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Abstract: Biocompatible or biodegradable hyperbranched polymers (HB#s)important
subclass of hyperbranched macromolecules, have recently ekegiviacreasing attention due
to their unique physical and chemical properties as well asgresat advantages in therapeutic
applications. This review highlights recent advances and futundstria the preparation and
applications of biocompatible or biodegradable HBPs for therapeutic purpéarious
biocompatible or biodegradable hyperbranched structures can be dbtameneans of
step-growth polycondensation (SGP), self-condensing vinyl polymerizat®GVR),
self-condensing ring-opening polymerization (SCROP), and so fdie properties of
biocompatible or biodegradable HBPs can be tailored for a spediglizpose througterminal
modification, backbone modification, or hybrid modification. A particulapleasis is then
placed on their diagnostic, therapeutic delivery and theranostic apphis. Finally, future
directions and perspectives in this emerging field are bradfigussed. These developments on
synthesis and therapeutic applications of biocompatible or bioddgeatiBPs promote the
interdisciplinary research spanning polymer materials and biomedieatssi

1. Introduction

It is well known that the molecular architecture of a polymer is one of the mpsttant factors
which determine its properties. Changing the architecture fommventional linear or
cross-linked to partially or highly branched is therefore féeceve way to tailor a polymer’s
properties. As early as 1952, Flory proposed that highly branched polgmédsbe prepared
by utilizing multi-functional monomers without the occurrence oftieh! Thereafter, in the
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late 1980s, Kim and Webster first synthesized a highly branched paolphe from AB
monomers and named this type of polymers as hyperbranched polyt@#s)f® HBPs are
highly branched macromolecules with a three-dimensional dendrdigtecture. They have
three important characteristics: (1) their three-dimensional dienaichitecture can prevent the
entanglement among polymer chains, thereby resulting in some ¢telnpldgferent properties
from linear polymers; (2) their good solubility and low viscosiéy improve processability in
comparison with linear polymers; (3) there are a large populatiterminal functional groups
in HBPsthat are easy to be chemically modiffétiDue to these unique topological structures
and distinct physical/chemical properties, HBPs and theirnddes have exhibited great
potential in various biomedical fields, especially for therapeutic apmlitsiti-

Advances of HBPs in biomedical applications have led to an aceslet&covery of HBPs
with biocompatible or biodegradable backbones. Generally, HBPs with no or poo
biocompatibility/biodegradability have issues of toxicity, immunmogéy and poor body
clearance. It is also difficult to achieve a controlled reledstherapeutic agents using these
polymers. The development of biocompatible or biodegradable HBPs caromeetbese
challenges and therefore significantly expand the applicatitifs fid HBPs'>?° To date, many
elegant reviews related to HBPs have been publi§fi&dHowever, a systematic review on
synthesis and therapeutic applications of biocompatible or biodegrddiaBle has not yet been
published. Herein, a variety of synthesis methodologies and modificatianners of
biocompatible or biodegradable HBPs are highlighted. Their diagndiséigpeutic delivery
and theranostic applications are also summarized.

2. Biocompatibility or biodegradability of HBPs

Biocompatibility or biodegradability is among major concerns ingh#sg ideal biomedical
polymeric materials. Biocompatible or biodegradable HBPs have becoreasmgly important
in therapeutic applications owning to their low toxicity, non-immunoggnas well as general
ease of degradation and metabolizalitf.So far, biocompatible or biodegradable HBPs have
shown great potential for delivering diagnostic/therapeutic agedts@ntrolling their release.
Biodegradable HBPs with excellent biocompatibility, defined stimect and controlled
degradation profiles are highly demanded for usenasgivo diagnostic/therapeutic delivery
systems. Up to now, a great number of biocompatible or biodegradBifle kave been well
designed and widely used in therapeutic applications. They can loedlivito seven major
types: (1) hyperbranched polyether, (2) hyperbranched polyester, (3) hgpehsd
polyphosphate, (4) hyperbranched polysaccharide, (5) hyperbranched pdipe(h)
hyperbranched polyamide, and (7) others. Structures of severeseatatives are shown in Fig.
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1. As a typical example, hyperbranched polyglycerol (HPG) possegssm water solubility,
excellent biocompatibility, and low/non-immunogenicity:*’ Therefore, HPG and its
derivatives are widely regarded as promising biomaterials foramety of therapeutic
applications in both diagnosis and therapy through encapsulation or conjug#tiatiagnostic
agents, drugs, genetic segments, proteins and peptides. Consideringyrittasis and
modification are always the basis of practical applicationstheeeby summarize the synthesis
methodologies and modification manners for biocompatible or biodegradalis H8fore
discussing their therapeutic applications in various aspects.
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Fig. 1 Schematic structures of representative biocompatible or biodegradttiPs: (a)
hyperbranched polyglycerol (HPG), (b) hyperbranched poly(3-ethyle8aormethanol)
(HBPO), (c) hyperbranched polyester (BolfdritHi), (d) hyperbranched polyphosphate
(HPHEEP), (e) hyperbranched polysaccharide (HPS), and (f) tmgmehed polylysine (HPL).
Reproduced from ref. 10. Copyright 2014 Royal Society of Chemistry.

3. Synthesis and modification of biocompatible or biodegradable HBPs

3.1 Synthesis of biocompatible or biodegradable HBPs
Conventional polymer synthesis methodologies, such as step-growth polysatiole (SGP),
self-condensing vinyl polymerization (SCVP), and self-condensmgapening polymerization
(SCROP)****3can be used to construct biocompatible or biodegradable HBPs.

