve topological control of PLA through the
use of protonic solvents such as thiols, which depend on the
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nucleophilicity of thiols."” PLA can also introduce non-covalent
interactions, such as hydrogen bonds, metal-carboxy coordina-
tion, and van der Waals forces, to construct highly ordered self-
assembled supramolecular network structures with side chains
of carboxyl groups.>™** Additionally, the hydrophilicity and
hydrophobicity of PLA can be regulated by modification of
the side-chain carboxyl group with chemical reactions such as
esterification, amidation, and deprotonation. Dynamic supra-
molecular polymers mediated by disulfide bonds and side-
chain engineering via non-covalent crosslinking offer broad
range of application prospects for PLA, including sustainable

plastics,"®  self-healing  hydrogels,"”” ™™  cell-penetrating
peptides,*® and intelligent biomaterials.>"*>
23,24

Currently, there have been some works™** aiming to introduce
PLA-based dynamic covalent materials combining self-assembly
and reversible crosslinking to provide advanced biocompatible
templates. Consequently, these have been extensively studied in
biomedical applications, including protein modification,>®
tumor treatment,>”*® biosensing,”*™! and tissue scaffold 3D-
printing.** Most reviews®>** have primarily focused on the proper-
ties and clinical applications of small-molecule LA, while limited
attention is given to the synthesis strategies and biological applica-
tions of PLA-based systems. In this work, after fully considering the
impact of specific structures on biological performances, we high-
light the latest advancements of PLA in polymerization methods
and biomedical applications, and the prospects for further devel-
opment in the future (Scheme 1).

Biological features of free LA molecules

LA contains three structural units: a lipophilic five-membered
disulfide ring, a hydrophilic/acidic functionalized carboxyl
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Scheme 1 Polymerization and depolymerization of LA molecules, and
features and biomedical applications of PLAs.
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group, and a hydrophobic alkyl chain. There are two enantio-
mers of free LA molecules for the chiral carbon atom C6, where
the bioactive one is (R)-LA.>*

LA is described as a ‘““universal antioxidant”, which can reduce
lipid peroxidation damage induced by H,O, or Fe** and Cu®*
through direct the scavenging of free radicals® or metal chelation
(Fig. 1B).*® LA can be readily reduced into dihydrolipoic acid
(DHLA) under oxidizing conditions (Fig. 1A). Both LA and DHLA
possess potent antioxidant properties and play a synergistic effect
in vivo, similar to the relationship between glutathione (GSH) and
the oxidized form of glutathione (GSSG). Attributed to its biologi-
cal origin, good biocompatibility, easy modification, it is widely
used in the treatment or prevention of various chronic diseases
related to oxidative stress, including anti-aging nutritional
supplements,®” and even to suppress the appetite.*®

Simultaneously, because of its amphipathic nature, it can be
easily absorbed and transported through cell membranes to
penetrate tissues, such as the nervous system and the heart, that
are mainly composed of fat and water. Disulfide-mediated uptake
can be achieved through dynamic covalent exchange of disulfide
and mercaptan on the cell surface. Covalent binding to the cell
surface may occur via several uptake mechanisms, including
fusion, endocytosis, or direct translocation into the cytoplasm
along the disulfide orbits and micellar pores (Fig. 1C).** However,
the biological applications of free LA molecules are limited due to
its rapid metabolism, poor bioavailability, and short biological
half-life. Carbone et al.*® nano-encapsulated LA derivatives and
prepared hydrophilic nanocapsules as well as lipophilic-
nanostructured lipid carriers to address these issues. However,
there are still problems that need to be solved.

