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As a promising technique for preparing polymeric materials with novel structures and
properties, self-assembly is gaining increasing attentions. The applications of self-assem-
blies raise the claim of full expression of inherent functions and adequate stimuli-respon-
sive features. Light is an excellent media for the realization of inherent functions, in favor of
the communication with external environments. The aggregates self-assembled from poly-
mers with optical functions can bring multifarious optical properties and promising appli-
cations. In the assemblies, the emission and fluorescence properties of polymers are
dependent on both the aggregation type of the polymers and the aggregation-induced
effects including planarization and specific intermolecular interactions. The aggregation-
induced optical properties are influenced by external stimuli including pH and tempera-
ture, which confer various applications, such as in the areas of bioimaging and optical sen-
sor. When photo-responsive groups with photochromism, photo-crosslink or photo-
degradation properties are incorporated into polymers, self-assemblies are able to change
their shape and inner structure under light irradiation. Such light triggered property is suit-
able in application for controllable release of loaded species from assemblies. We also dis-
cuss the challenges and developing directions regarding the studies and applications of
self-assemblies from polymers with optical properties.

� 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Self-assembly, a powerful bottom-up strategy for fabri-
cation of nano-materials with diversified structures, has
attracted extensive scientific interests since it is potential
in building advanced functional materials for applications
in electronics, optics, biotechnology and environmental
technology [1–4]. The self-assemblies are formed by the
non-covalent interactions, involving hydrogen bonds, elec-
trostatic interactions, hydrophobic effects, metal–ligand
coordination, and host–guest interactions [5]. Since the
interactions are dynamic, reversible and controllable,
self-assembly systems exhibit tunable structures and
properties, which are in favor of the achievement of func-
tional applications [6]. However, the functional applica-
tions of self-assembled aggregates raise the claim of full
expression of inherent functions and stimuli-responsive
features. Light, as green and neat energy, is an excellent
media for the realization of inherent functions, in favor of
the communication with external environments. In addi-
tion, the use of light as a trigger is particularly attractive
since its characteristics can be remotely and accurately
controlled, quickly switched and easily focused on specific
areas [7].

Through various chemical techniques, optical groups
with luminous or photo-sensitive properties can be intro-
duced into polymers [2,8]. The polymers with inherent or
introduced optical functions can be further copolymerized
with other polymers to form amphiphilic copolymers.
Under the balance of hydrophobic and hydrophilic effects,
these copolymers with optical properties are able to self-
assemble into diversified aggregates in solution, including
micelles, vesicles, rings, and tubes [9–12]. The polymeric
aggregates can behave enhanced optical properties as
more than the summation of their building parts, even
bring completely new types of properties for special inter-
ests and more applications [13]. In addition, assemblies of
biocompatible optical polymers in solution exhibit unique
advantages in the biomedical applications [14]. Given the
presence of various unique optical properties from these
biocompatible self-assemblies, it is possible to develop
new tools for bioimaging, diagnostics, drug delivery, and
therapy [15,16].
However, most of the current interests in optical self-
assemblies are directed to the preparation of functional
films. The situations of the self-assembled aggregates in
solution are less documented [17,18]. In this feature arti-
cle, we emphasize the properties of aggregates self-assem-
bled from polymers owning optical functions. The article is
divided into four parts. The first one makes a brief intro-
duction of both the structure and property of polymers
owning luminous or photo-sensitive properties, along with
the self-assembly behavior of amphiphilic copolymers con-
sisting of these polymers. In the second part, the optical
properties of aggregates self-assembled from the amphi-
philic copolymers with optical functions are featured. Both
the aggregation-induced optical properties and photo-
responsive properties are referred. The applications of
these self-assembled aggregates in the fields of biomedi-
cine and optical sensor are summarized in the third sec-
tion. Lastly, conclusions and outlook are presented.
2. Self-assembling polymers with optical properties

2.1. Polymers with optical properties

A variety of polymers bearing optical groups are capable
to self-assemble into nano-sized aggregates in solution.
These optical polymers typically include photochromic
polymers, conjugated polymers, photo-crosslink polymers,
photo-cleavage polymers, and coordination polymers. The
unique optical properties are derived from their elaborate
molecular structures as described below.

Photochromic polymers functionalized by photochro-
mic moieties are the most common class, which can intro-
duce diverse photo-responsive properties to their self-
assemblies [18,19]. Photochromism refers to the reversible
transition of a chemical species between two isomeric
forms with different absorption spectra. These reversible
transition processes are usually triggered by the irradiation
of ultraviolet (UV) or visible light (Vis), as depicted in
Fig. 1. For example, UV irradiation induces photochromic
reaction of azobenzene proceeded by the conversion of
the planar trans isomer to the bent cis isomeric form
via the isomerization of a AN@NA bond (Fig. 1a). The



Fig. 1. Typical photochromic compounds used in polymeric systems. (a) azobenzene; (b) spiropyran; (c) spirooxazine.

Fig. 2. Chemical structures of representative conjugated polymers.
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absorption band is decreased in UV region but increased in
Vis region after the trans–cis isomerization process. UV
irradiation on spiropyran (Fig. 1b) or spirooxazine
(Fig. 1c) stimulates electrocyclic ring opening reaction
from spiro form to open and planar merocyanine form,
which forms an extended conjugated system absorbing
light strongly in the Vis region [20–23]. These transforma-
tion processes are all reversible after subsequent Vis irradi-
ation or heating. In addition, the transformations also bring
the changes of physical and chemical properties, such as
the alterations in dipole moment, refractive index and geo-
metrical structure. The assemblies formed by photochro-
mic polymers should be able to capture optical signal
and then convert it to a useful property change.

Conjugated polymers have been recognized of great
importance since they provide a powerful route toward
supramolecular objects with novel architectures, functions
and physical properties [24]. As shown in Fig. 2, a variety of
conjugated polymers have been reported including
polydiacetylene, polyfluorene, polyphenylene, polythio-
phene, polyquinolone, polypyrrole and so on [25–28].
Upon environmental perturbation, these conjugated poly-
mers can undergo color and fluorescence transitions. The
unique fluorescence and emission properties are derived
from extensively delocalized p-electron networks
and intrinsic conformational restrictions of the conjugated
systems. The self-assembled structures of conjugated
copolymers may lead to additional optical properties.
Combined with the modifiable sensitivity, the assemblies
of conjugated copolymers are suitable in optical sensors
and bioimaging [2].

