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The need for a simplified access to supramolecular assemblies with enhanced tenability has led to the development of amphiphilic
homopolymers (APHPs). This feature article highlights recent advances and future trends in APHP design, self-assembly, and
biomedical applications. APHP self-assemblies are prepared by two different routes: the “monomer-induced” method, which
polymerizes functional amphiphilic monomers into micelles and inverse micelles, and the “hydrophobic-group-induced” method,
which uses the non-covalent interaction provided by large hydrophobic endgroups. Special emphasis is paid to unimolecular
polymeric micelles (UPMs) which are formed from core-shell APHPs and which consist of a hydrophobic/hydrophilic core coated
with a polymer shell. The self-assembled supramolecular structures hold promise for various biomedical fields, including living cell

transport, fluorescence labelling, protein sensing and extraction, DNA detection, and drug loading and release.

1. Introductions

15 Macromolecular self-assembly (MSA), which has emerged
in the 1970s, aims at constructing increasingly complex
structures at varying length scales by utilizing non-covalent
interactions of simple macromolecular building blocks. Due to
the well-defined structure and relatively narrow molecular-

20 Weigh distribution, block copolymers play an important role in
the field of MSA. In the 1990s, research toward MSA became
relatively mature after many desirable morphologies of block
copolymers had been obtained and the relationships between
the morphology and copolymer parameters had been

2 determined by theoretical studies.*®) Amphiphilic block

copolymers are known to self-assemble into a range of

nanostructures such as micelles, cylinders, vesicles, large
compound micelles, jellyfish, and worm-like structures.!!

Yin, Mullen, et al., reported self-assemblies based on poly(2-

hydroxyethyl methacrylate)-block-poly(styrene) with solvent

dependent morphology.*? Zhang and Eisenberg summarized
the effects of chemical structure, hydrophobic/hydrophilic ratio,
concentration, temperature, and environment.!**J Polymer self-
assemblies have enhanced stabilities and lowered critical
aggregation concentrations (CACs) and thus have found
promising applications in fields ranging from drug delivery to
templates for TiO, films.[}4 1522
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Unlike the synthesis of block copolymers, that of
homopolymers needs only one step, and supramolecular
40 assemblies with enhanced tenability can be achieved easily. For
the self-assembly of block copolymers in solution, the
immiscibility of either one of the blocks in a given solvent or

their mutual incompatibility has been reported as the driving
force. However, the main driving force within the self-

45 assembling of homopolymers rests upon intramolecular phase
separation and non-covalent interactions. These non-covalent
interactions comprise electrostatic forces, n-r stacking, charge-
transfer, and hydrogen bonding. In this review, we describe
self-assemblies from amphiphilic homopolymers (APHPs) with

so special focus on their synthesis, morphology studies, and
biological applications.

2. Synthesis and self-assemblies of APHPs

Two distinct strategies have been reported for the
preparation of homopolymer self-assemblies: the “monomer-
s5 induced” method and “hydrophobic-group-induced” method. In
the former, the self-assemblies of homopolymers are formed by
the polymerization of specially designed amphiphilic
monomers. In the latter, the self-assembling of hydrophilic
homopolymers results from the non-covalent interaction
60 provided by large hydrophobic endgroups. The most obvious
difference between the two approaches is the structure of the
APHP. In the “monomer-induced” method, the monomer unit
encodes the amphiphilic properties. After polymerization, the
polymer contains the hydrophobic part and hydrophilic part in
es each unit.”*3% The “hydrophobic-group-induced” APHPs is
synthesized by atom transfer radical polymerization (ATRP)
and addition-fragmentation chain transfer polymerization
(RAFT) , in which the ATRP initiator or RAFT agent serves as
a special hydrophobic group and the homopolymer acts as the
70 hydrophilic moiety. Here, we defined the hydrophobic part as a
single hydrophobic group or a well-defined hydrophobic
dendrimer.

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



ChemComm

Page 2 of 16

2.1 “Monomer-induced” method

During the design of the monomer, all kinds of non-
covalent interactions should be taken into consideration. Non-
covalent bonding significantly depends on the environment

s (e.g., the polarity of the solvent, pH,** and temperature®?), thus
offering the opportunity for external control of the self-

and can communicate with its environment. Therefore, the

design of functional hydrophilic and hydrophobic endgroups is
10 essential, which allows great control over the formation of
supramolecular assemblies. Table 1 lists the amphiphilic
monomers reported recently. Here we will mainly discuss how
the structure of the monomer influences the self-assembly

assembling process. In other words, the system is responsive behavior.
15
Table 1 Structures and features of amphiphilic monomers
Structure Characteristic Morphology Polymerization Ref.
A
o Hydrophilic part: protected functional M;(;zgrer;tlillpe
R ° yarop part ylgroup assembly
A
Hydrophilic part: carboxylic acid group M;i!ﬁ:;{/pe
OH i . i
(/\)xo O/\H/ Hydrophobic part: alkyl chain and benzyl Inverse micelles-type RAFT
° x=579 group assembly
L -
OH Hydrophilic part: secondary amine Micelles-type
o N/\"/ Y E assembly
attached to carboxylic acid . RAFT 24
Q\ ° Hydrophobic part: alkyl chain Inverse micelles-type
~ x=5,7,9 y ' assembly
L
o N/\n/ o Hydrophilic part: two carboxylic acids Ve;sslscelir?l—)tlype
g connected by secondary amine noly RAFT
5 : . - Reverse micelle-type
o Hydrophobic part: alkyl chain
assembly
OH x=5,7,9,15
QW Hydrophilic part: tri(ethylene glycol) Micelle-type assembly
/\[r WO VLNP NV LN monomethyl ether Inverse micelles-type ATRP 25
0 Hydrophobic part: decyl group assembly
N—
\ / Hydrophilic part: 2-phenyl pyridine Vesicles-type Living anionic 26
/ Hydrophabic part: vinyl backbone assembly polymerization
H, | H. ?HJ H, ?H H.
fegc °‘©‘E:®‘°‘° e ‘)”.:'); Hydrophilic part: two carboxylic acids Post-polvmerization azo
’ and azide Hollow microspheres poly! h 27
- - . coupling reaction
X —@—N-N—OCOOH Hydrophobic part: benzyl group
O\P/O s OH Hydrophilic part: polyphosphate Micelles Ring-opening 28
Y, Hydrophobic part: disulfide olymerization (ROP
& NN\ NN\ ydrophobic p poly (ROP)
o HO OH
}jo\ N'N\N/\/ 5 OH
g N = NLX Hydrophilic part: homoglycopolypeptide .
m°f © Hydrophobic part: alkyl chain at C-6 La;ge ;pf;iglscal ROP 29
° o position of carbohydrate ggreg
x=3,5,7
A i
NH - . .
b4 o Hydrophilic part: carboxylic acids and
o the isopropyl amide group Vesicles RAFT 30
NH Hydrophobic part: alkyl chain

