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Preface

As Guest Editors of this Reprint, we are pleased to present a curated collection highlighting
transformative advances at the dynamic intersection of bioimaging and targeted therapy. This
powerful synergy represents a paradigm shift in precision medicine, enabling unprecedented
real-time, non-invasive visualization of biological processes across molecular, cellular, and tissue
scales, while simultaneously facilitating spatiotemporally controlled therapeutic interventions. Such
integration promises to redefine diagnostics and treatment, particularly for complex diseases like
cancer, where early detection and the minimization of off-target toxicity are paramount. Our
impetus for this reprint stems from the critical need to accelerate the translation of groundbreaking
technological innovations from the laboratory bench into tangible clinical impact, effectively bridging
fundamental discovery with improved patient outcomes.

This reprint comprehensively showcases cutting-edge developments spanning the field. Core
themes include the development of novel in vivo imaging strategies and sophisticated biosensing
platforms for the sensitive detection of diverse disease biomarkers—ranging from small molecules
and nucleic acids to circulating tumor cells and tumor microenvironments. Central to these
advances is the innovative design and fabrication of targeted imaging probes, leveraging the
unique properties of organic molecules, inorganic nanomaterials, DNA nanostructures, and
stimuli-responsive polymers. Concerted efforts to enhance imaging performance—improving
signal-to-noise ratios, resolution, specificity, and targeting efficiency—are crucial for success.
These enhanced imaging capabilities directly empower advanced therapeutic modalities, including
chemotherapy, photodynamic therapy (PDT), photothermal therapy (PTT), gene therapy, and
immunotherapy, increasingly integrated within multifunctional theranostic platforms that combine
diagnosis and treatment. Equally vital is the exploration of novel therapeutic targets and signaling
pathways, essential for maximizing therapeutic efficacy while rigorously diminishing systemic side
effects.

This reprint of eight seminal contributions (two research articles, six comprehensive reviews)
is meticulously curated for researchers and clinicians driving innovation in nanomedicine, chemical
biology, biomedical engineering, and translational medicine. It serves as an essential resource for
scientists pioneering next-generation probe design, imaging methodologies, and therapeutic delivery
systems, as well as for clinicians seeking deeper insights into applying these technologies for precise
diagnosis, image-guided surgical intervention, optimized treatment planning, and real-time efficacy
monitoring. The featured papers vividly exemplify the field’s interdisciplinary vigor, covering
diverse and impactful topics such as photo-cleavable polycation/upconversion nanoparticle systems
for efficient siRNA delivery and cancer therapy, activatable nanoscintillator probes for in vivo
telomerase activity detection, advances in small-molecule fluorescent and organic afterglow probes
for diagnostics, machine learning applications in cell detection, rational design of cancer-targeting
peptides, engineered bacteriophage for theranostics, and novel influenza vaccine strategies based
on conserved epitopes. Collectively, these works demonstrate remarkable progress in engineering

exquisite specificity and control into both diagnostic imaging and therapeutic intervention.



We extend our sincere gratitude to all contributing authors for their exceptional work, which
forms the cornerstone of this reprint. We also thank the Editors of Targets for their support and the
expert reviewers for their invaluable critiques that significantly strengthened the manuscripts. It is
our hope that this reprint will inspire further innovation and collaboration, ultimately harnessing the

full potential of bioimaging-guided targeted therapy to improve patient care globally.

Huangxian Ju, Ying Liu, Huanghao Yang, and Zong Dai
Guest Editors
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Photo-Cleavable Polycations-Wrapped Upconversion
Nanoparticles for Efficient siRNA Delivery and Cancer Therapy
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Abstract: RNA interference (RNAi) therapy is a promising approach for cancer therapy. How-
ever, due to the weak binding affinity between a carrier and small interference RNA (siRNA) and
complicated tumor environment, efficient loading and release of siRNA still remain challenging.
Here, we design photo-cleavable polycations-wrapped upconversion nanoparticles (PC-UCNPs)
for spatially and temporally controllable siRNA delivery. The PC-UCNPs are synthesized by in
situ reversible addition—fragmentation chain transfer (RAFT) polymerization of photo-cleaved 5-
(2-(dimethylamino)ethoxy)-2-nitrobenzyl acrylat (MENA) monomer and poly(oligo(ethylene oxide)
methyl ether acrylate (OEMA) mononer through a chain transfer agent that anchored on the sur-
face of silica-coated upconversion nanoparticles (UCNPs@SiO;). After reacting with CH3l, siRNA
and hyaluronic acid (HA) are adsorbed on the particle surface to prepare PC-UCNPs/siRNA /HA.
The reaction with cell-secreted hyaluronidase (HAase) achieves the intracellular delivery of PC-
UCNPs/siRNA/HA, and 980 nm laser irradiation causes siRNA release, which effectively improves
the gene silencing efficiency in vitro and suppresses tumor growth in vivo; therefore, these processes
have a promising potential application in precision medicine.

Keywords: polycations; Upconversion Nanoparticles (UCNDPs); photo-cleavage; siRNA delivery

1. Introduction

Gene interference therapy using exogenous small interfering RNA (siRNA) to selec-
tively silence gene expression and inhibit protein transcription has become a promising
cancer therapeutic approach [1-3]. However, the key challenge for the further application
of RNA interference (RNAi) therapy still remains in the efficient delivery and release of
these small, fragile biomolecules. Currently, many types of responsive siRNA delivery
systems have been developed with pH [4,5], small molecule [6], light irradiation [7,8] and
temperature [9] as stimuli, which enhances the controllability for gene release and the
efficiency of gene transfection.

Light irradiation is a promising strategy for the on-demand release of payload [10-12].
Recently, near-infrared (NIR) light has attracted much attention due to its minimal pho-
todamage on living tissues, low auto-fluorescence background, non-photobleaching and
deep penetration [13-15]. The lanthanide-doped upconversion nanoparticles (UCNPs) can
absorb long-wavelength NIR light and generate short-wavelength UV and visible light
emissions [16,17]. The integration of UCNPs with photoresponsive molecules, including
o-nitrobenzy [18], spiropyran [19] and azobenzene [20], have been studied for drug deliv-
ery, gene delivery and in vitro/in vivo imaging [18,21]. Although NIR-regulated UCNPs
delivery systems have been reported for the successful release of siRNA [22,23], surface-
loaded siRNA usually lacks protection, impairing loading efficiency and resulting in siRNA

Targets 2023, 1, 63-78. https:/ /doi.org/10.3390/ targets1010006 1 https:/ /www.mdpi.com/journal/targets
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degradation or leakage during the delivery process [24,25]. Therefore, a NIR-responsive
siRNA delivery system with a satisfactory loading capacity, stability and release efficiency
is needed with urgency.

With the positive charge and convenience for functionalization, cationic polymers could
enhance siRNA loading efficiency [26-29]. Here, we designed NIR-cleavable polycations-
encapsulated UCNPs for efficient siRNA delivery and tumor therapy. UCNPs are coated
with S5iO; and functionalized with chain transfer reaction (CTA) initiator 2-(((propanethio)
carbonothioyl)thio)acetic acid. Reversible addition—fragmentation chain transfer (RAFT)
polymerization is then carried out on the UCNPs surface with photo-responsive 5-(2-
(dimethylamino)ethoxy)-2-nitrobenzyl acrylate (MENA) and poly(oligo(ethylene oxide)
methyl ether acrylate (OEMA) as monomers. After reacting with CHgl, the as-obtained PC-
UCNPs subsequently absorb siRNA and hyaluronic acid (HA) via electrostatic interactions
to obtain PC-UCNPs/siRNA/HA (Scheme 1a). The outer layer of negatively charged
HA not only extends blood circulation but also achieves siRNA delivery specificity by
recognizing the CD44 receptor on the tumor cell membrane. The degradation of HA
by hyaluronidase (HAase) exposes inner cationic polymers and promotes intracellular
delivery and lysosome escape. Upon subsequent 980 nm laser irradiation, the UV emission
of UCNPs cleaves the photosensitive o-nitrobenzyl segment and detaches the polymer
coating from the UCNPs surface for efficient siRNA release (Scheme 1b). This strategy
demonstrates the effective silencing of target gene expression and suppression of tumor
growth; therefore, it should become a universal strategy for efficient NIR-assisted gene
therapy.

a

Si02

W

UCNPs UCNPs@SiO: UCNPs@S|Oz-CTA UCN
-polymer

‘CHIs

PC- UCNPS/SIRNA/HA PC- UCNPSISIRNA
b HAase cbD44

'Membrane,
' disruptiony,
.l

Scheme 1. Schematic illustration of (a) synthesis and (b) intracellular delivery of PC-
UCNPs/siRNA /HA with NIR responsive siRNA release.
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2. Results and Discussion
2.1. Synthesis and Characterization of UCNPs@SiO,-Polymer

UCNPs core NaYF,:Yb, Tm was synthesized using the previously reported solvent
thermal method [30] and coated with an NaYF, shell to prevent the influence of surface
defects and enhance particle luminescence [31]. The as-obtained core—shell-structured
UCNPs NaYF,:Yb,Tm@NaYF, was further coated with a thin silica layer using a reverse-
phase microemulsion method to obtain UCNPs@SiO, [32]. The synthesized UCNPs with
an average size of 29 £ 2.82 nm is shown in Figure 1a.

[p 1:5{— Polymer—— ucnps 15
—— UCNPs@sio,
—— UCNPs@SIO,-polyme:
31.0 PO 103
5 - — I~y
Y
£ <
o )
205 057
<
0.0 0.0

&;

300 350 400 450
Wavelength (nm)

3 A
- o“\\ / Zn
13 1388 ém’

3200 2400 1600 800
Wavenumber (cm™)

L‘IOO

X

c

2

€ 90

]

°

-,c‘: —— UCNPs@SiO,

D go{——ucKps@sio,cTA

b3 —— UCNPs@SiO,-polymer

0 200 400 600 800
Temperature (°C)
Figure 1. TEM image of (a) UCNDPs, (c) UCNPs@SiO,, and (e) UCNPs@SiO,-polymer, (b) Upconver-
sion luminescence spectra of UCNPs (green line), UCNPs@SiO, (red line), PC-UCNPs (blue line)
and UV-Vis absorption spectrum of polymer (black line), (d) FI-IR spectra of (1) UCNPs@SiO;, (2)
UCNPs@SiO,-CTA and (3) UCNPs@SiO,-polymer, (f) Thermogravimetric analysis of UCNPs@SiO,,
UCNPs@SiO,-CTA and UCNPs@SiO,-polymer.

Emission peaks at 290 nm, 345 nm and 363 nm correspond to 1y — 3Hg, 115 — 3Fy
and 'D, — 3Hg transitions of Tm>*, respectively, and 455 nm and 475 nm correspond to
D, — 3F,; and 'G, — 3Hg transitions of Tm3*, respectively (Figure 1b, green line). SiO;
coating increased the size of UCNPs@SiO; to 31 £ 2.1 nm (Figure 1c), which had little
effect on UCNPs emissions (Figure 1b, red line). The chain transfer agent, 2-(((propanethio)
carbonothioyl)thio)acetic acid (CTA) (Figure S1, Supplementary Materials), was conjugated
to UCNP@SiO; via the amide bond. The as-obtained UCNPs@SiO,-CTA demonstrated a
CTA characteristic absorption peak at 305 nm in the UV-Vis spectrum (Figure S2) and -CH,—
characteristic absorption peak at 2942 cm ! corresponding to C-H stretching vibration in
the FT-IR spectrum (Figure 1d, UCNPs@SiO,-CTA). Reversible addition—fragmentation
chain transfer (RAFT) polymerization of 5-(2-(dimethylamino)ethoxy)-2-nitrobenzyl acry-
late (MENA) (Figures S3-55) and Poly(oligo(ethylene glycol)) methyl ether acrylate (OEMA)
was conducted on the surface of UCNP@SiO,-CTA as the RAFT agent (Figure S6), which
obtained P(OEMA-co-MENA)-conjugated UCNPs (UCNPs@SiO,-polymer) with a size of
44 £ 1.7 nm and a thickness corresponding to a polymer shell, 6 + 0.9 nm (Figure 1e). The
molecular mass of as-obtained P(OEMA-co-MENA) on UCNPs surface was measured via
Gel permeation chromatographic (GPC) analysis as 11.6 kDa (Figure S7). The character-
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istic absorbance of UCNPs@SiO;-polymer in the range of 280-440 nm overlapped with
the emission of UCNPs@SiO; at 290 nm, 345 nm and 375 nm (Figure 1b, black line, red
line), which led to a substantial decrease in UCNPs emission peak at 290 nm, 345 nm and
375 nm (Figure 1b, blue line). Moreover, the FT-IR spectrum of UCNPs@SiO,-polymer
showed the new absorbance peak at 1732 cm ™! corresponding to stretching vibrations of
the ester group and at 1388 cm~! corresponding to stretching vibrations of -NO, compared
with UCNPs@SiO,-CTA (Figure 1d, UCNPs@SiO,-polymer). In addition, thermogravi-
metric analysis of UCNPs@SiO,-polymer showed about 19% of weight loss (Figure 1f,
UCNPs@SiO,-polymer). These results demonstrated that RAFT polymerization was suc-
cessfully initiated on the surface of UCNPs@SiO,-CTA.

