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Abstract

Hyperbranched polymers (HBPs), one important subclass of dendritic
macromolecules, are highly branched, three-dimensional globular nanopolymeric
architectures. Attractive features like highly branched topological structures, adequate
spatial cavities, numerous terminal functional groups and convenient synthetic
procedures distinguish them from the available polymers (the linear, branched, and
crosslinking polymers). Due to their unique physical/chemical properties, applications
of HBPs have been explored in a large variety of fields. In particular, HBPs exhibit
unique advantages in the biological and biomedical systems and devices. Firstly, the
way to prepare HBPs usually only involves simple one-pot reactions and avoids the
complicated synthesis and purification procedures, which makes the manufacturing
process more convenient, thus reducing production costs. Secondly, the large number
of end-groups of HBPs provide a platform for conjugation of the functional moieties
and also can be employed to tailor-make the properties of HBPs, enhancing their
versatility in biological applications. Thirdly, HBPs possess excellent biocompatibility
and biodegradability, controlled responsive nature, and ability to incorporate a
multiple array of guest molecules through covalent or noncovalent approaches. All of
these features of HBPs are of great significant for designing and producing
biomaterials. Up to now, significant progress has been made for the HBPs in solving
some of the fundamental and technical questions toward their bioapplications. The
present review highlights the contribution of HBPs in biological and biomedical fields

with intent to aid the researchers in exploring HBPs for bioapplications.

1. Introduction
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HBPs are one important subclass of dendritic macromolecules following conventional
linear, chain-branched and -crosslinking polymers. They are highly branched
macromolecules with three-dimensional dendritic architecture. Historically, highly
branched polymers were first theoretically described by Flory in 1952 when he
demonstrated the polycondensation of ABx monomers to give polydisperse, highly
branched architectures by statistical calculation.' The term “hyperbranched polymer’’
was first introduced to define dendritic macromolecules with random
branch-on-branch topology by Kim and Webster in the late 1980s when they
intentionally synthesized soluble hyperbranched polyphenylene.z’3 Since then, HBPs
have attracted tremendous interest of both scientists and engineers due to their unique
properties and potential applications in diverse areas, and the field has experienced
significant progress.

HBPs are in-between analogues of conventional linear polymers and dendrimers
and show great superiority in structure and performances. Firstly, in comparison to
linear polymers, HBPs exhibit the apparent advantages of non/low chain
entanglements, low melt and solution viscosity, high solubility and a large number of
terminal groups that are easy to be chemically modified.*® Secondly, different from
perfectly branched and monodisperse dendrimers consisting of dendritic units and
terminal units, HBPs are composed of dendritic units, linear units and terminal units,
and display a randomly branched structure with lesser degree of branching (DB,
generally 0.4-0.6).” Besides, in contrast to the tedious and complicated synthetic
procedure of dendrimers, the synthesis of HBPs is often based on one-pot reactions,
requiring essentially no further purification.'™'? Thus, HBPs not only retain some of
the structural features and properties of dendrimers but also are accessible at lower
cost than their dendrimer analogues. Actually, some HBPs are commercially available,
such as Boltorn” (a hyperbranched aliphatic polyester), Hybrane® (a hyperbranched
polyesteramide), polyethylenimine (a hyperbranched polyamine) and polyglycerol (a
hyperbranched polyether). Taking these outstanding advantages into account, HBPs
are one of the most promising materials from both academia and industry.

Up to now, a number of excellent reviews have been published on HBPs, covering
synthesis,  characterizations,  properties,  functionalization,  supramolecular
self-assembly and potential applications.”'18 HBPs have been one of the most
important research topics nowadays in polymer science, and are of great interest in
materials science (mainly, in nanoscience and nanotechnology), as well as in
biomedical science." Many practical and potential applications have already been
found for HBPs such as coatings, resins, polymer additives and -crosslinkers,
nanoreactors and nanocapsules, multifunctional platforms, etc.”’ Especially, the
applications of HBPs in biological and biomedical field is arousing the tremendous

interest of researchers in recent years.zl'24 HBPs are a type of important biomaterials
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with attractive properties including excellent physicochemical properties, favorable
biodegradability and biocompatibility, unusual self-assembly ability, versatile surface
tailor-ability, improved multifunctionality, as well as their smart responsibility. These
advantages pave the way for bioapplications of HBPs ranging from biology to
biomedicine. In the past few years, a rapidly increasing amount of publications related
to the bioapplications have been reported. However, a systematic review on the
bioapplications of HBPs has not yet been published.

In this review article, we summarize recent research progress in bioapplications of
HBPs, based partially on recent progress of our laboratories. Briefly, in the following
sections, we first introduce the physicochemical and biological properties of HBPs,
particularly paying attention to the properties associated with their bioapplications.
Secondly, we summarize therapeutic applications of HBPs including drug delivery,
gene transfection, and protein delivery. Thirdly, we describe in detail the bioimaging
and diagnosis applications of HBPs as molecular probes, including optical imaging,
magnetic resonance imaging (MRI), and nuclear imaging, respectively. Fourthly, we
review the bioapplications of HBPs for biomineralization, tissue engineering,
antimicrobial and antifouling. Finally, we discuss cytomimetic chemistry from HBPs.
This review intends to outline these exciting achievements of HBPs for

bioapplications and inspire continuous endeavors in this emerging research area.

2. Properties of HBPs

Besides chemical composition and functionality, topological structure plays a vital
role in determining the materials properties. As compared to conventional linear
polymers, HBPs exhibit unique physical and chemical properties. Generally, HBPs
possess ellipsoid-like three-dimensional architecture, irregularly branched structure
with DB < 1.0 (normally, 0.4-0.6), high polydispersity of Mw (normally, PDI > 3.0),
and a high number of functional groups linked at both the linear and terminal units.
Based on these characteristics, they exhibit low molecular entanglement, low
melting/solution viscosity, weak mechanical strength, high solubility, highly reactive
functional groups, excellent capacity of encapsulation for guest molecules, and
unusual self-assembly behaviors. Moreover, the relative ease of synthesis and lower
cost make them the preferred choice in various applications as compared with

dendrimers. Salient properties of HBPs for bioapplications are listed below.

2.1 Physicochemical properties
2.1.1 Functionalization of HBPs
HBPs are characterized by a high density of functional groups in combination with

one-pot synthesis, which establishes the foundation for their functionalization.
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Modification of HBPs is essential to control their solubility, compatibility, reactivity,
adhesion to various surfaces, chemical recognition, self-assembly, as well as
electrochemical and luminescence properties. The large number of functional groups
allows customizing their thermal, mechanical, rheological, and solution properties,
which provides a powerful tool to design HBPs for a large variety of applications. In
general, the functionalization of HBPs includes terminal modification, backbone
modification and hybrid modification.

Most of the applications of HBPs are based on the absence of chain entanglements,
the globular shape, and/or the nature and the large number of functional groups within
a molecule. Modification of the number and type of functional groups of HBPs is
essential to control their physicochemical properties. Firstly, a remarkable feature of
the dendritic structures is that they possess many functional groups in their periphery,
which can be exploited to introduce a high density of functionalities via multiple
derivatization reactions.”” The common terminal groups at the periphery of HBPs
contain hydroxyl, carboxyl, amine, thiol, and halide groups. Through these terminal
groups, numerous functional components could be introduced into the periphery of
HBPs, including different functional small molecules (drug, fluorescence probe,
targeting ligand, etc.), oligomers or polymers, or the grafting polymerization of
functional monomers can be directly initiated.***® On the other hand, the
non-covalent bonded strategy has also been employed to modify the HBPs, which
provides a facile way to design functional HBPs.” The modification of the terminals
of HBPs is capable, to some extent, of transforming the characteristics and functions
of HBPs.

In addition to the functionalities that can be introduced onto the periphery of the
hyperbranched structure via terminal modifications, the use of functional monomers
also offers the opportunity to introduce functionalities into the backbone of the final
HBPs. The backbone modification focuses on changing the intrinsic properties of
HBPs by choosing the suitable monomers and appropriate polymerization methods.*
In general, both the functional groups of monomers and their arrangement have a
great influence on the functional behavior of HBPs.”! Furthermore, by means of
various effective synthetic methodologies, the functionality of HBPs could be
controlled by adjusting the molecular structure and topology.”* Correspondingly, the
functions of HBPs depend on the resulting parameters, including the special
distribution of different monomers, degree of branching, the molecular weight and
polydispersity, etc.'®

Different from the two modification approaches aforementioned, hybrid
modification refers to introducing the exterior components into the HBPs sys‘[ems.33
The exterior components, such as metal nanoparticles, nanocrystals, carbon nanotubes,

and quantum dots (QDs), can be bound with HBPs through the weak interactions
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(electrostatic interaction, hydrogen bonding interaction, host-guest interaction,
complexation interaction, or hydrophobic interaction), thus leading to the

functionalization of HBPs.>*3*

The improved properties by hybrid modification
facilitate processing and applications of HBPs. Up to now, various functional
organic/inorganic nanoparticles, luminescent organic molecules, and novel functional
polymers have been reported, and meanwhile the hybrid approaches of HBPs and
other components are developing rapidly. In particular, hybrid modification of HBPs
has been highlighted in the fields of biodetection, bioimaging and diagnosis. For
example, QDs, silicon nanoparticles and magnetic particles have already been
incorporated into the cavities of HBPs, achieving the functions of biodetection,
bioimaging and magnetofection in vitro as magnetic nonviral gene vectors,

respectively.'+*

2.1.2 Physical and chemical responsiveness of HBPs

Through the elaborate design or modification, HBPs could be endowed with
responsive ability to external stimuli. For stimuli-responsive HBPs, the combination
of the advantages of HBPs and the sensitive character can significantly expand the
scope of these macromolecules in bioapplications such as drug/gene delivery,
separation processes, and tissue engineering. The typical external stimuli can be
mainly categorized into three groups: physical stimuli (temperature, light, magnetic or
electrical field, ultrasound), chemical stimuli (pH, ionic strength, solvent, and
chemical additives), and biological stimuli (enzymes and receptors). The sensitive
property of responsive HBPs to these stimuli is always derived from the introduction
of functionalized compartments into the backbone or the terminal groups of the HBPs.
By changing the environmental factors, the architecture, volume, phase state,
self-assemblies, or electrical, optical, mechanical and surface properties of HBPs can
be affected accordingly. Therefore, the goal of preparing smart or controllable HBPs
can be achieved. In this section, we mainly focus on stimuli-responsive HBPs which
are sensitive to pH, temperature, light and redox, respectively.

Changing the pH is practical and useful for bioapplications due to the fact that
numerous pH gradients exist in both normal and pathophysiological states of
biological systems. For example, the pH at tumor sites as well as in intracellular
compartments, such as the endosomes and lysosomes, is slightly more acidic than
blood and normal tissues.”® Therefore, the pH-sensitive HBPs or polymeric
self-assemblies which can rapidly respond to the mild acidic pH trigger provide an
opportunity for the achievement of programmable and controlled drug delivery. Up to
now, a series of acid-cleavable HBPs have been designed and applied in biological
and biomedical fields to obtain pH-sensitive materials.*** Introducing pH-sensitive
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moieties into HBPs endows them with responsive capacity. Current approaches
toward the development of pH-responsive HBPs involve either the incorporation of
“titratable” groups including amines or carboxylic acids into the terminal group of
HBPs or the introduction of acid liable linkages such as acylhydrazone or oxime into
the backbone of HBPs that degrade under acidic conditions. For instance, Zhu and
coworkers prepared pH-responsive carboxyl-modified hyperbranched
poly[3-methyl-3-(hydroxymethyl)oxetane] (HPMHO) and the pH-responsive range of
these carboxyl-modified HPMHO (Suc-HPMHO) can be easily adjusted by changing
the degree of carboxylation, involving the extracellular pH (pH = 6.5) (Fig. 1).*
Benefiting from a large number of terminal carboxyl groups, Suc-HPMHO could
form stable complex with the antitumor drug cis-dichlorodiammineplatinum (II)
(cisplatin) to accomplish pH-targeting drug delivery. Also, the same authors reported
pH-triggered backbone-cleavable hyperbranched polyacylhydrazone (HPAH) and

hyperbranched polyoximes, which exhibited great potential for various
44,45

bioapplications.
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Fig. 1 Synthesis and drug loading of Suc-HPMHO. Reproduced with permission from ref. 43.
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Copyright 2011, Elsevier.

Among the external stimuli, heat could offer more opportunity for easy and safe
medical applications, thus thermo-responsive HBPs have attracted considerable
attention for various biomedical applications, especially in smart drug/gene delivery
systems and tissue engineering. To date, two main strategies have been used to
prepare thermo-responsive HBPs. One is to incorporate thermo-sensitive groups or
oligomer/polymer segments, such as poly(N-isopropylacrylamide) (PNIPAM) or
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA), onto the surface of
HBPs.**** For example, Yan and coworkers successfully rendered hydrophobic
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hyperbranched  poly(3-ethyl-3-(hydroxymethyl)oxetane) (HBPO) temperature
sensitive by peripheral modification with hydrophilic PDMAEMA.* The other
strategy is to prepare backbone-thermoresponsive HBPs that possess the appropriate
balance  of  hydrophilic and  hydrophobic  functionalities.*****'  The
backbone-thermoresponsive HBPs have a large number of functional groups at the
chain ends; therefore they are potential intelligent matrixes for further modification.
For example, functional molecules, such as drug molecules, target groups and
fluorescent probes, can be easily introduced, allowing favorable bioapplications.
Photochemistry is particularly attractive for applications involving biological
systems since it is always considered as a type of clean and instant energy and can
provide a noninvasive pathway with spatial and temporal resolution. Light-responsive
HBPs exhibit unique changes of chemical and physical properties and are promising
materials for various bioapplications, especially in smart drug/gene delivery
systems.”” Light-responsive HBPs are usually prepared by introducing photosensitive
molecules, such as azobenzene, spiropyran or o-nitrobenzyl groups, into the terminal
or backbone of HBPs through covalent or non-covalent approaches. At present,
several light-responsive HBPs have been synthesized successfully and showed great

potential in bioapplications.” >’

For example, recently, Zhu and coworkers reported a
new kind of photo-responsive supramolecular HBP prepared by self-assembly of
azobenzene dimer and p-cyclodextrin (B-CD) trimer, which can be switched
reversibly by alternating ultraviolet/visible (UV/Vis) light irradiation through the
reversible association and disassociation of the host-guest interaction in the backbone

(Fig. 2).°® These HBPs with excellent optical properties may be promising fluorescent

materials as well as self-healing materials.
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Fig. 2 Schematic representation of the photo-controlled polymerization and depolymerization of
supramolecular HBP based on B-CD trimer and azobenzene dimer based on host-guest interactions.

Reproduced with permission from ref. 56. Copyright 2011, Royal Society of Chemistry.

Oxidation/reduction is a common biological phenomenon in living organisms, so it
is interesting to develop redox-responsive HBPs for biological and biomedical
applications. For example, redox-responsive HBPs have been designed for
intracellular drug release because of the large difference in redox potential between
cancer cells and normal cells.”” Glutathione (GSH) is known as a substrate in both
conjugation reactions and reduction reactions and exists in human blood plasma in
micromolar concentrations.”® However, the concentration of cytosolic GSH in some
tumor cells has been found to be several-fold higher than that in normal cells.
Materials incorporating disulfide bonds have been explored for this purpose, which
can be cleaved in the presence of reducing agents such as GSH. Based on this concept,
Liu et al. designed and synthesized a series of redox-responsive hyperbranched
polyphosphates.”®® They prepared a redox-responsive hyperbranched homopolymer
polyphosphate (HPHDP) by self-condensing ring-opening polymerization (SCROP)
of 2-[(2-hydroxyethyl)-disulfanyl]ethoxy-2-oxo0-1,3,2-dioxaphospholane, which was
composed of alternating hydrophobic disulfide and hydrophilic polyphosphate
segments (Fig. 3).° This novel homopolymer could self-assemble into micelles with a
multi-core/shell structure and a narrow size distribution, which exhibited smart
response in a reductive environment and could efficiently transport drugs into tumor
cells. Very recently, the same authors synthesized another hydrogen
peroxide-responsive HBP consisting of alternative hydrophobic selenide groups and
hydrophilic phosphate segments.®’ Because the hydrophobic selenide groups could be
easily oxidized into hydrophilic selenone groups under the exclusive oxidative
microenvironment within cancer cells, the HBP became hydrophilic after oxidation,
leading to the rapid disaggregation of the assemblies. This type of
peroxide-responsive HBPs not only realizes rapid and selective intracellular drug
release, but also possesses excellent intrinsic anticancer efficacy because of the

existence of selenium-containing groups.

Page 8 of 97



Page 9 of 97

Chemical Society Reviews

o, .0
OJ’\O/\/S\S/\/OH
ﬂ SCROP
OH
HON_s 6 7
$N\0.1:,0
R
O\L OH
; e
OH $
S \L HO
0.9 0.0
0-<p Z
HO/\/S.S/\, Py ,P

-0
% § 7R
.S l/, OH
HO, S S-g s-S
\/\S_s\/\ (l \
O.P.O § o} o
0} o) P\‘O/\/S O‘P':O
? Y Shia
: )
O OH
OH R
=P 0 Sisat NP
o] \o\/\O'P\ F:\ON S
’r~ y O
s-S 01 (o
— [
HO S HO
Bl
Hyperbranched OH

homopolyphosphate

Water ﬂ Self-assembly

Bioreducible micelles
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self-assembled micelles. Reproduced with permission from ref. 60. Copyright 2011, Wiley.

