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Biodegradable functional biomaterials exploiting
substituted trimethylene carbonates and
organocatalytic transesterification

Kazuki Fukushima

Biodegradable aliphatic carbonyl polymers, such as polylactides, polylactones and polycarbonates, have been studied for

application in a broad range of resorbable medical devices. With progress in diagnostic and therapeutic technologies for an aging

society, the demand for diverse and highly developed biodegradable biomaterials has increased. A combination of heterocyclic

monomers with functional substituents and complex macromolecular architecture has been proposed as a means to produce

multifunctional biodegradable polymers. This review mainly highlights the synthesis and application of poly(trimethylene

carbonate) (PTMC) analogs with various substituents derived from 2,2-bis(methylol)propionic acid. In addition, organocatalytic

transesterification is discussed as an indispensable tool for further functionalization and sophistication of the PTMC analogs.

Metal-free controlled polymerization allows for both the safer production of biomedical devices and the precise formation of

complex macromolecular structures. The organocatalytic depolymerization of engineering polyesters has also been exploited to

efficiently produce valuable aromatic terephthalamides that, in turn, can be used to extend the functionality of PTMC analogs

such as mesogen-like motifs. Finally, the use of supramolecular chemistry for further multi-functionalization and hydration-based

improvement of biocompatibility is briefly discussed.
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INTRODUCTION

The demand for diversified and sophisticated biomaterials in the
clinical setting is increasing. For instance, polymeric micelles have
been widely studied as a drug-delivery system (DDS) with targeting
and stealth functions to peripheral areas and drug encapsulation and
release properties.1,2 In addition, recent tissue engineering studies have
attempted to develop scaffolds with high or multiple functions,
including non- or low-fouling, cell adhesive and antithrombotic
properties.3–5 The polymers used for these applications should be
minimally toxic, and the fate of degradation products in the body
should be evaluated if the polymers are designed to be degraded under
physiological conditions. Poly(lactide)s (PLAs) are the biodegradable
polymers most widely used as biomedical materials.6 However,
the degradation of PLAs induces a drastic decrease in mechanical
properties and a surge in local acid concentration that may cause
inflammatory reactions.7,8 Thus, poly(trimethylene carbonate)
(PTMC) has drawn attention as a biodegradable soft material because
its degradation generates no organic acids and proceeds by enzymes
via surface erosion, enabling the mechanical properties to be
maintained for a longer period of time.9

As with many aliphatic carbonyl polymers that are biodegradable, in-
cluding PLAs, poly(ε-caprolactone) and poly(β-hydroxyalkanoate)s,10–12
copolymers, polymer blends and composites based on PTMC have
been widely studied to introduce additional functions for expanded

applications. However, the introduction of chemical functionalities
to those polymer backbones is often more useful for highly
functionalized biomaterials. Because synthetic biodegradable polymers
are typically obtained by ring-opening polymerization (ROP), the
synthesis and ROP of the corresponding cyclic monomers with a
functional pendant group have been widely studied.12,13 Several
analogs of trimethylene carbonate (TMC) have also been developed
from substituted 1,3-propanediols and show advantages in the
synthesis and handling compared with other substituted heterocyclic
monomers.14,15 These pendant groups of TMC analogs confer diverse
chemical functions to biodegradable polycarbonates.
Functionality is also generated and differentiated by size and shape,

particularly for nanomaterials, as is often observed in biological
systems such as viruses, enzymes and antibodies. The size and shape
of self-assembling nanomaterials depend on the higher order
structure, which is regulated by a finely tuned primary molecular
structure. Controlled polymerization is considered to be indispensable
for building complex macromolecular architectures with finely tuned
sequences, molecular weights and end groups. Some organocatalysts
were used for the controlled ROP of cyclic esters and carbonates in a
variety of studies in the 2000s.16,17 A metal-free process has been
anticipated for years for the safer production of biomedical materials,
particularly those expected to remain in the body. Thus, a
combination of TMC analogs and organocatalytic-controlled ROP
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would be important for the multi-functionalization of biodegradable
biomaterials.
Organocatalysis has revolutionized a wide range of organic reactions

to develop useful materials such as asymmetric molecules and drug
precursors.18,19 Some potent organocatalysts used for ROP can be
applied not only in the atom-economic depolymerization of
engineering polyesters such as poly(ethylene terephthalate)
(PET)20,21 but also in the production of building blocks for functional
biomaterials using advanced chemical recycling.22,23 Organocatalytic
transesterification may involve a fusion of the development of
biomaterials and green chemistry. Indeed, the author has addressed
the development of biodegradable functional biomaterials using TMC
analogs and the depolymerization products of PET.24 This review
focuses on chemically functionalized PTMC analogs from the
perspective of synthesis and application in various biomedical devices
and describes organocatalysts as powerful and essential tools for
producing highly functional biomaterials.