Other polymers owning the photo-crosslink and photo-
cleavage properties such as coumarin-containing polymers
are also reported [29,30]. The photo-dimerization of cou-
marin moieties at the irradiation wavelength of
k > 310 nm can result in interchain cross-linking, while
irradiation at k < 260 nm leads to the cleavage of these
cross-linked bonds. By attaching coumarin groups to poly-



Fig. 3. Degradation mechanism of a light-sensitive polymer incorporating a quinone methide moiety. (Adapted with permission from [33]).

Fig. 4. Chemical structures of representative coordination polymers. (a) Eu-containing star-like coordination polymer; (b) Ru-containing block coordination
copolymer; (c) Ru-containing linear coordination polymer.
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mers, the polymers are able to be photo-crosslinked
through the coumarin moieties to form insoluble networks
where the light sensitivity is directly proportional to the
degree of coumarin substitution [31]. This ability of revers-
ible photo-dimerizing and subsequently photo-cleaving
can be applied for controllable release of loaded species
from micelles [32].

Recently, a new type of polymers named self-immola-
tive polymers are synthesized for amplifying response out-
put of photo-cleavage polymers [33]. As shown in Fig. 3,
the polymer is composed of a self-immolative backbone
and multiple pendant N,N-Dimethylethylene diamine
groups protected with photo-cleavage triggering moieties
such as coumarin and o-nitrobenzyl. The degradation
starts when a triggering group is cleaved upon irradiation
with either UV or NIR light, releasing an amino group.
And then N,N-Dimethylethylene diamine linker cyclizes,
unmasking an unstable phenol. The subsequent quinone-
methide rearrangement of the phenol results in the cleav-
age of the polymer backbone. This novel strategy allows
the light signal to be amplified in a domino effect to fully
degrade the polymer into small molecules [34,35]. In addi-
tion, the cascade degradation action can also be achieved
on both dendrimers and linear polymers terminated with
a single phototrigger [35,36]. Taking advantage of the high
sensitivity to both UV and NIR light, self-assemblies of self-
immolative polymers are promising in constructing sen-
sors and drug delivery systems [37].

Incorporating metallic units into polymer chains by
coordination bonds has emerged as a powerful and versa-
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tile strategy for the construction of optical metallopoly-
mers [38]. The resulting polymers possess rich functions
derived both from their metallic elements and polymer
chains. The architectures of coordination polymers rely on
the metal–ligand bonds which link the two segments
[39,40]. Several representative coordination polymers with
different architectures are shown in Fig. 4. The presence of
metal–ligand bonds also gives rise to unique optical proper-
ties. For example, ruthenium complexes possess extended
absorption range along with high fluorescence intensity
and color purity [41]. Lanthanide complexes allow the coor-
dination polymers to offer unique optical properties includ-
ing long excited state lifetimes, a large red shift between
excitation and emission wavelengths, sharp emission lines
and resistant to photo-bleaching [42]. In addition, the coor-
dination bonds involved are substantially weaker than
covalent bonds. Thus in many cases, the coordination bonds
can be cleaved by environmental stimuli such as light, pH
and temperature, providing the possibility of forming
‘‘switchable’’ systems [43,44]. Therefore, the coordination
polymers may offer a new broad platform for the develop-
ment of smart optical self-assemblies [41].

Various polymers with optical functions have been
prepared so far. The elaborate molecular structures confer
unique optical properties to these polymers. Above all, the
diverse optical properties of above mentioned polymers
can be transferred to their aggregates by self-assembly as
depicted below.

2.2. Self-assembly behaviors of polymers with optical
properties

Polymer self-assembly is a process in which polymers
spontaneously form aggregates through intermolecular
noncovalent interactions including van der Waals interac-
tions, coulomb interactions, hydrophobic and hydrophilic
effects, and p–p stacking [38]. In the scope of this feature
article, the hydrophobic and hydrophilic effects are mainly
considered. Therefore, an amphiphilic polymer system is
necessary for the convenience of self-assembly. Due to
the hydrophobic characters of chromophores which are
responsible for light absorption and emission, the above
Fig. 5. Schematic aggregates formed through self-assembly of copoly-
mers consisting of hydrophobic blocks (red chains) and hydrophilic
blocks (blue chains). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
mentioned polymers should be combined with hydrophilic
segments to form amphiphilic copolymers for the conve-
nience of self-assembly. Main self-assembly approach
referred in this feature article is the solvent removal
method. The obtained amphiphilic copolymers are firstly
dissolved in a specific solvent to form homogeneous solu-
tion. Self-assembly is subsequently performed by adding
poor solvent (usually deionized water) as the precipitant
to copolymer solution, followed by a dialysis process.
Fig. 5 shows that diversified aggregates such as micelles,
rods, vesicles, and tubes can be self-assembled from the
amphiphilic copolymers. Meanwhile, unique optical prop-
erties including emission change and photo-responsive
properties can be generated. In the self-assembly process,
various factors have influence on the structure and mor-
phology of final aggregates, including self-assembling tem-
perature, solvent, polymer concentration, dropping speed
and volume of deionized water, and so on. For example,
variation of initial polymer concentration can induce the
formation of vesicles at lower concentration but compound
vesicles at higher concentration [45].

Azobenzene is a typical photochromic molecule. Vari-
ous types of azobenzene-containing copolymers are pre-
pared in our previous work [45–52], including AB type
diblock copolymer [46], ABC type triblock copolymer
[47,48], ABC 3-miktoarm star terpolymer [49], and ABC2

type block copolymer [45]. As shown in Fig. 6, self-assem-
bled structures of these azobenzene-containing copoly-
mers change from spherical micelles to vesicles and
tubes depending on the molecular structures. In addition,
the photo-responsive properties such as photo-induced
isomerization process are significantly influenced by for-
mation of aggregates.

Conjugated polymers are always served as hydrophobic
rod blocks. After copolymerizing the polymers with hydro-
philic coil blocks, in addition to conventional spherical
micelles and vesicles, unique self-assembled structures
such as helices [53,54], ribbons [55], rings [56], and tubules
[57,58] are frequently observed owing to ordered align-
ment of rigid rods [9]. In the aggregates, the packing style
of conjugated rods can remarkably affect the final optical
properties. Therefore, the self-assemblies of the rod–coil
copolymers containing responsive coil blocks may display
switchable optical characteristics by external stimuli.

