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Materials with aggregation-induced emission
characteristics for applications in diagnosis,
theragnosis, disease mechanism study and
personalized medicine
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Investigations on healthcare-related subjects are becoming increasingly popular among scientists, focusing
on the early diagnosis of diseases, innovations in disease treatments and gaining mechanistic insights into
disease occurrence, development and recovery. Fluorescent materials with aggregation-induced emission
(AIE) characteristics are widely employed in healthcare-related research. By taking advantage of their strong
solid-state emission, excellent photostability, fast and sensitive fluorescence responses, and good biocom-
patibility, materials with AIE attributes are widely employed in pre-clinical diagnosis and mechanistic studies
on biological processes. Besides, some AlE-active materials also demonstrate the ability to sensitize the
generation of reactive oxygen species (ROS), and have been utilized in photodynamic therapy (PDT). With
fluorescence response, AlE-active photosensitizers could light up the targets and exert therapeutic effects at
the same time, which enables the theragnosis of infections and tumours. In this review, we select some
representative examples of fluorescent materials with AIE attributes and introduce their applications in
healthcare-related areas, aiming to illustrate the recent advances in pre-clinical diagnosis, theragnosis, disease
mechanism studies and personalized medicines. Since investigations on AIE materials are developing rapidly,
we could not cover all reference papers in this review. This review is expected to provide a general idea
about the recent progress in this area, rather than a comprehensive encyclopedia to cover all related works.
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Introduction

As the standard of living improves, increasing attention is
being drawn to healthcare." Apart from longevity, people are
in intense pursuit of the quality of life. Disease is a lion in the
way for quality-of-life and may sometimes threaten the human
life span. To fight against diseases, early diagnosis, proper
medical treatments and understanding of disease mechanisms
or medicine functioning mechanisms are excellent weapons for
humans. The former two weapons help to conquer diseases by
identifying them at an early stage and curing them before they
exert significant or irreversible effects on humans, while the
third weapon contributes to the development of effective medicines
or innovations in treatment methods. The development of all three
areas is also the research focus of scientists. Scientists are always
fascinated by novel diagnosis methods, better disease treatments,
as well as a comprehensive understanding of the disease working
mechanisms and how treatments contribute to the cure of certain
diseases. With the great research endeavour by scientists world-
wide, great progress has been made to advance healthcare.

Fluorescence-based techniques with high sensitivity and selec-
tivity, visible results, ease of application and non-invasiveness, are
becoming increasingly popular in healthcare-related research.”™
However, most conventional fluorophores suffer from self-
quenching at high concentrations or in the solid-state. The
phenomenon was termed as aggregation-caused quenching
(ACQ), which was first reported by Férster and Kasper.>® Since
then, the phenomenon has been well studied and its mechanism
has been revealed. Traditional fluorophores, such as pyrene and
fluorescein, are usually disk-shaped with rigid and coplanar struc-
tures, making them excellent emitters in dilute solutions.”®
At high concentrations or in the solid-state, these disk-shaped
emitters will experience strong n-r interactions, and the excited-
state energy will decay through non-radiative photophysical
pathways. The ACQ effect or concentration quenching effect of
conventional fluorophores makes them unsuitable for applica-
tions at high concentrations or as solid particles.

In 2001, Tang, et al. reported a phenomenon that was the
opposite of the ACQ effect.”® A species of propeller-shaped
fluorophores emitted dimly in the solution-state but became
strong emitters upon forming aggregates. They termed the
phenomenon as aggregation-induced emission (AIE). Since
then, systematic investigations have been conducted and the
mechanistic pictures of this photophysical process have been
depicted as follows: AIE luminogens (AlEgens) with propeller-
shaped structures can undergo dynamic rotational or vibrational
motions in solution. Such motions can consume the excited-state
energy of the fluorophores non-radiatively. In the solid-state or as
particles, AlEgens are in close vicinity and the impedance from
adjacent molecules restricts the dynamic motions. Besides, the
propeller shape of AIE fluorophores is unfavourable for strong n-n
interactions, which excludes the possibility of forming excimers or
exciplexes. The rigid molecular conformation without strong n-n
interactions enables AlEgens to decay their excited-state energy
through radiative channels, thus AlEgens fluoresce intensely in
the aggregated state. Compared with ACQ fluorophores, AIEgens
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are more suitable for working at high concentrations or in the
aggregated states, which is advantageous for practical applica-
tions. The strong solid-state emission of AlEgens makes them
excellent candidates for solid-state applications, while the fluore-
scence responses of AIEgens upon forming aggregates or disag-
gregation facilitate the construction of variable sensing systems
based on AlEgens. As such, lots of attempts have been made to
explore their practical applications in sensing,'*"* imaging,"* '
displays**™® and smart materials.?®"°

Intriguingly, some AlEgens demonstrate the ability to sensitize
the formation of reactive oxygen species (ROS) upon light irradia-
tion.>° ROS can destroy biomolecules and kill cancer cells
or microorganisms, realizing photodynamic therapy (PDT). The
effectiveness of PDT is positively associated with the ROS
sensitizing efficiency of the photosensitizers (PSs) employed.
Most traditional PSs with rigid and coplanar structures will
undergo strong intermolecular n-n interactions, and suffer from
diminished ROS sensitizing efficiency, making them unsuitable
for applications as nanoparticles or at high concentrations. This
is detrimental for PDT applications, which usually involves long-
term and repeated light irradiation of PSs to produce enough
ROS, and requires PSs with good photostability. Research efforts
have been invested to avoiding the close interactions of these
PSs, such as introducing bulky groups to migrate chromophore
aggregation®®™** and using supramolecular approaches to sepa-
rate chromophores,*® aiming at increasing the ROS sensitizing
efficiency. This usually involves tedious synthetic procedures and
time-consuming purifications, which raise the costs of prepara-
tion. In contrast, AlE-active molecules not only emit more
efficiently in the aggregated state, but also show higher ROS
sensitizing efficiency, which makes them excellent candidates
for PDT applications.*®"” As such, investigations on using AIE-
type PSs for PDT are becoming increasingly popular, with plenty
of reference papers being published every year.

In this review, we have selected some representative examples
to illustrate the applications of AlEgens in healthcare-related
research fields and how AlEgens are contributing to the associated
technological innovations. Specifically, we will focus on the recent
progress on employing AIEgens in diagnosis, theragnosis and their
applications in deciphering biological processes and providing
guidance for personalized medicine.

Diagnosis

Diagnosis is the identification of disease causes and nature by a
series of patients’ symptoms or parameters. As diagnosis deter-
mines the subsequent treatment that may be adopted, misdiag-
nosis may lead to the wrong treatment and result in missing the
best opportunity for recovery. Another important aspect of
diagnosis is to detect disease before it results in any symptoms.
Some diseases, such as pancreatic cancer and colorectal cancer,
may not arouse any discomfort in the early stages, but once
symptoms appear, they have already become malignant.*® Thus,
the early and precise detection of disease may greatly benefit
patients. For a long time, scientists have been devoting efforts to
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the development of fast, reliable and cost-effective diagnosis
methods, among which fluorescent probes are widely employed.
AlEgens are sensitive to the changes in microenvironments, such
as aggregation/disaggregation, binding to/dissociate from macro-
molecules, attachment/removal of fluorescence quenchers, struc-
ture rigidifications, and are thus widely employed in sensing and
imaging applications.'""*"'*?%3%% Below are some examples of
their applications in clinical diagnosis.

Cytogenetics studies

Chromosomes are where genetic materials are held inside cells.
Abnormalities in chromosomes, such as changes in chromosome
numbers and structures, may lead to birth defects in new-borns, or
other health disorders. Clinically, cytogenetic analysis is employed
to analyse chromosomal and other related abnormalities, which
can provide important diagnostic information and is widely used
in oncology, haematology, perinatology, and obstetrics studies.*
Classic cytogenetic analyses, such as karyotyping and fluorescence
in situ hybridization (FISH), are successful in analyzing chromo-
some structures, but still have some limitations, especially in the
cases of analyzing overlapping chromosomes, and localizing
centromere region and gene loci. We recently reported an AIE-
active probe, ID-IQ (Fig. 1A), for imaging the chromosome
periphery (CP).>' To demonstrate the CP specificity of ID-IQ,
human embryonic stem (hES2) cells were co-stained with ID-IQ
and Hoechst 33342. Hoechst 33342 is a widely used probe for
staining DNA, which preferably binds to the adenine-thymine
(A-T) regions of DNA. As shown in Fig. 1B, Hoechst 33342
stained the body of the chromosome, while ID-IQ stained the
edge of the chromosome. The fluorescences from Hoechst 33342
and ID-IQ complement each other and light up the whole
chromosome. In-depth investigations revealed that ID-IQ stains
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CP by binding to the proteins in the chromosome periphery.
ID-IQ is a general fluorescence probe for CP, and stains other
cells as well, such as stem cells (induced pluripotent stem cells,
iPSCs), cancer cells (breast cancer cells, MDA-MB-231 and hepa-
tocellular carcinoma cells, HepG2) and normal cells (human
embryonic kidney cells, HEK-293T). By labelling the surface of
the chromosome, ID-IQ could help us to distinguish overlapping
chromosomes and contribute to the segmentation and morphology
identification. ID-IQ is compatible with the FISH technique.
As shown in Fig. 1C-J, human lymphocyte chromosomes were
co-stained by ID-IQ, DAPI and the centromere-specific FISH
probe or chromosome 4q telomere probe. From the ID-IQ
channel, the centromere could be clearly identified (Fig. 1G),
while it was difficult to differentiate the centromere from the
DAPI channel. Compared with the FISH probe, ID-IQ displayed a
relatively small spot, demonstrating the higher precision of
ID-IQ. Similar conclusions could be drawn when using the
chromosome 4q telomere FISH probe. Such a probe for CP
imaging may find practical applications in clinical cytogenetics
and quality control in cell therapy manufacturing.

