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Bioinspired and biomimetic nucleobase-containing
polymers: the effect of selective multiple hydrogen
bonds

Nan Yao,? Jiang Wu,? Guangming Liu @ *® and Zan Hua @ *?

Bioinspired and biomimetic nucleobase-containing polymers are a series of polydisperse nucleic acid
analogs, mainly obtaining through highly efficient and scalable step-growth or chain polymerizations.
The combination of pendant nucleobase groups and various backbones endows the polymers/materials
with selective multiple H-bonds under distinct conditions, demonstrating the broad applicability of this
new family of polymeric materials. In this perspective, we critically summarize recent advances of
bioinspired and biomimetic nucleobase-containing polymers and materials in both solution and the bulk.
Then, we discuss the effect of multiple H-bonds between complementary nucleobases on the structures
and properties of the nucleobase-containing polymers and materials. Selective multiple H-bonds
between complementary nucleobases are feasible to modulate the polymer sequence and self-assembly
behaviour, achieve templated polymerization, tune nanostructure morphologies and functions, and
selectively bind with nucleic acids in various solutions. Meanwhile, bioinspired and biomimetic
nucleobase-containing polymers are capable of forming robust polymeric materials such as hydrogels,
bioplastics, elastomers, adhesives, and coatings by optimizing the inter- and intramolecular multiple H-
bonding interactions. Further, the conclusions and outlook for future development and challenges of
bioinspired and biomimetic nucleobase-containing polymers are also presented. This perspective
presents useful guidelines for fabricating novel bioinspired and biomimetic polymers and materials
through rational design of multiple H-bonds nucleobase interactions.

1. Introduction

Multiple hydrogen bonds are some of the most widely used
noncovalent interactions for fabricating supramolecular poly-
mers and materials."* In contrast to - stacking and van der
Waals forces, hydrogen bonds are directional and strong,
achieving controlled interaction and precise molecular
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recognition. Although the bond energy of a hydrogen bond is
only 5-10% of that of covalent or ionic bonds, multiple
hydrogen bonds of macromolecules endow the system with
robust and dynamically reversible properties. Nature has
elegantly selected hydrogen bonds to implement the significant
functionality of biomolecules including nucleic acids and
proteins. The evolutionary selection of multivalent low affinity
hydrogen bonds over specific high affinity interactions has
several advantages. Multivalency makes it possible to improve
the binding affinity over a dynamic range rather than a simple
on/off switch. In addition, it is surmised that there is an
evolutionary efficiency to employing existing low affinity inter-
action rather than fabricating new ones. Depending on the high
fidelity of hydrogen bonds between complementary nucleo-
bases (adenine (A) with thymine (T) or uracil (U), and guanine
(G) with cytosine (C)), nucleic acids such as DNAs and RNAs
have precisely achieved the biological functions of replication,
transcription, and translation processes of genetic information.
Further, selective multiple hydrogen bonds between nucleic
acids have enabled the development of gene editing,** RNA
interference (RNAi),>* and DNA nanotechnology.”®

Nucleic acids as a kind of sequence-defined biopolymers are
superior to common polymers, programming the formation of
complex structures and realizing the advanced function
through hydrogen bonds. Currently, the syntheses of nucleic
acids mainly rely on solid-phase synthesis or polymerase-
mediated synthesis, giving rise to high cost and limited scal-
ability. Meanwhile, nucleic acids have the labile phosphodiester
backbone of negative charges, restricting their wide applica-
bility (Fig. 1a). In order to achieve enhanced stability, bioavail-
ability, and distinct protein binding properties, various
modifications and structural variations of nucleic acids have
been explored.'*™* Hundreds of chemical modifications for
nucleic acids have been reported and the development of
polymers with nucleobase functionalities has also been inten-
sively studied,"'® both of which make it necessary to clarify
how new synthetic nucleobase-containing macromolecules
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should be classified. According to the synthetic approaches,
there are basically two kinds of important nucleobase-
containing macromolecules, ie. ‘xeno-nucleic acids’ and
nucleobase-containing polymers (Fig. 1b and c). ‘Xeno-nucleic
acids’ abbreviated as XNAs are synthesized through step-by-
step, highly-efficient organic reactions to yield monodisperse
and sequence-defined nucleic acid analogs, which usually have
chemical backbone motifs differing from deoxyribose and
ribose.’>?® Representative examples include peptide nucleic
acid (PNA),'*** threose nucleic acid (TNA),"** and glycol nucleic
acid (GNA)™ (Fig. 1b). Synthetic biologists might have more
elaborate naming and classification of XNAs,*® which is out of
the scope for the current perspective. In contrast, nucleobase-
containing polymers are mainly prepared through high-
efficient and scalable step-growth or chain polymerizations to
generate polydisperse nucleic acid analogs (Fig. 1c).**"* Alter-
natively, post-polymerization modifications of polymers with
nucleobases are also feasible to yield polydisperse nucleobase-
containing polymers.**® They have various neutral backbones
of carbon-carbon bond, phosphoester, thioether, and so on,
expanding their applications in chemistry and materials
science.