Thayumanavan et al. synthesized a series of styrene-based

and glycine-based monomers. 2?4 They stipulated that the
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hydrophilic and the hydrophobic functionalities should be on
either side of a scaffold so that the monomer was facially
amphiphilic. The design strategy was that the relative
placement of these functionalities should facilitate the phase
segregation of the amphiphilic moieties within the polymer
assembly. Thus, the APHP assembled into a micelles-type
structure (Figure 1) in water, in which the hydrophilic
carboxylic acid groups were exposed to the bulk solvent and
the hydrophobic part was tucked in the interior of an assembly.
Similarly, an inverted micelle-type structure (Figure 1) would
be expected in apolar solvents, in which the locations of the
functional groups were reversed. The environment of the core
of the micelles formed by an APHP was more rigid and
confined than that of the micelles formed from diblock
amphiphilic copolymers and small molecular surfactants.

The polymer self-assembly was changed by the
functionalization of other carboxylic acid groups within
glycine-based monomers. Here, one of the carboxylate moieties
was located in the exterior while the other carboxylate was
located in the water-filled interior of the vesicles-type
assemblies (Figure 1). By changing the solvent, the long alkyl
chains could bend to form reverse micelle-type assemblies
(Figure 1), which consisted of a hydrophobic corona and a
hydrophilic core. The chains fold upon increasing their lengths.
Thereby, they formed micelle-type assemblies with a
hydrophobic corona tucked in the hydrophilic carboxylic acid
moieties. Moreover, when two hydrophilic head groups linked
by a long hydrophabic alkanediyl chain were incorporated into
the repeat units of the homopolymer with critical chain length,
vesicular assemblies were obtained. The vesicle assemblies
were environment-dependent architectures, and the CACs for
these polymers were much lower than those for the small
molecular building blocks. %!

hydrophilic
\

hydrophobic

Amphiphilic
homopolymer

waty m\\rdar solvent
] \

Inverse micelle-type micelle-type assembly

assembly

Vesicles-type assembly Reverse micelle-type assembly

Figure 1 Schematic representation of micelle-type, inverse micelle-
type, vesicles-type and reverse micelle-type assemblies. Reproducted
with permission from ref. 33 and ref. 24, Copyright (2009, 2006)
American Chemical Society.

Huang et al. reported ferrocene-containing homopolymer 1
(Figure 2) and studied it’s self-assembly behavior. B4 The
ferrocene-containing monomers consisted of both ferrocene
and carboxylic acid formed by the sequential hydrolysis. They
found large assembled micelles with different morphologies.
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The self-assemblies contained numerous reverse micelles with
hydrophilic islands of carboxyls in the continuous hydrophobic
phase of ferrocene-based segments. By increasing the
concentration of polymer 1, spheres, spindles, and connected
spindles were observed. Interestingly, the authors discovered
that the amount of B-cyclodextrin (B-CD) would affect the
morphology of the self-assemblies. By increasing the amount
of the B-CD, the diameter of the sphere increased and finally
bowl-shaped self-assemblies were observed.

Large Compound
Micelle

o~ Sezment based on carboxylic-acid e Segmentbased on ferrocene

Figure 2 Chemical structure of homopolymer 1, formation of large
compound micelles by 1, and transmission electron microscopy (TEM)
images of micelles formed by 1 with different initial concentrations of
(A) 0.2, (B, C) 0.4, and (D) 0.8 mg/ml. Reprinted with permission from
ref. 34, Copyright (2013) American Chemical Society.

Wan et al. reported a new approach to creating linear
poly(polyoxometalate)s (poly POMSs) that combines the
advantages of polymers and POM clusters. A POM-containing
norbornene monomer was synthesized by linking a Wells-
Dawson-type POM with a norbornene derivative. It is known
that a POM cluster without counterions has a large ellipsoidal
shape, but the repeating unit of the polynorbornenes is
relatively small. This difference in size may cause a steric
hindrance along the polynorbornene backbone bearing the
POM cluster pendants that obstructs the formation of the L-
poly(POM)s. Thus, Wan et al. inserted a 12-carbon spacer
between the norbornene moiety and the cluster. The resulting
homopolymer 2 (Figure 3) has controllable molecular weights
and a well-defined hybrid structure of an organic
polynorbornene backbone with large pendant groups of the
nanosized POM clusters. They also demonstrated that
homopolymer 2 had advantages in preparing solution-
processed thin films to catalyze the oxidation of a sulfide. !

3
3

Figure 3 Structures of polymer 2 and TEM images of a thin film of 2
prepared by casting of an acetonitrile solution. Images (A) and (B)

This journal is © The Royal Society of Chemistry [year]
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obtained at different magnifications show homogeneous and
inhomogeneous morphologies. Reprinted with permission from ref. 35,
Copyright (2014) American Chemical Society.

Shivshankar and Shunmugam designed a norbornene-
derived thiobarbiturate homopolymer (NDTH) with a
hydrophobic alkyl group and a hydrophilic cationic ammonium
group based on a poly(norborene) backbone prepared by ring-
opening metathesis polymerization (Figure 4). Thus, in an
apolar solvent, the NDTH formed Reverse micelle-type
assemblies with the hydrophobic norbornene backbone outside.
Conversely, in an aqueous medium, the NDTH self-assembled
into  vesicle-type assemblies  with  the  hydrophilic
thiobarbiturate head groups outside. Thus, homopolymer 3
could spontaneously organize into different morphologies in
solvent mixtures (tetrahydrofuran/methanol or
tetrahydrofuran/water). Here, in both solvent mixtures, the
hydrophilic units were densely packed to avoid interaction with
the surrounding apolar solvents. Depending on the
hydrophilic/hydrophobic ~ balance, 3  underwent  two
morphology transitions, varying the structure from rods, to
bundle micelle-type assemblies, and eventually to cube-like or
sphere-like aggregates (Figure 5). The thiobarbiturate motifs in
3 provide the connections between the different polymer chains
and would also increase the interior viscosity of the aggregates
during the formation of cube-like as well as sphere-like
aggregates. As a result, 3 self-assembled into different
morphologies with a high degree of control and uniformity and
solely determined by the properties of the constituent
functionality and the nature of the solvents.E®!
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Figure 5 Cartoon representation of overall self-assembly events. A, C,
I\ E are SEM images and B, D, F are TEM images of 3 self-assembling in
N N
Yo s THF/H,O0, THF, and THF/MeOH, respectively. Reprinted with
CI‘RIu'T\ oH permission from ref. 36, Copyright (2014) American Chemical Society.
lo) OHO PCy)fh (] [¢]
Grubbs' catalyst Very recently, Du et al. proposed that the inter- or intra-
N\n/N S“““d(%;e;‘)e'a‘i““ N\n/N =100 polymer hydrogen bonding effect played a key role in the
s formation of various nanostructures by homopolymer self-
" 3 o assembly.®] A series of APHPs, poly(2-hydroxy-3-
Figure 4 Chemical structure of homopolymer 3. phenoxypropyl acrylate) (PHPPA) with various molecular

