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This minireview provides an overview of the recent advancements in the development of biomimetic
Aggregation-Induced Emission (AIE) nanoparticles and their applications in disease diagnosis, photother-
apy, and photoimmunotherapy. AIE nanoparticles can be engineered to enable efficient image-guided
photodynamic and photothermal therapies, however, challenges related to immune defense and target
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specificity persist. To overcome these, coating biomimetic materials on the surface of AIE nanoparticles,
which mimic the features and functions of native cells, have emerged as a promising solution. This mini-
review will highlight the synthesis strategies and discuss the biomedical application of biomimetic AIE
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1 Introduction

In recent years, there has been a remarkable surge in the devel-
opment of advanced nanomaterials for biomedical applications.
Specifically, the field of nanomedicine has witnessed significant
progress in the areas of diagnosis and phototherapy,”* thanks
to the maturation of optical technologies. The applications of
nanomaterials in elucidating biological and physiological activi-
ties, as well as conducting therapeutic trials, have garnered con-
siderable attention. In particular, biomimetic strategies invol-
ving the use of biomaterials to endow native biological activities
and features hold great promise in designing effective nano-
materials. The wide range of biomaterials available for coating
nanoparticles to endow biomimetic properties include cell
membranes sourced from blood cells, cancer cells, and extra-
cellular vesicles.>" The use of extracted cell membranes as bio-
active coating endows nanoparticles with similar biological
activity as the parent cells including targeting ability as well as
potential surface ligands. Cell membrane camouflaged bio-
mimetic nanoparticles retain some important physiological
functions and activities such as cell communication and signal
transduction. Such design rationales can afford the nanoparticle
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core with intrinsic advantages of enhanced cellular interaction,
targeting specificity, prolonged blood circulation, better biocom-
patibility, and reduced toxicity.> In addition to cell membrane
coatings, other biomimetic strategies involve incorporating pro-
teins as nanoparticle cores and attaching biomolecules on nano-
particle surfaces such as antibodies, aptamers, and targeting
peptides.”> Among the choice of fluorescent materials, organic
fluorogens offer a more tailored and less toxic alternative for bio-
medical applications as inorganic nanomaterials have concerns
about potential toxicity.>” Nonetheless, many organic fluoro-
gens exhibit aggregation-caused quenching (ACQ) effects when
formulated into organic nanoparticles, leading to reduced
imaging quality and therapeutic efficacy. Although biomimetic
strategies may enhance uptake and cellular interactions, the
main functionality derived from the fluorescent nanomaterial is
still hindered by the detrimental ACQ effect.

Fortunately, fluorogens with aggregation-induced emission
(AIE) property (AIEgens) can avoid the shortcomings of ACQ
after being encapsulated into nanoparticles,®® thus improving
the imaging quality and treatment efficiency. AIEgens exhibit
high emission efficiency and photosensitivity in their aggre-
gated state, making them suitable for the fabrication of water-
dispersible nanoparticles with maintained fluorescence and
photostability. Moreover, these AIEgens can be integrated with
emerging techniques, including photodynamic therapy (PDT),
photothermal therapy (PTT), and photoacoustic imaging, to
enable in-depth in wvivo bioimaging and image-guided
surgery.'®™” The field of cancer therapy, in particular, has
seen significant advancements with the integration of AIE
nanoparticles."®2° Conventional treatment options such as
surgery, chemotherapy, and radiation therapy often face limit-
ations in their efficacy and associated side effects.>’ PDT and
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PTT have emerged as promising noninvasive approaches to
improve cancer treatment. PDT involves the use of photosensi-
tizers to generate reactive oxygen species (ROS), which selec-
tively damage cancer cells while also activating immune cells.
On the other hand, PTT utilizes photothermal agents that
convert light energy into heat, leading to localized damage in
cancer cells. By combining AIE-active photosensitizers or
photothermal agents with chemotherapy, radiotherapy, or
immunotherapy, the overall cancer therapy effect can be
improved.

