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ARTICLE INFO ABSTRACT

Keywords: Environmental monitoring and personal protection are critical for preventing and for protecting human health

Fibers during all infectious disease outbreaks (including COVID-19). Fluorescent probes combining sensing, imaging

Aggregation-induced emission and therapy functions, could not only afford direct visualizing existence of biotargets and monitoring their

Sensing dynamic information, but also provide therapeutic functions for killing various bacteria or viruses. Luminogens
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Health protection with aggregation-induced emission (AIE) could be well suited for above requirements because of their typical
photophysical properties and therapeutic functions. Integration of these molecules with fibers or textiles is of
great interest for developing flexible devices and wearable systems. In this review, we mainly focus on how fibers
and AlEgens to be combined for health protection based on the latest advances in biosensing and bioprotection.
We first discuss the construction of fibrous sensors for visualization of biomolecules. Next recent advances in
therapeutic fabrics for individual protection are introduced. Finally, the current challenges and future oppor-
tunities for “AIE + Fiber” in sensing and therapeutic applications are presented.

1. Introduction

According to the guidance for the infection prevention and control
by World Health Organization: “safe water, sanitation and waste man-
agement and hygienic conditions is essential for preventing and for
protecting human health during all infectious disease outbreaks,
including of coronavirus disease 2019 (COVID-19)” [1]. Therefore,
environmental monitoring and personal protection are necessary.
Fluorescent probes combining functions of sensing, imaging and ther-
apy, could not only afford direct visualizing the existence of biotargets
and monitoring their dynamic information [2-5], but also provide
therapeutic functions for killing various bacteria or viruses [6,7]. In this
regard, many designs and synthetic approaches have been developed for
functional fluorescent probes, for example, quantum dots [8],
metal-containing complexes [9], and organic fluorophores [10]. Among
them, organic fluorophores show advantages because of good biocom-
patibility and flexible molecular modification [11]. However, for most
traditional organic dyes, their emission or therapeutic function are
normally quenched or reduced in aggregate state. This phenomenon is
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known as aggregation-induced quenching (ACQ) [12], which seriously
limits their performance in biological application, leading to unsatis-
factory outcomes.

In contrast to traditional ACQ fluorophores, aggregation-induced
emission luminogens (AIEgens) are weakly or non-emissive when they
are isolated in good solvent, but “lit-up” when they aggregate (Fig. 1a)
[13]. Restriction of intramolecular motion (RIM) is considered as
working mechanism for AlEgens, which impresses the nonradiative
energy dissipation to promote fluorescence [14]. This unique feature
makes them potential to be applied for biological sensing and imaging
[15,16]. In addition, through rational chemical design, AIEgens could be
further endowed with photosensitization effect and photothermal
capability (Fig. 1b) [17,18]. Traditional AIEgen could be immediately
designed as photosensitizers (PSs) with introduction of donor-acceptor
(D-A) structure, leading to the reduced energy gap (AEsy) between
triplet and singlet excited state (S;-Tp), activating the intersystem
crossing (ISC) process accordingly [19]. AIE PSs could both improve
fluorescence and reactive oxygen species (ROS) production at aggregate
state, revealing unique advantages during practical applications.
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Besides, owing to the rotor structures, AlEgens also could be trans-
formed into photothermal agents (PTAs) by activating intramolecular
motions [20]. By introduction of D-A structure, planar skeleton, and
alkyl chains into AlEgens, the light-harvesting ability and nonradiative
decay could be further activated, resulting in excellent photothermal
conversion efficiency [21,22].

In the past decades, advanced synthetic strategies at the molecular
level have been extensively used to develop multifunctional AIEgens
[23,24]. Integration of these molecules with fibers or textiles is of great
interest for developing flexible devices and wearable systems (Fig. 1c).
Fibers, especially synthetic polymer fibers, characterized with high
aspect ratio and high surface area [25,26], is a kind of long and thin
thread of material that could be knit or woven into a fabric [27,28]. The
fluorescent probes are directly embedded into or grafted onto fibers,
showing high interface to interact with analytes and thereby exhibiting
high sensitivity and fast responsibility, which may have a synergistic
effect with polymer matrix [29,30]. Fibrous-based fluorescent sensors
are easy-readable, sensitive and flexible to conveniently integrate into
portable devices [31], benefitting for family and individual self-testing.
Moreover, additional functional enzyme catalysts could be separately
decorated on the surface of fibers to develop Janus fibers or double layer
fabrics, consequently further boosting the sensing performance [32,33].
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On the other hand, fibers could be engineered to modify their chemical
composition and physical structure during the manufacturing process,
which providing suitable microenvironment to manipulate the intra-
molecular motion of AlEgens and then promoting the nonradiative de-
cays to boost ROS production and photothermal efficiency. In the recent
design, core-shell structure fibers and three-dimensional nanofibrous
aerogels were recently developed, which further improve photothermal
conversion efficiency of the dopped PTAs because of the enhanced
nonradiative decay process [34,35]. The developed fibrous membranes
mediated by photodynamic and photothermal therapy show great po-
tential in wound dressings, self-sterilizing protection, and hot patches.