weights (MWs) was synthesized by a RAFT process utilizing
2-methyl-2-[(dodecylsulfanylthiocarbonyl) sulfanyl] propanoic
acid (DDMAT) as CTA and AIBN as initiator. Here, the polar
a5 hydroxyl group was introduced into the repeating unit to afford
both inter- and intra-polymer hydrogen bonds and served as the
hydrophilic part. As shown in Figure 14, TEM observations
indicated that the PHPPA homopolymer can self-assemble into
vesicles and other distinct colloidal structures, such as hydrated
so large compound micelles (HLCMs), large compound vesicles
(LCVs), large compound micelles (LCMs), and even branched
cylinders in a binary system, which are sensitively dependent
on its (conditions such as solvent properties and solution pH.
Here, the inter/intra-polymer hydrogen bonding effect plays a
ss key role in the formation of various nanostructures by
homopolymer self-assembly. Additionally, the lack of a large

4 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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hydrophilic corona decreases the colloidal stability of
homopolymer self-assembly, but the introduction of -COOH as
the endgroup increases the negative surface charge and
prevents the aggregation of self-assembled nanoparticles.

bl g
oS0 + HO
H/\ % @  Hydrophilic moiety
0
OH N #~" Hydrophobic moiety
OH_ \’V\

PHPPA, (x = 36, 71, 103)

LCMs® Vesicles? LCVs¢ HLCM;?

B — Branched
. creasing inter/intra-polymer H-bon cylinders ¢

Figure 14 Preparation of PHPPA homopolymers that can self-assemble
into a range of nanostructures induced by inter/intra-polymer hydrogen
bonding: ® large compound micelles (LCMs), ° vesicles, © large
compound vesicles (LCVs), ¢ hydrated large compound micelles

10 (HLCMs), and © cross-section model of branched cylinders. Reprinted
with permission from ref. 37. Copyright (2013) American Chemical
Society.

2. 2 “Hydrophobic-group-induced” method

As we have discussed above, block copolymers can form a
15 range of nanostructures depending on a number of factors.%&
Specially, a suitable hydrophilic-hydrophobic balance in the
amphiphilic polymer is required to establish a higher order
morphology, and the morphology depends on the
dimensionless ‘packing parameter’.” As a general rule,
20 copolymers with 50 vol.% of the hydrophobic block usually
form micelles; copolymers with ~50-66 vol.% of the
hydrophobic block usually favor vesicle formation; and those
with more than 66 vol.% of hydrophobic block may form
vesicles, inverted microstructures, other complex structures
s such as micelles, and finally macroscopic precipitates.!
Unlike that from block copolymers, the nanostructure
formation from hydrophilic homopolymers does not obey the
traditional rules of polymer self-assembly. Due to the non-
covalent interactions between the hydrophobic endgroups, the
30 homopolymer can self-assemble into ordered morphologies. In
designing the APHPs with hydrophobic groups, both the
hydrophilic weight fraction and the subtle effects of
hydrophobic endgroups should be taken into consideration.

Sundararajan reported a series of homopolymer 4 with
perylene-3,4-dicarboxylic anhydride (PDA) as the hydrophobic
core and polysiloxane (PDMS) as the hydrophilic corona
(Figure 6B).! It is known that PDA has two main positions
for modification: the peri-position along the long axis of the
perylene core and the bay-position along the short axis (Figure
0 6A).%% The peri-positions can be modified in a single step by

heating an anhydride and an amine together in a polar solvent
at high temperature. Thus, they used the above reactions to
modify PDA with PDMS to make amphiphilic polymers. The
used chromophore possesses a large planar z-system with a
45 pronounced n-w stacking tendency. Thus, led by n-x stacking of

I
&

chromophore moiety, the end-capped poly(dimethylsiloxane) 4
spontaneous assembled into vesicles in nonaqueous medium.

A Short axis

<@~ Bay-position
‘ -+
QP>
-
Long axis 4

)

Peri-position

o
CH, CH,
H, H, Hyr | | H, H, H,
N—C —C —C $-Si—0—-Si—C —C —C —NH,
| n|
CH, CH,
o
n=10, 20, 40

(b)

Figure 6 (A)Ways of enlargening the chromophore core; (B) Chemical

so structure of 4 and (C) TEM image of 4 (a) in CHCIs, C (b, c) cryo-
TEM images of 4 in CHCI; The scale bars in C (b) and C (c)
correspond to 100 nm. Reproducted with permission from ref. 43,
Copyright (2005) American Chemical Society.

Lin et al. obtained temperature-sensitive poly(N-
ss isopropylacryamide)  end-capped  with  rhodamine B
(PNIPAAM-RhB).[*! The RhB-ended polymers 5 and 6 were
prepared by the amidation of monofunctional and difunctional
amine-terminated PNIPAAmM chains with RhB (Figure 7).
Interestingly, the authors found that 5 and 6 can self-assemble
60 into toroidal structures in the chloroform phase at 25 and 60°C,
respectively. Compared with the reported toroids of triblock
and diblock copolymers, the toroidal structures of 5 and 6 have
relatively large ring sizes due to the weak n-7 interactions of
the RhB moieties. These weak interactions cannot sustain the
es high bending strains of small rings. When the solution
temperature increases to 40 °C, the PNIPAAm chains lose their
water solubility, so that the RhB-end-capped PNIPAAM
aggregates into particles in the aqueous phase and moves from
the aqueous to the chloroform phase.