(A W Reduction
COOH COOH

S—S -
OxidationSH SH
FeCL,/0.
LA or L/KI DHLA
(B)
Metal-chelating Direct free radical
effects scavenging effect
Five
antioxidant
effects of LA
Regeneration
of endogenous Ability to repaire
antioxidant oxidative damage
systems
Ability to raise
intracellular
glutathione
levels
Q
}-\CS /__(C n=2 m=2
S, S S
< s 3
S S s S%:S\ s
\ [ S
TN s 1 E o3 T
L & 101 £ $ L0600
2 { 2 n W 2 n \ n & > o O30

Fig. 1 (A) Mutual transformation of LA and DHLA. (B) Antioxidant mecha-
nism of LA. (C) Scheme of LA promoting cell endocytosis. Reprinted from
ref. 39 with permission. Copyright 2020, Wiley.
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ROP polymerization of LA molecules

In 1956, Thomas and Reed observed a ‘viscous liquid” during
the oxidation of LA, which was later reported to be PLA.*" LA
exhibits instability under photoconditions with oligomer for-
mation in dilute solutions exposed to long wavelength ultraviolet
light. Besides, upon reaching the melting point (59-62 °C) of LA,
it rapidly polymerizes to form higher molecular weight polymers.
Presently, the most common method of LA polymerization is still
free radical polymerization, initiated by ultraviolet light (Fig. 2A)
or heat (Fig. 2B). The resulting PLA has a ring interlocking
structure.”” Interestingly, the total activation energy for this
process is very low and is concentration- and temperature-
dependent." It is challenging to obtain the polymer at below
the melting point or under certain concentrations. Conversely,
once the temperature exceeds the melting point of LA, polymer-
ization occurs more readily. However, the bulk thermal poly-
merization process for obtaining PLA without any initiator is
reversible, yielding amorphous polymers. When LA molecules
are sufficiently close in ethanol at a high concentration, inter-
molecular disulfide exchange occurs, leading to PLA with alter-
nating disulfide bonds in the main chain with a lower
polymerization temperature (Fig. 2C). Nevertheless, the resulting
PLA is metastable at room temperature, and after ethanol
evaporation, it quickly reverts back to semicrystalline oligomers
due to retro-cyclic depolymerization. To address these issues, the
controlled thermal polymerization of PLA can be enhanced by
leveraging the synergistic effects of both covalent and non-
covalent bonds. On the one hand, chemical reactions of the
carboxyl group via esterification, guanidinylation, amidation, etc.
can introduce different functional groups and facilitate hydro-
gen bonds. Zhang et al.*® reported a water-soluble ABA triblock
copolymer; whereby a hydrophilic poly(ethylene oxide) B block
and hydrophobic A block, derived from a carbonate with LA, self-
assembled to form a flower-like microgel in water medium.
Concentration induction led to physical crosslinking, while the
addition of a telechelic dithiol triggered chemical crosslinking.
Lu et al.*® utilized sulfhydryl protein residues to initiate methoxy
oligoethylene glycol-modified LA polymerization, achieving
protein-PDS graft synthesis at physiological temperature and
reducing the polymerization concentration of LA. Zhang
et al.”® constructed a supramolecular polymer network using
three different types of dynamic chemical bonds (chemical
crosslinking, hydrogen bonding, and complexation) in a single
polymer system. On the other hand, ionic liquid could be added
to prevent the depolymerization of PLA. Wang et al.** achieved a
concentration-induced ring-opening polymerization of LA at
room temperature and obtained stable PLA ion sols in air by
adding an ionic solution of 1-ethyl-3-methylimidazolium ethyl
sulfate. Additionally, the carboxyl group can be complexed with
various metal ions (Fe**, Cu®*, Zn**, Mn*", etc.). These complexa-
tions often offer an opportunity to modulate the optical and
electrical properties of inorganic surfaces, including quantum
dots (QDs), plasma materials, and perovskites.*>*

Although free radical polymerization is convenient, the
polymerization of LA often results in a mixture of PLA and a
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Fig. 2 Two mechanisms for the ring-opening polymerization for PLA:
radical polymerization and thiolate-initiated anionic ROP. (A) Photoin-
duced ring-opening polymerization for PLA. (B) Thermal polymerization
for PLA. (C) Ring-opening polymerization induced by the concentration in
ethanol solution. (D) Process of substrate-initiated polymerization: chain
initiation, chain growth, and chain termination. Reprinted from ref. 20 with
permission. Copyright 2013 Elsevier. (E)-(G) Effect of mercaptan nucleo-
philicity on the topological structures of PLA. (H) Regioselective ring-
opening polymerization for PLA by anion-binding catalysis. Reprinted from
ref. 49 with permission. Copyright 2023, Elsevier.

