ChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

accepted for publication.
ChemComm

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;HEm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 51

ChemComm

Self-assembly of supramolecularly engineered polymersand

its biomedical applications

Dali Wang! Gangsheng Tong*® Ruijiao Dong' Yongfeng Zhot? Jian Shen;* and
Xinyuan Zhu**?

! School of Chemistry and Chemical Engineering, State Key Labgraf Metal
Matrix Composites, Shanghai Jiao Tong University, 800 Dongchuan Road, 200240
Shanghai, P. R. China. E-mail: xyzhu@sjtu.edu.cn; Fax: +86-21-54741297

2 Jiangsu Collaborative Innovation Center of Biomedical Functional Méser
Jiangsu Key Laboratory of Biomedical Materials, College ofrailegy and Materials
Science, Nanjing Normal University, 210046 Nanjing, P. R. China. E-mail
shenjianbio@hotmail.com; Fax: +86-25-83599188

% Instrumental Analysis Center, Shanghai Jiao Tong University, 800 Boagdoad,
200240 Shanghai, P. R. China. E-mail: tgs@sjtu.edu.cn; Fax: +86-21-34205699

Abstract

Noncovalent interactions provide a flexible method of engineeringuschemical
entities with tailored properties. Specific noncovalent interactidretween
functionalized small molecules, macromolecules or both of them earin
complementary binding sites can be used to engineer supranaoleouaiplexes that
display unique structure and properties of polymers, which can beedefs
supramolecularly engineered polymers. Due to their dynamibleisructures and
interesting physical/chemical properties, supramolecularlyneeged polymers have
recently received more and more attention from both academia andryndiughis
feature article, we summarize the recent progress in #leassembly of
supramolecularly engineered polymers as well as its biomegpgdications. In view
of different molecular building units, the supramolecularly engete@olymers can
be classified into the following three major types: supramoldgukangineered
polymers built by small molecules, supramolecularly engineeregmaos built by
small molecules and macromolecules, and supramolecularly enginpelgmers
built by macromolecules, which possess distinct morphologies, dedirtbgtectures
and specific functions. Owing to the reversible nature of the nonctvateractions,
the supramolecularly engineered polymers have exhibited unique features
advantages in molecular self-assembly, for example, facile natepa and
functionalization, controllable morphologies and structures, dynanfitassembly
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process, adjustable performance, and so on. Furthermore, the selflagdsem
supramolecular structures hold great potential as promising cargitatearious
biomedical fields, including bioimaging, drug delivery, gene tramigfe, protein
delivery, regenerative medicine and tissue engineering. Suchopgments on the
self-assembly of supramolecularly engineered polymers and bidsnedical
applications greatly promote the interdiscipline researches grsopramolecular
chemistry, polymer materials, biomedicine, nano-science and technology.

1. Introduction

Polymer chemistry has witnessed a remarkable development gieceriginal
discovery of the main-chain supramolecular polymers based on tryoleden
bonding in 1990 by Lehh.Different from the conventional polymers in which
monomer units are connected by covalent bonds, supramolecular polgmeers
polymeric arrays of monomer units held together with directional @eversible
noncovalent interactions, such as hydrogen bond, host-guest recognittel, m
coordination or electrostatic interactin.The resulting materials therefore maintain
their polymeric properties in dilute and concentrated solutions, assvel the bulk.
Due to the dynamic nature of noncovalent interactions, the supramolpolymers
exhibit a wide range of unique properties, such as reversibilityesmbmnsiveness to
stimuli, which can be complementary to conventional polyfétsr example, the
reversibility of noncovalent interactions endows the supramolepalgmers with
the ability of self-healing and adaptation, which provides a memgivantage over
covalent bonded polymers.

With the rapid development of supramolecular polymers, noncovalentciesa
have been gradually extended to engineer various chemical entdi®s sinall
molecules to macromolecules with complex properties. In this context
supramolecularly engineered polymers generate. Supramolecudamtyneered
polymers are a class of polymers built through noncovalent intemnacéimong the
monomer units, polymeric units, or both of them instead of covalent bonds. These
dynamic supramolecularly engineered polymers represent a topiacumdasing
interest due to their enormous potential in a variety of applicatindshave received
more and more attention in both academic and industrial fields itashdwenty
years’ 2

In recent years, driven by an increasing need to create netami devices with
well-controlled and highly functional architectural features atethffit scales,
polymer scientists have begun to use self-assembly as a pofaerightion toof:>*2
In general, macromolecular self-assembly refers to themdédgeof synthetic
polymers, biomacromolecules and supramolecular polyMebs. particular, the
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self-assembly of supramolecularly engineered polymers, whkmhld generate
hierarchically ordered and complicated materials with novetsires and properties,
has attracted wide interest in fields ranging from energy aretlicine to
environmental sustainabilify:?® In the past few years, a rapidly increasing amount of
publications related to the synthesis strategies of supramalgcugngineered
polymers, characterizations and applications have been repbiteHowever, a
systematic review on the self-assembly and potential biomedpalications of
supramolecularly engineered polymers has not yet been published.

In this feature article, we consider only supramolecularlyireeged polymeric
systems with a molecular weight high enough to show at legsinodir behavior (e.g.
molecular weight > 1 kDa). Depending on the building units, supramoticula
engineered polymers can be classified as the following thige types, including
supramolecularly engineered polymers built by small molecu(&EPS),
supramolecular engineered polymers built by small molecules aedomolecules
(SEPSM) as well as supramolecularly engineered polymeltsbyumacromolecules
(SEPM). Therefore, we are going to discuss the self-asseohtdypramolecularly
engineered polymers, including SEPS self-assembly, SEPSNsselimbly, SEPM
self-assembly, and hybrid self-assembly. In addition, the biomealigdications of
these supramolecularly engineered polymer assemblies arsuasoarized in this
article. Despite it is impossible to cover all related topmsipletely within the frame
of a single feature article, we try to identify the impatttrends in this field, as well
as the significant achievements and challenges. We hope wdatémmew ideas and
inspire continued endeavors in this promising research area of supraladie
engineered polymers.

2. Self-assembly of supramolecularly engineered polymers

Macromolecular self-assembly involves spontaneous formation of sug@urtaol
aggregates and structures in various stdtd3uring the past twenty years, the
self-assembly of coil-coil or rod-coil typed block copolymers atuson or solid
states has been widely studiéd® In recent years, progress in the self-assembly of
supramolecularly engineered polymers has also been achievedtillUpow,
supramolecularly engineered polymers have proved to be excellecurgors in
macromolecular self-assembly, and many delicate supramaiestriuctures and
hybrids at all scales have been generated. More importantly, shesamolecular
materials have shown unique characteristics in comparison with rdoomned
polymeric materials, such as simple morphology control, smagomnsg/eness,
excellent template ability, facile functionalization, and unusu@asical/chemical
properties. These advantages pave the way for biomedical applications
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supramolecularly engineered polymer assemblies. In the followswion, the
self-assembly behaviors of various supramolecularly engineeretch@ayand their
hybrids will be briefly introduced on the basis of different building units.

2.1 Sdf-assembly of supramolecularly engineered polymers built by small
molecules (SEPS)

The polymeric backbone of SEPS is typically composed of low-moleaeaight
building units that are held together via noncovalent connections. The
physicochemical properties of such noncovalent bonded SEPS are not only
determined by their intrinsic features of molecular building syriiut also greatly
depend on the nature of noncovalent interactions. The SEPS derived frain sm
molecules exhibits several advantages, including ease to synthesédjleatesign,
controlled structure and tunable function compared to covalent polyfiEsdate, a
variety of noncovalent forces including hydrogen bonding, host-guest inberac
metal-ligand coordination, ionic interaction, ana stacking, etc., have been used to
construct small molecule-based SEPS that is very sensitiveeimal stimuli, further
imparting unique properties and functions to the supramolecular asssffitiiin
contrast to conventional polymeric assemblies, the supramolecidagineered
polymeric materials self-assembled from SEPS are mordigerte external stimuli,

and can achieve reversible switching of structure and propartidsr certain
conditions due to dynamic noncovalent connections between molecular building units.

Geometrical matching and directionality of hydrogen bonding prowideffactive
method to form highly ordered supramolecular nanostructures sefflalsskfrom
low-molecular-weight building unit®. By using self-complementary triple hydrogen
bonding, Yagai and coworkers constructed SEPS through the self-agsembl
melamine-anchored perylene bisimide awdodecylcyanurate in aliphatic medfa.
The flexible hydrogen-bonded SEPS self-assembled into ribbon-gjgeegates in
cyclic alkanes and rope-like aggregates in acyclic alkaneshwvere driven byt-n
stacking between the perylene chromophores. Such solvent-dependent nanoscopic
morphologies might be derived from the difference in the crystglliaf the
self-organized SEPS in the solvents. These one-dimensionally eddngano-objects
containing electronically active chromophores would hold promise as rémosc
conducting wires.