2.1.3 Self-assembly of HBPs

Supramolecular self-assembly of HBPs is a newly emerging research area and the
research progress has been highlighted recently by the review articles from Zhou and
Yan."*'* It has received increasing attention due to their great advantages in biological

and biomedical applications. Traditionally, the well-defined molecules including
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surfactants, dendrimers and linear block copolymers could self-assemble into
elaborate microscopic or mesoscopic supramolecular structures. In contrast, HBPs
have irregular structures and randomly branched units, which make HBPs look
difficult to perform supramolecular self-assembly. Nevertheless, HBPs have exhibited
great potential to be excellent precursors for supramolecular self-assembly since the
landmark work of Yan and coworkers in 2004 when they reported macroscopic
multiwalled tubes through the self-assembly of amphiphilic HBPO-star-PEO with a
hydrophobic hyperbranched poly(3-ethyl-3-oxetanemethanol) core (HBPO) and many
hydrophilic poly(ethylene oxide) arms (PEO) in acetone.” Since then, the
self-assembly of HBPs has experienced a rapid development and numerous delicate
supramolecular structures with various morphologies and functions have been
reported by primary self-assembly or hierarchical self-assembly of amphiphilic HBPs,
such as spherical micelles, nano- or micro-scale vesicles, ribbons,
honeycomb-patterned films, fibers, tubules, and so on (Fig. 4).°”7° Compared with the
self-assembly of conventional molecules, HBPs have displayed some unique
characteristics in self-assembly behavior." Firstly, the topologies of HBPs are easily
controlled by tailoring the molecular weight and degree of branching (DB), and the
type, number and length of the arms with a relatively simple synthesis. Thus, diverse
supramolecular assemblies over all dimensions and scales can be obtained
conveniently by adjusting the topology of the HBPs. Due to the globular structure,
HBPs have the specific self-assembly mechanism which is greatly different from the
linear block copolymers. The amphiphilic HBPs generally self-assemble into
unimolecular micelles with the diameter of smaller than 10 nm in solution, whereas
linear polymers can not form unimolecular micelles. The unimolecular micelles from
HBPs could aggregate into large micelles above 100 nm without phase separation.
However, the self-assembly process of linear polymers generally refer to phase
separation or inverse phase separation. Additionally, HBPs can self-assemble into
vesicles and tubes through the special phase separation process that is different from
the one observed for the linear polymers. Thirdly, to a certain degree, the properties of
supramolecular structures from HBPs are superior to assemblies of conventional
molecules. For example, Yan and Zhou reported a new type of
temperature-responsive polymer vesicles from HBPO-star-PEO with broadly
adjustable and reversible lower critical solution temperature (LCST) transitions from
8 to 81 °C.”' In addition, they also prepared pH-sensitive polymer vesicles
self-assembled from carboxylated hyperbranched polyester, which possessed a
controllable size in a broad range from 200 nm to 10 pm by simply changing the
solution pH from 1.5 to 5.5.* Finally, the supramolecular assemblies of HBPs can
easily be functionalized through covalent or non-covalent approaches because of their

void-containing topology structure and a large population of functional groups. For
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example, Yan and Gao reported fluorescent honeycomb-patterned films
self-assembled from amphiphilic hyperbranched polyamidoamines (HPAMAMSs).?’ In
this work, the dye molecules were encapsulated into the cavity of HPAMAMSs to form
colorful host-guest supramolecular complexes, which further self-assembled into
luminescent films on substrates. Taking these aforementioned characteristics into
consideration, the supramolecular self-assembly of HBPs enlarges the diversity of
structures, opens up a straightforward route to the functionalization of self-assembly
structures, and paves a new way for the bioapplications of HBPs.

Fig. 4 Self-assembled structures of amphiphilic HBPs: (A) macrotubes,” (B) physical hydrogel,*®
(C) mesoscopic tubes,” (D) giant vesicles,” (E) composed vesicles,’® (F) honeycomb films,*’” (G)
2D sheets,’® (H) spherical micelles,*”” (I) nanoscale fibers’.

2.2. Biological properties
2.2.1 Biodegradability and biocompatibility of HBPs
The rapid emergence of HBPs in biological and biomedical applications has been

accompanied by a growth in the number of HBP backbones designed to be
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biodegradable and biocompatible. The availability of biodegradable HBPs with
defined structure, controlled degradation profiles, and excellent biocompatibility is
significant for the development of in vivo drug delivery systems, scaffolds for tissue
engineering, imaging agents, and other biomaterials associated with life. At present, a
large amount of biocompatible HBPs such as hyperbranched polyglycerol (or
polyglycidol), poly(ethylene oxide), and sugar derivatives together with
biodegradable polymers like hyperbranched polyesters, polyphosphates, and
polypeptides have been well-designed and widely used in biological fields (Fig. 5).
Hyperbranched polyglycerol (HPG) was prepared in a controlled manner by Frey and
coworkers through the anionic ring-opening multibranching polymerization (ROMBP)

of AB,-type monomer glycidol.”

The HPG possesses good hydrophilicity, high
chemical stability, excellent biocompatibility and low/absent immunogenicity.'®
Therefore, HPG and its derivatives offer enormous potential for a variety of biological
and medical applications in diagnostics and therapy, for example, bioconjugation with
peptides, encapsulation of drugs and probes as well as surface attachment for
protein-resistance.”’ Considering that a flexible aliphatic polyether backbone of HPG
is not degradable, the long-term accumulation of these external objects is a great
concern to the human body. Therefore, the development of HBPs that degrade under
physiological conditions is of particular interest for the design of new biomedical
polymeric materials. From this perspective, hyperbranched polyesters have received
increased attention in the biomedical field due to their ease of metabolization of the
degradation products. The most widely used hyperbranched polyester at present is a
commercially available HBP known as Boltorns® Hx (x = 20, 30, 40). In addition, a
new concept to produce sophisticated materials is to introduce biodegradable or
bioresponsive compartments into polymeric structures. Biodegradable functionalities
sensitive to proteases (peptides), to redox conditions (disulfide, diselenide) or to pH
(esters, ketals, and acetals) have been incorporated within the backbone of
HBPs.””*7® For example, Kizhakkedathu and coworkers incorporated ketal groups
into the backbone of hyperbranched polyether to endow biocompatible polyether with
tunable biodegradability.”’ A range of poly(ketal hydroxyether)s (PKHEs) were
synthesized by anionic ring-opening multibranching polymerization (ROMBP) of
newly designed AB,-type ketal monomers containing structurally different ketal
groups (both cyclic and acyclic). Due to the differences in ketal group structures, the
pH-dependent degradability of PKHEs could be well-controlled at mild acidic pH
values with the hydrolysis half-lives from a few minutes to a few hundred days (Fig.
6). Moreover, PKHEs and their degradation products exhibited high biocompatibility
confirmed by the cell viability assay and blood compatibility assays including
complement activation, platelet activation, and coagulation. These hyperbranched

PKHEs have demonstrated great potential as multifunctional drug delivery vehicles
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for efficient endosomal escape and cytosolic delivery.
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Since phosphates, peptides and saccharide units are the main elements in
biomolecules of lipids, proteins and polysaccharides, the HBPs that were constructed
from these units are inherently biodegradable and biocompatible. Hyperbranched
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polyphosphates were reported by Huang and Yan through self-condensing
ring-opening polymerization of hydroxyl-functionalized cyclic phosphate inimer
2-(2-hydroxyethoxy)ethoxy-2-oxo-1,3,2-dioxaphospholane (HEEP).”® These
polymers and their derivatives have demonstrated eminent biocompatibility,
biodegradability, and flexibility in adjusting the pendant structures and are promising
candidates in biomedical applications.79'81 Compared to linear peptide analogues, the
hyperbranched peptides generally displayed higher solubility, enhanced proteolytic
stability and a lower toxicity. Hyperbranched polypeptides may be an interesting,
cheap alternative for the peptide dendrimers that are widely used or are being
explored for many medical applications.**® Recent development of synthetic
strategies for hyperbranched polypeptides is particularly interesting and many
potential bioapplications are being investigated. For hyperbranched polysaccharides,
although some HBPs based on sugar or its derivatives have been synthesized and
explored for bioapplications, most of them are still isolated from natural materials and
under exploration.*>*’” With the readily available feedstocks and rapidly developing
chemistries, more and more biodegradable and biocompatible HBPs will be designed

and used for biological and biomedical applications.

2.2.2 Biological responsiveness of HBPs

By means of various synthetic methodologies, HBPs can be endowed with biological
responsiveness (enzyme, receptors, etc.). Among a variety of external stimuli,
enzymes have emerged to be a promising triggering motif for the design of a new
class of responsive HBPs in recent years. Enzymes are involved in all biological and
metabolic processes of living organisms.® Compared to HBPs responding to physical
and chemical stimuli, enzyme-responsive HBPs exhibit superior advantages such as

high selectivity and substrate specificity. Furthermore, they respond under quite mild

conditions (37 °C, aqueous media, typically neutral or slightly acidic and alkaline pH).

The integration of enzyme responsiveness with dendritic structure can further broaden
the design flexibility and scope of applications by endowing the HBPs with enhanced
triggering specificity and selectivity. To some extent, among all of the stimuli,
enzymes are the best candidates for triggering transformations and transitions of
HBPs or polymeric assemblies. For example, Haag and coworkers synthesized
enzyme-responsive drug-conjugated HPG for tumor tissue-targeted delivery and
site-specific triggered release.® The doxorubicin (DOX) or methotrexate (MTX) was
conjugated to the terminal groups of HPG by either a self-immolative
para-aminobenzyloxycarbonyl spacer coupled to the dipeptide Phe-Lys or the
tripeptide D-Ala-Phe-Lys as the protease substrate. They were cleaved in the presence
of cathepsin B, an enzyme overexpressed by several solid tumors, thus leading to the

release of DOX or a MTX lysine derivative and exhibiting superior antitumor efficacy
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in vivo over the free drug.”™’

3. HBPs for therapeutic applications

3.1 HBPs for drug delivery

An ideal drug carrier should have excellent biocompatibility, form a stable complex
with the drug, transport the drug into the targeting site, and then release them
efficiently, while keeping the pharmacological properties of the drug. HBPs are
emerging as potentially ideal drug delivery vehicles because they can be tailored and
carry plenty of functional end-groups. During the past few decades, the use of HBPs
as drug carriers to achieve controlled and targeted delivery of drugs to the tissues and

sites has been widely explored.

3.1.1 Encapsulation and covalent attachment of drug

The encapsulation of a large amount of the hydrophilic and hydrophobic guest
molecules using HBPs such as hyperbranched polyesters, polyglycerols,
polyesteramides, and polyethylenimines has been widely investigated in the past few
years.”'96 Firstly, the simplest drug encapsulation pattern is that small-molecule drugs
are directly entrapped within the inner nanocavities of HBPs via physical

interactions.”***

Secondly, by design of special structures, HBPs can self-assemble
into unimolecular micelles capable of encapsulating and solubilizing drugs into the
void spaces within the HBPs’ interior and exhibit higher stability than multimolecular
micelles from conventional linear amphiphilic block copolymers under general
conditions.” Usually, HBPs possess enhanced encapsulation ability when compared
with their linear analogues. For example, Haag and coworkers investigated the
loading capacity of hyperbranched PEI functionalized with different fatty acids (C18,
Cl16, Cl11, C6).°° The resulting amphiphilic HBPs based on hyperbranched PEI
formed core-shell architectures and were suitable for encapsulation of guest molecules
containing anionic groups such as caboxylate, sulfonate, phosphate, and acidic OH
groups (Fig. 7). They found that the modification using different types of fatty acids
increased the encapsulating capacity of hyperbranched PEI, allowing up to 150 guest
molecules to be molecularly encapsulated and transported. The modified
hyperbranched PEI exhibited a higher encapsulation capacity than the linear one.
However, the unimolecular micelles of HBPs can only encapsulate a small amount of
guest molecules due to the limited volume of the interior cavities. In contrast,
multimolecular micelles possess larger hydrophobic cores, thus enhancing the
encapsulating capacity and the controllability of drug delivery. Thus, multimolecular
micelles from HBPs are very attractive in drug delivery. For the multimolecular

micelles, the drugs are loaded in the micelle cores or shells through the non-covalent
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interactions based on their hydrophilicity. In addition to loading single-guest

molecules, HBPs have the ability of encapsulating double or multiple-guest molecules,

which was reported by Gao and coworkers.”” They discovered the synergistic
encapsulation phenomenon of amphiphilic HBPs in the process of double-dye
host-guest encapsulation. The loading capacity of one kind of guest molecule can be
significantly increased in the presence of other kinds of guest molecules. All of these
aforementioned results demonstrate three-dimensional hyperbranched topology of
HBPs plays a crucial role on their encapsulation capacity.
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Fig. 7 Functionalization of hyperbranched PEIs with hydrophobic alkyl chains leads to a
core-shell type architecture that is able to encapsulate polar guest molecules. (A) Functionalization
of hydrophilic hyperbranched PEIs (Mw = 800-25,000 g mol™") with (a) an alkyl chain acid (melt
reaction route) and (b) with an acid chloride to obtain core-shell type architectures suitable for
encapsulation; PEI functionalized with C6 acid is shown as an example. (B) Schematic
representation of encapsulating polar guest molecules with core-shell type architectures.
Reproduced with permission from ref. 96. Copyright 2007, Wiley.

Although the drug encapsulation with HBPs for drug delivery has been proved
successfully, some limitations still exist for efficient drug encapsulation and
controlled release. The main limiting issue is the relatively rapid and uncontrollable
release of drug molecules from the HBPs core. In contrast, the covalently bound
HBP-drug conjugates remain stable in both water and buffered solutions and thus

significant research has focused on covalent drug attachment. The types of linker
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groups for the covalent attachment of drug molecules to the HBPs periphery have an
important effect on the activity of the HBP-drug conjugates and can be used to control

8,99

drug release.”™” Usually, the linker groups refer to (1) ester groups,'® which can be

readily broken by the esterase enzymes within the cell; (2) acid labile cis-aconityl or

acylhydrazone groups,44’101

which are easily cleaved under the mildly acidic
conditions such as the intracellular endosome and lysosome; or (3) disulfide
groups,'” which can be reduced by GSH within the cytosol. For example, Zhu and
coworkers reported that DOX was covalently conjugated through acylhydrazone
bonds to HPAH.* Importantly, DOX-conjugated HPAH was stable at physiological
conditions (pH = 7.4), but was cleaved after the acidic lysosomes (pH = 5-6) trigger,
leading to the controlled release of DOX drugs. Very recently, they designed and
prepared redox-responsive HBP-drug conjugates through the coupling of the
multithiol HBPs and thiol-containing drugs.'”” The HBP poly((S-(4-vinyl) benzyl
S'-propyltrithiocarbonate)-co-(poly(ethylene glycol) methacrylate))
(poly(VBPT-co-PEGMA)) with multiple thiol groups was synthesized via reversible
addition-fragmentation chain transfer (RAFT) copolymerization, which could
conjugate with the thiol-containing drugs via disulfide linkages to accomplish a
redox-triggered release (Fig. 8A). Since the concentration of GSH in the tumor tissues
is many-fold higher than that in normal tissues, the redox-responsive HBP-drug
conjugates could selectively release the drug at tumor sites, thus resulting in a high
anticancer efficiency (Fig. 8B). This redox-responsive HBP-drug conjugate may
provide a novel platform for the delivery and controlled release of thiol-containing

drugs or biological molecules.
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triggered by GSH. Reproduced with permission from ref. 102. Copyright 2014, American

Chemical Society.

3.1.2 HBPs for controlled drug release

The effect of drug therapy is closely related to the release behavior of the delivery
system in the body. Slow and controlled release of drugs is of great importance in an
effective drug delivery system because it allows the drug-encapsulated system to
reach the site of action without significant loss of drug from the delivery system.

HBPs can form unimolecular micelles or self-assemble into multimolecular micelles
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with a very low critical micelle concentration (CMC) in aqueous solution, exhibiting
high stability as drug carriers. Moreover, HBPs have many functional groups,
customizable degree of substitution, and adjustable DB to allow the control over the
drug release. For example, Burt and coworkers reported that two commercially
available HBPs (HPG and H40) modified with carboxylic acid were used as
macromolecular ligands for the controlled release of anticancer drug cisplatin.lo3 It
was found that the modified HPG formed strongly bound platinum complexes, which
exhibited sustained release over 7 days in physiological saline with almost all of the
cisplatin being released. Compared to the modified HPG, the modified H40 was found
to form a higher proportion of weakly bound complexes with cisplatin. H40
demonstrated more rapid initial release of cisplatin than HPG, and only 60% of the
total drug loading was released over 5 days in physiological saline, implying that 40%
of cisplatin was strongly bound to H40 and released much slower. The release results
showed that the complexes of HPG and cisplatin were a promising delivery system.
Yan and coworkers prepared hyperbranched
poly[methylenebis(acrylamide)-aminoethylpiperazine] containing various amounts of
B-CD for controlled drug release.'™ The anticancer drug chlorambucil could be
loaded in the cavities of HBP and B-CD. The in vitro release experiments showed that
the release rate of chlorambucil could be well-controlled by adjusting the B-CD
content and the presence of B-CD could appropriately slow drug release.

In many controlled-release applications, HBPs are always functionalized to respond
to the target environment. Generally, a change in pH, temperature, light, redox
conditions, or a bacterial, enzymatic activity disintegrates the HBPs carrier system,
leading to the controlled release of the encapsulated drug at target site. For example,
Zhu and coworkers constructed pH-responsive HPAH to release autophagy inhibitor
LY294002 (LY) and anticancer drug DOX in a controlled programmable manner for
oral squamous cell carcinoma therapy.'” Firstly, the hydrophobic DOX was
conjugated onto the terminal groups of hydrophilic HPAH via acylhydrazone linkages,
forming amphiphilic DOX-conjugated HPAH (HPAH-DOX). Then the HPAH-DOX
self-assembled into nanomicelles in an aqueous solution and the autophagy inhibitor
LY was encapsulated into the core of HPAH-DOX micelles (Fig. 9A). The release of
the encapsulated LY and conjugated DOX was well-controlled and pH-dependent,
whereas LY was released significantly faster than DOX at a mildly acidic condition
duo to the physical encapsulation (Fig. 9B). In vitro evaluation demonstrated that the
preferential release of LY induced early inhibition of protective autophagy of tumor
cells and rendered them more sensitive to the subsequent liberation of DOX, thus
leading to significantly high antitumor efficacy (Fig. 9C). This HBP-based system for
controlled release of the chemotherapy drug and the autophagy inhibitor may open up

new perspectives in clinically applicable combination therapy.
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3.1.3 HBPs for targeting therapy

Polymeric nanocarriers have been explored for tissue-specific drug delivery and
enhanced endocytosis.'® One of the most important advantages is that they can
passively accumulate into the porous tissues, such as tumor tissues. It has been
reported that pores in the tumor vasculature typically have a diameter from 40 to 80
nm; however they can be as large as 1 pm across.'”’ This phenomenon is called the
enhanced permeation and retention (EPR) effect and refers to passive targeting. The
use of macromolecules or their assemblies with suitable size as efficient carriers for
the delivery of anticancer drugs has been strengthened by recent studies concerning
the enhanced permeability of tumor blood vessels and their subsequent accumulation

in solid tumors. From the structural perspective, HBPs can be easily adjusted due to
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their three-dimensional topological architecture and numerous terminal groups.

Therefore, passive targeting of HBPs or their assemblies can be well-controlled by

rational design. As an example, Zhu and coworkers utilized a supramolecular strategy

to construct supramolecular amphiphilic multiarm hyperbranched copolymer based on

the molecular recognition

ratio of hydrophobic b

between adenine and uracil moieties.'”™ By adjusting the

uilding block and hydrophilic arm, the size of the

self-assembled micelles from hyperbranched copolymer could be tunable with the

diameter ranging from 10 nm to 200 nm. This supramolecular HBP-based system

could transport anticancer

drugs for the preferential accumulation to tumor tissues.
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7-11 from dendritic polyglycerol (dPG) azide 6 by applying a sequential one-pot click reaction

first with alkyne functionalized rhodamine 4 and then followed by the respective anionic alkynes;

(B) Qualitative confocal laser scanning microscopy images of inner parts of native murine bone

samples. Femur, cross-section, 40x magnifi cation after incubation with dPG polyelectrolytes (red)
in PBS at pH 7.4. Enhanced targeting of organic compartments, e.g., osteocyte lacunae (red dots)

and blood vessels is found for nonphosphorous containing polymers (i-iii), whereas areas of high

HA concentration, such as cement lines or surroundings of osteocyte lacunae (black dots) and cut

surfaces (sHA), are mainly targeted by dPGP-RB 9 , dPGPn-RB 10 , and dPGBP-RB 11 (iv—vi).