Sperm vitality evaluation

Sperm vitality reflects the proportion of live spermatozoa and is
closely related to human infertility. Human sperm consists of
the head, midpiece and tail. The head contains one half of the
genetic material, while the tail is thin and long and is respon-
sible for the movement of the sperm. The midpiece contains
mitochondria and is responsible for the energy production
needed for the movement of sperm. Thus, evaluating the
mitochondrial activity of sperm may hint at the mobility of
sperm and provide information on the vitality of sperm.>* Tang
et al. reported a mitochondrion-specific probe and explored its

B Hoechst

Fig. 1

(A) Molecular structure of ID-1Q. (B) Fluorescence imaging of chromosomes (from hES2 cells) with Hoechst 33342 (blue) and ID-1Q (yellow), in

which chromosome bodies were stained with Hoechst 33342 and the chromosome periphery was labelled by ID-1Q. (C-I) Lymphocyte chromosomes
co-stained by ID-1Q (yellow), DAPI (blue) and (C) centromere-specific FISH probe (red) or (J) chromosome 4q telomere FISH probe (red). The enlarged
views of selected chromosomes (highlighted in white box) in (C) and merged images are given in (D-I). Reproduced with permission from ref. 51.
Copyright 2020 Wiley-VCH.
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Fig. 2 (A) Molecular structure of TPE-Ph-In. (B—D) Confocal images of
Hela cells co-stained with (B) Mito-GFP, (C) TPE-Ph-In, (D) the merging of
panel (B) and panel (C). (E) Changes in the fluorescence intensity of Hela
cells stained with TPE-Ph-In upon treatment with oligomycin and then
CCCP. Inset: Snapshots of the cells at different times during the treatment
with stimulants. (F) The fluorescence intensity of unstained blank Hela
cells, untreated TPE-Ph-In stained Hela cells, oligomycin-treated TPE-Ph-In
stained Hela cells and CCCP-treated TPE-Ph-In stained Hela cells analyzed
by flow cytometry. (G-I) Confocal images of mouse sperm cells stained with
(G) TPE-Ph-In and (H) Hoechst 33342; (I) the merged picture of (G), (H) and
bright-field image. Reproduced with permission from ref. 53. Copyright 2015
The Royal Society of Chemistry.

applications in evaluating sperm vitality.>® TPE-Ph-In (Fig. 24)
is a typical AIE-active molecule that fluoresces in the red region.
With the positive charge, TPE-Ph-In can easily enter cells and
target the mitochondria. To test the specificity of TPE-Ph-In
towards mitochondria, HeLa cells were co-stained with TPE-Ph-In
and Mito-GFP, which is a commercially available probe specific
for mitochondria. As shown in Fig. 2B-D, good colocalizations
between these two fluorescent probes were obtained, proving that
TPE-Ph-In was indeed mitochondrion specific. Thanks to the AIE
attributes of TPE-Ph-In, it could be employed at a relatively high
concentration (5 utM) and good photostability was obtained. Since
the mitochondrial transmembrane potential is the driving force of
TPE-Ph-In towards mitochondria, disturbance of the mitochon-
drial transmembrane potential may affect the accumulation
of TPE-Ph-In on mitochondria. To demonstrate this, HeLa
cells were firstly treated with oligomycin and carbonyl cyanide
3-chlorophenylhydrazone (CCCP), which could increase and
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decrease the mitochondrial transmembrane potential, respec-
tively. The fluorescence of TPE-Ph-In became brighter upon
oligomycin treatment and dimmer upon the addition of CCCP
(Fig. 2E and F). Afterwards, TPE-Ph-In was employed to evaluate
sperm vitality. Mouse sperm cells were stained with TPE-Ph-In,
and their dynamic motions were tracked and recorded (Fig. 2G-I).
The results showed that energetic sperms exhibited bright red
emission, while unvital sperms fluoresced faintly or gave no
fluorescence. The results suggested that TPE-Ph-In was promising
for the evaluation of sperm activity and may be applied to clinical
testing.

Detection of circulating tumour cells

Circulating tumour cells (CTCs) are tumour cells that are
detached from a primary tumour and enter the bloodstream.
They can travel with the blood and establish new tumours in
other sites, which is a well-known process called metastasis. In
most cases, metastasis is considered to be the hallmark of
malignancies and the main cause of cancer-related death. In
this sense, the detection and quantification of CTC is a para-
mount parameter for the early diagnosis of metastasis. More
importantly, CTCs carry critical information on the cancer
genotype and deciphering the information may provide guidance
for personalized therapy.”* Thus, non-invasive methods for CTC
detection that exert a minimum effect on cell integrity are highly
desirable. Zheng et al. recently reported an AIEgen, TPN (Fig. 3A),
for the detection of CTCs.”® In contrast to the currently widely
employed approaches of cytokeratin (CKs) detection or using
FISH to detect the aneuploidy of chromosomes, they selected
mitochondria as the target. The mitochondrion is the powerhouse
of cells. Tumour cells possess higher metabolic activity than
normal cells and can serve as promising anticancer targets. Since
leukocytes are the most abundant nucleated cells in the blood-
stream, distinguishing between leukocytes and tumour cells is an
important criterion for a CTC marker. To demonstrate the
feasibility of employing TPN for detecting CTC, leukocytes and
seven different tumour cell lines (H1975, A549, SMMC-7721,
HepG2, HT-29, MCF-7, and Hela) were incubated with TPN,
respectively. TPN could differentiate tumour cells from leukocytes
by the significantly higher emission efficiency from tumour cells
(Fig. 3B and C). They also evaluated the influence of TPN-labelling
on downstream molecular analysis. Single cells with TPN labelling
or immunofluorescence labelling (CKs marker) were isolated and
lysed to release intracellular nucleic acids, followed by assessing
the single-cell genomic (DNA) or transcriptomics (RNA) informa-
tion. Compared with traditional immunofluorescence labelling,
TPN-labelling retained all the ten genetic loci in all the five single
cells, while only 1-2 genetic loci were detected in the 3 out of 5
immunofluorescence-labelled single cells (Fig. 3D). Besides, the
labelling of TPN did not interfere with the RNA quality of the
single cell, which is in sharp contrast to immunofluorescence
labelling. To test the workability of TPN in real samples, whole
blood from healthy donors, patients with lung cancer and patients
with liver cancer were collected and analysed. CTCs were detected
from 53 out of 68 patients with lung cancer, and 11 out of 22
patients with liver cancer, while in healthy donors, only one out of
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(A) Molecular structure of TPN. (B) Flow cytometry profile of leukocyte and H1975 cells stained with TPN. (C) Fluorescence intensity of

TPN-stained leukocytes and various cancer cell lines measured by flow cytometry. (D) Electropherograms of whole-genome amplification products by
MDA from TPN or CKs-labelled single A549 cells assessed by ten genomic loci. (E) Rare tumour cells detected in blood and pleural effusion from cancer
patients. Counts of candidate cells in healthy donors, patients with lung cancer, and patients with liver cancer. (F) Fluorescence image of a CTC cluster

adhering to a neutrophil in blood. Reproduced with permission from ref. 55.

12 patients had two putative cells (Fig. 3E). As shown in Fig. 3F,
CTC clusters fluoresced intense yellow light, while neutrophils
were almost non-emissive, clearly illustrating that TPN is a very
promising candidate for CTC detection.