2.2. Preparation of PC-UCNPs/siRNA/HA and In Vitro Verification of HA Degradation and
siRNA Release

To load negatively charged siRNA via electrostatic interaction, the tertiary amine
groups from UCNPs@SiO;-polymer were reacted with CH3I to form quaternary ammo-
nium salts. Compared with UCNPs@SiO,-polymer, the as-obtained PC-UCNPs had an
increased zeta potential of 58 £ 2.2 mV, while its hydrodynamic diameter remained un-
changed (Figure S8). A series amount of siRNA was loaded on PC-UCNPs, and the weight
ratio of PC-UCNPs/siRNA was optimized as 1/1, as indicated by the significantly retarded
siRNA band in agarose gel retardation assay (Figure 2a). HA was further coated with PC-
UCNPs/siRNA to obtain PC-UCNPs/siRNA /HA. After siRNA loading, the as-obtained
PC-UCNPs/siRNA showed a zeta potential of 26 4+ 2.3 mV and a hydrodynamic diameter
of 61 £ 1.9 nm (Figure 2b, PC-UCNPs/siRNA). Continuous surface modification of HA de-
creased zeta potential to —23 4 2.6 mV due to carboxylate groups of HA and increased the
hydrodynamic diameter of particles to 70 £ 2.5 nm (Figure 2b, PC-UCNPs/siRNA /HA).

PC-UCNPs/siRNA (w/w) T _
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Figure 2. (a) Agarose gel retardation assay for PC-UCNPs/siRNA at various weight ratios (w/w). (b)
Zeta potential and DLS analysis of (1) PC-UCNPs, (2) PC-UCNPs/siRNA, (3) PC-UCNPs/siRNA /HA.
(c) Zeta potential and DLS analysis of PC-UCNPs/siRNA/HA in response to HAase at different time
points. (d) The release curve of siRNA from PC-UCNPs/siRNA /HA as a function of time in response
to NIR irradiation. The error bars indicate means + SD (n = 4).

The serum stability of the delivery carrier is important to prolong circulation time
and elevate tumor targeting [33]. The hydrodynamic diameter and polydispersity in-
dex (PDI) of PC-UCNPs/siRNA /HA remained unchanged when incubated with DMEM
containing 10% fetal bovine serum (Figure S9), indicating the satisfactory stability of
PC-UCNPs/siRNA/HA.

The negatively charged surface of PC-UCNPs/siRNA/HA can effectively extend
systemic circulation time [34] and respond to internal tumor microenvironments for surface
charge conversion to facilitate intracellular delivery. Due to the surface-adsorbed HA,
PC-UCNPs/siRNA /HA was recognized by the CD44 membrane receptor. The HA coat-
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ing layer was then degraded by the overexpressed HAase enzyme in the tumor cell [35],
which exposed the positively charged surface of PC-UCNPs/siRNA to achieve the intra-
cellular delivery and endosomal escape of PC-UCNPs/siRNA/HA. According to the HA
degradation period, the zeta potential of PC-UCNPs/siRNA/HA continued its increase
towards 25 £ 2.4 mV, indicating the gradual decomposition of negatively charged HAs and
exposure of the positively charged PC-UCNPs/siRNA surface (Figure 2c, zeta potential).
Along with the degradation of HA, the hydrodynamic size of PC-UCNPs/siRNA/HA
continued its decrease to 62 £ 2.7 nm (Figure 2c, size), which was similar to that of PC-
UCNPs/siRNA (Figure 2b, PC-UCNPs/siRNA, size), indicating the complete degradation
of HA from the UCNPs surface. SiRNA release was achieved via external NIR irradiation,
and siRNA-loaded PC-UCNPs/siRNA /HA with NIR irradiation showed rapid release,
and the release percentage saturated at around 92% at 3 h (Figure 2d). On the contrary,
PC-UCNPs/siRNA/HA showed a negligible release of siRNA (2%) in the absence of NIR
irradiation (Figure 2d), indicating a satisfactory precise control of siRNA release via NIR
light irradiation.

2.3. Internalization of PC-UCNPs/siRNA/HA and Intracellular siRNA Release

After the degradation of the HA coating layer, the highly cationic surface of PC-
UCNPs/siRNA could facilitate the lysosomal escape of PC-UCNPs/siRNA. Acridine
orange (AO) assay was conducted to monitor the lysosomal membrane permeabiliza-
tion of HepG2 cells. HepG2 cells were incubated with PBS, UCNPs@SiO,-polymer, PC-
UCNPs/HA, and PC-UCNPs/siRNA /HA, respectively, and stained with AO. Strong green
fluorescence was observed from PBS-treated HepG2 cells and UCNPs@SiO,-polymer-
treated HepG2 cells (Figure 3a, PBS, UCNPs@SiO;-polymer), while declined green fluo-
rescence and increased red fluorescence was observed from PC-UCNPs/HA and PC-UCNPs/
siRNA /HA-treated HepG2 cells (Figure 3a, PC-UCNPs/HA, PC-UCNPs/siRNA/HA), proving
the contribution of cationic surface to lysosomal membrane permeabilization. A lysosomal
colocalization experiment was further performed to trace the internalization and lysosomal
escape of PC-UCNPs/siRNA/HA by CLSM images. FAM labelled siRNA (siRNA-FAM)
was used to prepare PC-UCNPs/siRNA-FAM/HA, which demonstrated good overlap of
green fluorescence of FAM and red fluorescence of Lysotracker Red after 2 h incubation,
confirming efficient internalization of PC-UCNPs/siRNA-FAM/HA (Figure 3b, 2 h). After
6 h of incubation, the FAM fluorescence had spread to the entire cytoplasm, while the
lysosome probe showed weaker fluorescence due to the acidity dependence of Lysotracker
red (Figure 3b, 6 h) [36], indicating the efficient lysosomal escape of PC-UCNPs/siRNA-
FAM/HA.

To verify the successful release of siRNA from PC-UCNPs to cytoplasm, PC-UCNPs/
siRNA-FAM/HA was incubated with HepG2 cells for 4 h, and UCNPs emission at 454 nm
and 475 nm and FAM emission at 529 nm was monitored via CLSM. Separation of FAM
fluorescence (green channel) and UCNPs fluorescence (red channel) was observed for PC-
UCNPs/siRNA-FAM/HA-treated HepG2 cells after 40 min of NIR light irradiation (Figure
4a, NIR(+)), indicating the efficient release of siRNA from PC-UCNPs. On the contrary, no
fluorescence separation was observed for PC-UCNPs/siRNA-FAM /HA-treated HepG2
cells in the absence of NIR irradiation (Figure 4a, NIR(—)).

HA-mediated endocytosis specificity was further confirmed by CLSM images. Strong
intracellular FAM fluorescence was observed for PC-UCNPs/siRNA-FAM/HA incubated
HepG2 cells (Figure 4b, HepG2), while excess HA pretreated HepG2 cells showed little
fluorescence after incubation with PC-UCNPs/siRNA/HA (Figure 4b, HA pretreated
HepG2). Moreover, the semiquantitative analysis of intracellular FAM-siRNA fluores-
cence also showed higher intensity for HepG2 cells than HepG2 cells pretreated with HA
(Figure 510). These results indicated good targeting specificity for HA-mediated cancer cell
internalization.
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- PBS UCNPs@SiO,-polymer PC-UCNPs/HA PC-UCNPs/siRNA/HA

FAM-siRNA
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Bright Merge

Figure 3. Confocal microscopic images of (a) AO-stained HepG2 cells treated with PBS, UCNPs@SiO,-
polymer, PC-UCNPs/HA and PC-UCNPs/siRNA /HA (with 10 nM siRNA loading, Scale bar: 20 um),
(b) colocalization of lysosome and PC-UCNPs/siRNA /HA when incubated with HepG2 cells for
different durations (With 10 nM siRNA loading, Scale bar: 8 pm).

Q

NIR (+)

FAM-siRNA UCNPs Merge

NIR ()

Bright

FAM-siRNA

Merge
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Figure 4. Confocal microscopic images of (a) co-localization of UCNPs at 454 nm and 475 emission
and FAM-siRNA at 529 nm for PC-UCNPs/siRNA /HA-incubated HepG2 cells in the presence and
absence of NIR irradiation (Scale bar: 25 um), (b) PC-UCNPs/siRNA /HA-incubated HepG2 cells
and PC-UCNPs/siRNA /HA-incubated HepG2 cells that pretreated free HA (Scale bar: 10 um).

2.4. In Vitro Therapeutic Effect of PC-UCNPs/siRNA/HA

The polo-like family of serine/threonine protein kinases (PLKs) is the key to cell cycle
regulation and proliferation, and PLK1 can promote oncogenic transformation; however,
inhibiting PLK1 expression can cause mitotic catastrophe, cell cycle arrest and apoptosis [37,
38]. Therefore, PLK1 siRNA was chosen as the sample siRNA and loaded to PC-UCNPs to
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verify the therapeutic effect of PC-UCNPs/siRNA/HA. HepG2 cells were incubated with
PC-UCNPs/siPLK1/HA for 6 h, irradiated with 980 nm light for 2 h (6 min intervals for
every 10 min of light exposure to avoid heating), and continuously cultured for 24 h, and
PLK1 mRNA expression and PLK1 protein expression were measured via qRT-PCR and
enzyme-linked immunosorbent assay (ELISA), respectively. The PLK1 mRNA expression
was down-regulated to 31% for the PC-UCNPs/siPLK1/HA-incubated HepG2 cells during
NIR irradiation (Figure 5a, column 4), while PC-UCNPs/siPLK1/HA-incubated HepG2
cells showed 92% of mRNA expression in the absence of NIR irradiation (Figure 5a, column
2), and PC-UCNPs/siRNA’(nontherapeutic siRNA)/HA-incubated HepG2 cells showed
89% of mRNA expression during NIR irradiation (Figure 5a, column 3). The PLK1 protein
expression in HepG2 cells with different treatments showed similar tendency with 36%
of PLK1 protein expression for PC-UCNPs/siPLK1/HA-treated HepG2 cells during NIR
irradiation (Figure 5b, column 4) and very limited suppressions of PLK1 protein expression
for both PC-UCNPs/siPLK1/HA-treated HepG2 cells without NIR light irradiation (Figure
5b, column 2) and PC-UCNPs/siRNA’ (nontherapeutic siRNA)/HA-treated HepG2 cells
with NIR light irradiation (Figure 5b, column 3). In addition, PC-UCNPs/siPLK1/HA-
treated Hela cells during NIR irradiation showed similar tendencies in mRNA expressions
and PLK1 protein expressions (Figure S11a,b). These results demonstrated the satisfactory
gene silencing efficiency and protein expression suppression of PC-UCNPs/siRNA /HA.
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Figure 5. Gene silencing and cell viability. Expression levels of (a) PLK1 mRNA expression via
qRT-PCR and (b) PLK1 protein expression via ELISA. Relative HepG2 cell viability determined via
(¢) MTT and (d) Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptotic kit. (1)
Untreated HepG2 cells, (2) PC-UCNPs/siPLK1/HA-treated HepG2 cells without NIR irradiation, (3)
PC-UCNPs/siRNA’/HA treated HepG2 cells with NIR irradiation and (4) PC-UCNPs/siPLK1/HA
treated HepG2 cells with NIR irradiation. The error bars indicate means & SD (1 = 5).

The therapeutic effect of PC-UCNPs/siRNA/HA was evaluated using a standard
MTT assay. HepG2 cells treated with PC-UCNPs/siPLK1/HA showed 29% of cell via-
bility under NIR irradiation (Figure 5¢, column 4), while cell viability was 96% for PC-
UCNPs/siPLK1/HA-treated HepG2 cells in the absence of NIR irradiation (Figure 5c,
column 2) and 94% for PC-UCNPs/siRNA’/HA-treated HepG2 cells under NIR irradiation
(Figure 5¢, column 3). Meanwhile, PC-UCNPs/siPLK1/HA-treated Hela cells showed 49%
cell viability during NIR irradiation (Figure S11c). These results indicated the high thera-
peutic efficiency of PC-UCNPs/siRNA/HA. Flow cytometric assay results also showed the
highest apoptosis rate of 64.6% for PC-UCNPs/siRNA /HA-treated HepG2 cells under NIR
irradiation (Figure 5d). In addition, PC-UCNPs/siRNA/HA demonstrated satisfactory
biocompatibility, with an 87% cell viability even at high concentrations, e.g., 200 pg/mL
(Figure S11). Moreover, UCNPs/siRNA /HA showed a hemolysis percentage of 3.6% at a
concentration of 1000 ug/mL (Figure S12), further indicating good biocompatibility.
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2.5. In Vivo Therapeutic Efficiency of PC-UCNPs/siRNA/HA

Considering the overexpression of the CD44 receptor on the surface of the membrane,
HepG2 cell tumor-bearing nude mice could be optimal tumor models [34]. The in vivo
antitumor efficiency of PC-UCNPs/siPLK1/HA was evaluated using HepG2 cell tumor-
bearing nude mice. PC-UCNPs/siPLK1/HA-injected mice after 2 h of NIR irradiation
(6 min intervals for every 10 min of light exposure to avoid heating) showed the most
effective inhibition of tumor growth compared with the PBS-treated mice group, and the
PC-UCNPs/siPLK1/HA-treated mice group without NIR irradiation (Figure 6a), indicating
the prominent in vivo antitumor capability of PC-UCNPs/siPLK1/HA. There was no no-
ticeable body weight change in the mice during the treatment period (Figure 6b), indicating
satisfactory biocompatibility and therapeutic specificity of PC-UCNPs/siPLK1/HA. All
mice were euthanized on day 14, and the tumors were collected, weighed, sliced and stained
using H&E and TUNEL to observe apoptosis via a CLSM image. PC-UCNPs/siPLK1/HA-
treated mice group with NIR light irradiation also had the smallest tumor weight and
size (Figure 6¢,d) with the maximum disappearance of tumor nucleus in H&E images and
the highest level of cell apoptosis in TUNEL images (Figure 6e). The in vivo applicabil-
ity of PC-UCNPs/siRNA/HA was only evaluated for HepG2 cell tumor bearing mice
and demonstrated satisfactory therapeutic efficiency. By conjugating with tumor targeting
molecules, such as folic acid and aptamer AS1411, the as-presented PC-UCNPs/siRNA /HA
nanoparticles could be widely suitable for a variety of tumor models.
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Figure 6. Demonstration of therapeutic efficiency with change of (a) tumor volume, (b) body weight
of mice as a function of time, (c) tumor weight, (d) representative photos, (e) H&E staining and
TUNEL staining of collected tumors for mice groups treated with PBS (1), PC-UCNPs/siPLK1/HA
without NIR irradiation (2), PC-UCNPs/siPLK1/HA with NIR irradiation (3). The error bars indicate
means + SD (n = 5) (Scale bar, 100 um).