Nowadays, the reversible metal-ligand interaction has beenywiteld to build
metallo-supramolecular polymeric systems, which can bestow tikelting
self-assembled materials with the ability to light-emittingehaviors and
multi-responsive characteristics. In a typical example, Rowar@ndrkers prepared
multi-responsive metallo-supramolecular polymer utilizing megalAd interaction
between metal ions with a ditopic ligand (Fig. ¥a)he resultant SEPS exhibited
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thermo-, chemo-, and mechano-induced sol-gel phase transition in
chloroform/acetonitrile (CHGICH3;CN) (Fig. 1b). One particularly interesting
property of the metallo-induced SEPS was its sensitivity to amecal perturbation,
resulting in a thixotropic shear-thinning behavior. It is obvious ttieaimetallo-based
SEPS opens up the possibility of designing multi-responsive organgamorhybrid
materials, whose properties can be easily tuned by changingrttienation of metal
ions. Furthermore, the incorporation of metal ions imparts theifunattproperties of

the metal ions, for example, catalysis, light-emitting, condgetas binding, etc., to
the resulting materials. As one example, Terech and coworkees reported the
metallo-supramolecular polymers based on the metal-ligand coniplexatween
metal ions and a polytopic bis-terpyridine-cyclam ligand, givimgti-sensitive gels

in dimethylfomamide (DMF}? These new SEPS gels exhibit interesting properties: (i)
chemosensitivity: the gelation is dependent on the type of metathistmietry of
metal ions/ligand, solvent, and counterion; (ii) electrosensitivity: amaasg thystems,
the Co(ll)/ligand gel system is electrochemically and rgtaey changed between the
gel (red) and liquid (green) states; and (iii) mechanieatiivity: the system is able

to cycle from weakly to highly viscous states upon fast apmizauppression of a
shearing stress. The variety of colors and reversible gelatitimeaietallo-induced
SEPS gels gained by multiple stimuli clearly demonstrdtes advantages of
incorporating metal ions into SEPS.
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Fig. 1 (a) Schematic representation of the formation of metalloasuplecular polymeric
aggregates using ditopic ligand end-capped monomers with metal sal@n(8l0,),, B,
Zn(ClQO,), and La(NQ)s, and C, Zn(CIQ), and La(CIlQ)s;, mixed with monomet in acetonitrile
as solvent. (b) Gel A (11 wt% in acetonitrile) exhibits the typical muttitgt responsive behavior
observed for this class of metallo-supramolecular gels. Reproaitte@ermission from ref. 52.

Copyright 2006, American Chemical Society.

Among various noncovalent interactions, host-guest interaction endows the
resulting supramolecular materials with unique physical/chémjmaperties
accompanied with easily switched efficiencies and functionsadéaand coworkers
used cyclodextrin (CD) derivatives to prepare supramolecutaidyneered polymers
based on host-guest interaction, and the resulting SEPS furthassemnbled into
supramolecular gels driving by hydrogen bonditif. On the other hand, Huang and
coworkers reported a dual-responsive SEPS through the moleculanitiecogf
crown ether’ In their design, the linear SEPS was constructed by the iteeers
host-guest recognition motif between the dibenzo[24]crown-8 unit and its
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complementary guest dibenzylammonium salt moiety, linked by adlypigatic chain

in solution. The resulting SEPS exhibited reversible sol-gel trandiy alteration of
heating and cooling, or acidification and neutralization. This theram@ pH-
dual-responsive SEPS gel was used for the controlled releasedaimine B, which
shows potential in biomedical fields such as personal-care praghattdrug delivery
systems. Recently, they further developed a novel quadruple-resp&idt& gel in
the presence of a metal cross-linker, [RFEHCN)], which possessed excellent
shape-persistent and elastic properfiesirstly, a linear SEPS was constructed
through the host-guest interaction between the benzo[21]crown-7 host unit and
dialkylammonium salt gust moiety in solution (Fig. 2a). Then, angélvork was
formed via direct cross-linking of SEPS by [Pgl@€hCN)] since the 1,2,3-triazole
group acted as a ligand for coordination with palladium(ll). Thedggllayed pH-,
thermo-, cation-, and metallo-induced reversible sol-gel transitign 2B). In their
system, the morphology of the SEPS gel was well controlled éyathount of
cross-linker. Moreover, the material could be molded into shape{eetsiand
free-standing objects with elastic behavior. The responsive ésatand good
mechanical properties of cross-linked SEPS networks were derivedréversible
host-guest interaction, making them excellent soft materials. In addition]ibgticn

of the cucurbit[n]uril (CB[n])-based host-guest interaction, Zhandg coworkers
prepared the supramolecular gel self-assembled from a watetesSIEPS (Fig. 37
They successfully utilized multiple host-stabilized chargesfiexr interaction between
a multifunctional monomer and CB[8] to obtain SEPS with a high degfe
polymerization, and found that this SEPS could self-assemble intavsalpraular gel

in water, which might be driven by the interaction between carbonyl grougdgand
hydronium ions of CB[8] and also between CB[8] themselves. Upon addition of
potassium cations, the gel collapsed because the interaction betveegolymer
chains was destroyed.
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Fig. 2 (&) Schematic representation of the formation of linear andlorksd SEPS fron2. (b)
The reversible gel-sol transition of the SEPS network gel tighey four different stimuli (pH-,
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Water-soluble supramolecular polymer

Fig. 3 Schematic representation of the formation of gel based on waibtesSEPS. Reproduced
with permission from ref. 59. Copyright 2012, Royal Society of Chemistry.

In general, supramolecularly engineered polymers base on singlevatent
interaction display several drawbacks including low degree of poiyation, poor
stability, and simple structure. Thus, to combine multiple noncovaleragtions in

the same supramolecularly engineered polymers is a valuablertawoiproving their
degree of polymerization and stability. Recently, Stang and Huamd} erepared
SEPS with tunable topologies based on low-molecular-weight mogetleugh a
hierarchical design strategy, which could further self-abtenmto nano-fibers and
macroscopic fibers in dichloromethane (CH).2° Here, the driving forces for the
construction of SEPS were metal-ligand coordination and hydrogen bonding
interaction. The linear SEPS self-assembled into tightly pac&adscale fibers with

a diameter of ~300 nm in solution; while the cross-linked supramotecelagonal
networks aggregated into long and flexible fibers with a dianater8 um after
swelling in CHCI,. The resultant macroscopic fibers possessed enough strength and
flexibility to arrange into stable knots which could persist @&h without cracking

and agglomeration. Deformation of these supramolecular assemblies unde
mechanical stress could reform due to the reversibility of rhetal-ligand
coordination and hydrogen bonding, ultimately increasing the robustfefise
materials. These features could be attributed to the dynaeversibility of
noncovalent interactions and good mechanical properties of the cross-BES
network, making these fibers an intelligent soft material. Besi@&upp’s group
reported a novel hairpin-shaped small molecule based on thiophene-capped
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diketopyrrolopyrrole unit and thieans-diamidocyclohexane, which formed SEPS by
a combination of hydrogen bonding amat stacking and further self-assembled into
long supramolecular nanowir€sThis nanostructure exhibited better charge transport
characteristics in devices that were 54% more efficientttieorresponding control.
Very recently, Ghosh’ group reported stimuli-responsive self-asgembl a
naphthalene diimide (NDI) and its coassembly with a pyridinetiomalized pyrene
(PY), which were driven by multiple nonconvalent interactions, inolydiydrogen
bonding interactionz-n stacking and charge transfer interacfibAs shown in Fig. 4,
the building block NDI (3) containing hydrazide (H1) and hydroxy (lg&)ups
self-assembled into reverse vesicles in methylcyclohexanertiagonal H-bonding
(H1-H1 and H2-H2) ana-n stacking. Above the lower critical solution temperature
(LCST), the assembled structure was changed and turned into oTgicos
precipitation owing to the thermal dissociation of the H2-H2 H-bondinidewH1-H1
H-bonding retained unaltered. Interestingly, the precipitated S&fiSsolved in the
medium and self-assembled into reverse-micellar structure ahevepper critical
solution temperature (UCST). In the presence of the PY donor, &traesgregated
supramolecular dyad (NDI-PY) was formed by H2-H3 H-bonding, whics
gradually transformed into an alternate NDI-PY stack due to rdinakpy-driven
charge-transfer interaction between NDI and PY. Notably, theTL@NDI-PY was
about 10 °C higher than that of NDI alone, which might be attribttedhe
synergistic assistance of multiple hydrogen bonding interaetimh charge transfer
interaction. The mixed NDI-PY assembly displayed a morphologyiti@mgrom a
reverse micelle (with a NDI-PY core) below the LCST to hapotreverse micelle
(with a NDI core) above the UCST through a “denatured” intermediate.
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Fig. 4 Schematic representation of the formation of SEPS driven by pfeultioncovelent

interactions and the self-assembly of 1 and its coassembty2wiReproduced with permission
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from ref. 61. Copyright 2014, Wiley.

Owing to the existence of many noncovalent connections, igiea challenge to
construct stable SEPS with sufficient length in polar solutions camdrol their
formation reversibly under external stimuli. By utilization wbtorthogonal binding
interactions, metal-ligand binding and ion pair formation, Schmuck andrkeve
fabricated a new kind of switchable SEPS built by the low-nutdeaveight
heteroditopic monomer (terpyridine attached to a self-complenyenta
guanidiniocarbonyl pyrrole carboxylate zwitterion) and the hieta(Fe(11)) 3% The
resultant SEPSof considerable length exhibited a sufficient stability in polar
dimethylsulfoxide (DMSO) and even aqueous solutions. The SEPS further
self-assembled in solution into larger globular aggregates witmaely packed core
and a loose shell. The state of the assembly could be revensibdfied on and off
either by addition of a competing ligand to remove the metal ion absequent
re-addition of the metal ion or by reversible protonation and deprotonaititime
zwitterion upon adjusting of pH value. Such system might providevastrategy for
designing functional materials in the future.

2.2 Self-assembly of supramolecularly engineered polymers built by small
molecules and macromolecules (SEPSM)

SEPSM refers to supramolecules where low-molecular-weiglolecules are
associated with covalent bonded polymer by noncovalent interactions such as
hydrogen bonding, metal coordination, van der Waals forces, electrcatiatiction
andn-z interaction. In recent years, self-assembly of SEPSM hastad enormous
attention for its application as functional nanomaterials at diitetength scales.
Design and preparation of SEPSM is the vital precondition foreilsassembly.
Generally, the synthesis of well-defined functional covalent bondedngo$yis an
expensive and time-consuming process. In contrast, the preparatioER8MS
consisting of small molecule and conventional polymer is facile, sbveand
inexpensive. Due to the dynamic-tunable property of supramolecularigeengd
polymers, the self-assembled morphologies of SEPSM can be sty by simply
changing the sorts or ratios of small molecule monomers. Ini@ddibhe specific or
multiple functions can be introduced into SEPSM systems througbdalamization
strategy by using noncovalent interactions.