small number of cyclic monomers. To achieve precise struc-
tural control and a low dispersion, researchers have explored
living anionic polymerization triggered by mercaptan initiators.
Bang et al.*° utilized thiolated probes or drugs as initiators for
the anion polymerization of guanidinylated LA derivatives at
room temperature, with iodoacetamides acting as terminators
(Fig. 2D). Notably, PLA is susceptible to reduction and
depolymerization,”” making it a promising candidate for non-

This journal is © The Royal Society of Chemistry 2024
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invasive drug delivery.*® Some studies have shown that the
structures of PLA depend on the nucleophilicity of the
initiators.’> Alkyl mercaptans tend to yield linear polymers
(Fig. 2E), while aryl mercaptans favor ring polymers (Fig. 2F).
Linear PLA was successfully obtained using benzyl mercaptan
with inert bases (Fig. 2G). What’s more, achieving regionally
selective PLA remains challenging due to the highly nucleophi-
lic chain ends of PLA, which may react with S-S bond mono-
mers or polymers to induce chain transfer and chemical
irregularities. Du et al.*® addressed this issue using an anion-
binding catalyst (Fig. 2H). By regulating the nucleophilicity of
mercaptan through hydrogen bond interactions, they reduced
the negative charge at the chain ends and improved the
regional selectivity of the ROP. However, further investigations
are needed to enhance the regional selectivity of PLA synthesis
to align with diverse application requirements. As the most
controllable way, thiolate-initiated anionic ROP remains pro-
blematic in certain applications, such as in inert conditions
and non-initiating monomers with active protons. Qu et al.*°
reported an acid-catalyzed cationic ROP, which resulted in
high-molecular-weight (over 1000 kDa) poly(disulfide)s under
open air without inert protection.

This material exhibits significant potential in the biomedi-
cal field due to its interaction between dynamic covalent bonds
and dynamic non-covalent sites, as well as its non-toxicity,
biological origin, closed-loop recyclability, and other notable
characteristics.

Biomedical applications
Antibacterial

So far, most antibacterial polymers lack the capability for
reactive degradation. These chemically stable polymers can
accumulate in the human body or the environment, potentially
leading to significant cytotoxicity and inducing bacterial
resistance.> The biological origin of PLA enables its biodegrad-
ability and biocompatibility in vivo, allowing for its rapid
degradation by in vivo reducing agents. What’s more, because
of the synergistic effect of dynamic disulfide bonds and
dynamic non-covalent sites, as well as the presence of modifi-
able carboxyl groups, this material holds promise as a respon-
sive degradable antibacterial agent.

Zhao et al.”® coated poly(TA-Zn) on an alkali heat-treated
ZE21B alloy scaffold for enhancing the corrosion resistance and
blood compatibility of the scaffold (Fig. 3A). Poly(TA-Zn) sca-
venged free radicals because the released TA molecules could
lower 2,2-diphenyl-1-picrylhydrazyl (DPPH) content by electron
transfer or hydrogen. The complex interactions between Zn>*
and carboxyl groups replace a part of the weak hydrogen bond
interactions, thereby enhancing the network stability. Further-
more, REDV peptide was coupled to the scaffold through
amidation reactions to promote the re-endothelialization. PLA
rich in guanidine groups can be utilized for efficient drug
delivery. The cationic groups facilitate the initial binding of
the polymer to the negatively charged bacterial cell membrane,

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Schematic diagram of the material design of poly(TA-Zn)-REDV
and the function of its enhanced re-endothelialization and suppressed
SMC overgrowth. Reprinted from ref. 52 with permission. Copyright 2023
Elsevier. (B) Synthesis route of Dex-g-PSSn and preventative mechanisms
toward bacterial resistance. Reprinted from ref. 53 with permission. Copy-
right 2023, Wiley.