This journal is © The Royal Society of Chemistry [year]
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Figure 7 Formation of toroids of RhB-end-capped polymer 5 and 6 (a)
the chemical structure. (b) 5 (left) and 6 (right) dissolve in water at
25°C, and are transferred to the chloroform phase at 40 °C. (c) TEM
micrographs of the 5 (left) and 6 (right) self-assembly in the
chloroform phase. Toroidal rings are observed. Reprinted with
permission from ref. 44. Copyright (2013) by the Royal Society of
Chemistry.

Yin, Millen, et al. reported a specific biological sensor 7
(Figure 8) based on a hexa-peri-hexabenzocoronene (HBC)
core modified with poly(acrylic acid) chains.”® The HBC core
provided m—m stacking interaction and acted as the hydrophobic
part, while the poly(acrylic acid) chain played the role of the
hydrophilic part and offered the hydrogen bonding. Driven by
the hydrogen bonding and the m—=n stacking interaction, the
HBC-cored star polymer formed nanofibers in water. Lately, in
order to understand the nature of self-assembly involving the
interaction between the n—mn stack of endgroup moieties and
pH-responsive polymers at the micrometer level, Yin’s group
designed a new kind of pH-responsive perylene-cored
APHPs,®! in which the perylene-3,4-dicarboxylic acid
monoimide (PMI) moiety gave rise to a large rigid hydrophobic
surface, whereas the flexible poly(amino ethyl methacrylate)
(polyAEMA) behaved as a pH-sensitive hydrophilic moiety
(Figure 9). By adjusting the pH value, polyAEMA transformed
from flexible Gaussian coils to aggregated micelles in agueous
solution. At pH<pKa, the polymer behaved as flexible
Gaussian coils because of the electrostatic repulsion. At
pH=pKa, micelle appeared due to the cooperation of n—=
stacking interaction and electrostatic repulsion. At pH>pKa, the
micelles aggregated, and after solvent evaporation, flower-like
self-assemblies appeared.

Figure 8 Synthesis of negatively charged HBC-cored homopolymer 8
35 and TEM image of the microfibers formed when 8 was drop-cast from
agueous solution (1 x 10° M) onto a copper grid. Reprinted with
permission from ref. 45. Copyright (2009) American Chemical Society.

\'1.,_‘}'; self-assemble into micelles * *

at around pKa

%

exd>Hd je
—_—
oeBoibbesiq

eyd <Hd 18
ojeBoibbe soeo1

L

-
PMI-PAEMA [
solvent evaporation
8

Figure 9 Self-assembly of PMI-based APHP 9 in response to pH

40 variations and the TEM images of the self-assemblies in (A) neutral
and (B) alkaline solutions. Reprinted with permission from ref. 46.
Copyright (2014) by the Royal Society of Chemistry.

Given the recent advances in controlled radical
polymerization (CRP) techniques, the ability to tune the
45 polymer endgroups has now been fully realized, especially for
polymers prepared by RAFT,“! in which both the a and the
® chain ends can be incorporated into the chain transfer agent,
or introduced after the polymerization by end group
modification.®** The effect of the RAFT endgroup on the
so self-assembly has rarely been considered in the past due to the
very small weight fraction of the endgroup compared with that
of the polymer chain. However, Davies and co-workers
highlighted the selective introduction of two close rings at the

o-terminus ~ of  hydrophilic  homopolymers.®*  The
ss homopolymers  consisted  of  hydrophilic  poly(N,N-
dimethylacrylamide) (PDMA) in water bearing two

hydrophobic pyrene or cholesterol groups at the o-terminus
(Figure 12). Polymersome formation was observed in systems
with a remarkably low molar hydrophobic content (typically 6-

e 23 wt %) of either pyrene or cholesterol endgroups. The
introduction of a C16 spacer in a bi-o-pyrenyl-terminated
PDMA homopolymer still resulted in the formation of spherical
vesicles, although it appeared that the added flexible spacer
facilitates full closure of the polymersomes. Increasing the

es chain end function in the synthesis of a PDMA homopolymer
with four pyrenyl units yielded a network-like tubular structure
that the authors postulated as being of a bilayer
nature.

6 | Journal Name, [year], [vol], 00—-00
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Figure 12 Chemical structures of mono-, bis-, and tetra-functional
RAFT CTAs containing pyrenyl moieties in the R group used for
(co)polymer synthesis and FE-SEM images of (A) spherical
s polymersomes and (B) tubular vesicles. Reproducted with permission

from ref. 54. Copyright (2013) by the Royal Society of Chemistry. Figure 13 Homopolymers PDEA and PNIPAM (10, 11, and 12) with

different endgroups and TEM images of spherical polymersomes and

Du et al. demonstrated new classes of homopolymers, tubular vesicles. Reproducted with permission from ref. 55, Copyright
which are  hydrophilic  PNIPAAm and  poly(N,N- 20 (2011) by Wiley-VCH.

diethylacrylamide) (PDEA) containing different small
10 hydrophobic endgroups at the o and ® positions, as shown in

Figure 13.°! The authors discovered that introducing a second

less polar or hydrophobic group at one chain end is essential

for the formation of well-defined self-assemblies. Their size

was controlled by the polymer concentration and the
15 hydrophobicity of the endgroups.

Recently, the design and controlled fabrication of core-shell
macromolecules consisting of hydrophobic/hydrophilic core
molecules coated with hydrophilic/hydrophobic polymer shells
have aroused much interest in polymer and pharmaceutical

25 research because these core-shell macromolecules usually form
unimolecular polymeric micelles (UPMs). The UPMs consist
of connected hydrophilic and hydrophobic segments in a single
molecule. Therefore, their micellar structure is static rather than
dynamic and is maintained at all concentrations and in a variety

30 of solvents, thus offering high structural stability together with
small nanosizes, monodispersity, unique spherical shapes, and
a number of functional groups at the periphery. Table 2
summarizes typical cores for the core-shell macromolecules
based on dendritic star polymers.