As CDs can form inclusion complexes with various guest moleculesy
constitute an important building block for SEPSM and then become annkelega
platform for the generation of self-assembled nanoparticles afrddsls. Dong and
coworkers reported a reverse micellar hydrogel formed betwegpgmide-based
copolymer andi-CD by utilizing host-guest interactiéf The CD-based SEPSM first



ChemComm

Page 12 of 51

self-assembled intax-CD/poly(ethylene oxide) (PEO) polypseudorotaxane-cored

reverse micelles with a polypeptide corona. Then, the reversellesicfurther

aggregated into hydrogels via the hydrogen bonding interaction among the

polypeptide corona. These hydrogels were also thermally and pksitdge which
could load and release anticancer drug efficiently and afford thdya an injectable
controlled drug release system. Craig and coworkers reportechi¢narchical
self-assembly of SEPSM composed of an alkylft€ZD and poly(ethylene glycol)
(PEG)-conjugated adamantine (AD) via host-gust interaction. Abmveritical
concentration, the SEPSM self-assembled into highly ordered fibroustuses,
which responded to environment variation through the defining mole@adagmition.
Furthermore, Jiang and coworkers reported the reversible seifiblysof SEPSM
composed off-CD-terminated poly-isopropylacrylamide) f-CD-PNIPAM) and
Frechét-type benzyl ether dendron with an azobenzene group driviea byst-guest
interaction between the CD ends and the azobenzene §fdlips.obtained SEPSM
self-assembled into thin-layer vesicles in water. Thenalsseand disassembly of
vesicles could be realized by alternating visible and UV iatazh or heating and
cooling. Very recently, we reported the self-assembly of lingperbranched SEPSM
consisting of AD-functionalized alkyl chain (ADsCn = 12, 18, 30) and
hyperbranched polyglycerol grafted fropaCD (CD-g-HPG) through the specific
AD/CD host-guest interaction, which self-assembled into unil@ameiesicles in

water (Fig. 5F° The SEPSM-based vesicles possessed good stability and ductility

under external force and could be disassembled readily under a tivegeist of

B-CD.
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Fig. 5 Cartoon representation for self-assembly and disassembly p®cess&EPSM.

Reproduced with permission from ref. 68. Copyright 2012, American Chemical Society.
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CBJ[n], as a newly emerged host molecule, has received increaseaych interest
in construction of SEPSM and plays an important part in macromolecular
self-assembly. CBJ8] is able to bind two organic guest molecutagdtaneously with
high association constants (¥ 10"* M) in an aqueous environment, thus enhancing
the charge transfer interaction between these two guests whigh as a charge
donor and a charge acceptor, respecti¥ely.Scherman and coworkers introduced
CBI[8] to link 2-naphthol-terminaltectis-1,4-poly(isoprene) and methylviologen
(MV)-terminated PEG to build a host-stabilized charge transé@nected SEPSM,
and found it self-assembled into micelles or vesicles in aquemuton’? Further,
Chen and coworkers investigated the self-assembly of supramolegtadir
copolymer in which CB[8] linked viologen-containing copolymer and
naphthalene-ended PNIPAM via host-stabilized charge transfer iierac They
found that the self-assembled micelles were sensitive to tataperand reducing
agents because of the temperature sensitive property of PNIRAety and the
noncovalent connection, respectively. In addition, Ji and coworkers fabricated
reducible supramolecular assemblies of SEPSM based on CB[8], tedoieated
poly(lactic acid) and MV-terminated PEO (PEO-MV) via hosb#ized charge
transfer interactio These SEPSM-based assemblies could load the anticancer drug
doxorubicin (DOX) and release them successfully after addingdacing agent
NaS,0, because of the redox chemistry of MV.

As one important kind of supramolecular hosts, crow ethers are ralgoehtly
used to construct the SEPSM. For instance, Huang and coworkers rejharted
aqueous self-assembly of supramolecular diblock polymer consistagmiwv ether
appended hydrophobic supramolecular polymer and a conventional hydrophilic
polymer PEG between which the host-guest and electrostatradtiteis acted as
supramolecular linkers (Fig. 6).The SEPSM was obtained through the association
of the negatively charged bis(m-phenylene)[32]crown-10 host unit @sd
complementary viologen dication guest moiety. Interestingly, -asslémbled
morphologies of the amphiphilic SEPSM could be well-controlled byingrihe
block length ratio of the supramolecular polymer block to the convehtahgmer
block by just changing the proportion of the polymer unit to smallecubdés in
solution, avoiding intricate organic and/or polymer synthesis. When the lemgth
of the traditional polymer PEG was longer than that of the sugeauniar polymer,
micelles were obtained, which could encapsulate and release hydroptmbaules.

In contrast, under the opposite condition, the self-assembled vesetesformed
with the function of transporting both hydrophobic and hydrophilic moleciiles.
combination of conventional polymers with the dynamic features andnsispness
of supramolecular polymers endows the self-assembled supramoleaidsials with
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unique functions and properties. For example, the degradation of suprawmolecul
aggregates from SEPSM can be triggered by external stichud to the
responsiveness of noncovalent interactions.

o £ Nt ONFE NS N
O o} o o} Q

N
‘o) N
<::> <:>_ \ N ® /= =\ ® /
° N ANy W

® Y anYaRYan
NEC0c d W 9 Y b
N
<: :> % >—o SN
@0 N
NHy Joo¢c © ©O O O O 55

NSNS Self-assemble

Hydrophobic supramolecular polymer Hydrophilic conventional polymer
Self-assemble in aqueous solution

A
/6

Lsp < Lep Lsp~Lep Lsp> Lep

-

Fig. 6 Cartoon representation of the formation of SEPSM and its selfrsiibg in aqueous
solution. Lsp represents the extended length of the supramoleculamheersgl polymers, and
Lcp represents the extended length of the conventional polymer. Reptodithepermission

from ref. 75. Copyright 2013, Wiley.

It should be mentioned that the self-assembly of hydrogen bonded SEPSM
solid state has received enormous research interest for yeargraups of Ikkala and
ten Brinke have pioneered the research on self-assembly of siecatar comb-like
coil hydrogen bonded polymers consisting of H-acceptor polymers, including
commercially available poly(styrergeck-4-vinylpyridine) (PSk-P4VP), and a
variety of H-donor surfactant-type small molecu®8 These hydrogen bonding
connected SEPSM could self-assemble into highly ordered morphologiesasuc
hexagonal cylindrical and lamellar structures. Subsequentiyadj del Barrio and
coworkers investigated the self-assembly of supramolecular ¢wguirdoonded
polymers based on vinylpyridine group-containing polymers and a yadkt
azobenzene compoun®& Very recently, del Barrio and coworkers reported
hydrogen-bonding-assisted self-assembly of dendronized SEPSM compiosed
carboxy-terminated azodendron (dAZO), an H-donor azodendron, and two H-acceptor
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polymers: P4VP and PBP4VP block copolymer (Fig. 78.It was found that the
hydrogen bonded SEPSM self-assembled into lamellar, cylindrical,sphdrical
morphologies by altering the ratio of dAZO and vinylpyridine repeating unit {lBig
Photo-induced orientation of the azobenzene moieties was obtainethsndfilthe
SEPSM by using 488 nm linearly polarized light. Compared to pievious report,
highly sensitive photo-induced response was obtained for dAZO-containing
supramolecular materials even at azobenzene contents as low @as%2Y The
optimized combination of supramolecularly engineered polymer ssthasy and
“chromophore synthons” demonstrated the enhanced optical properties of these
materials efficiently. Similarly, Kuila and Stamm groups haxgensively studied
supramolecular assembly in thin film from SEPSM built by blookatymer and
small molecule via hydrogen bonding interaction, and reviewed thentrece
development of these supramolecular assemblies as functional nanom&terials.

P4vp SPSM

Ho._o dAZO
/rlv . Jé“% z“i\ P4VP(dAZO),
SO T SR I T N

NZ PS-b-P4VP(dAZO),

a

Fig. 7 (a) Chemical structures and schematic representations of hydbmgeling connected
SEPSM. (b) TEM bright-field micrographs of assemblies from SEPS(b,)
PSbH-P4VP(dAZO}) o6 () PSb-P4VP(JAZO) 25 and (B) PSb-P4VP(dAZO) s, Reproduced
with permission from ref. 83. Copyright 2014, American Chemical Society.

It has been reported that through electrostatic attraction, medewuth cationic
and anionic head groups can be held together to form SEPSM. Basedsiratbgy,
SEPSM can be prepared and further self-assembled into variousroetusss. For
example, Thayumanavan and coworkers reported the polymeric asserfrblin
SEPSM of small molecule surfactants with positive charge andivelgacharged
polyelectrolytes connected by electrostatic interadfiohhe disassembly of these
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supramolecular aggregates was accomplished with variations in eeg¢onment,
ionic strength, and pH of the medium, wherein the electrostagcaiction between
the polymer and the surfactant was weakened by the stimulinfRecghang and
coworkers constructed a phosphotase-responsive SEPSM based on thetatlectros
complexation of a double hydrophilic block copolymer methoxy-poly(etiey/l
glycol);14block-poly(L-lysine  hydrochloride)y (PEGH-PLKC) and a natural
multi-charged adenosine 5'-triphosphate (ATP) (Fig®’8k was found that the
SEPSM could self-assemble into spherical aggregates in aquetlut®rns The
spherical aggregates exhibited good responsiveness and disasseitabléeating
with phosphotase because the negatively charged ATP was hydrolgzed t
single-charged phosphate and a neutral adenine group. In the subseapkenhay
fabricated a series of SEPSM based on the electrostatiadtier and obtained
various assemblies with different morphologies in aqueous solutiorydingl
micelles, sheet-like aggregates and spherical aggréjateghe resultant assemblies
from SEPSM could respond to external stimuli and hold great proasisemart
materials.

