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Convenient chemical modification of biomacromolecules to create novel biocompatible functional
materials satisfies the current requirements of sustainable chemistry. Dendronization of chitosan with
dendritic oligoethylene glycols (OEGs) paves a strategy for the preparation of functional dendronized
chitosans (DCSs) with unprecedent thermoresponsive behavior, which inherit biological features from
polysaccharides and the topological features from dendritic OEGs. In addition, densely packed dendritic
OEG chains around the backbone provide efficient cooperative interactions and form an intriguing
confined microenvironment based on the degradable biopolymers. In this perspective, we describe the
principle for the preparation of the thermoresponsive DCSs, and focus on the molecular envelop effect
from the hydrophobic microconfinement to the encapsulated guest molecules or moieties. Particular
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attention is put on their capacity to regulate behavior and the functions of the encapsulated guests
through thermally-mediated dehydration and collapse of the densely packed dendritic OEGs. We believe
that the methodology described here may provide prospects for the fabrication of functional materials
from biomacromolecules, especially when used as environmentally friendly nanomaterials or in accurate
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1. Introduction

Microconfinement plays a vital role for biomacromolecules
to exhibit defined biological functions and behavior."* Bio-
macromolecules in cells participated in almost all biochemical
transformations through a confined and highly crowded
environment.>* It has been revealed that crowding of the
biomacromolecules accounts for an important factor affecting
the folding, association and mobility of proteins and nucleic
acids.>® Through molecular design, microconfinement can be
realized through molecular crowding or cooperative interac-
tions between structural segments.”® The most intriguing
example includes crown ether invented by Peterson, which
can bind metal ions specifically from the aqueous phase
through cooperative ionic-dipole interactions between donors
(oxygens from crown ethers) and acceptors (metal ions).>’
Recently, synthetic crowders, for example, Ficoll,® dextran,’
polyethylene glycol (PEG)®"° or even copolymers''* have been
used at high concentrations to mimic in vivo crowding effects
and play the role of exerting excluded volume effects, stabiliz-
ing proteins, and promoting protein aggregation."®> However,
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these synthetic (macro) molecules for creating a confined
microenvironment are normally not biocompatible and biode-
gradable, which makes it difficult to use them for bioapplica-
tions such as drug prolonged delivery.>**™"°

Materials based on modified biomacromolecules have been
developed in recent years, including tissue adhesives and
sealants, scaffolds, and carriers.'®° Native biomacromolecules
always have difficulty regarding their solubility in conventional
media, especially in water.?° > Therefore, chemical modifica-
tion has proven to be an efficient way to assure them better
solubility, and at the same time, to enhance their biofunctions
and properties.*® For instance, PEGylation of biomacromole-
cules has been used as a standard method to improve their
stability, solubility, pharmacodynamics, and processability
through covalent and non-covalent linkages based on three
major strategies, including “‘grafting to”, “grafting from”, and
“grafting through”.>>**?> Nonetheless, the precise selection of
reaction sites on biomacromolecules for the attachment of
synthetic/natural macromolecules or functional units without
compromising their structures and activities remains a primary
concern.'®*>"*” Moreover, significant efforts are still required
to impart biomaterials with stimulus-response characteristics
to modulate their properties responding to external stimuli
(such as redox, pH, heat, etc.).”®*° This may provide a similar
condition as they had in crowded microenvironments within
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the cells, which is beneficial for dramatically expanding the
advantages of biomacromolecules, creating value-added deri-
vatives, and realizing their commercialization.'%*°~>

Chitosan (CS), a classical cationic polysaccharide,®® has
received considerable attention as an excellent biomaterial
and been widely applied as a nanoreactor,” metal adsorbent,"”
and cell culture matrix®>>° owing to its characteristic features:
(1) abundant renewable polysaccharide, mainly derived from
the exoskeleton of crustaceans;'® (2) high stability relative to
proteins and nucleic acids;**?” (3) multiple functional groups
(hydroxyl and amino groups), which can be chemically modified
through various reactions and provide effective chelation.** The
properties and functions of CS can be enhanced and enriched
greatly through chemical modifications.***® Conventional mod-
ification methods for enhancing the solubility and processability
of CS include carboxymethylation, acetylation and phosphoryla-
tion, which usually were carried out under harsh conditions (for
example, high temperature or strong acid/alkali) or using organic
solvent.?"*?3841 Recently, versatile mild and eco-friendly methods
(such as amidation and Schiff reaction in aqueous solution) have
been reported for functional modification of CSs, to improve their
properties and expand their applications.*>** There are numerous
excellent reviews that describe in detail their modifications.®**%**
Linear polymers are frequently used for modification of CS due to
their versatile structures and functionsdesignability.*>*® However,
some challenges still remain; for instance, limited grafting efficiency
and long reaction time for reasonable coverage.*>*” Furthermore,
long polymer chains also tend to weaken the inherent biological
properties of polysaccharides due to the presence of a large propor-
tion of synthetic polymers in the matrices.”>*>***>° Therefore, it
still remains challenging to develop a convenient methodology for
the modification of CS, aiming at improving its properties and
functions, and at the same time, retaining or even enriching its bio-
related properties.*®*>>!