Despite the advantages of AIEgens in image-guided surgery,
it still faces challenges related to immune defense and lack of
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specificity to the target site. With that consideration, the com-
bination of biomimetic strategies with AlEgens presents a
win-win situation that not only overcomes the drawbacks of
the ACQ effect but also improves the efficacy of AlEgens by
endowing intrinsic biological activity. Biomimetic AIE nano-
particles are AlE-active nanoparticles coated with biomaterials
that mimic the features and functions of native cells or use
biomaterials as the nanoparticles core with AIE material
attached to the surfaces. Such nanoparticles inherit the high
emission efficiency and photosensitivity of AIEgens while ben-
efiting from the enhanced targeting capabilities, prolonged
circulation times, and immune system evasion provided by

Table 1 Summary of biomimetic AIE nanoparticles for disease diagnosis and phototherapy

Biomimetic strategies Inner cores Outer layers Application Ref.
AlEgen-binding Bacteriophage AlEgen (TVP-T) PDT for intracellular bacterial 33
biomolecular NP infection
BSA AIEgen (TPAQ-Py-PFy) PDT for colon cancer 23
BSA AlEgen (BITT) Photo-chemotherapy for bladder 24
cancer
Glucan AlEgen (HBTTPEP) Monitoring of transplant immune 25
response
Yeast NP AlEgen (QMC12) Photodynamic-immunotherapy for 26
melanoma
Ligand-binding AIE NP AIE NP (BPBBT) Anti-CXCL9 peptide Diagnosis of myocarditis 35
AIE NP Cell-penetrating peptide (Tat) Tracing the repair and treatment of 36
(¢-BuPITBT-TPE) spinal cord injury
Cell membrane AIE NP (P2-PPh;) Erythrocyte membrane Photodynamic-immunotherapy for 37
encapsulated AIE NP melanoma
AIE NP (PF3-PPhj;) Erythrocyte membrane PDT for carcinoma 40
AIE NP Macrophage membrane Photothermal lysis of virus 43
(TPE-BT-DPTQ)
AIE NP (BBT-C6T-DPA  Neutrophil membrane Antibacterial PTT 44
(0Me))
AIE NP Macrophage membrane PTT for tuberculosis 48
(TPE-BT-BBTD)
AIE NP (DCPy) Platelet membrane PDT for orthotopic colon cancer 39
AIE NP (TBP-2) Platelet membrane PDT for cancer stem cells 45
AIE NP (TBP-2) Platelet membrane PDT for breast cancer 46
AIE NP (PF3-PPhj;) Platelet membrane Photodynamic-immunotherapy for 47
carcinoma
AIE NP (MeTIND-4) Dendritic cell membrane Photodynamic-immunotherapy for 38
carcinoma
AIE NP (Fs) Dendritic cell membrane Photodynamic-immunotherapy for 41
carcinoma
AIE NP (BPBBT) Dendritic cell membrane PTT for carcinoma 42
AIE NP (PTI) MCF-7 cell membrane PDT for breast cancer 49
AIE NP (TTPA) B16-F10 cell membrane Photodynamic-immunotherapy for 50
melanoma
AIE NP (Pep-TPE) Transferrin receptor aptamer-modified brain ~ Gene-induced therapy for brain 51
metastatic tumor cell membrane tumor
AIE NP (DHTDP) 4T1 cell membrane PTT for carcinoma 52
AIE NP (P-TN-Dox) 4T1 cell membrane Chemo-photothermal synergistic 53
therapy for carcinoma
AIE NP (TPS-2) 4T1 cell membrane PDT for carcinoma 54
AIE NP (DCCP) Lewis lung carcinoma cell membrane PDT for lung cancer 55
AIE NP (TT3-0CB) Tumor cell-derived exosome PTT for carcinoma 56
AIE NP (MBPN-TCyP)  Dendritic cell-derived small extracellular Photodynamic-immunotherapy for 57
vesicle carcinoma
AIE NP (BITT) Lung cancer cell-derived exosome Photo-mediated immunotherapy for 58
lung cancer
AIE NP (0BBT-DPNA) Macrophage-derived exosomes Near-infrared tumor imaging 59
AIE NP (TPE-BBT) Tumor cell-derived exosome PTT for breast cancer 60
AIE NP (DPDPy) Platelet-derived exosome Photodynamic-immunotherapy for 61

breast cancer

Ref. - reference number, NP - nanoparticle, PDT - photodynamic therapy, PTT - photothermal therapy.
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biomimetic coatings. This synergy results in more precise and
efficient image-guided phototherapy, improved therapeutic
efficacy, and broader applicability.