Intraoperative pathological diagnosis

Intraoperative pathological diagnosis is crucial for intraopera-
tive decision making, which could distinguish margins from
lesions, guide the appropriate resection of tumours, and decide
the intraoperative use of a drug. Proper intraoperative patho-
logical diagnosis can improve the patient’s outcome, avoid
reoperations and lower the cost.>® Currently, frozen section
consultation is widely employed in intraoperative pathological
diagnosis;®” the diagnoses have been proven to be accurate, but
there are also some limitations, such as the process being time-
consuming and relying on good sampling, careful handling and
strong expertise. Dong and Li et al. reported a fast and simple
AlIE-active stain, ZZ-HPB-NC (Fig. 4A), for the intraoperative
pathological diagnosis of hepatocellular carcinoma (HCC), which
is a cancer with a high mortality rate and high incidence.’® Zz-
HPB-NC can differentiate HCC from normal hepatocytes by
selectively lighting up the former. As shown in Fig. 4B, HCC
(HepG2, Hep3B and SMMC7721) and normal liver cells (QSG7701
and LO2) were fixed with 4% paraformaldehyde and co-stained
with ZZ-HPB-NC (green fluorescence) and DAPI (blue fluore-
scence). HCC was rendered with both green and blue fluore-
scence, while normal liver cells only fluoresced blue light. The
results demonstrated that ZZ-HPB-NC was HCC selective and the
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detailed reason for this selectivity is still under investigation.
In complex tumour environments, ZZ-HPB-NC retained this
selectivity. Specimens from 14 patients with liver neoplasms,
including 11 pairs of HCC foci and paratumour cirrhosis, 3 pairs
of focal nodular hyperplasia (FNH) and adjacent were collected
and subjected to standard frozen-section preparation protocols,
followed by staining with ZZ-HPB-NC. All HCC foci were endowed
with the green fluorescence of ZZ-HPB-NC, while other tissues
remained unstained. Even more encouragingly, the border
between the tumour foci and the adjacent paratumour cirrhosis
could be distinguished, with only the tumour foci being stained
with green fluorescence and no fluorescence in the paratumour
cirrhosis (Fig. 4C), which provided clear guidance for resection.
Another advantage of ZZ-HPB-NC staining its highly robust
nature. It exhibited good tolerance to sample preparation and
even poorly stained or damaged sections could still give infor-
mative guidance (Fig. 4D), while intraoperative frozen-section
diagnosis was highly dependent on slide preparation. All these
results suggest that ZZ-HPB-NC staining is simple, robust and
might be applied to intraoperative diagnosis.

Imaging of bone microcracks

Bones form the major portion of our skeleton and play sub-
stantial roles in providing support and structure to our body,
protection of the vital organs throughout the body and inter-
action with muscles for movement. Microcracks on bones are
mostly caused by repetitive stress, strain and shear force.
Microdamage to the bone can be repaired but unattended bone

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 4 (A) Molecular structure of ZZ-HPB-NC. (B) Fluorescence images of
selected HCC cells and normal cells co-stained with ZZ-HPB-NC (green)
and DAPI (blue). (C) Fluorescence image and bright-field image of tumour
foci and neighbouring paratumour cirrhosis stained with ZZ-HPB-NC at
the same section. (D) Merges of fluorescence and bright-field images of
damaged samples stained with ZZ-HPB-NC. Reproduced with permission
from ref. 58. Copyright 2020 The Royal Society of Chemistry.

microcracks may lead to a series of fractures and fragmen-
tation.>® Tang, Ren and Gao et al. reported an AlEgen for the
light-up detection of calcium at high concentrations and
employed the probe for imaging microcracks on bones.*
SA-4CO,Na (Fig. 5A) is AIE active with Ca®" specificity. SA-4CO,Na
can dissolve well in an aqueous solution and fluoresce faintly.
The iminodiacetate groups on SA-4CO,Na can chelate with Ca**
and assist in the formation of highly emissive fibrillar aggre-
gates, resulting in the fluorescence turn-on detection of Ca®* in
the micromolar range (Fig. 5B). The binding of SA-4CO,Na
towards Ca”" is highly selective. Other metal ions, including
monovalent ions (Li*, Na*, and K*), divalent ions (Zn>*, Mg*",
Co”*, Ni**, and Cu®*), and trivalent ions (Fe®"), could not turn on
the fluorescence of SA-4CO,Na. Although Mg>" always acted as
the interference for Ca®>" detection, SA-4CO,Na only showed a
slight increase in the fluorescence intensity in the presence of
Mg”*, suggesting the good selectivity of SA-4CO,Na towards Ca*
Apart from sensing Ca®*, SA-4CO,Na can also detect Ca®" in soft
tissues. Agarose hydrogel embedded with CaCl, can also turn on
the fluorescence of SA-4CO,Na. Since hydroxyapatite (HA,
Ca;o(PO,4)s(OH),) is the mineral matrix of the bone, and a high
concentration of unsaturated Ca(u) binding sites would be
exposed at the bone microcracks, they employed SA-4CO,Na
for the detection of bone microcracks. Previously used fluore-
scent probes for bone microcracks (such as calcein) suffered from
self-quenching and high background noise. Fig. 5C and D show
the images of calcein-stained bone microcracks, in which high
background emission was present. Although repeated washing

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 5 (A) Molecular structure of SA-4CO,Na. (B) Schematic illustration of
the selective detection of Ca®* by using SA-4CO,Na. (C—F) CLSM images
of bovine bone microcracks stained with (C and D) calcein and (E and F)
SA-4CO;Na. Fluorescence images were collected (C and E) without and
(D and F) with washing prior to imaging. (G) Bright-field and (H) fluores-
cence CLSM images of spot defects and microcracks on the HA-based
scaffold stained with SA-4CO,Na. Reproduced with permission from
ref. 60. Copyright 2018 American Chemical Society.

could decrease the background, it might also underestimate the
seriousness of the bone microcrack. This is because the high local
concentration of calcein present in the crack may suffer from self-
quenching of fluorescence. In contrast, the SA-4CO,Na stained
bone microcracks in a wash-free manner with low background
emission and no self-quenching effect (Fig. 5E and F). SA-4CO,Na
was also applied in detecting microdefects on a HA-based scaf-
fold, from which spot defects and microcracks could be clearly
identified (Fig. 5G and H). It was expected that this probe would
find broad applications in biomedical studies of Ca(u) in the
micro molar range.

Imaging of atherosclerotic plaques

Atherosclerosis is the narrowing of the arteries, which could
significantly reduce the blood supply to vital organs, such as
the heart, brain and intestines, and lead to the blockage of
blood and oxygen supply, followed by death or severe damage
to the cells. Atherosclerosis is mainly caused by the build-up of
fat deposits, called plaques, on the inner surfaces of arteries.
Plaques usually consist of cholesterol from low-density lipopro-
teins (LDL), smooth muscle cells and fibrous tissues, and
sometimes calcium. As lipids play crucial roles in the formation
of plaques, the evaluation of their amount, location, and
distribution in arteries is very necessary. Tang and Zheng
et al. recently reported a smart material with AIE attributes,
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namely IND (Fig. 6A), and employed it for the two-photon
fluorescence imaging of lipids in mouse atherosclerotic
plaques.®® IND with two alkyl chains was soluble in sunflower
oil with a green fluorescence peaked at 522 nm, while in the
water phase it fluoresced red light with an emission maximum
of 640 nm. The different fluorescences of IND in water and
sunflower oil could be ascribed to their different packing
modes. In lipid, IND existed as a monomer and exhibited the
fluorescence of a single molecule, while in water, IND was
packed as pairwise dimers (Fig. 6B) and thus demonstrated
dimer emission. The two alkyl tails of IND were designed to
target lipids, following the principle of “like dissolves like”.
As expected, IND could selectively light up the lipid droplets
inside cells with good biocompatibility and in a dose-
dependent manner. IND also exhibited two-photon absorption
with a cross-section of 33.4 GM at 900 nm, making it suitable
for the imaging of lipid droplets with two-photon excitation.
As shown in Fig. 6C, green spots from lipid droplets could be
visualized under two-photon excitation. Inspired by the successful
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Fig. 6 (A) Molecular structure of IND. (B) Schematic illustration of the
transformable fluorescence behaviour of IND in lipid and water. (C) Two-
photon image of live foam cells stained by IND after pre-treatment with
oxLDL. (D) (Left) En face photograph of the opened aorta taken under
daylight. (Right) Fluorescence images of (up) normal artery and (down)
atherosclerotic plaques at high magnification taken under 365 nm UV
illumination. (E) Two-photon fluorescence image of lipid accumulation in
the aorta of an ApoE gene knockout mouse labelled with IND. (F) Simulta-
neous dual-colour imaging of the microstructures within the lumen with
separated emission ranges of 495-540 nm and 575-630 nm under single
two-photon excitation (900 nm). Reproduced with permission from ref. 61.
Copyright 2019 The Royal Society of Chemistry.
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attempts, they further tested IND by using an animal model with
atherosclerosis. The aortic tree of a mouse was separated,
unfolded longitudinally and stained with IND. The normal arterial
structure was left unstained, while the atherosclerosis region was
stained with green fluorescence (Fig. 6D). Taking advantage of the
intrinsic advantages of two-photon imaging, such as low back-
ground emission and large imaging depth, IND was employed for
two-photon imaging of the tissue. Despite the rich collagens in the
artery, which had strong autofluorescence, IND lit up the athero-
sclerotic plaque with high contrast (Fig. 6E). Besides, two-photon
imaging with IND enabled a large depth of ~400 um. Interestingly,
under two-photon excitation, red fluorescence was observed from
small aggregates aligned between fatty lines, exhibiting red and
green stripes around the plaques (Fig. 6F). The red emission
stripe was from IND dissolved in water, which was introduced
during the imaging process. This effect demonstrated the high
sensitivity of IND and implied its potential applications in revealing
biological microenvironments. By employing two-photon excita-
tion, three-dimensional (3D) images of atherosclerotic plaque
could be reconstructed, which enabled the direct visualization of
the lipid localization, distribution and morphology in the plaque.