In this review, we focus on the recent advances in the synergy of
“AIE + Fiber” for health protection from aspect of AIE probes selection
and fiber structure engineering. Firstly, we discuss the construction of
AIE fibrous sensors for visualization of small molecules, proteins, and
bacteria. Then we introduce recent representative examples of thera-
peutic fabrics for individual protection. Finally, we give our perspectives
regarding the challenges and future opportunities for “AIE + Fiber” in
potential sensing and therapeutic applications.
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Fig. 1. Illustration of AIE working mechanism and applications of the “AIE + Fiber”. (a) Restriction of intramolecular motions of AIEgens for “light-up” in aggregate
state. (b) Simplified Jablonski diagram of the electronic transition of AlEgens (radiative decay), AIE PSs (ISC process) and AIE PTAs (nonradiative decay). (c) An
overview of “AIE + Fiber” for health protection in terms of biosensing and bioprotection.
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2. Sensing

Fluorescent biomolecular sensing and detection play vital roles in
indicating biological state and evaluating living environment, providing
a sensitive, accurate, and easy-readable way for trace amounts of ana-
lytes sensing. Many fluorescence detection methods have been reported
by using small molecules individually [36,37]. However, most of the
existing molecular probes have been dispersed in biological fluids for
working, which are not suitable for visual and portable detection. Fibers
(especially  electrospun  nanofibers), characterized by high
surface-area-to-volume ratios, are attractive candidates to combine with
AlEgens for constructing sensors with high sensitivities, rapid responses,
and great simplicity [38,39]. AIE probes are integrated with fibers for
sensing in two forms, one is directly doping into fibers, another is
grafting onto the surface of fibers. For the first one, the analytes are
mostly in gas form, which could penetrate into the polymer matrix of
fibers to interact with AIE probes [30], generating visible signals to be
detected. For the latter one, the analytes are usually dispersed in
aqueous phase [40]. The grafted AIE probes are normally designed with
a hydrophilic group (e.g., phosphate, sulfonate, quaternary ammonium),
ensuring the good dispersibility for fully contact with analytes. In
addition, these probes could also be decorated with targeting or reactive
groups to improve the specificity to targets. Meanwhile, the fibrous
substrates provide an anchor to stabilize AIE probes, benefiting for
on-site, portable, and individual self-testing. These resulted “AIE +
Fiber” sensors have high potential to be integrated into the wearable
system. In this section, the sensing targets or analytes could be roughly
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divided into three groups: i) small molecules such as biogenic amines,
sugars, ions and water vapor; ii) functional macromolecules such as
proteins and enzymes; iii) bioorganisms such as E. coli bacteria (Fig. 1c).

Small molecules. Biogenic amines have gained recognition not only
as indirect indicators of food freshness but also to be linked with epi-
sodes of food intoxication [43]. These biogenic amines with low mo-
lecular weight including one or more amine groups, are produced by
microbial, vegetable and animal metabolisms [44,45]. To detect these
compounds, most of the existing fluorescent probes have been designed
to work in liquid state [46]. However, these approaches are not suitable
for portable detection. Incorporating the fluorescent probes into mem-
brane or film represents good solution to be assembled with devices,
which showing high surface area to fully contact with the gas for highly
sensitive detection. Tang et al. reported an amine-specific pen-like
portable sensor with a fiber detector in the device (Fig. 2a), which was
developed by decoration of amine responsive AIEgens (DQ2) on the fiber
detector by a sol-gel process [41]. Sol-gel coatings on the silicon dioxide
(SiOy) fiber provide a rigid scaffold for immobilization of fluorescent
probes of DQ; (Fig. 2b). The immobilized DQ, was first to react with
trifluoroacetic acid (TFA) to produce protonated form of H'DQ, and
quench the emission accordingly. After exposure to amine vapor, ni-
trogen deprotonation was occurred and the yellow emission was turned
on (Fig. 2¢). This system was demonstrated to withdrawn inside for
protection and pushed out for detection, and successfully used for
solid-state amine portable detection from salmon fish. The sensitivity
was determined to be 0.2 ppm. However, because of the dense structure
of the organosilica coating, the penetration of analytes vapor was

0 min

Detection
Amine

* pronated DQ, * DQ,

Mesoporous organosilica embedded in electrospun fibers for amine sensing '

Without
Shrimp

With
Shrimp

24h

under UV lamp

Fig. 2. Biogenic amine detection. (a) AIE handy pen for visual detection of amine vapor. (b) DQy-immobilized sol-gel coatings on the SiO, fiber. (¢) Mechanism for
amine detection by sol-gel coatings. Insets: Fibers exposed to 20 ppm amine for 0 and 30 min under UV lamp. Adapted and reproduced with permission from
Ref. [41]. Copyright 2021 American Chemical Society. (d) Mesoporous AlEgen-organosilica embedded electrospun nanofibers for amine sensing; () Mechanism for
amine detection by reversible protonation of AIE probes. (f) Nanofibrous sensor for shrimp spoilage monitoring. Adapted and reproduced with permission from

Ref. [42]. Copyright 2021 American Chemical Society.
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blocked at some extent, resulting in the slow response time (5 min for
amine detection).

Kong et al. used periodic mesoporous organosilica (PMO) to
assemble with pH-sensitive fluorescent molecules (TPEPMOs) for amine
sensing (Fig. 2d), owing to abundant reaction sites provided by highly
porous PMO for rapid and sensitive detection [42]. The resulted
TPEPMO nanoparticles were then embedded into the PLGA (poly (lac-
tic-co-glycolic acid)) or PAN (polyacrylonitrile) for subsequent electro-
spinning. The fluorescence quenching of the TPE unit was caused by
reversible protonation of TPEPMOs (Fig. 2e), with a linear correlation
between fluorescence intensity and pH in the range of 3.9-4.7. Upon
exposing the fibrous membrane sensors to ammonia vapor, the fluo-
rescence recovered and the detection limit was estimated to be 15
mg/m°. This “turn-on” process for amine detection was reversible, and
was demonstrated to monitor food spoilage processes (e.g., shrimp
freshness) for health protection (Fig. 2f). In addition, the nanofibrous
network endowed the sensors wearability, stability, and washability
(fluorescence maintained above 94% after 10 times washing), but at the
expense of response time because the polymer network of nanofibers
blocked the mass transfer in TPEPMO nanoparticles.