SGP: Through SGP, the HBPs are generated by direct polymerizafioone type of
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monomers (AB, n>2) or two types of monomers (A By, n>2; n>3). As a typical example of
SGP using one type of ABmonomers, branching units are generated when both B
functionalities of one monomer react with A groups contained on othesspdssible that only
one B functionality reacts, resulting in some linear units irHBEs. The primary advantage of
SGP is that normal step-growth polymerization characteriatiegetained, for example, each
polyfunctional oligomer present in the reaction mixture may couple with anysgheies in the
absence of crosslinking; while the inherent drawback is potentialsuadke side reactions.
Unwanted side reactions that take place in early stages pfdbess may hinder the formation
of polymers with high molecular weight, especially when the Atfanal group in the AB
monomer is consumed by side reactions such as intramoleculazatigeli to form cyclic
oligomers. To date, this method has been successfully used to prodamge anlimber of
biocompatible or biodegradable HBRsgood example is BoltofhHy (x = 20, 30, 40) reported
by Hult and coworkers, as shown in Fig 1c. This is a hyperbranchgelspe synthesized from
2,2-bis(hydroxymethyl)propionic acid as an ABonomef:**° The esterification procedure is
performed in the bulk using an acid catalyst and requires no pudficateps, facilitating
large-scale production. Besides, Klok and coworkers have syntheaizkgperbranched
polylysine (HPL) by means of SGP usihgdysine monomers (Fig. 2J:*®In vitro evaluations
reveal that HPL exhibits higher solubility, lower toxicity and amted proteolytic stability as
compared with linear peptide analogues, which offers a greant@bter many biomedical

applications.
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Fig. 2 A schematic illustration of hyperbranched polylysine construgjethe SGP of-lysine
monomersReproduced from ref. 48. Copyright 2007 Wiley-VCH.

On the other hand, HBPs can also be constructed by @at By approach using two types
of monomers. The success of,"A By, approach is dependent upon a number of factors,
including the ratio of functionalities, solvent, reaction time and teatpes. Kakimoto and
coworker§® synthesized a hyperbranched polyamide from diaming gAd trimesic acid (B



Page 5 of 35 Polymer Chemistry

via the "A, + B3" approach.Fréchet and coworkers independently applied the +AB3"
approach to synthesize hyperbranched polyether employing 1,2,7,8-diepoey@s the A
monomer and 1,1,1-tris(hydroxymethyl)ethane as thenBnomer® Although the "A + Bs"
approach to HBPs holds some advantages over the conventionalpdondensation
approach, such as facile preparation and commercial availalilihonomers, it still exhibits

the major problem of uncontrollable gelation, especially under conditd relatively high
monomer concentration and high reaction temperature. To avoid crosslinkéngedction
should be performed under a low monomer concentration or slow monomeorgdalit the
polymerization must be stopped prior to the critical point of gelafibrs strongly hinders the
wide application of the A+ Bz approach in large-scale manufacture of HBPs. Therefore, a new
strategy based on the non-equal reactivity of functional grouppdcaific monomer pairs was
invented independently by Y&P? and DSM Researcti>* In this case, choosing suitable
monomer pairs is the most important step for the molecular desighBBs. Unlike the
conventional method, this approach enables the molecular weight and tefumci@onal
groups of the resultant HBPs to be adjusted by the feed ratimahtmomers.Currently, SGP
using A, + B, monomers has been successfully utilized to synthesize vapnétigscompatible

or biodegradable HBPs. For example, we know that saccharide units arenlf@mmpbnents in

the biology world, so the HBPs that are constructed from these argtsinherently
biocompatible and biodegradaBfeA hyperbranched polysaccharide based on kanamycin and
N,N’-methylene bisacrylamide has been recently reported by Zhu amd (Fig. 3),
demonstrating excellent biocompatibility, biodegradability, and lowtoydcity.>® Besides, they
have also prepared a biocompatible and biodegradable hyperbranched polyanadoam
(HPAMAM) from N,N'-methylene bisacrylamide and 1-(2-aminoethyl)piperazine to |akeer
cytotoxicity of polycationic vectors and improve the gene transfection efficténc
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Fig. 3 A schematic illustration of hyperbranched polysaccharide aaristt by SGP using
N,N’-methylene bisacrylamide and kanamycin monomers. Reproduced fros6.r&opyright
2011 Royal Society of Chemistry.

SCVP: SCVP was first reported by Fréchet and coworkers in 19%8n regard to SCVP
utilizing AB* monomers, the B groups of the ABnonomers are activated to generate the
initiating B sites. B initiates the propagation of the vinyl group A in the monomer, forraing
dimer with a vinyl group, a growth site, and an initiating Sitee dimer can function as an AB
monomer, and undergo further polymerization to produce HB®simportant factor of SCVP
that must be taken into consideration is the relative activitiekaf propagation of the growth
sites and the initiating sites, which may affect the degreerariching (DB). Moreover, side
reactions may cause gelation, and the molecular weight distribigtiofien broad in SCVP
method. In order to avoid these problems, living/controlled polymesimtsuch as atom
transfer radical polymerization (ATRP), reversible addition+fragtation chain transfer (RAFT)
polymerization and group transfer polymerization (GTP) are combiitadSZVP**°® Recently,
Zhu and coworkers synthesized a hyperbranched [Be@{yvinyl) benzyl
Stpropyltrithiocarbonateo-(poly(ethylene glycol) methacrylate)) (poly(VBR&PEGMA))
with multiple thiol groupsvia SCVP-RAFT copolymerization (Fig. 45 In vitro results
revealed that this HBP exhibited high solubility, low toxicity, amdedlent biocompatibility.
Significantly, thiol-containing anti-cancer drugs could be conpay&b this biocompatible HBP
via disulfide linkages after aminolysis reaction to realize a redox-triggktegrelease.
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Fig. 4 A schematic illustration of hyperbranched poly(VBESFPEGMA) constructed by
SCVP-RAFT using VBPT and PEGMA monomers. Reproduced from ref. 68/riGbp2014
American Chemical Society.