followed by the entry of lipophilic groups into the membrane to
exert their function. Poly(TA-Zn) samples could significantly
inhibit the growth of Staphylococcus aureus, where the average
size of the inhibition ring was 1.56 £+ 0.27 mm, and the
hemolysis rate of blood cells was less than 5%. Mu et al.’>’
functionalized PLA with guanidine groups and grafted it with
dextran to serve as an antibiotic adjuvant (Fig. 3B). The PLAs
could be depolymerized via GSH, preventing the accumulation
of non-degradable polycations in vivo and effectively reducing
cellular toxicity. This approach reduces bacterial resistance to
antibiotics by decreasing the bacterial cell membrane perme-
ability or disrupting the efflux pump functions. In the presence
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of Dex-g-PSS;o, neither MDR-AB nor MRSA cells cultured for
more than 30 generations developed resistance to various
antibiotics, including levofloxacin and tobramycin.

Anti-inflammation

ROS can oxidize low-density lipoprotein (LDL) to form oxidized
LDL, which in turn transforms macrophages into foam cells and
induces an inflammatory response.>**> PLA has disulfide bonds,
which enable its remarkable electrophilicity and free radical
reaction ability, such as the removal of *OH, °*NO, *ONOO
in vivo, or H,0, and HCIO. The tightly crosslinked disulfide bonds
and negative carboxylate-rich surface of PLA can effectively pre-
vent blood dilution and serum protein adhesion.® However, the
stability and hydrophobicity of PLA limit the release of bioactive
LA monomers in water, compromising its biological functions. It
has been discovered that LA-Na not only retains the polymeriza-
tion properties of LA but also rapidly decomposes into small LA
sodium salts when exposed to water.*®

Cui et al.’” prepared a binary synergistic elastomer adhesive
patch made from PLA-Na/PLA by mixing an ethanol solution of
PLA with an aqueous solution of PLA-Na, followed by evapora-
tion at 37 °C (Fig. 4). This patch exhibited long-term wet-
adhesion and anti-inflammatory properties for treating oral
ulcers. The carboxyl groups of PLA could achieve firm tissue
adhesion through multiple hydrogen bonds and electrostatic
interactions with the amino groups on the tissue surface.
Additionally, the hydrophobicity of PLA limited water absorption
by the patch, and disrupted the orderly arrangement of PLA-Na.
The introduction of PLA via multi-component ~-COOH- - -O—C-
hydrogen bonds reduce the dissociation rate of PLA-Na, enabling
a slow and sustained release of LA-Na. Immunohistochemical
staining further demonstrated that the patch significantly
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Fig. 4 Schematic diagram of the preparation and application of a PLA-
based binary synergistic elastomer adhesive patch. Reprinted from ref. 57
with permission. Copyright 2023, Springer.
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downregulated the expressions of pro-inflammatory cytokines
IL-6 and TNF-o in mini-pig oral mucosa tissue.

Antitumor

The tumor microenvironment plays a crucial role in the initia-
tion, proliferation, invasion, and metastasis of tumor cells.
Numerous studies have been conducted to develop therapeutic
strategies targeting the acidic environment (with a higher GSH
concentration than normal cells), H,O, overexpression, hypoxia,
and severe inflammation.>” Disulfide bonds exhibit minimal
cytotoxicity toward tumor cells. PLA can undergo rapid in vivo
biodegradation by reducing agents such as GSH,?>*® resulting in
the formation of small molecules possessing antioxidant proper-
ties, and it exhibits non-conventional thiol-mediated covalent
translocation with the cell membrane.* Therefore, incorporat-
ing disulfide bonds into prodrugs allows for their reduction to
sulfhydryl groups within the tumor cytoplasm at high GSH
concentrations.***° This enhances the hydrophilicity of the drug
system, promotes adjacent chemical bond hydrolysis (such as
ester bonds), and facilitates drug release.