Reproduced with permission from ref. 112. Copyright 2014, Wiley.

One major limitation with size-related passive targeting is that it is difficult to
achieve a sufficient drug concentration at the disease sites, which may lead to low
therapeutic efficacy and elicit severe side effect. To further improve the drug delivery
efficiency, strong attention has been paid on exploiting materials with active targeting
ability. Compared to traditional linear polymers, HBPs have a large number of
functional end-groups in their peripheries that can be easily modified to connect
targeting groups, which make them more ideal for use as targeted drug-delivery
agents. Generally, the targeting ligands include antibodies, lectin, peptides, other
small molecules (e.g. folic acid, saccharide and lactose) and so on, which can
recognize and bind to specific receptors. For example, Cheng and Gong have reported
folate(FA)-conjugated amphiphilic hyperbranched block copolymer based on aliphatic
polyester Boltorn H40 for tumor-targeted drug delivery.'™'' As expected, in vitro
experiments demonstrated that drug-loaded FA-functionalized HBP assemblies
exhibited enhanced cellular uptake and increased tumor cell inhibition due to the
FA-receptor-mediated endocytosis mechanism. Zhu and coworkers synthesized
alendronate(ALE)-conjugated amphiphilic hyperbranched copolymer
H40-star-PEG/ALE as a carrier for bone-targeted drug delivery.'"" The self-assembled
H40-star-PEG/ALE micelles with bone-targeting bisphosphonate moieties showed
strong affinity to the skeleton mineral hydroxyapatite (HA), which was proved by the
HA binding assay. The H40-star-PEG/ALE could encapsulate the hydrophobic
anticancer drug DOX, showing great potential as bone-targeted drug delivery for
skeletal metastases. Recently, Haag and coworkers studied a series of HPG and
polyanion dye conjugates, including sulfates, sulfonates, carboxylates, phosphates,
phosphonates, and bisphosphonates, for selective bone-targeting applications (Fig.
10A)."* As shown in Fig. 10B, the phosphate, phosphonate, and
bisphosphonate-functionalized HPG expressed high affinity toward inorganic, highly
carbonated HA compartments. In contrast, the sulfate, sulfonate, and
carboxylate-functionalized HPG exhibited weaker affinity to HA but a more apparent

affinity toward organic collagen. Interestingly, HPG carboxylate showed strong
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binding to both compartments and the phosphate, and phosphonate-functionalized
HPG polyelectrolytes displayed remarkable affinities to HA, which may be due to the
multiple organizations of densely arranged anionic groups. Therefore, hyperbranched
polyanions based on the biocompatible HPG scaffold may represent a promising class
of polymers for therapeutic or diagnostic applications, for example, as drug delivery

systems or for selective bone-targeting imaging.

3.1.4 Multifunctional HBPs for drug delivery

Consecutive functionalization of these basic HBPs by introducing various types of
functional groups results in the formation of multifunctional HBPs, which exhibit the
property of multivalency for drug delivery. For example, protective groups such as
poly(ethylene glycol) (PEG) have been introduced on the surface of HBPs through
suitable functionalization to improve the stability of drug carriers and prolong their in
vivo circulation duration. The incorporation of translocating agents or molecular
transporters at the periphery of HBPs can improve the drug transport efficiency
through cell membranes. In addition, the imaging probes at the core or external
surface of HBPs provide a powerful tool to study the in vivo behavior of drug or
carrier materials and the integration of HBPs and imaging probes can achieve
synergistic functions such as drug delivery, diagnosis, and imaging-guided therapy.
Finally, the nanocavities of HBPs have been tailored in such a way that drug release

can be controlled by changing external environment at the site of action.
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permission from ref. 115. Copyright 2011, Elsevier.

In recent years, some multifunctional HBPs systems have been developed by
employing commercially available or custom-made HBPs in agreement with the
above mentioned criteria and applied for drug delivery.'*''® Paleos and coworkers
prepared and investigated multifunctional HPG bearing protective PEG chains and the

FA-targeting ligand at their end as prospective drug carrier systems.''* It was found
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that the introduction of the PEG chains not only provided stability and protection in
biological milieu but also enhanced the encapsulation efficiency. Liu and coworkers
reported on the fabrication of multifunctional amphiphilic multiarm hyperbranched
copolymers, H40-star-[PCL-b-P(OEGMA-Gd-FA)], as an integrated platform for
cancer cell-targeted drug delivery and MRI contrast enhancement.'”>  The
hyperbranched copolymers were composed of hydrophobic hyperbranched polyester
H40 core, a hydrophobic poly(g-caprolactone) (PCL) inner layer, and a hydrophilic
polyoligo(ethylene glycol) monomethyl ether methacrylate (POEGMA) outer corona
covalently bonded with targeting FA moieties and MRI contrast agents DOTAeGd
(DOTA is 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakisacetic acid), which further
self-assembled into structurally stable unimolecular micelles in aqueous solution (Fig.
11). The hydrophobic anticancer drug, paclitaxel, was encapsulated into the inner
hydrophobic core of unimolecular micelles efficiently and could be released in a
controlled manner. Paclitaxel-loaded unimolecular micelles showed significantly
higher cytotoxicity compared to non-targeting ones because of the FA
receptor-mediated endocytosis. Meanwhile, in vitro evaluation demonstrated that the
T relaxivity of unimolecular micelles enhanced ~6 times compared to that of small
molecular DOTAeGd complexes. Furthermore, in vivo MR imaging experiments in
rats demonstrated good accumulation of unimolecular micelles within liver and
kidney, excellent positive contrast enhancement, and relatively long blood circulation
time. The multifunctional HBPs synergistically integrated with cancer-targeted drug
delivery and enhanced MR imaging functions showed great potential for theranostic
applications. Dong and coworkers reported two-photon-sensitive and sugar-targeted
carriers from degradable amphiphilic HBPs for controlled drug release and targeted
drug delivery.''® The dendritic amphiphiles self-assembled into the near-infrared (NIR)
light sensitive micelles, which would target the diseased sites by sugar-induced active
targeting, and then light-triggered drug release could be achieved in a controlled

manner.

3.2 HBPs for gene transfection

Gene therapy represents a promising approach for the treatment of various human
diseases by transmission of exogenous nucleic acids into the nucleus of the specific
cells of the patient. Considering the fact that genetic materials (free oligonucleotides,
DNA and RNA) are easily to be degraded by serum nucleases in the blood when
injected intravenously, it is of great significant to develop effective gene vectors to
protect genetic materials from degradation. Comparing to the viruses and cationic
liposomes, cationic polymers show several favorable characteristics such as enhanced

bio-safety and biocompatibility, favorable biodegradability, high flexibility of
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tans-gene size, high stability, low cost of synthesis and applicable scale-up to
production. Therefore, nonviral polycationic vectors are receiving considerable
attention as gene delivery systems. Among various cationic polymers, cationic HBPs
that integrate a high density of amino groups with a three-dimensional branched
structure and high molecular design flexibility, which greatly facilitates the
therapeutic genes to arrive at the target tissues with high efficiency and specificity,
would be very attractive for successful gene transfection. The specific advantages and
disadvantages of several important classes of cationic HBPs, with emphasis on

recently designed gene-delivery materials, will be described in more detail below.

3.2.1 Hyperbranched polyamines based gene vectors

Cationic polymeric vectors interact with negatively charged DNA in aqueous solution
through electrostatic interactions to generate polyplexes, which can enhance cellular
uptake efficiency and transfection efficiency of DNA or RNA. In the field of cationic
HBP vectors, hyperbranched polyamines including hyperbranched polyethylenimine
(HPEI) and hyperbranched polypropylenimine (HPPI) are very promising for
effective gene transfection because of their high positive charge density. Especially,
HPEI displays superior transfection efficiency in various cell lines and tissues and has
been known as the gold standard among nonviral polymeric gene delivery systems.
HPEI-based gene vectors have several attractive characteristics that are beneficial to
gene delivery. Firstly, due to the existence of numerous terminal primary amines, they
can condense nucleic acids sufficiently into nanosized compactable particles through
electrostatic interaction at physiological pH, which facilitates cellular uptake.
Furthermore, the plenty of tertiary amine groups present in the HPEI structure endow
them with a strong proton buffer capacity, which can prevent polyplexes from
lysosomal degradation and enable them to escape into the cytoplasm. This process is
called as “proton-sponge effect”. While HPEI offers these advantages, there are still
several obstacles associated with gene delivery, especially high cytotoxicity and a
lack of cell specificity, all of which seriously limit its further application.

In the past decade, with an aim to reduce the cytotoxicity and improve the in vivo
gene delivery efficiency of HPEI-based delivery system, the design of biocompatible
and biodegradable HPEI vectors presents two main trends. Firstly, the surface of
HPEI is modified with functional small molecules, hydrophilic or biodegradable
polymers through covalent or noncovalent approaches in order to shield some positive
charges and improve serum stability."'”""? Various biocompatible polymers have been
employed to modify HPEI, such as PEG, natural glucose polymers, proteins, peptides,
etc. In addition, the functional small molecules such as aliphatic lipids, targeting
groups have been conjugated to the surface of hyperbranched polyamines in order to
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increase the specific uptake efficiency and transfection efficiency. Correspondingly,
the transfection efficiencies are enhanced to different degrees over the unmodified
hyperbranched polyamines, depending on types of functional groups and degree of
substitution. In a few cases, the transfection efficiencies of these modified
hyperbranched polyamines approximated or exceeded those of 25 kDa HPEI standard
control. For instance, peptide-modified HPEIs show great advantages because they
improve the biocompatibility and are easily metabolized, making various
combinations possible.”* Wu and coworkers designed a series of histidine-based
peptide modified HPEI (25 kDa) for gene transfection studies (Fig. 12A).1!
Compared with HPEI, these polymers showed high transfection efficiency and
enhanced cell survival to the human embryonic kidney cell line (HEK 293FT). More
importantly, transfection of human adipose stromal cells (ASCs), dermal fibroblasts,
and cardiac progenitor cells (CPCs), which are known to be highly resistant to gene
transfection, with the modified HPEI demonstrated high transfection efficiency.
Another important advantage of using these polymers is that all transfections are
convenient as they are carried out in the same medium where cells are grown in the
presence of serum and antibiotics, avoiding frequent changes of the medium before,
during, or post transfection. The results demonstrated that L-Carnosine-HPEI and
Boc-L-Carnosine-HPEI displayed great potential as gene delivery agents based on
their reduced production of reactive oxygen species (ROS) and consistently high

transfection efficiency in all cell types among six complexes tested.
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Fig. 12 (A) Schematic diagram of the structures of the basic polymer HPEI (top) and the
peptide-modified HPEI. The peptide groups were linked to the primary amine group of HPEI; (B)
Schematic representation of bioreducible HPEI: (a) synthesis of bioreducible HPEI (SS-HPEI), (b)
schematic illustration of SS-HPEI-mediated intracellular siRNA delivery. Reproduced with
permission from ref. 121 and 127. Copyright 2011 and 2012, Elsevier.

Secondly, the biodegradable linkages such as reducible disulfide bonds or ester
conjugation are incorporated into the backbone of hyperbranched polyamine.'** The
introduction of biodegradable linkages in the backbone of hyperbranched polyamines
not only facilitates the controlled release of DNA in cytoplasm, but also helps to
reduce cytotoxicity by avoiding accumulation of high molecular weight cationic
polymers inside the cells. Take reduction type for an example, biodegradable HPEIs
containing the disulfide bond can be polymerized by monomers containing disulfide
bonds or by crosslinking low molecular weight HPEI segments with reducible
disulfide crosslinkers. Some groups have reported that cross-linking of low molecular
weight HPEI (e.g., 800 and 1800 Da) with different disulfide-containing cross-linking
agents (e.g., 3’-dithiobispropanoic acid (DTPA), dithiobis(succinimidylpropionate)
(DSP), and dimethyl-3,30-dithiobispropionimidate-2HC1 (DTBP)) resulted in
considerably enhanced in vitro transfection efficiency as compared with the parent

low molecular weight HPEI, with transfection activity approaching or in some cases
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over that of 25 kDa HPEI control.'">'?" As an example, Wang and coworkers
prepared bioreducible disulfide bond-containing HPEI (SS-HPEI) by chemical
coupling of the DTPA and the low molecular weight HPEI (800 Da) via an EDC/NHS
activation reaction (Fig. 12B-a), which was employed as siRNA carrier for
intracellular delivery of the human telomerase reverse transcriptase (hTERT) siRNA
in vitro and in vivo."”” It was found that the SS-HPEI could strongly condense siRNA
into nano-sized and positively-charged complexes, but it was able to release siRNA
sufficiently in a reducing environment. /n vitro transfection experiments demonstrated
that the complexes of SS-PEI/siRNA were able to transfect HepG2 cells efficiently
and revealed relatively low cytotoxicity. This might due to the fact the SS-HPEI was
cleaved under intracellular reducing environment, which further facilitated
intracellular siRNA release (Fig. 12B-b). Importantly, in vivo results showed that the
complexes of SS-PEI/siRNA could inhibit HepG2 tumor growth in a xenograft mouse

model and exhibited almost no adverse effect on liver and kidney functions.

3.2.2 Hyperbranched polyamidoamine (HPAMAM) based gene vectors
Among various types of HBP systems explored for gene delivery, HPAMAMs have
been shown to be a versatile class of polymers for gene delivery owning to their
properties including biocompatibility, biodegradability, generally low hemolytic
activity and peptide-mimicking properties. They have very similar unit structure to the
classic hyperbranched polyamines but possess much lower cytotoxicity. As an
alternative to hyperbranched polyamines, various HPAMAM-based HBPs have been
synthesized and investigated for gene transfer. In general, three kinds of strategies
have been employed to construct safe and efficient HPAMAM-based gene vectors.
First of all, the branching architecture of HPAMAM has been investigated and
optimized to improve gene transfection efficiency.'”*'*! The HPAMAM possesses
compact and globular structures with plenty of various amino groups, which influence
the ability to complex plasmid DNA (pDNA) and cationic polymer. The DB of the
highly branched cationic polymers determines the ratio of primary, secondary and
tertiary amines, which have a remarkable influence on the condensation ability, the
escape of polyplexes from lysosome, the cytotoxicity and the transfection efficiency.
PAMAM dendrimiers have lower transfection efficiency than their degraded
derivatives with a lower DB, however, Engbersen and coworkers showed that
polyplexes from HPAMAM yielded higher transfection efficiency in comparison with
that from their linear analogs.13 O The results also demonstrated that HPAMAM with
disulfide linkages in the main chain could be enhanced by the presence of serum.
Interestingly, this kind of HPAMAM displayed significantly lower cytotoxicity and
higher gene expression in DNA transfection tests with COS-7 cells than that of linear
PEI (22 kDa). Considering the important effects of the topological structures on the

Page 28 of 97



Page 29 of 97

Chemical Society Reviews

gene transfection efficiency, Zhu and coworkers prepared a series of cationic
PAMAMSs with similar compositions and molecular weights but different branched
architecture (DBs from 0.4 to 0.44) for gene delivery (Fig. 13A)."*" It was found that
the DNA condensation capabilities of HPAMAMSs could be readily adjusted by only
altering the branched architecture of polycations as shown in Fig. 13B. With the
increase in branched architecture, the cytotoxicity of PAMAMs reduced because of
the small hydrodynamic size and compact spatial structure. In contrast, the
complexing capabilities of PAMAMSs and DNA were strengthened, which could be
attributed to the more and more compact structure and the enhancement of primary
and tertiary amino groups. Correspondingly, the gene transfection efficiency was
improved by more than three orders of magnitude. The results of this study indicate
that the gene delivery can be readily regulated by only changing the branched
architecture of polycations. This study demonstrates the importance of branched
architecture of cationic HBPs in regulating gene expression and cell toxicity, which
provides a new strategy to promote cationic HBPs as nonviral gene vectors with good
transfection efficiency. Although great progress has been achieved, the relationship
between DB of cationic polymers and transfection efficiency is still not very clear
because the synthesis of cationic HBPs with the similar chemical composition and
molecular weights but different DBs is difficult.
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Fig. 13 (A) Synthesis route of different branched PAMAMs. Highly branched PAMAM was

obtained in pure water, low branched PAMAM was obtained in mixture solvent of water and
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DMF and linear PAMAM was obtained in pure DMF. (B) AFM images of DNA condensation by
various branched PAMAMs. DNA was binding by polymers at N/P = 2. Each image represents a
2 x 2 um scan. (a) Pure plasmid DNA in Hepes buffer. (b-f) DNA is binding by various PAAs
with different branched architecture (DB = 0.44, 0.31, 0.21, 0.11, and 0.04, respectively).
Reproduced with permission from ref. 131. Copyright 2010, American Chemical Society.

Secondly, various chemical functionalities have been introduced into the periphery
of HPAMAMSs in order to lower the cytotoxicity and improve the gene transfection
activity. The effects of terminal groups on transfection efficiency have been
investigated by Gao and co-workers recently.”> They synthesized
phenylalanine-modified HPAMAM by conjugating phenylalanine to the terminal
amino groups to improve its bioactivity. Interestingly, in vitro transfection showed
that the resulting transgene expression of phenylalanine-modified HPAMAM was
almost one order of magnitude higher than HPEI. Zhu and coworkers reported a series
of B-CD-functionalized HPAMAMSs, which show lower cytotoxicity and significantly

enhanced photoluminescence in comparison with HPAMAM:s.'*

Very recently, Liu
and coworkers investigated the performance of HPAMAMSs with the same tertiary
amino cores and different terminal groups for gene delivery.'** They found that the
difference in the terminal structures resulted in a definite distinction in terms of
biophysical properties and transfection efficiency in vitro.

Thirdly, introducing biodegradable linkages such as reducible disulfide bonds or
ester groups in HPAMAM backbone facilitates enhancing transfection efficiency and
reducing cytotoxicity.*>'*® As an example, Oupicky and coworkers designed and
synthesized a series of reducible HPAMAMs with
N,N-dimethylaminodipropylenetriamine and two  bisacrylamide = monomers
N,N’-hexamethylene bisacrylamide and N,N’-cystamine bisacrylamide through
Michael addition copolymerization as nonviral gene delivery vectors."*® The results
demonstrated that disulfide content in HPAMAMs was well-tuned by varying the feed
molar ratio of the monomers, which determined ease of DNA release. These reducible
HPAMAMSs with optimized formulations showed lower cytotoxicity and significantly
increased transfection activity, almost 200-fold higher than that of control HPEI
polyplexes, which represent a promising class of gene delivery vectors.