3. Experimental
3.1. Materials and Reagents

Acryloyl chloride, 5-Hydroxy-2-nitrobenzaldehyde (98%), 2-(Dimethylamino) ethyl chloride
hydrochloride (87%), Carbon disulfide (CS;), 1-Propanethiol, 2-Bromo-2-methylpropionic acid, 1-
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Ethyl-(3-dimethyllaminopropyl) carbodiie hydrochlide (EDC-HCI), N-Hydroxysuccinimide
(NHS), (3-aminopropyl) triethoxysilane (APTES), Poly(oligo(ethylene glycol)) methyl ether
acrylate (OEMA, Mn = 550 g/mol), 2,2-Azoisobutyronitrile (AIBN) were purchased from
J&K Chemical Co., Ltd. (Beijing, China). Anhydrous yttrium chloride (YCl3) (99.9%),
anhydrous ytterbium chloride (YbCl3) (99.9%) and anhydrous thulium chloride (TmCls)
(99.9%) were purchased from Sigma-Aldrich (Burlington, MA, USA). Tetraethylorthosil-
icate (TEOS), Sodium hydroxide (NaOH), Potassium phosphate (K3PO4), Ammonium
fluoride (NH4F), Cyclohexene, Oleic acid (OA), 1-Octadecene (ODE), Triethylamine (TEA),
CO-520 surfactant, Tetraethyl orthosilicate (TEOS), (3-aminopropyl)triethoxysilane, Sodium
borohydride (NaBH4) were purchased from Alfa Aesar (Shanghai, China). Dulbecco’s
modified eagle’s medium (DMEM)), 4,6-Diamidino-2-phenylindole (DAPI), Trypsin, Peni-
cillin streptomycin, 3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetra-zoliumbromide (MTT),
Fetal bovine serum (FBS), Phosphate buffered saline (PBS, pH 7.4), 6 x RNA loading buffer
and Annexin V-FITC apoptosis detection kit were purchased from KeyGEN BioTECH
(Nanjing, China). HepG2 human liver cancer cell lines were purchased from cell bank of
Chinese Academy of Sciences. RNA extraction kit, PrimeScript RT reagent kit and SYBR
premix EX Taq kit were purchased from Takara (Dalian, China). PLK1 ELISA kit was
purchased from Jin Yibai Biological Technology (Shanghai, China). siRNA targeting PLK1
mRNA sequence (sense strand: 5'-AUAUUCGACUUUGGUUGCCTT-3/, antisense strand:
5-GGCAACCAAAGUCGAAUAUTT-3') and FAM fluorescein-labelled negative control
siRNA sequence (FAM-siRNA) (sense strand: 5'-FAM-UUCUCCGAACGUGUCACGUTT-
3/, antisense strand: 5-ACGUGACACGUUCGGAGAATT-3') were purchased from
GenePharma Co., Ltd. (Shanghai, China). All other reagents and solvents were of an-
alytical grade and used directly.

3.2. Apparatus

UV —Vis absorption spectra were recorded on a Nanodrop-2000C UV-Vis spectropho-
tometer (Nanodrop, Madison, WI, USA). Fourier-transform infrared (FI-IR) spectra were
recorded on a Nicolet 6700 spectrophotometer (Nicolet Plastique, Nicolet, QC, Canada).
Thermogravimetric analysis (TGA) was performed on a Setaram TGA 92 instrument (Se-
taram, Caluire-et-Cuire, France). Upconversion emission spectra were measured with
a ZolixScan ZLX-UPL spectrometer (Beijing, China) with an external continuous-wave
laser (980 nm) as the excitation source. Transmission electron microscopy (TEM) micro-
graphs were acquired with JEM-2100 transmission electron microscope (JEOL Ltd., Tokyo,
Japan), and confocal fluorescence images were acquired on TCS SP5 confocal laser scanning
microscope (Leica, Frankfurt, Germany). Flow cytometric analysis was performed on a
Coulter FC-500 flow cytometer (Beckman-Coulter, Pasadena, CA, USA). MTT and ELISA
assays were performed on a Hitachi/Roche System Cobas 6000 (Bio-Rad, Hercules, CA,
USA). Real-time PCR was carried out using a CFX96 touch real-time PCR detection system
(Bio-Rad, Hercules, CA, USA). Zeta potential and dynamic light scattering (DLS) were
measured via a Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK) and ZetaPlus
90 Plus/BI-MAS (Brook Hhaven, New York, NY, USA), respectively.

3.3. Synthesis of 2-(((propanethio) carbonothioyl)thio)acetic Acid (CTA)

The 1-Propanethiol (548 mg, 7.19 mmol) was added to 10 mL acetone containing
K3POy4 (1.53 g, 7.19 mmol) with magnetic stirring. After stirring for 10 min, CS, (1.64 g,
21.56 mmol) was added, and the reaction continued for 10 min. Additionally, 2-bromo-2-
methylpropionic acid (1 g, 5.99 mmol) was then added and stirred overnight. The solvent
was removed, and the residue was extracted using CH,Cl, and 1 M HCI aqueous solution.
The collected organic phase was then washed with water and dried using anhydrous
NaSOy4, and the CH,Cl, was removed via rotary evaporation. The crude product was
further purified via recrystallization with hexane to obtain a yellow product (3.07 g, 65%
yield). Moreover, 'H-NMR (CDCl3, 400 MHz, 298 K) 6 (ppm): 3.27 (t, 2H), 1.78-1.67 (m,
8H), 1.00 (t, 3H) (Figure S1).
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3.4. Synthesis of 5-(2-(dimethylamino)ethoxy)-2-nitrobenzyl Acrylate (MENA) Monomer

Synthesis of 5-hydroxy-2-nitrobenzyl alcohol (Compound 1): 5-hydroxy-2-nitrobenzaldehyde
(500 mg, 3 mmol) in 10 mL methanol was syringed into the Schleck flask in an ice water bath
under N, protection, NaBH, (226 mg, 5 mmol) was then slowly added, and the solution
was stirred at 0 °C for 24 h. The reaction was cautiously quenched by the addition of a 10%
HCl solution, adjusted to a pH of 2, and extracted using ethyl acetate. Organic layer was
collected, washed with saturated NaCl solution, dried with anhydrous MgSQy, filtered,
and concentrated by a rotary evaporator. The crude product was further purified via silica
gel column chromatography (hexane/ethyl acetate, v/v = 1/1). In addition, 5-hydroxy-2-
nitrobenzyl alcohol (Compound 1) was obtained as a yellowish solid (705 mg, 97% yield).
'H NMR (DMSO-dg, 400 MHz, 298 K) & (ppm): 10.88 (s, 1H, Ar-OH), 8.04, 7.24 and 6.78 (m,
3H, Ar), 5.5 (s, 1H, -CH,OH)), 4.81 (s, 2H, -CH,OH) (Figure S3).

Synthesis of 5-(2-(dimethylamino)ethoxy)-2-nitrobenzyl alcohol (Compound 2): the
mixture of compound 1 (500 mg, 2.96 mmol), 2-(dimethylamino)ethyl chloride hydrochlo-
ride (381 mg, 3.05 mmol) and NaOH (260 mg, 6.5 mmol) were added into a Schleck
flask with both 15 mL toluene and 3 mL ethanol under N, protection. The reaction mix-
ture was refluxed at 120 °C for 48 h and poured into 30 mL water after cooling. The
organic layer was isolated, washed with saturated NaCl solution, dried over anhydrous
NaySO;4, and concentrated by rotary evaporator. The as-obtained crude product was fur-
ther purified via silica gel column chromatography using methanol as the eluent, and
5-(2-(dimethylamino)ethoxy)-2-nitrobenzyl alcohol (Compound 2) was obtained as a yel-
lowish solid (572 mg, 65% yield). 'H NMR (CDCl3, 400 MHz, 298 K) § (ppm): 8.16,7.26,
and 6.93 (m, 3H, Ar), 5.00 (s, 2H, -CH,0OH), 4.24 (t, 2H, -OCH,CH,;N(CH3),), 2.86 (t, 2H,
—-OCH,CH;N(CH3),), 2.43 (s, 6H, -OCH,CH,N(CHj3),) (Figure S4).

Synthesis of 5-(2-(dimethylamino)ethoxy)-2-nitrobenzyl acrylate (MENA): Compound
2 (500 mg, 2.08 mmol) was added to the mixture solution of 7 mL anhydrous THF and
333 uL TEA at 0 °C under N, protection. Acryloyl chloride (198 uL, 2.185 mmol) in 500 pL
anhydrous THF was then added dropwise. After reaction for 5 h at room temperature,
the insoluble salts were removed via filtration. The filtrate was concentrated and further
purified using silica gel column chromatography (hexane/ethyl acetate, v/v = 3/1) as
the eluent. Additionally, 5-(2-(dimethylamino)ethoxy)-2-nitrobenzyl acrylate (MENA)
was obtained as a yellowish solid (380 mg, 73% yield). 'H NMR (CDCl;, 400 MHz,
298 K) ¢ (ppm): 8.22, 7.09, and 6.94 (m, 3H, Ar), 6.54 (d, 1H, CHCOOCH;-), 6.26 (m,
1H, CHCOOCH;-), 5.95 (d, 1H, CHCOOCH;-), 5.64 (2, 2H, Ar-CH,0-), 4.21 (t, 2H, -
OCH,CH,;N(CH3),), 2.86 (t, 2H, -OCH,CH,N(CH3),), 2.42 (s, 6H, -OCH,CH,N(CH3),)
(Figure S5).

3.5. Synthesis of Core-Shell UCNPs: NaYF;:Yb,Tm@NaYF,

The UCNPs core NaYF4:Yb, Tm was synthesized according to the previous report [39].
Briefly, YCl3 (0.78 mmol), YbCl; (0.2 mmol), and TmCl3 (0.02 mmol) were mixed with 6 mL
OA and 15 mL ODE, heated to 150 °C and stirred for 2 h to remove oxygen and water. After
cooling down to 30 °C, NH4F (4 mmol) and NaOH (2.5 mmol) in 10 mL methanol were
added dropwise into the mixture solution within 15 min. The reaction solution was then
heated to 45 °C for 30 min, 90 °C for 30 min and 310 °C for 1 h under N, protection. The
reaction solution was then cooled to room temperature and precipitated with the mixture
of ethanol and acetone to obtain UCNPs core and re-dispersed in cyclohexane for further
use.

For the synthesis of core—shell structured UCNPs NaYF;:Yb,Tm@NaYF,, YCl; (0.08 mmol)
were mixed in ODE (15 mL) and OA (6 mL), heated to 150 °C, stirred for 2 h and subse-
quently cooled down to 75 °C. The above-obtained UCNPs core NaYF;:Yb,Tm was added
into the reaction mixture, and the reaction mixture was heated to 90 °C to remove the
cyclohexane. After cooling to room temperature, NH4F (4 mmol) and NaOH (2.5 mmol)
in 10 mL methanol were added and continuously stirred at 45 °C for 30 min, at 90 °C for
30 min and at 290 °C for 45 min under N, protection to obtain core—shell structured UCNPs

10
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NaYF;:Yb,Tm@NaYF,. The as-obtained UCNPs NaYF4:Yb,Tm@NaYF, were precipitated
with ethanol and re-dispersed in 10 mL of cyclohexane for future use. The morphology of
as-prepared UCNPs was characterized by TEM, and its properties were characterized via
fluorescence spectrometer.

3.6. Preparation of UCNPs@SiO,-CTA

The UCNPs@SiO,-NH, was synthesized via the reversed-phase microemulsion method
according to the previous report with a slight modification [40]. Briefly, 500 uL. CO-520
surfactant was added into 1 mg/mL of above-obtained UCNPs in 20 mL cyclohexane
and sonicated for 10 min. A total of 100 pL. NH3-H,O (wt 30%) was added into the
above mixture solution and continuously sonicated for 10 min until it formed a trans-
parent solution. Then, 36 L. TEOS was added into the mixture solution, reacted for 3 h
and centrifuged. The as-obtained UCNPs@SiO, was redispersed in ethanol, 400 pL of
(3-aminopropyl)triethoxysilane and 70 pL of NH3.H,O were added and stirred at 80 °C for
8 h. The as-obtained UCNPs@SiO,-NH; was centrifuged and redispersed in DMSO for
further use.

