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ABSTRACT: Fluorescent bioprobes are powerful analytical tools
for studying biological activities in living systems. Fluorogens
with aggregation-induced emission (AIE) characteristics have
recently emerged as a new class of fluorescent bioprobes for
biosensing and cell imaging. As discovered by Tang, AIE fluor-
ogens are nearly nonemissive in molecular states with their
intermolecular rotations being not restricted whereas their fluo-
rescence is turned on by binding with certain biomolecules,
leading to highly selective turn-on fluorescent probes for spe-
cific biomolecules and fluorescent cell imaging with a high
signal-to-background noise ratio. By introducing the AIE char-
acteristics into polymeric materials, AIE polymers could

INTRODUCTION Fluorescence emissions from conventional
fluorophores are usually weakened or even quenched by
aggregation at high concentrations;' known as concentration
quenching or aggregation caused quenching (ACQ). For
instance, N,N-dicyclohexyl-1,7-dibromo-3,4,9,10-perylenete-
tracarboxylic diimide (DDPD), a well-known fluorophore, in
tetrahydrofuran (THF, a good solvent for DDPD) at a low
concentration (10 pM) emits bright fluorescence under UV
irradiation. In contrast, its fluorescence emission is weak-
ened by adding water (a poor solvent for DDPD) into the
solution and completely quenched when the water content
reaches up to 70 vol % due to aggregation [Fig. 1(a)].>* In
the aggregate state, DDPD molecules stack together via
strong m-m interactions of the constituent perylene rings
[Fig. 1(b)] to facilitate the nonradiative decay of the excited
states, and hence the fluorescence emission quenching. Such
an ACQ effect is ubiquitous, particularly for conventional
luminophores comprised of planar aromatic rings.>®

Fluorescent bioprobes are useful for directly detecting bio-
molecules in vivo and real-time visualizing complex cellular
structures and processes.”® For practical applications, high
selectivity and sensitivity are necessary for fluorescent biop-
robes.? The selectivity is determined mainly by affinity
between the fluorescent bioprobe molecule and analyte
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possess a good solubility and biocompatibility, excellent struc-
tural diversity, and ease for functionalization useful for efficient
biosensing and cell imaging. Herein, we highlight a few recently
published articles on small and macromolecular AIE molecules
to provide a fundamental understanding of the AIE mechanism
and illustrate the working principle for AIE based biosensing
and cell imaging. © 2017 Wiley Periodicals, Inc. J. Polym. Sci.,
Part A: Polym. Chem. 2017, 55, 653-659
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while the sensitivity depends strongly on the fluorescence
brightness of the probe before and after its binding to an
analyte.2 Because of the ACQ effect, conventional fluorescent
probes have to be used as isolated molecules at a low con-
centration in a fluorescence turn-off mode.>>> However, fluo-
rescence emissions from dilute solutions are usually weak,
leading to a poor sensitivity, and the use of a small amount
of the probe molecules can easily cause photobleaching by a
strong laser excitation. Furthermore, ACQ effect is even
applicable to dilute solutions as small fluorescent molecules
could accumulate to greatly increase the local concentration
of the fluorescent probes to aggregate.>>° To mitigate lumi-
nogen aggregation, various chemical and physical approaches
have been developed with limited success.®

In 2001, Ben Zhong Tang’s group found that some silole
derivatives exhibited weak or no fluorescence in a molecular-
ly dissolved state, but emitted intense fluorescence once
aggregated [Fig. 1(c)], leading to the discovery of the
“aggregation-induced emission” (AIE).® The AIE effect was
attributed to the restriction of intramolecular rotation
(RIR).® As schematically shown in Figure 1(d) for hexaphe-
nylsilole (HPS), fluorescent molecules with AIE characteris-
tics usually have a propeller-shaped structure with rotating
units (e.g. phenyl rings).3 In a dilute solution, the fast motion

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2017, 55, 653-659

653



654

HIGHLIGHT

Liang Huang obtained his BS from Beijing University of Chemical Technology in 2011,
and his PhD from Tsinghua University in 2016. He is currently a postdoctoral research
associate in Professor Liming Dai’s group at Case Western Reserve University. His current
interests are the fabrication of graphene-based membranes and their

research
applications.