In this review, we aim to provide an overview of the recent
advancements in biomimetic AIE nanoparticles for diagnosis
and phototherapy. We will highlight the synthesis strategies
and discuss the application of biomimetic AIE nanoparticles
(Table 1). By summarizing these advancements, we hope to
inspire the precise design of biomimetic AIE nanomaterials
with optimized functions and structures for a range of bio-
medical applications.

2 Synthetic strategies of biomimetic
AlIE nanoparticles
2.1 AlEgen-binding biomolecular nanoparticles

Biomimetic nanoparticles offer a promising approach for
incorporating AIEgen’s functionality without extensive modifi-
cation. By simply binding AIEgens onto biomolecule-based
nanoparticles, phototherapy capabilities can be imparted. This
attachment typically relies on hydrophobic interaction and
hydrogen bonding, organic AIEgens can insert into the hydro-
phobic domain of biomolecules such as bacterium-like par-
ticles,?” bovine serum albumin (BSA),>*?* and glucan.>*?>®
Proteins play crucial roles in various cellular processes and
possess exceptional structural integrity and functional diver-
sity, making them ideal candidates for modification and
reprogramming.”’*® Among them, serum albumin, the most
abundant protein in the blood, has been extensively studied
for nanoparticle fabrication due to its versatility and biocom-
patibility.?® Tang and Feng groups reported the successful
insertion of cationic TPAQ-Py-PF, into the hydrophobic pocket
of BSA, resulting in BSA nanoparticles with improved colloidal
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stability and biocompatibility.”® Importantly, the immobiliz-
ation of TPAQ-Py-PF, within BSA restricts intramolecular
motions, favoring the generation of the excited triplet state in
aggregates. Furthermore, the rich electron microenvironment
of BSA provides the necessary substrates for OH’ radical
generation.

Glucan particles (GPs), derived from yeast, hold promise as
targeting agents for macrophages by mimicking yeast’s behav-
ior during intestinal infections.>**> GPs were prepared by
treating yeast with sodium hydroxide and hydrochloric acid,
followed by extraction with isopropyl alcohol and acetone.
AlEgens bind with f-glucan and form aggregate within GPs
and, as reported by Xie, Tang, Zhang, and Jin groups
(Fig. 1A).>® In a recent development, Tang, He, and coworkers
reported AIE-armored bacteriophage-DNA nanoconjugates for
efficient elimination of intracellular bacterial infection
(Fig. 1B).>® The preparation of bacteriophage nano-bioconju-
gates involved the amino-carboxyl reaction between DNA and
MS2 phage, followed by the binding of positively charged
AlEgens (TVP-T) to the DNA via electrostatic interactions.
Taking advantage of the surface anchoring provided by DNA,
the resulting bioconjugates resemble spherical nucleic acids
and exhibit the ability to enter macrophages and target intra-
cellular bacteria under the guidance of the bacteriophage.

2.2 Ligand-binding AIE nanoparticles

Alternatively, AIE nanoparticles can also serve as cores, with
ligands attached to their surfaces as part of a biomimetic
approach. These AIE nanoparticles, synthesized using the
nanoprecipitation method and employing maleimide deriva-
tive DSPE-PEG,o-Mal as the encapsulation matrix, allow for
the conjugation of proteins and peptides with sulfhydryl
groups to the maleimide groups on the nanoparticle
surface.**

Neutrophil CM-coated AIE NPs for photothermal antibacterial therapy
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Fig. 1 Different synthetic strategies of biomimetic AIE nanoparticles. (A) Preparation process of biomimetic AlIE-active glucan particles (HBTTPEP/
GPs). Reproduced with permission from ref. 25. Copyright 2021 American Chemical Society. (B) Preparation of bacteriophage nanobioconjugate.
Reproduced with permission from ref. 33. Copyright 2024 American Chemical Society. (C) Preparation of cysteine-modified trans-activator of HIV-1
transcription bound AIE nanoparticles (AIE-Tat NPs). Reproduced with permission from ref. 36. Copyright 2022 Wiley. (D) Synthesis of neutrophil-like
AIE nanorobot (CM@AIE NPs). Reproduced with permission from ref. 44. Copyright 2023 American Chemical Society.
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Song, Wang and Zhang groups demonstrated the conju-
gation of an anti-CXCL9 polypeptide with end-group modified
sulfhydryl on NIR-II AIE nanoprobes for the early diagnosis of
myocarditis.>® In the acute phase of myocarditis, the inflam-
matory chemokine of CXC ligand 9 (CXCL9) positive macro-
phages are abundantly produced. The anti-CXCL9 sequence
peptides are tailor-synthesized to specifically target CXCL9-
expressing macrophages.