3.2.3 Hyperbranched poly(ester-amine) based gene vectors

An important drawback of hyperbranched polyamines and HPAMAMSs as gene
delivery carriers is their relatively high cytotoxicity. Even upon modification, their
toxicity is still problematic. In order to reduce cytotoxicity, while preserving sufficient
transfection efficiency, hyperbranched poly(ester-amine)s (HPEAs) have been
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developed as hyperbranched polyamine analogues which are readily biodegradable.
Similar to HPAMAMs, HPEAs possess high density of primary amines for DNA
condensation and tertiary amines for the proton-sponge effect. Meanwhile, they
exhibit excellent biodegradability due to the hydrolytically degradable ester groups.
Thus, HPEAs are promising for effective gene delivery because of their reduced
cytotoxicity, their ability for controlled DNA release within the cells and great
potential for structural diversity. Park and coworkers reported a cationic HPEA with
biodegradable ester backbone, primary amine at the periphery, and tertiary amine
groups in the interior."*” This biodegradable cationic polymer was minimally toxic
and could condense negatively charged DNA. Its transfection efficiency was
relatively lower than those of HPAMAM or HPEI, but was increased over 10-fold
compared with that of poly[a-(4-aminobutyl)-L-glycolic acid]."*® Subsequently, Liu
and coworkers prepared a kind of biodegradable HPEA containing primary,
secondary and tertiary amines simultaneously through the Michael addition
polymerization of trifunctional amine monomers 1-(2-aminoethyl)piperazine with
1,4-butanediol diacrylate.13 ? The different types of amine groups may play various
roles such as the condensation of DNA and improving the pH-buffering ability to
facilitate escape of vectors from lysosomes. This kind of HPEA displayed low
cytotoxicity and high transfection efficiency at a polymer/DNA weight ratio of 30:1
comparable to those of HPEI Feijen and coworkers also reported a series of
water-soluble and degradable gene carriers based on HPEAs containing primary,
secondary and tertiary amino groups, which exhibited high buffering capacities
between pH 5.1 and 7.4 and effectively condensed plasmid DNA into positively
charged complexes with the diameters of 94-135 nm."*
transfection efficiency was higher than or comparable to that of PEI and PDMAEMA.

Furthermore, these HPEAs revealed no or low cytotoxicity. These results

More importantly, their

demonstrated that HPEAs could be applied as safe and efficient gene delivery

carriers.

Table 1 HPEA composition and structures of the triacrylate and amine monomer building blocks.

Reproduced with permission from ref. 143. Copyright 2010, American Chemical Society.
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To maximize the gene transfection efficiency and lower cytotoxicity, optimized
HPEA structures have been reported by changing the terminal groups, the amine type
and the ester monomer. Liu and coworkers designed and synthesized three kinds of
HPEAs with the same core containing tertiary amines and different types of amines at
the periphery to investigate the effects of the terminal amine type on the gene

transfection properties of HPEAs."!

The results demonstrated that the terminal group
of the HPEAs had a negligible effect on the hydrolysis rate, and the internal spatial
structure determined the hydrolysis rate. Compared with HPEI 25 kDa, these HPEAs
exhibited much lower cytotoxicity. It should be noted that all the HPEAs showed high
DNA transfection efficiency similar to HPEI 25 kDa in HEK293, HepG2, and COS7
cells regardless of the terminal amine type. It was clearly revealed that the terminal
amine type showed insignificant effects on the hydrolysis, cytotoxicity and in vitro

DNA transfection efficiency of HPEAs. Mikos and coworkers prepared a series of
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HPEAs with the same amine monomer, 1-(2-aminoethyl)piperazine, and different
types of triacrylate monomers to evaluate the effects of hydrophilic spacer lengths on
HPEAs properties relevant for the gene delivery process.'** It was found that the
introduction of hydrophilic spacers into the backbone of HPEAs decreased polymer
cytotoxicity and increased hydrolytic degradation rate. These alterations of the
triacrylate monomer chemistry, however, reduced charge density of HPEAs, which
affected DNA condensation, endosomal escape, and polymer degradation. In addition,
variations of the hydrophilicity of the triacrylate monomers did not have a
considerable effect on the dissociation properties of the HPEAs. In the following
work, the same group synthesized different HPEAs with a single triacrylate monomer,
trimethylolpropane triacrylate (TMPTA), and different amine monomers by Michael
addition polymerization to study the effects of amine basicities on gene delivery
parameters of HPEAs (Table 1).'* By altering the amine monomers for HPEA
synthesis, the amine group density, the basicity and buffering capacity of the HPEAs
could be changed and controlled, which significantly influenced the gene delivery
process of the polymers. The results revealed that HPEAs with amines that
dissociated above pH 7.4 were capable of complexing pDNA. The HPEA with the
most amines dissociating above physiological pH, formed stable polyplexes with high
potential and decreased hydrodynamic size which showed higher transfection
efficiency than HPEIL In addition, the unprotonated amines could autocatalyze
degradation of the HPEAs but did not predetermine the polymer degradation rate. All
synthesized HPEAs exhibited low cytotoxicity, which could be applied at high N/P
ratios (where N and P are the number of polymer nitrogen and DNA phosphorus
atoms, respectively) for effective pDNA complexation and cellular transfection.
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Fig. 14 (A) Schematic representation of the different topological architectures of
PEHO-g-PDMAEMA copolymers. (B) AFM images of copolymer/pDNA complexes by Dy 74 (a
and d), Dg3s.4 (b and e) and Dg 454 (c and f) at N/P =1 (a-c) and 10 (d-f). All images were obtained
with complexes deposited onto fresh mica surface. Each image represents a 1 x 1 mm scan.

Reproduced with permission from ref. 150. Copyright 2012, Royal Society of Chemistry.

Another important kind of poly(ester-amine)s is PDMAEMA-based polymers
containing protonated tertiary amine groups at physiological pH, which have
exhibited excellent transfection efficiency. Hennink and coworkers have performed
the pioneering work on PDMAEMA-based polymers and reported that these polymers
displayed high gene transfection efficiency, which might be attributed to their
endosomal destabilizing property and ability to release DNA into cytosol.'**'*
Nevertheless, their high cytotoxicity had hindered further application. Up to now,
several hyperbranched PDMAEMASs have been reported to reduce their cytotoxicity
while trying to retain their high gene transfer efficiency. Davis and coworkers
prepared biodegradable disulfide-based hyperbranched PDMAEMA through reverse
addition-fragmentation chain transfer (RAFT) polymerization.'* The hyperbranched
PDMAEMA could package DNA efficiently to yield DNA polyplexes via multivalent
electrostatic  interactions. Under cellular reducing conditions, inherently
biodegradable polyplexes could be cleaved, thus enhancing gene release and

subsequent generating small molecular weight oligomer chains with low cytotoxicity.
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Freitag and coworkers studied PDMAEMAs with three different structures (linear,
highly branched, and star-shaped) for gene delivery, and linear and branched PEI
were used as the control.'*” They found that highly branched PDMAEMA only had a
slight increase in transfection efficiency in comparison with its linear counterpart but
efficiency was considerably lower than branched PEI standard. In contrast, Wang and
coworkers synthesized the hyperbranched DMAEMA/ethylene glycol dimethacrylate
(EGDMA) copolymer which showed higher transfection ability than linear
PDMAEMA and was comparable to the HPEI and the SuperFect® dendrimer but with
lower cytotoxicity.148 The much greater comparative transfection ability shown by
hyperbranched DMAEMA/EGDMA copolymer over previous report may be due to
the optimizing molecular weight and DB. Recently, Thurecht and coworkers
incorporated poly(ethyleneglycol monomethylether methacrylate) (PEGMA) into the
surface of the hyperbranched PDMAEMA in order to reduce the cytotoxicity by
shielding partially the positive charges.'* However, the polymer became less
effective at the cell uptake and DNA condensation presumably owning to the
so-called ‘stealth’” properties of PEG. When the polycation was functionalized with
folic acid, the DNA/polycation complex showed enhanced cell uptake at the higher
N/P ratios due to the interaction between folic acid ligands and overexpressed folic
acid receptors on the cell surface of tumor cells. To investigate structure-transfection
property relationships, Zhou and coworkers prepared a series of amphiphilic
hyperbranched copolymer PEHO-g-PDMAEMASs with the hydrophobic DB-variable
PEHO (PEHO means poly(3-ethyl-3-(hydroxymethyl)-oxetane)) cores and
length-variable PDMAEMA arms for gene transfection.'”® Compared with HPEI and
PDMAEMA homopolymers, this copolymer exhibited lower cytotoxicity, higher
buffering ability and transfection efficiency. The results demonstrated that the gene
transfection efficiency of the copolymers was enhanced with the increase of the DB of
PEHO cores and such a DB-dependence may be explained by the self-assembly
ability of the polymers with pDNA (Fig. 14).

3.2.4 Hyperbranched poly(ether-amine) based gene vectors

The interest in the potential of hyperbranched poly(ether-amine)s for use in gene
delivery is motivated by their improved water solubility and biocompatibility. For
example, low toxicity and biocompatibility of HPG are promising matrixes for
developing novel functional derivatives through proper functionalization of their
surface groups, which could be employed as gene delivery sys‘[ems.29’151'153
Kizhakkedathu and coworkers incorporated quaternary or tertiary amino groups onto
the surface of PEG-functionalized HPG to form cationic poly(ether-amine)s, which

combined the biocompatibility of polyglycerol and transfection capacity of HPEL "'
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These poly(ether-amine)s exhibited good biocompatibility as confirmed by its
negligent effects on hemolysis, erythrocyte aggregation, platelet activation,
complement activation and coagulation. Moreover, they showed much lower
cytotoxicity than HPEI and higher degrees of quaternization resulted in higher
cytotoxicity. The ethidium bromide displacement assay revealed that these
poly(ether-amine)s had high affinity to DNA and was able to condense DNA to highly
compact, stable, water soluble nanoparticles with the size of 60-80 nm. Interestingly,
the results showed that quaternization of amines had insignificant influence on DNA
binding and should be avoided because of the increased cytotoxicity. Tziveleka and
coworkers also prepared a series of HPG partially functionalized with quaternary or
tertiary amino groups to evaluate the effects of amino type and numbers to gene
transfection.'”® It was found that all the investigated polymers had low cytotoxicity to
mammalian cells. In contrast to the above results, only the selected quaternized
polymers exhibited high transfection efficiency comparable to that of HPEI. The
introduction of tertiary amino groups on HPG did not improve the transfection of the
ineffective parent polymer. Furthermore, altering the degree of quaternization of the
HPG would affect the transfection efficiency. Therefore, the feasibility of application
of these polymers for gene delivery still remains to be investigated. Recently, Zhu and
coworkers reported one kind of charge-tunable supramolecular poly(ether-amine)s
based on host-guest interactions between primary- or tertiary amine-modified B-CD
derivatives (per-6-amino-B-CD with seven primary amines and
per-6-dimethylaminoethyl-B-CD with seven tertiary amines) and an AD-modified
HPG for gene delivery (Fig. 15A).”’ Through altering the molar ratios of these two
cationic B-CD derivatives, the surface charge of the resulting poly(ether-amine)s
could be efficiently regulated and optimized. /n vitro transfection showed that these
poly(ether-amine)s had comparable transfection efficiency and lower cytotoxicity in
comparison with 25 kDa HPEI. Meanwhile, the gene transfection efficiency of these
supramolecular poly(ether-amine)s generally improved with increased charge density
of poly(ether-amine)s due to the enhanced buffer capacity (Fig. 15B). Interestingly,
the transfection efficiency of the poly(ether-amine) polyplexes is almost independent
of the N/P ratio, whereas that of the HPEI polyplexes is apparently determined by the
N/P ratio probably because of its high cytotoxicity.
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Fig. 15. (A) Preparation of charge-tunable supramolecular poly(ether-amine)s via host-guest
interactions. (B) Luciferase expression (top) and green fluorescent protein expression (bottom) of
these supramolecular poly(ether-amine)s in COS-7 cells. Reproduced with permission from ref. 29.

Copyright 2011, Royal Society of Chemistry.

Besides the HPG-based cationic polymers, the poly(ether-amine)s based on
hyperbranched polysiloxysilane (HBPS) have also been reported as gene delivery
carriers. Lee and coworkers prepared the amphiphilic HBPS containing terminal
carboxylic acid and quaternary amino groups, which was used to investigate nonviral
gene delivery."™ The results suggested that the cationic HBPS nanoparticles possessed
excellent ability to complex pDNA, which offered an important pre-requisite for their
use as gene delivery vector. The ability of HBPS to form complexes was improved
with increasing amounts of quaternary amine groups on the nanoparticles. For gene
transfection, it is worth noting that the HBPS-CN30:70 nanoparticles (prepared from a
mixture of 70 mol% HBPS-N'(CH;);I and 30 mol% HBPS-COOH) exhibited the
highest transfection efficiency compared with pure HBPS-N'(CH3):;I  and
HBPS-COOH, which might be due to the sufficient stability, suitable size, and high
uptake efficiency of HBPS-CN30:70 nanoparticles.

3.2.5 Hyperbranched polycation and metallic/inorganic nanoparticles as gene
vectors
During the past years, the hybrids of hyperbranched polycation and metallic/inorganic

nanoparticles have been developed and employed as nonviral gene vectors.'> The
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hybrids integrate the characteristic properties of metallic/inorganic nanoparticles and
HBPs. Compared to cationic HBPs carriers, hybrid nanoparticles are more stable with
respect to physical stresses and not subject to microbial attack. Various surface
modifications have been used to improve the transfection efficiency of nanoparticles.
Some inorganic nanoparticles, such as gold nanoparticles, silica nanoparticles, carbon
nanotubes, QDs, and magnetic nanoparticles, have been modified with HBPs in

156.157 im and coworkers

different ways to develop effective gene delivery systems.
grafted low molecular weight HPEI (M, 1.8 kDa) on the outer surface of the silica
nanotubes (SNT) and found this hybrid material could easily condense pDNA into
polyplexes and transport the cargo into the cells efficiently.””® The results
demonstrated that conjugation of the low molecular weight HPEI to SNT increased its
effective molecular weight, enhanced DNA binding and condensation, and therefore
improved transfection efficiency. More interestingly, the hybrid material of HPEI and
SNT exhibited comparable efficiency to HPEI 25 kDa but had considerably low
cytotoxicity. Klibanov and coworkers reported gold nanoparticles (GNPs) conjugated
with HPEI (2 kDa) as gene vectors for the delivery of pDNA into COS-7 cells in the
presence of serum in vitro."> It was found that the hybrid nanoparticles showed six
times higher transfection efficiency compared with HPEI 25 kDa. Importantly, the
efficiency of these nanoparticles could be enhanced further by complex formation
with hydrophobic N-dodecyl-HPEI 2 kDa, which revealed the synergetic action of
two modified low molecular weight HPEIs. Zhu and coworkers fabricated a series of
size-controlled magnetic iron oxide nanocrystals in the presence of ferrous salts and

HPEI as magnetic nonviral gene vectors (Fig. 16A).160

Various magnetic iron oxide
nanocrystals with different sizes were prepared using HPEI as the nanoreactors and
stabilizers. Interestingly, as shown in the Fig. 16B, the resulting iron oxide/HPEI
nanocomposites showed significantly higher transfection efficiency compared with
that for standard HPEI transfection. Moreover, the transfection efficiency of these
nanocomposites was enhanced with the increasing mean size of magnetic iron oxide.
When a pure HPEI transfection enhancer was added into these nanocomposites, the
magnetofection efficiency of all prepared nanocomposites with various sizes in
COS-7 cells under a magnetic gradient field increased greatly, and the size of

magnetic iron oxide displayed an insignificant effect on the transfection properties.
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Fig. 16 (A) Schematic representation of size-controlled preparation of iron oxide nanocrystals

within HPEI and condensation of DNA by the resulting iron oxide/HPEI nanocomposites; (B)
Magnetofection efficiency of HPEI, Mag-HPEI-0.7, Mag-HPEI-1, and Mag-HPEI-1.25 in COS-7
cells in the absence (blue bars) and in the presence (cyan bars) of pure HPEI compared with that
of HPEI standard transfection (red bars). The luciferase activity was reported as relative light units
(RLU) normalized by the mass of total protein in the cell lysate. Each value represents the mean +
SD of three determinations. (The average mass contents of iron oxide NCs in samples
Mag-HPEI-0.7, Mag-HPEI-1 and Mag-HPEI-1.25 estimated by TGA are about 20.5%, 21.4%, and
22.6%, respectively.) Reproduced with permission from ref. 160. Copyright 2012, Royal Society
of Chemistry.

3.3 HBPs for protein delivery

In recent years, the application of pharmaceutically active peptides and proteins for
the treatment of various disorders, including cancer, hormone deficiency, anaemia and
metabolic diseases, is developing rapidly.'®" A great challenge in the administration of
protein drugs is their often poor hydrolytic stability and low bioavailability.'*® They
can easily undergo inactivation by physical and chemical denaturation or enzymatic
degradation during the process of formulation, storage or delivery. To combat these
limitations in the protein administration, various systems have been developed.
Polymeric systems have been explored for protein delivery and showed great potential
because they can increase the protein stability, improve the bioavailability, enhance
the absorption across the biological barriers, and prolong the protein residence in the
bloodstream. Furthermore, some polymers have been found to facilitate the protein
internalization into cells or improve their immunogenic potential as immune adjuvant
in vaccination protocols. In particular, HBPs show several advantages compared to
corresponding linear polymers, such as chemical stability, good solubility, plenty of
functional end-groups and controllable surface functionality, which are powerful tools

for the construction of protein carriers.
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Zhang and coworkers prepared copolymer nanoparticles formed by self-assembly
of polylactic acid functionalized HPG (HPG-star-PLA) for bovine serum albumin
(BSA) delivery.'® The results revealed that the loading capacity and association
efficiency of HPG-star-PLA were up to 23% and 86%, respectively, and the protein
release was well-controlled by accurately adjusting the characteristics of HBPs.
Importantly, the physicochemical integrity of released BSA was well preserved over 4
days. Very recently, the same group reported 3-CD functionalized HPG (HPG-g-CD)

for enhancing the nasal transport of insulin in rats.'®*

The insulin was encapsulated
into the HPG-g-CD nanoparticles efficiently with the size ranging from 198 to 340
nm with a positive charge. The in vivo evaluation demonstrated that insulin-loaded
HPG-g-CD nanoparticles could cross the nasal mucosal epithelia and significantly
decrease the blood glucose concentrations, which suggested that HPG-g-CD
nanoparticles showed a promising potential for nasal insulin delivery. Wu and
coworkers fabricated the self-assembled micelles from hyperbranched
poly[(ester-amine)-co-(D,L-lactide)] (HPEA-co-PLA) copolymers as protein carriers
for BSA delivery.'® The BSA-loaded micelles displayed enhanced encapsulation
efficiency and the structure of BSA was retained during the release process.