Importantly, bioinspired and biomimetic nucleobase-
containing polymers retain the same pendant nucleobases as
nucleic acids, which are capable of forming selective multiple
hydrogen bonds and bridging the gap between materials/
polymer chemistry and biology. Therefore, exploring and
developing novel nucleobase-containing polymers lay a solid
foundation for their widespread applications in many areas
including nanomedicines,**' nanotechnology,>** and high
performance polymeric materials.****® For example, hydrogen
bonding interactions between nucleobase-containing polymers
and nucleoside drugs or therapeutic nucleic acids provide
a novel and dynamic bonding for drug/gene loading and
delivery.*” Simultaneously, the selective hydrogen bonds
between complementary nucleobases can be used to mediate
the polymerization process for achieving the control over chain
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Fig. 1 Molecular structures and classification of various nucleobase-containing macromolecules. (a) Nucleic acids; (b) representative xeno-

nucleic acids; (c) representative nucleobase-containing polymers.

length and sequence of polymers.” The multiple hydrogen
bonds between complementary nucleobase-containing poly-
mers enable us to modulate the structures and properties of
relevant materials.

Several recent reviews have mainly summarized the
synthesis, self-assembly and potential applications of
nucleobase-containing polymers.'>'*'® Notably, the bulk prop-
erties and the structure-property relationship of nucleobase-
containing polymers were not involved. Besides, the system-
atic discussion and analyses between the selective multiple
hydrogen bonds and the structures and properties of bio-
inspired nucleobase-containing polymers are lacking, which
impedes the rapid development and rational design of new
bioinspired nucleobase-containing polymers and materials. In
this perspective, we summarize the recent advances in the
renaissance research area of bioinspired and biomimetic
nucleobase-containing polymers. We focus on the effect of
multiple H-bonds on the structures and properties of the
nucleobase-containing polymers and materials in both solution
and the bulk. Further, the conclusions and outlook for future
development and challenges of bioinspired and biomimetic
nucleobase-containing polymers are also presented. An updated
perspective relating to synthetic nucleobase-containing poly-
mers provides new insights in designing remarkable bio-
inspired and biomimetic polymers and materials by optimizing
supramolecular selective hydrogen bonding interactions.

18700 | Chem. Sci, 2024, 15, 18698-18714

2. Bioinspired and biomimetic
nucleobase-containing polymers in
solution

The initial motivation of preparing nucleobase-containing
polymers is to mimic nucleic acids in aqueous solutions. The
scientists have made many valuable attempts on the synthesis
of nucleobase-containing polymers up to 1990s.**** The major
synthetic approaches include conventional free radical poly-
merization (FRP), ring opening polymerization (ROP), and post-
polymerization modifications of polyethyleneimine and poly(a-
amino acids). The hydrogen bonding interaction of nucleobase-
containing polymers in solutions was investigated at different
conditions such as solvents, temperature, and so on. However,
the ill-defined nucleobase-containing polymers compromise
the selective hydrogen bonding interaction, as FRP gives poor
control over the polymerization and both ROP and post-
polymerization modifications only give limited incorporation
of nucleobases. With the rapid development of controlled
polymerization techniques in the past three decades, bio-
inspired and biomimetic nucleobase-containing polymers have
garnered significant attentions.'®*>** The combination of effi-
cient polymerizations and the selective hydrogen bonding
interaction enables the synthesis of new nucleobase-containing
polymers with novel properties. In this section, we will discuss

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the effect of selective multiple H-bonds between complemen-
tary nucleobases on the structures and properties of the relevant
polymers and materials in solution.