The mixture of CTA (20 mg, 0.08 mmol), NHS (9.7 mg, 0.08 mmol) and EDC-HCI
(16.9 mg, 0.088 mmol) was added into 10 mL DMSO. After reaction for 4 h, the above-
obtained UCNPs@SiO,-NH; was added into the reaction solution, continuously reacted
for 24 h, and centrifuged to obtain UCNPs@SiO,-CTA. The property of UCNPs@SiO,-CTA
was characterized using UV-Vis spectrum.

3.7. Preparation of Photo-Cleavable Polycations-Wrapped UCNPs (PC-UCNPs)

The above obtained UCNPs@SiO,-CTA (1.2 g), poly(oligo(ethylene glycol)) methyl
ether acrylate (OEMA, 4.56 g, 9.6 mmol), MENA (744 mg, 2.4 mmol) and AIBN (12 mg)
were added to a glass ampoule with anhydrous 1,4-dioxane (19.2 mL). The ampoule was
degassed through three freeze—thaw cycles, sealed under vacuum, maintained in an oil
bath preheated to 70 °C and kept for polymerization reaction for 24 h. The polymerization
reaction was quenched with liquid nitrogen, and the reaction mixture was centrifuged at
8000 rpm for 5 min and washed with methanol. To endow positive charge to the as-obtained
UCNPs@SiO;-polymer, it (0.30 g) was dispersed in CH,Cl, (30 mL), slowly added to CH31
(0.1 g, 2 mmol) via a dropping funnel, and kept in the dark for 24 h at room temperature.
The as-obtained PC-UCNPs was collected after centrifugation, dispersed in 10 mL PBS and
stored at 4 °C for further use. The obtained PC-UCNPs were characterized via TEM, DLS
and TG.

The gel permeation chromatographic (GPC) analysis of polycations coating of P(OEMA-
co-MENA) was performed by dispersing above-obtained PC-UCNPs (200 mg) in hydroflu-
oric acid (HE, 5 mL), stirring it for 6 h at 50 °C and centrifuging it at 8000 rpm for 5 min.
The supernatant was then collected, dialyzed (molecular weight cut off, 3.5 kDa) and
freeze-dried. The obtained powder (1 mg) was mixed with THF (1 mL, mass spectrum
grade) and analyzed by GPC using THF as eluent and polystyrene as reference polymer.

3.8. Preparation of siRNA-Loaded and HA-Wrapped PC-UCNPs (PC-UCNPs/siRNA/HA)

siRNA was loaded into the above-obtained PC-UCNPs via electrostatic interaction.
After mixing 2 pg of siRNA in RNase-free DEPC with 2 pL of 6 X siRNA loading buffer,
PC-UCNPs were added to PBS with a series of mass ratio (PC-UCNPs/siRNA (w/w) of
0,0.6/1,0.8/1,1/1,1.2/1), incubated at room temperature for 30 min and applied for the
agarose gel retardation assay. Hyaluronic acid (HA) was then wrapped to the as-obtained
PC-UCNPs/siRNA via electrostatic interaction to obtain PC-UCNPs/siRNA /HA. HA
(50 mM) in PBS buffer was added into the prepared PC-UCNPs/siRNA with a mass ratio
of 1/1, incubated for 10 min at room temperature and centrifuged at 8000 rpm for 5 min to
obtain PC-UCNPs/siRNA /HA. The surface modification process was then characterized
using zeta potential.

11
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3.9. In Vitro Verification of HA Degradation and siRNA Release

PC-UCNPs/siRNA/HA was incubated with 0.5 mg/mL of HAase solution (HEPES
buffer, pH 6.5) at 37 °C, and the degradation of HA was characterized by DLS and zeta
potential over prearranged time intervals. To obtain the release profile of siRNA, the
as-treated solutions were exposed under 980 nm of irradiation (2 W/ cm~2) for different
durations, and the as-obtained solutions were centrifuged at predetermined time intervals.
The supernatant containing released siRNA was measured via UV-Vis spectroscopy:.

3.10. Cell Culture

The human hepatocellular carcinoma cells (HepG2, cancer cell) were incubated with
DMEM medium containing 10% FBS and 1% penicillin-streptomycin (10,000 U/mL) at
37 °C in a humidified atmosphere containing 5% CO,.

3.11. Intracellular Delivery of PC-UCNPs/siRNA/HA

To confirm the intracellular delivery specificity, HepG2 cells (CD44 receptor overex-
pression) were firstly pretreated with 2 mg/mL free HA at 37 °C for 1 h and then incubated
with FAM-siRNA-loaded PC-UCNPs (PC-UCNPs/siRNA-FAM/HA, 5 ug/mL with siRNA
10 nM) for 6 h to observe FAM fluorescence using CLSM. Moreover, the fluorescence of
directly PC-UCNPs/siRNA-FAM /HA-incubated HepG2 was observed.

3.12. Lysosomal Membrane Permeabilization of HepG2 Cells

To prove the lysosomal membrane permeabilization of HepG2 cells, HepG2 cells
were incubated with PBS, UCNPs@SiO-polymer (in the absence of cationic quaternary
ammonium groups), PC-UCNPs/HA, PC-UCNPs/siRNA/HA (5 ug/mL with siRNA
10 nM), respectively, for 6 h. The as-treated cells were stained with acridine orange (AO)
(100 pL, 5 pg/mL) for 30 min, washed with PBS twice, and AO fluorescence was taken via
CLSM.

3.13. Lysosomal Escape of siRNA

To verify the lysosomal escape of siRNA, HepG2 cells were incubated with 5 ug/mL of
PC-UCNPs/siRNA-FAM/HA (siRNA 10 nM) for 2 h and 6 h, respectively. The as-treated
cells were washed with PBS, incubated with 75 nM LysoTracker Green for 30 min, and
observed via CLSM.

3.14. MTT Assay

To perform MTT assay, HepG2 cells (4000 cells/well) were seeded in a 96-well plate
and incubated overnight in 200 pL. of DMEM containing 10% FBS and 1% penicillin-
streptomycin, the incubation medium was then replaced with 200 pL of fresh DMEM con-
taining serial concentrations (40, 80, 120, 160 and 200 pg/mL) of PC-UCNPs/siRNA/HA
and continuously incubated for 24 h. A total of 20 pL MTT (5 mg/mL in PBS) was subse-
quently added per well and continuously incubated for 4 h. After removing cell culture
medium, 80 pL of DMSO was added to dissolve the crystals precipitate. The optical den-
sity was measured at 490 nm with a Bio-Rad microplate reader. Moreover, PBS-treated
HepG2 cells were set as control group. The relative cell viability (%) was calculated using
(Atest/Acontrol) x 100%.

SiRNA’ with scrambled sequence and no biotoxicity was loaded to PC-UCNPs, and
the as-obtained PC-UCNPs/siRNA’/HA was used to investigate the biotoxicity of PC-
UCNPs/siRNA’/HA (siRNA 5 nM). Therapeutic siPLK1 was loaded to PC-UCNPs, and the
as-obtained PC-UCNPs/siPLK1/HA (siPLK1 5 nM) was used to evaluate the therapeutic
effect of PC-UCNPs/siPLK1/HA. PC-UCNPs/siPLK1/HA-incubated HepG2 cells were
irradiated with the 980 nm laser (2 W/cm?) for 2 h (6 min intervals for every 10 min of light
exposure to avoid heating) and continuously incubated for 24 h for MTT assay. At the same
time, Hela cells were also used to evaluate the therapeutic effect of PC-UCNPs/siPLK1/HA.
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3.15. Hemolysis Assay of PC-UCNPs/siRNA/HA

Blood samples from healthy mice were collected in a container filled with heparin
and centrifuged at 3000 rpm for 6 min to obtain red blood cells (RBCs). After washing and
diluting with saline, RBCs (200 nL) were mixed with PC-UCNPs/siRNA/HA (800 pL) in
saline at different concentrations (200, 400, 600, 800 and 1000 pg/mL) and incubated at
37 °C. After incubation for 4 h, the mixture solution was centrifuged, and the supernatant
absorbance at 570 nm (Ag;p1e) was measured via UV —vis. Moreover, RBCs were mixed
with saline and water as a negative control (Ayyi,e) and a positive control (Aqwater), respec-
tively. The hemolysis percentage was calculated via (Asaupie — Asaline) / (Awater — Asaline) %
100%.

3.16. Gene Silencing Assay

HepG?2 cells were seeded into a 6-well plate at a density of 5 x 10° cells/well and
cultured at 37 °C overnight. The old medium was displaced with fresh medium containing
PC-UCNPs/siPLK1/HA at siPLK1 concentrations of 250 nM, incubated for 4 h and exposed
under 980 nm laser (2 W/cm?) for 2 h (6 min intervals for every 10 min of light exposure to
avoid heating). The as-treated HepG2 cells were continuously cultured for 24 h, and the
expression levels of PLK1 mRNA and protein were evaluated using RT-PCR and ELISA kit
following the manufacturer’s instructions. The control group was set as siRNA’ (scrambled
sequence)-loaded PC-UCNPs/siRNA’/HA-treated HepG2 cells with NIR irradiation and
PC-UCNPs/siPLK1/HA-treated HepG2 cells without NIR irradiation for the comparison of
gene-silencing effect. Moreover, Hela cells were also adopted to evaluate the gene-silencing
effect of PC-UCNPs/siPLK1/HA.

3.17. Cell Apoptosis Assay

HepG?2 cells were seeded into a 6-well plate at a density of 2 x 10° cells/well and
incubated with PC-UCNPs/siPLK1/HA at siPLK1 concentrations of 250 nM at 37 °C for 4 h,
irradiated upon with a 980 nm laser for 2 h and continuously incubated for 24 h. Then, the
as-treated cells were washed with PBS, stained with a mixture of 5.0 uL. Annexin V-FITC
and 5.0 puL propidium iodide for 10 min and measured with flow cytometry over FL1
(Annexin V-FITC) and FL3 (PI) channels. Control groups were set as siRNA’ (scrambled
sequence)-loaded PC-UCNPs/siRNA’/HA-treated HepG2 cells with NIR irradiation and
PC-UCNPs/siPLK1/HA-treated HepG2 cells without NIR irradiation.

3.18. In Vivo Antitumor Efficiency

Pathogen-free female BALB/c nude mice were purchased from KeyGEN BioTECH
(Nanjing, China). All experiment procedures were approved by the Model Animal Re-
search Center of KeyGEN BioTECH. To build the tumor model in mice, HepG2 cells
were only selected as models since their overexpressed CD44 receptor on the surface of
membrane.1.0 x 107 HepG2 cells were subcutaneously injected to establish HepG2 tumor
xenograft mouse model. After the tumor volumes grew to 50 mm?, the tumor-bearing
mice were randomly divided into three groups, with five mice in each group, and intra-
tumorally injected, respectively, with 50 uL of PBS (1 group), PC-UCNPs/siPLK1/HA
(2 groups) at a dose of 1 mmol siPLK1 per mouse. At 2 h post-injection, one of the PC-
UCNPs/siPLK1/HA-injected mouse group was exposed to a 980 nm laser irradiation
(2 W/cm?) for 2 h (6 min intervals for every 10 min of light exposure to avoid heating).
The injection and irradiation processes were repeated every other two days, a total of six
times. The tumor sizes were measured every 2 days with caliper. The tumor volumes
were calculated as V = (L x W?)/2, where L and W are the length and width of the tumor,
respectively. To evaluate the safety of PC-UCNPs/siPLK1/HA in mice, the mice weights
were also recorded during the therapeutic process. After treatment for 14 days, all mice
were sacrificed, and the obtained tumors were then collected, weighed, photographed and
stained using H&E and TUNEL.
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4. Conclusions

Photo-cleavable polycations wrapping upconversion nanoparticles for the spatial and
temporal control of siRNA delivery and release were presented. Photo-cleavable 5-(2-
(dimethylamino)ethoxy)-2-nitrobenzyl acrylate and Poly(oligo(ethylene glycol)) methyl
ether acrylate were polymerized in situ on the chain transfer agent CTA functionalized
UCNPs@SiO; surface via RAFT polymerization, which was loaded with therapeutic PLK1
siRNA and HA for NIR-controlled in vivo siRNA release and tumor therapy. The as-
presented PC-UCNPs/siPLK1/HA showed good inhibition of cell viability and tumor
growth and should become a promising platform for precise drug delivery and tumor
therapy.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/targets1010006/s1, Figure S1: Synthetic route and TH NMR
spectrum (in CDCl3) of chain transfer agent CTA; Figure S2: UV-Vis spectra of UCNPs@SiO,,
UCNPs@SiO,-CTA and CTA; Figure S3: Synthetic route and 'H NMR spectrum (in DMSO-dy)
of 5-hydroxy-2-nitrobenzyl alcohol (Compound 1).; Figure S4: Synthetic route and 'H NMR spec-
trum (in CDCl3) of 5-(2-(dimethylamino)ethoxy)-2-nitrobenzyl alcohol (Compound 2); Figure S5:
Synthetic route and 'H NMR spectrum (in CDCl3) of 5-(2-(dimethylamino)ethoxy)-2-nitrobenzyl
acrylate (DMNA); Figure S6: Synthetic route of UCNPs@SiO;-polymer via RAFT polymerization;
Figure S7: Gel permeation chromatographic (GPC) analysis of P(OEOA-co-DMNA) from the sur-
face of UCNP@SiO,-polymer using THF as eluent; Figure S8: Zeta potential and DLS analysis of
UCNPs@SiO;-polymer and PC-UCNPs; Figure S9: DLS analysis and polydispersity index (PDI) of
PC-UCNPs/siRNA/HA incubated with DMEM containing 10% fetal bovine serum for different
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UCNPs/siRNA/HA incubated HepG2 cells and HA pre-treated HepG2 cells; Figure S11: Gene
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Abstract: Telomerase represents an essential molecular machinery for tumor occurrence and pro-
gression and a potential therapeutic target for cancer treatment. Sensitive and reliable analysis of
telomerase activity is of significant importance for the diagnosis and treatment of cancer. In this study,
we developed a telomerase-activated nanoscintillator probe for deep-tissue and background-free
imaging of telomerase activity and screening telomerase inhibitors in tumor-bearing living mice
models. The probe was constructed by modifying lanthanide-doped nanoscintillators with aptamer-
containing DNA anchor strands which hybridized with quencher labelled—oligonucleotide strands
and telomerase primers. The X-ray-induced fluorescence of the probe was quenched originally but
turned on upon telomerase-catalyzed extension of the primer. Benefiting from exceptional tissue
penetrating properties and negligible autofluorescence of X-ray excitation, this probe enabled direct
detection of telomerase activity in vivo via fluorescence imaging. Furthermore, with the direct,
readable fluorescent signals, the probe enabled the screening of telomerase inhibitors in living cells
and whole-animal models in the native states of telomerase. This strategy would inspire the devel-
opment of low autofluorescence and deep tissue bioimaging probes for disease diagnosis and drug
development in high-level living settings.