SCRORP: A third pathway to HBPs is the SCROP of cyclic latent;Ape monomers. In
1992, Suzuki reported polymerization of a cyclic carbamate and eéféor his concept as
“multibranching ring-opening polymerizatioi®.”° In this case, the terminal functional group of
a polymer acts as a reactive centre on which other cyobicomers bond to form a larger
polymer chain. Generally, HBPs prepared by this synthetic metteodften biocompatible or
biodegradable such as hyperbranched polyethers, polyesters and pddyaRtineexample,
biocompatible HPG was synthesized in a controlled manner by Rcegavorkers through an
anionic SCROP from glycidol (a latent cyclic AB/pe monomer) with trimethylolpropane as a
trifunctional core-initiator (Fig. 5)+ Fig. 1b shows the structure of HBPO synthesivieda
cationic SCROP, which was first reported by Hult, Penczek andindependentl{?’® These
two kinds of hyperbranched polyethers and their derivatives offer ewmsrmpotential for a
variety of biomedical applications due to their excellent biocoroiiati and
low/non-immunogenicity. HPHEEP, as shown in Fig. 1d, was recentlytegbby Yan and
Huang through SCROP of cyclic phosphate monomers
2-(2-hydroxyethoxy)ethoxy-2-oxo-1,3,2-dioxaphosphol4i€ This polymer and its derivatives
have demonstrated eminent biocompatibility, biodegradability, and fliéxibi adjusting the
pendant structures, and are promising candidates in various biomedical applications
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Fig. 5 A schematic illustration of HPG constructed by the SCRORlpdidol monomers.
Reproduced from ref. 71. Copyright 1999 American Chemical Society.

Other synthesis methodologies: Biocompatible or biodegradable HBPs can also be
synthesizedvia proton-transfer polymerization (PT®)®* As an example, Fréchet and
coworkers have described a synthesis of hyperbranched poly(hydroXy@tRétE) by means
of PTP from a latent ABtype monomer featured two epoxide moieties and one hydroxy
group®* Moreover, recently there is a growing tendency in acaderiartstruct biocompatible
or biodegradable HBPs through hybrid polymerization, in which two orentgpes of
polymerization occur simultaneously. Glycidyl methacrylate &N a commercially available
monomer bearing two different types of reactive groups: a giroydp and an epoxy gro§p®*
Therefore, GMA is a useful hybrid monomer for synthesis of HERs, Yan and coworkers
recently developed a hybrid polymerization of SCVP with SCRORgu$GMA and
oligo(ethylene glycol)s as monomers and potassium hydride é§H) catalyst (Fig. 8}.The
resultant hyperbranched poly(ether-ester) (HPEE) has excelémtompatibility and
biodegradability, and can be widely used as a promising carrier for thecagygpltcations.
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Fig. 6 A schematic illustration of the simultaneous vinyl polymeraatand ring-opening
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polymerization of GMA to synthesize biocompatible and biodegradabjeerbsanched
poly(ether-ester). Reproduced from ref. 95. Copyright 2009 Wiley-VCH.

In addition, biocompatible or biodegradable HBPs can be prepared by intrgduci
biocompatible, biodegradable and/or bio-responsive groups into polymer backbtess
HBPs, such as hyperbranched polyketals, polyacetals, polyorthoest@ssanhydrides,
polyurethanes, and disulfide-containing polymers, can undergo degrattatiarious extentis
vitro and/or in vivo through hydrolysis, enzymatic degradation, pH changes and/or redox
reactions> % The existence of multiple reactive functionalities in the HBR&1g with their
defined biodegradation profiles, water solubility, and biocompatibiteycatical for developing
them as therapeutic devices. For example, in order to improve biddédity of the HBPs
prepared by SGP, SCVP or SCROP, various degradable linkagesgter linkage, amido
linkage, oxime linkage, acylhydrazone and disulfide) are commonlyduntexl into monomers
to construct biodegradable HBPs. Generally speaking, it is vemjcuttif to prepare
biodegradable HPGvia conventional SCROP methdt?*!%*1%? |nterestingly, Zhu and
coworkers reported an oxyanionic initiating hybrid polymerization lg€egol and GMA to
introduce lots of ester linkages into the HPG backbone for obtaining xaellent
biodegradability®® Kizhakkedathu and coworkers also incorporated ketal groups into the
backbone of hyperbranched polyether to tune its biodegradability @&i)°’ A range of
poly(ketal hydroxyether)$PKHES) were prepared by anionic SCROP of structurally reiffie
ketal monomers bearing cyclic and/or acyclic groups. Owing talifferences in ketal group
structures, the pH-dependent degradability of PKHESs could becavatitolled at mild acidic pH,
with the hydrolysis half-lives ranging from a few minutes to a few hundrgsl (€g. 7b).
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Fig. 7 Schematic structures of hyperbranched PKHEs and comparisoydiafiysis kinetics
plots of different PKHEs at pH 5.5. Reproduced from ref. 104. Copyright 201&ri¢an

Chemical Society.

As discussed above, biocompatible or biodegradable HBPs are typicakyructed by
means of different polymerization techniques. Table 1 summarizes sgmecal examples of
biocompatible or biodegradable HBPs and their synthesis methodologies.