35 Table 2. Typical cores for core-shell macromolecules and their features

Name Structure Characteristic Ref.
J
fé(vy,)\/-oi\ ﬂo‘ :]) 3:1\0,50\,.)9, 1. Easy to synthesize in a controlled
Ho © : >'°’0‘\’° V(O,H manner with predetermined molecular
0. o OH . . .
Hyperbranched polyglycerols o V% I:)v XO . \4(0\4 weights and narrow polydispersity 56-60
0 OH o on 4o~
/o(./" o }‘j‘" 2: oH 2. Highly biocompatible, with no evident
::T\° o 0\,{’0 ® o animal toxicity
§ 0 ' oA~ o O
e 3 gu O«Yo* Loy

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 7
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Polyphenylene dendrimer

A shape-persistent scaffold 61, 62

M N vy HN o
4 mdy aogm ¢
N fn o N o:SN: N
et ¢ e \ / NN
\z N oo oMo, P
HNPO H~ K N oi'g*
Rl o o »'a:’ S ~"~)‘H~NH
HN " V;H'( OHN?O TJ Nrno N,
L. Nomy Mo NoH N2 o
NN§NJ_H¢— ] "?N e oo H\-N‘_{w"
i
H,MJ'N" At R -\-NHZ
HN o o o i
o o 0 i HNS 0 NH
N':L"f"”\.f"“”}‘f (Eavg A C .
sl B.m OSN" ; m\ . N 1. Functionalities with terminal groups,
. . S o such as -NH,, -OH, -COOH, -COOCH
Poly(amidoamine) (PAMAM) Y o HNLO“"\ . :?:1 z ’ ’ 3
. I B,,N 2 s
dendrimers and NS } £, Sotm
| lenimi ek whah, ") 63-76
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Yin, Mullen, et al. synthesized a series of core-shell
structures, in which a central shape-persistent polyphenylene
dendrimer served as a scaffold and stabilizer, and outer flexible
polymer shells contributed to proton-conducting property.[®> 6

s The authors reported a core-shell architecture 12 containing
phosphonic acids and studied the self-assembly of such core-
shell particles by electrostatic interaction on a modified gold
substrate. The atomic force micrograph in Figure 15 shows
many separated globular particles, which appear to be

10 uniformly dispersed, an indication that the core-shell
macromolecules formed UPMs. ['”)

wiznm
6 nm

0nm

Figure 15 Chemical structure of core-shell macromolecule 13 and the
AFM image of a self-assembled film of 13 on modified gold. Reprinted
15 with permission from ref. 78, Copyright (2012) by Wiley-VCH.

Yin, Millen, et al. recently reported a series of fluorescent
core-shell macromolecules based on perylene-3,4,9,10-
tetracarboxdiimide (PDI) chromophores modified with
polyphenylene dendrimers to form a fluorescent shape-

20 persistent cores. The PDI chromophore allowed the detection
of multilayer deposition by UV-vis and fluorescence spectral
analyses, and the rigid polyphenylene dendrimer was designed
to prevent the PDI chromophore from aggregation. A flexible
polymer shell enabled the introduction of polar functionalities,

2s for example, amine, hydroxyl or carboxylic acid groups, in
order to achieve variation in charges and provided the
hydrophilicity. Here, the authors synthesized two kinds of

oppositely charged fluorescent core-shell macromolecules 13(c)

and 14(b), as shown in Figure 16. The core was composed of a

rigid polyphenylene dendrimer and PDI chromophore, and the
outer shells were flexible cationic or anionic polyelectrolytes
that contribute to the water solubility and pH sensitivity. Using
small-angle X-ray scattering (SAXS), the authors confirmed

w
S

8 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]


javascript:void(0);
javascript:void(0);

Page 9 of 16

ChemComm

pH-responsive globular UPMs in aqueous solution as a result
of the polyelectrolyte nature.l’® The pH-responsive behavior
relies on the ionization or deionization of the star
polyelectrolytes, which causes a reversible volume phase
s transition and optical response. In order to detect the formation
of multilayer films with the core-shell macromolecules, Layer-
by-Layer (LBL) deposition of oppositely charged 13(b) and
14(a) was performed in a porous alumina template. During the
LBL deposition, polymer chains bearing -NH, groups and -
10 COOH groups assembled on the surface of an alumina
membrane by electrostatic interactions. Figure 17 presents the
TEM images of a hollow nanotube after the complete removal
of the alumina template, and large-scale arrays of fluorescent
nanotubes were observed in solution under a conventional
15 fluorescence microscope. [

HaN™~ 0.~ NH;
o [¢]
0 0

(o]

o . o
o. o.
Q 0 JEGSRE ) ®
AT LD o7y €F L TR
S g S il
¥ §
NH; / Eo uj ; NH;
a~o o>o'
NH; 13(a), n=18 NH;
13(b), n=50
13(c), n=55

o 14(a), n=50 OH
14(b), n=55

Figure 16 Chemical structures of core-shell macromolecules 14 and 15.

Figure 17 Nanoscale characterizations of fabricated nanotubes by LBL

20 deposition of polymers 14 and 15. (A) TEM and (B, C) conventional
fluorescence microscope images of nanotubes. Reprinted with
permission from ref. 79, Copyright (2011) by Wiley-VCH.

3. Biological applications of APHPs

As described previously, APHPs can self-assemble into
25 micelles, vesicles, hollow micelles, bowl shapes, fibers,
spindles, and inverse micelle assemblies. Quite naturally,

researchers turned their attentions to developing potential
applications of these self-assemblies.

3.1 Living cell transport

s  The visualization and manipulation of cells down to the
single molecule level have been widely studied in recent years
to understand processes going on in living cells.’% 8 The
synthesis of various chromophores, quantum dots, and
fluorescent proteins has provided a deeper understanding of
many biological processes such as membrane transport and
protein trafficking.’®28 Particularly, the self-assemblies based
on fluorescent polymers are considered as good nanocontainers
for cellular transport because they can not only take up and
release guest molecules but also monitor the cell transport
0 mechanisms. 7 &1

3

@

Yin, Millen, et al. reported fluorescent core-shell
macromolecules 13(a), 15, and 16(a) with different
architectures, charges, and charge densities (Figure 18). The
fluorescent core-shell macromolecules consisted of a rigid
polyphenylene dendrimer core with a hydrophobic PDI
chromophore at the center and a hydrophilic flexible polymer
shell. The central PDI chromophore allowed the detection of
cell transport by fluorescence microscopy, even at the single
molecule level, and the first generation (G1, 13(a)) and second
so generation (G2, 15 and 16(a)) polyphenylene dendrimers

prevented the PDI chromophore from aggregation in water.
The outer shell provided positive charges and water solubility.
The investigation of the ability to cross cellular membranes
showed that the macromolecules bearing a higher number of
ss polymer chains with less amino groups (positive charges) led to
a faster uptake into the cell with no cytotoxicity at the
concentrations applied in in vitro experiments. !