2.1 Effect of multiple H-bonds between complementary
nucleobase-containing monomers

Nucleic acids are essential components of all life processes
relying on the precise sequences of only five nucleotides.
Synthetic polymer chemists are inspired by the unique struc-
tures and properties of nucleic acids to produce nucleobase-
containing polymers. Notably, the basic building block of
nucleic acids, i.e. nucleotides with the phosphate group have
good solubility in water but very limited solubility in common
organic solvents with hydrogen-bond supporting ability.
However, double or triple hydrogen bonds between individual
nucleotides are not sustained in aqueous solutions, which
prevents the control over the structures of nucleotides using
hydrogen bonds. In contrast, the neutral nucleobase-containing
monomers for producing nucleobase-containing polymers are
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inclined to be dissolved in various solvents, providing the
possibility of controlling hydrogen bonds of polymerizable
motifs. Consequently, the properties of the relevant nucleobase-
containing polymers can be elegantly modulated through this
strategy.

Early work to study the effect of multiple H-bonds between
complementary nucleobase-containing monomers on copoly-
mers was reported by O'Reilly et al.>> They explored the RAFT
polymerization of complementary nucleobase-containing
methacrylate monomers in solvents with different H-bonding
tolerance (Fig. 2a). In chloroform (CHCl;), an alternated
copolymer was yielded after copolymerization due to the strong
intermolecular hydrogen bonds between adenine- and thymine-
containing monomers. In stark contrast, a statistical copolymer
was formed due to the absence of nucleobase interactions in
dimethylformamide (DMF). Therefore, the hydrogen bonding
interaction between nucleobases can be used to manipulate the
monomer sequence of copolymers. Interestingly, the statistical
or alternated sequences of nucleobases dramatically influenced
the self-assembly behavior of copolymers. The diblock

1. AN

2. Self-assembly

1. AN

>

2. Self-assembly

ion

Fig. 2 Control of polymerization and solution self-assembly using hydrogen bonds between complementary nucleobase-containing mono-
mers. (a) Schematic representation of the synthesis of block polymers from nucleobase-containing monomers in the presence or absence of
hydrogen bonds.*? Adapted from ref. 52 with permission from American Chemical Society, copyright 2013. (b) Synthesis and self-assembly of
alternating heterodinucleoside polytriazoles.>* Adapted from ref. 53 with permission from American Chemical Society, copyright 2021.
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copolymer with the solvophobic block of alternated nucleobase
sequence tended to form spherical nanostructures, while one
with the statistical nucleobase sequence tended to generate
worm-like micelles.

Further, multiple H-bonds between complementary
nucleobase-containing monomers were employed to fabricate
supramolecular double-stranded structures and
structures. Yang and the coworkers®*** prepared two alternating
heterodinucleoside polytriazoles from the hydrogen-bonded
azide/alkyne functionalized heterodinucleoside monomers
through 1,4-regioregular CuAAC polymerization method
(Fig. 2b). Meanwhile, the self-assembly behavior of hetero-
dinucleoside polytriazole and its monomers indicated that the
1,4-regioregular polytriazole backbone could not only constrain
and regulate the complementary hydrogen bonds of nucleo-
bases, but also transfer the molecular chirality of monomers to
supramolecular nanostructures, thereby inducing the forma-
tion of spiral nanofibers. This approach can be further extended
to the iterative polymerization of nucleoside monomers with
more complex nucleobase sequences, providing a new way for
the development of new artificial nucleobase-containing
polymers.

nano-

2.2 Effect of multiple H-bonds between nucleobase-
containing polymers and small molecules

Although individual complementary nucleotides are not able to
form stable H-bonds in aqueous solutions, the hydrophobic
domain of macromolecular nucleic acids facilitates the forma-
tion of stronger H-bonds between complementary nucleobases
of nucleotides and nucleic acids. This eminent nature builds
the molecular foundation for the precise replication and tran-
scription of nucleic acids with nucleotides as feedstocks
through the polymerase-mediated reactions. Meanwhile, the
segregated and  concentrated ~monomers in  the
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microenvironment are favourable for accelerating the poly-
merization reactions. These interesting and ingenious
processes in the biological systems are eagerly pursued by
polymer chemists. Indeed, nucleobase-containing small mole-
cules are capable of forming strong hydrogen bonds with
complementary nucleobase-containing polymers. The unique
properties can be employed to achieve templated polymeriza-
tion and load nucleobase-type drugs.