Table 1 Typical examples of biocompatible or biodegradable HBPs and thethesys
methodologies

HBPs Examples  Biocompatible(-)/ Synthesis References
biodegradable(+) methodology

Hyperbranched polyether HPG - SCROP 11,29,101-103
HBPO - SCROP 9,27,71-76,105
Hyperbranched polyester Boltatrk + SGP 5,35,44-46
Hyperbranched polyphosphateHPHEEP + SCROP 9,10,77-79
Hyperbranched polysaccharide HPS + SGP 10,56,106,107
Hyperbranched polypeptide HPL + SGP 47,48,108,109
Hyperbranched polyamide HPAMAM + SGP 10,5,35,57,110
HPHE - PTP 5,35,80-84
Others HPEE + SCVP-SCROP  5,35,85-95
PKHE + SCROP 10,96-104

3.2 Modification of biocompatible or biodegradable HBPs

The properties of polymer are often affected by the functionahaal groups and the nature
of backbone. As mentioned above, biocompatible or biodegradable HBPs acariweed by a
high density of functional groups in combination with three-dimensional iienachitecture,
which establishes a good foundation for their functionalization. lpagicularly worth
mentioning here that modification of biocompatible or biodegradable HB&ssential to tailor
their properties for specialized purposes, such as improving solubititping
biocompatibility/biodegradability, as well as obtaining stimusipensive behaviors. Benefiting
from the highly branched architecture and the large number ofn@rfiunctional groups of
these HBPs, at least three modification manners have been delvekymh as terminal
modification, backbone modification, and hybrid modification (Fig. 8).
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(a) (b) (c)

Terminal modification Backbone modification Hybrid modification

Fig. 8 Three types of modification of biocompatible or biodegradable HB&ading terminal
modification, backbone modification and hybrid modification.

Terminal modification: An apparent characteristic of these HBPs is that they hold abundant
functional groups in the periphery, which are easy to be chemicallyfietbdia multiple
derivatization reactions. The terminal groups commonly include carbloygtoxyl, and amine,
through which a lot of biocompatible/biodegradable and functional componantsbe
introduced onto the periphery of biocompatible or biodegradable HBPs, suchy@thyt¢éne
glycol) (PEG), poly(lactic acid) (PLA), poly{caprolactone) (PCL), stimuli-responsive
segments and other functional componéHts®® For example, Sideratou and coworkers
introduced a number of biocompatible PEG arms onto the hydrophobic hypadngatyester
Boltorn® Hao to tailor its hydrophilicity and self-assembi? Paleos and coworkers grafted
folated PEG arms onto HPG to form unimolecular micelles axegllent drug carrier with a
targeting ability"’” The terminal modification by PEG chains, in addition to their
well-established function as protective coating, enhanced the etataps efficiency and
controlled the release of drugs. Furthermore, terminal modditatcan also offer
stimuli-responsive behaviors to biocompatible or biodegradable HBPsnfRecJi and
coworkers have modified the biocompatible and biodegradable HPHEEP with a
photo-responsive segment (Fig. 9hydrophobic 2-diazo-1,2-naphthoquinone-5-sulfonyl
chloride (DNQ)**® The resultant terminal-modified HPHEEP can self-assemtdeniitelles in
water. Thein vitro cytotoxicity assay shows that the micelles have excell@tobhipatibility.

The photochemical reaction of DNQ moieties under UV irradiatisnlt® in destabilization of
the micelles to realize triggered drug release.
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Fig. 9 Photo-responsive behavior of HPHEEP-DNQ and schematic illustraiforthe
self-assembly and light-triggered drug release behavior ofEH#P-DNQ micelles. Reproduced
from ref. 118. Copyright 2011 Royal Society of Chemistry.

Backbone modification: The backbone modification focuses on changing the innate
properties of polymer backbone by choosing appropriate functional moswie® Different
functional groups, including acylhydrazone, ketals, acetals, and diswWédeundergo cleavage
to various extents under the condition of hydrolysis, enzymatic dd¢gmadaH change, or
redox reactior® 1919304 herefore, increasing functional groups have been widely introduced
into the monomers to incorporate functionalities into the backbone of biodbtapat
biodegradable HBPs. As an example, Zhu and coworkers prepared a noiahgered,
backbone-degradable, hyperbranched polyacylhydrazone using am 'Bg" approach by
introducing acylhydrazone bonds into the monomers (Fig. **40)The resultant
acylhydrazone-modified HBP could self-assemble into polymericelies in an aqueous
solution that result from its amphiphilicitin vitro evaluations revealed that the micelles had
excellent biocompatibility. Importantly, the micelles remaineablst at physiological pH 7.4,
while readily biodegraded into small molecules at endosomal pH range~@f These
backbone-modified HBPs could be used to construct a promising inteliggapeutic delivery
system due to their excellent biocompatibility, biodegradabildapd stimuli-responsive
behaviors.
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Fig. 10 A schematic illustration for self-assembly of hyperbradcpelyacylhydrazone and
subsequent drug delivery for efficient, pH-triggered, intracelidbirase of doxorubicin (DOX).
Reproduced from ref. 121. Copyright 2011 Royal Society of Chemistry.

Hybrid modification: Hybrid modification refers specifically to introducing exterior
componentsd.g. metal nanopatrticles, carbon nanotubes, and quantum dots) into biocompatible
or biodegradable HBP$>*?" Biocompatible or biodegradable HBPs with specialized properties
can be developed through weak interactiogg.(complexation, electrostatic interaction, and
hydrogen bonding) or covalent conjugation with exterior components. This mudifida
particularly highlighted in the biomedical fields of diagnosis andathe As an example, a
double-hydrophilic multiarm HBPs with a HPAMAM core and many P&@s connected by
pH-sensitive acylhydrazone bonds was successfully preparetitbgriti coworker¥® Due to
the cationic dendritic core and PEGylation shell, CdS quantum ddishigh stability were
easily synthesized and composited inside the nanocavity of the HB®&enator. The
acylhydrazone linkages were readily cleaved under acidic conslitiThese pH-responsive
CdS/HPAMAM-star-PEG nanocomposites could be used as a novel fluorescent diagnosis ir.
acidic lysosomes. Kono and coworkers recently reported a snea#ply platform based on a
biocompatible and biodegradable PAMAM-hybridized gold nanorod (Fig. *%11).
PEG-DOX-PAMAM-AUNR particles were constructed through cemal conjugation of
PEG-attached PAMAM onto the surface of a mercaptohexadecaridifuactionalized gold
nanorod (MHA-AUNR). The anti-cancer drug DOX was conjugated tm PAMAM layer
by use of hydrazone linkagén vitro evaluations demonstrated that these particles had
excellent biocompatibility and exhibited high cancer treatmeitieficy using the combined
photothermal therapy and chemotherapy.