Metal ions are important in biological process [47-49]. The
contamination of heavy metal ions such as mercury ions (Hg?") is a
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serious problem because they are extremely toxic even at low concen-
trations [50,51]. Therefore, simple, fast and selective monitoring of
trace Hg?" is highly needed for environmental safety and health diag-
nosis [52]. Compared with the Hg?" detection by using small molecules
that dispersed in aqueous solution, grafting fluorescent probes on test
papers show advantages to construct self-test devices for an on-site, vi-
sual, and portable detection. Nanofibrous strip is a potential candidate
as the immobilizer to promote the sensitivity and response time because
of the large surface area and high network porosity [53]. Taking these
advantages of fibrous substrate, Li et al. developed TPE derivatives
containing sulfonic groups and carboxyl dithioacetals to introduce on
the surface of polystyrene-co-maleic anhydride (PSMA) and polystyrene
(PS) blended electrospun fibers [40] (Fig. 3a). The AIE activities of the
grafted TPE derivatives were initiated to show bright emission, which
was attributed by the short spacer chains between AIE probes and fiber
surface to restrict the intramolecular motions of TPE units. Owing to the
strong thiophilic affinity with Hg?*, the dithioacetal moieties were
gradually cleaved and then TPE derivatives (containing sulfonate
groups) were released from fibers. The water-soluble residues signifi-
cantly decreased emission intensities accordingly. Such “turn-off”
emission fibrous sensor could be fitted into an equation versus Hg"
concentrations, enabling a visual and quantitative sensing (Fig. 3b). The

AlEgen-grafted fibrous strips for Hg?* detection
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limit of detection (LOD) was demonstrated as low as 20 nM, fulfilling the
threshold concentrations in drinking water. This strategy could be
further applied for other small molecules detection by decorating with a
suitable recognition unit. For example, Li et al. developed a visual sensor
of hydrogen peroxide (H205) and choline by integration of double-layer
nanofibrous film [32] (Fig. 3c). On the visual sensing side of the film, the
probes composed of phenylboronic acid and choline units were grafted
on the PET-Ch/TPE nanofibrous film, followed by electrostatic adsorp-
tion of sulfonated-TPE to form fluorescent fibers; on another side,
choline oxidase was immobilized on PSMA-ChOX nanofibers. The
presence of HyO3 initiated the cleavage of the probes to release choline
and choline/TPE complexes from nanofibers. The released choline was
again captured by choline oxidase to generate HoO, that further acti-
vated the cleavage reaction until release all choline/TPE complexes,
leading to sensitive detection of bioactive HyO, in a “turn-off” way
(Fig. 3d). In this process, the signals of the probe were in situ amplified
by choline oxidase, showing a LOD of 0.5 pM H205. The trace analysis of
H0; is valuable toward the early diagnosis of disease, because its
excessive presence normally leads to cancer, cardiovascular diseases,
and inflammation. This double-layer fibrous sensor integrated a sensing
layer and an amplifier layer in one material, simplifying the sensing
process and providing potential to screen trace levels of biotargets, even
in resource-constrained settings.

Glucose serves important role in carbohydrate metabolism, whose
level in the blood and urine is related to the human health because
abnormal levels of glucose will lead to diabetes mellitus [55,56].
Generally, glucose measurements are based on interactions with glucose
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oxidase, which is the standard enzyme for biosensors for glucose
detection. The biosensing mechanism is known by the enzyme catalysis
of glucose to formation of HyO, [57]. Compared with instrumental
analysis systems, colorimetry/fluorometry glycosuria test strips are
easy-visualized and cost-effective, benefitting for family and individual
self-testing [58-60]. Chao et al. designed poly (amic acid) (PEBA)
bearing AIE units and oligoaniline segments, which was utilized as a
dual-response sensor (colorimetric and fluorometric) followed by elec-
trospinning (combined with PAN) (Fig. 4a) [54]. Redox reaction was
occurred between oligoaniline and generated H>O2 by glucose oxidase,
resulting in obvious color change from gray to yellow-green in appear-
ance. During this process, oligoaniline segments could be transformed
into emeraldine base (EB) or pernigraniline base (PNB), showing
obvious absorption enhancement in the visible range. Simultaneously,
its fluorescence was quenched gradually because of the energy transfer
between the oxidized quinone of the oligoaniline segments and the
excited state of the AIE units in PEBA (Fig. 4b and c). In this design,
dual-mode glycosuria visual detection was highly desirable, which could
reduce intuitive judgment errors (Fig. 4c). The fibrous device is also
reusable after the reduction process by the treatment in hydrazine hy-
drate solution. In addition, the large specific surface area of the nano-
fibrous membrane endowed highly efficient interaction with analyte,
showing higher sensitivity compared with referenced commercial test
strips.

The sensing of water vapor generated by the evaporation of perspi-
ration from the skin and exhaled moisture has applications in medical
diagnostics [62,63]. Different from the previous examples that focusing

Dual-mode nanofibrous test strips for glucose detection
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on the emission intensity, developing a water-vapor sensor showing
multicolor response would be very rewarding. Tang et al. utilized
AlE-active molecular rotors (TPE-Py) as a fluorescent sensor, which is
characterized with twisted intramolecular charge transfer (TICT) effect
[61]. Its emission is highly dependent on surrounding polarity due to the
donor-acceptor  structures. They incorporated TPE-Py into
water-captured network of polyacrylic acid (PAA), then used electro-
spinning method to obtain nanofibrous film (Fig. 5a). Due to the
high-water absorptivity of PAA network, the emission color of the film
changed from blue to orange when the relative humidity increased from
0% to 99% (Fig. 5b). Their emission maximum versus relative humidity
could be fitted to a linear relationship, accounting for quantitative and
precise water vapor measurement. Benefitting from the large surface
area of nanofibrous film, the film could response human exhalation and
recovered to the original state within 1 s (Fig. 5c). Besides this, the
nanofibrous film was demonstrated for fingerprint mapping. After direct
contact of fingertips with substrate, nonpolar sweat components (oil,
grease) on finger ridges were left to act as a hydrophobic layer to screen
the surfaces from interacting with water vapor, allowing a clear visu-
alization of the ridges (blue emission) and valleys (yellow emission).
Meanwhile, the sweat pores also appeared because of the dissolution of
the fibrous film (Fig. 5d). This multicolor visualization technology
shows advantage since the fluorescence intensity-based “turn-on” and
“turn-off” detection are sensitive to the excitation power and the de-
tector sensitivity. It would offer opportunities for applications in clinical
diagnosis, information security protection, and human-machine
interaction.