Cooperative self-assembly of two polymers is a simple
and efficient method to construct designed functional
structures [59,60]. Zhang et al. demonstrated this efficient
route for the fabrication of photo-responsive nanostruc-
tures by the cooperative self-assembly of diblock
copolymers of polystyrene-block-poly(ethylene oxide)
(PS-b-PEO) and azobenzene-containing homopolymers
[61]. The formed micelles and vesicles are photo-respon-
sive and show reversible trans–cis photo-isomerization.
Recently, we reported the cooperative self-assembly of azo-
benzene homopolymers with azobenzene-containing
copolymers. The polymer mixtures can form photo-respon-
sive spherical micelles with core–shell structures [47]. The
addition of homopolymers not only increases the aggregate
size but also has a significant influence on photo-respon-
sive properties. In short, by transforming optical polymers
to amphiphilic systems, self-assemblies with various



Fig. 6. Transmission electron microscope (TEM) images of typical aggregates self-assembled from azobenzene-containing copolymers. (a) micelles; (b)
small vesicles; (c) large vesicles; (d) bowl-shaped vesicles; (e) compound vesicles; (f) twining tubes and compound vesicles. (Adapted with permission from
[45,47–49]).

Fig. 7. Schematic illustration of the proposed H- and J-aggregated structures and their corresponding energy level diagram. (Adapted with permission from
[2]).
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structures can be constructed. Along with the formation of
the aggregates, unique optical properties are generated.
Such content will be depicted in the following section.

3. Optical properties of aggregates self-assembled from
polymers with optical groups

For self-assemblies, a series of unique optical properties
can be produced from the specific molecular architectures
and self-assembled structures [62,63]. These optical prop-
erties of self-assemblies including aggregation-induced
and photo-responsive properties are featured in the fol-
lowing sections.

3.1. Aggregation-induced optical properties

Polymers with fluorescent and emission functions have
enormous advantages over their nonfluorescent analogues
[64,65]. The fluorescence and emission properties are
derived from the inherent polymer structures, but these
properties can be changed dramatically upon aggregation
[13]. In addition, stimuli-responsive emission change prop-
erties are endowed along with the self-assembly process.
3.1.1. Aggregation-induced emission change
In nonselective solvent, polymers express their inherent

absorption and emission properties under dissociative con-
ditions. But for the polymer self-assemblies, the optical
properties especially the emission properties are signifi-
cantly influenced by the aggregation type of polymer seg-
ments with conjugated moieties. As shown in Fig. 7, H-
and J-aggregation can be generated upon self-assembly of
polymers [2]. H-aggregation refers to side-by-side oriented
molecules with small displacement along the long molecu-
lar axis. The resulted H-aggregation absorption spectra are



Fig. 8. Correlation between the weight percent of the conjugated part in the amphiphilic copolymers (rr/c), the self-assembly structures, and the optical
properties. The vials of copolymers in water being placed under a UV lamp (365 nm). (Adapted with permission from [70]).

Fig. 9. (a) Typical fluorescence excitation spectra of PS-b-sPCHD in water at various copolymer concentrations; (b) schematic representation of the
micellization and formation of J-aggregation. (Adapted with permission from [71]).
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blue shifted against the solution and exhibit low radiative
rate constants kr due to the dipole-forbidden nature of the
emitting state. H-aggregation may result in the aggrega-
tion-induced quenching (AIQ) effect, which is a thorny
obstacle to high performance organic optoelectronic mate-
rials [66]. On the other hand, J-aggregation displays larger
molecular displacement along the long molecular axis with
higher kr which usually induces a red shifted absorption
spectrum and the formation of an aggregation-induced
emission enhancement (AIEE) system [67,68]. In addition,
the aggregation tendency of the conjugated polymers
depends on the chemical structures as well as the environ-
mental conditions, such as concentration, solvent polarity,
and temperature [69].

Cloutet et al. synthesized a series of ABA type conjugated
copolymers and examined the influence of molecular struc-
ture on self-assembly behaviors and optical properties. The
coil–rod–coil triblock copolymer consist of a middle conju-
gated segment based on 3,4-ethylenedioxythiophene and
two PEO chains linked with the middle segment by dihexyl-
fluorene units [70]. The self-assembled morphologies
depend on the volume fraction of each block. As illustrated
in Fig. 8, in the case of short conjugated block (lower weight
fraction), spherical and cylindrical micelles with J-aggrega-
tion of rod blocks are observed, accompanied by a 10 nm
red-shift of the absorption maximum. While for the poly-
mers owning long conjugated block (higher weight frac-
tion), vesicles with H-aggregation of rod blocks are
formed, a significant blue shift of 105 nm occurs. Thus, the
length of conjugated segment in the copolymers has an
important influence on the optical properties of the
assemblies.

In our previous report, AIEE system was achieved by the
micellization of the block copolymer polystyrene-block-
sulfonated poly(1,3-cyclohexadiene) (PS-b-sPCHD) [71].
Fluorescence spectroscopy studies suggest that the optical
properties of the copolymer aqueous solution change sub-
stantially in the micellization process due to the facilita-
tion of J-aggregation of the p-electron chromophores in
sPCHD blocks. As shown in Fig. 9a, at lower concentrations,
two peaks named bands 1 and 2 can be observed in the
fluorescence excitation spectrum. The band 2 centered at
297 nm is taken as that of isolated chromophores. When
the polymer concentration is increased, the micellization
takes place. The hydrophobic PS blocks form the core and
the hydrophilic sPCHD blocks form the corona of the
micelles. Since sPCHD polymers are semirigid, they can
align paralleled with each other within the corona, as sche-
matically shown in Fig. 9b. As a result, the J-aggregation is
significantly facilitated, giving rise to an intense band 1 of
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the aggregates. Meanwhile, the band 1 shifts to longer
wavelengths and its intensity is increased with the
increase of the concentration, which is derived from the
facilitated J-aggregation due to the increased order of
sPCHD block alignment in compact spherical micelles.

In addition to the aggregation type, the aggregation-
induced planarization and specific intermolecular interac-
tions can also dramatically enhance emission upon aggre-
gation due to the formation of the AIEE system [72,73].
Wu et al. synthesized a copolymer comprising a hydro-
philic PEO block and a hydrophobic block of the AIEE-
active 2-(1,2,3,4,5-pentaphenyl-1H-silol-1-yloxy)ethyl
methacrylate [74]. Intense fluorescence was observed from
micelles with emission peak at 503 nm when excited by
the irradiation at 383 nm, while the polymer solutions in
THF showed almost no emission. The quantum yields of
the AIEE-active copolymer in mixed solvent (THF/water:
v/v = 1:9) are as high as 13.8%. These AIEE properties are
attributed to the confinement of optical materials in the
hydrophobic cores of micelles, which restricts intramolec-
ular rotation and shields AIEE moieties from interacting
with polar solvent molecules.

3.1.2. Stimuli-responsive emission change
Due to the complex formation process of aggregation-

induced emission change, the emission properties of self-
assemblies can response to environmental stimuli, includ-
ing solvent, pH, and temperature, which modulate inter-
molecular interactions. Furthermore, through combining
with a stimuli-responsive segment, stimuli-responsive
copolymer with optical functions is generated. Thus, addi-
tional stimuli-responsive emission change properties can
be produced from the aggregates self-assembled from
these copolymers [75–78].