Liming Dai is Kent Hale Smith Professor at Case Western Reserve University and is also
director of the Center of Advanced Science and Engineering for Carbon (Case4Carbon). He
received a BSc from Zhejiang University in 1983, a PhD from Australian National Universi-
ty in 1991, and did his postdoctoral research at the Cavendish Laboratory in Cambridge.
His research activities cover the synthesis and device fabrication of conjugated polymers
and carbon nanomaterials for energy and bio-related applications.

of the rotating units leads to nonradiative decay of excited
states, and hence nonemissive as molecular species. In con-
trast, the intramolecular motion of the rotating units is
restricted in an aggregate state due to steric hindrance [Fig.
1(d)], opening the radiative pathway to induce bright fluores-
cence emission. So far, a large variety of AIE chromophores,
including tetraphenylethene (TPE), triphenylphosphonium
(TPP), and HPS, with a wide emission wavelengths ranging
from visible to near-IR, have been developed.*>’ Through
modulation of the molecular rigidity, Tang and his coworkers
have even demonstrated inter-transformation between the
AIE and ACQ states for certain dyes. Based on the RIR mech-
anism, Tang et al. have exploited various AIE fluorogens as
turn-on bioprobes for biosensing and bioimaging?>>710
Fluorescence of an AIE fluorogen could be turned on upon
specific interaction with biomolecule(s) in a solution or inside
of a cell, leading to a fluorescence turn-on biosensor. Com-
pared to their fluorescence turn-off counterparts, the AIE-
based turn-on sensors are more sensitive with a faster
response and less false signal as the formation of even a few
emissive aggregates can be readily identified by the naked eye
from the dark background.>'* Another important class of fluo-
rescent sensors with turn-on characteristic are chemical-
reactive probes, which are non-emissive themselves, but could
react with the analytes to yield the corresponding luminogens
with high emission."?

Along with the great success in developing small AIE mole-
cules, considerable progress has also been achieved for the
exploration of AIE polymers."*'* Compared to small mole-
cules, macromolecules possess many advantages, including
numerous possibilities for chemical functionalization and
physicochemical tuning their molecular structure, topology,
and morphology, which otherwise are very difficult, if not
impossible, to be realized with small molecule systems. AIE
polymers can be synthesized by attaching AIE fluorogens
onto polymer backbones or incorporating them as constitu-
ents in the main chains.'®>'® By introducing the AIE
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characteristics into polymeric materials, AIE polymers could
possess a good solubility and biocompatibility, excellent
structural diversity, and ease for functionalization useful for
efficient biosensing and cell imaging.l")’21 While a compre-
hensive review on the construction of AIE polymeric systems
has been recently published by Tang et al,'* their potential
applications for biosensing and cell imaging will be highlight-
ed in appropriate sections of this article.

RESULTS AND DISCUSSION

AIE-Based Fluorescent Biosensing

Water solubility is a prerequisite for fluorescent probes in
biosensors whereas most primary AIE fluorophores are
hydrophobic.>*®?? Thus, research on the AIE-based fluores-
cent biosensing has recently extended to the modification of
AIE dyes with appropriate hydrophilic functional groups.?*?%2
In particular, Tang et al. functionalized HPS with amino
groups, followed by protonization in hydrochloric acid.?*?3
The resultant A2HPS-HCl [Fig. 2(a)] are water-soluble and
nonemissive in a dilute solution. Upon binding to proteins,
DNA or RNA molecules, however, AZHPS-HCl becomes highly
emissive because of the binding-induced restriction of its
phenyl rotors. Therefore, A2ZHPS-HCl can be a promising
turn-on fluorescent probe for biosensing. Like many other
AIE fluorogens, the interactions of A2ZHPS-HCI with biomole-
cules often arise from the nonspecific electrostatic and/or
hydrophobic forces, and hence poor or no selectivity to
many bioanalytes. This has severely hindered practical appli-
cation of AIE fluorogens for biosensing. In this context, Tang
and co-workers used graphene oxide (GO) as a substrate to
significantly enhance the selectivity of AIE fluorescent probes
for certain biomolecules.”® As illustrated in Figure 2(a), the
positively charged A2HPS-HCl could absorb onto GO through
electrostatic and n-n stacking interactions to form a stable
non-emissive complex. Since the interaction of A2HPS-HCl
with dsDNA is stronger than that with GO, the addition of
the dsDNA could cause the release of the adsorbed
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FIGURE 1 Fluorescence photographs of solutions/suspensions of (a) DDPD (10 M) and (c) HPS (20 uM) in THF/water mixtures
with different water contents. (b) Planar fluorescent molecules (e.g. perylene) tend to aggregate like discs stack up due to the
strong n—7 interactions between the aromatic rings. (d) Nonplanar HPS molecules have a propeller-shaped structure, which pre-
vents n—n stacking and promotes RIR effect in aggregate state. Reproduced from Refs. 3 and 4, with permission from The Royal