Besides, Rong et al. utilized a cysteine-modified trans-acti-
vator of transcription of HIV-1 (Tat) as a cell-penetrating
peptide, enabling NIR AIE nanoparticles (AIE-Tat NPs)
attached with Tat to monitor stem cell transplantation therapy
for spinal cord injury (Fig. 1C).>*® AIE-Tat NPs could label
umbilical cord mesenchymal stem cells to achieve long-term
visual tracking over 28 days of transplanted cells in vivo with
no significant interference of cell activity.

2.3 Cell membrane encapsulated AIE nanoparticles

Cell membrane camouflaged nanoparticles have emerged as
effective drug delivery carriers, offering improved targeting
efficiency and drug retention. Generally, three types of cells are
exploited for delivery of AlEgens through cell membrane-
based carriers: blood cells,*”*® cancer cells,**>® and exosome
vesicles.”*®!

Upon injection into the bloodstream, nanoparticles initially
encounter the immune system defenses, with phagocytes
attempting to clear the nanoparticles through phago-
cytosis.®>®* This leads to a shorter circulation time for the
nanoparticles and reduced therapeutic efficacy. To prolong cir-
culation time and shield the nanoparticles from immune cells,
utilizing native blood cells as the membrane coating for nano-
particles proves to be a solution. Various blood cell types, such
as erythrocytes,>”*® macrophages,*****® platelets®*>**™*” and
dendritic cells,*®*"*? have been used to coat AIE nano-
particles. AIE nanoparticles are prepared by nanoprecipitation
to form the cores, followed by coating the blood cell mem-
branes onto the cores through coextrusion. Tang, Li, and
Zhang groups reported the development of neutrophil-like bio-
mimetic AIE nanoparticles for precise PTT and inflammation
alleviation (Fig. 1D).** AIE nanoparticles were synthesized via
nanoprecipitation using DSPE-PEG,,, as the doping matrix.
The isolated neutrophil cell membrane from BALB/c mouse
bone marrow was then used to coat the AIE nanoparticles. The
camouflage with blood cell membranes enables the encapsu-
lated AIE nanoparticles to evade immune system clearance
and reach targeted sites such as tumors and bacteria.

Utilizing cancer cell membranes allows for the exploitation
of their homologous cancer targeting capabilities and
extended blood circulation half-life. Tang, Zhang, Hou, and
Wang groups synthesized Trojan horse-like nano-AIE aggre-
gates for anticancer photodynamic therapy.*® They encapsu-
lated AlEgens inside PLGA nanoparticle cores and coated
them with MCF-7 cell membranes. Homologous MCF-7 cells
exhibited the highest uptake of nanoparticles compared to
other cancer cell lines (HeLa, 4T1, and T24) and displayed the
strongest fluorescence signal. Thus, the cancer cell membrane
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coating facilitates the navigation of AIE nanoparticles toward
corresponding cancer regions, enabling effective phototherapy.
In addition to cancer cell membranes, exosome membranes
also offer improved cancer targeting capabilities. Exosomes
are extracellular vesicles secreted by all cell types carrying
nucleic acids, proteins, lipids, and metabolites.® Exosomes
are mainly involved in intercellular communication and
exosome membranes can express CD47 providing immune
evasion ability.®> Macrophage-derived exosomes exhibit
increased binding to integrin avp3, enabling exosome-encap-
sulated nanoparticles to possess specific tumor targeting abil-
ities.®® Sun, Chen, and their colleagues reported the encapsu-
lation of hydrophobic AIEgens into tumor-associated macro-
phage-derived exosomes using a simple nanoprecipitation
method.>® Exosomes derived from tumor cells or macrophages
are isolated through ultracentrifugation first, then applied as
an encapsulation matrix during nanoprecipitation or through
extrusion with AIE nanoparticles.