Keywords: bioimaging; nanoscintillator; telomerase; drug screening; cancer

1. Introduction

Telomerase is a ribonucleoprotein reverse transcriptase that synthesizes telomeric DNA
repeats at chromosome termini with an internal RNA template to compensate for the ‘end-
replication problem’ [1,2]. Usually, telomerase activity is strictly repressed in most normal cells
but greatly activated in a majority of tumor cells (85-90%) because the maintenance of telomere
length by overexpressed telomerase is essential for tumors to escape the replicative senescence
and crisis [3]. In this sense, telomerase has received enormous attention as an appealing
molecular marker for cancer diagnosis and anticancer drug discovery [4-6]. This has spurred
the development of polymerase chain reaction-based telomerase repeat amplification protocol
(PCR-TRAP), the most classic method for analyzing telomerase activity in cell and tissue
lysates [7,8]. To minimize the artifacts caused by PCR, modified TRAP methods have been
developed by combining with electrochemical [9,10] and optical technologies [11]. However,
these methods still face interferences from cell lysates, not to mention the requirement of
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time-consuming procedures for sample preparation. Alternatively, given the high sensitiv-
ity, straightforwardness, and non-invasiveness of fluorescence imaging, various fluorescent
probes have been attempted to directly visualize telomerase activity in living cells [12-14]
and even in vivo [15,16]. Nevertheless, these probes are not without shortcomings, including
the photobleaching of fluorophores, autofluorescence from biological specimens, and limited
tissue penetration depth of UV /visible (UV /vis) excitation light sources [17,18]. Along this
line, the development of a more reliable fluorescent probe overcoming these issues would
allow better interrogation of the information on telomerase in its native physiological state.

Towards this goal, here, we developed an activatable nanoscintillator probe for track-
ing telomerase activity and screening telomerase inhibitors in vivo. Nanoscintillators are a
class of luminescent nanomaterials that can absorb and convert ionizing radiation (X-rays,
y-rays, etc.) into UV /vis/near-infrared photons [19]. Of note, the exceptional penetration
depth of the excitation sources (i.e., X-rays), avoidance of autofluorescence, and optical
stability have enabled broad applications of nanoscintillators in the biomedical field [20-22].
In this study, we leveraged core-shell NaLuF:Tb/Gd@NaYF, nanoscintillators (NSs) and
telomerase-responsive DNA molecular devices (DMDs) to construct a telomerase probe.
As shown in Scheme 1, in the telomerase-responsive DMDs (Table S1), a long single-strand
DNA (A-strand, 66 base, red) is covalently immobilized on the nanoscintillator surface
and has three functional domains: an AS1411 aptamer sequence at the 3'-terminal for
targeting cancer cells, the middle sequence for carrying telomerase primer (TP, blue), and
the telomeric repeat-complementary sequence at the 5'-end for binding BHQ1 (black hole
quencher 1)-labeled strand (BHQ1-strand, green). Initially, the fluorescence of nanoscin-
tillators is quenched due to the proximity of BHQ1 to their surface. Once encountering
telomerase, the extension of the TP strand displaces the BHQI1-labeled strand, turning
on the fluorescence of nanoscintillators for signal readout. With systemic studies, we
demonstrated the application of this probe for detecting telomerase activity in solution,
living cells, and tumors, and screening telomerase inhibitors in animal models.

DNA device BHQ1-strand A-strand Telomerase Primer Telomerase NSs@SiO:
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Scheme 1. Schematic illustration of the design and working principle of the nanoscintillator probe
for detecting telomerase in vivo. (a) The X-ray-induced fluorescence of the nanoscintillators (NSs) is
quenched by BHQ1 in the beginning due to the fluorescence resonance energy transfer (FRET) effect;
upon telomerase-catalyzed extension of the primer, strand-displacement leads to the detachment of
the BHQ1-strand from the surface of NSs and the FRET effect is inhibited, whereby the fluorescence
of NSs is recovered for signal readout. (b) Specific recognition and internalization of probe into tumor
cells for in vivo monitoring telomerase activity.
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2. Materials and Methods

Additional information on reagents and materials, characterizations, experimental
details, DNA sequences, and cell culture was given in the Supporting Information.

Synthesis of NaLuF4:Tb(15%)/Gd(25%) nanoparticles. In a typical experiment, a
mixture of Ln(CH3COO)3-4H,0 (0.5 mmol; Ln = Lu, Gd, Tb at the desired ratio), 4 mL oleic
acid (OA), and 16 mL 1-octadecene (ODE) were added to a 50 mL two-neck round-bottom
flask. Then, the resultant mixture was heated to 160 °C under vacuum for 45 min. After
cooling the solution to room temperature, 10 mL methanol containing 1.25 mmol NaOH
and 2 mmol NHyF were added to the reaction system and stirred for 30 min at 50 °C,
followed by heating to 100 °C for another 10 min under vacuum. Thereafter, the solution
was heated to 300 °C at a rate of 20 °C/min and kept at 300 °C for 60 min under a nitrogen
atmosphere while stirring. After cooling to room temperature, the resultant nanoparticles
were collected by precipitation with ethanol and centrifugation at 8000 rpm and washed
with ethanol and cyclohexane (1:1, v/v) three times. Finally, the obtained nanoparticles
were redispersed in 5 mL cyclohexane.

Synthesis of NaLuF4:Tb(15%)/Gd(25%)@NaYF, (NSs). In a typical procedure, 0.5 mmol
Y(CH3COO)3-4H,0, 5 mL OA and 7.5 mL. ODE were added to a two-neck round-bottom
flask, and then the resultant mixture was heated to 160 °C under vacuum for 50 min. After
cooling the solution to room temperature, the core NaLuF4:Tb(15%)/Gd(25%) nanoparticles
dispersed in 4 mL cyclohexane were added to the reaction system, and the suspension was
heated at 80 °C for 20 min to evaporate the cyclohexane. After cooling to room temperature,
10 mL methanol containing 1.25 mmol NaOH and 2 mmol NH4F were added to the reaction
system and stirred at 50 °C for 30 min, and then the resultant mixture was heated to 80 °C for
another 20 min under vacuum to evaporate the methanol. The suspension was then heated to
290 °C at a rate of 20 °C/min and kept at 290 °C for 90 min under a nitrogen atmosphere while
stirring. After cooling to room temperature, the nanoparticles were collected by precipitation
with ethanol and centrifugation at 8000 rpm and washed with ethanol and cyclohexane (1:1,
v/v) three times. Finally, the nanoparticles were redispersed in 5 mL cyclohexane and stored
at 4 °C for further use.

Synthesis of silica-coated NSs (NSs@SiO,) particles. 1-hexanol (2 mL), Triton X-100
(2 mL), and cyclohexane (10 mL) were mixed and stirred until the mixture became clear.
Then, 300 pL deionized water and NSs solution dispersed in cyclohexane (4 mL 0.01 M) were
sequentially added to the solution. The resultant mixture was stirred for 10 min at room
temperature before the addition of 80 uL tetraethyl orthosilicate. After further vigorously
stirring the suspension for 20 min, ammonium hydroxide (160 puL) was added, and the mixture
was stirred at room temperature for 20 h. In the end, NSs@SiO, particles were collected by
centrifugation at 8000 rpm and washed with ethanol three times.

Preparation of carboxyl group-functionalized NSs@SiO, (NSs@SiO,-COOH) parti-
cles. NSs@SiO, particles (180 mg) were first dispersed in isopropyl alcohol (120 mL),
3-aminopropyltriethoxysilane (200 uL) was then added to the suspension, and the resultant
suspension was refluxed in an oil bath at 85 °C for 10 h. The resultant nanoparticles
(NSs@Si0O,-NH;) were collected by centrifugation at 10,000 rpm for 10 min and washed
with deionized water and ethanol. Sequentially, to prepare NSs@SiO,-COOH particles,
NSs@SiO,-NHj; particles (120 mg) were dispersed in N,N-dimethylformamide, and succinic
anhydride (190 mg) was added to the suspension, which was further stirred at room tem-
perature for 20 h. Thereafter, the resulting nanoparticles were collected by centrifugation at
10,000 rpm and washed with deionized water three times.

Preparation of the probe. NSs@SiO,-COOH (2 mg) particles were dispersed in 2-(N-
morpholino) ethanesulfonic acid (MES) buffer (pH 6.0, 10 mM), then 60 pL N-(3-(dimethylamino)
propyl)-N-ethylcarbodiimide (30 mg/mL) and 120 pL N-hydroxysuccinimide (50 mg/mL) were
added to the suspension. After stirring for 30 min, the pH of the suspension was adjusted with
PBS to neutral, and then amino functionalized A-strand (40 uL, 0.1 M) was added, followed by
stirring at room temperature for 18 h. In the end, the resultant nanoparticles were collected by
centrifugation at 10,000 rpm, washed with water (pH 7.4) for three times, and re-dispersed in
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Tris-HCl buffer (10 mM Tris, pH 7.4, 250 mM NaCl, 100 mM KCl) for further use. Then, 1 mL
of A-strand-grafted NSs@SiO, (1 mg/mL) dispersed in Tris-HCl buffer was incubated with
8 nmol of BHQ1-strand and 8 nmol of telomerase primer at room temperature for 12 h under
shaking. The probe was collected by centrifugation at 10,000 rpm and washed with Tris-HCl
buffer three times.

Telomerase Extraction. Telomerases were extracted from Hela cells with CHAPS buffer.
Firstly, Hela cells (1.0 x 10°) were collected and transferred in a centrifuge tube when Hela
cells were in the exponential growth stage. Secondly, Hela cells were washed with iced PBS
two times. Thirdly, the cells were transferred in the cold CHAPS lysis buffer (0.5% (w/v)
CHAPS, 10 mM Tris, pH 7.5, 1 mM ethylene glycol-bis(B-aminoethylether)-N,N,N’,N'-
tetraacetic acid, 0.1 mM phenylmethanesulfonyl fluoride, 10% glycerol, and 1 mM MgCl,)
and incubated at 4 °C for 30 min. Then, the lysate was centrifugated (12,000 rpm) at 4 °C
for 20 min. The supernatant was collected and stored at —80 °C for further use.

Detection of telomerase activity in vitro. To determine the telomerase-responsive
character of the probe, the time-dependent fluorescence variation kinetics of the probe
was performed. The probe (0.5 mg/mL) and deoxynucleotide solution mixture (ANTPs;
200 uM) were added into TRAP buffer containing telomerase extracts from 100,000 Hela
cells, and then the mixture was incubated at 37 °C for different times (10, 20, 30, 40, 60,
100, and 120 min) and time-dependent variation in fluorescence intensity was recorded.
For comparison, we used PBS to replace the telomerase extracts to record the changes in
potential background fluorescence.

To investigate the relationship between X-ray-induced fluorescence signals and
telomerase activity, dNTPs (200 uM) and different amounts of telomerase extracts
equivalent to different numbers (0, 100, 500, 1000, 2000, 5000, 10,000, 20,000, 50,000,
100,000) of Hela, HepG2, or MCEF-7 cells were added to TRAP buffer containing the
probe (0.5 mg/mL) and then the resultant suspensions were incubated at 37 °C for
40 min before recording the X-ray-induced fluorescence of each group. The change in
the fluorescence intensity at A = 546 nm of the probe was plotted against the number
of cells. The limit of detection (LOD) was calculated using the equation LOD = 30/S,
where o is the standard deviation of ten consecutive measurements of the blank, and S
is the slope of the linear part of the plot.