ATP PEG-b-PLKC

Self- Enzymatic
assembly hydrolysis

Fig. 8 Schematic representations of the self-assembled aggregatesSEPSM based on

electrostatic interaction. Reproduced with permission from ref. 87. Copyright 20&§, Wil

2.3 Sdf-assembly of supramolecularly engineered polymers built by
macromolecules (SEPM)
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The supramolecularly engineered polymers can also be constnwdtednerely
macromolecules. In SEPM-type polymers, macromonomers are linkethéogoy
noncovalent interactions. To date, a large amount of SEPM containingnslgcalar
linkers along the main chain or side chain have been successfulhesyad by
using hydrogen bond, metal-ligand coordination, host-guest complexation,
electrostatic interaction, et ®° The resultant SEPM combines the characteristic
features of conventional covalent bonded polymers with those of supraaolec
systems (e.g., reversibility, tunability, strength, stabilifyhus the self-assembly of
the SEPM possesses unique features compared with that of conventuakdnt
bonded polymers and has received considerable attention. In this seeiorgimy
focus on the self-assembly of SEPM based on metal-ligand cododinabst-guest
interaction, and hydrogen bond, since these three kinds of SEPM arstudétid
recently.

Metal-ligand coordination is particularly interesting since tberdination bond is
highly directional and the strength of the interaction carebdily tuned by changing
the metal ions’ Therefore, it has been extensively employed in the synthesis of
SEPM, which offers many advantages for the self-assembled agggdgpm SEPM.
For example, the reversibility of the metal-ligand bond allowsrfgaroved control
over the properties of assembled materials. Furthermore, the ggestra metal
complex brings additional electrochemical, photophysical, and datplyiperties for
the aggregate structures. Schubert and Gohy et al. reported fHasssehbly of
metallo-supramolecular block copolymers in which metal-ligand codrdimacted
as linkers between two polymefs'® They published a series of excellent works,
focusing on the construction of metallo-induced supramolecularly engiheere
copolymers and their self-assembly behavior. The initial studiestem was the
self-assembly of metal-ligand connected SEPM, PS-[Ru]-PE®, wihich
2,262 -terpyridine was used as a ligand (Fig. ¥a)The PS-[Ru]-PEO
self-assembled into spherical micelles with uniform size, tshowed a strong
tendency to aggregate. Compared to conventional micelles from covalentdbonde
polymers, the core and shell of the supramolecular micelles aoarected only by
metal-ligand coordination rather than by covalent connection. In addithese
micelles contained charged entities located at the interfaseedetcore and corona
and thus significantly different from “neutral” ones. The expental results proved
that micelles self-assembled from metallo-induced SEPM ws&able in various
environments. However, the metal complexes in micelles could ldyregpened
after adding a huge excess of a competitive water-soluble dligaoch as
hydroxyethyl ethylenediaminetriacetic acid trisodium s”HEEDTA), followed by
heating the micellar solutiol:*® It indicated that disassembly of metallo-induced
polymeric micelles could be realized by adding the competirapdig and heating.
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Similarly, O’Reilly and coworkers prepared the hollow responsiuactional
nanocages using supramolecular self-assembly of polystyrene-[R@&qolic acid)
(PS-[Ru]-PAA) in which the tripyridine-Ru complexes werediss a linket™* First,

the metallo-induced SEPM self-assembled into micelles wi#Aa shell and a PS
core in aqueous solution. Then the PAA shell of the micelles wadiztd via
cross-linking chemistry reported by Woof&%. The micelles reacted with a huge
excess of a competing ligand HEEDTA at 60 °C and made the dhipg¥Ru
complexes open. The nanocages could be obtained by dialysis of thmsiclkeition
against tetrahydrofuran/water (THRBt 2/1) to remove the released PS block.
Subsequently, they designed and prepared metal-ligand connected esnicell
self-assembled from an unsymmetrical supramolecularly engisheretallo-diblock
copolymer, in which PS block modified with a relatively weak cootehgepyridine
ligand and PAA modified with a strong pincer ligand were connecyethé Pd(ll)
metal (Fig. 9b}*® As expected, metal-functionalized hollow nanocages could be
obtained by removing hydrophobic PS from the noncovalent connected micelles
under the acidic condition (pH 5). Compared to the SEPM with the itdirpssRu
linkage, this SEPM with the unsymmetrical metal-ligand bond exduilat significant
advantage in its readiness to realize the selective cleavage of théleessem

a

PS-{Pd]-PAA
T ()
Fig. 9 (2) Chemical structure of SEPM PS-[Ru]-PEO. (b) Chemtcattire and self-assembly of
unsymmetrical SEPM PS-{Pd]-PAA. Reproduced with permissiom fref. 103. Copyright 2008,

American Chemical Society.

The self-assembly of PS-[Ru]-PEO in a selective solvent antheé bulk was
investigated by Schubert and cowork&fs-% Interestingly, the thin SEPM films with
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various morphologies and tunable domain size were obtained from supraliadyec
engineered copolymer PS-[Ru]-PEO containing different PS blengths. This
supramolecular combinatorial approach exhibited a significant advaotageared
with classical covalent polymers. Apart from controlling the morpinl of
assemblies, another advantage of the metallo-induced SEPM is trehiétyeof the
bis-terpyridine complexes. For example, the same research gooepared
nanoporous thin films from the supramolecularly engineered copolymer
PS-[Ru]-PEO'® Firstly, cylinders oriented normal to the substrate were rdxdai
directly by spin-coating a solution of the SEPM in a non-seledoteent. Then
adding the cerium(lV) sulfate, Ruvas oxidized to Rl, and the initial bis-complexes
turned into mono-complexes, which led to the release of minor block &t€O
subsequently formed the nanoporous films. Such reversibility could loeeditio
create well-ordered nanoporous structures.

Host-guest inclusion complexation has promoted the development of the
supramolecular chemistry field. Typical host molecules ap#vrtrethers, CDs and
CBs. The SEPM based on the host-guest interaction has beenwetieimsiestigated
due to its high association constant. Compared to conventional assentdies
supramolecular assemblies from SEPM provide several advantageassstahctural
adaptability, additional responsiveness to guest molecules, and romshation of
different building blocks. Shi and coworkers reported the self-asserably
supramolecular double hydrophilic block copolymer through the host-guest
complexation betweer-CD-P4VP and AD-PNIPAM® Depending on pH and
temperature, the obtained SEPM could self-assemble into two distdifferent
micelles because of the pH-responsive P4VP polymer and the thespansive
PNIPAM. Similarly, Liu and coworkers reported the assembhes fsupramolecular
double hydrophilic block copolymer consisting@CD-PNIPAM and AD-terminated
poly(2-(diethylamino)ethyl methacrylate) (AD-PDEA) driven byost-guest
interaction, and they found that the SEPM assemblies showed imgrest
multi-responsive and reversible micelle-to-vesicle transition behawiresponse to
solution pH and temperatut?. Interestingly, this kind of thermo- and pH-responsive
micelle-to-vesicle transition was fully reversible. Moreoverahd coworkers studied
the self-assembly thermosensitive micellization phenomena of -&Bé& dual
thermo-responsive supramolecularly engineered copolymer. Hostapumptexation
between a star-shaped PNIPAM withpaCD core and bis(adamantyl)-modified
poly(propylene glycol) (PPG) was utilized to construct the SERMich could
self-assemble into micelles and further aggregate with inogeeEmmperature because
of the existence of two kinds of thermoresponsive segments, PPGNaRANP '8
Different from conventional polymeric micelles, the core and shéllthese
supramolecular micelles from SEPM were connected by host-gestction rather
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than chemical bond. The size of the SEPM micelles could be éasdg by altering

the temperature, concentration of the components, ratio of host/guesengtid of

the PPG block in the guest polymer, respectively. Recently, wetrgomesl a
supramolecular Janus hyperbranched polymer with  AZO-functionalized
hyperbranched poly(3-ethyl-3-oxetanemethanol) (HBPO) and CDidunatized
HPG connected by noncovalent host-guest coupfihg:his amphiphilic SEPM
self-assembled into unilamellar bilayer vesicles in aqueous @olutider visible light.
Alternatively, the vesicles disassembled into unimers underrdiation of UV light
(365 nm) because of theans-to-cis isomerization of the AZO groups.

The self-assembly of supramolecular miktoarm copolymer isyrdoeind in the
literature. An example for the self-assembly of a supram@ecdBC miktoarm
star-shaped terpolymer comes from our labord{Sr§he supramolecular polymeric
host-guest system consists of-&€D-modified hydrophilic diblock copolymer with
two different blocks (PEG-CD-PDMAEMA) and the hydrophobic AD-modified
poly(methyl methacrylate) (AD-PMMA), which self-assembl@sto spherical
nanoparticles in aqueous solution due to its amphiphilicity. The disdxg of
supramolecular nanoparticles can be readily achieved by addmpettive pure
B-CD host or sodium 1-adamantane carboxylate (AD-COONa) gueat$e of the
noncovalent connection. As llustrated in Fig. 10A, the size of
PEGf-CD-PDMAEMA/AD-PMMA micelles become smaller after tlaeldition of
competitivef-CD host or AD-COONa guest, which demonstrates the disass@mnbly
the SEPM assemblies.
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Fig. 10 (A) Chemical structure of PEGCD-PDMAEMA/AD-PMMA and TEM images of
assemblies from SEPM before (a) and after (b) being tresithd-CD or (c) treated with
AD-COONa. (B) Schematic of the assembly and disassembly ef-G¥PEO-Fc vesicles.
Reproduced with permission from ref. 110 and 112. Copyright 2012 and 20d€icAn

Q Loaded molecules

Chemical Society.