Hong et al. prepared an amphiphilic copolymer com-
posed of two hydrophilic poly(N-isopropylacylamide)
(PNIPAM) block linked by an AIEE-active hydrophobic tet-
raphenylthiophene (TP) segment with ion bonds [78].
Dilute solution of ionic TP–PNIPAM in water is nonemis-
sive. However, in the ethanol solvent, the solution exerts
appreciable emission intensity due to the formation of
Fig. 10. Atomic force microscopy (AFM) images of PF-b-PDMAEMA aggregates in
PL spectra of copolymer in 0–100 wt% water/THF solution; (d) PL spectra of aggr
from [56]).
aggregated TP core of the micelles. If one changes the
self-assembly conditions, such as the solvent environ-
ments, variations of optical properties can be observed.
For example, addition of acetone can result in the shrink-
age of micelles that shields the hydrophobic TPs from the
acetone nonsolvent. Thus, molecular rotations of the TP
luminogens are increasingly restricted in the shrunk core
and increased fluorescence emission intensity is observed.
In addition, when heating above the lower critical solution
temperature of PNIPAM, the contracted PNIPAM chains in
the shell of micelles led to a more compact TP core, result-
ing in an emission intensification due to the enhanced
restriction on molecular rotation.

Chen et al. synthesized poly(2,7-(9,9-dihexylfluorene))-
block-poly(2-(dimethylamino)ethyl methacrylate) (PF-b-
PDMAEMA) rod–coil copolymers [56]. PDMAEMA is served
as a typical smart polymer which can response to both pH
and temperature. As shown in Fig. 10a and b, the assem-
blies in water show reversible structure transformation
between cylinder-bundles and spherical micelles over a
heating–cooling cycle of 25–75 �C. Upon aggregation, a
blue shift in the absorption maximum as well as dramatic
fluorescence quenching are generated (see Fig. 10c), which
due to the H-aggregation formed by parallel orientation of
PF segments. In addition, photoluminescence (PL) intensity
of the self-assemblies highly depends on environmental
temperature, as shown in Fig. 10d. The PL intensity is
reduced upon increasing temperature, and can be recov-
ered by decreasing temperature. This thermo-responsive
behavior can be attributed to the reversible formation of
the intramolecular hydrogen bonds in PDMAEMA chains.
Besides, the pH-responsive fluorescence intensity is
switched from ‘‘off–on’’ to ‘‘on–off’’ profiles as the temper-
ature is increased, which can be attributed to the temper-
ature-induced dissolution state transition of the
copolymers. This study suggests that the self-assemblies
owning stimuli-responsive emission change properties
are potential multifunctional sensory materials.

Through tuning chemical structure and self-assembly
behavior of polymers, high quantum yields can be
achieved in aggregates taking advantage of AIEE effect. In
water at the temperature of (a) 25 �C, (b) 75 �C; (c) optical absorption and
egate aqueous solution in the heating process. (Adapted with permission
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addition, self-assemblies with stimuli-responsive emission
change properties can also be constructed, conferring var-
ious applications in the area of smart materials. Further
advancement in the multi-modality sensing systems and
the combination with other medication processes such as
controllable and targeted release could widen their appli-
cations including clinical diagnosis and therapeutic treat-
ment. In addition to emission change, absorption and
color change are also generated during the self-assembly
process, which can be applied to construct chemosensors
in vitro. Moreover, nonlinear optical (NLO) property is get-
ting attention for its potential applications as optical com-
puters and optical switches for ultrafast optical
communications [79,80]. Two-photon absorption (2PA) is
a typical nonlinear optical property that two photons are
simultaneously absorbed to promote a molecule to the
excited state by doubling the excitation energy. Introduc-
ing 2PA property to self-assembly system may find a vari-
ety of biomedical usages such as photodynamic therapy
and drug delivery [36,81].

3.2. Photo-responsive properties

The stimuli-responsive property is defined as the ability
of the system undergoing sharp responses to chemical
changes or environmental changes such as pH, tempera-
ture, light, and redox [82–85]. Among the available stimu-
lis, light has attracted special attention since it can be
localized in time and space, and triggered from outside of
the system [86]. Photo-responsive properties are always
related to the photophysical configuration transformation
of various photochromic moieties, as well as the
photochemical reactions such as photo-crosslink and
photo-degradation [87]. The incorporation of photo-
responsive groups into polymers confers these properties
Fig. 11. Typical TEM and scanning electron microscope (SEM) images of aggreg
images at 0.05 g L�1 after irradiation for 2 h; (d, e) TEM and SEM images at 1 g
(Adapted with permission from [45]).
to the self-assembled aggregates. As a result, unique
photo-responsive properties related to the self-assembled
structures can be developed.

3.2.1. Photo-induced deformation of aggregate shape
So far lots of photo-induced shape deformation phe-

nomena have been reported for aggregates constructed
from amphiphilic azobenzene-containing copolymers
[88–92]. Wang et al. prepared micelles by a copolymer
composed of hydrophilic PEO block and hydrophobic acry-
late-based block bearing azobenzene chromophores [93].
Upon irradiation by the incident linearly polarized light
(LPL) for various time periods, these micelles were
observed to be significantly elongated along the light
polarization direction. In our recent work, the universality
of this LPL-induced deformation approach is demonstrated
and the deformation mechanism is attributed to photo-
induced cooperative motion in molecule scale as well as
photo-fluidization effect in microscale [19].

In another work of our group, the photo-induced defor-
mation was observed for both vesicles and compound ves-
icles constructed from ABC2 type azobenzene-containing
copolymers [45]. As shown in Fig. 11, upon irradiation by
LPL for 2 h, shape deformation from spheres to spindles
was observed for all of the aggregates with elongation
along the polarized direction. However, the morphology
of aggregates have a great influence on the deformation
degree. At higher initial concentration, the polymers self-
assemble into large compound vesicles (see Fig. 9d and
e). Compared with the nano-sized vesicles (see Fig. 9a
and b) formed at lower concentration, these compound
vesicles suffer a much significant elongation with an axial
ratio up to 5.6. From this example, we learn that morphol-
ogy of aggregates such as vesicles and compound vesicles
can be manipulated by self-assembly process. Such
ates. (a, b) TEM and SEM images at 0.05 g L�1 before irradiation; (c) SEM
L�1 before irradiation; (c) SEM images at 1 L�1 after irradiation for 2 h.