Zhu et al.®® utilized amidation to attach guanidylated lysine
derivatives to LA and then polymerized them with methoxypo-
lyethylene glycol mercaptan to obtain bioreducible cell-
penetrating polyguanidine (mPEG,,5-b-PSS,) for delivering
plasmids KillerRed-p53 (PSR-p53) in antitumor therapy (Fig. 5).
Among them, the agarose gel electrophoresis results showed that
disulfide bonds within mPEG,,5-b-PSS,, framework were decom-
posed in the presence of 8 mmol L~ " GSH and greatly facilitated
DNA release. The immunohistochemical staining results indi-
cated that the complex formed with pKR-p53 could enter tumor
cells through mercaptan mediation and successfully express
KillerRed and p53 proteins upon GSH-mediated plasmid release.

Adhesion

Polymer-based biomedical tissue adhesives have attracted
widespread attention in the medical field due to their excellent
performances. They are suitable for closing and regenerating
various tissue injuries. However, their applications are some-
what restricted due to their weak wet adhesive and lack of
biological functionality. Adhesive hydrogels have been exten-
sively utilized in biomedical applications,®*™® such as wound
dressings, sutures, and strain sensors, owing to their high-
water content and resemblance to biological soft tissues. Self-
healing hydrogels are typically engineered by incorporating
dynamic covalent or reversible non-covalent bonds, including
disulfide bonds, acylhydrazones, hydrogen bonds, coordina-
tion bonds, guest-host interactions, and hydrophobic interac-
tions. PLA possesses disulfide bonds that can strongly bind to
tissues, and can introduce a variety of dynamic bonds to fulfill
the requirements of adhesive hydrogels.®* The natural biocom-
patible polymer skeleton also facilitates its biological
applications.

Chai et al.®* achieved covalent bonding between polydopa-
mine (PDA) and PLA through a Michael addition (reaction
between the catechol groups of PDA and the thiols of PLA),
while also establishing non-covalent bonding through

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Schematic diagram for the preparation and antitumor therapy
application of mMPEG,,5-b-PSS,,. Reprinted from ref. 60 with permission.
Copyright 2022, Wiley.

hydrogen bonds. By introducing PLA as a natural biocompati-
ble skeleton and utilizing PDA as a crosslinking agent, they
demonstrated an enhanced adhesion capability and antiswel-
ling ability. The synergistic effects resulting from the combi-
nation of covalent bonds and non-covalent interactions
between PLA and PDA imparted a high stretchability, self-
healing ability, and toughness to the hydrogels. These hydro-
gels could be employed as wound dressings for skin defects.
Additionally, the presence of PLA in the hydrogel provides
antioxidant properties that help eliminate free radicals and
inhibit inflammation. Furthermore, PDA’s catechol groups can
establish strong contact with proteins and cells, thereby pro-
moting cell attachment and proliferation. Cui et al.®® created a
self-stabilized deep eutectic supramolecular polymer adhesive
by heating a mixture of LA and LA-Na (S-, R-isomer, racemate)
with LA in one step. When the LA/LA-Na ratio was 2, the
adhesion strength of the adhesive was increased significantly
in water, from 137 kPa to 1.07 Mpa after soaking in water for 1
day. As a tissue sealant, the adhesive could replace surgical
sutures and enhanced wound healing of a rat skin incision.

Flexible electronics

Flexible electronic materials possess both high electrical con-
ductivity and material flexibility, making them highly promis-
ing for applications in wearable devices and flexible energy-
storage systems. Additionally, to meet the diverse requirements
of biomedicine, flexible electronic devices need to exhibit
specific properties, such as surface adhesion, permeability,
biocompatibility, and long-term stability. Various ionic con-
ductive gel materials, including ionic gels and hydrogels, have
been employed for the development of flexible sensors.®®
Hydrogels offer adjustable mechanical properties and extensi-
bility, but their practical application is often limited due to
their poor environmental stability. Ionic gels demonstrate a

This journal is © The Royal Society of Chemistry 2024
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non-combustible property with low volatility along with excel-
lent chemical, thermal, and electrochemical stability, which
makes them highly suitable for sensing, energy conversion, and
separation.®’"®® Nevertheless, most ionic gels suffer from
inadequate mechanical properties. By strategically combining
soft segments with hard segments possessing different
chemical structures, as well as arranging specific covalent
bonds or intermolecular forces to form various concentrated
state structures, the overall material properties can effectively
be regulated.