BIODEGRADABLE POLYMERS WITH FUNCTIONAL SIDE

CHAINS

To modify the physical properties of nonfunctional biodegradable
polymers such as PLA, poly(ε-caprolactone) and PTMC,
copolymerization and polymer blending are typically the first options.
For further alteration, the introduction of functional pendant groups
on the side chain to the polymer backbone is considered to be an
effective strategy. Although chemically functionalized biodegradable
polymers are prepared through step-growth approaches,
including polycondensation,25,26 polyaddition27,28 and acyclic diene
metathesis,29,30 the synthesis and ROP of cyclic monomers with a
functional substituent are typically used.

Introduction of FGs to cyclic carbonyl monomers
The synthesis of functionalized aliphatic carbonyl polymers has been
studied first to obtain water-soluble biodegradable polymers with
hydroxy, carboxyl and amino side groups as an alternative to

Figure 1 Typical examples of synthetic biodegradable polymers with functional side chains.
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poly(ethylene glycol) (PEG).31–34 Recent studies have focused on the
post-modification of reactive pendant groups using dicyclohexyl
carbodiimide coupling,35,36 alkyne–azide click reaction,37,38 Michael
addition,39,40 Diels–Alder cycloaddition41,42 and the thiol-ene(-yne)
reaction.43,44 As shown in Figure 1, several monomer platforms have
been developed: substituted lactide (LA, a) and glycolide (GA, a),45

α-hydroxy acid O-carboxyanhydride (OCA, b),46 morpholine-2,
5-dione (MDO, c),35,47 amino acid N-carboxyanhydride (NCA, d),48–50

β-malolactonate (β-ML, e)51 and substituted ε-caprolactone
(CL, f).52,53 Functionalized PLAs and poly(glycolide)s are generated
by ROP of the substituted LA and GA or decarboxylative ROP of
OCA. Similarly, functionalized poly(ester-amide)s, poly(amino acid)s,
poly(β-hydroxybutyrate) and poly(ε-caprolactone) are derived from
MDO, NCA, β-ML and substituted CL, respectively. α-Amino acids
can be used as a starting material for substituted LA/GA, OCA and
MDO, as well as for NCA production, because α-hydroxy acids
constituting these monomers are derived from the amino acids.46,54,55

Therefore, these polymers have been recognized as valuable bio-based
biomaterials, although some issues remain to be solved in the synthesis
and handling of the monomers.

Poly(trimethylene carbonate) analogs from 2,2-bis(methylol)
propionic acid
TMC analogs with functional substituents have more advantages for
the synthesis and properties of the monomers than the cyclic
monomers described above. There are several commercially available
substituted 1,3-diols that can be used as a starting material and are
available at reasonable prices, and the monomers are relatively stable
and, thus, are easy to handle.56–59 2,2-Bis(methylol)propionic acid
(bis-MPA) is among the most adopted starting material for substituted
TMC, so-called MTCs,60 because it is a building block of biocompa-
tible dendrimers,61 and various functional groups (FGs) can be added
through esterification and amidation using a variety of commercially
available alcohols and amines to the carboxyl group, as shown in
Figure 2. In route A, FGs are installed by Fischer esterification, which

limits the available alcohols.62 For route C, FGs must be tolerant of
acidic conditions to deprotect the acetal intermediate.63 Route B,
developed by Pratt et al.,64 is versatile and can therefore accept any
type of FG, because the FGs are installed to a common carboxylic
acid precursor (MTC-OH) in the final stage. Sanders et al.65

then discovered a breakthrough in MTC synthesis in which bis
(pentafluorophenyl)carbonate provides an MTC with a pentafluor-
ophenyl ester in one step from bis-MPA (route D).65 In addition, the
pentafluorophenyl ester is an activated ester, allowing easy substitution
with alcohols containing FG.66 However, bis(pentafluorophenyl)
carbonate is costly, limiting its widespread use. A new method was
recently developed to obtain MTC-OH through a simpler route than
route B and without the costly reagent used in route D.67,68 Additional
details regarding TMC analogs derived from other starting materials
can be found elsewhere.69