Templated polymerization/synthesis have garnered great
attention in polymer chemistry, especially with the synthesis of
nucleobase-containing polymers.>*?*?73%556¢>  However, the
homogeneous nature of most templating approaches only
achieves limited control over the formation of daughter
nucleobase-containing polymers in a controlled fashion. An
important progress has been made by McHale and coworkers®®
by combining segregation and templating strategies to afford
well-defined high molecular weight polymers (Fig. 3a). Low
molecular weight block copolymer polystyrene-b-poly(-
vinylbenzyl thymine) (PSt-b-PVBT) was firstly synthesized and
self-assembled into core-shell micelles with thymine units in
the core. The utilization of well-defined thymine-containing
micelles represented an obvious advantage through simulta-
neously templating and segregating complementary adenine-
containing monomers as the polymerization propagated.
Conventional radical polymerization in such an environment
substantially eliminated or reduced the undesired bimolecular
termination, generating the daughter polymer with high
molecular weight (up to ~400 kg mol ") and low polydispersity
(P = 1.08). It was clearly demonstrated that the combined
templating and segregation approaches through nucleobase
interactions imparted unprecedented control of polymerization
to yield well-defined polymers.

Subsequently, Marsh et al. have reported template-directed

radical polymerization on solid supports based on
In solution On template
Fuel 7—\ DNA-templated
Ligation ligation

-
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Fig. 3 Complementary multiple H-bonds-mediated templated polymerization. (a) PSt-b-PVBT in CHCls as a template with the addition of
complementary adenine monomers (VBA) enables the preparation of a high MW, low PDI daughter polymer PVBA.%¢ Adapted from ref. 66 with
permission from Springer Nature, copyright 2012. (b) Template-based replication for the selection in the chemical library and its influence on the
physical properties of the macromolecular coacervate.®” Adapted from ref. 67 with permission from Springer Nature, copyright 2024.
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complementary nucleobase interaction in nonpolar solvents.®®
The templates attached on functional Wang resins were
synthesized through copper-mediated “living” radical poly-
merization from uridine, adenosine, cytidine, and guanosine-
containing methacrylates. The covalent linkage of the parent
polymer to the solid support provided a great advantage for the
subsequent separation of the templated daughter polymer. A
degree of control over templated polymerization of the
complementary nucleobase-containing monomers was
observed in the presence of the template but not observed in the
absence. Uridine-functionalized templates with controlled
length and dispersity were found to provide good fidelity of
replication by incorporating mainly adenosine monomer in the
final polymer, from a mixture of monomers. This particular
templated polymerization indicated that solid-supported poly-
merizations provided good control over the polymerization
process through multiple H-bonds of complementary
nucleobases.

Recently, Kriebisch et al. presented a chemically fueled
dynamic combinatorial library to mimic RNA oligomerization
and deoligomerization and offered new insights on selection
and purification mechanisms under kinetic control (Fig. 3b).*”
The molecular basis was the combination of selective multiple
H-bonds between nucleobase-containing monomers and DNA/
RNA templates with the diacid condensation reactions to
produce the oligomer. It was found that hybridization through
multiple H-bonds accelerated oligomerization by selectively
concentrating longer oligomers. Simultaneously, it decelerated
deoligomerization through a protection mechanism. These
feedback mechanisms were able to select oligomer molecules of
specific lengths and sequences, which were used to purify
oligomers. In addition, template-assisted formation of
nucleobase-containing oligomers within coacervate-based pro-
tocells was capable of altering its compartment's physical
properties, such as their ability to fuse. Such reciprocal coupling
between oligomer production and physical properties is an
important step towards synthetic life, providing valuable
understanding of the fundamental mechanisms of
minimalistic life.