Fig. 12. SEM images of aggregates coassembled from a mixture containing various percentage of homopolymers and corresponding plots of the trans–cis
photo-isomerization: (a) no homopolymers; (b) 30 wt% homo-PMMAZO; (c) 70 wt% homo-PMMAZO; (d) 70 wt% homo-PS. (e) Plots of the first-order trans–
cis photo-isomerization of pure micelles and hybrid micelles. (Adapted with permission from [47]).
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changes in micro-structure can generate different optical
properties. In other words, the optical properties can be
controlled by self-assembly process.

We also investigated the deformation behaviors of co-
assembled micelles [47]. Spherical micelles are prepared
from the azobenzene-containing triblock copolymers. As
shown in Fig. 12, the addition of PS homopolymers or
poly(6-(4-methoxy-40-oxy-azobenzene) hexyl methacry-
late) (PMMAZO) homopolymers can not only increase the
aggregate sizes but also significantly influence the
photo-responsive behavior of the micelles. The photo-
isomerization rate (ln(A1 � At)/(A1 � A0)) of azobenzene
chromophores increases when PS homopolymers are
incorporated into micelles; while with the addition of
PMMAZO homopolymers, it decreases (see Fig. 12e). In
addition, the photo-induced deformation degree is
increased with the weight fraction of azobenzene groups
in the parent copolymers, as well as the PMMAZO content
for the co-assembled micelles. These results can enrich our
existing self-assembly knowledge of mixture polymers and
their photo-responsive properties and provide useful infor-
mation for design of photo devices [94].

3.2.2. Photo-induced transformation of aggregate structure
Various polymers with photo-responsive groups can be

used for designing light sensitive self-assemblies [95]. In
some cases, the self-assemblies can undergo dissociation
upon irradiation at a specific wavelength light. Photochro-
mic polymers with spiropyran or azobenzene chromoph-
ores have been used to achieve structure transformation
upon illumination with UV/Vis or near infrared (NIR) light
[96]. Zhao et al. synthesized a block copolymer composed
of a hydrophilic block of poly (acrylic acid) (PAA) and a
hydrophobic azobenzene polymethacrylate block [97].
The self-assembled micelles can be disrupted and
reformed in solution upon alternating UV and visible light
irradiation as a result of the reversible trans–cis photo-
isomerization of azobenzene groups in the core-forming
hydrophobic block. In details, under UV light, the trans–
cis isomerization induces order-to-disorder transition of
chain packing of the azobenzene polymethacrylate blocks.
The micelles are therefore mechanically unstable and then
can be disrupted. However, azobenzene groups can regain
the elongated trans isomer and the micelles are reformed
under subsequent visible light.

Subsequently, Zhao et al. demonstrated a general, effec-
tive, and robust approach that allows polymer micelles to
be disrupted by light. This method is achieved by incorpo-
rating photolabile chromophore onto the hydrophobic
blocks which form the micelle core [98]. As shown in
Fig. 13, upon UV light irradiation, the breakage of chemical
bonds detach the chromophores and change the hydropho-
bic block to hydrophilic block, which leads to a thermody-
namically unbalanced state and then disintegrates
polymer micelles. This general strategy can readily be
applied to many chromophores.

Another unique feature named photo-induced fusion
was observed for vesicles self-assembled from azoben-
zene-containing copolymers [99–103]. Zhang et al. pre-
pared polymer vesicles through self-assembly of an
amphiphilic diblock copolymer composed of poly(N-iso-
propyl acrylamide) and polyacrylate with azobenzene pen-
dant on the side-chains [100]. The vesicles can be observed
directly under an optical microscope due to the giant
micron scale. Upon irradiation of light at 365 nm, the
real-time fusion processes are presented. Fusion of the ves-
icles is attributed to the thermodynamical instability
caused by the configuration conversion of azobenzene
groups during the photo-induced trans–cis isomerization.
After fusion, the vesicles even enlarge to be about five
times of their original size. This fusion system would be
excellent model membranes for mimicking the dynamic
and structural features of cellular processes, and disclosing
the related mechanisms.



Fig. 13. (a) Schematic illustration of light-induced detachment of fluorescent pendant groups resulting in the hydrophobic-to-hydrophilic switch. (b)
Chemical structure of the pyrene-containing amphiphilic diblock copolymer and its photosolvolysis under UV light irradiation. (Adapted with permission
from [98]).
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In short, numbers of research examples have demon-
strated that the utilization of photo-responsive polymer to
form self-assemblies is an excellent method to noninvasive-
ly manipulate the structure and function of aggregates
[104]. Indeed, photo-processes usually start or stop when
the light is switched on or off and they do not require partic-
ular reagents limiting byproducts. Moreover, a lot of param-
eters such as the intensity and the wavelength of light can be
adjusted during the reaction time that enables good control
over the reaction [19]. In other words, light signals can be
directly translated to practical behaviors of self-assemblies
including deformation, dissociation and fusion by a control-
lable photo-responsive process in self-assemblies. This light
conversion process provides an approach for designing
micro optical devices such as biomedical sensors. Non-con-
tact and controllable release of loaded species in biocompat-
ible aggregates is therefore accessible in vivo. The
convenient light-control approach opens a door to practical
usages, especially suitable for biomedical applications.

4. Applications of self-assemblies with optical functions

For self-assemblies formed by polymers with optical
groups, unique optical properties can be generated in
self-assembly process. These assemblies are applicable
both in vivo and in vitro with great advantages including
high emission intensity, hypersensitive and non-contact
manipulation [9,105,106]. Representative applications of
these self-assemblies, including controlled release, bioi-
maging, and optical sensors are featured below.

4.1. Controllable release of loaded species

Recently, polymeric self-assemblies have attracted
much attention for their applications in the controllable
release [107–109]. Growing interests in using light to
remotely trigger the release of loaded species in polymeric
aggregates are developed as light allows for spatiotempo-
ral control of the polymer response in a precise and robust
manner [110,111]. By incorporating appropriate photo-
responsive moieties into polymers which form the self-
assemblies, photochemical reactions such as trans–cis
isomerization, molecular dimerization, and bond cleavage
can lead to micellar disruption or changes of encapsulation
capabilities, triggering the release process.