In addition to micro- and nanoparticles, biocompatible HBPs have been evaluated
as a way to form colloidal formulations for protein delivery. These HBPs can be
chemically or physically associated with proteins under physiological conditions to
generate supramolecular nanocomposites with suitable physicochemical and
biopharmaceutical properties. HPG shows excellent solubility and stability, good
biocompatibility and low toxicity and immunogenicity, which is an outstanding
choice for preparing protein-polymer bioconjugates. Frey and coworkers reported
hyperbranched-linear HPG-PEG heterotelechelics consisting of a linear PEG block
and a HPG block for noncovalent bioconjugation of biotin.'®® This kind of HBPs has
remarkable advantages for introduction of a variety of functional groups and also
covalent bioconjugation with other proteins and peptides. Recently, Klok and
coworkers attached BSA and lysozyme into the HPG and hyperbranched-linear
polymer HPG-PEG with the squaric acid mediated coupling strategy, and
subsequently used for protein delivery.'’

4. HBPs for bioimaging and diagnosis

Bioimaging has become a hot topical research area to reveal the specific molecular
pathways in vivo by combining sophisticated bioimaging probes with modern
advanced modalities.'®® Over the past decades, a wide range of bioimaging probes
have been developed in order to enhance detection sensitivity and selectivity.
Compared to small-molecule probes, polymer-based bioimaging probes for the
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diagnosis and treatment of disease are attracting more and more interest of researchers
due to their enhanced stability, prolonged plasma half-lives, reduced cytotoxicity and
improved targeting ability. Especially, hyperbranched polymeric probes have
exhibited unique advantages in the diagnostic applications owing to their convenient
synthesis, highly branched architectures and versatile functionalization. Until now,
different kinds of bioimaging techniques, such as optical imaging, MRI, single photon
emission computed tomography (SPECT), positron emission tomography (PET) and
others have been successfully developed and are widely applied in medicine.” These
techniques are of vital significance for locating tumors and investigating various
biological processes. They each exhibit different characteristics regarding spatial
resolution, tissue contrast, depth penetration, time requirements for imaging, and cost.
Herein, we highlight the remarkable advances in hyperbranched polymeric probes for

bioimaging and diagnosis.

4.1. HBPs as fluorescent probes

Optical imaging is a powerful modality of biomedical imaging in preclinical research.
In comparison with other modalities such as MRI or PET, optical imaging exhibits
attractive features including high sensitivity, low cost, the possibilities to use
multiplexed or activatable signals to assess biological activities, and selectable

parameters (wavelength, intensity and lifetime).'®®

Despite these unique advantages,
its application in clinic is hindered due to light scattering, autofluorescence and
absorption by tissues occurring in biological systems.'® The combination of HBPs
and optical bioimaging has resulted in the generation of HBP-based fluorescent
probes, which provide unique advantages for physiological utilities and clinical
implementations. In general, the HBP-based fluorescent probes can be divided into
two classes. The first group is composed of complexes of HBPs and fluorescent
materials such as small fluorophores, fluorescent proteins, inorganic fluorescent

agents, and the other class is composed of fluorescent HBPs.
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Organic fluorescent dyes have been widely used as fluorescent component of
bioimaging probes. However, they suffer from some intrinsic disadvantages, such as
low photobleaching thresholds, short half-life in blood, and poor membrane
permeability to live cells, lack of specificity for their target cells, tissues, or organs.'”
Hyperbranched polymeric fluorescent probes, which consist of HBP-conjugated or
HBP-encapsulated organic fluorescent agents, have been developed to overcome these
problems. Benefiting from their multiple functional terminal groups, HBPs have been
widely used for fluorescent bioimaging by fluorescent labeling with conventional
dyes. Fluorescein isothiocyanate (FITC) is one of the most used fluorescent dyes.
FITC was easily covalently linked to HBPs for bioimaging. Hyperbranched
poly(sulfone-amine) (HPSA) was prepared and labeled with FITC by our group.'’"'"?
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Owing to its low cytotoxicity and good serum-compatibility, FITC-labeled HPSA has
been used to study the cell entry mechanism and the subcellular distribution of HPSA.
Recently, Zhou and coworkers reported that carboxyfluorescein(FAM)-functionalized
HBP (HSPFAM) and aptamer-functionalized HBP (HSPDNA) were used for targeted

cancer imaging (Fig. 17).'”

With a large amount of hydroxyl groups, HBP was
covalently linked with FITC for imaging and DNA aptamer for targeting, respectively.
By co-assembly of HSPFAM and HSPDNA, HSPFAM/HSPDNA mixed micelles
with both imaging and targeting ability were obtained and applied for MCF-7 cells.
Bright green fluorescence was observed in MCF-7 cells after cultured with the mixed
micelles, while no significant fluorescence could be seen from cells treated with the
control micelles, confirming the targeting and imaging ability of mixed micelles.
Except FITC, other organic dyes have also been used to construct hyperbranched star
copolymers and evaluate the cell internalization of HBPs in tumor cells through flow
cytometry and confocal laser scanning microscope.'”*'"® For example, DOX, one of
the mostly utilized chemotherapy drugs, has been widely studied not only for its good
pesticide effect, but also for its autofluorescence, which makes it a good candidate for
bioimaging. DOX can be conjugated to HBPs to form an imaging probe. The
fluorescence of DOX was used directly to measure the cellular uptake without
additional markers. Except for the covalent conjugation, DOX can also be
encapsulated into HBPs, forming imaging nanoparticles through non-covalent or

host-guest interactions.”” %7778
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Inorganic fluorescent agents such as QDs, silicon nanoparticles and upconversion
nanoparticles have also great potential for bioimaging and targeting biomarkers.
Compared to organic dyes, inorganic fluorescent agents possess some distinguished
features as they show resistant to photobleaching, permit attachment of numerous
targeting ligands, and have much higher quantum yields.179 HBPs can be used as
nanoreactors to prepare QDs due to their internal nanocavities. Zhu and coworkers
designed and synthesized double-hydrophilic multiarm hyperbranched polymer
HPAMAM-star-PEG with dendritic HPAMAM core and many linear PEG arms
connected by pH-sensitive acylhydrazone bonds, which was used as a nanoreactor for
CdS QD synthesis in aqueous solution (Fig. 18)."™® The obtained
HPAMAM-star-PEG and HPAMAM-star-PEG/CdS QD nanocomposites combined
the excellent optical properties of CdS QDs with high stability, low cytotoxicity and
pH-responsive  characteristics of HBPs. The fluorescence intensity of
HPAMAM-star-PEG/CdS QD nanocomposites was controlled by adjusting the pH
value. When these nanocomposites were added into the culture medium of COS-7
cells (a cell line derived from kidney cells of the African green monkey), the
fluorescence intensity in COS-7 cells increased greatly with increasing culture time,
which might be attributed to the cleavage of acylhydrazone bonds and the subsequent
departure of linear PEG chains from the HPAMAM core at the acidic environment in
lysosomes. Therefore, these pH-responsive HPAMAM-star-PEG/CdS QD
nanocomposites hold great potential as a novel fluorescent probe in cells. Besides,
fluorescent silicon nanoparticles and upconversion nanoparticles can be modified with
hydrophilic HBPs to form water-soluble nanoparticles of high colloidal stability,
giving the ability for bioimaging in vitro/in vivo.'*"'®

Fluorescent HBPs including hyperbranched conjugated polymers (HCPs) and
hyperbranched polyamines are also widely studied and used for optical imaging in
biological systems, due to their unique properties.'®"*® For instance, amphiphilic
conjugated HBPs have been prepared after grafting hydrophilic functional units. Zhu
and coworkers reported that a multiarm HCP (HCP-star-PEG) containing a HCP core
and many PEG arms could form unimolecular micelles, which further self-assembled
into multimolecular micelles to enhance the emission greatly by preventing
intermolecular aggregation and phase separation.'’ The emission-enhanced
HCP-star-PEG micelles could be used to evaluate the cellular uptake of MCF-7 cell.
The strong fluorescence was observed mainly in the cytoplasm of the cells when the
cells were cultured in HCP-star-PEG for 2 h, illustrating the successful cellular
imaging of multiarm HCPs. By incorporation ionic side chains onto the conjugated
backbone, the conjugated HBPs form water-soluble conjugated polyelectrolytes, and

the corresponding optical properties in aqueous media are comparable with the
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organosoluble conjugated polymers, which allows them to interact with the various
biological substances for pathophysiological diagnosis and enlarges the application
fields of HCPs."™' For example, by combining the benzothiadiazole unit, the
uniform core-shell nanospheres based on hyperbranched conjugated polyelectrolytes
showed blue to green fluorescence, which were readily used for bioconjugation and
bioimaging.lgg’189 Compared with HCPs, the fluorescence intensity of hyperbranched
polyamines is relatively weak. To improve the fluorescence intensity of these
hyperbranched polyamines for bioimaging, some strategies are being explored

25,191
further.”™

4.2. HBPs as MRI contrast agents

MRI has been one of the most promising in vivo medical diagnostic techniques, since
it possesses several attractive features such as noninvasiveness, no exposure to
radiation, high spatial and temporal resolution, excellent penetration depths towards
soft tissue, and the ability to extract physiological and anatomical information of soft
tissue.'”> However, one major drawback of MRI is its inherent low sensitivity. To
increase the sensitivity of MRI, a variety of contrast agents have been developed to
shorten the spin-lattice relaxation time (T,) and spin-spin relaxation time (T,) of water
protons over the last few decades.”® Generally, the contrast agents can be divided into
three categories: T; contrast agents that mainly shorten T, and lead to image
brightening, using mostly paramagnetic gadolinium based contrast agent; T, contrast
agents that largely decrease T, and result in image darkening with superparamagnetic
iron oxide nanoparticles being the most important example; molecular imaging agents,
where a unique molecular character is directly detected (e.g. F MRI). Nowadays, the
low molecular weight contrast agents suffer from low contrast efficiency,
nonspecificity, and fast renal excretion, which severely limit the application of these
materials for molecular MRI. One important approach to increase the contrast and
reduce the required dosage is to attach MRI contrast agents into a polymer scaffold.'”®
The combination of MR imaging contrast agent with polymer-based nanocarrier
platform is fairly appealing since the polymer can endow the MRI system with
aqueous dispersibility and low/no cytotoxicity for in vivo applications, preservation or
even enhanced MRI performances in most cases, and improved accumulation in
tumor tissues via EPR effect. Among the available polymeric contrast agents, HBPs
are especially appealing. Their branched structure imparts rigidity and a large number
of functional groups for the multivalent display of contrast agents and other
synergistically integrated agents for effective therapy and diagnosis. In addition, the
tunable branched architecture and size allow their selection for specific applications.

Correspondingly, the pharmacokinetics, pharmacodynamics, excretion routes,
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permeability of HBP-based contrast agents may be well-controlled. Up to now, a wide
range of contrast agents based on HBPs have been widely studied.'**>%

To enhance the MRI sensitivity based on T; contrast agent, Sideratou and
coworkers reported multifunctional gadolinium complexes based on hyperbranched
aliphatic polyester H40 bearing the gadolinium chelates ethylenediaminetetracetic
acid (EDTA) or diethylenetriaminepentaacetic acid (DTDA), a FA targeting ligand
and protective PEG chains, which was used as prospective contrast agents for targeted
MRL*" It was found that the Gd** complexes attached into HBPs displayed an
increased rotational correlation lifetime when their rotation was slowed down due to
the macromolecular nature of the compounds. Therefore, the relaxivity value of
H40-EDTA-PEG-Folate and H40-DTPA-PEG-Folate gadolinium complexes was 2-
to 3-fold higher than that of the clinically used [Gd(DTPA)] complex. Furthermore,
the hyperbranched complexes showed low cytotoxicity and FA receptor specificity,

which made them promising candidates for MRI applications.

A B

oH OCHCH,

| Ethanol o
ou + CHCH,0 =817 "SNH, ———= OES, AN,
OH | RT ¥ *

OCHLCH, 4

N .

0, A
n- BuLi LA JAC P
A .
S at Toluene

=ny v
. .
- ’ L4 ‘
HO cH 1 ‘
>—o °_>—\0N y
0o :)s 6 min Post-contrast 30 min Post-contrast
il o
OH 0 \g_of(
NO{ o %— OH
H
] o 0 OH
o 0 D
N
o—s- /\/\NH—gHO%) o \_§H
o Jd o ¥
OH
(\\0'3_/

? OH

0

S

=

HO” “oH 1h Post-contrast 2h Post-contrast 2h 45 min Post-contrasy

Fig. 19 (A) Surface modification of Fe;O4 nanoparticles with 3-aminopropyl triethoxysilane, and
anionic polymerization of glycidol on the surface; (B) MRI images of a live mouse with a
T,-weighted spin-echo sequence (L, liver; K, kidney). Images were acquired before (pre-contrast)
and 6 min, 30 min, 1 h, 2 h and 2 h 45 min after intravenous injection of HPG-grafted

nanoparticles. Reproduced with permission from ref. 202. Copyright 2012, Wiley.

Muller and coworkers grafted a water-soluble and biocompatible HPG onto the
surface of superparamagnetic iron oxide nanoparticles by ring-opening anionic
polymerization as a negative T, contrast agent (Fig. 19A).%** Since superparamagnetic
Fe;04 nanoparticles are excellent T)-type contrast agents in MRI, and HPG is a
water-soluble and biocompatible macromolecule, the effect of HPG-grafted magnetic
nanoparticles can be expected in terms of MR signal-enhancing property. The results
demonstrated that the HPG-grafted magnetic nanoparticles could be easily dispersed
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in aqueous solution to form a uniform suspension and exhibited sufficient stability for
several months. The spin-echo abdomen images of a living mouse were obtained
before and after intravenous injection of HPG-grafted magnetic nanoparticles solution
at different time (Fig. 19B). The in vivo MRI studies showed that a strong negative
contrast was found in the liver and kidneys in T,-weighted images after intravenous
injection for 6 min. More importantly, the negative contrast persisted in liver for 80
min and in kidneys for 110 min, and then weakened over time, suggesting that HPG
coating endowed the nanoparticles with stealth ability and sensitivity to renal
excretion.

Compared with T;- and T,-type contrast agents, the organic molecular imaging
agent may possess broader MRI applications in the future due to their relatively
excellent biocompatibility. Wooley and coworkers designed hyperbranched

fluoropolymers as '°F MRI agent assemblies.””’

With the aim of improving the
solvation and mobility of the fluorinated groups, the fluorinated component was
incorporated in the shell domain of hyperbranched copolymers. These HBPs were
then self-assembled into micelles with the hydrodynamic diameters of about 20 nm.
The results suggested that these self-assembled micelles had a narrow, single
resonance 'F NMR signal and good T/T, relaxation time. These hyperbranched
fluoropolymer micelles with good signal-to-noise (S/N) ratios could be used as

imaging agents for '°’F MRI in various biomedical studies.

4.3. HBPs for nuclear tomographic imaging
Nuclear tomographic imaging techniques are widely used for pre-clinical research and
clinical applications due to their higher detection efficiency, non-invasiveness,
excellent tissue penetration, and superb quantitative accuracy.” At present, the two
most widely used modalities are PET and SPECT.*™

implementation of nuclear tomographic imaging due to their reduced toxicity, ease of

Polymers facilitate the

modification, prolonged circulation time, amplified signals and improved specificity.
Especially, HBPs with highly branching architecture and plenty of functional
end-groups provide excellent platform for radioisotope.

SPECT provides three-dimentional images of the complex anatomic structure of the
organs using the radionuclides as planar gamma scintigraphy. It is a very popular
technique in the clinic and research owning to the affordable instrumentation and
radioisotopes and long half-lives of the isotopes.'®® For instance, Zhu and coworkers
designed hyperbranched poly(sulfone-amine) (HPSA) functionalized with the
human-mouse chimeric monoclonal antibody CH12 and N-hydroxy succinimidyl
S-acetylmercaptoacetyltriglycinate (NHS-MAG3) for labeling '"**Re, forming the
'8Re-labeled and CHI2-tethered HPSA (CHI12-HPSA-"**Re), which was used to the
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tumor detection and targeted radioimmunotherapy.”” The in vivo distribution of
CHI12-HPSA-"**Re was acquired by SPECT, and the results demonstrated that
CHI2-HPSA-"**Re could escape from recognition by the reticular endothelial system
and effectively target at the hepatocarcinoma tumor tissues with overexpressed
epidermal growth factor receptor vIII (EGFRvIII). In comparison with free
radionuclide "**Re, CH12-HPSA-"**Re exhibited longer circulation time in blood. The
SPECT images successfully revealed the gradual accumulation of CHI12-tethered
HPSA-based radiopharmaceutical via passive and active targeting at the tumor site of
tumor-bearing mice.