Theragnosis

Theragnosis combines therapy with diagnosis, which enables
the simultaneous detection and treatment of the disease.
Theragnosis in fluorescent materials is mostly achieved by
the combination of fluorescence imaging with PDT. Increasing
numbers of AlEgens have been reported to be photosensitive
and employed in PDT.®*°® Several attributes make AIE PSs
excellent candidates for PDT: (a) AIE PSs show increased ROS
sensitizing efficiency in the solid or aggregated state, which is
in sharp contrast to most traditional PSs with decreased ROS
sensitizing efficiency in the aggregated state or at high con-
centrations. (b) AIE PSs can be employed at high concentrations
or as nanoparticles, which endows them with good photostability.
Strong long-term light irradiation is generally employed in PDT.
Good photostability enables them to continuously sensitize ROS
generation and result in better therapeutic effectiveness. (c) Nano-
particles fabricated from AIE PSs can be further decorated with
surface functionalities to endow them with good specificity. (d) AIE
PSs usually exhibit broad absorption bands, making them excel-
lent candidates for room-light PDT. (e) Most AIE PSs possess low
toxicity in the dark and exert minimum toxicity to normal cells. In
the following section, we will introduce some representative works
employing AIE photosensitizers for theragnosis.

Theragnosis of bacterial infection

Bacteria are unicellular prokaryotes that exist in enormous
numbers and in almost every environment on Earth. Although
most bacteria are benign to humans, some infectious bacteria
are harmful or even fatal. Antibiotics represent classic treatments
for bacterial infection. However, one critical issue of employing
antibiotics for bacterial infection is drug resistance. The issue is
becoming increasingly serious due to the abuse of antibiotics.
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Antibacterial PDT is a hot research topic, which utilizes the light
irradiation of PSs to activate ROS generation. ROS can destroy
bacterial structures and inactivate the bacteria. Since the mechanism
of ROS inactivating bacteria is irregular and aggressive, it is almost
impossible for bacteria to generate resistance.

The development of AIE PSs is a hot research topic. AIEgens
bound to bacteria can light up the bacteria and kill them upon
light irradiation. Zhu and Lu et al. recently reported an AIEgen
with far-red/near-infrared fluorescence for imaging and PDT
killing of bacteria.®” AIE-TEA (Fig. 7A) fluoresced intensely in
the aggregated state with an emission maximum of 678 nm.
AIE-TEA could generate ROS upon irradiation with white light.
The ROS sensitizing efficiency of AIE-TEA was positively corre-
lated with the degree of aggregation, which changed from 11%
to 83% by varying the water content of the solvent mixture from
70% to 95%. AIE-TEA could selectively bind to and light up
Gram-positive (G(+)) bacteria over Gram-negative (G(—)) bacteria.
Since AIE-TEA can dissolve in water at low concentrations, it
enabled the wash-free imaging of bacteria with negligible back-
ground emission. Arising from the selectivity of AIE-TEA, it can
eliminate G(+) bacteria more efficiently than killing G(—) bacteria.
S. aureus and E. coli were incubated with varying concentrations of
AIE-TEA and subjected to light/dark treatment. The viable bacteria
were quantified by counting colony-forming units (CFU). Upon
incubation with 20 uM of AIE-TEA, followed by irradiation with
while light, almost all the S. aureus were killed, while E. coli
retained around 30% of CFU ratio at a high AIE-TEA concen-
tration of 40 pM with the same duration and power of white-light
irradiation (Fig. 7B and C). The antibacterial effect of AIE-TEA
was characterized by staining with propidium iodide (PI), a cell
membrane-impermeable dye that can selectively enter dead
bacteria and mammalian cells through their compromised
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membrane and endow them with red fluorescence. S. aureus
incubated with AIE-TEA, followed by treatment with light irra-
diation glowed intensely, while in the control group, bacteria
only exhibited negligible fluorescence. The results proved that
ATE-TEA exerted antibacterial PDT through destroying the integrity
of the bacterial membrane. The antibacterial effect of AIE-TEA on
bacteria was even more obvious when the bacteria were subjected
to examination under SEM. The bacterial membranes of S. aureus
treated with AIE-TEA and light irradiation were shrunken and
fused, while the bacterial membranes of S. aureus in the control
group or E. coli with a similar treatment group were almost not
affected with distinct edges and smooth surfaces (Fig. 7D-I). The
results demonstrated the killing effect of AIE-TEA and presented
its promising applications for the treatment of bacterial infections.

From a molecular structure perspective, PSs with donor-n-
acceptor (D-n-A) structures possess a narrow energy gap (AEg)
between the excited singlet state (S;) and excited triplet state
(T,), which can facilitate the intersystem crossing (ISC) and are
favourable for enhancing ROS generation efficiency. Tang and
Qin et al. recently reported an AlE-active conjugated polymer
for efficient PDT on bacteria.®® Benefiting from the strong light-
harvesting ability of conjugated polymers, PTB-APFB (Fig. 8A)
was designed and synthesized. For comparison, its monomer,
MTB-APFB, was also prepared and its antibacterial effect was
evaluated. They first measured the ROS sensitizing efficiency of
PTB-APFB by employing 2',7’-dichlorofluorescein (DCFH) as a
probe. The ROS sensitizing efficiency of PTB-APFB was 13-fold
higher than that of MTB-APFB and 11-fold higher than that of
chlorin E6 (Ce 6), which is a commonly employed PS. PTB-APFB
could bind to different microorganisms, such as S. aureus
(G(+)), E. coli (G(—)) and C. albicans (fungi) and light them up
with red fluorescence (Fig. 8B). PTB-APFB also demonstrated
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(A) Molecular structure of AIE-TEA. (B and C) Antimicrobial ability of AIE-TEA against (B) S. aureus and (C) E. coli in the absence and presence of

white-light irradiation. The bacteria were incubated with AIE-TEA at varied concentrations for 30 min prior to light irradiation. (D—1) SEM images of (D-F)
S. aureus and (G-1) E. coli (D and G) without and (E, F, H and I) with incubation with AIE-TEA (E and H) in the dark or (F and 1) under light irradiation for 15
min. Reproduced with permission from ref. 67. Copyright 2019 Elsevier Ltd.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021 Mater. Chem. Front., 2021, 5, 3322-3343 | 3329


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0qm01132k

Open Access Article. Published on 01 March 2021. Downloaded on 28/1/2026 3:43:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Chemistry Frontiers

(0]

o

5pum
FF

View Article Online

Review

E.coli C. albicans

A B S. aureus

5pm

PTB-APFB+
HelLa+Microbes

’\? PTB-APFB+Hela MTB-APFB+HelLa

3

20 pm

Day 1 Day 7

Fig. 8

PBS PTB-APFB+Light Cefalotin

...r e | z

(A) Molecular structure of PTB-APFB. (B) Merged CLSM images of S. aureus, E. coli, C. albicans incubated with PTB-APFB. (C) CLSM images of

PBS PTB-APFB+Light Cefalotin

Hela cells and a mixed sample (Hela cells + microorganisms) incubated with PTB-APFB or MTB-APFB, respectively. (D) Photographs of NB agar plates of
S. aureus with PTB-APFB treatment in the dark, and under white light and sunlight. (E) Photographs of the S. aureus-infected skin of mice during
treatment with the different formulations. Reproduced with permission from ref. 68. Copyright 2020 Wiley-VCH.

excellent biosafety, and the HeLa cell viability remained over
80% after incubation with 32 uM of PTB-APFB for 24 h, while
HeLa cells treated with MTB-APFB were less than 10% viable
under the same treatment. Such a distinct difference in toxicity
could be due to their variance in interaction with cells. As
shown in Fig. 8C, PTB-APFB can selectively bind to microbes
over mammalian cells, while MTB-APFB can enter mammalian
cells. The antibacterial PDT effect of PTB-APFB was firstly
evaluated on S. aureus by the plate-count method. Incubating
S. aureus with PTB-APFB in the dark exerted no effect on its
growth, while involving white-light irradiation effectively inhib-
ited its growth (Fig. 8D). Inspired by these successes, they
further evaluated the antibacterial effect of PTB-APFB on a
mouse model with S. aureus infection. The infected mice
treated with PTB-APFB-mediated PDT was almost recovered
after 7 days, which was 3 days faster than those treated with
cefalotin (Fig. 8E). In contrast, infected mice treated with PTB-
APFB or white-light irradiation could not fully recover even after
10 days. These results clearly demonstrated the great potential
of employing PTB-APFB as an antibacterial agent for preclinical
research and clinical applications.

Theragnosis of cancer

Cancer cells differ from normal cells in many ways. Normal
cells could become cancer cells when critical mutations take
place and the cells could continuously grow and divide uncontrol-
lably. According to a report from the WHO, cancer is the second
leading cause of death globally. Thus, the treatment of cancer has
long been a pursuit of scientists. Theragnosis of cancer is becoming
increasingly popular. Below are some examples of employing
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AlEgens as fluorescence reporters as well as PSs for the theragnosis
of cancer cells.