3 Biomedical applications of
biomimetic AIE nanoparticles
3.1 Disease diagnosis

Fluorescence bioprobes with AIE characteristics are ideal tools
for early disease diagnosis owing to their high sensitivity, selecti-
vity, and brightness in bioimaging. However, fluorescence
probes are less competent mainly due to poor bio-target speci-
ficity. In comparison, the integration of biomimetic nanotechno-
logy can greatly improve the targeting specificity to achieve early
diagnosis and disease study. Song, Wang, and Zhang groups
reported the use of CXCL9+ macrophage-targeted NIR-II AIE
nanoprobes for the early diagnosis of myocarditis.>® In this
work, a highly emissive NIR-II ATEgen, namely BPBBT, was used
as the fluorescent probe to achieve a deep tissue penetration
depth and high-quality intravital imaging property. To increase
the targeting specificity of this AIE probe to the inflammatory
site of myocarditis, BPBBT was then encapsulated by the amphi-
philic matrices of DSPE-PEG and DSPE-PEG-MAL, followed by
the surface modification of anti-CXCL9 peptides to obtain
CXCL9+ macrophages-target nanoprobes. The surface modifi-
cation of the anti-CXCL9 peptide of the biomimetic AIE nano-
particles takes full advantage of the specific ligand-receptor
interaction with CXCL9+ macrophages given their abundance
and dominance during the acute phase of myocarditis.
Experimental findings demonstrated that the biomimetic AIE
nanoparticles are capable of being phagocytosed by macro-
phages to a greater extent than the nanoparticles without modifi-
cation due to CXCL9 binding. This work has further demon-
strated in vivo imaging diagnosis of myocarditis using EAM mice
as models. Results depicted that the EAM mice group injected
with biomimetic AIE nanoparticles gave a clear signal with a
visible heart outline, which indicates that the nanoparticles
could contribute to the diagnosis of acute phase myocarditis.
Fluorescence tumor imaging is a popular research area due
to its potential for tumor diagnosis from the blurred bound-

This journal is © The Royal Society of Chemistry 2024
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aries between normal tissue, but it has challenges of lacking
precise tumor targeting property of traditional fluorescence
probes. One of the examples is the diagnostic efficacy of glio-
blastoma multiforme, which is severely hampered by the exist-
ence of blood brain barrier that restricts most diagnostic
agents from approaching the tumor sites. Wu, Liu, Xia and co-
workers reported the use of transferrin receptor (TfR) aptamer
to enhance blood brain barrier penetration of biomimetic
nanocomplexes for intracellular transglutaminase 2 (TG2)
imaging in glioma (Fig. 2).”" This strategy involves the loading
of AlE-active Pep-TPE to hollow MnO, nanoparticle core, fol-
lowed by its encapsulation into TfR aptamer-modified brain
metastatic B16-F10 cell membrane to form biomimetic nano-
complexes. The nanoparticles camouflaged by brain metastatic
melanoma-derived B16-F10 enhance blood brain barrier pene-
tration based on its brain metastatic nature and interaction
between brain metastatic tumor cell surface receptor and
endothelial cell adhesions. In addition, surface modification
of TfR aptamer further enhances blood brain barrier crossing
through specific ligand binding with the brain-metastatic
tumor cell-surface receptor to help the nanocomplex reach
glioma cells. The combination of receptor-mediated transcyto-
sis and brain metastatic cell membrane camouflage provides a
dual capability for penetration of blood brain barrier. The over-
expression of TG2 in glioblastoma multiforme triggers Pep-
TPE aggregation and fluorescence turn on for tumor diagnosis.
The specific tumor targeting ability with a high signal-to-noise
ratio of the designed biomimetic nanocomplex was revealed by
in vitro and in vivo results. Sun and Chen and coworkers
reported another strategy for NIR-II AlEgens encapsulated
within nanometer-sized exosomes for tumor imaging.>®
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Fig. 2 Schematic illustration of the preparation and working mecha-
nism of biomimetic nanocomplexes for glioblastoma multiforme diag-
nosis. (@) The AIE fluorescence turn on property of Pep-TPE with the
presence of endogenous TG2. (b) The preparation process of TMPsM. (c)
Schematic diagram of the dual-targeting TMPsM across the blood—brain
barrier to brain tumors for simultaneous in situ self-assembly imaging
and RNAI therapy of glioma. Reproduced with permission from ref. 51.
Copyright 2022 Wiley.
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NIR II AIE fluorescent nanoparticles were encapsulated by
tumor associated macrophage-derived exosomes, which can
enhance the homology with M2-phenotype tumor associated
macrophage overexpressed in tumor cells, thereby ensuring
the tumor targeting property. The further in vivo studies of the
presented AIE biomimetic nanoparticles demonstrated the
excellent tumor accumulation ability, which is capable of
being applied for efficient imaging and diagnosis of specific
tumors.