Society of Chemistry (2009 and 2015).

A2HPS-HCl from the GO substrate, producing the RIR-
induced fluorescence emission by trapping it into the dsDNA
[Fig. 2(a)]. Unlike dsDNA, the interactions of other biomole-
cules (e.g. RNA and BSA) with A2HPS-HCl are not strong
enough to pull the adsorbed A2HPS-HCl away from the GO
substrate. As such, the GO-supported A2HPS-HCI can selec-
tively detect dsDNA [Fig. 2(b)]. The interactions between AIE
molecules and biomolecules can be tuned by simply chang-
ing the molecular structure of the AIE probes, leading to
selective detection of specific biomolecules. Hence, this meth-
odology developed by Tang and coworkers can be regarded
as a general approach to the design and development of AIE-
based biosensors with a high sensitivity and selectivity.>*

The above-mentioned RIR mechanism developed by Tang
et al. for biosensing with small AIE molecules has also been

applied to the development of water soluble AIE polymers
as biosensors.”®> Among them, polyelectrolytes with AIE char-
acteristics are mostly explored.'®'” By taking advantage of
complexation-induced aggregation of a conjugated poly(pyri-
dinium salt), Sun et al. developed a fluorescence turn-on bio-
sensor for detection and quantification of DNA.'®

Subsequently, Wang et al. synthesized a novel AIE polycation
(P(PMVP-co-MVP)) by quaternization of poly(4-vinylpyridine)
(P4VP) with bromomethyl-perylene and methyl iodide [inset
of Fig. 3(b)].” In this polycation, the pyridine moiety acts as
n-conjugated stator and the perylene as n-conjugated rotor.
The cationic P(PMVP-co-MVP) and anionic ssDNA could form
a complex probe for the detection of DNA hybridization [Fig.
3(a)]. Upon adding noncomplementary ssDNA, the fluores-
cence of the complex probe increased due to the AIE effect.

o 4
) 81 N\
] [\ DNA
= 1 'f’ \ BSA
2% / \ R6625
= 1 f' \ Pepsin
= 1 | \ Trypsin
25 ] [ \ R3629
i O / '\ Papain
i | \ Lysozvme
/ \ Blank
E g I \
g f \
IR \
g g / \
S -
z<1 | 9
o | lm—_ S~
400 500 600 700

Wavelength (nm)

FIGURE 2 (a) Schematic illustration of selective detection of dsDNA by A2HPS-HCI with the aid of GO. Reproduced with permis-
sion from Ref. 2, with permission from American Chemical Society (2013). (b) Fluorescence spectra of GO-A2HPS-HCI upon addi-
tion of various biomolecules. Reproduced from Ref. 23, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(2012).
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FIGURE 3 (a) Conceptual illustration of the complex probe formation and label-free DNA detection based on AIE and DNA hybridi-
zation. (b) Fluorescence spectra of the polymer and its complexes with different DNA molecules. P, D1, D2, and Dt stand for
P(PMVP-co-MVP), ssDNA, complementary ssDNA, and noncomplementary ssDNA, respectively. Reproduced from Ref. 17, with

permission from American Chemical Society (2014).

When adding complementary ssDNA, the fluorescence inten-
sity changed little [Fig. 3(b)]. This is because although the
AIE effect caused by the addition of anionic complementary
ssDNA will enhance the fluorescence, the intercalation of
perylene moieties into the duplex could quench some fluo-
rescence.!” As a result, the neat change of fluorescence was
not obvious. This AlE-based strategy for detecting DNA
hybridization points out a valuable direction for the applica-
tion of AIE polymers in bioassays.