Proteins. Alkaline phosphatase (ALP) is an enzyme that is found
throughout the body, especially concentrated in the liver, bones, and
digestive system [66,67]. Abnormal level of ALP in the blood indicates
liver or bone disorders [68,69]. Therefore, in situ monitoring the ALP
activity is important for biomedical researches and clinical diagnoses.
Compared to “turn-on” or “turn-off” strategies that traditional fluores-
cence ALP detection used, a ratiometric method based on the ratio of
two fluorescence emissions exhibits great advantages, avoiding the
susceptibility from the single-emission intensity changes [70]. Li et al.

Nanofibrous membrane for water vapor visualization
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developed a ratiometric analysis of ALP activity by covalent grafting
fluorescein (green emission) onto electrospun polyethylene tere-
phthalate (PET) nanofibers [64], and then further binding with bis-
quaternary ammonium salt of tetraphenylethene (TPE-2N', blue
emission) through electrostatic interaction (Fig. 6a). The as-prepared
nanofibrous membrane showed the emission of TPE-2N" at 471 nm,
while the emission of phosphorylated fluorescein was suppressed. In the
presence of ALP, the phosphate groups were removed after phosphoester
hydrolysis, resulting in the release of TPE-2N" to reduce the emission at
471 nm and the restoration of fluorescein emission at 514 nm. With
increasing ALP concentrations, the ratiometric fluorescence responses of
fibrous strip resulted in color changes from blue to green accordingly
(Fig. 6b) This ALP detection was demonstrated to show no apparent
interference by serum components, and exhibited a straight visual
detection of ALP levels (0-80 mU/mL) in human serum.

This ratiometric strategy was further applied in the detection of
heparin and trypsin based on the bifluorophoric system that grafted on
fibrous strips. As shown in Fig. 6¢, a TPE derivative with sulfonated unit
and phloxine B (PhB) were covalently immobilized on PSMA nanofibers
[65], then protamine adsorption was followed to quench the emission of
PhB (yellow, 574 nm) and then induced the emission of sulfonated TPE
(green, 472 nm). The presence of heparin or trypsin removed protamine
to restore the fluorescence of PhB but relieved the emission of the sul-
fonated TPE (good water solubility). As a result, the ratiometric detec-
tion of heparin and trypsin was achieved by using the
fluorescence-intensity ratio of Isy4/I472. This fibrous strip provides the
potential for facile and visual monitoring serum heparin and urine
trypsin levels during long-term care of patients (Fig. 6d and e). In above
examples, the authors modified AIE-based probes with targeting ligands,
allowing specifically recognition through a lock-and-key interaction.

Bacteria. Pathogenic microbes (such as E. coli) can cause infections
or diseases in human body [73]. Therefore, detection of the microbe
levels in water and biological fluids is important for water and food
safety, environmental monitoring, and clinical diagnosis [74-76].
Although polymerase chain reaction (PCR)-based methods guarantee
the high accuracy of microbial detection, they suffer from sophisticated

Fig. 5. Water vapor detection. (a) Design of TPE-Py-
doped polyacrylic acid (PAA) nanofibrous fluores-
cence sensors for water vapor visualization. (b) The
fluorescence colors of TPE-Py-PAA film upon the
relative humidity increasing from 0% to 99%. (c)
Reversible and rapid response of nanofibrous film in a
flower pattern (flower leaves: TPE-Py-PAA) to human
exhalation. Photos taken under 365 nm UV irradia-
tion. (d) The photos of the finger pulp and fingerprint
mapping on the TPE-Py fibrous membrane. In the
rightmost magnified image, the alternate blue and
yellow lines correspond to the ridges (I) and valleys
(ID) of fingerprint, while the black points correspond
to the sweat pores (III). Adapted and reproduced with
permission from Ref. [61]. Copyright 2017
Wiley-VCH Verlag GmbH & Co. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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under 365 nm UV light. Adapted and reproduced with permission from Ref. [65]. Copyright 2017 American Chemical Society. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

instrumentations and complicated procedures to obtain results [77]. The
combination of fluorescence technology and electrospun fibrous strip
provides ultrafast, visualized and on-site detection of microbes [78]. In
addition to a high availability of graft sites for fluorescent recognition
provided by the fibrous sensors that discussed above, the open and
entangled porous fibrous networks endowed it with rapid interception
capability for microbes [79]. Although an electrostatic interaction was
applied to binding with various bacteria (negatively charged surface) by
introducing positively charged group into AIEgens, which was not
appropriate for specific targeting and labeling. Fortunately, the surface
of bacteria offers specific sites to recognize and bind for AIE probes
through a recognition interaction. It is well acknowledged that E. coli
utilize the interactions between bacterial fimbria and mannose moieties
from the host cell surface to establish infections in host [80]. At the end
of a fimbria, FimH proteins are usually exploited for an effective
detection based on its sugar-binding properties. In this case, TPE was
functionalized with mannose units (TPE-Man) that can specifically
interact with FimH in a fast and sensitive manner. Li et al. grafted
TPE-Man on electrospun fibers for E. coli detection in aqueous solution