In addition to permanent covalent crosslinkers, PLA polymer
networks can also introduce disulfide bonds, ionic crosslinks,
electrostatic interactions, and hydrogen bonds to provide the
desired flexibility, adhesion, and self-healing characteristics
required for ideal wearable electronic devices. Moreover, the
presence of disulfide bonds within the main chain imparts
additional thermal/photosensitivity while promoting remoldabil-
ity and recyclability. Wang et al.”® incorporated an ionic liquid
into ethanol-induced polymerized PLA to fabricate an ionic gel,
which could then serve as a flexible sensor for monitoring the
physiological temperature signals of firefighters. The weak hydro-
gen bond interactions between the ions and the carboxyl groups
on the molecular chain promoted molecular chain deformation,
facilitating the movement of positive/negative ions within the
polymer composite under strain. Consequently, this led to
obvious changes in resistance within the composite material.
Pei et al”" synthesized a zwitterionic dynamic elastomer from
the copolymerization of LA, 1-ethyl-3-methylimidazo-lipoic acid
((Emim][LA]), and 1-ethyl-3-methylimidazole acetate ([Evim][Ac])
to detect weak physiological activity in the wrist. Dang et al.”?
added acrylic acid (AA), choline chloride (CCl), and Fe*" during
the heating polymerization of PLA to obtain a novel LA-based
ionic conductor for monitoring human joint activity. In addition
to adding iron ions to PLA to introduce coordination bonds to
provide good stretchability, Zhang et al*' also introduced a
mussel-like activity to ensure that the material had high intrinsic
adhesion on both wet and dry skin surfaces. The material could
be used to prepare breathable skin electrode arrays for stable 12-
lead clinical eletrocardiography (ECG) monitoring. Khan et al.”®
prepared an entirely gel-based triboelectric nanogenerator (TENG)
with high stretchability, self-healing, and anti-freezing capabilities
to harvest energy by sandwiching a conductive self-healable
organohydrogel (CSO) as an electrode between two symmetric
non-conductive self-healable organogel (NSO)-based piezoelectric
layers (Fig. 6). Besides adding an ionic liquid into the matrix for
electrical conductivity, Qu et al.”* reported an intrinsically con-
ductive assembled network combining reversible disulfide with f3-
sheet-inspired H-bonding. The amphipathic LA-derived small
molecular system could assemble into an ordered network via
an evaporation-induced polymerization and exhibited high effi-
ciency in ion transport (3.56 x 107> S cm ™).

Tissue scaffold 3D-printing

3D printing technology holds great potential in tissue engineer-
ing and regenerative medicine. It allows for the precise fabrica-
tion of personalized scaffold structures, tailored to match
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Fig. 6 Synthetic structures of organohydrogels and organogels and dia-
gram of a TENG device. Reprinted from ref. 73 with permission. Copyright
2023, Elsevier.

specific shapes, sizes, pore structures, and porosities.””> In
tissue engineering, 3D printing scaffolds must provide struc-
tural support and create a suitable microenvironment to sup-
port cellular behavior. In recent years, the 3D printing of
supramolecular materials with hydrogels as the main object
has been realized. Cai et al.”® found that PLA obtained by LA
thermally activated dynamic polymerization exhibited a unique
time-dependent self-reinforcing pattern (after 3D printing, the
mechanical capabilities and stiffness of PLA and LA continued
to increase over time). Therefore, LA can be used as an initial
material for 3D-fused deposition modeling (3D-FDM).