In the PDT of cancer, one very important issue is the penetra-
tion depth. The excitation light should pass through the skin and
tissue to reach the PSs, while the fluorescence from theragnostic
PSs should also penetrate through the skin and tissue to be
detected. PDT employing two-photon excitation with NIR light
for excitation are advantageous. Qian and Zhang, et al. recently
reported an AlEgen for two-photon PDT.®® TPE-red (Fig. 9A) was
fabricated into nanoparticles, TPE-red-PSMA, by ultrasonicating
the THF mixture of TEP-red and poly(styrene-co-maleic anhydride)
(PSMA). TPE-red-PSMA was obtained with an average particle size
of ~64.1 nm and a low dispersity, and could sensitize ROS
generation upon light irradiation. Besides, TPE-red-PSMA demon-
strated deep-red two-photon emission upon irradiation with a
1040 nm fs laser. The two-photon absorption cross-section of
TPE-red was determined to be 27.72 GM at 1040 nm. They further
conducted two-photon fluorescence imaging of HeLa cells. As
shown in Fig. 9B and C, TPE-red-PSMA could enter the cells and
endow HeLa cell with red fluorescence. The nanoparticles could
also sensitize ROS generation upon two-photon excitation, and
exert a PDT effect on cancer cells. To demonstrate the phototoxicity
of TPE-red-PSMA upon two-photon excitation, HeLa cells were
incubated with TPE-red-PSMA nanoparticles and fluorescein
isothiocyanate (FITC)-tagged Annexin V (Annexin V-FITC).
Annexin V-FITC can selectively bind to phosphatidylserine (PS),
which exists in the inner membrane of healthy cells and is
exposed to the outer membrane during apoptosis or necrosis;
thus, Annexin V-FITC could track apoptotic or necrotic cells by
lighting them up. As shown in Fig. 9D-F, cells with both TPE-red-
PSMA staining and two-photon irradiation with a 1040 nm fs laser

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 9 (A) The molecular structure of TPE-red. (B and C) Bright-field and two-photon fluorescence images of Hela cells treated with TPE-red—PSMA

nanoparticles: (B) bright-field image of Hela cells, and (C) the corresponding two-photon fluorescence image under 1040 nm fs laser excitation. (D—F)
Measurement of the rate of two-photon excitation induced apoptosis of HelLa cells. Cells were treated with both TPE-red—PSMA nanoparticles and
Annexin V-FITC. (D) Two-photon fluorescence from TPE-red—PSMA nanoparticles in the red channel. (E) Two-photon fluorescence from Annexin
V-FITC in the green channel. (F) Overlap of the red and green channels. Reproduced with permission from ref. 69. Copyright 2017 The Royal Society of

Chemistry.

for 120 s displayed strong green fluorescence, indicating the good
PDT effect of TPE-red-PSMA. The cell death ratio was evaluated to
be about 90%. In the control group treated with TPE-red-PSMA
alone or Annexin V-FITC alone, no fluorescence could be detected
from the green channel. This work clearly demonstrated the
feasibility of employing two-photon irradiation for PDT, which
overcame the penetration depth issue.

Bryce and Tang et al. recently reported the applications of
AlE-active nanoparticles for cancer imaging and therapy.”® Two
PSs with AIE attributes were designed and synthesized (Fig. 10A).
By molecular engineering, PS1 and PS2 were designed with a
D-A structure, which could lower the AE,,, facilitate the ISC and
lead to high ROS sensitizing efficiency. The AE of PS1 and PS2
were 0.229 eV and 0.204 eV, respectively. The smaller AE of PS2
was ascribed to its additional triphenylamine functionality,
which led to the smaller spatial overlap of the frontier orbitals.
Indocyanine green (ICG) was used as the indicator for the
evaluation of the 'O, sensitizing efficiency. The 'O, quantum
efficiency of PS1 and PS2 were determined to be 38% and 43%,
respectively. Their aggregates demonstrated even higher 'O,
sensitizing efficiencies, which was 67% and 76% for PS1 nano-
particles and PS2 nanoparticles, respectively. The PDT effects of
these PSs were evaluated by MTT colorimetric assay. Both PS1
and PS2 showed good biocompatibility, with almost no dark
toxicity on HeLa cells (Fig. 10B). In the presence of white light
irradiation, both PS1 and PS2 exhibited a dose-dependent PDT
effect. A similar PDT effect was observed on other cell lines as
well, such as MDA-MB-231 cells and A 549 cells. More interestingly,
both PS1 nanoparticles and PS2 nanoparticles demonstrated fast
cell staining and long-term retention inside cells. As shown in
Fig. 10C, the red fluorescence of PS1 could be observed from
HelLa cells after incubation for as short as 5 seconds. After 1 min,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

the fluorescence was very strong. This enabled washing-based
imaging. Once inside cells, PS1 and PS2 could be retained for
more than 15 days, owing to the good biocompatibility and cell
retention of these probes, which enabled long-term cell imaging
and were beneficial for therapeutic applications. They further
evaluated the in vivo PDT effect by employing U14 tumour-
bearing mice as targets. After injection with PS1 nanoparticles
but without light treatment, the tumour site retained 42%
emission intensity, while for the experimental group with both
PS1 and light irradiation, the fluorescence was rather faint due
to the elimination of the tumour (Fig. 10D). During the 14 days
of experiment, the tumour size in the control group grew by
10-13 times, while that in the experimental group showed a
significant reduction (Fig. 10E). The results unambiguously
demonstrated its excellent PDT effect.

Strategies for improving PDT outcome

In the above examples, the research focus was mostly on molecular
engineering to design and synthesize PSs with high ROS sensi-
tizing efficiency and long emission wavelength. There are also
some other strategies for improving the PDT outcome. In the next
section, we select some examples to illustrate these strategies.
One intrinsic advantage of PDT is the precision of treatment,
which could avoid interferences to normal cells by manipulating
the site of irradiation. However, in one-photon PDT, strong light
scattering is involved, which lowers the spatial precision on the
z-axis. In contrast, in two-photon PDT, two strong lasers with
ultra-high photon densities are employed to selectively excite the
PSs in the focal point, and achieve better control of PS activation
in 3D. Tang and Zheng et al. recently reported stereotactic PDT
by employing two-photon PSs.”' DPASP (Fig. 11A) was AIE-active
with a red emission band peaked at 646 nm and a large Stokes

Mater. Chem. Front., 2021, 5, 3322-3343 | 3331
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Fig. 10 (A) Molecular structures of PS1 and PS2. (B) Dark toxicity and phototoxicity of PS1 NPs and PS2 NPs. (C) CLSM images of Hela cells after
incubation with PS1 NPs for different times, and long-term cell tracing images of the PS1 NPs at 37 °C for 6 h and then subcultured for 15 days. (D) In vivo
fluorescence images of Ul4 tumour-bearing mice after intratumoral injection with PS1 NPs or with PS1 NPs, followed by white-light irradiation.
(E) Harvested tumours from the various treated groups. Reproduced with permission from ref. 70. Copyright 2020 The Royal Society of Chemistry.
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Fig. 11 (A) Molecular structure of DPASP. (B) Two-photon images of A549 cells treated with DPASP and PI before and after 960 nm irradiation. (C) 3D
reconstructed two-photon and one-photon images of the A549 MCTS after stereotactic irradiation at the depth of 60 um with 960 nm laser.

(D) Photographs of tumour-bearing mice before treatment and after four rounds of treatments. (E) Relative changes in the tumour volumes of the A549
tumour-bearing nude mice of the different groups after various treatments. Reproduced with permission from ref. 71. Copyright 2019 Wiley-VCH.
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cell lung cancer cells (A549 cells) were co-stained with DPASP and
MitoTracker Deep Red (MT), and subjected to imaging with
confocal microscopy. The overlap coefficiency and Pearson’s
correlation coefficient were calculated to be 0.90 and 0.77,
respectively, which substantially proved the mitochondrion
targeting of DPASP. DPASP demonstrated a large two-photon
absorption cross-section of 235 GM at 960 nm, which enabled its
practical applications to sensitize ROS generation by excitation
with 960 nm lasers. The two-photon therapeutic effect of DPASP
was evaluated by co-staining A549 cells with DPASP and PI,
followed by irradiation with a 960 nm laser. As shown in
Fig. 11B, after irradiation with the 960 nm laser, red fluorescence
of PI was observed in the cell nucleus, demonstrating the
therapeutic effect of DPASP. To evaluate the 3D precision of
DPASP, multicellular tumour spheroids (MCTs) were stained
with DPASP and PI, and subjected to one-photon PDT and two-
photon PDT at the depth of 60 pm. By reconstructing the images
on the z-axis, clear 3D images were obtained. As shown in
Fig. 11C, in two-photon PDT, dead cells were mostly aligned in
the same plane, while in one-photon PDT, dead cells could be
discerned at all the depths. The results distinctly demonstrated
the higher 3D precision of two-photon PDT over one-photon
PDT. They further assessed the in vivo two-photon PDT on A549
bearing mice. With two-photon PDT, the relative tumour volume
was also unchanged, while in all the control groups the relative
tumour volume was substantially increased (Fig. 11D and E),
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which demonstrated the high effectiveness of DPASP-mediated
two-photon PDT.