AIE-Based Fluorescent Cell Imaging

Fluorescent probes that can selectively illuminate specific
organelle are highly desirable for studying cellular process-
es.2°73% For long time observation of dynamic changes within
living cells, the fluorescent probe used must be photostable
under continuous irradiation of the exciting light>*° To
avoid the ACQ effect, however, conventional fluorescent dyes
for organelle staining need to be used in dilute solutions, in
which the dye molecules are susceptible to photobleaching
by the strong excitation light (vide supra).? In contrast, AIE
fluorogens form nanoaggregates at higher concentrations to
become stronger fluorescent emitter, which has also a better
photostability than individual fluorescent molecules in dilute
solution. This is because the nanoaggregate structure could
protect the inner AIE molecules from being further photo-
bleached even when the molecules on the nanoparticle sur-
face are somewhat damaged.? Compared with molecular
probes, the nanoaggregates can be more easily internalized
into cells through endocytosis'* and should be better fluo-
rescent probes for organelle staining. To achieve selectivity
to a specific organelle, however, AIE fluorogens need to be
functionalized with organelle targeting moieties. For this
purpose, triphenylphosphonium (TPP) can be used to carry
molecular probes into mitochondria via organelle-specific
hydrophobic and electrostatic interactions.?® By functionaliz-
ing TPE with TPP, the resultant TPE-TPP can specifically
stain mitochondria within live cells.?® An isothiocyanate
(NCS) moiety can be introduced in the AIE fluorogen to
covalently conjugate it with mitochondrial proteins to further

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2017, 55, 653-659

enhance the specific interaction between the AIE probe and
mitochondria.?® Consequently, the as-prepared TPE-Py-NCS
can selectively light up the mitochondrial region of Hela
cells through bright yellow fluorescence emission [Fig. 4(a)].
The image from TPE-Py-NCS staining shown in Figure 4(a) is
a close replication of that from a commercially available
mitochondrial imaging agent, MitoTracker Red CMCRos
(MTR) [Fig. 4(b)], indicating that TPE-Py-NCS can indeed
selectively target mitochondria. The covalent conjugation of
the fluorescent probe to mitochondrial proteins, as demon-
strated by Zhang et al,”® has significantly enhanced the
resistance to microenvironmental changes for real-time mon-
itoring of mitophagy behavior.

To demonstrate the general applicability of AIE probes for
specific organelle imaging, TPE was also decorated with dime-
thylamine and malononitrile (TPE-AC) to selectively stain lipid
droplets (LDs).® As reference, a commercially available imag-
ing agent for LDs (i.e. BODIPY 493/503) was used to co-stain
the oleic acid-treated HeLa cells. The similarity between the
fluorescence images shown in Figure 4(d,e) suggests that both
TPE-AC and BODIPY 493/503 stained the LDs within cells. A
clear image of LDs with a considerably high signal-to-noise
ratio could be obtained for the TPE-AC fluorescent probe at a
staining time as short as 15 min. When the concentration of
TPE-AC was increased up to 100 uM, the staining process
could be shortened to 2 min. These results indicate that TPE-
AC could pass through the cell membrane easily and stain the
LDs inside the cell rapidly. As shown in Figure 4(f), there was
no significant signal loss for TPE-AC after 80 scans, but more
than half of the fluorescence intensity from BODIPY 493/503
was lost after 40 scans. Clearly, therefore, TPE-AC has a much
higher photostability than that of BODIPY 493/503.

Recently, Leung et al. attached the lysosome-targeting mor-
pholine group (LysoY) to a FAS-Br chromophore.?” The resul-
tant AIE-LysoY molecule showed little cytotoxicity and could
selectively accumulate in the lysosome of Hela cells to light
it up [Fig. 4(g)]- Compared with the conventional lysosome-
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FIGURE 4 Fluorescent images of HelLa cells stained with (a) TPE-Py-NCS and (b) MitoTracker Red CMXRos (MTR), (c) Loss of fluo-
rescence with the number of scans, Reproduced from Ref. 28, with permission from The Royal Society of Chemistry (2015); fluo-
rescent images of Hela cells stained with (d) TPE-AC and (e) BODIPY 493/503, (f) loss of fluorescence with the number of scans of
laser irradiation, Reproduced from Ref. 36, with permission from The Royal Society of Chemistry (2016); fluorescent images of
Hela cells stained with (g) AIE-LysoY and (h) LysoTracker Red (LTR), (i) loss of fluorescence with increasing number of scans.
Scale bars in (a) and (b) are 20 um, others are 30 um. Reproduced from Ref. 37, with permission from of Wiley-VCH Verlag GmbH