(Fig. 7a) [71]. TPE-Man conjugated on nanofibers was not emissive in
aqueous solution because of their good water solubility. Due to the ex-
istence of poly (ethylene glycol) chains between AIE probes and fiber
matrices, the intramolecular motions of TPE-mannose on the surface
were activated to show weak emission at the initial state. A specific
interaction between mannose group and E. coli resulted in the intra-
molecular motion restriction of the TPE unit and then generated strong
emission in the “turn-on” mode, which is in contrast to the ion detection
that showing strong emission at the beginning state (Fig. 3a). Such
fibrous sensors enabled specific, visualized and quantified detection of
E. coli with a detection limit of 102 CFU/mL.

Compared with static sensing of E. coli by fibrous strip sensors,
moving fiber-rod-based micromotors were designed to exhibit a higher
sensitivity because of motion-enhanced bacteria caption. Janus fiber
rods constitute of two sides: one side was grafted with TPEC-Man to
lighting E. coli, another side was decorated with catalase to decompose
H,0,, fuel into oxygen bubbles for pushing the movement of Janus fiber
rods (Fig. 7b). The authors named this strategy as “motion-capture-
lighting”, which integrated the capability of motion-enhanced capture



Z. Qiu et al. Biomaterials 287 (2022) 121666

AlEgen-conjugated fibrous mats for E. coli detection
E. coli concentration (CFU/mL)

a 0 10- 10° 10¢ 10° FimH protein
7 0'5: R
N [ Vo oy N
fo P opd S
I - ]
/ ch“f;, Q ? ‘6 © ]
’ \Ofl ~Og ”m Tl A o
7 { X T‘\. Lo e
' 2 D) Ao NG
" ’
E. coli ,lL< ~ X
"l N Wk
TPE-Man, 3
» ~
-~
PSMA-PEG -
Fiber RN
Moving Janus fiber rods for E. coli detection
d
b i 2 j = P o At
wgt QN ﬁ Ne 7| 4 o
ch“j S N"»‘.c. C'1:‘_14 C\'i o:i 3 - TPEC-Man ol
S0 O™ 000 | psmaHAD-Bocs  PSMA-PELCAT/ E. Coli
S g& | (JFR) (JM)  Capture & Lighting
C'*“‘u c:,‘:‘% :

NH. NH
) 2 @)
— —_ — Bacterial level (CFU/mL)

| PSMA PSMA-PEG PSMA-TPEC PSMA-TPEC-Man : 102 10° 104 108 108
R v T | — ] |
| PSMA-HDA-Boc PSMA-HDA PSMA-PEI PSMAPEL-CAT | | &

) R, ), ()

e f

Ce e

10° 103 104 10°

~ -
= @ Bacterial level (CFU/mL)
Aptamer T a
—
=
PSMA

® S. epidermidis
“» E. coli

- E. coli pUC19
we Dead bacteria

Fig. 7. Bacteria detection. (a) (left) TPE-Man-grafted PSMA-PEG nanofibrous sensor for E. coli detection and (right) the corresponding working mechanism. The
fluorescence images showing the enhanced emission with an increase in E. coli concentration. Adapted and reproduced with permission from Ref. [71]. Copyright
2015 American Chemical Society. (b) Schematic illustration of specific grafting on two sides of Janus fiber rods. One side was grafted with AIE probes of
TPEC-mannose, the other was conjugated with catalase to react with H,O, for propelling fiber rods. (c) Fluorescence response of Janus micromotors after binding
with E. coli. The decomposition of H;O fuels by catalase provided the propulsion force to enhance the specific binding between mannose moieties and E. coli, which
initiated the AIE effect of TPE units and then “turn-on” the fluorescence of fiber rods. (d) Fluorescence photographs of Janus fiber rods suspensions at different E. coli.
concentrations. Adapted and reproduced with permission from Ref. [33]. Copyright 2019 The Royal Society of Chemistry. (e) Schematic illustration of bacterial
capture and destruction on fibrous mats modified by aptamer and then TPE-Cep. (f) Fluorescence images of fibrous color strips incubated with E. coli/pUC19 at
various concentrations taken under 365 nm UV light. (g) SEM image of the destroyed structure of the captured bacteria on the surface of fiber. Adapted with
permission from Ref. [72]. Copyright 2020 The Royal Society of Chemistry. (For interpretation of the references to color in this figure legend, the reader is referred to
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of bacteria and capture-induced fluorescence “turn-on” of micromotors
(Fig. 7c and d) [33]. Compared with the static sensing by fibrous strips
discussed above, the sensitivity of moving micromotors could be
enhanced with lower LOD by low-fold.

Owing to the overuse of antibiotics in food industry and medicine,
differentiating antibiotic-resistant bacteria from normal ones is another
urgent challenge in environmental control and human healthcare [81].
Visual evaluation of antibiotic resistance provides a fast and direct
observation of antibiotic-resistant bacteria. f-lactamases is widely used
to disrupt the antibiotic activities of bacteria, and is behaved as an
important marker for screening of resistant bacteria [82,83]. The major
challenge is how to combine of specific strains isolation, a low level of
resistant bacteria sensing, and killing capability in one system. Li et al.
developed a fibrous sensor that was integrated with capture ligands and
then AIE probes to achieve selective identification and simultaneous
killing drug-resistant bacteria (Fig. 7e) [72]. Specifically, aptamer li-
gands were firstly conjugated on nanofibers for specific bacterial cap-
ture. Water soluble AIE probes with TPE cores and two terminal
cephalosporin molecules (TPE-Cep) were constructed for recognizing
and destroying antibiotic-resistant strains. TPE-Cep probes could only be
cleaved by endogenous f-lactamases in resistant bacteria, yielding
water-insoluble TPE derivative aggregates of TPE-OH and then emitted
fluorescence immediately (Fig. 7f). In addition, the released TPE-OH
could serve as a photosensitizer (PS) to produce ROS for destroying
bacteria at some extent under light illumination (even though not high).
As shown in Fig. 7g, collapsed and fusion of bacteria were observed on
the fiber surface. Such an integrated sensor was demonstrated to show
multiple functions toward simultaneous quantitative visualization and
image-guided photodynamic ablation of antibiotic-resistant bacteria.