PSs with limited tumour selectivity always require avoiding
normal exposure to white light, as they will activate the PSs on
the skin and exert toxicity to patients. The issue could be
relieved by increasing the specificity of PSs. Li and Wang
et al. reported another approach for improving the precision
in PDT of incorporating PSs in liposomes.”* In their approach,
PSs, such as BP and MC4 (Fig. 12A), were embedded in
liposomes (BP@liposomes and MC4®@liposomes), which could
inhibit the photosensitivity of the PS. Upon reaching tumour
cells, these liposomes were degraded and the PSs could reaggregate
and recover their photosensitivity (Fig. 12B). In this way, the photo-
toxicity of PDT on normal tissue would be reduced. Taking
BP@liposomes as an example, they first evaluated the assembly
and disassembly process in cells. MCF-7 cells were employed as
models and incubated with BP@liposomes. As the incubation
time was prolonged from 4 h to 30 h, the green fluorescence
increased accordingly, which was ascribed to the degradation of
BP@liposomes and reaggregation of these BP molecules
(Fig. 12C). In contrast, as the incubation time was extended to
30 h, MCF-7 incubated with nano-BP fluoresced faintly. Besides,
the extremely large two-photon absorption cross-section of
BP@liposomes (2.4 x 10> GM) was beneficial for two-photon
PDT. 9,10-Anthracenediyl-bis(methylene)dimalonic acid (ABDA),
DCFH-DA and phosphorescence spectra were employed to verify
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Fig. 12 (A) Molecular structures of BP and MC4. (B) Illustration of co-assembled AIE-PS@liposomes composed of AIE-PS and lipids for antitumour
treatment in PDT. (C) Two-photon CLSM images of cells co-cultured with (left) BP@liposomes doped with folate lipid and (right) nano-BP.
(D) Fluorescence images of the major organs (heart, liver, spleen, lungs, and kidneys) resected from mice post-injection of MC4@lipsomes-folate at
3,15, 30, and 60 h. (E) Blood vessels in the ears being injected with nano-BP, BP@liposomes, followed by two-photon laser irradiation treatment (middle
and right images) or without irradiation treatment (left image). The ears in mice whose entire bodies were exposed under sunlight for 2 h after injection
with BP@liposomes. Reproduced with permission from ref. 72. Copyright 2019 American Chemical Society.
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the ROS sensitizing ability of BP@liposomes, which proved its
high ROS sensitizing efficiency. They also demonstrated that BP
could sensitize ROS production more efficiently as aggregates or
nanoparticles than in dispersed states, which was consistent with
previous reports. The two-photon PDT effect of BP@liposomes
was evaluated on MCF-7 cells by using PI as an indicator. In
cellular experiments, folate-conjugated lipid and PEG-lipid were
added to AIE@liposomes to prepare the AIE@liposome-folate for
improving their specificity to tumours and increasing their reten-
tion time in tumours, respectively. Upon irradiation with the two-
photon laser, the red fluorescence of PI emerged in the cells
gradually, which substantially proved the PDT effect of BP@lipo-
somes-folate. Encouraged by these positive results, they further
evaluated the PDT effect in vivo. Since BP emits in the green
region and was not suitable for deep-tissue penetration, MC4 with
deep red emission was fabricated into MC4@liposomes-folate
and employed for in vivo imaging experiments. As shown in
Fig. 12D, MC4@liposomes-folate selectively accumulated in the
tumour over other organs during 15 h to 30 h post-injection, while
other organs showed faint or no fluorescence. These AIE@lipo-
somes particles also demonstrated excellent PDT effects as
expected with significantly smaller tumour sizes than the control
groups after 20 days of treatment. Furthermore, the phototoxicity
of BP@liposomes was evaluated by irradiating mice ears with a
laser. Mice receiving nano-BP presented severe burns with shrunken
skin, while mice receiving BP@liposomes were not affected by
laser irradiation under the same conditions (Fig. 12E). The
phototoxicity of commercial PS Ce6 was also evaluated for
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comparison, which possessed much higher phototoxicity than
the BP@liposomes, with blood vessels in the ear turning brown
and damaged under the same conditions. Such strategies were
promising for liberating patients from the dark room during
and after PDT.

The design of PSs could be very challenging, which calls for
mechanistic insights. It would be ideal if we could control the
ROS-sensitizing efficiency through engineering approaches
rather than molecular design. Tang and Ding, et al., reported
a novel strategy for boosting the PDT efficiency by incorporat-
ing corannulene into AIE nanodots.”® In their work, TPP-TPA
(Fig. 13A) was employed as the PS, which absorbed at 440 nm
and fluoresced in the red region with an intense emission peak
at 680 nm. TPP-TPA was then fabricated into nanoparticles
through nanoprecipitation. Cor-PEG with bowl-shaped coran-
nulene and DSPE-PEG (Fig. 13A) were employed as encapsulant
matrixes to prepare Cor-AlE dots and DSPE-AIE dots, respec-
tively. The particle sizes of the as-prepared Cor-AIE dots and
DSPE-AIE dots were determined to be 46.9 nm and 49.1 nm,
respectively. Despite their similarity in particle size, their
properties were distinctly different. Cor-AIE dots exhibited
stronger emission with a quantum yield of 26.8% and a longer
fluorescence lifetime (4.34 ns) as compared to DSPE-AIE dots.
Besides, Cor-AIE dots also possessed higher ROS sensitizing
ability, with ROS sensitizing efficiency being 4.4 times higher
than that of DSPE-AIE dots. The reason for the elevated ROS
sensitizing efficiency of TPP-TPA in Cor-AIE dots was carefully
investigated by 'H NMR and density functional theory (DFT)
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calculations, from which a mechanistic picture was revealed.
Interacting with corannulene could lower the AE,, and
increase the respective spin-orbital coupling constants between
S; and Ty, which would favour the ISC and result in higher ROS
generating efficiency (Fig. 13B). From the perspective of mole-
cular structure, corannulene with a large dipole moment was
electronegative at the bottom of its bowl structure, which would
attract positively charged TPP-TPA through dipole-dipole and
electrostatic interactions. Such interactions confined TPP-TPA,
restricted its molecular motions and favoured ISC, which pro-
moted ROS sensitization. Benefiting from the near-infrared
fluorescence of TPP-TPA, it could be employed in imaging-
guided surgery. Cor-AIE dots were then intravenously injected
into mice bearing murine 4T1 cancer cells, which could express
luciferase and emit bioluminescence when administrated with
its substrate (p-luciferin). The bioluminescence signal from
luciferase overlapped perfectly with the NIR fluorescence signal
of Cor-AIE dots, demonstrating the tumour targeting of Cor-AIE
dots. After 24 h, surgery was performed by opening the abdomens
of the mice. Guided by Cor-AIE dots, scattering intraperitoneal
tumour nodules could be totally and specifically lit up, which
ensured the differentiation and complete removal of small
tumour nodules with sizes smaller than 1 mm (Fig. 13C). High-
contrast imaging-guided surgery avoided the recurrence of
tumours. In the cases where surgery was not performable, PDT
with Cor-AIE dots could be performed to suppress tumour growth.
As shown in Fig. 13D, with Cor-AIE dots-mediated PDT, the
survival rates of the mice were significantly prolonged, while
DSPE-AIE did not have an observable inhibitory effect on tumour
growth. This study opened a new avenue for enhancing the
fluorescence and ROS sensitizing efficiency of AIE dots.

Besides the approaches to increasing PDT efficacy, research
efforts have also been devoted to combining PDT with other
therapies, such as photoacoustic imaging, and photothermal
therapy, to achieve multimodal theragnosis.®® The synergetic
effects of different modes could greatly enhance the therapeutic
effect, and avoid resistance issues. Tang and Wang et al. prepared
an AlE-active photosensitizer combined with 2 dimensional (2D)
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black phosphorus and applied it in the multimodal theragnosis of
tumours.”* Recently, they prepared a one-for-all AlEgen for PDT,
photothermal therapy, and photoacoustic imaging, which could
precisely reveal tumour locations and completely eliminate
tumours.”® Furthermore, Ding et al. reported the highly efficient
induction of immunogenic cancer death through imposing
focused mitochondrial oxidative stress with AIEgen, demonstrating
the feasibility of AIEgen for immunity therapy.”® Readers interested
in these advances may refer to recent reviews.*>**””

Mechanism studies and personalized
medicine

One of the most intriguing attributes of fluorescent materials is
their ability to present biological processes and provide mecha-
nistic insights into these processes. AIEgens with good photo-
stability, non-invasive attributes, and simple and easy operation
were thus employed for mechanism studies, and providing
guidance for personalized medicine.