Polymer Chemistry Page 14 of 35

cancer cell

Endocytosis

Py, e

Endosome/Lysosome || «
DOX release .

L e

° Nucleus » = ¢
-

Chemotherapy P Photothermal Therapy

% G4 PAMAM dendrimer ~™wwans Poly(ethylene glycol) (PEG) Combination cancer therapy

- Gold nanorod =@ Hydrazone-DOX @ Released DOX

Fig. 11 A schematic illustration of PEG-DOX-PAMAM-AuUNR particle®r combined
photothermal chemotherapy. Reproduced from ref. 129. Copyright 2014 Elsevier.

4. Therapeutic applications of biocompatible or biodegradable HBPs

Benefiting from the unique topological structures and controllable i-fomittionality,
biocompatible or biodegradable HBPs and their assemblies have ekiglet® potential for
therapeutic applications in three areas: (1) diagnostic apphsat(2) therapeutic delivery, and
(3) theranostic applications.
4.1 Diagnostic applications
Diagnosing is an emerging research field aiming at extendinigwloping novel methods to
image specific molecular pathwaysvitro and/orin vivo, particularly those that play important
roles in disease processésDuring the past few decades, a wide range of diagnostic agents
have been exploited in order to increase the sensitivity, selgciwit stability of
diagnosis:**** Compared with small molecular agents, polymer-based diagnostitsage
attracting a steady and growing interest in diagnostic applications cherterithanced stability,
reduced cytotoxicity, prolonged plasma half-lives, and improved tagyetbility. Especially,
diagnostic agents based on biocompatible or biodegradable HBPs hawbéedxhinique
advantages in the diagnostic applications owing to their highly beanarchitectures, excellent
biocompatibility/biodegradability, and versatile functionalities. Toeddahe combination of
biocompatible or biodegradable HBPs and various diagnostic agentsemaadesl in different
varieties of diagnostic modalities including fluorescence diagnosignetic resonance imaging
(MRI), positron emission tomography (PET), single photon emissiorpetatd tomography
(SPECT), and ultrasound diagnosis.

The unique topological structures, abundant functional groups, excellent biotmiipand
biodegradability of biocompatible or biodegradable HBPs enable vafiouggcent probes to
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be encapsulated or covalently conjugated for fluorescence diagtigéiRecently, Zhou, Zhu
and coworkers modified biocompatible HBR@u+-PEG with aptamer as a targeting ligand and
with carboxyfluorescein as fluorescent probe respectively, and tha@ssembled them into
nanoparticles (Fig. 12f* In vitro results demonstrated that the nanoparticles had low
cytotoxicity and excellent biocompatibility against MCF-7 selfhese functional nanoparticles
exhibited excellent cancer imaging efficiency and cancer-spegifieting capability.

i oo Y < 0 ‘v“/\/O\/\ O
i < of 0 ot
HO~ o~ > %\O O\.>< \/(\O 0 \</ :

HBPO-PEG

Fig. 12 A schematic illustration of co-assembly and cancer fluorescemaging of the
functional nanoparticles made from aptamer-functionalized and fluorescentfpnatienalized
HBPO-PEG. Reproduced from ref. 144. Copyright 2014 American Chemical Society.

Recently, PET diagnosis has become increasingly popular in bothnpracknd clinical
settings as it offers excellent tissue penetration, highectat efficiency, non-invasiveness,
and superb quantitative accurd®y**’ To prepare a radioactive diagnostic agent based on
biocompatible or biodegradable HBPs, most of radioisotopes are bound by coondiméhese
HBPs with good stability and long circulation time. Hafeli and adwrs modified
biocompatible HPG with hexadentate ligand NOTA (1,4,7-triazacyclonebdné-triacetic
acid), and therf®Ga-radiolabeling was performed by coordinating radioactive ugall{Fig.
13)}® The resultant radiopharmaceutical in kit form was stable and nan-taxder
physiological conditions. A pharmacokinetic biodistribution study dematestr that its
biological half-life (50.7 h) in blood was longer than that of the cugrersed radiolabeled red
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blood cells (29 h). Therefore, th%a-HPG radiopharmaceutical had the potential to be a blood
pool diagnostic agent.
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Fig. 13 Synthesis and radiolabelling scheme for Ga-HPG derivatizatigproBuced from ref.
148. Copyright 2012 Elsevier.

One of the major issues of current diagnosis is that there ingle gdiagnostic modality that
possesses high resolution, high sensitivity and high throughput of clz#asa A method to
overcome these problems is to develop multimodal devices which cothieireelvantages of
numerous diagnostic modalities into a single platf&itit>? Biocompatible or biodegradable
HBPs have a distinct advantage in this regard, due to theirenidtgroup functionality, which
allows for the attachment of an array of diagnostic ligands. Inicpkat, their excellent
biocompatibility and biodegradability have the capability for redutmggcity and prolonging
circulation time of the diagnostic agengstrimodal long-circulating diagnosing agent labeled
with radioactive, magnetic resonance, and fluorescence maskafsda to combine the high
sensitivity of SPECT with the high resolution of MRI over hours orsddhe fluorescence
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marker helps to confirm thm vivo diagnosing information at the microscopic level, in the
context of the tumor microenvironmerio obtain such trimodal long-circulating diagnostic
agent for SPECT, MRI, and fluorescent diagnosis, Héafeli and covgorleveloped a
biocompatible HPG that was functionalized with a suitable ligand'fin radiolabelling and
Gd coordination, and additionally tagged with a fluorescent dye (Fig.*3¥4&)ey found thain
vivo MRI of the Gd-labeled HPG could provide physiologically refgvdata regarding the
vascular function, whilst thé'in-labeling was able to quantitatively analyze the probe’s
biodistribution over time. The micro-regional location of the probighiw the tumor
microenvironment, including how long the probe stayed in intravascular, coddaheated at
the microscopic level using the HPG labeled with the fluoresclet imaged using a
fluorescence microscope (Fig. 14b). HPG derivatized with raduigctigadolinium, and
fluorescence possesses great potential in preclinical invéstigad provide highly specific and
quantitative data with respect to the physiological function of healthy and @by vessels.
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Fig. 14 (a) A schematic illustration of HPG derivatization. (b) (djabe of HPG derivative
fluorescence of a tumor cryosection. (2) HPG derivative concemtrétom the calibrated