~
o

This journal is © The Royal Society of Chemistry [year]
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16(a), n=15
16(b), n=50

Figure 18 Chemical structure of dendritic core-shell star polymers and
penetration of 13(a) into ECV-304 cells after 15 min. ECV-304 was
stained by using a green fluorescence cell tracker, whereas the core-
s shell macromolecules are shown with a red color. Reproducted with
permission from ref. 89. Copyright (2008) American Chemical Society.

3.2 Fluorescence labelling

Fluorescence labelling is widely used in biological studies.
It is a process in which a fluorophore is attached to bio-
10 molecules for the detection of proteins or other reporter
molecules by a fluorescence microscope, flow cytometer, or
fluorescence reading instruments.®*%! The most commonly
labelled molecules are antibodies,® amino acids,® and
peptides®. The dynamic processes can be monitored by using
15 dyes as probes.

Yin et al. reported that the UPMs (13(b)) bearing multiple
amines could bind to the highly negatively charged
extracellular matrix (ECM) at physiological pH (Figure 19)
and thus might be applicable to label the ECM of animal tissue.

20 They demonstrated that 13(b) efficiently stained the tracheal
ECM and the staining was much faster than antibody staining
procedures, due to the electrostatic interaction between

negatively charged ECM components and the positively
charged macromolecules 13(b).*”

25

Figure 19 Confocal images of 13(b) staining (red, central column) of

ECM in living tracheal epithelium of vkg-GFP transgenic larvae. (A)

GFP fluorescenceis (green). (B) 13(b) staining (red). (C) Merged

channels. Reprinted with permission from ref. 97. Copyright (2008)
30 American Chemical Society.

The authors also found that the UPMs (14(a)) bearing
multiple carboxylic acid groups could stain the cell nucleus of
Drosophila by binding to the positively charged nuclear
proteins (Figure 20). They confirmed that 14(a) specifically

ss stained the cell nucleus and that the positively charged
chromatin histones directly bound with the multiple -COOH
groups on the 14(a) side chains. 8

Figure 20 Confocal microscopy images of 14(a)-stained Drosophila

40 larval tissues demonstrate exclusively nuclear 14(a) localization. (A)
Visualization of 14(a) staining (red) on the cell membrane. The cell
membrane is marked by expression of the genetic marker CD8-GFP
(green; optical section through the columnar epithelium). (B) 14(a)
fluorescence (red) overlaps with the DNA dye DAPI (blue) in the

45 tracheal squamous epithelium. Single channels are separated in (B’)
and (B’’). DAPI=2-(4-amidinophenyl)-6-indolecarbamidine dihydro-
chloride). Reprinted with permission from ref. 98, Copyright (2008) by
Wiley-VCH.

3.3 Protein sensing, probing, and extraction

50 Conjugated polyelectrolytes have been the favorite
candidates for fluorescence-based sensing of proteins on
account of the inherent fluorescence of the polymer backbone
and the water solubility. The likelihood of energy or electron
transfer or both from the polymer to the biological analyte,

ss resulting in a change in the fluorescence pattern of the polymer,
renders the fluorescent sensing particularly powerful for
metalloproteins. Thayumanavan et al. synthesized a new class
of non-conjugated fluorogenic polymers derived from
polystyrene-based APHPs (Figure 21).%1 These polymers

e were shown to form optically clear nanoscale micellar
assemblies in water. The authors demonstrated that the
fluorescence response from the fluorophore decreased as the
concentration of the metalloproteins was increased, whereas a

10 | Journal Name, [year], [vol], 00—00
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similar increase in lysozyme concentration had no discernible
effect on fluorophore.

chromophore

fluorescence quenched
in metalloproteins

fluorescence not quenched
in non-metalloproteins

Figure 21 The interaction of polymeric micelles that contain an

s anthracene unit (a) with non-metalloproteins and (b) with
metalloproteins. Reprinted with permission from ref. 33. Copyright
(2009) American Chemical Society.

The sensing systems shown in Figure 21 are based on
nonspecific (electrostatic) interactions. For sensing systems to
10 be practical, one needs to ensure high selectivity that can be
introduced into a system through lock-and-key-type receptor
ligand interactions. Therefore, the authors constructed a new
protein sensor array, which carried different fluorescent dyes
into the micellar assemblies (Figure 22).°°! The non-covalent
15 incorporation of these molecules provided access to a wide

variety of different responding systems with high applicability.
[96]

Micelle assembly non-covalently
enc. i

phobic fluorophore

ki
e

Analyte

wsioy

Fluorescence Quenching Fluorescence Quenching Fluorescence Quenching
Response # 1 Response # 2 Response # 3

b)

) M, « 20, 237
g n
PDI=124
s o™ oP=gs
l :

Different Fluorophores

Figure 22 (a) Schematic representation of the differential transducer

20 approaches using APHP micelles. (b) Expected fluorescence quenching
response for a hypothetical analyte. (c) Structure of polymer P1.
Reprinted with permission from ref. 99. Copyright (2007) American
Chemical Society.

Fluor.Quench.Effic

Yin, Miillen, et al. discovered that assembled fibers based

25 0N 8 may act as templates for the binding of positively charged

peptides by electrostatic interactions. They also demonstrated

that if the bound peptides were fluorescein-labelled, the final

fibers could be visualized as a dual-color assembly in double-
fluorescence imaging (Figure 23). [4°!

-

Figure 23 Fuorescence images of negatively charged HBC 7 fibers.
Green-fluorescent, positively charged 5(6)-Fam-conjugated peptides
bind to the negatively charged fibers to form a dual-color fiber in
double-fluorescence imaging (A). Separate channels are shown in (B)
35 (red, HBC 7 fiber) and (C) (green, fiber of 5(6)-Fam). Reprinted with
permission from ref. 45. Copyright (2009) American Chemical Society.

Thayumanavan et al. synthesized a styrene-based APHP
with hydrophilic carboxylate groups. They found that the
inverse micelle-type assemblies were able to extract the

40 cationic molecules selectively into the organic phase (Figure
24). The results provided evidence that the inverse micelle-type
assemblies were capable of selectively recognizing peptides
(depending on the isoelectric point). Meanwhile, this technique
can also be used for selecting and concentrating peptide

ss fragments from a complex protein digest. Therefore, it indicats
that these styrene-based APHPs are suitable for extraction
targeted protein from cell lysates. 133101

Hydrophobic

Amphiphilic homopolymer

Inverse micelle-type assembly

o~
-~ e
-‘.,ﬂr Selective el o\
extraction Kt

2(%? by pl an{i? \ y

MALDI analysis

Digested peptide in water

Figure 24 Schematic representation of the selective extraction of

so complementary peptides from their aqueous solution by using inverse
micelles of an APHP. Reprinted with permission from ref. 33.
Copyright (2009) American Chemical Society.