The self-assembly of SEPM based on host-guest complexation aficCieraocene
(Fc) is also reported in recent years. It has been demonstnat¢dCD can exactly
form a 1:1 inclusion complex with uncharged Fc species or its diggsaHowever,
the charged Fc species {[Favould dissociate from th@-CD cavity, and this process
can be reversibly achieved by changing the external volthgean and coworkers
employedp-CD-decorated PS (PBCD) and ferrocene-decorated PEO (PEO-Fc) to
form supramolecular diblock copolymer (BSED/PEO-Fc) via host-guest interaction
between thep-CD and the Fc (Fig. 10B}?> This SEPM self-assembled into
supramolecular vesicles in aqueous solution, which remained stab® rfamths
without external disturbance. Upon +1.5 V voltage stimuli, the uncharged EEO-
was oxidized into charged PEO-Fcresulting in the dissociation of SEPM

T
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accompanied by disassembly of the vesicles. After 5 h of esictulation, the
vesicles disaggregated into small fragments. The process amlaslys and
disassembly of the vesicles was reversible and well-comdrbly exerting a reductive
voltage or upon an oxidative voltage. More importantly, the disassocratermf the
vesicles could be tuned by controlling the voltage intensities. Thus, thesselfbled
supramolecular vesicles could serve as smart nanocapsules thhtcoatrol the
release of functional molecules or drugs by altering adifiedltage. Similarly, Chen
and coworkers reported the self-assembly of amphiphilic suprantaeblock
copolymer formed by the host-guest interaction between benzimedeeratinated
poly(e-caprolactone) (BM-PCL) angtCD-functionalized dextran (De-CD).**®* The
BM was protonated under acidic conditions, inducing the dissociatirGid and
BM. Therefore, the resultant SEPM micelles exhibited pH-sensitive lwehavi

The pioneer work about the self-assembly of SEPM through the daltfzonding
interaction was reported by Jiang's grdip**® They developed the noncovalent
connected micelles, in which the core and shell were mainly connlegteydrogen
bonding. For example, Jiang and coworkers constructed a graft-like supcatarly
engineered polymer containing P4VP and mono-carboxy terminated E®3M
through the hydrogen bonding association of the P4VP backbone and ltb&ytar
ends of MCPS in the common solvent CE@Fig. 11a)*'® After changing the
medium to a selective solvent toluene for MCPS, the SEPM self-assembleichloi¢o s
micelles, with P4VP as the core and MCPS as the shell. Thenettaydrogen
bonding connected micelles from this SEPM differed from the regelbf
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conventional covalent bonded block copolymers because of the hydrogen bonding

linkage between the core and the shell instead of covalent bond. imilar s
self-assembly of SEPM composed of P4VP and carboxyl-ended polymeddiEeB)
occurred in an appropriate  selective solvent n-hexane/CHGir

nitromethane/CHGI**® Similarly, Pispas and coworkers prepared the hydrogen

bonding micelles self-assembled from SEPM between poly(2-vingipg) (P2VP)
and PS or polyisoprene (Pl) end-modified with one sulfonic acid grotieimixed
solutions of THF and decan¥.
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Fig. 11 (a) Schematic representation of the formation of hydrogen bondinghgr&EPM and its
assembly in selective solvents. (b) Schematic illustration ttef self-assembly of the
supramolecular amphiphilic multiarm hyperbranched copolymer mecéifeugh complementary
hydrogen bonding interactionReproduced with permission from ref. 116 and 121. Copyright
2005, American Chemical Society and 2013, Royal Society of Chemistry.

Inspired by the nucleotide-based biological systems such as DNARBA, our
group reported a class of SEPM based on complementary multgregey bonding
interactions, which could further self-assemble into hydrogen bonding ctedne
micelles in aqueous solutidf® This SEPM system contained adenine-ended PCL
(PCL-A) and uracil-terminated PEG (PEG-U), which formed MER the common
apolar solvent through the hydrogen bonding interaction. After the addition of eater
selective solvent for PCL, into the SEPM solution, the miceliés the PCL core and
PEG shell connected by hydrogen bonding were obtained. The hydrophobic
microenvironment provided by the PCL core would ensure the baseopform
stable hydrogen bonds inside micelles, making it possible to obtaie sticelles in
agueous solution. The resultant micelles were very sensitive to acidic pH, whigh coul
be ascribed to the protonation of the nucleobase nitrogen atomes@uordingly, the
disassembly of the micelles occurred at low pH conditions. Furthermee
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developed size-controlled SEPM micelles using complementary neuhiydrogen
bonding interactions. In this system, the adenine-terminated
H40-star-poly(s-caprolactone)-adenine  (H4&ftar-PCL-A) and PEG-U formed
supramolecular amphiphilic multiarm hyperbranched copolymer through the
molecular recognition between A and U moieties, which furthérasesembled into
pH-responsive micelles with low critical micelle concentrat{@MC) due to the
hydrogen bonding connection and the unique hyperbranched architétture.
Interestingly, the size of the self-assembled micelles cbaldvell-controlled by
adjusting the ratio of hydrophobic H4tar-PCL-A building block and hydrophilic
PEG-U arm. As shown in Fig. 11b, the diameter of these SEPMIesiashanges
from 10 nm to 200 nm when the ratio of adenine and uracil is (A) 1)11:(@B8; (C)
1:0.6; (D) 1:0.4. Recently, we also prepared salt/pH dual-respomsicelles
self-assembled from supramolecular amphiphilic brush copolymersisting of
brush-like poly(2-hydroxyethyl metharylatg(PCL-A) and linear PEG-U via the
molecular recognition of nucleobasé$.These micelles could be destroyed by
lowering the pH or increasing the concentration of salt due to tlugabpechitecture

of brush polymer and hydrogen bonding connection, which represents a new
generation of stimuli-responsive delivery vehicles for a widéetyaiof biomedical
applications.

2.4 Hybrid self-assembly of supramolecularly engineered polymers

Hybrid self-assembly provides a facile and robust tool for theguesf high
performance supramolecularly engineered polymer-inorganic hybaterials in
which both components contribute to the whole functionality. Supramolecularly
engineered polymers possess conventional polymer’ properties and dyrauare of
noncovalent bonds, which provides a unique advantage in encapsulating inorganic
nanoparticles (NPs) and directing the self-assembly of inorgasitursor$?*?® n
general, the supramolecularly engineered polymers in polymeganic hybrids can
serve the following purposes: 1) the use of a supramolecwdagiyneered polymer
self-assembly strategy could assemble the inorganic phasesomposite materials;

2) the supramolecularly engineered polymers can serve as rttati>causes the
inorganic phase ordering and anisotropic orientation; 3) the supramdiecula
engineered polymers can act as a functional components. The irgcaiaol
noncovalent connections of supramolecularly engineered polymers ingidoegén
bonding, metal-ligand coordination, host-guest complexation, electrostatic
attraction/repulsion, hydrophobic interaction, and so on. These interacaiomsduce
hybrids into controlled structures and modulate their chemical aysigah properties.
Nevertheless, the ordered supramolecular structures through keglirassembly of
supramolecularly engineered polymers and inorganics have been depdast of
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the prepared hybrids are limited in the use of supramoleculagipesred polymeric
assemblies as templates to direct the formation of hybrid nambdgsior nanopores,
construction of functional hybrid composites, utilization of inorganicigeast as

templates to direct the formation of supramolecularly engidegwelymeric

assemblies, and preparation of novel supramolecularly engineeredepohorganic

hybrids.

Supramolecularly engineered polymers offer an alternatinagegly to fabricate
polymeric assemblies. First of all, the way to prepare supenumlalrly engineered
polymers avoids the complicated synthesis and purification proceduhgsh are
usually required for synthesizing the covalent bonded polymers. Maoertamtly,
compared to the assemblies of covalent copolymers, the noncovalent ednnect
assemblies hold great potential for further functionalization hat noncovalent
combination interfaces. Therefore, supramolecular assembliekt migvide a
possibility to control the distribution of metal/inorganic nanopasich specific areas
of the assemblies. For example, Ji and coworkers reported thé nmesbbowl- and
porous sphere-shaped supramolecular assemblies for the encapsohtemplating
of gold nanoparticle¥:’ The hydrophilic amino-ended poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC-NH and hydrophobic carboxyl-end PS (PS-COOH)
formed supramolecularly engineered copolymers via electrostagcaction, and
further self-assembled into bowl- and porous sphere-shaped assembifie
bowl-shaped supramolecular assemblies acted as templateshdorconfined
assembling of weakly positively charged gold nanoparticlés an average diameter
of 3.6 £ 0.5 nm. When the mass ratio of gold nanoparticle to PS-COQHA3, the
gold nanopatrticles preferentially located at the inner interdddbe bowls (Fig. 12a
and 12f). It should be noted that the mass ratio of gold nanopatrticles to PS-COOH had
an important influence on the morphology of the aggregates. When theratudasf
gold nanoparticles to PS-COOH increased gradually from 1/10 and A t the
morphology of the assemblies changed and the holes in the shallow bowaisebec
smaller and smaller (Fig. 12a-c, respectively). This phenomendnt tvegattributed
to the fact that positively charged gold nanoparticles as the cioonpetisturbed the
interaction between the PS-COOH and PMPGC;NMhey also found that the
morphologies of the supramolecular assemblies could not be chantmeebing the
mass ratio of gold nanoparticles to polymer. Interestingly, @esseof gold
nanoparticle-polymer assemblies with different morphologies coulgrégared by
using the template method, including supramolecular spheres, bowls, shaildsy
porous spheres and shallow porous spheres (Fig. 5 a-e).
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Gold Nanoparticles

Fig. 12 Representative TEM images of gold nanoparticle-supramolec@agineered polymer
composite particles of different morphologies. The initial polynogrcentration: (a) 1 & (b) 2.8

Co, () 10 G, (d) 30 G, (e) 60 G, (mass ratio of gold nanoparticles to polystyrene was 1/20,
molar ratio of the polymer blocks was 1/1, THF content is mixed solvent was 50% famples).
The insert shows an enlarged view of the patrticles. (f) Goldpaaticles preferentially located at
the inner surface. Reproduced with permission from ref. 127. Copyright 20¢a| ociety of
Chemistry.