To verify the specificity of the probe towards telomerase, a series of biomolecules
(BSA, thrombin, GSH, trypsin, lysozyme, and glucose) were respectively added into TRAP
buffers containing 0.5 mg/mL of the probe. Then, the resultant mixtures were incubated at
37 °C for 40 min, and the fluorescence was recorded at the end. To study the stability of
the probe, the probe was incubated with PBS buffer, Dulbecco’s modified Eagle’s medium
(DMEM), DMEM containing 10% fetal bovine serum (FBS), and saline (0.9% NaCl solution)
at 37 °C, respectively, for a series of time (0, 1, 4, 8, 12, 24, 36, and 48 h). At these indicated
time points, the X-ray-induced fluorescence and hydrodynamic size of the probe were
recorded.

Detection of telomerase activity in living cells. To assess telomerase activity in living
cells with the probe, 5 x 10° Hela cells were first seeded in a 6-well plate. After 24 h
incubation at 37 °C, the medium was removed, and the cells were washed with PBS,
followed by the addition of fresh medium containing the probe (0.5 mg/mL), and the cells
were incubated for different times (0, 1, 2, 3, 4, and 5 h). Thereafter, the cells were washed
with PBS and digested by trypsin, and the cell suspensions of each group were collected
for recording the X-ray-induced fluorescence intensity.

To detect the telomerase activity in different cancer cells, MCF-7, Caco-2, HepG2, and
Ab549 cells were seeded in 6-well plates and cultured for 24 h; then, the culture medium was
replaced with fresh medium containing the probe (0.5 mg/mL). After incubating for 6 h,
cells were washed with PBS and digested by trypsin; the cell suspensions were collected
for recording the X-ray-induced fluorescence intensity and imaging, respectively. Imaging
was performed using the IVIS Lumina III Series system (PerkinElmer).
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For intracellular telomerase inhibitor screening, Hela cells (5 x 10°) were seeded in
a 6-well plate at 37 °C for 24 h, followed by replacing the culture medium with fresh
culture medium containing different concentrations of epigallocatechin gallate (EGCG; 0,
5,10, 15, 20, and 25 pM), 3'-Azido-3'-deoxythymidine (AZT; 25 uM), curcumin (25 pM),
Doxorubicin (Dox; 25 uM), and 2-[(E)-3-naphthalen-2-ylbut-2-enoylamino]benzoic acid
(BIBR1532; 25 uM) for 6 h. Then, the cells were washed with PBS and fed with fresh culture
medium containing the probe (0.5 mg/mL) for 4 h. Thereafter, the cells were digested by
trypsin for recording the X-ray-induced fluorescence intensity and imaging, respectively.

Imaging of telomerase activity and screening telomerase inhibitors in vivo. All animal
experiments were approved by the Institutional Animal Care and Use Committee of Fuzhou
University (Protocol Number 013-20210218-006 and the date of approval is 18 February 2021).
Nude mice (6-8 weeks, ~18-20 g) were purchased from Shanghai SLAC Laboratory Animal
Co., Ltd. (Shanghai, China). To establish human cervix tumors in mice, 1 x 106 Hela cells were
dispersed in 50 puL. PBS buffer and then subcutaneously injected into the right hind leg of athymic
nude mice. When the tumor volumes reached a size of 150-350 mm?, the probe or the mis-probe
lacking telomerase primer dispersed in saline was injected intratumorally. Then, fluorescence
imaging of tumors in the nude mice was performed at 0, 1, 2, 3, 4, and 5 h after administration of
the probe (15 mg/kg, 50 uL, in 0.9% saline) or control probe (15 mg/kg, 50 pL, in 0.9% saline)
using the IVIS Lumina III Series system (PerkinElmer, Waltham, MA, USA). Mice receiving
intratumor injections of saline were set as the control. For screening telomerase inhibitors in vivo,
6 h after Hela tumor-bearing mice treated with AZT (50 mg/kg), EGCG (50 mg/kg), curcumin
(50 mg/kg), BIBIR1532 (50 mg/kg), or Dox (50 mg/kg) by intratumor injection, the mice were
treated with the probe for 4 h, and then X-ray-induced fluorescence imaging was recorded.

Statistical analysis. The obtained data were expressed as the mean value & standard
deviation (SD), and the statistical significance between groups was analyzed with one-way
ANOVA and Tukey’s post hoc tests using the software GraphPad Prism. Reported p values
were classified as follows: **** p < 0.0001, *** p < 0.001, * p < 0.01, and * p < 0.05. A value of
p < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Synthesis and Characterization of the Probe

The detailed synthetic process of the probe is depicted in Figure S1. To construct the
probe, lanthanide-doped core-shell nanoscintillators (NaLuF4:Tb(15%)/Gd(25%)@NaYF,)
with sizes around 25 nm were first prepared according to our previous work [23] and
then deposited with a c.a. 2 nm thick silica shell (NSs@SiO;, Figure S2 and Figure 1a—).
The X-ray excited fluorescence spectra of NSs and NSs@SiO, particles showed that four
characteristic emission bands at 489, 546, 584, and 612 nm, assigned to the Dy — 7F] (J=6,
5, 4, 3) transitions of the Tb3* luminescence center (Figure 1d). The deposition of silica
shell showed no obvious impact on the emission characteristics of the NSs. Thereafter, the
obtained NSs@SiO; particles were sequentially functionalized with amino and carboxyl
groups (Figure S3), followed by grafting the A-strand. Finally, the TP and BHQ1-strand
were hybridized into their complementary segments in the A-strand to form the telomerase-
responsive DMDs. The conjugation of the DMDs was confirmed by the characteristic
absorption bands of DNA at 260 nm and BHQ1 centered at 546 nm in the UV-vis absorption
spectrum (Figure le) and a negatively charged zeta potential (Figure S4). The X-ray-induced
fluorescent spectra of the probe showed that the emission of NSs was strongly quenched
(Figure 1f) because the overlap of emission bands with the absorption spectrum of BHQ1
led to fluorescence resonance energy transfer (FRET). These results indicated the successful
modification of DMD:s to the surface of NSs@SiO,. Finally, the content of the DNA device in
the probe was measured to be about 0.499 nmol per mg probe by measuring the conjugated
number of BHQ1-strands (Figure S5).
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Figure 1. Synthesis and characterization of the probe. Representative TEM images of the as-prepared
(a) NSs and (b) NSs@SiO, particles. (c) Size distributions of NSs and NSs@SiO, particles. (d) The
normalized UV-vis absorption spectrum of BHQ1-strand (green line) and the X-ray-induced fluores-
cence spectra of the core nanoparticles (NaLuF4:Tb(15%)/Gd(25%), black line), the core-shell NSs
(red line), and NSs@SiO, particles (blue line). (e) UV-vis absorbance spectrum of NSs@SiO, particles,
the probe, BHQ1, and A-strand DNA. (f) X-ray-induced fluorescence spectra of NSs@SiO, particles
and the probe.

3.2. Telomerase Detection In Vitro

The strand-displacement behavior of DMDs by telomerase-triggered TP elongation
was first validated by polyacrylamide gel electrophoresis (Figure S6). Then, the X-ray-
induced fluorescence of the probe under different conditions was measured to confirm
its feasibility for telomerase activity sensing. After incubating the probe with a mixture
of deoxynucleotides (ANTPs) and telomerase extracts from 100,000 Hela cells at 37 °C
for 2 h, the X-ray-induced fluorescence intensity of the probe at 546 nm was significantly
increased compared with that of the nontreated probe. In contrast, neither the extracts
from the normal cell line (L02, normal human liver with limited expression of telomerase)
nor the heat-inactivated Hela cell extracts (95 °C for 20 min) induced obvious fluorescence
enhancement. Moreover, minimal fluorescence enhancement was observed for a nonspe-
cific probe lacking the TP strand (denoted as mis-probe) (Figure 2a). These results proved
that telomerase could catalyze the extension of the TP strand and, thereafter, trigger the
release of the BHQ1-strand via strand displacement. Concomitantly, the detachment of the
BHQ1-strand from the surface of the NSs@SiO, reduced the FRET efficiency, recovering
the fluorescence of NSs for signal readout.
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Figure 2. Sensitivity and selectivity of the probe. (a) X-ray-induced fluorescence spectra of suspen-
sions containing the probe, dTNPs, and different analysts as indicated. Experiments conducted with
the mis-probe were used as the control. The spectrum of an equal amount of NSs@SiO, particles was
shown for better comparison. (b) X-ray-induced fluorescence spectra of the probe upon incubation
with telomerase extracts from different numbers of Hela cells. (c) The relationship between fluores-
cence intensity enhancement (Al) at 546 nm and Hela cell numbers. Inset: linear plot of the Al versus
Hela cell numbers. (d) Fluorescence intensity at 546 nm of the probe after incubating with telomerase
and different control analytes as indicated. Error bars represented the standard deviations of three

independent experiments.

Next, we measured the time-dependent fluorescence variation kinetics of the probe by
incubating it with dNTPs and telomerase extracted from 100,000 Hela cells at 37 °C. As
shown in Figure S7, the X-ray-induced fluorescence of the probe enhanced over time and
reached a plateau within 40 min. Based on these results, 40 min of reaction time was chosen
in the following experiments. Then, we tested the sensitivity of the probe by incubating
it with telomerase extracts from different numbers of cells. As shown in Figure 2b, the
intensity of X-ray-induced fluorescence increased gradually with increasing cell numbers,
and there was a good linear relationship between the fluorescence enhancement (Al) at
546 nm and the telomerase activity equivalent to 0-10,000 Hela cells (Figure 2c). Remark-
ably, the limit of detection was calculated to be 37 Hela cells, which was comparable to the
detection limit of most of the previously reported methods [24,25]. Furthermore, similar
trends in the fluorescence changes were also observed for the probe after being treated
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with telomerase extracts from different cancer cells, such as HepG2 (Figure S8) and MCF-7
cells (Figure S9), and the detection limits were measured to be 51 and 48 cells, respectively.
These results suggested that this scintillating probe provided an alternative tool for the
sensitive detection of telomerase activity.

We next evaluated the selectivity and stability of the probe. The selectivity of the probe
was verified by incubating it with various biomolecules, including thrombin, glutathione
(GSH), trypsin, lysozyme, glucose, and glycine. As shown in Figure 2d, the X-ray-induced
fluorescence had no significant change upon incubating with the control analytes. In sharp
contrast, a distinct fluorescence enhancement was observed in the presence of telomerase.
These results demonstrated good sensing specificity of the developed probe for detecting
telomerase even in complex biological media. Furthermore, we measured the stability of
the probe by incubating the probe in PBS buffer, DMEM, DMEM plus 10% FBS, and saline
for 48 h, which showed that the fluorescence intensity and hydrodynamic size of the probe
changed negligibly (Figure S10). These results substantialized the stability of the probe in
biorelevant aqueous environments.

3.3. Analysis of Intracellular Telomerase Activity

The probe was then employed for the monitoring of intracellular telomerase activity.
To show whether the AS1411 aptamer in the probe could favor its uptake by cancer cells,
we employed Hela cells as the experimental cell line and L02 cells as a control. To directly
visualize the cellular uptake of the probe under confocal laser scanning microscopy (CLSM),
we replaced the BHQ1 with Cy3. As shown in Figure S11, after incubating with Hela cells,
green fluorescence could be observed in the cytoplasm after 1 h of incubation, and the
fluorescence intensity enhanced gradually with increasing incubation time and plateaued
around 3 h. In contrast, although the fluorescence signal of Cy3 could be detected in
the normal cells (L02), the intensity was much lower than that in Hela cells at each time
point. These results indicated that the probe could be preferably internalized by Hela cells
because AS1411 aptamer in stand A could specifically recognize and bind to nucleolin that
is overexpressed on the surface of cancer cells [26,27]. We next evaluated the cytotoxicity of
the probe by incubating it with Hela and L02 cells at various concentrations; the cellular
viabilities of both cell lines were almost not affected up to 200 ng/mL (Figure S12). These
results indicated that the probe had a satisfactorily low cytotoxicity.

Before utilizing the probe for directly detecting intracellular telomerase activity, we
assessed the autofluorescence of cell suspensions under X-ray excitation. As shown in
Figure 3a, compared to the strong background fluorescence generated under UV light
(365 nm) excitation, the autofluorescence was reduced by more than 99% upon excitation by
X-ray. These results confirmed that the scintillator-based probe was reliable for analyzing
target biomolecules such as telomerase in complex biological environments. We next
leveraged the probe for tracking telomerase activity in living cells. After treating Hela cells
with the probe at different times, cells were digested, and the fluorescence intensity of cell
suspensions was measured. As shown in Figure 3b, the fluorescence intensity at 546 nm
gradually increased over incubation time, and the fluorescence enhancement reached a
plateau around 4 h. By contrast, no significant enhancement in X-ray-induced fluorescence
was observed in L02 cells over the same time. In additional experiments using the mis-
probe, no obvious changes in X-ray-induced fluorescence were recorded in either Hela cells
or LO2 cells, indicating that the enhancement in fluorescence in Hela cells was due to the
specific response of the probe to telomerase. Moreover, similar changes in X-ray-induced
fluorescence were also observed in other four kinds of cancer cells (including MCF-7,
Caco-2, HepG2, and A549 cells) after being treated with the probe (Figure 3c), showcasing
the generality of the probe for sensing telomerase activity in different cancer cell lines.
Compared with assays sensing telomerase activity from cellular extracts, directly detecting
telomerase activity in living cells with our probe would more reliably reflect the activity of
telomerase and related biological processes in the native state [28].
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Figure 3. Sensing telomerase activity in living cells. (a) Fluorescence spectra of Hela cell suspensions
under UV and X-ray excitations; inset showed the corresponding photographs of the suspensions
under different excitations. (b) Changes in the intensity of X-ray-induced fluorescence of the suspen-
sions of Hela cells and L02 cells after incubating with the probe and mis-probe for different times.
Inset photographs showing the fluorescence images of the cell suspensions. (c) The fluorescence
intensity and fluorescence images of suspensions of MCF-7, Caco-2, HepG2, and A549 cells after
incubating with the probe for 4 h. (d) The fluorescence intensity and fluorescence images of Hela
cells after being treated with different drugs and the probe. The probe alone and nontreated Hela
cells plus probe (cell + probe) were set as controls. Error bars represented the standard deviations
of three independent experiments. Statistical significance was calculated via ANOVA analysis with
Tukey’s post hoc test. ** p < 0.01, **** p < 0.0001. n.s., not significant.