3.4 DNA detection, binding, and release

Array-based DNA sensors have become nearly ubiquitous
ss over the past decade, in tandem with the unraveling of the
genetic codes of many living organisms. Such sensors have
shown great promise in medical diagnosis, biowarfare agent
detection, and forensic analysis. The commonly employed
substrates, however, have limitations including weak chemical
60 resistance to organic solvents, mechanical instability, and high
intrinsic fluorescence. To develop DNA biosensors with
suitably functionalized surfaces for DNA immobilization and
hybridization thus becomes an important challenge. According
to the literature, dendritic star polymers with both dendrimers
s and star polymers have become suitable candidates for DNA
biosensor applications. Because the three-dimensional
macromolecular structure of dendritic star polymers provides a
stable attachment to DNA and a high binding capacity due to a
large number of covalent binding sites of probes, the star
70 polymer chains will increase the limit of detection upon DNA
hybridization. (10%10!

Yin, Miillen, et al. developed efficient biosensors for DNA

This journal is © The Royal Society of Chemistry [year]
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detections, utilizing a new class of ultrathin multilayer films
based on dendritic star polymers 17, 18 and 19 (Figure 25).12071
Multilayer thin films were prepared by the alternating
adsorption of oppositely charged macromolecules by using the

s LBL technique. The assembled multilayer films exhibited
morphology changes upon post-treatment under different pH
conditions. The results of DNA hybridization Kinetics
demonstrated that these multilayer films provided a stable
immobilization of probe DNAs and had similar DNA

10 hybridization kinetics on different surfaces of positive charged
films.

Figure 25 Structures of first- and second-generation oppositely
charged dendritic star polymers and AFM images of (17/19) 8-layer

15 film assembled from 17 solution (at pH 6) and 19 solution (at pH 6.5)
before (a) and after 5 min exposureto pH 2 (b), pH 9 (c), or pH 11 (d)
aqueous solution. Reprinted with permission from ref. 107. Copyright
(2012) by the Royal Society of Chemistry.

The authors also discovered that the oppositely charged

20 fluorescent core-shell macromolecules (13(b) and 14(a)) were
UPMs and self-assembled into dual-response fluorescent
nanotubes by using the LBL technique in an alumina template.
When 13(b) was deposited as the final layer, the inner -NH,
surfaces of the outermost layer were protonated under acidic or

25 physiological conditions. Thus, the surfaces were positively
charged and interacted with negatively charged DNA through
electrostatic forces (Figure 26). When 14(a) was deposited as

the final layer, the inner surface of the nanotubes was covered
with -COOH groups. By using the amidation reaction to

30 functionalize the carboxylic group with amino-modified single-
stranded DNA, a secondary responsive DNA detection was
achieved according to the specific hybridization between the
above single-stranded probe DNA and its target DNA by base
complementarity (Figure 6 (C)). 1%

- L Ld “.:5'_

Electrostatic

365 el nteraction .(:6:. @
. 4 ~
—J

5 circulations' layer-by-layer

Aluminium
nanotube
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.ﬁ. .)':- :,’.
A

Amldf:o" %l B L

HN—TGT ACA TCA CAA CTA

o
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2@ Positively charged macromolecule M1 § Probe DNA

{Q‘: Negatively charged macromolecule M2 J Target DNA

35

Figure 26 (A) Schematic diagram of the fabrication of fluorescent
nanotubes by LBL deposition of oppositely charged 13(b) and 14(a).
(B) The activation of -COOH groups with 1-ethyl-3-(dimethylamino)-
propylcarbodiimide/N-hydroxysuccinimide (NHS/EDC) and the
immobilization (amidation) of amino-modified single-stranded probe
DNA. (C) Hybridization of IRD700-labeled target DNA. Reprinted
with permission from ref. 108. Copyright (2008) American Chemical
Society.

4

S

3.5 Drug loading and release

a5 It is well accepted that precise control over the
hydrodynamic volume, morphology, chemical composition,
and structure of polymers is necessary for a future
nanomedicine. %1 APHPs have been used in drug loading
and release applications, as evidenced by the increasing
number of publications in recent years.

I3
S

As described above, Shunmugam and Sarma reported pH-
and lipid- sensitive polymersomes obtained from the self-
assembly of polymer 3 (Figure 27). The polymersomes were
used as a nano-reservoir for the controlled release of

ss doxorubicin  (DOXY). These novel polymersomes were
capable of loading high drug quantities with a reasonable
loading efficiency (about 70% w/w) and of undergoing
internalization by living cells. At the mildly acidic pH values of
5.5-6, the drug release from the polymersomes of 3 was
o0 significantly accelerated. 26!
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Scheme 27 Cartoon representation of stimuli-responsive drug release . o b e ¢
and confocal laser scanning microscopy pictures for the uptake of 3- ¥
DOXY. Reprinted with permission from ref. 116. Copyright (2012) b, 3 &
5 American Chemical Society. b SR é‘,-,j:fv""-””"“

Yan et al. synthesized an amphiphilic hyperbranched

homopolymer with alternating hydrophobic disulfide and nomepayphesphete
hydrophilic polyphosphate segments along the highly branched *‘"'B‘"ww""
structure by self-condensing ring-opening polymerization of

10 the monomer consisting of both hydrophobic disulfide and
hydrophilic phosphate moieties (Figure 28). The reported
amphiphilic hyperbranched homopolymer was a novel QL __»
precursor for molecular self-assembly and the final micelles Bioceducible micelles

possessed a core-shell structure. Here, the disulfide part formed
1s the hydrophobic core and the hydrophilic polyphosphate
segments acted as the shells. Furthermore, the micelles were
stable in aqueous solution, while they exhibited smart

responses in a reductive environment due to the rupture of the
disulfide. With the help of hyperbranched polyphosphate
20 micelles, hydrophobic anticancer drugs could be rapidly and

efficiently transported into the nuclei of tumor cells and

showed enhanced inhibition of cell proliferation (Figure 25 Figure 28 Schematic representations of the self-assembled micelles
28).[28] and representative confocal laser scanning microscopy images of Hela
cells incubated with DOX-loaded HPHDP:1 micelles for 1 h (a) with or
(b) without pretreatment with 10 mm glutathione monoester for 2 h
(cell nuclei were stained with DAPI). DIC (differential interface
contrast); DAPI: (2-(4-amidinophenyl)-6-indolecarbamidine
dihydrochloride). Reprinted with permission from ref. 28, Copyright
(2011) by Wiley-VCH.