Bactericidal mechanism

Scientists are always keen about antibacterial materials.
The underlying mechanism of how these antibacterial agents
combat bacteria varies with the type of these antibacterial
materials. Mechanistic insight into these processes may pro-
vide guidance on the use of these materials and may also
contribute to the further development of new antibacterial
materials. Tang, Wang and Ren, et al. reported the applications
of AlEgens for investigating the bactericidal mechanism of
antimicrobial peptides.”® They decorated antimicrobial peptide
HHC-36 (KRWWKWWRR) with AlE-active HBT to prepare
AMP-2HBT (Fig. 14A). AMP-2HBT inherited the AIE attribute
of HBT. The fluorescence of AMP-2HBT could be turned on
upon binding with bacteria. Due to the low background emis-
sion of AMP-2HBT, there was no need for involving washing
procedures to remove unbound AMP-2HBT molecules. Besides,
AMP-2HBT also demonstrated similar antimicrobial activity to

P7Z] HHC36 peptide

R AmP-2HBT

o
&=

Bacterial viability rate (%)

) Antimicrobial ability of HHC36 peptide and AMP-2HBT against E. coli at different concentrations.

(C) Super-resolution fluorescence image, (D) TEM image and (E) SEM image of E. coli after treatment with AMP-2HBT. Reproduced with permission from

ref. 78. Copyright 2018 American Chemical Society.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

Mater. Chem. Front., 2021, 5, 3322-3343 | 3335


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0qm01132k

Open Access Article. Published on 01 March 2021. Downloaded on 28/1/2026 3:43:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Chemistry Frontiers

the HHC36 peptide (Fig. 14B), which proved that decorating
HHC36 with HBT did not interfere with the antibacterial
activity of the HHC 36 peptide. Upon incubation with AMP-
2HBT, the fluorescence of bacteria increased with the incuba-
tion time, while no fluorescence was observed from bacteria
incubated with HBT with the carboxyl functionality. The results
proved that the binding of AMP-2HBT towards bacteria originated
from the HHC36 peptide. To precisely locate the spatial distribu-
tion of AMP-2HBT, super-resolution fluorescence imaging was
conducted with stochastic optical reconstruction microscopy
(STORM). As shown in Fig. 14C, strong but discontinuous fluore-
scence was observed on the bacterial membrane, which suggested
that the probe tended to reside on the bacterial membrane with
high density. Besides, for bacteria treated with AMP-2HBT, hollow
structures were observed in the TEM image (Fig. 14D) and a rough
membrane structure was identified in the SEM image (Fig. 14E).
The results pointed to the process that HHC36 accumulated on
the cell membrane, and disrupted the membrane structure, which
induced the leakage of bacterial DNA and proteins.

Most antibacterial materials work better on G(+) bacteria
than on G(—) bacteria. That is because the G(—) bacterial cell
envelope contains an additional outer membrane, which could
serve as an additional protective barrier to prevent the entry of
toxic compounds. Thus, it is more challenging to design anti-
bacterial materials against G(—) bacteria. Tang, et al. recently
reported their investigations on modulating the antibacterial
effect by adjusting molecular charges on PSs.”® TBP-1 and TBP-2
with the same chromophore but different charges were designed
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and synthesized (Fig. 15A). The photosensitizing abilities of
these two AIEgens were characterized by using ABDA as an
indicator as well as electron spin resonance (ESR). The decom-
position rates of ABDA were calculated to be 18.2 nmol min ™"
and 15.3 nmol min~" for TBP-1 and TBP-2, respectively. Their
PDT effects were evaluated on both G(+) and G(—) bacteria.
S. epidermidis (G(+)), S. aureus (G(+)), E. coli (G(—)) and E. coli
TOP10 (G(—)) were chosen as representatives. Among them,
E. coli TOP10 is an ampicillin-resistant strain. Both TBP-1 and
TBP-2 exerted dose-dependent dark toxicity on G(+) bacteria and
could effectively eliminate G(+) bacteria upon light irradiation.
However, TBP-1 could not kill the two G(—) bacteria strains both
in the dark and with light irradiation (Fig. 15B, left). In contrast,
TBP-2 was not toxic to G(—) bacteria in the dark but could
eliminate G(—) effectively in the presence of light (Fig. 15B,
right). SEM was then employed to investigate the reason for the
different performances of TBP-1 and TBP-2. As shown in
Fig. 15C, S. epidermidis incubated with TBP-1 and TBP-2 showed
a deformed and collapsed morphology. The structure of E. coli
stained with TBP-1 remained unchanged, while that incubated
with TBP-2 displayed a deformed morphology. From the CLSM
results, both TBP-1 and TBP-2 could stain G(+) bacteria, while
only TBP-2 could stain G(—) bacteria and endow it with strong
fluorescence. The results revealed the following mechanistic
pictures: G(+) bacteria cytoplasm membranes were covered
by a thick and porous cell wall of peptidoglycan and anionic
teichoic acids, which could attract positively charged molecules.
G(—) bacteria with an additional outer membrane could prevent
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The bacteria were incubated with TBP-1 or TPB-2 at various concentrations for 10 min, followed by remaining in dark or white-light irradiation. (C) SEM
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by 200 x 10™° M Pl and captured by CLSM to check the selective phototoxicity. Reproduced with permission from ref. 79. Copyright 2020 Wiley-VCH.
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cationic AIE PSs from disrupting their cell membranes in the dark.
TBP-2 with one more positive charge interacted more strongly than
TBP-1, and could replace the divalent cations (Ca”* and Mg”*), as
revealed by the Mg”* competition experiment. Furthermore, TBP-2
could selectively stain bacteria over mammalian cells. As shown in
Fig. 15D, mixtures of COS 7 and E. coli or S. epidermidis were
incubated with TBP-2, and PI was employed to examine the PDT
effect. Only bacteria were stained with green fluorescence of TBP-2,
while mammalian cells (circles) remained unstained. Treatment
with light only killed the bacteria rather than mammalian cells.
This work revealed the importance of positive charges on PSs and
could guide the development of more efficient PSs.

Guidance on personalized medicine

In the treatment of bacterial infections, the sensible selection of
suitable antibiotics is of critical importance. The right antibiotics
should be the ones that the infected bacteria are susceptible to.
Improper prescription of antibiotics may delay the treatment and
may exacerbate the issue of antibiotic-resistance. By taking advan-
tage of the high sensitivity and the fluorescence turn-on attribute of
AlEgens, we developed a strategy for the fast evaluation of bacterial
susceptibility and high-throughput screening of antibiotics.** The
molecular structure of ATEgen employed is shown in Fig. 16A. The
AlEgen was water-soluble at low concentrations but formed
micelles at concentrations above the critical micelle concentration
(CMC) (20 uM). With the two positive charges, the AlEgen could
bind to both G(+) and G(—) bacteria, and endow them with deep
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yellow fluorescence. As the concentration of AIEgen was below
CMC, no washing procedure was needed and the bacteria could be
visualized with high contrast. The working principle of the strategy
was as follows: a certain number of bacteria were cultured in the
presence of varied species and concentrations of antibiotics for 4 h,
and AlEgen was added at the end of culturing. In the presence of
effective antibiotics, bacterial growth would be inhibited and few
bacteria would be present, resulting in the weak fluorescence of the
solutions; in the presence of ineffective antibiotics, bacteria grew
freely and large numbers of bacteria would exist in the culture
media, leading to the strong fluorescence of the solutions
(Fig. 16B). In this way, the effectiveness of the antibiotics could
be evaluated by judging from the fluorescence intensity, and the
critical parameters of the antibiotics, such as minimum inhibitory
concentration (MIC) and half-maximal inhibitory concentration
(ICs0), could be determined (Fig. 16C). Taking advantage of the
same strategies, the bacteria susceptibility could also be deter-
mined, with susceptible bacteria giving weak fluorescence and
resistant bacteria showing strong fluorescence after culturing
(Fig. 16D). The new method may contribute to the development
of new antibiotics and lay the foundation for personalized
diagnosis and prescription of bacterial infection.