3.4. Screening Telomerase Inhibitors in Living Cells

Telomerase inhibitors could be promising therapeutic drugs for cancer treatment, as
most tumors rely on the reactivation of telomerase to maintain telomeres to preserve the
proliferation potential while the telomerase activity of most normal cells is repressed [29,30].
Hence, it is of great significance to develop sensitive and selective tools for screening
telomerase inhibitors. To confirm whether our probe could also be employed for evaluating
the activity of inhibited telomerase and thus for screening telomerase inhibitors, EGCG was
first studied as a representative inhibitor. As shown in Figure 513, 500,000 Hela cells were
treated with different concentrations of EGCG (0, 5, 10, 15, 20, and 25 uM) for 6 h before
incubating with the probe. The fluorescence signals gradually declined upon increasing the
doses of EGCG and reached a plateau above 20 uM, indicating that the probe could read
out the dose-dependent inhibition of EGCG toward telomerase activity. Next, we employed
the probe to screen telomerase inhibitors in living cells. Curcumin, AZT, and BIBR1532
were used as model drugs. These drugs inhibit telomerase activity by down-regulating
human telomerase reverse transcriptase expression [31-34]. Dox was chosen as a control
because its action is not directly associated with the telomerase activity. Afterward, these
drugs were incubated with 500,000 Hela cells for 6 h, and the cells were then treated with
the probe. As shown in Figure 3d, negligible fluorescence enhancement was observed for
groups treated with curcumin, AZT, and BIBR1532, which suggested that the telomerase
activity was suppressed by these drugs. In contrast, the fluorescence signal in the Dox
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group was similar to the control group treated with the probe only and much higher than
that of the telomerase inhibitor-treated groups. These results demonstrated that the probe
could be used for the monitoring of telomerase activity in drug-treated cancer cells and
would be applicable for facilitating telomerase inhibitor screening in living cells.

3.5. In Vivo Imaging of Telomerase Activity

The use of visible or UV light as the excitation source for most in vivo imaging appli-
cations suffers from high tissue autofluorescence and low tissue penetration depth [17],
which could affect the accuracy and reliability of signal outputs. The exceptional tissue
penetrating and background-free characteristics of X-rays might solve these problems [19].
To this end, we first compared the autofluorescence background in Hela tumor-bearing
mice under UV light and X-ray irradiations. As shown in Figure 514, there was almost no
autofluorescence background in X-ray-excited imaging graphs, while an obvious fluores-
cence background signal was detected upon UV (365 nm) illumination. Next, the tissue
penetration depth of X-ray-induced fluorescence imaging was studied by a tissue phantom
study. Typically, capillary tubes were first filled with a telomerase-pretreated probe, and
then pork of different thicknesses was placed between the capillary tubes and the X-ray
source. As shown in Figure S15, X-ray-induced fluorescence imaging of the activated
probe was clearly presented by X-ray excitation, even with a tissue thickness of 2.5 cm.
These results indicated that the use of an X-ray-induced fluorescence imaging probe for
detecting telomerase in vivo would essentially eliminate the autofluorescence background
and achieve deep tissue imaging.

Encouraged by these results, we then employed the probe to directly visualize telom-
erase activity in Hela tumor-bearing athymic nude mice. The probe, mis-probe, or saline
was injected into tumors, where mice treated with saline and the mis-probe were set as the
control groups. The probe and mis-probe were dispersed in 0.9% saline solution (15 mg/kg,
50 uL). As illustrated in Figure 4a, the fluorescence signal in the tumor of the probe group
gradually increased over time and reached a maximum within 4 h post-injection under
X-ray excitation. In contrast, the tumor fluorescence of the saline group and the mis-probe
groups remained undetected and showed negligible variation over the same time. Consis-
tently, quantitative analysis showed that the intratumoral fluorescence signal of the probe
group revealed significantly much higher enhancement during 4 h post-injection, but no
obvious intensity changed in the control groups (Figure 4b). These results indicated the
feasibility of the probe for monitoring telomerase activity in vivo.
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Figure 4. Imaging telomerase activity in vivo. (a) X-ray-induced fluorescence imaging of telomerase
activity in Hela tumor-bearing athymic nude mice at different time points after intratumoral injection
of the probe. Mice receiving intratumor injection of saline and the mis-probe were utilized as the
control groups. (b) Quantitative analysis of changes in the average fluorescence intensity in the
tumor regions after receiving different treatments as shown in (a); p, photons; sr, steradian. Error bars
represented the standard deviation of five mice. Statistical significance was calculated via ANOVA
analysis with Tukey’s post hoc test. *** p < 0.001, *** p < 0.0001.
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To evaluate the biosafety of the probe in vivo, the body weight of mice was measured
after administration of the probe. As shown in Figure S16, there was no significant change
in the body weight of mice over 20 days post-injection. Additionally, standard hematoxylin—
eosin (H&E) staining of the tissue sections of major organs (liver, spleen, heart, lungs, and
kidneys) indicated that there were no obvious signs of pathological damage in comparison
with the saline group (Figure S17). Moreover, the blood biochemistry tests showed that all
blood paraments of hematological biomarkers (Figure S18) and organ function biomarkers
(Figure S19) exhibited no statistical difference from the group treated with saline. These
results validated the biosafety of the probe for bioimaging applications.

3.6. Telomerase Inhibitor Screening In Vivo

Although we have demonstrated that the probe could detect the activity of telomerase
in inhibitor-treated living cells, two-dimensional cell culture condition cannot replicate the
complexity of the three-dimensional tumor tissue architectures, and it is hard to reflect the
interaction between the tumor microenvironment and cancer cells [35,36]. On the other
hand, tumor-beating animal models could closely recapitulate human pathology, providing
a favorable preclinical tool for screening drugs before clinical testing [37]. Of note, the
quality of information obtained has a strong correlation with the output measure [38].

Regarding that our probe could directly provide fluorescence readout of telomerase activity
in tumor-bearing mice, we next studied the capacity of the probe for screening telomerase
inhibitors in vivo. We chose curcumin (50 mg/kg body weight), AZT (50 mg/kg body weight),
BIBR1532 (50 mg/kg body weight), EGCG (50 mg/kg body weight), and Dox (50 mg/kg body
weight) as the model drugs. Hela-tumor-bearing mice of different groups were intratumorally
injected with these drugs for 6 h before administration of the probe. Mice treated with PBS
before administration of the probe were set as the blank control group. As shown in Figure 5a,b,
the X-ray-induced fluorescence in the tumors of the groups treated with telomerase inhibitors
(curcumin, EGCG, AZT, BIBR1532) was obviously lower than that of the blank control group. In
comparison with the fluorescence variation in the control group, the X-ray-induced fluorescence
changed negligibly in the group treated with Dox. These results indicated that in comparison
with the conventional output method of screening drugs that evaluated the animal death or
tumor volumes, our probe could provide an intuitional readout and allow more reliable and
rapid measurement of the effects of telomerase-related drugs. This activatable nanoscintillator
probe would provide a powerful tool for identifying telomerase-related anticancer drugs and
could serve as a highly efficient platform for drug discovery. Moreover, it holds great potential to
expand the concept of this design to develop novel tools for screening other target-related drugs.
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Figure 5. Telomerase inhibitor screening in vivo. (a) In vivo X-ray-induced fluorescence imaging
of the Hela tumor-bearing athymic nude mice after intratumoral injection of different drugs in PBS
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(50 uL, 50 mg/kg) and the probe (15 mg/kg, 50 uL, in 0.9% saline solution). Mice receiving PBS
(50 L) and the probe were used to exclude the possible effect of the drug vehicle. (b) Quantitative
analysis of changes in the average fluorescence intensity in the tumor regions after receiving different
treatments as shown in (a); p, photons; sr, steradian. Error bars represented the standard deviation
of five mice. Statistical significance was calculated via ANOVA analysis with Tukey’s post hoc test.

R

p <0.0001. n.s., not significant.

4. Conclusions

In summary, we have developed a novel probe by combining X-ray-excited nanoscin-
tillators and telomerase-responsive DNA molecular devices for tracking telomerase activity
and screening inhibitors in vivo. The proposed strategy outperformed the gold standard
method of detecting telomerase activity measurement using PCR in terms of flexibility as it
enabled telomerase activity sensing beyond cell lysates. The negligible autofluorescence
background and high tissue penetration under X-ray excitation allowed the probe to di-
rectly visualize telomerase activity in living cells and tumor-bearing mice by producing
turn-on fluorescence. More importantly, it is applicable to screen telomerase inhibitors
in whole-animal models with easy-to-read fluorescent output signals. Overall, this study
would inspire the development of advanced probes targeting different biomarkers for
cancer diagnosis and anticancer drug discovery.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/targets1010004/s1. Figure S1: Schematic illustration of the synthetic
process of the probe. Figure S2: Synthesis and characterization of NaLuF4:Tb/Gd nanoparticles.
Figure S3: FTIR spectra of the oleate capped NaLuF4:Tb/Gd@NaYF, (NSs), NSs@SiO,, NSs@SiO,-
NHj, and NSs@SiO,-COOH particles. Figure S4: Zeta potential of NSs@SiO, particles (A), NSs@SiO,-
NHj; particles (B), NSs@SiO,-COOH particles (C), NSs@SiO,-A-strand particles (D), and probe (E).
Figure S5: Plot of the absorbance of BHQ1-strand at 546 nm versus the concentration of BHQ1-
strand. Figure S6: Gel electrophoresis of the telomerase-responsive DNA devices (DMDs) and the
telomerase-triggered telomerase primer extension and strand displacement. Figure S7: Fluorescence
changes at 546 nm of the probe after incubation with telomerase extracts and PBS for different
reaction times. Figure S8: (a) X-ray-induced fluorescence spectra of the probe after incubation with
telomerase extracts from different numbers of HepG2 cells; (b) the relationship between fluorescence
intensity enhancement (AI) at 546 nm and HepG2 cell numbers; inset: linear plot of the fluorescence
enhancement versus HepG2 cell numbers. Figure S9: (a) X-ray-induced fluorescence spectra of
the probe after incubation with telomerase extract from different numbers of MCEF-7 cells; (b) the
relationship between fluorescence intensity enhancement (Al) at 546 nm and MCF-7 numbers; inset:
linear plot of the fluorescence enhancement versus MCF-7 cell numbers; Figure S10: The stability
of the probe in different solutions after incubation at 37 °C for different times, and NSs@SiO; in
these solutions was set as the control. Figure S11: Confocal laser scanning microscopy (CLSM)
fluorescence images of (a) Hela cells and (b) L02 cells after treated with the probe for 0, 1, 2, 3, and
4 h. Figure S12: Cell viabilities of Hela and L02 cells after treated with different concentrations of the
probe for 24 h. Figure S13: Inhibition of telomerase activity by EGCG. Figure S14: Comparison of
the autofluorescence background under excitations of UV (365 nm) and X-ray source. Figure S15:
Evaluation of the tissue penetration depth of X-ray. Figure S16: Body weight changes in healthy mice
after intravenous injection of the probe and saline at different times. Figure S17: H&E-stained tissue
sections of the major organs (heart, liver, spleen, lung, and kidney) after intravenous injection of the
probe and 0.9% saline for 20 days. Figure S18: Hematology assays of healthy mice at days 10 and 20
after intravenous injection of the probe. Figure S19: Biochemical blood analysis of healthy mice at
days 10 and 20 after intravenous injection of the probe; Table S1: DNA sequences in this work.
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Abstract: The liver is an essential metabolic organ that is involved in energy metabolism,
protein synthesis, and detoxification. Many endogenous and exogenous factors can cause
liver injury, a complex pathological condition. It poses a serious risk to human health due
to its extremely varied clinical manifestations, which range from mild fatty liver to liver
fibrosis, cirrhosis, and even hepatocellular carcinoma. Because of their low specificity, lack
of real-time monitoring, and invasiveness, traditional diagnostic techniques for liver injury,
such as histopathological examination and serological analysis, have inherent limitations.
Fluorescent probe technology, which offers high sensitivity, non-invasiveness, and real-time
imaging capabilities, has become a potent tool in liver injury research and early diagnosis in
recent years. The pathophysiology of liver injuries caused by alcohol, chemicals, drugs, and
the immune system is methodically covered in this review, along with new developments
in fluorescent probe development for their detection. The focused imaging properties of
various fluorescent probes are highlighted, along with their possible uses in drug screening
and early liver injury detection. This review attempts to offer theoretical insights to support
the optimization of precision diagnostic and therapeutic approaches by summarizing
these findings.