3

S

Du et al. proposed a homopolymer vesicle of low
cyclotoxicity with a distinct gradient bilayer membrane based
sson the self-assembly of the hydrophilic and charged
homopolymer poly(2-(2-ethoxyethoxy)ethyl acrylate) (PEEA)
in a THF-water mixture (Figure 29). The PEEA was
synthesized from 2-(2-ethoxyethoxy)ethyl acrylate by RAFT
polymerization by utilizing 2-methyl-2-
[(dodecylsulfanylthiocarbonyl)sulfanyl] propanoic acid
(DDMAT) as chain transfer agent (CTA). Here, the increasing
degree of hydrogen bonding between the oligo(ethyleneoxy)
side chains (OEs) and water supports the assembly of the
PEEA homopolymer into a gradient bilayer membrane. The o-
s COOH groups in the CTA are expressed on both sides of the
vesicle membrane to stabilize the vesicle, while the
hydrophobic o dodecyl groups in the CTA are located at the
centre of the membrane, forming the densest part of the vesicle
membrane. The homopolymer vesicles showed a dynamic
aggregation behavior, a thermo-responsive zeta potential, and
dispersibility in aqueous solution, thus allowing potential
applications in anti-cancer drug delivery. Therefore, the authors
encapsulated an anti-cancer drug DOX into the PEEA vesicles,
resulting in high drug loading efficiency and sustained drug

4

S

5

S
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Scheme 29 PEEA homopolymer vesicles with a gradient bilayer
membrane. Reprinted with permission from ref. 117. Copyright (2013)
by the Royal Society of Chemistry.

MRI (magnetic resonance imaging)-guided drug delivery
can be used to monitor the delivery of theranostic nanoparticles
to the target sites and to provide information on the therapeutic
response of a tumor by real-time monitoring. Haam et al.
prepared herceptin-modified, pH-sensitive drug-delivering
magnetic nanoparticles (HER-DMNPs). The a-pyrenyl-o-
carboxyl poly(ethylene glycol) (Py-PEG-COOH), which was
functionalized by the antibody herceptin (anti HER2/neu),
encapsulated MR (magnetic resonance)-sensitive MnFe,0,
nanocrystals (MNCs) modified with doxorubicin (DOX) by the
nanoemulsion method. DOX and the pyrene groups can be
bound together by a strong m—m interaction for drug
encapsulation at neutral pH (=7.4), and the protonation of DOX
under the intracellular acidic conditions of cancer cells (pH <
5) can cause its release by weakening this m-m interaction
(Figure 30). The authors described the targeted delivery of
HER-DMNPs to HER2/neu over-expressed breast cancer cells

as an example of a sophisticated cancer therapy based on MRI.
[118]
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Figure 30 Schematic illustration of pH-sensitive drug-releasing
magnetic nanoparticles modified with the antibody anti HER2/neu
(HER-DMNPs) for cancer therapy based on MRI. Reprinted with
permission from ref. 118, Copyright (2011) by Wiley-VCH.

4. Conclusions and perspectives

APHPs have recently emerged as promising candidates for
macromolecular  self-assembly and wuse in biomedical
applications. In this feature article, two major methods for
fabricating APHP self-assemblies have been described in

S

o

S

S

=
@

S

@

3 detail. The “monomer-induced” self-assemblies, which are

polymerized with functional amphiphilic monomers, form
micelles and inverse micelles by intramolecular phase
separation and can be used for drug delivery and protein
extraction. The “Hydrophobic-group-induced” APHPs, which
comprise a large hydrophobic group and stimulus-responsive
hydrophilic polymers, tend to assume a variety of structures by
the introduction of non-covalent interaction (e.g., m-n stacking
and hydrogen bonding) into the self-assemblies. Especially, the
UPMs formed from core-shell macromolecules, which consist
of a hydrophobic core coated with polymer shells, have been
widely used for biomedical purposes. Such UPMs that are
coated with positive/negative charges and water-soluble
homopolymers can be used in living cell transport and drug
delivery. By introducing fluorophors into these homopolymers,
these homopolymers can be applied in labelling, sensing, and
in detecting biomolecules such as nucleic acids, proteins, and
cells.

Unlike amphiphilic block copolymers, the chemical
structures of APHPs are readily designable and tunable.
Moreover, the selected examples in this article demonstrate that
homopolymers are easy to self-assemble into inverse micelles
and vesicles with low CMCs and high tenability because the
hydrophobicity can originate from both the polymer backbone
and the side chains. Especially, the direct synthesis of a
hydrophobic/hydrophilic core coated with a polymer shell
affords core-shell macromolecules, which form stable micelles
at all concentrations and in diverse solutions.

Although these achievements are encouraging, there are
still many challenging issues that need to be resolved. First,
progress in the design and development of drug delivery based
on highly target specific APHPs is needed. Up to now, only
cell-targeting agents (e.g., antibodies, folic acids, and peptides)
using block copolymers as carriers have been reported.! The
chemical structures of APHPs are particularly versatile. This
offers the promise to design new amphiphilic monomers with
cell-targeting agents or introduce cell-targeting agents into
hydrophobic-groups. Second, the self-assemblies of APHP
could be simultaneously functionalized with other properties in
addition to environmental responsiveness. Since internal
stimuli in complex biological systems are inherently difficult to
control, multiple-stimuli-responsive systems that can be
triggered by both internal and external stimuli will
synergistically enhance therapeutic selectivity. Therefore, the
development of APHP self-assemblies incorporating multiple-
stimuli-responsive elements will result in improved control and
specificity of therapeutic agents. Moreover, polymer-based
nanomaterials, which are superior to inorganic nanoparticles,
are promising for biomedical applications. In general, a
polymer-based theranostic material is composed of three main
components: (i) a polymer component that offers stabilization
and biocompatibility, (ii) a therapeutic agent (e.g., small-
molecule drug and siRNA), and (iii) an imaging agent (e.g.,
MRI contrast agent, radionuclide, and fluorophore). Thus, there
is a great demand for multiple-stimuli-responsive design.

o Lastly, the development of new amphiphilic monomers is
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necessary. In addition to the biomedical applications listed in
this article, amphiphilic monomers used in other fields, such as
biological recognition, separation, bio-thermal and chemical
sensors, also need to be explored. Future studies will be
focused not only on APHPs with more complicated
morphologies, but also on understanding the complex
mechanisms of APHP self-assembly.
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