Another example of hybrid self-assembly is to create functibghtid materials
consisting of supramolecularly engineered polymers and inorganic phasasd
coworkers reported the multifunctional supramolecular hybrids p#@D, cationic
oligoethylenimine (OEIl), anticancer drug paclitaxel (PTXY dluorescent quantum
dot (QD) @-CD-OEI/PTX@QD), which took advantages of these two species fo
cooperative drug and gene delivery as well as cellular ima@firigrst of all, they
synthesized a red fluorescent CdSe-CdS QDs functionalized witotiiem salt of
thioglycolic acid (TGA) to form the anionic water-soluble TGA@@Qih an average
diameter of 4.6 nm. Meanwhile, the supramolecularly engineered eblym
B-CD-OEI/PTX was prepared by encapsulating PTX into the caVitige star-shaped
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cationic B-CD polymer -CD-OEI) with ap-CD core and multiple OEI arms. Then
cationic B-CD-OEI/PTX and the anionic TGA@QD formed hybrid assemblies i
water through the electrostatic interaction. TRED-OEI/PTX@QD hybrids could
condense plasmid DNA (pDNA) into nanopatrticles for simultaneous dualpghgtics
and cellular imaging.

The preparation of functional polymeric materials using hybriftassembly of
supramolecularly engineered polymers has also been reportethisinregard,
inorganic nanoparticles are used as a template for controllingstteture of
polymeric assemblies. For example, Caruso and coworkers dmbsailmodular
hybrid assembly approach for the preparation of degradable capssieg
polyrotaxanes and azide-modified silica particles as componergs X8)*?° The
supramolecularly engineered polymer polyrotaxanes were constftmted-CD and
PEG, driven by hydrophobic interaction. The modular assembly was dolhye
grafting polyrotaxanes with three alkyne moieties at eadicapping group onto the
azide-functionalized silica particles (2.4 diameter) that were used as templates.
Then the assembled polyrotaxanes were cross-linked using a degriadedian
order to form a stable architecture. At last, polymeric capswiere obtained after
dissolving the template silica particles with buffered hydroftuacid (HF). The
resultant capsules could be further functionalized as they possess&H groups of
the threadedo-CDs and the alkyne moieties at the surface of the crosddlinke
polyrotaxanes.

Fig. 13 (a) Schematic representation of the hybrid self-assemblyprasiolecularly engineered
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polymer polyrotaxanes and silica nanoparticles. Reproduced with permission rébmi29.

Copyright 2012, American Chemical Society.

At present, most of the reported supramolecularly engineered pslyare
constructed from organic building blocks, except for the metal-liganddicadion
supramolecularly engineered polymers in which the metal ionsnamgporated.
Supramolecularly engineered polymers composed of organic-inorgami hynits
are few reported. Very recently, Wu and coworkers reported a rowndl of
organic-inorganic  hybrid  supramolecularly  engineered polymers using
polyoxometalate (POMSs) clusters as monomers and investigatedhyhed
self-assembly of ther?° It is well known that POMs include a large class of discrete
and molecularly well-defined metal-oxide clusters and have provediiging
inorganic building blocks. POMs exhibit unusual structural diversity amdue
functionalities in optics, catalysis, electronics, magnetics, arahsin particular, the
POM surface can be modified with organic molecules, which provadegeat
advantage for fabricating hybrid nanostructures and materials.t\&lu ®/nthesized
adenine-difunctionalized Anderson-type disc-like cluster [Mg®g®>" (abbreviated
as MnMg) and thymine-difunctionalized MnMp which formed a hybrid
supramolecularly engineered polymer via the complementary ¢edrdoonding
interaction of the base pairs. The hybrid supramolecularly enghgelymer could
be easily prepared into different shaped monoliths by mold ca$tigg14a). At a
suitable concentration, the hybrid supramolecularly engineered polymer
self-assembled into fibers with the length over several hundresbmeters and the
width in the range from dozens to hundreds of nanometers via the gleviing
technique (Fig. 14b). The organic phases of the fibers could be removed by
calcination at 650 °C in air for 1 h and the linearly arranged natidparof Mn and
Mo oxides were obtained. This approach demonstrates that the fibers migattzes us
a template to prepare metal-oxide nanostructures.
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Fig. 14 (a) Schematic representation of hybrid supramolecularly enginpetgcher based on

complementary hydrogen bonding interaction. (b) The assemblies afl tsigramolecularly
engineered polymer: {p Photos of different shaped monoliths of the hybrid supramolecularly
engineered polymer prepared by mold casting) $&£M image of the hybrid supramolecularly
engineered polymer fibers prepared by electrospinning;SBEM image of the retained fibrous
assemblies after calcinations. Reproduced with permission frorhi3@f Copyright 2013, Royal

Society of Chemistry.

3. Supramolecularly engineered polymer assemblies for biomedical

applications

The former section has summarized the recent progress in thassanbly of
supramolecularly engineered polymers. It has been demonstratatiehaintrolled
preparation of supramolecular assemblies from supramolecularlyneengd
polymers with different building units and their hybrids can be actieS8ece the
intrinsic nature of the noncovalent interactions is reversible andcndgn the
morphologies, structures and properties of the supramolecularlyeengd polymer
assemblies are very easy to tune by changing the surroundiigoranents.
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Correspondingly, the supramolecularly engineered polymer assemiSidsy unique
sensitivity and responsiveness. The process of supramolecetajilyeered polymer
self-assembly is based on the ‘bottom-up’ strategy to construtilyhwydered

structures from building blocks, and the final assemblies intetiratinctions from
multiple components. These special features offer an excelletiorplafor the

construction and application of smart materials in biomedicaldidh this section,
we will discuss the biomedical applications of these supramolgcidagineered
polymer assemblies, including bioimaging, drug delivery, gene tietitsie protein

delivery, regenerative medicine and tissue engineering.

3.1 Bioimaging

Bioimaging aims at utilizing bioimaging probes to visualize c#ge molecular
pathways, which has become a hot topical research*®réaOver the past few
decades, a wide range of imaging techniques including opticalingyagagnetic
resonance imaging (MRI), nuclear imaging and ultrasound imadiage been
successfully applied in biomedical fieltf§** In sharp contrast to
small-molecule-based bioimaging probes used in clinical tredtnpelymer-based
bioimaging probes have greatly enhanced stability, reduced t{oeod improved
target specificity, making them promising candidates faget®d bioimaging in near
future*>*3” Especially, supramolecularly engineered polymer bioimaging probe
have exhibited unique advantages in the diagnosis/treatment of ceoo®grared to
conventional polymeric probes. Herein, we highlight the remarkable advance
supramolecularly engineered polymer assemblies for bioimagingatiqth.

Due to their safety and sensitivity, optical imaging usingpriéscent probes
becomes the most widely used bioimaging technique in diagnosis aivdlcitudies.
The optical imaging of biological systems shows several b@sstacles including
autofluorescence, light scattering, and absorption by tisdudslarge number of
supramolecular fluorescent probes have been extensively reported. é&xamele,
we prepared a new class of supramolecular fluorescent nanagsarbgl the
self-assembly of B-CD-grafted hyperbranched polyethylenimine (PEI-CD),
AD-functionalized calcein (CA-AD), AD-functionalized PEG detiva (PEG-AD),
and AD-functionalized folate (FA-AD) based on host-guest intemadfig. 15)** In
our system, the host-guest interaction remarkably suppressed dkrmres
self-quenching of calcein fluorescent dyes, which provides a novebagprto
prepare highly fluorescent materials. The introduction of theéefaleceptor endowed
these supramolecular fluorescent nanoparticles with excellemdgmg efficacy in
HelLa cancer cells (a human cervical carcinoma cell lindjs supramolecular
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self-assembled system exhibited not only controllable size xrellent fluorescent
properties, but also smart tumor-targeting ability. In addition, ifantitional
supramolecular nanomaterials have been extensively developed for brajrethe

and diagnostic purposes in nanomedicine. For example, Wang and cowakers h
reported the supramolecular dot-shaped nanoaggregates based on ra@¥(pyre
derivatives for lysosome-targeted cell imagtiyThe J-type nanoaggregates with
average diameters of 2-6 nm exhibited high pH-stability, photosjalaihd low
cytotoxicity in physiological condition and could be used as excelleatescence
nanoprobes fdysosome-targeted imaging in living cells.
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Fig. 15 Schematic representation of calcein-based supramolecular fleworesanoparticles
assembled from PEI-CD, CA-AD, PEG-AD, and FA-AD {a&CD/AD host-guest interaction.
Reproduced with permission from ref. 139. Copyright 2012, American Chemical Society.

Besides the aforementioned supramolecular optical probes, MRInghagobes
and nuclear imaging probes using supramolecularly engineered gyohssemblies
with high sensitivity have also been widely used for bioimagingl MRging shows
a series of advantages including high spatial resolution, nonion&dhgtion source
as well as high soft-tissue resolution and discriminadftdii*?Up to date, a variety of
supramolecular MRI contrast agents have been successfully mprepareexample,
Tseng and coworkers reported a new class of supramolecular naneasied
contrast agents formed by the self-assembly of* ®OTA/CD-grafted PEI,
AD-grafted poly(amidoamine) dendrimer, and AD-grafted PEG. Tasulting
Gd**-DOTA nanoparticles displayed significant improvement of sensitigind
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relaxivity.*** Differently, Liu and coworkers reported a distinct MRI probe based

Mn"-porphyrin-based linear supramolecularly engineered polymerhwiriesented
remarkably enhanced MR signai vitro andin vivo.*** Additionally, Tseng et al.
further developed supramolecular nuclear probes with high sensitiyitysing a

flexible and modular synthetic approach. In their design, size-controlled
supramolecular nanoparticles were used for microPET/CT imagirechieve the
lymph node trafficking in mice. The results indicated that the sikethese

supramolecular nanoparticles greatly affected timervo characteristics.

3.2. Drug delivery

Supramolecularly engineered polymer assemblies have been widslyfarsdrug
delivery in recent years and show great potential for theragauioses. Advantages
of the noncovalent connected assemblies from supramolecularly eegimpeEdymers
include the ease of supramolecular precursor synthesis, extétieompatibility and
biodegradability, responsive nature, and possibility to incorporate gptaudtiray of
different functional units through intermixing of different building blocks. All okthe
features are of great important for designing and producing drug carriers.