Dendritic macromolecules possess a branched architecture
and multivalency characteristics, which have privilege in the
formation of a confined microenvironment and provide coop-
erative interactions supplying guests with better shielding and
protection effect.”'>*>™” They have shown intriguing potentials
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for modification of CS to form a novel class of dendronized CSs
(DCSs), which excellently integrate both natural properties from
CS and imparted functions from the dendritic units.>*”%° The
synthetic strategies of DCSs have had significant advances recently,
but these modified entities are still short of stimuli-responsive
properties, which hinders the widespread application of these
promising materials.*>*'~®* Notably, modification of biomacro-
molecules, such as gelatin,"”** polypeptide,**®> and cyclodextrin,***’
with stimuli-responsive dendritic oligoethylene glycols (OEGs) is
beneficial, because the convergence of superior properties from
natural polymers and stimuli-responsiveness generated a series of
new intelligent materials, as in our previous reports.*>*>%%7°
Keeping all these in mind, the synergistic combination of features
from dendritic architectures and biofunctions from CS, DCSs
carrying dendritic OEGs were developed by our group, which show
unprecedented thermoresponsiveness and advantages of tunable
encapsulation for guests.”>*** Most importantly, the confined
microenvironment with stimulus responsive behavior constructed
from biodegradable biopolymers modified by dendritic OEGs was
for the first time proposed by our group and used for activity
regulation of proteins. In this perspective, we mainly outline
synthetic strategies and thermoresponsive behavior of the DCSs,
focused on their promising switchable encapsulation and function
regulation to guests, together with some introduction to the
properties of the DCS-based hydrogels (Fig. 1).

2. Synthesis of DCSs: strategies and
principles

Dendronization of CS with dendritic OEGs not only improves
the water solubility and stability of the polysaccharides, but
also affords them characteristic thermoresponsiveness inher-
ited from the dendritic OEGs.>* As shown in Fig. 2A, DCSs carry
dendritic diethylene glycol (DCxx) and dendritic triethylene
glycols (TCxx) were prepared, where the footnote XX represents
grafting coverage of the dendrons. The dendritic OEGs have
varied OEG chain lengths, affording modified CSs with differ-
ent hydrophilicity to tune their phase transition temperatures
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Fig. 1 Illustration of structural, morphology, characteristic, and applications for chitosan, thermoresponsive DCSs, and corresponding smart hydrogels.
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Fig. 2 (A) Cartoon presentation of the synthetic scheme for and molecular structures of DCSs. AFM images from DCSs synthesized from CS with
molecular weights of (B) 2 kDa, (C) 150 kDa, and (D) 600 kDa. All samples were prepared on a mica slice from their solutions (0.005 mg mL™?).
Reproduced from ref. 34, 35 and 72 with permission from American Chemical Society, copyright 2022.

between room temperature and physiological temperature.
The dendronization was performed through amidation
between carboxyl groups from dendrons and amino groups
from CS in aqueous solutions. These DCSs have dendrons
wrapped densely around the polymer backbone, rendering
them in a wormlike geometry. The densely packed OEG chains
along the backbone provide remarkable microconfinement on
a molecular level, and impart DCSs with intriguing radial
amphiphilicity, resulting in the assembly of the polymers to
form fibers in aqueous solution with the length and thickness
dependent on the molecular weight of chitosan (Fig. 2B-D).
This assembly behavior of DCSs in water has been confirmed
to contribute to thermally-induced aggregation and gelation of
the polymers.®>”!