ORGANOCATALYSTS FOR TRANSESTERIFICATION

In polymer chemistry, semiconductor fabrication involves block
copolymer self-assembly70 and the metal-free synthesis of masking
materials because of concerns regarding residual metals derived from
polymerization catalysts deteriorating the semiconducting properties.
Stemming from this trend, in the early 2000s, Hedrick and Waymouth
reported various organocatalysts for the transesterification-based
ROP of cyclic carbonyl monomers.71,72 Typical catalysts are
summarized in Figure 3. Since then, various organometallic catalysts
have been developed for the ROP of LAs.11,73 Stannous octanoate
(or 2-ethylhexanoate) is among the most popular and only compound
approved by the FDA. Aluminum alkoxides are effective for controlled
or/and living polymerization of LAs and cyclic esters74 as well as
stereoregular polymerization.75,76 A recent report by Mespouille
demonstrated the low toxicity of several organocatalysts,
supporting the advantage of the metal-free production of polymeric
biomaterials.77

A

B

C

D

Figure 2 Different synthetic pathways for MTCs with functional groups.
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Depolymerization to produce valuable building blocks for
functional biomaterials
The organocatalysts discovered in the 2000s are mostly basic (g–h),
and some quasi-anionic mechanisms were proposed: nucleophilic,
activated monomer and supramolecular hydrogen-bonding
(H-bonding) activation.78,79 Acidic organocatalysts (m–o) were found
to be more effective than basic catalysts for the ROP of CL and MTCs
with an amide pendant group.80–82 The catalytic activity is associated
with the basicity or acidity of the catalysts. Thus, pKa is often used
as a parameter for estimating catalytic activity (see Figure 3).82–84

N-heterocyclic carbenes (NHCs, g) and 1,5,7-triazabicyclo[4.4.0]
dec-5-ene (TBD, h) actively mediate the ROP of LAs, completing
the reaction in seconds with a turnover frequency (TOF) of
18–80 s− 1.85,86 However, it is difficult for these potent catalysts to
control the transesterification occurring in the late stage of ROP,
resulting in broadening of the molar mass distribution (ÐM) of the
resultant polymers.
The powerful efficacy of these catalysts for transesterification was

extended to the depolymerization of PET for chemical recycling
(Figure 4).20,87 1,8-Diaza[5.4.0]bicycloundec-7-ene (DBU, i) was
found to be the most effective for glycolysis,87 and TBD was the most
effective for other alcoholysis and aminolysis reactions of PET.22

Their catalytic activities are comparable to or greater than those of
organometallic catalysts. These ‘superbases’ are commercially available,
easy to handle on the bench and reusable, which is preferable for
large-scale recycling. Furthermore, their potent activity allows for
amidation by arylamines whose nucleophilicity is insufficient for
amidation.22 The resulting aromatic terephthalamides can be used as
valuable building blocks for tough polymers and mesogen-like
supramolecular assembling motifs such as q (Figure 4), yielding good
antimicrobials 8 and 9 as described below.23,24 This is a typical
example of creating useful biomaterials from waste plastics by
connecting biomaterials and green chemistry via organocatalysis. Some
NHCs were proven to be effective in polycondensation to yield PET.88

Hydrogen-bonding activation
For controlled and living polymerization, it is crucial that the catalysis
shows end-group fidelity and a narrow ÐM at the late or post-stage of
ROP. Some catalysts known as ‘supramolecular catalysts’ allow for
controlled polymerization with mild activation and thereby the
formation of complex architectures such as Y- and H-shapes,
comb-block, brush and dendritic star.89,90 For these catalysts,
H-bonding activation has been proposed;16,91 Lewis acids such as
thiourea (l) and perfluoroalcohol92 activate the carbonyl oxygen
(C=O) of monomers, while Lewis bases such as (− )-sparteine (j)
and 1,4,7-trimethyl-1,4,7-triazacyclononane (TACN, k) activate the
hydroxyl oxygen (OH) of alcohol initiators. Thiourea has been shown
to preferentially activate cyclic esters rather than linear esters.91 In this
manner, weak double activation and selective activation can suppress
adverse transesterification, leading to controlled polymerization.
Supramolecular organocatalysts confer another benefit on the ROP
of TMC conducted under ambient conditions; the decarboxylation
side reaction that often occurs during metal-catalyzed bulk
polymerization is avoided.93 Indeed, owing to the benefits of these
catalysts, polymers of MTCs can be obtained with regulated molecular
weights and narrow distributions and can maintain a finely tuned
complex architecture in some cases.
H-bonding activation has been proposed for TBD,94 sulfonic