Fibrous aggregates, especially nanofibrous networks, provide
powerful matrices or substrates in sensing biomolecules with high
specificity, selectivity and visibility. AIE probes were embedded in
polymer matrix of fibers or grafted onto the surface of fibers to interact
with analytes for sensing, representing an effective strategy for separa-
tions from water or biological fluids, and avoiding consuming sample
post-treatment. The generated fluorescence signals were expressed out
in turn-on, turn-off or multicolor modes. Strategies such as reaction-
mediated, binding-mediated, and cleavage-mediated were achieved
through smart integration of AIE probes and fiber structures. In the
future, the development of “AIE + Fiber” sensors could be achieved by
the decoration of more recognition moieties in AIE probes, architecture
design of fibers, performing clinical sample testing, and device assem-
bling for healthcare monitoring. Most recently, optical fibrous devices
have been demonstrated to show their advantages in SARS-CoV-2
detection because of their remote signal transfer capability, which
could be used for patients in remote areas without hospitals or clinical
laboratories [84,85]. On the basis of the developed AIE probes that have
been applied in nucleic acid detection and immunological assays [86,
871, we believe the combination of optical fibers and AIE probes have
high potential for reliable COVID-19 screening in some specific appli-
cation scenarios.

3. Therapy

AlEgens could not only allow visualization of biotargets existence
and monitoring their concentration, but also provide therapeutic func-
tions like photodynamic therapy and photothermal therapy for various
diseases [88]. Biosensing mechanisms of AlEgens focused on the
exploitation of radiative energy of fluorescence, while therapeutic
functions of AlEgens are developed by harnessing the energy of non-
radiative pathways [89]. For photosensitizers (PSs), upon excitation,
they could undergo intersystem crossing to the triplet state and further
react with the surrounding oxygen to generate ROS [19]. ROS (highly
toxic) can kill bacteria or destroy disease tissues but also constrain the
damage to microbes or cancer cells, owing to its short radius and life
time [90,91]. Therefore, PSs involved photodynamic therapy is
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considered as a noninvasive and effective treatment modality [92]. For
photothermal agents, by introducing molecular rotors and flexible alkyl
chains to the planar skeletons, the intramolecular motions are activated
and thus the nonradiative decay could be further improved, affording
high efficient photothermal conversion and photothermal therapy [93].
Photothermal therapy is an extension of photodynamic therapy, which
is able to use longer wavelength light thus requires less energy and
shows less harmful to other cells and tissues [94].

In contrast to traditional PSs that usually undergo self-quenching in
aggregates via nonradiative decay, AlE-active ones show low non-
radiative decay and exhibit enhanced emission and photosensitization
[97,98]. Taking advantage of the unique properties of AlE-active PSs,
incorporating them into polymer fibers could further increase the ROS
generation because of the physical confinement provided by polymer
matrix. In addition, compared with those of planer materials, fibers offer
abundant high-surface area to fully contact with oxygen for sustaining
high ROS production. Most importantly, the fibrous carriers broaden the
application scope of AlEgens and make them more practicality. Trig-
gered by these advantages, Tang et al. incorporated a photosensitizer of
TBP into poly (e-caprolactone) (PCL) nanofibers by a hand-held elec-
trospinning device as shown in Fig. 8a [95]. In previous study, catio-
nization of PSs has been demonstrated to be an attractive way to
enhance photodynamic therapy, due to the specifically targeting the
cancer cells and bacteria/electron-negative viruses surface [6,19]. The
obtained nanofibrous membrane was applied as wound dressings and
characterized with following advantages: high surface area-enhanced
damaged tissues contact, high porosity-allowed air permeability, bio-
mimetic extracellular matrix-induced healing at molecular level, and
antibacterial activity provided by TBP (Fig. 8b and c). Compared with
traditional gauze, this photodynamic-boosted antibacterial wound
dressings assisted by handheld electrospinning show highly potential for
treating emergencies, such as military injuries.

Since the discovery of SARS-CoV-2, hundreds of millions of people
infection and millions of deaths are caused worldwide [87,99]. Because
the coronavirus is mainly transmitted through droplet and aerosol,
personal protective equipment (such as facemasks) is still considered the
most effective way to intercept microbe and protect individuals from
COVID-19 infection [100,101]. The multilayer fibrous structure of
facemasks has been demonstrated to capture or filter the viruses parti-
cles [102], allowing comfortable breathability for longer durations.
However, arbitrarily discarding and inappropriate disposal of personal
protective equipment may cause a high risk for cross-contamination
[100,103]. Recently reported self-sterilizing masks mediated by photo-
dynamic and photothermal therapies show great potential to address
above problems.