3. Thermoresponsive behavior of DCSs

DCSs inherited unprecedented thermoresponsive properties
from densely packed dendritic OEGs.****”"7> Both DCxx and
TCxx exhibited good solubility in aqueous solutions or phos-
phate buffer (PBS) at 20 °C, and the solutions are clear to
visualize the logo, as shown in Fig. 3A. However, their dilute
solutions turned into turbid at elevated temperature, indicating
characteristic thermoresponsive behavior, and the cloud point
temperatures (7c,s) are dependent on topological structure, graft-
ing ratio of OEG dendrons, and concentration of DCSs.”"”> The
corresponding concentrated solutions (>0.5 wt%) transformed
into gels over the gelation points (7). The main results include:

11026 | J Mater. Chem. B, 2023, 11, 11024-11034

(1) both the T¢,s and Tyes of the DCSs decreased with the increase
of dendron coverage (Fig. 3A and B), where the dendron grafting
ratios on DCSs were calculated by acid-base titration.”* (2) DCxx
pendanted with short lengths of OEG chains was more hydro-
phobic, and exhibited lower T, and sharper phase transition with
smaller hysteresis compared to the TCxx with the similar grafting
ratios (Fig. 3A and C). (3) T, decreased with increase of the DCS
concentration (Fig. 3D). Moreover, through their electrostatic
combination with guest molecules, there is hardly any influence
on the thermally-induced collapse and aggregation behavior of the
DCSs.** The above thermoresponsive behavior demonstrates that
the periphery of dendrons wrapped around the cylindrical DCSs
dominates their apparent amphiphilicity and provided efficient
shielding to the chitosan interiors.

4. DCSs acting as molecular envelopes
4.1 Switchable encapsulation of metal ions

The complexation between DCSs and metal ions was explored
by using Ag" and AuCl,~ as the models under conditions below
their T, or during their thermally-induced collapse (Fig. 4A).
The maximum binding capacity of DCSs with 40% dendron
coverage (TCy 4, 22.4 g mg ™ ') to Ag” was close to that of linear
OEG-modified CSO (LCy_4) and nearly half of that for the naked
chitosan oligosaccharide (CSO, 48.1 ug mg™ ') at 25 °C, but
there was no complexation for the case of OEG-based dendro-
nized polymethacrylate PG1 (Fig. 4B), suggesting that the CS
backbones provide the key structural units for ion binding,

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Thermoresponsive behavior of DCSs. (A) Plots of transmittance vs. temperature for DCSs in PBS. Temperature dependence of the storage
modulus G’ and loss modulus G” of the DCSs and corresponding hydrogels, (B) DCyz(gel), DCys(gel), and DCsglgel), (C) DCasz(gel) and TCas(gel), and
(D) DCsglgel) at different concentrations. Reproduced from ref. 71 with permission from American Chemical Society, copyright 2022.

mainly due to the interaction between amino or hydroxyl
groups to metal ions. Moreover, compared to others, Ag"
embedded in DCSs exhibited peaks with a relatively more
negative shift, which is usually attributed to the stronger
interaction of Ag" with their CS backbones at the atomic level
(Fig. 4C), indicating that the hydrophobic crowded nanosized
microdomains formed by DCSs and the cooperative effect
provided by the densely covered dendritic OEGs are favourable
for strengthened complexation between the chitosan chains
and metal ions.*"”* The loading capacity of DCSs for AuCl,~
increased from 68% at 32 °C to 99% at 75 °C (Fig. 4D), while the
maximum loading amount of AuCl,~ for TC, increased slightly
with increasing metal ion concentration to 0.38 mg mg ' at
75 °C (Fig. 4E), over 10 times that previously reported.’ This
suggests that the dehydration and collapse of OEGs forced the
CS backbones to be densely packed together and show coop-
erative effects in binding the metal ions. These results indicate
that dendronization of CS with dendritic OEGs significantly
furnishes CS advanced properties.”

4.2 Switchable encapsulation for proteins

DCSs provide tunable crowding and hydrophobic microenvir-
onment for manipulating interactions with proteins and modu-
lating their bioactivity (Fig. 5A). The bioactivity of encapsulated
proteins (myoglobin, Mb) within DCSs (named TC/Mb) increased

This journal is © The Royal Society of Chemistry 2023

continuously from 79% to 99% with the temperature increasing
from 45 to 60 °C (above Ty, Fig. 5B), which is over 2 times higher
than that of other samples, including free Mb, PG1-proteins
conjugates, PG1S-Mb, PG1 and a protein physical mixture (PG1/
Mb, Fig. 5C). These are mainly owing to the suitable number of
amino pendants in the CS backbones to provide the binding sites
for complexation with proteins, and a proper amount of dendritic
OEG pendants to provide sufficient shielding effects to form a
hydrophobic microenvironment along the polymers, which pre-
vents the proteins from undergoing strong solvation. The above
results clearly indicate that the excellent features of DCSs inher-
ited from CS have afforded these dendronized polymers with
advantages for activity regulation of the biomacromolecules.>>

5. DCSs acting as nanoreactors for the
fabrication of nanoparticles

Enhanced complexation of metal ions within DCSs encouraged
us to investigate the possible in situ formation of nanoparticles
within the DCSs, and a mild fabrication method for noble
metal nanoparticles was developed. Complexed metal ions
can be reduced to nanoparticles in situ with sufficient stability
within 10 min when illuminated with visible light by using
DCSs as the nanoreactor and reducing agent (Fig. 6A).