The aim of developing drug delivery systems is for clinicattent:*® At present,
most of drug carriers need tedious and sophisticated synthesid) wilakes the
potential pharmaceutical development more complex, especiallyrnms tef the
manufacturing process, reproducibility and quality control. Thereforg,important
to simplify the preparation process of drug carriers. From thist gdi view, the
supramolecularly engineered polymer assemblies exhibit uniguentadesa. In
contrast to conventional covalent bonded polymers, supramolecularly ermgine
polymers offer an alternative strategy to fabricate polytnassemblies. First of all,
the way to prepare supramolecularly engineered polymers usualyyinvolves
simple modification reactions and avoids the complicated synthedigurification
procedures, which are usually required for synthesizing the covmeded polymers.
Secondly, in supramolecularly engineered polymers, the functional gaaupde
attached to the building blocks by noncovalent recognition, greatlydisygeéheir
construction. In addition, the building blocks for supramolecularly engimeer
polymers can also be either small molecules or polymers, hwhitddow the
assemblies with a vast compositional range, unusual structuraitiyand abundant
functionalities in optics, electronics, magnetics, biomedicine, and so on.

As one example, our group developed a supramolecular drug deliversn dygte
the self-assembly of a supramolecular amphiphilic polymer intwttie hydrophilic
PEGylated calix[4]arene (DC4-PEG) and hydrophobic drug photosensititorine
e6 (Ce6) were coupled by the host-guest interaction (Fig*16jhe star-like
DC4-PEG was easily obtained by a two-step reaction. The nesDI@4-PEG with a
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hydrophilic cavity could encapsulate Ce6 efficiently and furtledfrassembled into
polymeric nanomicelles. These supramolecular micelles shidiéankegative charges

in the surface of Ce6 and thus improved cellular uptake. Thus, supramolecula
DC4-PEG/Ce6 micelles exhibited more efficient photodynamic plyeefficacy than

free Ce6. The synthetic hydrophilic hosts could be utilized for apptepguests
including various drugs. Moreover, the supramolecular drug deliveryersys
possessed stimuli-responsive ability due to the host-guest interaction.

Chlorin e6 (Ce6) Host-Guest

Interaction

DC4-PEG %ﬁ
@ % Self-assembly ]

Supramolecular Polymeric Micelles Host-Guest complex

Fig. 16 Schematic representation of self-assembled polymeric ndcitben SEPSM based on
host-guest interaction for drug delivery. Reproduced with permission febni47. Copyright
2011, Royal Society of Chemistry.

For the treatment of diseases using drug delivery systensspften required to
accomplish rapid drug release after drug carriers arriginthe pathological sites,
which may enhance the therapeutic efficacy as well as rephadmbility of drug
resistance. The use of stimuli-responsive carriers offerstaresting opportunity for
drug delivery. So far, several kinds of molecular assemblies mgoged as
stimuli-responsive carriers for either passive or active tagetincluding
conventional polymeric assemblies, liposomes, supramolecularly engihpolymer
assemblies and so 6f'*° Especially, the supramolecularly engineered polymer
assemblies are more sensitive to external stimuli due to ek woncovalent
connection, which provides a significant advantage for them as drugjesehin the
past decade, a great deal of researches has been carried stirhuli-responsive
supramolecular materials for drug delivery, especially concerthiey design and
application as nanocarriers. The stimuli-responsive supramolagstams, including
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pH- , thermal-, light-, enzyme-, and redox-responsive ones, havedesegned and
investigated for drug delivery:*?%*%1%2 Compared to those of the covalent
assemblies, the self-assembly and disassembly processesipamslecularly
engineered polymer assemblies are more easily to control diee texistence of
noncovalent connection, which renders the supramolecular assembkes idsal
vehicle for drug delivery. For example, Scherman and coworkers eédpartriple
stimuli-responsive supramolecular double hydrophilic block copolymerllgsctor
controlling drug release (Fig. 1%° Thermo-responsive PNIPAM and pH-responsive
poly(dimethylaminoethylmethacrylate) (PDMAEMA) formed supraacalarly
engineered polymer via the linkage of CBJ[8], which further formed suglecular
micelles above LCST of PNIPAM and loaded the anticancer drug Bfiiéiently.
The micelles would be disassembled by decreasing the tenmegdawering the pH
or adding competitive guests, and then release the DOX in a cahtrod@ner.
Compared to the covalent connected micelles, these supramolecigdeliesn
exhibited a faster release rate. Moreover, the DOX-loadecastecular micelles
displayed a significant inhibition against HeLa cells, and thetwall inhibiting rate
could be tuned by the use of the three stimuli. This triple stirasponsive
supramolecularly engineered polymer micelle system maysepiran evolution over
conventional stimuli-responsive covalent copolymer systems.
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Fig. 17 Schematic representation of hierarchical self-assembly @ughiamolecularly engineered
polymer and its subsequent mode of drug release after being exposedertendifriggers.
Reproduced with permission from ref. 153. Copyright 2012, American Chemical Society.

Biodegradability and biocompatibility are the main concern for dasigrdeal
biomedical polymeric vehicles. From this perspective, supramolécw@agineered
polymer assemblies have become increasingly important in the dimahéelds due
to the general ease of degradation and metabolization. For exampP@/PEG
polyrotaxane is an interesting candidate and is made entirely ogbrbpatible
components, by threading-CD molecules with the PEG chdi. Thus, the
supramolecular assemblies from polyrotaxane, such as films, capsodk gels,
possess excellent biodegradability and biocompatibility since theadbgmn
products, linear PEG chains and the relatively sm&IDs are both biocompatible,
making them promising carriers for future drug deliV8r{*° Caruso and coworkers
prepared biodegradable core-shell nanoparticles self-assembled tfiblock
polyrotaxaned® The degradation of these polyrotaxane particles could be achieved
under simulated intracellular reducing conditions through the cleavfgesulfide
bonds between the blocking groups and the PEG backbone in the polyrotaxanes.
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These supramolecular polyrotaxane nanoparticles exhibited thty abiloading and
releasing small hydrophobic molecules, which demonstratedhéwtcould be used
in the manufacture of controlled drug delivery systems. In additiamndicoworkers
reported the biocompatible supramolecularly engineered polynserie® based on
the inclusion complexation betweerCDs and double-hydrophilic poly(ethylene
oxide)-block-poly(2-methacryloyloxyethyl phosphorylcholine) (PEBIRMPC) in
aqueous solutioft? The biocompatible vesicles could encapsulate hydrophilic drug
efficiently and release the drug into cancer cells, whiclatiractive as drug vehicles
for biomedical applications.

Another apparent advantage of supramolecularly engineered polgsemnilies
for drug delivery is easy to functionalize and construct the maltttfonal structures.
Such nature offers an excellent platform for the construction offondtional drug
delivery systems in which two or more components are integsteattly. For
example, Li and coworkers reported a multifunction bioreducible supeaniar
self-assembly system for targeted and synergistic co-deldfeggne and drutf® The
anticancer drug PTX was incorporated into the cavity©D and multiple OEI arms
with FA via a disulfide linker. The supramolecularly engineeredrpely termed as
v-CD-OEI-SS-FA/PTX, was formed via the host-guest complexatio®™X and
v-CD. They formed polyplexes with pDNA to further self-assenibte positively
charged nanoparticles with the average diameter ranging froim 00 nm, giving
the multifunctional supramolecular bioreducible targeted and synergastielivery
system. The multifunctional supramolecularly engineered polymdelkeery system
exhibited combined and synergistic effects of the PTX-enhanaeel tyansfection,
the FA-targeted delivery, and the redox-sensitive folate recdpi®) recycling,
leading to the effective delivery of wild-type p53 gene into FR-exaressed KB
cancer cells (a human carcinoma cell line) at low N/P radiasduce an efficient cell
apoptosis. The multifunctional supramolecular self-assembly co-dekystem may
represent a promising candidate for potential cancer therapy.

3.3 Genetransfection

Gene therapy has attracted tremendous attention as a new otlasféective
therapeutic methods for the treatment of various disé&semwever, thein vivo
transportation ability of genetic materials (free oligonuatksst, DNA and RNA) is
insufficient due to the instability against enzymatic degradakbon uptake efficiency
into the target cells and preferential liver and renal clea.amo circumvent these
obstacles, it is indispensable to develop gene vectors to protectnitec geaterials
from degradation. In comparison with viruses and cationic lipids, thgcatadnic
vectors exhibit several apparent advantages such as high staloity,host
immunogenicity, ease of manufacture, low cost of synthesis and nioissbst
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trans-gene size. Therefore, the self-assembly of cationic paymed genetic
materials has received more and more atterfoli®> Among different cationic
polymers, cationic supramolecularly engineered polymers combimgility of
polymers with dynamic tunability of noncovalent bonds and excellent
biocompatibility together, which provides significant benefits for gene dgliver

Thompson and coworkers reported a novel siRNA delivery vector based on the
self-assembly of supramolecularly engineered polymer corgisfircationic3-CD
derivative host and cholesterol (Chol)-modified poly(ethylene glymoly(vinyl
alcohol) (PEG-PVA) guest whose Chol units were coupled with ahsagisitive
benzylidene acetal motif? The self-assembled Chol-PEG-PVA/amii«&D pendant
polymer complexes were capable of condensing the siRNA via niafitva
electrostatic interaction, which formed stable nanoparticlesttemn 200 nm in size
with a slightly negative zeta potentidin vitro experiments confirmed that the
nanoparticles had $dold lower cytotoxicities than 25 kDa PEI, while they showed
high gene knockdown efficiencies that were comparable to 25 kDa BEgniy, we
have reported a facile supramolecular method to prepare chargestunabl
supramolecular dendritic polycations through the host-guest interabetween
primary amine- or tertiary amine-modifigdCD host and AD-functionalized HPG
(HPG-AD) guest® A series of supramolecular dendritic polymers with different
charge density could be obtained by altering the molar ratipsCéd derivatives and
HPG-AD. Correspondingly, the gene transfection efficiency of suplestular
dendritic polymers could be readily regulated and the size of cdnpudyplex
particles was easy to optimize. This kind of supramolecular dengritlymers
showed efficient pDNA condensation ability and excelientitro gene transfection
efficiency in COS-7 cells (a cell line derived from kidneyiself the African green
monkey).