Huang et al. attached an efficient AlE-active PSs (ASCP-TPA) on
fabrics of personal protective equipment (e.g., white gown, surgical
mask, N95 mask), endowing fabrics with photodynamic-mediated
virucidal and self-sterilizing capabilities (Fig. 8d) [96]. The broad ab-
sorption spectrum of ASCP-TPA indicated the possibility for ROS gen-
eration by white light. ASCP-TPA-attached fabrics (ATaFs) were
obtained by simply immersion (ASCP-TPA solution), squeezing, and
solvent evaporation process. Upon attachment on the surface of polymer
fibers, AIEgen of ASCP-TPA showed strong emission due to the restric-
tion of intramolecular motion, leading to high ROS production. In
addition, the positively charged pyridinium unit of ASCP-TPA makes it
possible to attract negatively charged viruses and virus-containing
respiration droplets, promoting the photodynamic inactivation effect
when viruses reach the surface of ATaFs. They demonstrated that
>99.999% virions on the ATaFs were eliminated within 10 min even
irradiated under ultralow power (3.0 mW/cm?) (Fig. 8e). The
ASCP-TPA-attached fiber strategy endows personal protective equip-
ment with rapid virus-killing ability and ultralow-energy consumption,
affording real-time protection even under indoor light irradiation. Sur-
prisingly, no obvious AlEgens leaching from the ATaFs was proved by
absorption spectra after washing 100 times, demonstrating the modified
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Fig. 8. Photodynamic therapy. (a) Schematic illustration of hand-held electrospinning of TBP-incorporated antimicrobial dressing. (b) Antibacterial activity of the
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2022 Wiley-VCH Verlag GmbH & Co. (d) Schematic illustration of the construction of ATaFs and the photodynamic inactivation of the coronavirus. (e) Virucidal
effects of four kinds of ATaFs (irradiation density: 3.0 mW cm2). Adapted with permission from Ref. [96]. Copyright 2021 American Chemical Society.

ATaFs with long-term usability and washability. In addition, long-term
and high-power irradiation applied to ATaFs indicated no toxicity to
normal skin. Such simple combination of AlE-active photosensitizers
and fabrics provides a simple but effective strategy to fight against air-
bone pathogens and coronavirus.

Generally, D-A structured AlEgens are potential to exhibit simulta-
neous photodynamic and photothermal functions from balanced energy
dissipation. On one hand, narrow HOMO-LUMO bandgap facilitates
AlEgen with enhanced absorption in near-infrared (NIR) region to
dissipate excited-state energy through nonradiative decay and thus
generates heat [93], while D-A structures show separated HOMO-LUMO
distribution and reduce AEsr to transform triplet-state energy into
chemical energy of ROS for photodynamic therapy [92,106]. It also has
been proved that the ISC process could be further enhanced by incor-
porating AlEgens in the rigid matrix, because the phenomenon of
aggregation-induced generation of ROS [107]. Besides, through elabo-
rated molecular engineering, the nonradiative thermal dissipation could
be strengthened by promoting intramolecular motion of D-A structured
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AlEgens. Photodynamic and photothermal treatment could be simulta-
neously utilized by making full use of ROS and heat [17]. AlIEgen of
TTVB exactly falls into this category. Wang et al. incorporated this
molecule into poly (vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP), electrospinning technique was followed to obtain nano-
fibrous membrane (TTVB@NM) as shown in Fig. 9a [104]. Upon sun-
light irradiation, TTVB@NM could produce massive ROS and moderate
photothermal conversion properties, exhibiting photodynamic and
photothermal broad-spectrum inactivation of bacteria (inhibition rate:
>99%), fungi (~88%), and viruses (>99%) (Fig. 9b). Using the similar
strategy, they utilized a D-A-D molecule of TPA-BTDH (an NIR-II dye) to
dope into poly (methyl methacrylate) (PMMA) nanofibrous aerogel
(Fig. 9¢) [105], the resulted aerogel also showed both photothermal
conversion and ROS production. The 3D aerogel possesses inter-
connected micro/nano pore structure, which could inhibit the light
reflection/scattering to achieve high light absorption and high photo-
thermal conversion performance [34]. Such aerogel was demonstrated
to play as water evaporator for water purification, the generated heat



Z. Qiu et al.

Biomaterials 287 (2022) 121666

AlEgen-doped nanofibrous membranes for PDT/PTT inactivation of bacteria

PVDF-HFP

TTVB-doped
Namﬂwasmbmm Microbe interception

Microbial inactivation
under sunlight

b
10 min under sunlight

mm \M-Dark mm NM-Light
EETTVB@NM-dark il TTVB@NM-Light

Survival rate (%)

S. aureus E. coli

C. albicans M13 phage

AlEgen-doped nanofibrous aerogel for water purification

TPA-BTDH

Cc

electrospinning Q

H, bubble
expansion

&

QQ

PMMA

d

10°

CHy == Before == After

0o 2104
CH3

&5 104

- |

0.

u{eu RSP\ m\d‘ E cO“

FUm

Count (

Fig. 9. Combined photodynamic and photothermal therapy. (a) Schematic illustration of the electrospinning of nanofibrous membrane TTVB@NM and its inacti-
vation of bacteria, fungi and viruses upon sunlight irradiation. (b) Survival rates of different microbes after 10 min sunbathing. Adapted with permission from
Ref. [104]. Copyright 2021 Elsevier. (c) Preparation and photograph of TPA-BTDH-doped fibrous foam, and their water purification mechanism. (d) The counts of
bacterial clones in the simulated wastewater before and after water evaporation. Adapted and reproduced with permission from Ref. [105]. Copyright 2021

Wiley-VCH Verlag GmbH & Co.

and ROS from embedded TPA-BTDH were utilized for evaporating water
and killing the bacterial nearby the fiber (Fig. 9d), endowing the aerogel
evaporator with antibiofouling behavior. However, in both examples,
although the ROS production was benefitted from the balanced energy
dissipations, the polymer matrix of fibers could inevitably restrict the
intramolecular motion of AlEgens and thus reduced the photothermal
efficiency.