Based on the mechanism of photo-induced structure
transformation, several approaches have been proposed
for controlling the release of loaded species [112]. Photo-
induced disruption of micelles or vesicles is an efficient
method for the purpose of controllable release. Con-
structed by self-assembly of photo-cleavable polymers,
aggregates can be disrupted upon irradiation with light,
accompanied by the release of encapsulated target species.
For instance, hydrophobic Nile Red (NR) is loaded in the
core of micelles self-assembled from an amphiphilic ABA
triblock copolymer, where the end block A is PEO and the
middle block B is a hydrophobic polyurethane containing
photo-cleavage nitrobenzyl group (PUNB) [113]. Upon a
short time irradiation of 10 s, the emission intensity of
NR loaded micelles drops to 30% by the fast photo-induced
dissociation of core-forming PUNB blocks. Irradiating for
additional 50 s can release the most loaded NR. Therefore,
controllable and rapid release of loaded NR in aqueous
solution is achieved.

Another approach allowing for photo-induced disrup-
tion of self-assemblies is incorporating photochromic
groups onto the hydrophobic block. The photochromic
reaction can increase the polarity of the block and thus
shifts the hydrophilic-hydrophobic balance which renders



Fig. 14. (a) Schematic representation of a polymer vesicle; (b) emission spectra of the NR encapsulated micelles recorded for various irradiation time;
fluorescence microscopy images of the water suspension of loaded vesicles before (c) and after (d) irradiation for 5 min. The length of the scale bar
corresponds to 5 lm. (Adapted with permission from [114]).
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the association of polymer chains to thermodynamically
unstable state. Oriol et al. prepared a series of photochro-
mic azobenzene-containing polymers for the study of
photo-induced controllable release [114,115]. Representa-
tive example is the synthesis of miktoarm star polymer
composed of a hydrophobic azobenzene-containing block
and three hydrophilic PEO arms. This photochromic poly-
mer forms stable polymeric vesicles in water, as schemat-
ically shown in Fig. 14a [114]. Firstly, NR is encapsulated in
the vesicles to follow the reversible release and encapsula-
tion process. Dramatical decrease of the NR fluorescence
intensity was observed upon irradiation for 10 min (see
Fig. 14b), indicating most NR are released from the mem-
brane of vesicles to the aqueous solution due to the
increase of polarity and shrinkage of vesicles. After subse-
quent 24 h in dark, the emission intensity almost recovers
to its initial value for the re-encapsulation of the fluores-
cent probes. Secondly, Rhodamine B (RhB) is loaded in
the vesicles to visualize the release process. As shown in
Fig. 14c and d, after irradiation for 5 min, fluorescent dots
are still visible by fluorescence microscopy. However, a
fluorescent background can be observed, indicating large
numbers of RhB are released from the interior of the vesi-
cles to the aqueous solution.

The employment of photo-crosslinking is also a promis-
ing method. The introduction of these photosensitive moi-
eties can regulate a reversible crosslinking process of the
micelle cores or shells with light and tune the stability of
the polymer nanostructure on demand. Through reversible
dimerization of coumarin moieties incorporated in block
copolymers, micelles can be cross-linked and subsequently
photocleaved by light illumination at two different wave-
lengths [29]. For example, Jiang et al. prepared NR-loaded
micelles, and investigated the effect of photo-crosslinking
on the release of NR from the hydrophobic core of micelles
[30]. Core crosslinking slows down the release of loaded
NR from the micelles, however, the rate of release can be
increased by the following photo-cleavage. The results
indicate that the release of loaded NR in micelle cores
can be controlled by this reversible crosslinking-cleavage
process.

The above examples clearly demonstrate that the use of
light as a stimulus is particularly attractive for controllable
release applications. But for biomedical practical applica-
tions in vivo, irradiation of short wavelength suffers high
skin absorption and is detrimental to healthy cells.
Longer-wavelength near-infrared light is more suitable
for this purpose because it is less detrimental to healthy
cells and has greater penetration depths (millimeters to
centimeters) [116]. However, the photoreactions activated
by 2PA effect of NIR light are generally slow and inefficient
due to the typically low two-photon-absorbing cross sec-
tions of the chromophores. Moreover, the simultaneous
absorption of two photons necessitates high laser power
density and thus requires the use of a femtosecond pulse
laser [117,118].

To surmount this obstacle, an appealing alternative has
emerged for using NIR light based on lanthanide doped
upconverting nanoparticles (UCNPs) [119,120]. UCNPs
absorb NIR light and convert it to higher-energy photons
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in the UV, visible, and NIR regions. In contrast to 2PA effect,
the excitation of UCNPs by NIR light requires much lower
power density [121]. Zhao et al. demonstrated this novel
strategy based on NIR light-triggered dissociation of poly-
meric self-assemblies by taking advantage of UCNPs
[122]. This strategy is very general and can be applied
not only to self-assemblies but also to many other photo-
sensitive polymeric materials of which the potential for
applications is limited due to the wavelength issue.

Recent studies have led to significant progress in terms
of the ability using light to control the release of loaded
species in the nanocontainers formed by self-assembly
[123]. Several strategies have been proposed to prepare
various self-assembled aggregates aimed for photo-con-
trollable release of loaded species. Benefiting from the
photo-induced structure transformation which is non-
contact and precisely controllable, these strategies are
expected to be used in drug delivery in vivo [108]. How-
ever, the applicable wavelength region limits the practical
usage of short wavelength light including UV and visible
light. In addition, inaccessible 2PA of NIR light is an obsta-
cle for practical applications of self-assemblies. Thus,
researches toward novel mechanisms and new chemistries
are needed. For instance, red light triggered producing of
singlet oxygen and the following oxidation of selenium-
containing polymers can surmount the obstacle of neces-
sary short wavelength light and 2PA effect [124].
Fig. 15. Confocal laser scanning microscopy (CLSM) images stained by fluorescen
images of MCF-7 cells, and (c) fluorescence and (d) fluorescence/transmission ov
4.2. Bioimaging

Bioimaging has become a powerful tool in biological
researches recently, because it offers a unique approach
to visualize the morphological details of cells and tissues
in vivo [125]. Self-assemblies owning optical properties
are particularly suitable for bioimaging, as the encapsu-
lated fluorescent probes are safe and sensitive [126,127].
However, most luminescent polymers undergo the well-
known AIQ effect during the self-assembly process, which
greatly limits the technological applications. To evading
this obstacle, attempts to use the AIEE materials for bioi-
maging have been reported [128]. These fluorescent struc-
tures can be simply formed through self-assembly of
polymers with fluorescent conjugated segments or poly-
mers bearing AIEE-active molecules.

Liu et al. synthesized a PEG grafted conjugated polyelec-
trolyte (CPE) copolymer. And the copolymer was further
modified with folic acid (FA) to form a cellular probe for
targeted fluorescence cell imaging [129]. Uniform micelles
with compact CPE cores and outer PEO shells are formed in
aqueous solution. High intense emission at the range of
NIR is achieved although the CPE is low-emissive. This is
attributed to the dense PEO grafting chains in micelle
shells which provide a hydrophobic microenvironment
for the conjugated backbones against water invasion and
inhibit the formation of low-emissive defects by p–p
t micelles: (a) fluorescence and (b) fluorescence/transmission overlapped
erlapped images of NIH-3T3 cells. (Adapted with permission from [129]).