Compared with SPECT, PET offers the more accurate images and is often used to
study in vivo biodistribution due to the high sensitivity of the technique.”®
Nevertheless, sometimes the short half-lives of PET radionuclides (e.g., ''C, '*F and
%%Cu) limit its further applications. To solve this problem, the radionuclide-labeled
HBPs are developed in recent years.”’*"" For example, Gong and co-workers
reported a multifunctional unimolecular micelle self-assembled from a hyperbranched
amphiphilic block copolymer H40-star-[poly(L-glutamate
hydrazone-doxorubicin)-b-poly(ethylene glycol)] (H40-star-P(LG-Hyd-DOX)-b-PEG)
conjugated with cyclo(Arg-Gly-Asp-D-Phe-Cys) peptide (cRGD, for integrin o,f3;
targeting) and macrocyclic chelator (1,4,7-triazacyclononane-N,N’,N "-triacetic acid
[NOTA]) for cancer-targeted PET/CT imaging and drug delivery in tumor-bearing
mice.”®® Complexation of ®*Cu onto the resulting HBP via NOTA was beneficial to
reducing the copper binding with plasma proteins which minimized its non-specific
background activity and its accumulation, correspondingly lowering the toxicity in the
liver and kidney.*”® The representative microPET/CT images of tumor-bearing mice
are shown in Fig. 20. PET scans were conducted after intravenous injection of
H40-DOX-**Cu, H40-DOX-cRGD-**Cu, or H40-DOX-cRGD-**Cu with a blocking
dose of cRGD peptide (10 mg/kg of mouse body weight) at the time points of 0.5, 4,
16, and 24 h. As shown in Fig. 20A, H40-DOX-cRGD-**Cu mainly located in the
tumor, liver, lung, kidney and intestines, but not in most of the normal tissues (e.g.
muscle, bone, brain, etc.), suggesting good tumor-targeting capacity and excellent
tumor contrast. The microPET/CT fused images of the mouse at 4 h post-injection of
H40-DOX-cRGD-*Cu further demonstrated the tumor-targeting efficacy (Fig. 20B).
By contrast, the tumor accumulation of H40-DOX-**Cu and H40-DOX-cRGD-**Cu
with a blocking dose of cRGD peptide was relatively low. Moreover, the
biodistribution data obtained from region-of-interest (ROI) analysis of non-invasive
microPET/CT scans were in line with the quantification results from ex vivo
fluorescence imaging, further confirming that quantitative ROI analysis truly reflected
the in vivo distribution of H40-DOX-**Cu and H40-DOX-cRGD-**Cu.
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Fig. 20 PET/CT imaging of *Cu-labeled nanocarriers in U87MG tumor-bearing mice. (A) Serial

coronal PET images of US7MG tumor-bearing mice at various time points post-injection of
H40-DOX-*Cu, H40-DOX-cRGD-*Cu, or H40-DOX-cRGD-**Cu with a blocking dose of cRGD.
(B) Representative PET/CT images of a US7MG tumor-bearing mouse at 4 h post-injection of
H40-DOX-cRGD-**Cu. Reproduced from ref. 208 with permission from Elsevier.
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4.4 HBPs for multimodal imaging

Multimodal imaging technologies provide unique opportunities to visualize disease
states in vivo and have received increasing attention recently owing to the distinct
advantages of combination of two or more individual imaging modalities.*'® In order
to fulfill the multifaceted requirements of such molecular imaging devices, HBPs with
elegant architectures have been developed to facilitate incorporation of the various
combinations of imaging modalities as well as targeting ligands and therapies, which
is beneficial for diagnosis and treatment of various human diseases. For example,
optical imaging is safe, highly sensitive and inexpensive but suffers from tissue
absorption in the mid-visible range, making the technique inadequate for most deep
tissue analyses. MRI has high spatial resolution, a nonionizing radiation source, and is
available to extract physiological and anatomical information of soft tissue. However,
it often generates ambiguous assignments due to poor sensitivity. Therefore,
combination of highly sensitive optical imaging modality with MRI which exhibits
exceptional spatial and anatomical resolution is a potential means by which the
step-change in bioimaging can be achieved. Some groups have reported the
combination of the fluorescent tag with MRI on the hyperbranched polymeric
construct.”''*'* For instance, Whittaker and coworkers developed multimodal
hyperbranched polymeric nanoparticles with combination of high resolution '’F MRI
and sensitive fluorescence imaging for tunable, targeted, multimodal imaging in
vivo.?'? The HBPs with controlled molecular structure and size were synthesized by
RAFT polymerization (Fig. 21A). Then the end-groups of HBPs were modified with
the targeting ligand folic acid and fluorescent label rhodamine B isothiocyanate using
standard coupling chemistries. The fluoro-segments were incorporated within a
hydrophilic PEG-based macrostructure and remained extensive segmental mobility in
solution, both in serum and in intracellular fluid. Thus, imaging of the "’F nuclei
could be achieved, even in an aqueous environment with up to 20 mol% of
fluoro-monomer. They employed a mouse subcutaneous tumor model to investigate
the effectiveness of the HBP nanoparticles for molecular imaging. The results
demonstrated that fluorescence imaging provided whole animal images, allowing
tracking of nanoparticles, while PF MRI provided high-resolution images for
analyzing the in vivo distribution of nanoparticles within single organs. As shown in
Fig. 21B, the non-targeted nanoparticles are mainly distributed in the bladder and
kidney, suggesting that the nanoparticles are excreted by the kidneys, whereas the
FA-targeted polymeric nanoparticles are localized in the tumor and liver besides the
kidney and bladder. Similar to the ’F MR images, the fluorescence imaging shows
that the signal from the FA-conjugated nanoparticles is observed in the liver, bladder,
kidney, and tumor, while that from the unconjugated nanoparticles is seen only in the
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kidney. This dual-modal system integrates the sensitivity and relatively low-cost

advantages of optical imaging with the high-resolution capabilities of MRI.

Rhodamine B

A 7 -
S_ _S 7\/ &«
Q
= (o) SCioHa 2
y O Apte,

o} 0 o}
¢ ¢ OB 0 pom
CFs
?_ o} <\
N ) Folate targeting
o % /’ : S <. group
7z Thiocarbonyl
end-group
B Tumour Bladder Kidney Liver
a) MRI
unconjugated

Folate-conjugated

X-ray Fluorescence Co-registered Image

b) Fluorescence

Imaging )
liver
= kidney
tumour

4

Folate-conjugated  unconjugated

Fig. 21 (A) Schematic representations of the molecular structure of HBPs. (B) Molecular images
of HBP nanoparticles using the mouse subcutaneous B16 melanoma model : (a) MRI images of
bladder, kidney, liver, or tumor (circled in image) in the tumor-bearing mice 1 h following
intravenous injection of 100 uL of FA-conjugated or unconjugated (control) HBP (20 mg/mL in
PBS). The high-resolution 'H MR image is overlaid with the '°F image. (b) Fluorescence images
of mice following injection of the same two compounds at the same concentration. The
fluorescence images are co-registered with X-ray images of the mice 1 h following subcutaneous
injection. Reproduced with permission from ref. 212. Copyright 2014, American Chemical
Society.

The combination of optical imaging and PET facilitates high throughput scanning
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and ex vivo analysis associated with fluorescent probe with the exceptional sensitivity
of the PET probe. HBPs play an important role in constructing PET/SPECT-optical
imaging agents since their simple synthesis and functionalization. Thurecht and
coworkers developed multimodal molecular imaging agents based on HBPs, which
integrated the complementary capabilities of optical fluorescence imaging and
PET/CT.*" Firstly, two hydrophilic HBPs with different size and level of branching
were synthesized through RAFT polymerization, and then conjugated with the near
infrared dyes for optical imaging and a copper chelator capable of binding of **Cu as
a PET radio nuclei. /n vivo multimodal imaging of mice was used to evaluate the
biodistribution of the polymeric materials and it was demonstrated that the larger HBP
with high DB had a considerably longer circulation time and showed enhanced
accumulation in solid tumors in a murine B16 melanoma model. Importantly, it was
shown that the PET modality resulted in high sensitivity immediately after injection
of the imaging agent, whereas the optical modality facilitated extended longitudinal
studies, thus highlighting the complementary advantages of the multimodal molecular
imaging agents.

The incorporation of three kinds of imaging modalities on a single imaging probe
allows the development of more advanced systems, in which the synergistic
advantages of imaging modalities can be exploited. Recently, Héfeli and coworkers
reported that high molecular weight HPG were functionalized with a suitable ligand
for "'In radiolabeling and Gd coordination, and additionally labeled with a
fluorescent dye, thus became a trimodal bioprobe for detection with SPECT, MRI,
and fluorescent imaging.”'* It was found that in vivo MR imaging of the HPG labeled
with Gd could provide physiologically relevant data regarding vascular function,
while ''In-labeled HPG was able to quantitatively analyze the probe’s biodistribution
over time. The microregional location of the probe within the tumor
microenvironment, including for how long the probe stayed in intravascular, could be
evaluated at the microscopic level using the HPG tagged with fluorescent dye imaged
using fluorescence microscopy. The combination of three imaging modalities
possesses great potential in preclinical investigations to provide highly specific and

quantitative data regarding the physiological function of tumor blood vessels.

5. HBPs for biomineralization

Biominerals have attracted increasing attention in recent years due to their unique
optical and mechanical properties as well as spectacular morphologies.”">*'® Much
effort has been devoted to understanding the growth mechanism of biominerals and to
mimicking the biomineralization processes in past decades. HBPs are widely used as

a soluble or functional matrix to study and to control the biomineralization processes
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including nucleation, growth, polymorph and orientation of the inorganic compounds.
Besides, HBPs can act as a structural or insoluble matrix to supply a high level of
spatial control as the mineralization usually takes place in a confined reaction

environment.

5.1 HBPs for calcium carbonate mineralization

Calcium carbonate (CaCOs), which has three crystalline phases (vaterite, aragonite,
and calcite) and an unstable amorphous phase, is one of the most studied systems for
its important role in understanding the natural mechanism of biomineralization and
designing new composite materials.”’’**! CaCOj; has been of considerable interest
because it is one of the most abundant biominerals and used industrially in vast
quantities. Hydrophilic polymers, including proteins, polysaccharides and
glycoproteins, exist in CaCO3 biominerals and guide the development of the mineral
phase. Acidic groups (carboxylate, sulfate, phosphate, etc.) in these copolymers could
bind Ca*" and crystal faces to control the nucleation and growth of CaCO3.22**® The
HPG is perhaps the most studied HBP for controlling CaCOj; crystal growth. The first
HPG was reported by Vandenberg in the 1980s. Anionic polymerization of glycidol
was used for the synthesis of HPG, resulting in relatively monodisperse, highly
branched products with a controlled molecular weight in the range of a few thousand
daltons.”***” The earliest example applied HPG to CaCOs crystallization derived from
1,1,1-tris(hydroxymethyl)propane without further functionalization, which is
adsorbed to self-assembled monolayers (SAMs) with different surface polarities to
result in the formation of aragonite.””® The morphology (calcite, aragonite, vaterite) of
the crystals formed was subsequently investigated by scanning electron microscopy
(SEM). HPGs of different molecular weight were adsorbed on nonpolar surfaces due
to their intrinsic amphiphilic character. For alkyl-terminated SAMs, the crystallization
was fully controlled and only aragonite crystals were observed. As expected, the
thermodynamically most stable polymorph calcite was formed in solution. The latter
observation shows that the cooperative interaction between the surface and the highly

branched macromolecules plays a key role during the biomineralization process.

229,230

Inspired by carboxylate functionalized PAMAM dendrimers and the concept
of the double hydrophilic block copolymers, which typically consist of one
hydrophilic block that interacts with the appropriate inorganic minerals and another
hydrophilic block that provides stabilization in water, You and coworkers synthesized
new types of sulfate or carboxylate-functionalized HPG arising from pentaerythritol
and, for the first time, HPG was used as additive for biomimetic crystallization of

CaCO0s.”*® The crystallization process of CaCOs was carried out using a slow CO,
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gas-diffusion method described by Addadi and co-workers.””' One of the HPG
candidates functionalized with sodium carboxylate (HPG-CH,COONa) was found to
be capable of mediating the formation of uniform spherules with stacked multilayers.
Interestingly, the morphology evolution of rod—dumbbell-sphere transition process
was observed directly, providing considerable insight into the mechanism of
formation of calcite microspheres. (Fig. 22) The authors also showed a morphological
transition in the product particles from truncated rhombohedra to rounded
rhombohedra and to spherules while the cations of sulfate-based polyglycerols
(HPG-SOs;H) were changed from H" and Na’ to imidazolium. HPG-SO;H derived
from a three-armed initiator (1,1,1-tris(hydroxymethyl)propane) showed less effective
control over the morphologies of CaCO; particles than HPG-SO;H derived from a
four-armed initiator (pentaerythritol), which suggested that the secondary structures of

HPG could dramatically influence the control of growth of inorganic particles.
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Fig. 22 Chemical structure of HPGs and SEM images of progressive stages of the self-assembled
growth of the calcite aggregates in the presence of 3-Na (5 gL™") and Ca*" (10 mM): (a) rods; (b)
peanuts; (¢) dumbbells; (d) twinned superstructures; () spherules. Reprinted with permission from

ref. 226. Copyright 2008, Royal Society of Chemistry.

By a different synthesis and functionalization method, Yan et al. synthesized a
similar carboxyl-terminated HPG (HPG-COOH) with ~90% surface carboxyl
functionalization efficiency.”* Compared with its linear analogue, this functional

polymer had a core-shell structure in which the carboxyl shell and the water-soluble
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core acted as the interacting and stabilizing portions, respectively, and the 3D
branched structure significantly increased the density of the carboxyl groups in the

723 The novel 3D modifier could efficiently control the

macromolecules.
crystallization of CaCO;3; from amorphous nanoparticles to vaterite hollow spheres.
The obtained vaterite hollow spheres had a special puffy dandelion-like appearance,
constructed by platelet-like vaterite mesocrystals, perpendicular to the globe surface.
When a controlled experiment without the additive HPG-COOH was performed, and
only rhombohedral crystal characteristic of calcite was obtained. The starting pH
value influenced the morphology of CaCO; and disks with rough surfaces were
obtained when the starting pH was set at 10. The authors inferred that the HBPs
rearranged themselves to interact tightly with the faces of vaterite and help the

transformation from amorphous phase to vaterite.

With a different mineralization method by directly mixing of CaCl, solution with
Na,COj solution, the same group investigated the influence of the mole ratio of the
interacting to the stabilizing portion (Rys) in HPG-COOH on the morphology and the
polymorph evolution of CaCO;3.2** Upon increase of the Rys from 0.1 to 0.9, the
morphology changed from pinecone-like to olive-like and finally to highly
monodisperse spherical morphology when the Rys exceeded 0.5. (Fig. 23) The
morphology evolution of CaCO3; was accompanied by the polymorph changing from
pure calcite through mixed calcite and vaterite, and finally to pure vaterite. The size
distribution of the monodisperse CaCOs microspheres was less than 5%, which had
rarely been accomplished. This uniformity in size was ascribed to strong inhibition of
HPG-COOH on nucleation of CaCO;. The morphology evolution of CaCOs; was
explained using a flexible globular HBP model that at low Rys values, the HBPs adopt
a prolate shape with loose packing and randomly oriented carboxyl groups; while at
high Rys values, the higher number of carboxyl groups force the HBPs to flatten and
the carboxyl groups pack more orderly and densely. Their work further confirmed the

topology effect of the HBPs on biomineralization.
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Fig. 23 Models of HPG-COOH (A and B) with low (C) and high (D) Rys interacting with CaCOs.
Reprinted with permission from ref. 234. Copyright 2012, American Chemical Society.

Another example using branched polymers to control CaCO; growth is the study
of branched polysaccharides.”®> The group chose five commercially available
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polysaccharides: amylose, amylopectin, B-limit dextrin, polygalacturonate, and
alginate to test the inhibitory effects of branched, linear, neutral, and acidic
polysaccharides on calcite growth. The degree of branching was found to play a large
role in determining inhibitor effectiveness. The highly branched, neutral
polysaccharide, amylopectin, is as active an inhibitor of crystal growth as
polygalacturonate. Inhibition decreases with a decrease in the extent of branching by

comparing the effects of amylopectin and amylose.

5.2 HBPs for silica mineralization

The current industrial capacity for silica production is ~10° tonnes per annum, while

236
However, the scale of natural

silica-based materials form a ~£2 billion industry.
biological silica deposition is orders of magnitude greater than the industrial capacity,
and it all takes place under mild conditions and achieves superior control over
materials produced.”’**® Tt is believed that an understanding of the secrets of
biological silica formation could lead to materials with novel applications and/or new
technologies for nanomaterials production. Thus, studies on bioinspired approach
have become popular for controlling the morphology of silica materials with a high
level of precision. Dendritic polymers, including dendrimers and HBPs, with
excellent and promising architecture-dependent behavior have been frequently used as
soft templates to synthesize silica particles.”**°** However, the high cost and
limited availability of dendrimers obviously favor the use of HBPs over their
structurally perfect analogs.”*' Compared with the linear polymers, the advantages of
HBPs include their tailor-made properties, well defined secondary structures, high

functionality, and good solubility in directing biomineralisaion.

It is highlighted that amines actively catalyze the condensation of silica precursors.
Therefore, numerous amine-containing molecules, including polypeptides,
synthesized polymers/oligomers, and small molecules, have been explored for the
biomimetic deposition of silicas. Although many synthetic polyamines are utilizable
for rapid silica deposition, they are not effective in silica architecture, because the
polyamines do not show special conformations in aqueous media. Different from the
many synthetic polyamines, including randomly hyperbranched PEI, linear PEI
possessing only secondary amine residues in the backbone has specific all-trans
zigzag conformation in aqueous media and thus easily forms ordered aggregates.** It
is found that the organized aggregates of linear PEI are capable of directing silicas
into multiple morphologies with hierarchical structures, in which the hydrolytic
condensation of alkoxysilane occurred exclusively and rapidly around the PEI

aggregates under ambient conditions.***?*’ It was found that various parameters,
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including polymer architectures, concentrations, media, additives, and physical fields,
could be facilely used for the shape and structure control of silica. One of the
fascinating results is that star-architecture PEI could direct remarkably different silica

compared with the linear counterparts.”*>*

The silica shapes are strongly dependent
on the parameters of star architectures, such as the number of arms and core size.
Four-armed porphyrin-core PEI produces aster-like silica, while six-armed
2324 Another

four-armed benzene-core PEI could shape the silicas into the nanofiber-based bundles,

benzene-core PEI gives silica with fiber-sponge morphology.

flowers, films or plates, and continuous films by varying the polymer
concentration.””’ The comparative examination of silica shapes and structures
between linear and star PEI indicates that the silica formation remarkably exhibits the
star-specific character. The star architecture dramatically enhances the parallel
aggregation of unit fibers and also promotes the fiber aggregation ability as compared
with the linear architecture. When using linear PEI as mediator for silica deposition,
the photo functional additive such as tetrakis(4-sulfophenyl)porphyrin (TSPP) can
effectively switch the resulting silica morphology via association between PEI and

TSPP to give particularly shaped silica with fluorescency.***

Although the randomly hyperbranched PEI is not a good candidate for controlling
the deposition of silicas (the product is less homogeneous compared to the linear
PEL*****) a star shaped poly(L-lysine) (PLL) based on a hyperbranched PEI core
have shown good control over the silica morphology.”® The group synthesized a
star-shaped copolymer HPEI10000-star-PLL20, with a hyperbranched PEI core and
multiple linear PLL peripheral chains. It was found that the mole ratio of
tetracthoxysilane (TEOS) to lysine residue (8) played a pivotal role in determining the
silica morphology. As the & increased, various biosilica morphologies, such as
spherical (6<10), clubbed (6=11), and hexagonal (6=18) shapes, were formed. (Fig.
24)
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P,/carbonate/silicic acid; (f) P,/sulfate/silicic acid. Reprinted with permission from ref. 250.

Copyright 2012, Royal Society of Chemistry.

6. HBPs for tissue engineering

HBPs with a three-dimensional architecture exhibit high surface functionality, high
reactivity due to the presence of a large number of exposed free surface groups, and
they may alter the absorption profile of biomolecules/proteins on a polymeric
biomaterial in a positive way. One can introduce structural variations to tailor
degradation kinetics as well as incorporation of appropriate functional groups for
improved cell attachment. Besides, HBPs are capable to form porous hydrogels or
films as scaffolds, and are promising to promote adhesion and proliferation of cells.
Thus, HBPs, due to their special topological structures, have found various

applications in tissue engineering fields.