J. Mater. Chem. B, 2023, 11, 11024-11034 | 11027
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Fig. 4 Switchable encapsulation for metal ions by DCSs. (A) Cartoon presentation of encapsulation for metal ions by DCSs. (B) Conductometric titration
of the polymers through Ag* at 25 °C. (C) XPS spectra of Ag* nanocomposites from different polymers. Loading capacity of DCSs for AuCl,~ (D) at
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Moreover, composite metal nanoparticles, such as Au@AgNPs
with different compositions (named AuAg) can be obtained
simply by changing the feed ratios of metal ions through this
methodology (Fig. 6B). The synthesized metal nanoparticles
(AgNPs, Fig. 6C) were found to be spherical morphologies with
average diameters around 5 nm, and single AgNPs showed clear
interference fringe patterns demonstrating high crystallinity.
Further, the formation rates (kgs) of metal nanoparticles have
been influenced by many facts, including structures and graft-
ing coverage of dendritic OEGs and reaction temperature, with
the main results including: (1) the ks of DCSs is superior

11028 | J Mater. Chem. B, 2023, 11, 11024-11034

to nature or linear-OEG modified CSs, because confined
hydrophobic microenvironments provided by crowded OEG
pendants enhance the complexation and reduction activity
for metal ions (Fig. 6D); (2) DCSs with lower dendritic OEG
coverage showed the highest ks, indicating that the optimal
grafting coverage of dendritic OEGs is beneficial; (3) ks
abruptly increased between 55 °C and 65 °C, due to the
thermally-induced dehydration of dendritic OEGs from
DCSs, which collapsed to form more hydrophobic microen-
vironments to accelerate the reduction’® (Fig. 6E). These
interesting  observations indicate that cooperative

This journal is © The Royal Society of Chemistry 2023
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combination of capacities from dendritic OEGs and CS back-
bones provides great potential for the DCSs to be used as
nanoreactors in controllable fabrication of metal nano-
particles and simulating biomineralization.””®

6. Higher level microconfinement
from DCS hydrogels

One intriguing application for modified biomacromolecules
is used for the fabrication of hydrogels through physical or
chemical crosslinking."®'®*! These hydrogels exhibit promi-
nent features, including similar characteristics of living tis-
sues, biocompatibility, and biodegradation.”*”””® Recently,
biomedical hydrogels with remarkable functions (stimuli-
responsiveness, recognition, and activity regulation) have
been continuously developed to modulate the migration or
intermolecular association of guest molecules in a controlled
manner, and have been used for switchable encapsulation of
guests.31,71,76,79

6.1 Chemical and physical hydrogels from DCSs

DCSs carrying hydrophilic dendritic triethylene glycol pendants
(TCx) can form chemically crosslinked hydrogels through
Schiff-base reaction, while DCx carrying hydrophobic dendritic

This journal is © The Royal Society of Chemistry 2023

diethylene glycol pendants formed highly transparent physical
hydrogels with porous lamellar morphologies due to aggrega-
tion of the assembled fibers to form three-dimensional net-
works upon heating (Fig. 7A and B). These DCS hydrogels
inherited featured biocompatibility from polysaccharides, and
exhibited reversible sol-gel transition, injectable properties,
and a remarkable self-healing ability (Fig. 7C). The thermo-
gelling behavior and mechanical strengths of the hydrogels
were mainly determined by the hydrophobicity and grafting
ratio of the OEG dendrons, as well as the solid content of the
DCSs. More importantly, the thermally induced aggregation
feature of DCSs has a remarkable influence during their gelling
process, which enhanced both Schiff-base reaction and the
aggregation of polymer chains in the aqueous phase simulta-
neously, resulting in promoting crosslinking of the polymer
networks for their gelation under physiological conditions and
improvement of their mechanical properties. For the chemical
hydrogels, a proper 3D microenvironment was provided for
stem cell culture, and the embedded HMSCs and RNSCs could
survive well and maintain their capability of differentiation
(Fig. 7D). For the physical hydrogels, they can be injected at
room temperature as a fluid, shape-fill irregular injuries and
undergo in situ gelation in vivo, and can be used as hydrogel
scaffolds and promote the growth of keratocytes and reduce
the inflammatory response in a corneal tissue engineering test