Due to the twisted and rotor structure, restriction of intramolecular
motion of AlEgens is commonly known mechanism to achieve high
emission brightness [13]. If the molecular motion of AlEgens is acti-
vated, they can undergo nonradiative decay to dissipate their energy as
heat [108], which is useful for photothermal therapy. Generally, the
photothermal AlEgens are hydrophobic. Previous studies have been
demonstrated that the plasticization of the alkyl chain is beneficial for
molecular motion in the solid state to boost photothermal conversion
[109]. However, molecular modification normally involves complicated
synthetic routes and makes them difficult for large-scale application.
Therefore, more advanced materials and technology are called for
developing high photothermal efficient materials in a simple and
effective way. In view of the above, Tang et al. developed a core-shell
structure fiber by coaxial electrospinning, in which AlEgens contain-
ing oil as a core phase was stretched into the core layer of long fiber
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(Fig. 10 a and b) [35]. Evidently, the liquid oil could activate the mo-
lecular motion of the AIEgens, strengthening the nonradiative decay and
then boosting photothermal efficiency. As shown in Fig. 10 c, the AIEgen
of BPBBT embedded oil phase was served as the core phase and
PVDF-HFP was played as shell layer. After 2 min of 1 solar irradiation,
the temperature of such core-shell structured fibers (the BPBBT content
= 0.6%) reached 56.1 °C, higher than those of directly doped nanofibers
(40.4 °C). The photothermal conversion efficiency was calculated to be
22.36%, which is 26-fold as the homogeneous doping counterpart. The
endurance of the core-shell structured fibers was also proved by cyclic
irradiation, long-term storage, and washing tests. Under the natural
sunlight, the temperature of the core-shell fibrous patch reached 51.2 °C
after being covered on the knee of a volunteer (Fig. 10 d). The strong
photothermal effect of this core-shell fibrous fabrics endowed them have
a great potential in hot therapy and personal thermal management.
Fibers with functional additives are changing the way we think about
the role of traditional fabrics, which provide an added benefit to the user
beyond the typical value of the fabric. AIEgen as a superpower tool with
photodynamic and photothermal capability could be introduced into
fibers for biomedical protection. Meanwhile, fibers could be engineered
with multiple components and special microstructures, offering various
microenvironment to manipulate the aggregation state or
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intramolecular motion of AIEgens thus to boost their ROS production or
heat generation. The synergy of “AIE + Fiber” have been demonstrated
to show high potential in wound dressings, self-sterilizing protection,
and hot patches. Although remarkable progress, more fundamental
studies are needed to fully elucidate the interaction between AIE-active
molecules and polymer matrix, fiber structures, as well as entangled
fibrous network and its influence on final performance.

4. Conclusion and perspectives

Over the past 20 years, great efforts have been made to develop
various AlEgens through molecular engineering. Activated by the
remarkable optical properties and therapeutic functions of AlEgens, a
series of AIE probes with theranostic functions have been developed,
which showing a great potential in biomedical applications. On the
other hand, fibrous aggregates in forms of knitted or nonwoven fabrics
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have been widely adopted in medical textiles, including testing paper,
protective apparel, surgical dressings and even implants. The right
combination of “AIE + Fiber” is leading to better products that expand
the boundaries of what’s possible. The nearly limitless combination of
chemical structures of AlEgens and advanced geometries of fibers allows
characteristics such as biomolecular visualization, photosensitizing
capability, and photothermal potential to be completely amplified
(Fig. 11). Based on a series of representative examples, we disclose how
AIE probes and fibers to be combined through the latest advances in
biosensing and bioprotection, endowing AlEgens with improved func-
tions for health protection and making them have potential to go beyond
laboratory research.

Despite successful achievements in “AIE + Fiber” in the previous
study, more efforts are still needed to be devoted to promote the
progress:
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(1) More fundamental researches are needed to elucidate the inter-
action between AIEgens and polymers at the molecular and
mesoscale level, as well as its influence on final optical and
therapeutic performance. The polymer chain structure,
condensed microstructure, and spatial higher-order structure of
the fibrous aggregates have preliminary been demonstrated to
show effects on the aggregation states of AlEgens and then the
optical properties. The fluorescent emission of AIEgens could be
manipulated by the adjustment of their conformation and pack-
ing mode in polymer matrix of fibers. In addition, the photody-
namic capability and photothermal conversion of AIEgens could
also be further improved by polymer matrix design, which is
worthy to be further explored.

More fibrous structures could be developed and optimized for
further improving the AIE performance, since the advanced en-
gineering allows producing diverse structures in a single fiber (e.
g., porous, core-shell, hollow, Janus). For example, highly porous
fibers could be introduced to combined with AIE probes for
construction of fibrous sensors with improved sensitivity and
responsibility, owing to the further increased surface area.
Multicomponent fibrous system could be designed to endow
AlEgens with abundant motion capability to improve photo-
thermal conversion efficiency. In addition, AIEgen-incorporated
fiber arrays with multi-target responses are also necessary, in
which the probes synthesis and fiber design should be both
considered.

More functions, such as imaging, could be integrated in fibrous
aggregates for health protection in vitro and in vivo. In vitro, the
AIE probes for detection of microorganisms (e.g., bacteria, vi-
ruses, fungi) could be integrated with fibrous personal protection
equipment (e.g., masks, protective suits), resulting in imaging the
existence of microorganisms for personal protection. In vivo, NIR
probes with long wavelength emission are more desirable for
imaging, because of deep penetration, reduced photodamage,
and high signal-to-noise characters. Fibers are widely used as
degradable tissue scaffolds, the loss behavior is critical to eval-
uate their lifespan, mechanical strength, and mass transport
characters. Assisted by NIR imaging technology, the degradation
process could be visualized in situ, without extracting scaffolds
once implanted in the body.
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