Fig. 16. CLSM images: (a–c) control: BCap37 cells, nuclei are stained with 40 ,6-diamidino-2-phenylindole; (d–e) BCap37 cells incubated with the micelles.
Scale bars: 20 lm. (Adapted with permission from [131]).
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stacking. Subsequently, breast cancer cells (MCF-7) and
fibroblast normal cells (NIH-3T3) were tested in order to
demonstrate the utility of fluorescent micelles in targeted
cancer cell imaging. As shown in Fig. 15, strong fluores-
cence from the cellular cytoplasm was observed for MCF-
7 cells while weak fluorescence with small staining area
was observed for NIH-3T3 cells. This unique cell discrimi-
nation capability is derived from the FA groups which
can be internalized by specific cancer cells based on recep-
tor-mediated endocytosis. These results suggest that the
micelles can behave as effective macromolecular probes
for NIR targeted cancer cell imaging with good cellular
specificity and high fluorescence contrast.

Tetraphenylethene (TPE) moieties possess attractive
AIEE property [130]. Tang et al. found an amphiphilic
copolymer bearing TPE moieties could self-assemble into
size-tunable micelles with the hydrophobic moieties in
the inner cores in DMF/H2O mixtures [131]. The copolymer
is virtually nonluminescent when molecularly dissolved in
its good solvents but emits intensely when aggregated. The
emissive micelles are nearly nontoxic to BCap37 cells and
display great potential in bioimaging. As shown in
Fig. 16, these micelles are suitable for cellular uptake with-
out taking significant morphological change to BCap37
cells. The green emission particles can be accumulated in
the cytosol rather than the nucleus and display distin-
guishable images of the cytosol and nucleus in cells. There-
fore, this approach of constructing aggregates by the self-
assembly of optical polymers bearing AIEE groups provides
simple FL probes for bioimaging [132].

The self-assembly strategy has been proved to be sim-
ple and effective in transforming fluorescent molecules
into aqueous media for various biological applications
[15]. By encapsulating fluorescent groups into hydrophobic
cores, high density of fluorescent groups as well as
enhanced environmental stability are achieved. Recent
advances of AIEE materials show great potential in con-
structing highly fluorescent aggregates taking advantage
of the aggregation process. Thus, biocompatible self-
assemblies with enhanced emission or fluorescence which
are suitable for bioimaging can be obtained. In addition,
molecules with specific recognition property can be
anchored in copolymers to self-assemble into fluorescent
aggregates which are applicable in the field of cell and tis-
sue imaging with the advantages of extreme sensitivity
and precise detection. Various signal amplification strate-
gies, such as fluorescence resonance energy transfer (FRET)
and metal-enhanced fluorescence, could be used to
improve the brightness for fluorescence imaging further
[133,134]. Much more smart fluorescent probes with prac-
tical usages based on polymeric aggregates would be
developed to satisfy the requirements of selective and spe-
cific bioimaging in the future.

4.3. Optical sensors

The development of optical sensors for the detection of
environmental and biological relevant species is currently
of great interests due to their facile usage in solutions as
well as their high sensitivity and selectivity for target spe-
cies [135,136]. Traditional approaches for the design of
new optical chemosensors or improvement of existing sen-
sor systems are based on modification of dyes, which is
time-consuming and costly. By simply encapsulating opti-
cal active species inside polymeric self-assemblies,
enhancement of the sensing ability is generated [137]. This
phenomenon can be attributed to significant enhanced
communication between the encapsulated active compo-
nent, which is significantly different from the properties
of the individual components.

Both colorimetric and fluorescent properties are effec-
tive in the construction of optical sensors. For example,
Liu et al. reported a dual fluorescent and colorimetric
chemosensor for Fe3+ ions based on an amphiphilic



Fig. 17. Proposed ring-opening mechanism in the presence of Fe3+ (a) and a schematic illustration of the formation of the micelle and the Fe3+ sensing of the
micelle in aqueous solution (b). (Adapted with permission from [138]).
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random copolymer [138]. The copolymer composed of
hydrophilic N-vinylpyrrolidone and hydrophobic rhoda-
mine-based monomer R6GEM can self-assemble into
micelles, which allow to be used as a chemosensor in aque-
ous solution. As shown in Fig. 17, the Fe3+-recognizing
R6GEM is colorless and under non-fluorescent ground
state. Upon the addition of Fe3+ ions, the spirolactam moi-
ety of the rhodamine group opens, resulting in appearance
of a pink color and an orange fluorescence.

For the self-assembled fluorescent sensors, both recep-
tors and hydrophobic fluorophores confined within the
nano-sized aggregates are necessary. When analytes bind
to the receptors, the proximity of the analytes to the fluo-
rophore units result in the change of fluorescence, enabling
optical detection of the analytes [137]. Recently, Huang
et al. prepared a fluorescent conjugated polymer composed
of poly(9,9-dioctylfluorene) (PFO) and poly(2,7-(9,9-
dihexylfluorene)-alt-4,40-phenylether) (PF-PE) as the fluo-
rescence group [139]. Through cooperative self-assembling
with the commercially available block copolymer F127, the
formed fluorescent aggregates are easily dispersed in
water. Obvious emission quench can be obtained when
5 lM of Sudan I is added and the PL of micelles can be com-
pletely quenched with the addition of 13.58 lM Sudan I.
However, addition of other species such as capsanthin
and b-carotene only slightly quenches the fluorescence of
micelle aqueous solutions. Therefore, significantly
enhanced sensitivity of the micelles is established toward
trace amounts of Sudan I. The photochemical mechanism
of amplified fluorescence quenching is revealed to be the
charge transfer between copolymers and analytes as well
as the enriching and collecting effect of aggregated
structures.