3.2 Phototherapy

Phototherapy holds extensive potential in disease treatment by
employing light to trigger therapeutic effects. Common photo-
therapies such as PDT and PTT harness light to generate cyto-
toxic ROS and heat to damage the targeted site.®® Despite their
potential, limitations such as low targeting and biocompatibil-
ity exist in using photosensitizers or photothermal agents. In
comparison, biomimetic nanotechnology stands out by virtue
of its targeting capabilities and biosafety. Through a unique
biological interface, modification with cell membranes, pro-
teins, lipids, and DNA can facilitate immune response, tar-
geted delivery and uptake, and better biodistribution, ulti-
mately improving therapeutic performance. Tang’s group
reported biomimetic aggregates for homologous targeting of
cancer by coating photosensitizers with active cancer cell
membranes.*® AlEgen (PTI) aggregates were first encapsulated
into PLGA and further coated by MCF-7 cell membrane by
electrostatic adsorption to form MCFCNPs. The homologous
targeting strategy of MCFCNPs revealed the faster and highest
uptake by MCF-7 cancer cells as evidenced by the stronger
fluorescence intensity than PTI aggregates. The bionic func-
tion and homologous targeting of MCF-7 cells were confirmed
by the amount of adhesion molecules on the surface of
MCFNPs and their similarity with the MCF-7 cells. This is
believed to be the prerequisite for homologous targeting with
MCF-7 cells but no other cancer cell types. In addition, the bio-
compatibility of MCFCNPs confirmed negligible cytotoxicity.
Interestingly, MCFCNPs showed improved ROS generation
efficiency with doubled fluorescence enhancement of
H2DCFH-DA compared to PTI aggregates. The in vivo PDT
efficiency study demonstrated that the half-maximal inhibitory
concentration of MCFCNPs and PTI aggregates against MCF-7
cells viability was 1.9 x 107° M and 3 x 107® M respectively,
reflecting that the cell membrane coating strategy improved
the PDT therapeutic efficiency. In addition, Tang’s group uti-
lized the homologous cell membrane loading strategy to
enhance tumor-targeting PTT performance. Similarly, DHTDP
aggregates were first encapsulated into DSPE-PEG. DHTDP
nanoparticles were further camouflaged by 4T1 cancer cell
membrane to give DHTDP NP@M.’*> As expected, DHTDP
NP@M showed a stronger in vitro PTT effect and complete
in vivo tumor ablation than DHTDP NP owing to the promoted
cellular uptake efficiency and homologous targeting capability.

Besides cancer treatment, biomimetic strategy can amplify
the effectiveness of phototherapy for bacterial infection treat-
ment by enhancing precision and accuracy. Liao and col-
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leagues developed a biomimetic nanoparticle for combined
therapy of drug-resistant bacterial infections.®” A laser-activata-
ble AIE-Tei@AB NVs nanobomb was prepared by encapsulating
AIE-PEG,¢9o hanoparticles, teicoplanin antibiotic, and
ammonium bicarbonate into lipid nanovesicles.