Tissue regeneration visualization

Tissue regeneration describes the renewal and restoration
process, through which a damaged or lost body could be
rebuilt. Although some human tissues, such as skin, fingertips,
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(A) Molecular structure of the AlEgen employed. (B) Schematic illustration of the process for screening antibiotics and the evaluation of bacterial

susceptibility. (C) Evaluation of the effectiveness of antibiotics with AlEgen. (D) Evaluation of the bacterial susceptibility with AlEgen. Reproduced with

permission from ref. 80. Copyright 2015 Wiley-VCH.
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Fig. 17 (A) Molecular structure of CSMPP. (B) Confocal images of Hela
cells stained with Lyso-Tracker Red (LTR) for 10 min and then co-stained
with CSMPP for 10 min. (C) The pH calibration of the CSMPP probe in
zebrafish cells captured using CLSM. (D) The mean ratio of Em-rea/Em-green
as a function of pH. (E) The mean lysosomal pH changes of the medaka
larva's caudal fin during regeneration. Reproduced with permission from
ref. 82. Copyright 2020 The Royal Society of Chemistry.

endometrium and liver can be regenerated by themselves, the
regeneration ability is weak as compared with some vertebrates,
such as salamanders, zebrafish, and Xenopus.®! Regenerative
medicine represents a relatively young field of multidisciplinary
research aimed at promoting the repair or regeneration of
impaired body organs and tissues. In these research efforts, a
critical issue is to evaluate the tissue rebuilding effect. Tang
et al. recently reported the utilization of an AIEgen for imaging
the tissue regeneration process.®” In their approach, lysosomes
were selected as the target, due to their important roles in
autophagy, a critical process in tissue regeneration. To track the
lysosome and quantify lysosomal pH, CSMPP was designed and
synthesized (Fig. 17A). The piperazine group endowed the
probe with lysosome specificity, while the large charge transfer
during pyridine protonation enabled ratiometric quantification
of lysosome pH. The lysosome specificity of CSMPP was
revealed by staining the human retinal pigment epithelial cells
(ARPE-19). Lyso-Tracker Red (LTR) was also employed to co-
stain the ARPE-19 cells. The fluorescence of CSMPP and LTR
overlapped well with a Pearson correlation coefficient of 0.92
(Fig. 17B). CSMPP demonstrated good photostability as well as
excellent biocompatibility, which enabled its application in
tracking the tissue regeneration process with minimum inter-
ference to the targets. With the pyridine group, CSMPP was able
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to ratiometrically quantify the pH changes in lysosomes. At low
pH, the pyridine group will be protonated, and become strongly
electron-withdrawing. This resulted in the formation of a D-n-A
structure and endowed CMSPP with a reddish fluorescence. In a
neutral or alkaline environment, the pyridine group was depro-
tonated, and the fluorescence of CSMPP was shifted to the blue
region. By taking advantage of the fluorescence changes in
CSMPP, the varied pH inside cells could be mapped (Fig. 17C).
The 10g[(R — Rmin)/(Rmax — R)] and pH showed a good linear
relationship in the pH range of 3.0-6.5 (Fig. 17D), which was
used to calibrate the lysosomal pH of the caudal fin. Tracking
the lysosome pH during caudal fin regeneration was performed
on medaka larva. Medaka larvae were fed with 5 uM CSMPP 4 h
prior to the amputation of the caudal fin. CSLM images of
medaka larvae before amputation and at 12, 24, 48, 96 and
120 h post amputation were collected and analysed. The mean
pH of the caudal fin decreased gradually after amputation, and
the lowest pH appeared 24-48 h after amputation, corres-
ponding to the blastema formation stage (Fig. 17F). At 24 h after
amputation, the pH dropped from 5.1 to 4.6. During this period,
autophagy was active to remove damaged tissues and cellular
debris. The lysosome pH increased after 48 h and returned to
normal after 120 h. This work represented a simple and quanti-
tative method for dynamically tracking tissue regeneration.

Bone marrow stromal cell tracking

Stem cells are undifferentiated cells with the potential to form
many different cell types in the body, which could perform
specialized functions. By sensing varied chemical signals, they
could move into damaged tissue and start the differentiation
process, resulting in the healing of damaged tissues.** Mechanistic
insight into the way that stem cells promote tissue regeneration is
highly desirable, which could direct the development of stem cell-
based therapies. Liu and Liao, et al. reported the application of
organic nanoparticles fabricated from AlEgens for tracking bone
marrow stromal cells (BMSC).* They designed and synthesized an
AlEgen, TPEEP (Fig. 18A), with high brightness and low photo-
toxicity. TPEEP was fabricated into nanoparticles through the
nanoprecipitation method. The THF solution of TPEEP and
DSPE-PEG;3q00 was rapidly injected into MilliQ water, which
resulted in the swift change in the solvent solvating power and
led to the aggregation of TPEEP. The hydrophobic DSPE segments
with hydrophilic PEG chains extended to the aqueous phase
(Fig. 18A). TPEEP NP with an average diameter of ~45 nm was
obtained, as determined by TEM analysis, which demonstrated
deep red fluorescence with a broad fluorescence band that peaked
at 690 nm and a high fluorescence quantum yield of 35 £ 1%. The
as-prepared TPEEP NP demonstrated excellent stability in varied
environments, such as in the presence of varied proteins, in acidic
or alkaline solutions, which was desirable for in vitro and in vivo
tracking applications. For tracking applications, cell penetration
protein, Tat, was conjugated to the surface of the NPs to enhance
the internalization of nanoparticles (TPEEP-Tat NP). After incuba-
tion with BMSC, red fluorescence could still be observed after
9 days, indicating the excellent tracking ability of TPEEP-Tat NP.
BMSCs labelled with TPEEP-Tat NP were then transfused into a rat

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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(A) Molecular structures of TPEEP and DSPE-PEG-Mal and schematic illustration of TPEEP NP preparation. (B—E) Microscopic images of

thionin-stained brain slices collected from rats (B) without PTI, (C-E) with PTI and BMSC transfusion, (C) 3 days after BMSC transfusion, (D) 5 days after
BMSC transfusion, (E) 7 days after BMSC transfusion. Black circles indicate the lesion sites. (F-I) high magnification images of the circled regions. (J-M)
Fluorescence images of brain slices collected from rats (J) without PTI, (K-M) with PTI and BMSC transfusion, (K) 3 days after BMSC transfusion, (L) 5 days
after BMSC transfusion, (M) 7 days after BMSC transfusion. Reproduced with permission from ref. 84. Copyright 2016 Wiley-VCH.

photothrombotic ischemia (PTI) mode to evaluate their tracking
ability in vivo. Ischemic stroke was induced in rats by the PTI
technique in a targeted cortical arteriole. Rats with different
treatments were perfused with 0.1 M PBS and sacrificed to harvest
the brain for histological assessment. In the stroke region of rat
brain, less cells presented than the intact region in healthy rats.
The brain slice in Fig. 18B and F demonstrated healthy brain slices
without PTI. On the third day post-BMSC transfusion, no BMSC
could be observed in the ischemic region (Fig. 18C and G). Starting
from day 5, BMSCs migrated to and gathered around the ischemic
region (Fig. 18D and H). On day 7, the ischemic region was fulfilled
with BMSCs, indicating the successful migration and homing of
BMSCs in the ischemic region following PTI stroke induction.
Bright emission from stem cells could be observed after 5 days of
BMSCs transplantation (Fig. 18L and M), while no fluorescence
could be discerned in the healthy group (Fig. 18]). Thus, by
tracking the presence of red emission from stem cells, the stem
cell-therapy process could be visualized in real-time.

Conclusions and perspectives

With continuous research efforts from researchers worldwide,
AlEgens have found increasing applications in healthcare-
related areas and contributed to the development of the asso-
ciated technologies. In this review, we summarized some recent
progress on the employment of AlEgens for healthcare-related
research. Three aspects of investigations on their applications
were reviewed, namely, diagnosis, theragnosis and mechanistic
studies and personalized medicines. In the diagnosis sec-
tion, we introduced the utilization of AlEgens for cytogenetics
studies, evaluation of sperm cell activity, detection of CTCs,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

intraoperative pathological imaging of bone microcracks and
tracking of atherosclerotic plaques. In these examples, AIEgens
served as fluorescence reporters or indicators to report the
presence and quantity of targets, or highlight targets for better
differentiation in clinical samples. In the theragnosis part, we
elaborated on the applications of AIEgens as both probes and
PSs and selected some examples on the theragnosis of bacterial
infection, cancer, as well as developing novel approaches to
improve the theragnosis outcome, such as elevating spatial
precision, minimizing toxicity, and increasing PDT efficiency.
These works not only contributed to our comprehensive under-
standing of theragnosis but also promoted the practical applica-
tions of AlEgens. In the third part, we discussed gaining
mechanistic insight and providing guidance for personalized
medicine. In these works, AIEgens contributed to the understand-
ing of biological processes as well as the innovation of regular
experimental operations.

Research on AIEgens for healthcare is advancing at a high
speed. We believe more interesting and practically useful AlEgens
will be developed and applied in clinical settings. Future develop-
ments may be focused on the following areas:

(1) The development of a toolbox of AlEgens for clinical
diagnosis. Future research efforts can be spent to increase the
analyte variety and build up a toolbox for clinical diagnosis.
Probes for varied targets in body liquids, such as blood, urine and
semen. When a full set of AlEgen-based diagnosis becomes
available, it will greatly promote widespread clinical applications.

(2) Integrating AIEgens into detection kits or devices. Most
current research efforts are focused on the development of
materials. To step forward, AlEgens should be integrated into
ready-to-use diagnosis kits or devices, such as detection kits for
enzymes and proteins in blood, portable devices employing
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AlEgens for varied cancer-related biomarkers, and testing strips
for antigens. Such ready-to-use products will facilitate the
promotion of these techniques to doctors in hospitals. Thus,
experts with varied backgrounds, such as mechanics, electronics,
etc., should participate in the development.

(3) Research on more clinical testing. In clinics, AIEgens will
be working in more complex environments with varied inter-
ferences. AIEgens should get rid of these interferences and
provide reliable and consistent results before they can be widely
used. Thus, collaborations with doctors should be encouraged.

With continuous research efforts and varied expertise in multiple
disciplines, the progress of clinical applications of AlEgens will
speed up and AlEgens could benefit aspects of human health.
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