acids (m,n)82 and diphenyl phosphate (o)95 that have two activation
sites; therefore, their activation is known as dual activation. The
depolymerization of PET is also thought to proceed through an
H-bonding activation mechanism where the by-product ethylene
glycol serves as a co-catalyst.20 Sulfonic acids were recently found to
be effective for the polyaddition of diols and diisocyanates via dual
H-bonding activation to form polyurethanes with high molecular
weight and a narrow ÐM by Sardon et al.96–98

DBU is an overactive catalyst for the ROP of LAs. Coady et al.17

proved that a 1:1 complex with benzoic acid (p, Figure 3) remains
sufficiently active to promote the ROP of L-lactide (LLA) with a ÐM

maintained below 1.10. A computational study indicated that the
activators of initiators and monomers are the conjugate acid and base
in the form of an ion pair, even in solvents with high dielectric
constants such as ethylene glycol.87 This result suggests that the salt
catalyst enables controlled polymerization in polar solvents such as
tetrahydrofuran (THF), N, N-dimethylformamide (DMF) and
dimethyl sulfoxide, which mitigate and disable conventional supra-
molecular catalysts. In fact, the salt catalyst was useful for ROP using
the terephthalamide-based diol initiators q and their analogs, which
dissolve only in DMF and dimethyl sulfoxide.

APPLICATIONS OF FUNCTIONALIZED POLY(TRIMETHYLENE

CARBONATE)S

Because of the diversity of the FGs to be added and the advantages of
synthesis, many types of poly(MTC)s (P(MTC)s) have been developed
for application in a broad range of biomaterials.69 Currently, most
P(MTC)s are used in solution applications such as drug delivery,2,99

hydrogels38,100 and antimicrobials.101,102 For instance, the MTC
platform, which is free from limitations of the side groups, enables
the introduction of complexed structures such as sugar,103

guanidine104,105 and phenylboronic acid106 for applications in tumor
targeting, cell-penetrating molecular transporters and insulin delivery,
respectively. This section highlights the applications of P(MTC)s
exploiting the side chains as chemically functional moieties
and a building block to forming complex architectures. Next, the
development of other functions based on architecture and

Figure 3 (a) Various organocatalysts used for polymerization/depolymerization
through transesterification. The numbers in parentheses denote pKa values.
(b) DBU-benzoic acid salt catalyst and its H-bonding mechanism.
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supramolecular chemistry are presented. Finally, the potential of
P(MTC)s as biocompatible materials is discussed.

Drug delivery
Polymeric micelles based on biodegradable amphiphilic block
copolymers such as PEG-b-PLA have been widely studied as
drug-delivery vehicles, particularly for the therapies of malignant
neoplasms and diabetes. Practical DDS must meet several
requirements to mitigate adverse effects and increase therapeutic
efficiency: the selectivity of target cells, controlled encapsulation and
release of drugs, and serum stability.2,107 Moreover, polymeric micelles
should remain aggregated under high dilution conditions such as
those in the blood stream. The stability of polymeric micelles depends
on the cohesive force of the micelle core, which mainly relies on
hydrophobic interactions. However, simply increasing the composi-
tion of hydrophobic segments conflicts with the solubility in water.
Stereocomplexation108 and H-bonding have been focused on as
electrostatic neutral non-covalent interactions for enhancing the
aggregation force in the hydrophobic micelle core.
Stereocomplexation is a van der Waals interaction between

poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA).109 Mixed micelles
composed of PEG5k-b-PLLA2k and PEG5k-b-PDLA2k show a lower
critical micelle concentration (CMC: 15 mg l−1), which is a parameter
to evaluate aggregation force, than individual micelles (25 mg l− 1).110