The design rationale for lipid nanovesicle biomimicry is to
reduce the binding of teicoplanin to plasma proteins, thereby
ensuring adequate delivery of the antibiotic to the infected
site. This lipid nanovesicle delivery system enhances the focal
targeting of teicoplanin, increasing its effectiveness against
infections. Without the lipid nanovesicle encapsulation, teico-
planin would bind to the plasma protein resulting in insuffi-
cient delivery to the infected sites. Upon laser activation, the
AIE components undergo both photodynamic and photother-
mal actions, and the ammonium bicarbonate is thermally
decomposed to generate gas bubbles, which disintegrate the
lipid nanovesicles, allowing the simultaneous release of teico-
planin. The synergistic PDT, PTT, and pharmacological
therapy maximize bactericidal efficiency at the infected site.
AIE-Tei@AB NVs strategy showed complete inhibition of multi-
drug resistant (MDR) S. aureus, MDR E. coli, and MDR
P. aeruginosa, confirming its broad-spectrum bactericidal
effect. In vivo study further confirmed that MRSA-induced
abscess mice treated with AIE-Tei@AB NVs and laser activation
showed much higher bacterial clearance and improved wound
healing rates. Given the complex antigenic composition of
Mycobacterium, targeting of M. tuberculosis remains challen-
ging. Recently, Liao’s group developed pre-activated macro-
phage membrane-coated nanoparticles for PTT of tuberculosis
(Fig. 3).*® Macrophages stimulated by M. marinum expressing
specific surface receptors were used for nanoparticle coating
to achieve targeting of granulomas and M. tuberculosis.
Transcriptomic analysis and characterization revealed acti-
vation of pattern recognition receptors and upregulation of
toll-like receptors on macrophage cell membrane surface upon
M. marinum stimulation. The toll-like receptors can recognize
distinct pathogen-associated molecular patterns and their
expression dramatically increased with increasing time of
M. marinum stimulation. In vitro study demonstrated
BBTD@M NPs exhibited specific targeting capability to
M. marinum and H37Ra bacilli and subsequent PTT treatment
showed complete eradication of bacteria with extensive disinte-
gration and breakage. It is worth mentioning that BBTD@M
NPs only showed specific targeting capability to M. marinum
and H37Ra bacilli and no other bacterial species, confirming
the feasibility of biomimetic macrophage stimulation with
specific pathogens. In vivo studies showed that BBTD@M NPs
accumulate in the granulomas of the lung, and subsequent
PTT induced a stronger bactericidal effect than antibiotics.
Biomimetic engineering integrates the advantage of natural
cells and nanomaterials, creating a synergy that allows for the
development of highly efficient therapeutic agents.

3.3 Photoimmunotherapy

Cancer immunotherapy has achieved impressive success in
the field of tumor treatment, due to its use of the patient’s

14712 | Nanoscale, 2024, 16, 14707-14715

View Article Online

Nanoscale

M. marinum
stimulation ¢

Membrane
isolation

f \\k + Lesion-pathogen dual targeting
~ oy
QAP © O V Excitable at1,064 nm
SO LY ©0e e Z
@) ™ i ' NIR-llb emission
> O e / v Outstanding photothermal properties
(q] TPE-BT-BBTD PLGA RS
Mycobacterium-
specific receptors
{ Coextrusion
TS < 9 W
P N~ \Q})*""’ .

BBTD@PM NPs

Macrophages

NIR-1Ib imaging of

Step 1: granuloma targeting single granuloma

Blood vessel !!
{OEO_:O o EPR effect
3
& _(‘(‘ < 3
© NN 0 @

Targeted photothermal
berculosis elimination

Granuloma

© &% @
e
[ [ (7]
A 4 i -
% Y8
& ©
v e © ® Tissue repair
Oc X ¥
()
T © N
% N
is targeti )
Step 2: M. tuberculosis targeting  pocorior ligand v
specific binding v @) Anti-inflammation
M. tuberculosis/drug-resistant g jY3 TNEo
M. tuberculosis w / A
GEEL G @

T 4
= @
X Ny

Bacterial death BBTD@PM NPs

Fig. 3 Schematic diagram of the preparation of BBTD@PM NPs and
mediated lesion—pathogen dual targeting and NIR-1lb imaging-guided
photothermal therapy for tuberculosis. Reproduced with permission
from ref. 48. Copyright 2024 Springer Nature.

own immune system to remove tumor cells. However, this
strategy demonstrates only 40% tumor response, as well as
drastically lower overall clinical response in solid tumor
therapy. Meanwhile, the intense metabolism of cancer cells
leads to hypoxia and a lack of crucial nutrients in the tumor
micro-environment, which hinders the function of immune
cells.

Tang, Wang, Liu and coworkers reported biomimetic nano-
platform loaded with AIE photosensitizer and glutamine
antagonist (CTTPA-G) to regulate nutrient partitioning for anti-
tumor immunotherapy (Fig. 4).>° The biomimetic nanoplat-
form, composed of a B16-F10 cancer cell membrane (CC-M), is
engineered to achieve specific delivery of AIE photosensitizers
and glutamine antagonists. CTTPA-G inherits the expression
proteins of CC-M, allowing for precise targeting and visualiza-
tion of B16-F10 cells. The biomimetic design enables pro-
longed in vivo circulation and homologous targeting, facilitat-
ing improved accumulation at tumor sites. The loaded gluta-
mine antagonist can satisfy the glucose and glutamine
required by T cells, which inhibit tumor glutamine metab-
olism, reverse the hypoxic and nutrient deficient state in the
tumor, and alleviate the immunosuppressive effects of the
tumor microenvironment. The loaded AIE photosensitizer can
generate a large amount of ROS under light irradiation to
induce immunogenic cell death and activate antigen-present-
ing cells, which can compensate for the lack of single gluta-

This journal is © The Royal Society of Chemistry 2024
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mine antagonist therapy in antigen-presenting cells. After
CTTPA-G treatment, the proliferation of primary tumors was
effectively inhibited, and the tumor hypoxic state was signifi-
cantly improved. Ultimately, CTTPA-G reduced nutrients for
the cancer cells, induced immunogenic cell death, reshaped
the tumor metabolism, and inhibited tumor proliferation.