6.1 HBPs as tissue scaffold components

The ideal synthetic scaffolds should (1) form an appropriate porous, three dimensional
network that is resorbable in vivo, (2) mimic the mechanical properties of the native
cartilage, (3) allow for the growth of necessary cells in the surrounding joint area, (4)
be biocompatible and avoid eliciting an immune response in vivo, and (5) integrate
with the remaining cartilage in the joint area and withstand the physiological loads
until the tissue repair is complete. HBPs offer an advantage because their increased
number of end groups can provide a more densely crosslinked matrix that resists

. 251
excess swelling.

252,253

A variety of HBPs, including hyperbranched poly(lactic acid) (PLA),
poly(lactic-glycolic acid) (PLGA),>* polycaprolactone (PCL),>>>%%¢
polyurethane,”’** PEG,***2™ polyglycerol (PG),"**""*™* poly(NIPAM)*"**"® have
been extensively characterized and widely used to fabricate tissue-engineering
scaffolds.

6.1.1  Biodegradable hyperbranched polyesters

Aliphatic biodegradable polyesters are good candidates as a temporary tissue support
material because of their simple hydrolysis of the ester backbone that supplies proper
spaces for newly developing tissues. Being able to degrade into innocuous glycolic
and lactic acid, PLA, PGA and their random block copolymers poly(lactic-co-glycolic
acid) (PLGA) are widely used as medical implants and scaffolds. Song and his
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coworkers developed an amorphous shape memory polymers (SMP) network
crosslinked from a star-branched macromer containing polyhedral oligomeric
silsesquioxane (POSS) nanoparticle core and eight PLA arms.””” The rigid POSS
nanoparticle core facilitated maximal participation of the urethane-tethered PLA arms
in the elastic deformation and recoiling process with reduced excessive chain-chain
entanglement below and above Ty, respectively. Consequently, the resulting
POSS-SMP nanocomposites, with cortical bone-like modulus (~2 GPa) at body
temperature, could stably hold their temporary shape for >1 year at room and body
temperatures and achieve full shape recovery with a Tyans < 50 °C in a matter of
seconds. The group further examines the degradation profiles and immunogenicity of
POSS-SMPs as a function of the PLA arm lengths using a rat subcutaneous
implantation model. The degradation rates of POSS-SMPs, both in vitro and in vivo,
inversely correlated with the length of the PLA chains within the crosslinked
amorphous network. One year after the implantation of POSS-SMPs, no pathologic
abnormities were detected from the vital/scavenger organs examined.
Kayaman-Apohan’s group synthesized a FAME-terminated hyperbranched
poly(lactide-co-glycolide) (PLGAFAME) by ring opening polymerization and used it
as one of the components of the photo-crosslinked hydrogels. The degradation rate
was increased by the introduction of PLGAFAME copolymer and all the hydrogels
were cellularly compatible.

Due to their small size, spherical structure and limited interaction between
molecules, HBPs have different properties compared to the linear polymers with
equivalent molecular weight. They are less crystalline and have lower melting and
solution viscosity but are easier to process and degrade faster. Chiellini etc. produced
3D meshes by wet-spinning method using a three-arm branched PCL.?%2%6278 They
evaluated these meshes as scaffolds for the regeneration of bone tissue in the presence
of infections. Both the enrofloxacin-loaded and Levofloxacin-loaded meshes, after a
fast release at the early stages, provided sustained release for up to five weeks. The
cytocompatibility of the branched PCL and the influence of the scaffold architecture
on cell behavior were performed with MC-3T3 pre-osteoblast cells. After 14 days of
culture, the cell adhesion and proliferation analyses showed that all of the fibers were

covered by a cellular layer.

6.1.2 PEG-based HBPs

Hyperbranched PEG-based polymers are another example of a synthetic material that
has been investigated to form hydrogel scaffolds for the encapsulation and culture of

stem cells. The techniques of controlled/living radical polymerization (CRP) have
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given birth to a number of hyperbranched PEG-based copolymers with controlled
molecular weights, well-defined chain ends, and different degree of branching.
Poly(MEO>MA-co-OEGMA) was firstly reported by Lutz and his colleagues.”” This
linear copolymer with LCST around 37 °C was prepared via atom transfer radical
polymerization (ATRP). In Lutz’s later study, they attempted to introduce the
multifunctional vinyl monomer of ethylene glycol dimethacrylate (EGDMA) to
achieve HBP structures; however, only one percent of EGDMA caused the polymer
macrogelation.”® In contrast, a higher degree of EGDMA (up to 30% molar ratio of
total feed monomers) was introduced as a multifunctional vinyl monomer by Tai’s
group.”®*® Instead of causing macro gelation, they successfully achieved
hyperbranched copolymers of PEGMEMA-PPGMA-EGDMA via a one-step
deactivation enhanced ATRP approach. The introduction of the multi-vinyl crosslinker
EGDMA enables the copolymer the -capability of easy tailoring and
photo-crosslinkable properties. Meanwhile, by adjusting the hydrophilic PEGMEMA
and hydrophobic PPGMA composition, they can sensitively alter the polymer
hydrophilicity and control the LCST value of the copolymers around body
temperature. The combination of physical interaction (in situ thermal gelation) and
covalent crosslinking (in situ photopolymerization) endows the gels with significantly
enhanced mechanical properties compared to non-photocrosslinked thermoresponsive
hydrogels. The thermally phase-separated gels have attractive advantages over
non-thermoresponsive gels because thermal gelation upon injection allows easy
handling and holds the shape of the gels prior to photopolymerization. Furthermore,
due to the thermoresponsive property, the gels were releasing the carmoisine red dye
at a faster rate in warm water (37 °C) compared to a slow release in cold water
(25 °C). These gels were found to have low toxicity for mouse C2C12 myoblast cells
as assessed with lactate dehydrogenase, Alamar Blue, and a Live/Dead assay at
concentrations less than 1 mg/mL. Similar thermoresponsive polymers were
synthesized by Wang’s group.”®' By adjusting the “long” and “short” PEG chain
monomer composition, the LCST value of the copolymers was controlled around
37 °C. 3T3 mouse fibroblast cell line was encapsulated in the hydrogel and no
significant difference of cell viability was found between the control (cells alone) and
polymer samples after four days’ incubation. Despite the promising results in vitro,
the authors discussed the need of structure modifications by introducing cell-adhesion
functionality to improve cytocompatibility and the cell proliferation. Since the
applications of UV photo-crosslinking systems are limited by extra equipment
requirement and clinical safety concerns, Wang and coworkers developed a new class
of thermoresponsive hyperbranched copolymer system
PEGMEMA-MEO,MA-PEGDA and chemically crosslinked the HBP with a

thiol-modified hyaluronan biopolymer which is considered to plays vital role in cell
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proliferation and differentiation (Fig. 25).2** After crosslinking, a semi
interpenetrated polymer networks with porous structure is formed. Pore sizes and
porosity increased with a decreased polymer concentration, which could offer
advantage to optimize the hydrogel system for different tissue engineering
applications. 3D cell culture of 3T3 fibroblast cells and rabbit adipose-derived stem
cells (ADSCs) demonstrated the good cell viability after the cells were embedded
inside the hydrogel. The Live/Dead assay showed after 1 week culture, both cell types
survived well in 3D hydrogels. The group further studied the behavior of encapsulated
ADSCs and identified the secretion profile of suitable growth factors for wound
healing.® They found that the proliferation of mammalian cells was suppressed
because of the slow hydrogel degradation, but viability could be maintained. Although
cellular proliferation was inhibited, cellular secretion of growth factors such as
vascular endothelial growth factor and placental-derived growth factor production

increased over 7 days, whereas IL-2 and IFNy release was unaffected.
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Fig. 25 Schematic illustration of PEGMEMA 4;5-MEO,MA-PEGDA,sg copolymer synthesis (A)
and encapsulation of hADSCs in the crosslinked P-SH-HA hydrogel (B) and cartoon picture of
application of P-SH-HA hydrogel on a skin wound (C) for secretion of growth factors to
accelerate wound healing. Reprinted with permission from ref. 265. Copyright 2013, BioMed
Central.
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Although PEG-based hydrogels provide tissue engineers with large flexibility in
material design, they do not have an intrinsic mechanism for interacting with cells,
and cell adhesion is typically mediated by non-specific cell adhesion.™® Thus, PEG
hydrogels are often modified with tethered groups, such as adhesion peptides™** or
phosphates285 to alter cellular interactions. PEG-based hydrogels have been used for
the culture and differentiation of stem cells toward the engineering of numerous

tissues.

Cooper-White et al. have generated hydroxy phenol functionalized hyperbranched
PEG hydrogels, cross-linked via an enzyme mediated, oxidative process.”*® Gopferich
et al. modified hyperbranched PEG-amines with collagenase sensitive peptides and
cross-linked with hyperbranched PEG-succinimidyl propionates without the use of
free-radical initiators (enzymatically degradable hydrogels).®' Enzyme mediated gel
degradation occurred within 10, 16, and 19 days. The hydrogels were functionalized
with the laminin-derived adhesion peptide YIGSR, and seeded with 3T3-LlI
preadipocytes. Compared to a standard two-dimensional cell culture model, the
developed hydrogels significantly enhanced the intracellular triglyceride
accumulation of encapsulated adipocytes. Functionalization with YIGSR further
enhanced lipid synthesis within differentiating adipocytes. Long-term studies
suggested that enzymatically degradable hydrogels promoted the formation of

coherent tissue-like structures.

6.1.3  Hyperbranched polyglycerols (HPGs)

HPGs consist of an inert polyether backbone with functional hydroxyl-groups at every
branch end. This structural feature resembles the well-known PEG that is accepted for
various biomedical applications. The highly hydrophilic nature of HPG in
combination with its hydroxyl functionalities makes HPG very suitable for the design
of hydrogels. Frey and coworkers were pioneers in the synthesis of structured HPG
hydrogels based on PEO multi-arm stars with a hyperbranched dendritic core.”®” The
hydrogel products showed excellent stability with high compression module.
Substantial suitability of these hydrogels as substrates for cell growth has been
demonstrated. The biocompatibility of HPGs was presented by Brooks et al. in
2006.*® The in vitro assays showed remarkably low cytotoxicity of HPG against
fibroblast and endothelial cells. Investigations were later expanded to high molecular
weight HPGs.” Huge potential of HPG as tissue scaffolds was confirmed by
evaluations both in vitro™® and in vivo.”®' Hennink and coworkers functionalized the
end hydroxyl group of HPG into the photo-crosslinkable acrylate with different
degree of substitution (DS) and fabricate hydrogels with both chemical and photo
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initiation methods.>"”?

Rheological analysis showed that the storage modulus of these
gels could be tailored by varying the concentration of HPG-MA in the aqueous
solution as well as by the DS. Moreover, the obtained hydrogels had a limited
swelling capacity indicating that rather dimensionally stable networks were obtained.
Alblas and coworkers encapsulated bone marrow derived multipotent stromal cells
(MSC) in the same photo-polymerized hydrogel for the development of printed bone

grafts.*’*

They demonstrated the adverse effects of photo-polymerization on the
viability and cell cycle progression of exposed MSC monolayers, but their
differentiation potential remained intact. The hydrogel with incorporated MSC
supported survival and osteogenic differentiation of the embedded cells to a variable

degree.

Another example indicating the tremendous practical capabilities of specifically
derivative HPG is based on the sequential attachment of hydrophobic C18 alkyl
chains as well as PEG-350 chains to a certain fraction of the polyether polyol OH
groups.”” Since the resulting materials exhibited low intrinsic viscosities coupled
with high water solubility and facile synthetic accessibility, they are considered as
extremely promising candidates for use as human serum albumin (HSA) substitutes.
Plasma half-lives as high as 34 h clearly hint at the suitability for application as
synthetic plasma expanders, avoiding the risk of disease transmission, which is
inherent to native HSA. Recently, Frey and coworkers presented the attachment of
singularly amino-functionalized a,m,-linear-hyperbranched heterotelechelics to biotin
and explored these materials with respect to noncovalent bioconjugation.'®® This
approach offers intriguing possibilities for the introduction of functional groups and

bioconjugation with a variety of proteins and peptides.

HPG that contained nanoparticles of HA was also used to prepare novel bone
scaffolding material by Queiroz and coworkers via electrospinning approach.””> The
potential use of the electrospun fibrous HPG-HA scaffolds for bone regeneration was
evaluated in vitro with human osteoblasts (SaSQO;) in terms of alkaline phosphatase
(ALP) activity of the cells and cytotoxicity. The biocompatibility evaluation of the
HPG-HA provided encouraging indications for long-term safety. The electrospun
fibers exhibited highest ALP activity and appeared to promote both proliferation and

differentiation of human osteoblasts.

6.1.4  Hyperbranched polyurethanes (HPUs)

The PUs composed of linear aliphatic polyesters and their copolymers with high

molecular weight usually have high glass transition temperature and modulus, thus
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they are often utilized in biomedical applications varying from cardiovascular repair,
cartilage implant, ligament regeneration, and bone replacement to controlled
drug/gene delivery and mainly as hard-tissue scaffolds.”***> HPU-based biomaterials
can meet diversified needs for different biomedical applications according to their

required mechanical strength, flexibility, and chemical and biological properties.

Luo and coworkers prepared a THTPBA/PEG-derived HPU-based scaffold. The
tensile stress-strain investigations showed that the hyperbranched architecture offered
high elastic modulus and mechanical strength.”>® They stated that a hydrophobic
reactive prepolymer with multifunctional groups inserted in the PEG-based PU
backbone could constitute a scaffold with high mechanical properties and this
combination was anticipated to influence or alter surface properties and
haemocompatibility of the PEG-derived PU biomaterials. They also found that the
incorporation of THTPBA could mediate the degradation rate, which took place at the

urethane or ester bonds in polymer chains.

Karak and coworkers synthesized sunflower oil based HPUs with different weight
percentages of pentaerythritol (a branch generating moiety) and this could be the first
time that vegetable oil-based HBPs was used as a promising scaffold material for
tissue engineering.”>’ The MTT/hemolytic assay and subcutaneous implantation in
Wistar rats followed by cytokine/ALP assay and histopathology studies confirmed a
better biocompatibility of HPU with monoglyceride than without monoglyceride.
HPU supported the proliferation of dermatocytes with no toxic effect in major organs.
The group further prepared HPU/functionalized multi-walled carbon nanotube
(f-MWCNT) nanocomposites (NCs) by an in situ polymerization technique with
different wt% of f-MWCNTs. The tensile strength of the NCs was enhanced to
36.98-47.6 MPa from 23.93 MPa (HPU) and toughness from 12767 to 18427-19440
due to the addition and efficient dispersion of the f-MWCNTs in the HPU matrix. The
NC with interconnected pores size (200-330 mm) showed better proliferation and
adherence of osteoblast (MG63) cells compared to the HPU and the results were
comparable with the control. The response of an animal model on their
post-implantation suggested the safety potential of the prepared systems within the

tested animal model.
6.2 HBPs as cell and tissue adhesives

The potential for cell and tissue adhesives from multivalent HBP scaffolds is
enormous. Taking advantage of the multiple functionalization of HBPs, Brooks,
Kizhakkedathu and colleagues synthesized HPGs decorated with multiple choline
phosphate (CP) groups, which possessed the inverse orientation of phosphatidyl
choline (PC), the end group of the major lipid presented in eukaryotic cell membranes
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(Fig. 26).*® These functionalized HPGs displayed a strong affinity for biological
membranes, and thereby exhibited great potential for a number of biomedical
applications, such as tissue sealing and drug delivery. In particular, the researchers
systematically varied the concentration of CPs attached to two HPG samples of
different molecular weights (23 and 65 kDa). They observed that these multivalent
dendritic structures strongly bound to human red blood cells — in particular, as many
as 2.5x10° molecules of 65 kDa polyglycerol terminated with 80 CP groups bound to
each cell in a solution of ~10 mg ml™" of the polymer — and that the cells formed
aggregates when they were exposed to a saline-buffer solution with CP-terminated
polymers. Instead, PC-decorated polyglycerols bound to the cells only weakly
(1.8x10* molecules under roughly the same conditions). Also, a comparison of
molecular weights revealed stronger binding for the 23 kDa constructs, which was at
odds with what was expected from polymers adhering to surfaces, and was likely to
be an entropy effect. From fluorescence labelling and tritiation results, the authors
suggested a mechanism for the strong interaction between the CP-decorated dendritic
polymers and the PC-terminated phospholipids: the formation of multiple CP-PC
heterodimers driven by electrostatic interactions. Furthermore, the authors
demonstrated that the strong binding of the CP-containing polyglycerols to cells also
took place in blood plasma. Support for the generality of the membrane-binding
capacity of HBPs was provided with experiments using Chinese hamster ovary cells.
When they used fluorescently labelled polymers to monitor membrane binding, the
authors found that the CP-substituted polyglycerols were rapidly taken up by the cells,
hinting at the potential of the material for use as a drug-delivery vehicle. Also, no cell
uptake was detected for the PC-containing polymers, thus confirming the authors’

previous observations.
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Fig. 26 Chemical structure of HPG-CP: multivalent HPG structures (black) with CP end groups
(red) linked by 1,2,3-triazol units (green)) (a) and SEM images (5,000) of red blood cells forming
aggregates in saline solution as a result of the cell adhesion (b) and the mechanism of the
biomembrane adhesion interaction (c). Reprinted with permission from ref. 296. Copyright 2012,

Macmillan.

The ideal tissue adhesive design should incorporate simplicity, safety (including
being bactericidal), efficacy, tailored setting times for the application, commercial
applicability and the use should be inexpensive, painless and cosmetic. Inspired by
marine mussel adhesion that exhibits strong adhesion under wet conditions, Wang and
coworkers designed a simple and scalable hyperbranched poly(B-amino ester)
polymer as strong wet tissue adhesive.””’ Dopamine, an amine-derivative of an amino
acid abundantly present in mussel adhesive proteins, was copolymerized with a
trifunctional vinyl monomer, to form a hyperbranched poly(dopamine-co-acrylate)
(PDA). The tissue adhesive properties of PDA polymer could be adjusted by using
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different curing agents (FeCls, horseradish peroxidase (HRP)-H,O,, fibrinogen and
NalO4) when tested on porcine dermal skin surfaces after curing the adhesive for 15
min, 1 h and 1 day at room temperature. Fibrinogen was found to be the best agent for
achieving a relatively high adhesion strength (37 £ 5.6 kPa) within 15 min and HRP
was the best for achieving a high adhesion strength (76 + 13.4 kPa) after a one day
curing period. This poly(B-amino ester) based polymer was also able to degrade under
physiological conditions via hydrolysis of their backbone esters to yield small
molecule by breaking the ester bond. The polymer adhesive degraded to 58.5% = 3.7%
of its original mass after one month’s incubation in PBS buffer solution at body
temperature. Reinforced with nanosized HA particles (a basic calcium phosphate
Cao(PO4)s(OH),), this polymer was also used as a tunable bone adhesive for sternal
closure (Fig. 27).*® Whilst wire cerclage typically caused postoperative sternal
wound complications and KRYPTONITE™ bone cement might delay the emergency
operation in the critical post-operative time, the PDA nanocomposite adhesive
showed excellent adhesion and mechanical properties for the sternal bone model,
strong enough to resist sternal displacement and also facilitated re-entry after 1-2 days.
In addition, the PDA adhesive degraded in a manner inversely proportional to the
healing process and also exhibited low cytotoxicity with minimal heat development

during curing.
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Fig. 27 Strategy of using catechol-modified dendritic PDA polymer nanocomposite for sternal
closure (a) and crosslinking mechanism of PDA with Fe’* (b). Reproduced with permission from

ref. 298. Copyright 2014, Royal Society of Chemistry.