& Co. KGaA, Weinheim (2015).

targeting probe (i.e. LysoTracker Red DND-99, LTR), AIE-
LysoY had a higher affinity to lysosome and exhibited a
higher contrast [Fig. 4(gh)] and a better photostability [Fig.
4(i)]. After continuous scanning for 50 times, the fluores-
cence signal from AIE-LysoY decreased only a bit [Fig. 4(i)],
confirming its excellent photostability. In contrast, about
50% fluorescence intensity of LTR was lost after only 25
scans [Fig. 4(i)]. As mentioned above, the excellent photo-
stability of AIE-LysoY stemmed from its nanoparticle struc-
ture, which can protect the chromophore inside the particles
from being readily photooxidized.®” Thus, the photostable
AIE-LysoY holds potentials for real-time tracking biological
processes of lysosome.

Compared with nanoaggregates formed by small AIE mole-

cules, AIE polymer nanoparticles exhibit a series of superior
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characteristics for cell imaging applications, including good
water dispersibility, excellent biocompatibility, high cell per-
meability, and multifunctionality.'®***® By introducing a pH-
sensitive green AIE fluorogen and a nonresponsive blue AIE
fluorogen as reference into a hyperbranched polymer [Fig.
5(a)], Bao et al. realized cell imaging and intracellular pH
mapping simultaneously.® These polymer nanoparticles
could selectively accumulate in the acidic organelles of living
cells by endocytosis process with no obvious cytotoxicity.'®
The fluorescence from the green AIE fluorogens increased
dramatically with reduction of pH values, whereas that from
the blue AIE fluorogens slowly altered.'® As seen in Figure
5(b), therefore, the intensity ratio (Igreen/Ibiue) displayed a
unique pH dependence for pH sensing. For instance, the pH
values of spots 1 and 2 in the fluorescence image of Hela
cells were determined to be 6.0+0.2 and 5.2*0.2,
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Copyright of American Chemical Society (2015).

respectively [Fig. 5(c)]. These were the expected values for
acidic organelles, endosomes and lysosomes. Therefore, these
hyperbranched AIE polymer nanoparticles could be used as
an efficient sensing platform for simultaneous organelle
imaging and intracellular pH mapping in living cells.

CONCLUSIONS

Aggregation caused quenching (ACQ) has been studied for
many years whereas the aggregation-induced emission (AIE)
is a recent development. Since Tang discovered AIE in 2001,
tremendous progress has been achieved. AIE fluorogens are
nearly nonemissive in molecular states with their intermo-
lecular rotations being not restricted, but their fluorescences
turn on upon aggregation or binding with certain biomole-
cules, which restrict the intramolecular rotation of the fluor-
ogens. Through judicious functionalization of AIE fluorogens
with hydrophilic and/or targeting moieties or incorporating
them into polymeric structures, they can be used for turn-on
fluorescent biosensing and organelle-specific imaging with a
high sensitivity and selectivity. Compared with ACQ molecu-
lar probes, AIE nanoaggregates have a higher photostability
and can be more easily internalized into cells through endo-
cytosis for real time monitoring the dynamic life processes
in living cells. However, the ultraviolet light, which is harmful
to cells and may change the cell behavior or even Kkill cells,
is usually needed to excite the AIE fluorogens. Thus, recent
development of AIE bioprobes has focused on AIE fluorogens

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2017, 55, 653-659

with two-photon or multiphoton absorption capabilities so
that two or multiple visible or near infrared photons of low
energy can be used as the excitation light,***® which could
also have a higher penetration depth than that of ultraviolet
light for in vivo cell or tissue sensing and imaging. Continued
research in this exciting field pioneered by Ben Zhong Tang
would be of great value.
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