On the other hand, red blood cell-mimicking nanoparticles
can enhance targeting specificity, prolong circulation time,
and reduce immunogenicity, which become a promising plat-
form for drug delivery. Hong, Wang and coworkers reported
the preparation strategy of red blood cell membrane-bound
nanoparticles for tumoral photodynamic-immunotherapy.®”
The reported biomimetic nanoparticles were prepared through
the self-assembly of the positively charged AIEgen (P2-PPh3)
and the negatively charged polyinosinic:polycytidylic acid, fol-
lowed by red blood cell membrane encapsulation. The con-
sisted AIEgens play the role of photosensitizer for PDT, while
polyinosinic:polycytidylic acid serves as an immune-stimulant
to stimulate tumor and immune cells to activate immunity,
which reduces tumor cell viability. The in vivo mice study
depicted that the fabricated red blood cell-mimicking nano-
particles can accumulate in the tumor region and spleen,
under the enhanced permeability and retention effect and
homing effect of the red blood cell-mimicking shell, respect-
ively. The light irradiation process can promote the ROS gene-
ration in tumor cells and induce the release of tumor antigens.
The anti-tumor immunity is further enhanced by polyinosinic:
polycytidylic acid in nanoparticles. Therefore, the reported
strategy combines photodynamic properties and immunother-
apy properties to achieve synergistic activation of the immune

This journal is © The Royal Society of Chemistry 2024
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system for anti-tumor activity, which could be a future strategy
for tumor treatment.

4 Conclusions and prospects

Biomimetic AIE nanoparticles have emerged as promising tools
in the field of nanomedicine, particularly in disease diagnosis
and phototherapy. By engineering AIE nanoparticles for photo-
therapy and incorporating biomimetic techniques, the field is
witnessing advancements in achieving more precise and
efficient image-guided phototherapy. The integration of cell
membrane camouflaged nanoparticles offers several advan-
tages, including enhanced targeting capabilities, prolonged cir-
culation time, and evasion of the immune system. While cancer
cell membranes and exosome membranes exhibit superior
homologous cancer targeting capabilities, concerns remain
regarding the presence of carcinogenic antigens, peptides, and
proteins. On the other hand, blood cell membrane coating
enables immune system evasion but lacks strong targeted site
guidance. The use of a biomolecular core can improve the stabi-
lity and biocompatibility of nanoparticles with AIEgen binding.
However, no targeting ability is endowed by the biomolecular
core. Peptide ligands can specifically navigate AIE nanoparticles
to the targeted site, although the synthesis may require
additional modifications of peptide and protection of peptide
active region. Besides, ensuring biological functionality is the
major concern of these biomimetic AIE nanoparticles, as they
are susceptible to degradation by environmental conditions
such as temperature, pH, and humidity. Among the biomimetic
strategies, cell membrane encapsulation is the most complex, as
the cell membrane must be freshly prepared through excretion
and isolation from live cells, and the following coextrusion
process of nanoparticles can be challenging in terms of nano-
particle size uniformity and cell membrane distribution. To
address these challenges, a combination of biomimetic strat-
egies can be employed. For instance, ligands can be attached to
the surface of AIE nanoparticles to navigate them toward
specific sites, while an additional blood cell coating on the
outer layer can enhance their survival time. This dual approach
offers a more comprehensive solution, optimizing both the tar-
geted site approach and immune system response. Moreover,
there is a wide range of biomaterials available for biomimetic
applications, such as bacteria membranes, virus protein cages,
and cellulose coating, which hold potential for various bio-
medical applications beyond AIE nanoparticles. Despite these
challenges, the advancements in the field are inspiring the
precise design of biomimetic AIE nanomaterials with optimized
functions and structures, opening up possibilities for a diverse
range of biomedical applications.
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