For further improvement, comb-block (1b) and mikto-arm block (2)
polymers comprising PEG and PLLA and/or PDLA were synthesized
using the MTC platform (Figure 5).110,111 An MTC with
2-(tetrahydro-2H-pyran-2-yloxy)ethyl ester serves as a building block
for initiating the ROP of LLA or D-lactide (DLA) after ROP by
monomethoxy PEG-OH5k and subsequent deprotection of the tetra-
hydropyranyl group. The resulting hydrophobic segments consist of 10
MTC units with 3–4 PLA arms with a degree of polymerization of 10.
The amphiphilic comb-block copolymers 1b form narrowly dispersed
spherical micelles with a diameter of approximately 30 nm
(PDI ~0.12). The CMCs of the micelles are 1.0 mg l− 1 for L- or
D-isomer alone and 0.5 mg l− 1 for the stereocomplexed mixture.111

Such low CMC values arise from the effects of both entangled PLA
brushes and stereocomplexation in the micelle core.
The mikto-arm polymer 2 is obtained from a PEGylated MTC as a

latent macroinitiator for two ROPs of LAs. The mikto-arm can be
composed of one hydrophilic PEG (5k) and two hydrophobic PLAs
(2k each), whose combination includes two PLLA, two PDLA, and
PLLA and PDLA (mikto-arm stereoblock). Spherical micelles with
diameters of approximately 30 nm (PDI ~ 0.13) are formed with
CMCs of 20, 15 and 10 mg l− 1 for PEG-(PLLA)2 or PEG-(PDLA)2,
stereoblock (PEG-PLLA-PDLA), and the stereomixture of
PEG-(PLLA)2 and PEG-(PDLA)2, respectively, indicating the effect
of stereocomplexation. Interestingly, the stereomixture and
stereoblock micelles show higher loading (10–12 wt%) and slower
in vitro release profiles of paclitaxel than PEG-(PLLA)2 micelles.110

Urea-functionalized P(MTC) (Mn ~ 3k) showed similar functions in
the form of diblock copolymers with PEG (5k), lowering the CMC by
2.8 mg l− 1 and enhancing the drug loading of doxorubicin (Dox) by
up to 10 wt%, compared with the control polymer with no urea side
chains (x= 0): CMC= 11.2 mg l− 1, Dox loading 6.9 wt% (Figures 5
and 1a).112,113 In this system, urea hydrogen bonding enhances the
interactions between not only hydrophobic segments but also the
hydrophobic segment and Dox. Urea-functionalized P(MTC) was
further investigated to improve the drug encapsulation and release
properties by combining carboxy functionalized P(MTC).114–116

Cationic polymers
Cationic polymers show antimicrobial properties because the positive
charges serve to electrostatically interact with negatively charged
bacterial cell membranes, leading to bacterial lysis.117,118 Similarly,
the cationic polymers can form polyplexes with negatively charged
genes for gene delivery.119 Cationic P(MTC)s 3 and 4 (Figure 6) are
prepared by the ROP of haloalkyl MTCs followed by quaternization
with tertiary amines such as trimethylamine and N,N,N′,
Nʹ-tetramethylethylenediamine.120,121

Given the differences in polymerizability between TMC and MTCs,64

P(MTC) 3 can be obtained in one step in which blocky statistical
sequences are more likely to be formed.120 P(MTC) 3 has shown high

Figure 4 Formation of valuable terephthalamide building blocks for functional biomaterials through organocatalytic depolymerization of PET.
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efficacy in the growth inhibition of several Gram-positive bacteria and
fungi, including Bacillus subtilis, Staphylococcus aureus, methicillin-
resistant Staphylococcus aureus, Enterococcus faecalis and Cryptococcus
neoformans, with minimum inhibitory concentrations of 4.3, 7.5, 6.0,
10.8 and 10.8 μM, respectively. As shown in Figure 6b and c, P(MTC) 3

physically disrupts the bacterial cell membrane, suggesting the capability
to prevent drug resistance similarly to antimicrobial peptides.122 Recent
studies have reported several analogs to acquire a broader antimicrobial
spectrum that encompasses Gram-positive/negative bacteria, fungi and
yeasts while retaining minimal toxicity.101,123,124

Figure 5 DDS applications of P(MTC)s capable of stereocomplexation and hydrogen bonding.

Figure 6 Cationic P(MTC)s for antimicrobial and gene delivery applications. (a, d) Polymer structures. Transmission electron microscope (TEM) images of
methicillin-resistant Staphylococcus aureus before (b) and after (c) treatment with 3, reprinted from Nederberg et al.120
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P(MTC) 4 shows better performance than the conventional
chemical gene vector poly(ethylene imine) (PEI) with respect to the
formation of compact polyplexes less than 100 nm for better
endocytosis and cell viability.121 P(MTC) 4 also shows higher
in vitro gene expression for some tumor cell lines than PEI, which
has been presumably attributed to the proton sponge effect125 by the
tertiary amine at the side chain. Neither cationic P(MTC) exhibits
significant toxicity to mammalian cells and is a critical property for
materials injected into the body.