7. HBPs for antimicrobial applications

Microbial infection has become one of the most serious complications in several areas,

particularly in drug delivery, medical devices, health care and hygienic
applications.””’ During the past few years, a variety of antimicrobial agents, including
bactericides, disinfectants and antibiotics have already made a great achievement in
antimicrobial treatment. However, these antimicrobial agents of low molecular weight
still suffer from many disadvantages, such as environmental toxicity, short-term

antimicrobial ability and antibacterial resistance.**"'

Recently, polymer-based
antimicrobial agents have raised intense interest due to their advantages of enhanced
antimicrobial activity, low toxicity and decreased potential for resistance
developmen‘[.299’302’3 03 Among them, antimicrobial agents based on HBPs are much
more attractive because HBPs can be ecasily obtained in large scale by a one-step
preparation and are even commercially available.'

Inorganic metallic nanoparticles, especially silver or gold nanoparticles (AgNPs or
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AuNPs), are widely used antimicrobial agents in many biomedical fields. However,
metallic nanoparticles often tend to congregate and separate from solutions, which
lead to the decreased antimicrobial efficiency.'* Therefore, many efforts have been
made to find suitable polymeric matrices to prepare stable organic/inorganic hybrid
nanocomposites with excellent antimicrobial activity. As a result, HBPs are proven to
be the promising candidates for achieving this goal as they have better control over
size, shape and structure of metal-nanoparticles than that of linear polymers. Zhu and
coworkers prepared stable colloid AgNPs (or AuNPs) system in aqueous solution by
utilizing the amine-terminated HPAMAM (HPAMAM-NH,) or
dimethylamine-terminated HPAMAMSs-N(CHs3), as both the reductant and stabilizer
through a facile and green method.’**** These novel HBP/Ag(or Au) hybrid
nanocomposites exhibited excellent antibacterial activity against Gram-positive and
Gram-negative bacteria with the bacterial inhibition ratio up to 98% at a low silver or
gold content of less than 3.0 pg mL™. Later, the same authors further synthesized a
series of cationic hyperbranched poly(sulfone-amine)s (PSAs) with different branched
architectures and then used these PSAs as templates to prepare PSA/Ag
nanocomposites through an in situ approach (Fig. 28).’*° The antimicrobial activity of
PSAs and their polymer/silver (PSA/Ag) nanocomposites was investigated. As
expected, the polymer DB had a great influence on the antimicrobial activity, which
was quite different for PSAs and PSA/Ag nanocomposites. It was found that the
antimicrobial activity of PSAs decreased with the DB due to the reduced
zeta-potential and low toxicity of the HBPs. On the contrary, PSA/Ag nanocomposites
showed an enhanced antimicrobial activity with an increasing DB owing to the high
specific surface of small AgNPs. Besides these, several other research teams have also
made important contributions to this area.’’’® For example, Lin and coworkers
prepared amino functional AgNPs with amino-terminated HBP (HBP-NH;) by
one-step reaction and then grafted on the oxidized cotton fabric to obtain antibacterial
cotton fabric with excellent antibacterial activity and laundering durability.*”’
Furthermore, HBPs are also good matrices to produce metal oxide nanoparticles with

antimicrobial activity, such as ZnO NPs and Fe;04 NPs. 309310
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Fig. 28 Synthesis route and antimicrobial evalution of PSAs and PSA/Ag nanocomposites: (a)
highly branched PSA was obtained in pure water; (b) slightly branched PSA obtained in a mixed
solvent of water and DMF; (c) linear PSA was obtained in pure DMF. Reproduced with
permission from ref. 306. Copyright 2012, Royal Society of Chemistry.

Besides the HBP/metal hybrid nanocomposites, cationic HBPs and
antibiotics-containing HBPs are also promising candidates for future development of
antimicrobial agents. Since quaternary ammonium compounds are the most useful
antiseptics and disinfectants, they have been actively used in the preparation of
antimicrobial polymers.**'*'"!? For instance, Kang and coworkers modified stainless
steel (SS) surfaces with quaternary ammonium cations containing HBPs.*'* In
comparison to the linear polymer-functionalized surfaces, the HBP-modified SS
surfaces exhibited superior antibacterial efficacy. Besides, construction of
antimicrobial HBPs by using small molecular antibiotics as a composition unit is also
very appealing. Zhu and coworkers reported a kind of multifunctional hyperbranched
glycoconjugated polymers prepared from natural aminoglycoside through
Michael-addition polymerization.’"® By incorporating gentamicin into the polymer
backbone, the resultant hyperbranched glycoconjugated polymers were facilitated
with multiple advantages, such as good antibacterial and antitumor activities, high

transfection and low cytotoxicity.
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8. Antifouling materials based on HBPs

Biofouling marks a severe problem for polymeric materials applied as artificial
devices, biosensors, immunoassays, drug delivery systems and others.>'* For example,
protein absorption that occurs after implantation of biomaterials can initiate a cascade
of host responses, such as blood coagulation, platelet activation, thrombus formation,
bacterial infection and other undesirable responses.’'>'® To overcome these problems,
it is of crucial importance to explore novel antifouling materials.

In the past few years, linear polymers have been used to fabricate antifouling
materials.”' " Especially, PEG, a flexible, hydrophilic and water soluble polyether,
is the most useful and prominent example.*”’ Nevertheless, it exhibits the
disadvantage of thermal instability and rapid autooxidation to yield aldehydes and
acids.**'?** As a solution, Haag and coworkers prepared SAMs of HPG on gold
surface which exhibited similar protein resistance as PEG SAMs but higher thermal
and oxidative stability.>** In the following years, a large number of HPG-based
antifouling materials have been reported.***** In a recent example, Kang and
coworkers constructed novel HPG-grafted microporous membranes via simple
alkyne-azide click reaction. The microporous membranes were fabricated from
amphiphilic graft copolymer of poly(vinylidene fluoride) (PVDF-g-PDMAEMA) by
phase inversion in an aqueous medium. After quaternization by propargyl bromide,
azido-terminated HPG (HPG-N3) was further functionalized to the membrane surfaces
by reacting with the pendant propargyl groups. The resulting membranes exhibited
good resistance to protein adsorption and fouling.**

Besides the antifouling materials made with HPG, many other HBP-based materials
are underway to realize optimized antifouling properties. Since PEI-coated surfaces
can offer high resistance for protein adsorption due to the conformational flexibility

326327 polymeric thin films of its derivative, HPEI, were also

and hydrophilicity,
intensively explored.***** For instance, Nicholls and coworkers immobilized
commercial available HPEI to gold surfaces using traditional carbodiimide chemistry.
As expected, these HPEI films were capable of resisting the adsorption of a series of
different proteins at a low concentration of 1 mg/mL, which was comparable to that of
PEGylated surfaces under similar conditions. Especially, these polymeric films could

330 ys.:
Voit and coworkers

hold the stability under aqueous media for at least 6 months.
made a series of hyperbranched polyesters films from hyperbranched polyesters with
different DB, backbone structure, flexibility as well as the polarity. The film
properties could be controlled from protein active to protein repelling by changing the
backbone structure from aromatic, aromatic-aliphatic to aliphatic.”** Recently, Zhu
and coworkers reported a new methodology to optimize the protein resistant

properties of polymeric film on a gold surface by adjusting the branched architecture
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of hydrophilic polymer.®' In this system, a series of poly((S-(4-vinyl) benzyl
S’-propyltrithiocarbonate)-co-(poly(ethylene gylcol) methacrylate))s
(poly(VBPT-co-PEGMA)s) with different DB were synthesized by RAFT
polymerization and then immobilized on the gold surface via thiols exposed after
aminolysis reaction (Fig. 29). A uniform film with high stability and
multifunctionality was obtained by an increased content of thiol groups caused by
increasing the DB of poly(VBPT-co-PEGMA)s. These polymer-coated gold surfaces
showed a good property of protein and cell resistance compared to the bare gold

surface.

o
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Fig. 29 Synthesis route of branched poly(VBPT-co-PEGMA)s and preparation of branched
poly(VBPT-co-PEGMA)s-coated gold surfaces. Reproduced with permission from ref. 331.
Copyright 2012, Royal Society of Chemistry.

In addition, Wooley and coworkers have focusing their efforts on the construction
of novel amphiphilic cross-linked polymer networks (HBFP-PEG) comprised of
hyperbranched fluoropolymers (HBFP) and linear PEG as antifouling coatings.***
In a recent example, they reported a dual-mode surface which combined both passive
and active modes of antifouling for marine application.**® Herein, a new generation of
HBFP-star-PEG was obtained by crosslinking HBFP bearing ethylene glycol units
with PEG. Followed by deposition and curing, the passive antifouling coatings were
provided by the complex surface topography and chemical heterogeneity.
HBFP-star-PEG was further decorated with an antifouling agent noradrenaline (NA)

to form the active mode of fouling deterrence. This study demonstrated a new strategy
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for combining actively antifouling moieties onto a passively antifouling network,

leading to superior antifouling coatings.

9. Cytomimetic chemistry from HBPs

Using vesicles as model membranes to mimic cellular biological processes is
emerging as an interesting and significant topic in recent years.”’>*® A variety of
vesicles, such as lipid vesicles (liposomes), surfactant vesicles and block copolymer
vesicles (polymersomes) have already been selected for this application.”**** The
membrane fluidity of liposomes is excellent to ensure the deformability characteristics
of biomembranes, however, their stability is not high enough due to the small
molecular nature. On the contrary, polymersomes, which are stable and designable,
show lower fluidity."” Fortunately, the HBP vesicles successfully combine good
membrane fluidity with strong stability, offering a satisfying model membrane to
mimic cellular morphologies and functions.

Recently, Zhou and Yan reported the real-time membrane fusion and fission of
individual HBP vesicles to mimic biomembranes (Fig. 30).341’342 The real-time
membrane fusion process of two HBP vesicles was induced by ultrasonication as
shown in Fig 30A, which included four successive stages: membrane contact,
formation of a center wall, symmetric expanding of the fusion pore and complete
fusion.**! It was proposed that for very close apposition of membranes and small
perturbations suffice to induce the fusion. The same authors also successfully
observed a “cooperative fission” process of a mother vesicle with an inside daughter
vesicle, which was triggered by adding glucose into the solution.*** The fission event
of daughter vesicle underwent five steps: suspension inside the mother vesicle (Fig.
30B a), coalescence with the mother vesicle membrane (Fig. 30B b and c), protrusion
from the mother vesicle to form a pear structure (Fig. 30B d-i), fission (Fig. 30B m
and n) and retraction into the mother vesicle (Fig. 30B o-s). The daughter vesicle
suspended inside the mother vesicle for several minutes until the next cycle of fission.
A total of three fission cycles of the daughter vesicle could be found and each one
took longer time than the previous one.

Cell aggregation or cellular agglomeration through specific intracellular molecular
recognition plays a critical role in various biological activities, including hemostasis,
immune response, inflammation embryogenesis and the development of neuronal
tissue. Since HBPs have a plenty of terminal functional groups, HBP vesicles have
advantages in exerting multivalent intervesicular interactions to mimic the
biomembranes. Very recently, Zhou and coworkers realized a large-scale vesicle
aggregation process by using giant HBP vesicles as the building blocks and

intervesicular host-guest interactions as the driving force.**** In these cases,
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controllable reversible driving force based on light-responsive host-guest interactions
between B-CD and azobenzene (Azo) groups was firstly investigated.”* The authors
prepared two kinds of cell-size HBP vesicles by a co-assembly method and then
mixed them to achieve large-scale macroscopic aggregation. This process was not
only highly efficient, but also reversible under alternating irradiation with UV and
visible light. Throughout the process, in real time vesicle fusion could be observed
frequently and the aggregate dimension could be controlled by changing the vesicle
concentration and composition. Soon after that, in another example of large-scale
cytomimetic aggregation from HBP vesicles, a stronger intervesicular interaction,
coming from B-CD/adamantane (AD) molecular recognition, was explored to trigger a
more efficient vesicular aggregation.’** Due to the stronger intervesicular B-CD/AD

interaction, frequent fusion events and larger aggregates could be observed.
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Fig. 30 (A) Time sequence of fusion images of two giant polymer vesicles. The number in the
symbol labeled on each images denotes the elapsed time (in seconds), and the time of first images
is set as zero. The scale bar represents 50 um. (B) Cooperative fission of a daughter-vesicle inside
a mother vesicle. The scale bar represents 25um. The time of images (a) is set as 0, and the
elapsed times for the images are 33 (b), 64 (c), 105 (d), 130 (e), 134 (), 165 (g), 170 (h), 179 (1),
182 (j), 190 (k), 243 (1), 246 (m), 263 (n), 273 (0), 421 (p), 620 (q), 719 (r) and 920 s (s),
respectively. Reprinted with permission from ref. 341 and 342. Copyright 2005, American
Chemical Society and 2005, Wiley.

Besides the noncovalent driving force for cell-mimetic vesicle aggregation, some
strong covalent bonds were proven to be promising driving forces, like those formed
by a thiol-ene click-chemistry reaction or a copper-catalysed azide-alkyne

343346 Therefore, Zhou and coworkers

cycloaddition click-chemistry reaction.
creatively applied the copper-catalyzed azide-alkyne cycloaddition click chemistry in
the cytomimetic aggregation of HBP vesicles and the vesicle aggregation process was

systematically investigated.**’ Alkynyl or azide groups containing HBPs were firstly
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synthesized, followed by respectively preparing Nis-based and Alk-based HBP
vesicles through a co-assembly strategy. When mixing these two kinds of HBP
vesicles together at a ratio of azide to alkynyl groups of about 1:1, macroscopic
vesicle aggregates were obtained. In the aggregation process, both the vesicle fusion
and lateral phase separation on the vesicle membrane happened. Interestingly, the
fusion rate and phase separation degree were dependent on the content of azide and
alkyne groups, whereas the vesicle fusion could be completely inhibited while using
the micelles as desmosome mimics to connect HBP vesicles (Fig. 31). This work has
extended the controllable cytomimetic vesicle aggregation process by using the

covalent bonds as the driving force.

¢ “\'\S\ﬁ
¢
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Fig. 31 Schematic representation of aggregation of HBP vesicles triggered by click chemistry
between alkynyl and azide groups. Reproduced with permission from ref. 347. Copyright 2012,
Wiley.

Besides the aforementioned potential fields, various new bioapplications of HBPs
could be explored and extended in accordance with specific requirements based on the

unique structure and properties of HBPs.

10. Conclusions and perspectives

In this review we have summarized recent research progress in bioapplications of
HBPs. The potential for HBPs in biological and biomedical applications is clearly
huge, and herein we have reviewed bioapplications in therapy (drug delivery, gene

transfection, and protein delivery), bioimaging, biomineralization, tissue engineering,
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antimicrobial, antifouling and cytomimetic chemistry. Obviously, during the past few
years, the application of HBPs in biological systems has experienced rapid growth.
Recent research has shown that HBPs are useful tools for solving fundamental
problems in biological and biomedical fields. Their successful applications in many
different biological realms confirm their high potential and hold great promise
concerning the development of future biological and biomedical science. One
apparent advantage of HBPs for bioapplications is their three-dimensional globular
structure and multivalent character, which provides excellent platforms for designing
and constructing multifunctional systems combining targeting, imaging, diagnostics
and therapy. It will stimulate the continuously growing interest in this research field.
Another attractive feature of HBPs is their simple preparation, which makes them
accessible to a wide range of research groups. As the synthesis of HBPs is well known
to occur by simple one-pot polymerization, it is likely to promote interdisciplinary
collaborations between polymer groups and research teams focused on
bioapplications within hospitals and medical research institutes. Such collaborations
can promote the interdiscipline researches among polymer chemistry, biology,
biomedicine, nano-science and technology.

Despite tremendous progress has been made during the past decade, the
development and bioapplications of HBPs is still in its infancy and a lot of discoveries
still lie ahead. Firstly, the structure of HBPs still has some limitations for many of
these potential bioapplications. Compared with perfect dendrimers, the less
well-defined structure of HBPs is and will be an obvious drawback. The broad
polydispersity can complicate the characterization of HBPs as well their studies for
biomedical applications. Therefore, the controlled synthetic methodologies that yield
well-defined HBPs with reasonable polydispersity are primarily required to translate
this state-of-the-art macromolecule from the laboratory to clinic. Furthermore, a
continuous effort is necessary to modify and tailor HBPs architectures to fit the future
demands of biological and biomedical applications. So far, we still have only vague
answers concerning what kind of structures satisfy the target applications and the
relationship between structures and functions remain to be further explored.

On the base of the current development state of HBPs for bioapplications, it is
expected that a great deal of potential for HBPs still remains to be explored.
Especially, although a large amount of HBPs have been widely studied for
drug/protein delivery, gene transfection, bioimaging and tissue engineering, they have
not been applied in the clinic. One of the next big challenges is to transfer these HBPs
presented herein to in vivo experiments, including on humans. Indeed, HBPs have
made great progress in therapeutic and diagnostic applications and a larger number of
excellent HBP systems have been applied in these fields. However, the in vivo studies,

even in mice, are still rare. This may be mainly explained by some obstacles
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encountered before clinical trials. First of all, the HBP formulation is difficult to
scale-up while maintaining all the parameters that would govern in vivo behavior and
therapeutic efficiency (e.g., the DB and molecular weight of the HBPs, drug loading
and biological activity). Secondly, the commonly employed HBPs for biomedical
applications perhaps do not possess perfect biocompatibility and biodegradability,
which is indispensible in clinical application. Consequently, an urgent need to
overcome these problem would be to develop more robust and reproducible, scalable
synthesis methodologies to readily fulfill the needs of clinical trials. Moreover,
bioapplications of HBPs such as antibiosis, antifouling and cytomimetic chemistry
may definitely merit further investigation.

Finally, considering future advanced materials for bioapplications, the integration
of functional HBPs and other topological polymers might be useful methods for
creating new functional materials which would make up for the defects of each
component. We believe that the progress of HBP research and development will
spread much faster than predicted and HBPs may play an even more important role in
biological and biomedical sciences than imagined as an increased number of

commercialized HBPs are emerging in the future.
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