To achieve biomedical and tissue engineering applications,
3D printing materials need to be biodegradable, biocompatible,
and self-repairable, but also need to have sufficient printing
capacity, stent reliability, and mechanical properties. Tran
et al.”” found that a poly(malate-co-propylene oxide) copolymer
capped with LA and grafted by UV irradiation of the LA-capped
backbone polymer could control the printable, mechanical, and
cell adhesion of the gel, as well as the reliability of the printed
scaffold during 3D printing to obtain a printing scaffold with
high resolution and mechanical properties. After that, they
then found that adding cell adhesion proteins, such as gelatin
and albumin, to the gel made it possible to print biologically
functional 3D scaffolds (Fig. 7).** In in vivo studies, four weeks
after implantation in mice, protein-loaded scaffolds showed
great biocompatibility and increased angiogenesis without an
inflammatory response, demonstrating the promise as a prin-
table tough hydrogel ink for tissue engineering.
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Conclusions and perspective

In summary, PLA polymerization possesses several advantages,
including a simple preparation process, mild conditions, low
cost, and easy modification. Polymer materials with dynamic
disulfide bonds have exhibited good compatibility, degrada-
tion, flexibility, rapid self-healing, and reversible adhesion.
Additionally, PLA has demonstrated an antioxidant capacity
and can be applied in REDOX diseases, such as for its anti-
tumor effects, antibacterial properties, and anti-inflammatory
effects.

This review summarized the polymerization strategies of LA,
particularly focusing on two polymerization methods: free
radical polymerization and thiol-initiated anionic polymeriza-
tion. Additionally, this work summarized the use of modifiable
carboxyl groups to introduce functional moieties or supramo-
lecular interactions for achieving the ordered self-assembly of
polymers. Furthermore, leveraging the dynamic disulfide
bonds and non-covalent binding sites in PLA cancan promote
enhanced performance and broaden its applications. We also
highlight recent advancements in biomedical applications
(Table 1), especially in emerging fields, such as hydrogels,
biosensors, and 3D-printed tissue scaffolds. Moreover, due to
the low toxicity and ease of depolymerization, PLA can serve as
a suitable polymer substrate for constructing functional micro-
environments. For instance, PLA-based nanoparticles can facil-
itate the transfer of active molecules, such as mRNA, or
construct vesicles for drug-delivery purposes.®?*”® It also offers
a viable approach for molecular engineering hybrid materials
by regulating optical/electrical properties on inorganic sur-
faces, like QDs, plasma materials, and perovskites.”

However, there are still many challenges in the design and
synthesis of PLA-based biomaterials, including around the
following themes:

(1) Polymerization methods and mechanisms: currently, the
main methods for PLA are still free radical polymerization and
thiol-initiated anionic polymerization. However, more diverse
polymerization approaches are needed to achieve controlled
PLA polymerization in both equilibrium-controlled and non-
equilibrium systems. The dynamic properties of this material,
such as self-healing ability, stimulus responsiveness, and
recyclability, are mostly governed by thermodynamic equili-
brium control.

(2) Precise molecular control: achieving structurally con-
trolled PLA relies on a thiol-initiated anionic ROP. However,

This journal is © The Royal Society of Chemistry 2024
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most initiators, such as bases and thiols, need to remain inert.
Achieving structural control, such as controlling the relative
material performance. For example, in tissue engineering, 3D-
printing tissue scaffolds require materials with excellent
mechanical properties and specific biological functionality.

Additionally, synthesizing stereoselective polymers remains

molecular weight and distribution, is crucial for enhancing the
challenging.

(3) Clinical translation and industrial-scale synthesis: cur-
rent research on PLA-based materials is primarily at the labora-

assessments and in vitro/vivo tests are necessary. The large-
scale production of PLA still faces challenges, especially con-
sidering its depolymerization reversibility, which complicates

tory stage. Before clinical adoption, a series of biocompatibility
storage.

(4) New applications: with technological advancements, the
synergistic use of various tools and materials can broaden the

material scales to match different application needs. For
instance, simulating and screening synthetic pathways and

mechanisms using big data tools, like artificial intelligence,
can accelerate material development rates and reduce costs.

LA, an endogenous small molecule, has been widely used in
clinical treatments for conditions such as diabetes, Alzheimer’s

disease, and cancer over the past seventy years.*’ In the latest
10 years, because of its strong antioxidant and rich biological

sources, it has attracted widespread attention and experienced
rapid development. Despite the remaining unresolved pro-
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