Stimuli-responsive polymers
Stimuli-responsive properties are often applied in DDS as an optional
tool for controlling drug release and carrier motion.126,127 The use of
different stimuli has been proposed, including heat,128 pH,129,130

light126,131 and sugars.132 Thermoresponsive polymers such as poly
(N-isopropylacrylamide) (PNIPAAM) have been widely studied for
injectable and topical drug delivery. They are typically designed to
transform sol to gel upon thermal stimulation at a lower critical
solution temperature near body temperature. PNIPAAM is not
degradable, and concerns exist regarding its biocompatibility. Inspired
by the studies of Lutz et al.133,134 and Baker and co-workers,37,135

P(MTC) 5 (Figure 7) with short PEG (Mn 350–550) and long
alkyl branches has been designed to show lower critical solution
temperature near body temperature (Figure 7b).136 A short segment of
P(MTC) containing an ethyl ester as a hydrophobic block plays an
important role in tuning the lower critical solution temperature to
allow the P(MTC) 5 to form micelles. The hydrophilic corona
comprises a random sequence of MTCs with short PEG and C12
alkyl chains to regulate the (de)hydration of the corona. Above
the lower critical solution temperature, the micelles collapse to
accelerate the release of the encapsulated drug, demonstrating the
thermoresponsive switching of drug release.

Similar thermoresponsive physical gelation is observed in stereo-
complexed mixtures of triblock copolymers comprising a central PEG
block and peripheral PLAs.137 Thermoresponsive antimicrobial gel
(Figure 7d and e) can be derived from triblock copolymers of PLAs
and cationic P(MTC) as a hydrophilic central block rather than PEG
(6, Figure 7c).138 Interestingly, the cationic P(MTC) and its block
copolymers alone have never exhibited antimicrobial activity against
Gram-negative bacteria such as Escherichia coli, while the stereo-
complexed hydrogels containing the cationic P(MTC) significantly
inhibited bacterial growth as well as biofilm formation that is a cause
of drug resistance. Because of the high hydrophilicity of cationic
P(MTC), the hydrogels show shear-thinning properties (Figure 7f),
enabling direct injection by syringes and needles for topical anti-
infectious treatment and coating into various body cavities.
Thiol-disulfide exchange reactions have also gained attention as a

trigger for cargo release under reductive conditions.139 As a model
case, P(MTC) with disulfide-linked PLLA or PTMC grafts have been
recently developed, and it was successfully demonstrated that the
grafts were detachable in the presence of a reductive reagent
1,4-dithiothreitol.140 This result demonstrates the feasibility of the
fine control of macromolecular architecture using the organocatalytic
ROP and reduction-responsive drug release in the P(MTC) platform.
Thus, including the thermal responsive system, these P(MTC)s are
promising as stimuli-responsive biodegradable polymers with higher
durability than similar PLA analogs because of the high stability of the
PTMC backbone in an aqueous environment.

Combination with supramolecular chemistry
The nanostructure shapes are often important for the in vivo behavior
of nanomaterials for DDS and antimicrobials.141,142 However, few
studies have focused on the transformation of the self-assembling
nanostructure constituted by amphiphilic block copolymers such as

Figure 7 Thermoresponsive P(MTC)s. (a, c) Polymer structures. (b) Transmittance change in aqueous solution of 5 as a function of temperature, reprinted
from Kim et al.136 Photos of the stereocomplexed micellar solution below (d) and above lower critical solution temperature (LCST) (e). Shear-thinning
properties of gels containing 6. (f) reprinted from Li et al. 138
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PEG-b-PLLA, which generally form spherical micelles. The formation
of block copolymer nanotubes was first achieved by introducing a rigid
hydrogen-bonding motif at the block junction of PEG-b-PLLA to
induce oriented self-assembly (Figure 8a and b).143