change in the R1 relaxation rate (ranging from 0 t6')la$ the same slice and orientatiom
vivo. Corresponding jFweighted RARE MR images are shown (3) prior to and (4) 40 min
post-injection of 600 mg/kg of the HPG derivative. Scale bar indidates. Reproduced from
ref. 153. Copyright 2012 American Chemical Society.

4.2 Therapeutic delivery
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Recent developments in biotechnology and biomaterial science bametlee growing use of
novel small molecular and macromolecular therapeutic agents, inclsmialg molecular drugs,
peptides, proteins and genes, for treatment of a variety of diséasesver, their use is partly
limited by their rapid destruction in both digestive and circulasystem, resulting in the easy
removal by various enzymes digestion and renal excretion. On thehathdy their transport
across biological barriers is poor because of their poor diffusiarg lower partition
coefficients. Therefore, the success of these therapeutic dgetresatment greatly depends on
development of technologies to improve and control delivery of these agent:ng the
numerous classes of materials employed for this purpose, biocompatibtelegradable HBPs
have attracted an increasing attention owing to their unique topdlagioatures, abundant
functional groups, low toxicity, non-immunogenicity, as well as egyradation for controlled
release of therapeutic agents. This section provides an overviéerapéutic delivery systems
based on biocompatible or biodegradable HBPs for use in drug delpretgin delivery, and
gene transfection.

Drug ddivery: An ideal drug carrier is required to offer excellent biocomgdatiband
biodegradability, form a stable drug complex or conjugate, trantipwrrug to its target site
specifically, and then efficiently release the drug in a oflett manner without disturbing its
pharmacological properties. In recent years, numerous biocompatibliedagradable HBPs,
including HPG, HBPO, kb and HPHEEP, and their assemblies have been widely exploited as
promising drug delivery vehiclds**®* For example, Yan and coworkers have reported a
biocompatible and biodegradable, HPHEEP-based, phospholipid-mimicking ahHté&ti
Through SCROP of hydroxyl functionalized cyclic phosphates and subsetpremnhal
modification with palmitoyl chloride, phospholipid-mimicking amphiphilic pobrs with a
polar HPHEEP headgroup and many hydrophobic aliphatic tails BEPFalkyls) have been
constructed (Fig. 15). The amphiphilic HPHEEP-alkyls can ssiémble into nanomicelles in
aqueous media, which have excellent biocompatibility and can be gdsiiyalized by living
cells. Anin vitro investigation shows that the micelles loaded with a hydrophobicaangc
drug, chlorambucil, can inhibit the proliferation of MCF-7 breast cancer cells.
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Fig. 15 A schematic illustration of synthesis and self-assembly of gstadipid mimicking
HPHEEP-alkylsReproduced from ref. 79. Copyright 2010 Elsevier.

Cheng and coworkers developed a biocompatible and biodegradable hypgestiranc
copolymer, Hgstar-(PCLb-PEG), with folate moieties as the targeting ligatfdsTwo
antineoplastic drugs, 5-fluorouracil and paclitaxel, were encapdulatio the hydrophobic core
of the core-shell nanostructure self-assembled fragstar-(PCL-b-PEG). Thein vitro results
showed that the drug-loaded multimolecular micelles exhibited extddiocompatibility and
enhanced cell inhibition against folate receptor overexpressingrteelts. Kannan and
coworkers covalently grafted ibuprofen onto the surface of biocomp&ti(e with high drug
payload:®® In vitro evaluations illustrated that these HPG-ibuprofen conjugates mere
stable than their polymer-drug complexes, which prolonged drug afiimuland enhanced
cellular uptake. Furthermore, biocompatible and biodegradable HBPs fragaiently
functionalized to respond to stimuli in the target environment for clbedr drug release. For
example, Gong and coworkers constructed a biocompatible and biodegragaderanched
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copolymer, Ho-star-(PLA-b-PEG), as a carrier for tumor-targeting drug delivery (E@g)®’
The anticancer drug DOX was covalently conjugated onto the hydropRadicblocks by
pH-sensitive hydrazone linkages. The rate of DOX release isigmily increased in the acidic
medium as result of the cleavage of hydrazone linkages (Fig. 16b).

(a) DOX conjugated via (b) —m—pH 7.4
;:‘:’-sonsitive hydrazone 100 —a— pH 6.6
o= - —e—pH53 B N R S
0 OH NHN §/§ 1-+1-iz 111
4 ‘ 80 A AR s
< OH §/§ g/E'
O ® ¥
s g 60 e x
e OCH,0 OH D @ }} i
T~ HC 0 % 7z
oHNH, / & 40 I‘Eﬁ
@ H40 core T+
~ww Hydrophobic poly(L-aspartate) segment 20
~vw Hydrophilic PEG segment F TS L B o B B B |
@— DOX conjugated by hydrazone bond _P:Eﬂ‘
A Faligand 00 10 20 30 40 s 60 70 80

Time, h

Fig. 16 (a) Schematic structure of thesdstar-(PLA-DOX)-b-PEG-OH/FA copolymer. (b)
Release profiles of DOX from the sistar-(PLA-DOX)-b-PEG-OH/FA micelles at 37C.
Reproduced from ref. 167. Copyright 2009 Elsevier.