2.3 Effect of multiple H-bonds between complementary
nucleobase-containing polymers

Although the bond energy of a single hydrogen bond is about 5-
20 kJ mol ™!, multiple H-bonds of complementary nucleic acids
over 10 kDa are several times stronger than common covalent
bonds simply considering the primary attractive hydrogen
bonds. When taking into consideration the secondary electro-
static interactions between proton donors and acceptors, the
multiple H-bonds are even more robust. More importantly, the
multiple H-bonds between nucleic acids are dynamically
reversible, enabling the repeated execution of advanced func-
tion. For example, the CRISPR-Cas9 (clustered regularly inter-
spaced short palindromic repeats/CRISPR-associated protein 9)
system has been developed into a revolutionary technology for
editing and modulating genomes.*>”® It relies on the precise
binding of single-guide RNA to targeted DNA through multiple

© 2024 The Author(s). Published by the Royal Society of Chemistry
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H-bonds. Likewise, the DNA origami to form well-defined
nanostructures also depend on the accurate multiple H-bonds
between short stapler DNA chains and the long DNA scaf-
fold.”>”* Inspired by the multiple H-bonds of macromolecular
nucleic acids, the similar strategy is feasible to achieve precise
control over morphologies and properties of nanostructures
from nucleobase-containing polymers.”””

Block copolymers with complementary nucleobases are
capable of forming selective multiple H-bonds, which is the
effective way to modulate the morphologies and properties of
nanostructures.”® We have exploited supramolecular multiple
H-bonds between adenine and thymine-containing polymers to
generate anisotropic polymer nanoparticles with well-defined
aspect ratios from isotropic seeds (Fig. 4a). The polymer PT
was employed to form spherical nanoparticles NT with
a thymine-containing core via self-assembly, and the introduc-
tion of the adenine-containing polymer PA induced the
morphological change at different A : T molar ratios. The results
indicated that the length and the diameter of the worms were
governed by the molar ratios of adenine/thymine. Building on
the selective multiple H-bonds between PA and NT, the global
transformation process made it straightforward to introduce
additional functional groups into various nanostructures, as
demonstrated by the stepwise incorporation of fluorescent tags.
Nucleobase interactions-driven morphological transformation
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Fig. 4 Modulation of polymer self-assembly morphology and surface
properties through hydrogen bonding interactions between comple-
mentary nucleobase-containing polymers. (a) Transformation of
spherical nanoparticles into different anisotropic morphologies.”®
Adapted from ref. 78 with permission from Springer Nature, copyright
2019. (b) Fabrication of sugar vesicles and the utilization of comple-
mentary hydrogen bonding for morphological transformation and
surface modification.” Adapted from ref. 79 with permission from
American Chemical Society, copyright 2024.
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presents a valuable tool for controlling nanoscale self-assembly,
and for the production of functional nanostructures with
diverse potential applications.

In addition to the morphologies, the nucleobase-containing
polymer interactions were also used to control the surface
properties of self-assembled structures. Recently, cascade
morphological transformation and surface engineering of
nucleobase-containing glycovesicles were achieved by Yang and
coworkers (Fig. 4b).” Firstly, thymine-containing glyco-
conjugates (PGalzy-b-PTAm,,s) was synthesized and self-
assembled into well-defined glycovesicles. Several neutrally,
positively, and negatively charged amphiphilic adenine-
containing block copolymers were synthesized, which could
be used to modulate the surface properties of nanostructures.
For example, neutral amphiphilic adenine-containing block
copolymers were successively added to thymine-containing
sugar vesicles. It can be observed that as the ratio of A: T
increased, the sugar vesicles underwent a morphological tran-
sition from ruptured vesicles with tails, to worm-like micelles,
and finally to spherical micelles. Simultaneously, the surface
charged properties of polymeric glyconanoobjects were modu-
lated by doping with charged adenine-containing polymers.
Thus, selective multiple H-bonds between complementary
nucleobase-containing polymers are feasible for fabricating
glyconanoparticles with different morphologies and surface
properties as new tailor-made biomaterials.

Further, O'Reilly and coworkers have exploited the nucleo-
base interactions to achieve the self-assembly of amphiphilic
core-shell bottlebrush polymers (BBPs) in an end-to-end
fashion.®® Ring-opening metathesis polymerization (ROMP)
and reversible addition-fragmentation chain transfer (RAFT)
polymerization were employed to synthesize core-shell BBPs
containing complementary nucleobase functionalities using
a “grafting from” approach, and hierarchical self-assembly was
performed in aqueous media. Interestingly, BBPs containing
complementary nucleobases were observed to self-assemble
into cylindrical supramolecules only when the sample was
heated above a certain threshold, corresponding to the lower
critical solution temperature (LCST) of the corona-forming
poly(4-acryloymorpholine) block (Fig. 5a). Furthermore, this
self-assembly behavior was only observed when equal amounts
of BBPs containing complementary thymine and adenine
functions were mixed and heated at elevated temperatures.
Therefore, the nucleobase functionality within the core
compartment facilitated interfacial interactions between BBPs
in the assemblies dominated by multiple hydrogen bonding
interactions between complementary nucleobases.