Optical sensors formed by self-assembly possess prom-
ising prospect for biosensor applications [140,141]. Firstly,
fluorescent moieties can be encapsulated in the aggregates,
avoiding the incidental biotoxicity. Secondly, the biocom-
patible assemblies are much easier for the cellular uptake
as an intracellular biosensor. In addition, self-assemblies
owning fluorescence in range of NIR can significantly
improve the penetrability in the active tissues [142]. For
example, Madsen et al. prepared a diblock copolymer
poly(2-(methacryloyloxy)ethyl phosphorylcholine-block-
2-(diisopropylamino)ethyl methacrylate) (PMPC-b-PDPA)
to construct biosensor aggregates. The biomimetic PMPC
block is known to facilitate rapid cell uptake for a wide
range of cell lines, while the PDPA block composed of
pH-responsive component enables facile self-assembly in
aqueous solution [143]. Modified or unmodified Nile blue
labels are then incorporated into the block copolymers to
produce highly versatile dual capability probes. As shown
in Fig. 18, copolymer chains are dissociative for the both
protonated PDPA block and Nile Blue at lower pH. At
higher pH between 5 and 6, deprotonation of the modified
Nile Blue occurs, thus the copolymers exhibit a shift in
both absorption and emission. While at physiological pH,
all copolymers can self-assemble into biocompatible vesi-
cles due to the deprotonated and hydrophobic PDPA
blocks. These vesicles exhibit variable fluorescence emis-
sion depending on their environmental pH. When exposed
to multicellular tumor spheroids (MCTS), these vesicles are
dissociated and colorimetrically stain the interstitial tissue
due to the lower pH. However, the vesicles can remain
unchanged at around physiological pH in non-hypoxic tis-
sue and be rapidly uptaken by many cell lines to monitor
intracellular compartments. Therefore, the self-assemblies
can be utilized for imaging pH gradients within live tumor
models and probing intracellular microenvironments.

Recently, chemosensors and biosensors are becoming
highly demanded, facilitating opportunities to develop
new techniques for the determination of target species
presented in environmental and biological systems. Optical
sensors have proven to be cost-effective devices and
enable rather sophisticated multisensory functions. Optical
sensors based on self-assemblies are becoming very popu-
lar due to their facile utilization in solution and their low
requirement of preparation. For the progress of chemosen-
sors, multiplexing detection capabilities for metal ions and
environmental pollutants with usability both in solution
and dry state are necessary. The properties in relation to



Fig. 18. Schematic representation of the basic principle for using Nile Blue-labeled copolymer vesicles as pH-sensitive probes at molecular, subcellular and
tissue level, respectively. (Adapted with permission from [143]).
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reproducibility and long-term stability of self-assemblies
should be considered [14]. While for biosensors, higher
selectivity and more pertinent detection are better, devis-
ing rationally designed polymeric receptors encapsulated
in aggregates that have specificity toward a target analyte
is essential [144].
5. Summary and outlook

So far lots of polymers owning optical functions have
been applied to construct self-assembled aggregates. By
the simple self-assembly process, polymeric aggregates
owning various structures and optical properties are
obtained. Optical properties of the aggregates are derived
from the unique structures of polymers or the optical mol-
ecules anchored on the polymer chains. Significant varia-
tion in the emission and fluorescence properties of
aggregates can be generated which is derived from the
unique aggregation-induced packing type of conjugated
polymer segments as well as the special enhanced inter-
molecular interactions. These aggregation-induced optical
properties can be affected by environmental stimuli dra-
matically. In addition, the aggregates with photo-respon-
sive properties can perceive light stimuli and change
their structures accordingly. These enhanced optical prop-
erties by aggregation of polymers confer enormous advan-
tages for practical usages, such as in biomedicine area and
environmental detection.

When focused on aggregation-induced optical proper-
ties, AIEE is a property taking advantage of both the optical
property and aggregated structure. Benefitting from AIEE
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effect, self-assemblies with enhanced emission and stim-
uli-responsive properties are useful for optical imaging
and optical sensors. Furthermore, the fluorescence intense
of aggregates can be improved by combining with other
signal amplification strategies including fluorescence reso-
nance energy transfer and metal-enhanced fluorescence.
2PA effect is a promising nonlinear optical property that
can be applied to biomedical applications. However, ineffi-
cient photoreactions activated by 2PA effect of NIR light
and the requirement of femtosecond pulse laser limit its
practical application. In the near future, how to promote
the usage of 2PA effect is needed to be addressed.

For aggregates with photo-responsive functions, how-
ever, their responsive mechanisms are not well addressed
so far. This is challenging because the interrelated events
on the molecular level should be investigated simulta-
neously. Besides, main photochromic fluorescent groups
considered for the development and design of photo-
responsive systems are confined to such species as azo-
benzenes, spiropyrans and diarylethenes. Efforts should
be aimed at making further improvements to these avail-
able photo-responsive units with elaborate mechanical
motions and large polarity. In addition, achieving multi-
functional photo-responsive system is another promising
research field. For instance, rapid response structure trans-
formation can be achieved by combined utilization of multi
photo-responsive properties such as large polarity change
and photo-crosslinking. Moreover, combining light with
other stimuli including pH and temperature offers possibil-
ities to construct self-assemblies with high targeted sensi-
tivity which can be widely applicable for complex
conditions.

It should be noted that the optical properties of self-
assemblies are significantly influenced by the morphology
of aggregates. Since aggregate structures can be manipu-
lated in self-assembly, it is a very appealing method to con-
trol over the final optical properties by tuning the self-
assembly process. For instance, changing self-assembling
temperature and initial concentration can manipulate the
aggregate structure. Variation of the structures gives rise
to different final optical properties. Thus, controllable opti-
cal properties are obtained.

Compared with aggregates in bulk, self-assemblies in
solution have exceptional advantages for their applications
in vivo due to their usability in aqueous solution. Promis-
ing applications such as photodynamic therapy have been
proposed based on self-assemblies with optical properties
[145]. In spite of this, many factors should be considered in
practices. The biocompatibility and biotoxicity of these
aggregates should be first evaluated. Although most aggre-
gates are steady in suspension for several months even
years, their stability in complex condition in vivo is not
well known. An interesting option for improving the bio-
compatibility of self-assemblies may involve the use of
self-destructive components owning optical properties,
which could be degraded into unharmful products after
the accomplishment of their purpose in vivo. In addition,
the applicable wavelength region in biological tissue raises
the requirement of enhanced optical property in the NIR
region. Researches toward novel strategies of structure
transformation are still needed to overcome the obstacle.
Moreover, the ability of high sensibility and targeted per-
formance to the given species is necessary. Polymeric
aggregates should be well-designed to meet the demands
such as long circulation stabilization, low cytotoxicity, tar-
geting and accumulating in tissues or cells.

Limited to the scope of this article, the hydrophobic and
hydrophilic effects are mainly considered for the self-
assembly behaviors. Other noncovalent interactions such
as hydrogen bonds, p–p stacking and metal–ligand coordi-
nation can also be applied to construct self-assemblies.
Combining use of these interactions would produce elabo-
rate aggregate structure, along with enhanced photo-
switchable optical properties and novel practical usages.
The aggregates with multifarious optical properties gener-
ated from self-assembly of polymers would have more
promising applications in the future.
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