Up to now, almost all reported supramolecular gene deliveryersgs have been
constructed through the host-guest complexation between macromolecuesnall
molecules. As far as we know, the assemblies from SEP®are sensitive to external
stimuli and it may be significant to design and prepare theSS&$ gene vectors. Very
recently, we synthesized cationic SEPS via host-guest complexagitween3-CD dimer
(B-CD,) and a positively charged ferrocene dimenXEE The cationic SEPS exhibited very
low in vitro cytotoxicity in contrast to those of commercially avdidabO kDa PEI and was
capable of condensing pDNA when the N/P ratio was at 20. The pEéase from
SEPS/pDNA polyplexes would be accelerated after addin@, Hvhich induced the
depolymerization of SEPS. Although the reported cationic SEPSeshawak capacity of
condensing pDNA, it may open up a new strategy for designing efficied safe gene
vectors. SEPS with stronger host-guest interaction, highercolateweight and higher
surface charge density can be expected to form a more giablplex and improve
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transfection efficiency.
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Fig. 18 Schematic representation of a cationic SEPS constructeorthiagonal host-guest
interaction betweer-CD, and Fg¢ as well as its kD,-induced pDNA release behavior.
Reproduced with permission from ref. 166. Copyright 2013, Royal Society of Chemistry.

3.4 Protein delivery
In the past few years, protein-based therapeutics have emergddvahobed rapidly
for the treatment of a broad range of diseases, including autoimadiseases,
metabolic disorders and canc&ts.Nevertheless, the therapeutic value of protein
drugs is still limited due to low stability against proteasesy petiular uptake, and
rapid elimination from the body® A major expectation for the protein therapeutic
success is believed to be the development of effective catinegr€an improve the
protein stability and carry them to the pathogenic sfte8s mentioned in the above
section, supramolecularly engineered polymer assemblies haveplmerd to be
excellent drug delivery systems, thus they can also be used to deliver proteins.
Scherman and coworkers reported triply responsive supramoleculdiemitem
supramolecularly engineered double hydrophilic block copolymer for imsul
delivery!™® The supramolecularly engineered copolymer was composed of
temperature- and glucose-responsive MV-terminated
poly(N-isopropylacrylamide)-poly(t-butylacrylate)r-poly(acrylic acid) and
dibenzofuran-terminated poly(dimethylacrylamide) linked by CBI[8piciw further
self-assembled into micelles in aqueous solution. The protein wapanated into
the hydrophobic micelle core via hydrophobic interaction. The reledseof insulin
from micelles could be controlled using three external triggaduding changing
glucose concentration, decreasing temperature or adding a covepetitest for
CB[8]. This self-assembled supramolecular system offered goodotamver the
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release of insulin under physiological conditions, which provides a neeelnior
clinically relevant protein delivery. Except for the micelt@snanoparticles, vesicles
are promising candidates for protein encapsulation due to their hydcophgrior.
Very recently, the same group prepared self-assembledesfiom supramolecular
peptide polymer for the delivery of basic fibroblast growth facoFGF)!"*
Pyrene-modified peptide and MV-terminated PNIPAM were heldthegeoy CB[8]
ternary complexation to form a supramolecular peptide polymer, whizdegquently
self-assembled into double layer vesicles. The encapsulation &f inF@e vesicles
was carried out at 37 °C without using the excipients such as mepatieffectively
protected the protein against denaturation. The bFGF could be releaseontrolled
manner and its bioactivity could be sustained even over 5 days. Mqrbtaigr and
coworkers reported supramolecular transient networks based on suprdantlec
engineered polymers consisting of UPy-difunctionalized PEGh&delivery of bone
morphogenetic protein 7 (BMP¥ In vivo experiment confirmed that the BMP7
growth factor proteins could be released from the bioactive sopeautar
assemblies and the activity of them was not influenced.

3.5 Regenerative medicine and tissue engineering
Regenerative medicine is a newly emerging area in whietm stells are used to
regenerate biological tissues and improve tissue functions. Begefibom stem
cell-based therapy, regenerative medicine offers a possiielmative treatment of
current clinical mediciné’® To satisfy the needs of regenerative medicine and tissue
engineering, the design of biomaterials is shifting awamfthe use of inert synthetic
materials towards an increasing emphasis on bioactive sitmffohsed on
supramolecularly engineered polymers. These polymers can be randantangled
coils with the mechanical properties of plastics and elastorhatswith excellent
processability and adjustability due to their reversibility.orbbver, these
supramolecularly engineered polymers can further self-assernide various
morphologies, resulting in shape-persistent and highly orderedusersicihe use of
strong and directional noncovalent interactions among different buildogkdlhas
exhibited obvious advantages. It not only riches dynamic behavior lbup@dsesses
high degrees of internal order differing from convention covalent bopdianers.
These prominent properties are well suitable for the constructitire afew scaffold.
As a result, supramolecularly engineered polymers play an incrgasimgirtant role
in regenerative medicine and especially tissue engineering. Ng®/adve have
witnessed more and more fruitful work in this field.

Stupp and coworkers developed the concept of self-assembly for fuhdiidka
materials using designed molecuiéd’*They reported a class of peptide amphiphiles
(PAs) and subsequently constructed diverse supramolecular assefrdoie®ne
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dimension to three dimensions based on PAs. These assemblies shoslieshterc
vivo efficacy in different models, including spinal cord injury, cag@laegeneration,
bone regeneration, myocardial infarction, peripheral vascular disssasgeripheral
nerve regeneration. For instance, they utilized the branched P#afassembling
coatings for tissue engineering scaffolds. This strategynoliecular design and
coating may have potential application in bladder tissue regesretatiMeijer and
coworkers made outstanding achievements by developing a skesegramolecular
systems based on hydrogen-bonded polymers for renal regenenatiiine'’® For
example, they proposed a modular and supramolecular approach to construct
bioactive scaffolds for tissue engineering via simply mixingidar@yrimidinone
(UPy) functionalized polymers with UPy-modified biomolecui€sThe reversible
nature of the hydrogen bonds allowed for a modular approach to gaont@l over
cellular behavior and activity botim vitro andin vivo. Another supramolecularly
engineered polymer system was presented in which relatively sioethylene
carbonate (TMC) prepolymers were linked via reversible quadrigtirogen
bonding UPy moieties. By mixing different trifunctional UPy-TM@mwhbifunctional
UPy-TMC polymers, both mechanical and thermal properties couldebdily
adjusted. Since the UPy-TMC polymers had good biocompatible, fibtshtasld
proliferate very well on UPy-TMC film. Thus, these supramoladul engineered
polymers are very promising biomaterials for applications such tissue
engineerind’® They also constructed the hydrogels comprising a hydrophili®@ P
matrix combined with nanoscopic hydrophobic compartments with agseciat
strength amplified by hydrogen-bonded UPy mdtifsThe resulting hydrogels
exhibited high strength and resilience upon deformation, which showeat gr
potential in the field of regenerative medicine and tissue eagnte Zhang and his
group designed a variety of peptides to self-assemble into novelnslpcalar
biomaterials after serendipitously discovering a self-assaibpleptide, EAK16,
which self-organized into ordered nanofibers and further into sdaff®?One
example was the use of peptide scaffolds to support neurite growthffenendiation,
neural stem cell differentiation, cardiac myocytes, and boneatithge cell cultures.
The peptide scaffolds from RADAL16-I and RADA16-II formed nanofilwaffelds in
physiological solutions that stimulated extensive rat neurite @utgr and active
synapse formation on the peptide scaffold.

4. Conclusions and per spectives

During the past two decades, supramolecularly engineered polyimere
demonstrated great potential to be excellent candidates foromalecular
self-assembly, and a vast variety of delicate supramolectiizctiges have been
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reported. The supramolecularly engineered polymer assembiles @ifferent
topological features exhibit distinct morphologies, unique architecamdsspecific
functions, which further provides a new platform for designing and dewvej smart
supramolecular materials and functional supramolecular devicesp€b@al dynamic
tunable nature of supramolecularly engineered polymers provides umigaetages
in supramolecular self-assembly when compared with the conventowalent
bonded polymers, which stimulates the continuously growing interésisimesearch
field. In addition, these self-assembled supramolecular struchaes exhibited
apparent advantages in biomedical areas including bioimaging, drvgrgeljene
transfection, protein delivery, regenerative medicine and tissue engumeeri

Despite of great progress, the self-assembly of supramolgcidagineered
polymers is still an emerging field, and a lot of work stiledg to be done to get a
clear structure-function correlation and gain better understandingoamt! over the
parameters governing the self-assembly and nanostructuretifiommap to now, the
supramolecular structures obtained from supramolecularly enginpehaders are
still limited, especially for macroscopic self-assembliese @ighly demanding area
is designing ‘smart’ supramolecular structures, which respongtéonal stimuli and
then change shape, dimension, size, properties or adapt to their environogher
exciting area is the self-assemble processes of supranaslgarmgineered polymers
that can mimick the formation of functional structures in nature, such as DNAnprotei
and cell membrane. In addition, one important area that may demand muchhresearc
the specific applications of the obtained supramolecular structalésmssembled
from supramolecularly engineered polymers. For example, currerk an drug
delivery systems is mainly centered on conventional micelles, adsgmblies, like
supramolecular vesicles, nanofibers, nanotubles, films, have seldaminved/ed.
For gene delivery, only a small number of supramolecular strgcfuoen SEPSM
and SEPM have been reported, and a lot of assemblies from supralandye
engineered polymers have not been explored. By integrating mutigpleovalent
interactions, which respond to very subtle changes in the surroundirrgrengnt,
such as temperature, light, chemical stimuli, and pH, into supeamialtly
engineered polymer systems, the self-assembled supramolgcutdnres may hold
great promise in many fields.
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