J. Mater. Chem. B, 2023, 11, 11024-11034 | 11029
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using a rabbit model (Fig. 7E). Consequently, these DCS
hydrogels have been considered as promising biomaterials to
be used in diagnostics, therapeutics, and tissue engineering.*®
6.2 Confinement of DCS hydrogels to proteins

Physical hydrogels with higher flowability were fabricated from
DCSs with shorter CS main chains. These DCS hydrogels have a

1030 | J Mater. Chem. B, 2023, 11, 11024-11034

reversible thermo-gelling property, allowing convenient and
effective mixing with proteins at room temperature to prepare
drug formulations and with controllable release capacity
(Fig. 8A). With temperature increased from 40 to 65 °C (above
Tge1), the bioactivity of encapsulated horse-radish peroxidase
(HRP) within DCS hydrogels increased from 72% to 99% for
DC5s/HRP and 75% to 97% for TCgs/HRP, respectively, which

This journal is © The Royal Society of Chemistry 2023
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makes a big contrast to the minor activity increase for the
naked HRP (Fig. 8B). More importantly, the activity of proteins
within DCS hydrogels remains higher than 50% after being
kept at high temperature (65 °C) for 12 h, which appears better
than that of linear DCS (Fig. 8C). This is mainly owing to the
enhanced cooperative and shielding effect from OEG chains
within the hydrogels, while providing a higher level confined
microenvironment.”" In addition, DCS hydrogels exhibited
unique controllable release behavior, which could be conveniently
achieved through their degradation mediated by degrading
enzymes without losing the activities of enveloped proteins
(Fig. 8D and E). Therefore, we believe that these DCS hydrogels
with remarkable activity protection and controllable release
properties may have promising applications for controlled
delivery and tissue engineering,®>-3%4671,80

This journal is © The Royal Society of Chemistry 2023

7. Conclusions and outlook

Through dendronization of CS with dendritic OEGs under
environmentally friendly conditions, a series of DCSs were
prepared with advanced properties, which form a unique path-
way for convenient functionalization of polysaccharides. These
water-soluble DCSs exhibit not only unique thermoresponsive
behavior inherited from dendritic OEGs, but also biocompat-
ibility and biodegradation inherited from polysaccharides.
More importantly, densely packed dendritic OEGs around the
CS backbones provided efficient cooperative interactions,
affording an intriguing confined microenvironment to tune
the complexation with metal ions and encapsulation of pro-
teins, as well as to modulate the reduction of metal ions and
formation of metal nanoparticles. Moreover, DCSs exhibit
reversible thermo-gelling features to form highly transparent
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hydrogels with porous lamellar morphologies, while providing
enhanced shielding and encapsulation to guests during the
thermally-induced aggregation. In addition, DCS hydrogels
provide higher level microconfinement to the encapsulated
proteins because of the cooperative effects, and can control
release of the guests through biodegradation of the DCSs.
Investigation on the fibrous morphology formation would
be helpful to deeply understand why the DCSs form highly
transparent hydrogels, and how to manipulate the mechanical
properties of the formed materials. This will be important
for further developing biomaterials based on these stimuli-
responsive dendronized biomacromolecules. Further study

1032 | J Mater. Chem. B, 2023, 11, 11024-11034

toward the fabrication of microgels with different sizes and
morphologies from this class of DCSs may facilitate the estab-
lishment of bionic models and fabrication of promising smart
materials such as for 3D cell culture based the environmental-
friendly polymers, especially with higher level microconfine-
ment through inter-molecularly cooperative interactions of the
densely packed chains within the hydrogels.

The advances in understanding of microconfinement from
these modified biodegradable biomacromolecules offer new
research directions, which can be further explored by using
dendritic OEGs with different branching densities, including
2-fold, 3-fold, 4-fold and 6-fold.">** With different packing

This journal is © The Royal Society of Chemistry 2023
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densities of the OEG chains, crowding should be in different
levels around the backbone of the biomacromolecules, which
should be important in creating different levels of microcon-
finement for different application purposes, such as protection
of proteins or nucleic acids, as well as drug delivery and drug
targeting. We hope that the methodology developed in this
perspective can provide some inspiration to functionalize other
biomacromolecules, especially those carrying amino pendants,
such as hyaluronic acid, gelatin or collagen.
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