Protein delivery: Therapeutic proteins and peptides have exciting potential insdisearapy,
but their clinical use is greatly limited by their fast toastion in both digestive and circulatory
systems, leading to an easy removal through proteolytic digeatid renal excretiofi>%°
Therefore, there is an increasing need to develop protein defystgms to improve protein
stability, prolong circulation time, and reduce immunogenicity. In &uditto the
abovementioned delivery of diagnostic agents and small molecular, dnegempatible or
biodegradable HBPs have been proved to be excellent delivery syfsteproteins. Zhang and
coworkers constructed the biocompatible H&t&-PLA micelles for the encapsulation and
delivery of bovine serum albumin (BSAY. The results revealed that the loading capacity and
association efficiency of HP&ar-PLA were up to 23% and 86%, respectively, and the protein
release was well-controlled by accurately adjusting the ctaaistics of HBPs. Significantly,
the released BSA from the nanoparticles was well preservéd wriginal structure over a
period of 4 days. In addition, the biocompatible or biodegradable HBPkecahemically or
physically conjugated with proteins under physiological conditiongeteerate supramolecular
nanocomposites with  suitable physicochemical and biopharmaceutical rtg®pe
Biocompatible HPG is an outstanding choice for preparing protein-iéBRjsigates due to its
excellent solubility and stability, good biocompatibility and low ¢ityi For instance, Frey and
coworkers reported hyperbranchiedinear (HPGb-PEG) heterotelechelics consisting of a
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linear PEG block, a HPG block and biotin for noncovalent bioconjugationawittin *°® HBPs
exhibited a great potential for introduction of a variety of funcligmaups and could also be
covalently conjugated with other proteins and peptides. As an exaKipleand coworkers
attached BSA and lysozyme into the HPG and hyperbranched-lineangrolPG-PEG with
the squaric acid mediated coupling strategy, and subsequently used for proteig.téliver

Gene transfection: Gene therapy has gained a significant attention as a potaetiaod to
treat a wide variety of previously intractable disease$ \ginetic disorders. It is widely
regarded to be superior to traditional chemothet&py* Current research in this area is
focused on designing effective carrier vectors that compactpestdct oligonucleotides for
gene therapy since genetic materialg(oligonucleotides, DNA and RNA) are easily degraded
by serum nucleases in the blood when injected intraventshj Hyperbranched
polyethylenimine (HPEI), often considered as the gold standard oftgersfection, is one of
the most prominent examples of synthetic cationic HBPs camdhbiene transfectiof” %
Unfortunately, the fundamental problems associated with HPEI, inclinymgcytotoxicity and
non-biodegradability, hinder its clinical application in gene §ner@o obtain safe and effective
gene delivery, various gene vectors based on biocompatible or bioddgrblBPs have been
designed and synthesized. As an example, hyperbranched poly(anmdsp (HPAMAMS)
have been demonstrated to be a versatile class of HBPs #®rdgéwvery owning to their low
toxicity, excellent biocompatibility/biodegradability. Recentiyrough SGP oN,N-methylene
bisacrylamide and 1-(2-aminoethyl)piperazine monomers, Zhu and cowqnepared a series
of cationic HPAMAMSs with similar compositions and molecular gies but different DB (from
0.04 to 0.44) for gene delivery (Fig. 174)t was found that the DNA condensation capability
of HPAMAM could be readily adjusted by only altering the branchebitecture of polycations
(Fig. 17b).With the increase of the DB, the cytotoxicity of HPAMAM wasluced, whereas the
DNA condensation capability of HPAMAM was enhanced greatly, whaaldd be attributed to
the more compact structure and the increased amount of primargrdadytamino groups.
Consequently, the efficiency of gene transfection was improved bg than three orders of
magnitude.
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Fig. 17 (a) Synthesis routes of different branched PAMAMs. Highly dradcPAMAM was
obtained in pure water, low branched PAMAM was obtained in a binaryndahwixture of
water and DMF and linear PAMAM was obtained in pure DMF. (bMAimages of DNA
condensation by various branched PAMAMs. DNA binding by polymersRtN. Each image
represents a 2x2m scan. (1) Pure plasmid DNA in Hepes buffer. (2-6) DNA binding by various
PAMAMs with a degree of branching of 0.44, 0.31, 0.21, 0.11, and 0.04, respectivel
Reproduced from ref. 57. Copyright 2010 American Chemical Society.

Furthermore, biocompatible HPGs were also chosen to construcasdfeffective gene
vectors. Recently, Zhu and coworkers developed a facile supramolepgeoach for the
preparation of charge-tunable dendritic polycativiashost-guest interactions between primary
or tertiary amine-modifie}-CD derivatives (per-6-aminp-CD with seven primary amines and
per-6-dimethylaminoethy-CD with seven tertiary amines) and an adamantane (AD)-modified
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biocompatible HPG (Fig. 184} Through tuning of the molar ratios of the AD-modified HPG
to the cationicp-CD derivatives, the surface charge of the resultant polycaton&l be
optimized, leading to the controlled plasmid DNA-condensing ability emtthncedn vitro
transfection efficiency (Fig. 18b)n vitro transfection showed that these polycations had the
comparable transfection efficiency but lower cytotoxicity in contagbtkDa HPEI.
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Fig. 18 (a) Preparation of charge-tunable supramolecular polycations basétPGnvia

host-guest interactions. (b) Luciferase expression of these sulpratar poly(ether-amine)s in
COS-7 cells. Reproduced from ref. 185. Copyright 2011 Royal Society of Chemistry.