Recently, we have achieved the programmable morpholog-
ical transformations of mixed nanostructures from cellulose-
grafted bottlebrush polymers based on multiple H-bonds
between linear and bottlebrush polymers. Both adenine and
thymine-containing cellulose-grafted-polymers (Cell-g-PAAc,,
and Cell-g-PTAc,,) were obtained by using surface-initiated
RAFT polymerization (Fig. 5b).* The self-assembly of Cell-g-
PAAc,, and Cell-g-PTAc,, generated the spherical micelles MA
and MT, which were not able to interact through H-bonds due
to the enthalpy-unfavorable chain extension and steric
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Cylindrical bottlebrush
polymer supramolecules
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Selective H-bonding at
bottiebrush polymer interfaces

Fig. 5 Tunable bottlebrush polymer self-assembly morphology and
surface properties through hydrogen bonding interactions between
complementary nucleobase-containing polymers. (a) Complementary
nucleobase interactions achieving hierarchical self-assembly of core—
shell bottlebrush polymers into cylindrical supramolecules.®® Adapted
from ref. 80 with permission from American Chemical Society,
copyright 2020. (b) Selective morphological transformation of mixed
nanostructures from cellulose-grafted bottlebrush polymers.
Adapted from ref. 81 with permission from American Chemical
Society, copyright 2022.

repulsion of cellulose-grafted bottlebrush polymers. Interest-
ingly, the introduction of linear diblock copolymers, poly-
ethylene glycol-b-poly(4-((3 (adenin-9-yl)propanoyljoxy)butyl
acrylate) (PEGgy-b-PAAc,, PA) and polyethylene glycol-b-poly(4-
((3-(thymin-1-yl) propanoyl)oxy)butyl acrylate) (PEGgy-b-PTAc,,
PT), triggered the morphological transformations of MT or MA
mediated by multiple H-bonds of complementary nucleobases,
respectively. The distinct morphological transformations for
MA and MT were caused by the variation of intermolecular
interactions between cellulose-grafted bottlebrush polymers
and linear diblock copolymers. Depending on the unique
properties of nanostructures from cellulose-grafted bottlebrush
polymers, the bioinspired selective responsiveness of mixed
nanostructures was realized by employing complementary
hydrogen bonds of nucleobases.

2.4 Effect of multiple H-bonds between nucleobase-
containing polymers and nucleic acids

Nucleic acids have great potential for gene silencing and elim-
ination of drug resistance in diseased cells such as cancer, but
constructing effective delivery carriers is necessary and
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challenging.®** The delivery of nucleic acids to targeted cells is
difficult as the process substantially needs to overcome several
obstacles, such as in vivo nuclease susceptibility, the rapid
clearance by phagocytic cells, and limited cellular uptake of
negatively charged nucleic acids.** Cationic polymers and lipids
or DNA nanostructures have been widely explored to load
nucleic acids due to high attachment on an anionic cell surface
and favourable gene transportation into the cells.***” However,
several issues should be addressed including immunogenicity,
potential cell damage, failure in nucleic acid release, cost, and
so on. Thus, developing new nucleobase-containing polymers
are highly desired, which is to allow the specific hydrogen
bonding interaction with nucleic acids and efficient delivery
into the cell.

Nucleic acids have a six-atom backbone spacing between two
adjacent nucleobases, prompting the elegant structural design
of nucleobase-containing polymers. The pioneering works were
carried out by the Bowman group,**° developing a variety of
clickable nucleic acids (CNAs). Actually, CNAs are polydisperse
nucleobase-containing polymers obtained from step-growth
thiol-ene polymerization. Cha et al. have demonstrated that
significant amounts of single stranded DNA were encapsulated
within triblock copolymer nanoparticles through the multiple
H-bonds with CNAs.*" Firstly, poly(ethylene glycol)-block-click-
able nucleic acid-block-poly(lactic-co-glycolic acid) (PEG-CNA-
PLGA) triblock copolymer (Fig. 6a) was synthesized and
formulated into nanoparticles using an O/W emulsion method.
The results showed that particles containing CNAs with
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