This motivated the extension of the oriented self-assembly
technique to functional polymers such as antimicrobial cationic
P(MTC)s using similar core structures produced by organocatalytic
amidation of PET as described above (Figure 4).22 The triblock-like
copolymer 8 (Figure 8c) was synthesized from terephthalamide-based
diols q to initiate the ROP of LLA and subsequently elongate the
peripheral cationic P(MTC).24 The block copolymer 8b readily
dissolved in water and showed a high-aspect ratio of fibrous
nanostructure (Figure 8e). Additional studies have examined the effect
of a subtle difference in the terephthalamide cores (n= 0 vs 1) and
shape effect on the antimicrobial activities. Copolymer 8a forms
uniform spherical aggregates, unlike 8b. A computational study
revealed that the core structure of 8b is more favorable for proper
bending to achieve the maximum benefits of hydrogen bonding and
π–π stacking than that of 8a, which cannot sufficiently bend for the
anisotropic growth of polymer assembly, resulting in a spherical shape.
Moreover, fibrous 8b exhibits efficiency against Candida albicans,
while spherical 8a did not inhibit the fungal growth, supporting the
effect of shape on antibacterial activity. Similarly, compound 9
(Figure 8f), which is a derivative of 8b that conjugates no polymers,
was found to be effective against C. albicans only in the form of fibrous
supramolecular assembly (Figure 8g).23

Biocompatibility
Biocompatibility is the most critical characteristic of biomaterials. This
term involves many aspects; thus, the definition should be clarified for
each target application. Cell viability is often evaluated for the
polymers employed in DDS and scaffold materials to verify the low
toxicity of the polymers. For scaffold materials, cell proliferation
behavior and cellular functions also provide information regarding
cytotoxicity. Serum stability, which is related to blood compatibility, is

also important for DDS polymers because the vehicles should be
inactive in the blood, not self-aggregate or aggregate with proteins, and
not activate complements and blood cells.
Most P(MTC)s described above show good cell viability because of

the PEGylated surface for micellar products. By contrast, it is
surprising that cationic P(MTC)s show minimal hemolytic
property,24,120 although cationic polymers are typically considered to
be toxic. It has been acknowledged that the interactions between
materials and cells are regulated by hydration at the interface.144

The relationships between hydration and surface properties in
specific platelet adhesion have been examined for PTMC,
poly(δ-valerolactone), poly(ε-caprolactone) and poly(p-dioxanone).145

Although platelets adhered to all four polymers, the adhesion level was
significantly lower than that of PET as a control. All aliphatic polymers
show slightly greater hydrophilic surfaces and equilibrium water
content than PET, contributing to better compatibility with platelets,
although the levels are higher than those for antithrombotic materials.
Interestingly, PTMC only showed a substantial decrease in platelet
adhesion upon hydration, indicating its unique hydration behavior at
the interface. The PTMC framework may be favorable for interfacial
hydration to improve the compatibility with blood cells, which may
also explain the very low hemolytic property of a series of cationic
P(MTC)s. The author is further extending this idea with respect to the
potential biocompatibility of aliphatic carbonyl polymers to develop
biodegradable polymers with high blood compatibility involving the
‘intermediate water’ concept.67,146,147

CONCLUSION

Advances in emerging fields such as nanomedicine and regenerative
medicine have expanded the demands and scope of application for
biodegradable polymers. The production of highly multifunctional
biodegradable polymers may become more pragmatic as advances
are made in the development of monomer platforms with good
accessibility and versatility such as MTCs. In particular, applications in
bulk materials such as scaffolds and artificial organs should be further

Figure 8 Supramolecular assemblies of amphiphilic block copolymers with rigid hydrogen bonding motifs at the block junction. (a, c, f) Chemical structures.
(b) TEM image of nanotubes formed by 7, reprinted from Kim et al.143 Atomic force microscope (AFM) images of nanostructure formed by 8a (d) and 8b (e),
reprinted from Fukushima et al. 24 (g) TEM image of nanofibers obtained from 9, reprinted from Fukushima et al. 23
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explored, including simple and cost-effective synthesis for the mass
production of both monomers and polymers, control and balance of
mechanical properties and degradability, and suitable processing
techniques. Additionally, safer organocatalysts should be further
investigated for use in bulk polymerization as applied in the efficient
chemical recycling of PET. Furthermore, a combination of self-
assembly and supramolecular chemistry may open new frontiers for
applications other than drug delivery and antimicrobials, exploiting
more practical biomimetics with respect to the hierarchical bottom-up
nature, biodegradability and biocompatibility of nano-biomaterials.
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