4.3 Theranostic application

Diagnosis-guided therapy has been recently introduced as gpaagdigm of treatment of
diseases including cancer, and has shown promise in the optimiahtimerapeutic efficiency.
Diagnosis is of great significance in therapy for at I¢hste reasons: firstly, diagnosis can
provide useful information such as size and location of the tumor, lrasmbe relationship of
the tumor with surrounding tissues; secondly, diagnosis can offeptanal time window for
therapy when therapeutic agents reach a peak level in théethigsion; lastly, diagnosis is
important to monitor the proceeding of diseases after théfapy. Therefore, designing and
engineering a theranostic system, which integrates diagaoditherapy into a single platform
for diagnosis-guided therapy, is eagerly anticipated. Due touhg&jue topological structures,
abundant functional groups, prominent biocompatibility/biodegradability, loxicity, and
low/non-immunogenicity, biocompatible or biodegradable HBPs and their deesatre
widely regarded as promising biomaterials for theranostic ajics through encapsulation or
conjugation with diagnostic agents..fluorescence probes, gadolinium and radioisotopes) and
therapeutic agents.g. small molecular drugs, genetic segments, proteins and pep#aes).
example, Haag and coworkers prepared a multiarm biocompatiblestlRB8EG with a HPG
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core and many PEG arms (Fig. 18%).The near infrared (NIR) fluorescence probe,
indotricarbocyanine, and the anticancer drug, DOX, were encapsintidtie interior cavities

of HPGstarrPEG. At 6 h post intravenous injection of the probe-loaded BRBEPEG, a
preferential uptake with a maximum of tumor-to-normal tissue ceintneas observed for
tumor-bearing mice. Compared with the results using the fluaresgarobe alone, the tissue
fluorescence of HPGtar-PEG was improved greatly (Fig. 19b), suggesting the improved
biodistribution by HPGstar-PEG nanocarriers.

DOX
Cyanine dye

liver spleen kidney lung heart tumor

N1-dye

free dye

Fig. 19 (a) Synthesis of multiarm HP&ar-PEG. (b) Fluorescence images of a tumor-bearing
mouse (F9 teratocarcinoma) at 6 h after injection of nanocéifistye (1:5) at a dye dose of
2.5umol/kg, and organ preparations of animals injected with free dye aodaraier N1/dye (6

h), laser excitation at 740 nm, image acquisition with CCD-cagose 780 nm. Reproduced
from ref. 192. Copyright 2009 Elsevier.

Recently, Gong and coworkers developed a multifunctional unimoleculegllenas a
nanocarrier for targeted cancer theranostics. The unimolecutatienivas self-assembled by a
biocompatible and biodegradable hyperbranched copolymer,
Hgo-star-poly(L-glutamate-hydrazone-DOXJ-PEG (Hi-star-P(LG-Hyd-DOX)-h-PEG) that
was conjugated withyclo(Arg-Gly-Aspe-Phe-Cyspeptides (cCRGD) for integriaf; targeting)
and macrocyclic chelators NOTA fofCu-labeling and PET imaging (referred to as
Hao-DOX-cRGD) (Fig. 20)*® As a model anticancer drug, DOX was conjugated onto the
nanocarriersvia a pH-sensitive hydrazone bond to realize pH-controlled reldaseitro
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evaluations demonstrated thatHDOX-cRGD exhibited a much higher cellular uptake in
U87-MG human glioblastoma cells thanks tothe integrin-mediated etodexythan that of
H4o-DOX without cRGD (Fig. 20b). In tumor-bearing micescHfDOX-cRGD**Cu also offered

a much higher level of tumor accumulation thag-BIOX-°“Cu, as revealed by the non-invasive
PET imaging (Fig. 20c), which was further testified by biedistribution studies anelx vivo
fluorescence imaging. All in all, these H40-based multifunctionaholecular micelles possess
tumor-targeting abilities, pH-controlled drug release, and PEAgndising capabilities,
suggesting a great potential in theranostic application.
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Fig. 20 (a) A schematic illustration of the multifunctional,dDOX-cRGD nanocarrier for
tumor-targeted drug delivery and PET imaging; (b) cytotoxioityree DOX, Hy-DOX, and

H40-DOX-cRGD towards U87-MG cells at various DOX concentratioftd representative
PET/CT images of a U87-MG tumor-bearing mouse at 4 h post ionecof

H4o-DOX-cRGD**Cu. Reproduced from ref. 193. Copyright 2012 Elsevier.

5. Conclusions and per spectives

Recent years have witnessed significant progress in tlledfiddiocompatible or biodegradable
HBPs, an important subclass of hyperbranched macromolecules. A noinlodymer synthesis
methodologies, such as SGP, SCVP and SCROP, can be used to prepargdtibleoror
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biodegradable HBPs. They can be modified and functionalized by termmodification,
backbone modification, or hybrid modification, achieving tailor-made ptieseior specialized
purposes. Benefiting from their unique topological structures, abunalactidnal groups, low
toxicity, non-immunogenicity, as well as easy degradation for cdedroélease of therapeutic
agents, biocompatible or biodegradable HBPs and their assemblies Xtabéded great
potential for diagnostic, therapeutic delivery, and theranostic applications.

Nevertheless, we should recognize that the research of biocompatibéelegradable HBPs,
particularly their functionalization and bioapplication, is stillitg infancy. Although a wide
variety of biocompatible or biodegradable HBPs have been synthesidedvastigated for the
delivery of diagnosticd.g.fluorescence probes, gadolinium and radioisotopes) and therapeutic
agents €.g.drugs, genetic segments, proteins and peptides), there ostédported success of
their use in the clinic. One of the major future challengesoistransfer the existing
biocompatible or biodegradable HBPanivo investigations and further to clinic applications.

The following directions and perspectives deserve an attention ire fwtark: (1) new,
controlled, cost-effective synthetic strategies need to h@omd to develop the optimal
structure of biocompatible or biodegradable HBPs for potential biaapipins. (2) Great offers
continue to be required to better understand the structure-propetiynshig and therefore to
better modify and tailor polymer properties to meet the futl@@ands of bioapplications. (3)
Promising translational opportunities of biocompatible or biodegraddBEs should be
explored through interdisciplinary collaborations between supramolecaltamistry,
nanotechnology, biology and medicine.
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