Keywords: fluorescent probe; liver injury; small molecule; fluorescence imaging

1. Introduction

The liver is an extremely intricate and multipurpose organ that is essential to many
physiological functions, such as protein secretion, detoxification, glycogen storage, an-
abolism, excretion, and the recycling of vital nutrients [1]. A serious risk to human health,
liver injury is one of the most prevalent conditions seen in clinical practice. The liver is
especially susceptible to a variety of endogenous and exogenous pathogenic factors, which
can cause a variety of liver diseases, because of its abundant blood supply and vital role in
metabolic processes [2]. A major challenge in current medical research is the prevention
and treatment of liver injury, which is a common pathological outcome of many liver
disorders [3]. It can be caused by multiple factors, including alcoholic fatty liver disease,
viral hepatitis, autoimmune hepatitis, and chemically induced liver damage [4]. These
conditions may lead to inflammation, abnormal wound healing responses, and impaired
liver function.
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Based on the underlying causes, liver injury can be classified into two main categories:
exogenous (e.g., alcohol, chemical toxins) and endogenous (e.g., metabolic disorders, im-
mune dysfunction). Liver injury often manifests as hepatocyte necrosis and apoptosis, liver
dysfunction, inflammatory responses, and structural alterations such as fibrosis [5]. Clini-
cally, mild liver injury is typically reflected by abnormal liver enzyme levels, including AST
and ALT, whereas severe liver damage may lead to coagulopathy, hepatic encephalopa-
thy, and even multiple organ failure [6,7]. Furthermore, based on disease progression,
liver injury can be categorized as ALI or CLI, each exhibiting distinct pathophysiological
mechanisms and clinical outcomes [8].

Early diagnosis is critical for timely intervention and the preservation of liver func-
tion. However, traditional diagnostic methods have inherent limitations in detecting liver
injury at an early stage. Serological testing, the most commonly used approach to assess
liver function, primarily measures serum enzyme activity but is susceptible to external
interferences [9]. Additionally, histopathological examination provides valuable diagnostic
information but has a lag in detection and cannot dynamically monitor liver function in
real time. Therefore, there is an urgent need for efficient and accurate diagnostic techniques
to enable the early detection of liver injury.

In recent years, fluorescence imaging technology has emerged as a promising diagnos-
tic tool in modern medical research due to its high sensitivity, real-time imaging capabilities,
and ease of use [10]. Direct optical imaging using fluorescent probes targeting disease-
related biomarkers (such as ROS, CYP450, and HCIO) offers a valuable complement to
traditional imaging techniques [11]. Over the past decade, numerous fluorescent sensors
have been developed for rapid detection and in situ visualization of key biomolecules
in vivo [12]. Meanwhile, there has been some literature summarizing and exploring the
application of fluorescent probes in a certain type of liver injury disease or a certain type of
biomarker related to the disease [13,14].

Given this background, this review systematically explores the pathological mecha-
nisms underlying alcoholic, drug-induced, chemical, and immune-mediated liver injury,
with a particular focus on the application and imaging capabilities of small-molecule
fluorescent probes in a variety of liver injury models, excluding systems based on other
technologies such as quantum dots or chemiluminescence. By summarizing recent ad-
vancements, this study aims to provide a theoretical foundation for the future design
of fluorescent probes and their potential role in the precise diagnosis and treatment of
liver diseases.

2. Alcoholic Liver Injury
2.1. Establishment of Alcoholic Liver Injury Models

ALl is a dynamic pathological process resulting from alcohol-induced hepatic dys-
function. Based on disease duration, ALI can be classified into acute ALI and chronic
ALL Acute ALI refers to sudden liver damage caused by excessive alcohol consumption
within a short period. It is characterized by direct alcohol toxicity, significant inflammatory
activation, hepatocellular necrosis, inflammatory infiltration, and a sharp decline in liver
function. In severe cases, acute liver failure may occur, posing a life-threatening risk to
patients [15]. In contrast, chronic ALI results from long-term, continuous, or recurrent
alcohol consumption. With prolonged alcohol metabolism, ROS accumulate, while hepatic
antioxidant capacity declines, leading to fatty degeneration, chronic inflammation, and
hepatic fibrosis. If left untreated, chronic ALI may progress to alcoholic hepatitis, cirrhosis,
or even hepatocellular carcinoma.

Upon alcohol ingestion, most of it is absorbed in the intestines and transported to
the liver for metabolism via the bloodstream. Alcohol dehydrogenase and acetaldehyde
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dehydrogenase sequentially convert ethanol into acetaldehyde and acetic acid, which
are ultimately metabolized into water and carbon dioxide via the tricarboxylic acid cy-
cle [16,17]. However, prolonged and excessive alcohol consumption inhibits adenosine
monophosphate-activated protein kinase, leading to hepatic triglyceride and cholesterol
accumulation, thereby contributing to alcoholic fatty liver. Furthermore, excessive ethanol
metabolism generates acetaldehyde, a cytotoxic metabolite that damages hepatocyte mem-
branes, activates immune responses, and induces the production of ROS, exacerbating
oxidative stress injury [18-20]. Additionally, alcohol metabolites activate Kupffer cells,
stimulating the secretion of pro-inflammatory cytokines such as TNF-&, which further
promotes hepatocyte apoptosis and leads to hepatic necrosis [21-23].

To simulate acute ALI in animal models (Figure 1), Yang et al. administered 12 mL/kg
per day of 52° liquor via intragastric gavage in mice. After 14 days, a preliminary acute
ALI model was successfully established [24]. Similarly, Zheng et al. induced acute liver
injury in C57BL/6 mice by a single injection of 12 mL/kg of 50° white wine [25].

Mice 12mL/kg 50~52% EtOH

ig. Sacrifice
0 Day 1-14 Day 6h

Figure 1. Schematic Representation of Animal Models for ALL

Additionally, introducing dietary interventions such as high-fat and high-fructose
diets during alcohol exposure significantly aggravates ALI severity, a phenomenon referred
to as the “two-hit” model [26,27].

These experimental models are simple, cost-effective, and highly reproducible, with
short induction periods, low mortality rates, and high stability. Furthermore, these models
closely mimic alcohol-induced hepatic damage in humans, making them ideal tools for
studying the pathogenesis and potential therapeutic strategies for acute ALIL. Meanwhile a
large number of fluorescent probes for the detection of ALI already exist (Table 1).

Table 1. Characterization of fluorescent probes in the ALI model.

Compounds Trigger Aex (nm) Aem (nm) Ref.
1ICQ Viscosity 630 740 [28]
MSOT CYP450 710 750 [29]
DCI-Ac-Cys Cys 540 705 [30]
BDP-ENE-Fur-HCIO HCIO 620 700 [31]
HOTPy viscosity 548 614 [32]
ey
i T
BDP-NIR-ONOO ONOO~ 920 700 [35]
Cy-ND Viscosity 766 806 [36]
WZ-HOCI HOCI 460 560 [37]

2.2. Application of Fluorescent Probes in Alcoholic Liver Injury

Feng et al. developed three mitochondria-targeted and viscosity-sensitive fluorescent
probes (ICR, ICJ, and ICQ) for detecting AALI (Figure 2A). Among them, ICQ exhibits near-
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infrared fluorescence, a large Stokes shift, and high viscosity sensitivity. ICQ specifically
targets mitochondria, enabling the sensitive tracking of mitochondrial viscosity changes.
In vivo, ICQ localizes to the liver and facilitates noninvasive, real-time imaging of liver
viscosity alterations. Using these properties, ICQ has been successfully applied to visualiz-
ing AALI progression, revealing a significant increase in viscosity during liver injury. This
study provides a sensitive and noninvasive method for AALI detection and demonstrates
the potential of mitochondrial viscosity as a biomarker for AALI [28].
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Figure 2. (A-]) Structure and detection mechanism of fluorescent probe in ALI models.

Wu et al. designed a water-soluble activatable fluorescent probe for imaging ALI using
near-infrared fluorescence and multispectral optoacoustic tomography (MSOT) (Figure 2B).
The probe is activated in situ in response to CYP450 reductase overexpression under
hypoxic liver conditions, converting an N-oxide moiety into an aromatic tertiary amine,
leading to enhanced fluorescence and red-shifted absorption. This activation generates both
fluorescence and photoacoustic signals, enabling real-time imaging and monitoring of ALI
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progression and recovery in mouse models. Moreover, MSOT imaging precisely localizes
liver damage, providing an essential tool for studying pathophysiological processes in
ALL This work highlights the potential of MSOT and fluorescence imaging in biomedical
research [29].

Yang et al. developed a near-infrared fluorescent probe, DCI-Ac-Cys, which undergoes
a Cys-triggered cascade reaction to form a coumarin fluorophore (Figure 2C). The acrylate-
based DCI-Ac-Cys probe exhibits high selectivity for Cys, eliminating interference from
other biothiols. Using DCI-Ac-Cys, researchers successfully achieved sensitive imaging
of intracellular Cys and constructed cellular and mouse models of ALI. Additionally, the
probe was applied to evaluate the therapeutic efficacy of antioxidant drugs (silybin and
curcumin) in ALI treatment. These findings suggest that Cys may serve as a potential
biomarker for ALD and introduce a novel method for ALD drug screening and diagnostic
evaluation [30].

Zhang et al. developed a near-infrared fluorescent probe (BDP-ENE-Fur-HCIO) ca-
pable of detecting HCIO, enabling real-time imaging of ALD (Figure 2D). The probe
demonstrated high sensitivity, selectivity, rapid detection, and near-infrared emission for
in vitro HCIO detection. It effectively tracked endogenous/exogenous HCIO in living cells
without interference from other ROS and was successfully applied in ALD cell models.
Furthermore, BDP-ENE-Fur-HCIO monitored exogenous HCIO in normal mice and highly
expressed HCIO in peritonitis mice, enabling inflammation diagnosis and the evaluation of
ALD drug treatments. This work provides a powerful tool for ALD diagnosis [31].

Chen et al. synthesized an AIE fluorescent probe (HOTPy) with pyridine and hydroxyl
functional groups to enhance water solubility and chemical stability (Figure 2E). The
probe exhibits high sensitivity and selectivity for viscosity detection, along with excellent
biocompatibility and precise mitochondrial localization. Using live-cell imaging, HOTPy
effectively sensed viscosity changes in ALI models. Additionally, HOTPy was successfully
applied to in vivo imaging of AALI mice, allowing for real-time monitoring of liver viscosity
fluctuations and tracking drug intervention effects. This study provides a novel AIE probe
for the diagnosis and management of viscosity-related liver diseases [32].

Yu et al. have developed a novel dual-responsive fluorescent probe, PPBI, which
simultaneously responds to polarity and viscosity (Figure 2F). By incorporating a positively
charged half-carbonyl main chain into triphenylamine derivatives, PPBI exhibits deep red
fluorescence along with AIE properties (Figure 3). The probe demonstrates excellent bio-
compatibility and can be used to precisely localize mitochondria and lipid droplets in live
cells. Furthermore, it enables the distinction between cancerous and normal cells through
fluorescence changes in both green and red channels. PPBl is also capable of monitoring
abnormal fluctuations in intracellular viscosity and polarity linked to inflammation and
ferroptosis. Notably, in a mouse model, in vivo imaging amplified these changes in polarity
and viscosity, allowing for the monitoring of AALI and tracking the healing process of
the damaged liver under drug intervention. This provides a powerful visual tool for both
diagnosing and treating AALIL Overall, PPBI holds great promise as a tool for studying
diseases related to biological polarity and viscosity, as well as for bioimaging and medical
diagnostics [33].
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Figure 3. (A) Polarity /viscosity response mechanism of the fluorescent probe PPBI. (B) Fluorescent
spectra of probe PPBI (10 uM) in PBS-glycerol mixture solution of different viscosities (0.89-438.4 cP).
(C) Confocal laser scanning images of HepG2 cells, Control: the cells were pretreated with PPBI
(10 uM) only LPS: the cells were pretreated with 20 uM LPS for 30 min and then incubated with PPBI
(10 uM) for another 60 min, DXM: the cells were pretreated with 20 uM DXM for 30 min and then
incubated with PPBI (10 uM) for another 60 min. (D) Time-dependent in vivo fluorescent imaging
and relative fluorescent intensity of mice after intrahepatic injection of PPBI (10 uM) and continuous
treatment with alcohol. (E) In vivo fluorescent imaging and relative fluorescence intensity of PPBI
(10 uM) in normal contrast mice, model mice, SILY- and PBS-treated mice, respectively. Scale bar:
50 um. Derived from Ref. [33] with authorization from Copyright 2023, Elsevier.

Yang et al. designed a dual-ratiometric fluorescent probe (WTH) based on phenothiazine-
coumarin and hydroxycoumarin derivatives, capable of simultaneously detecting HCIO
and H,O, (Figure 2G). The probe exhibited high sensitivity, selectivity, and stability across
a broad pH range. Using confocal microscopy, researchers successfully imaged HCIO and
H,0; levels in living cells and zebrafish, confirming the probe’s ability to monitor oxidative
stress changes during ALI (Figure 4). This study provides a valuable tool for understanding
AlLI-related inflammation and oxidative stress mechanisms [34].
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Figure 4. (A) HyO, /HCIO response mechanism of the fluorescent probe WTH. (B,C) Fluorescence
spectral changes of WTH in response to varying amounts of HCIO and HyO;. (D) Imaging of
endogenous HCIO and H,O, in HepG2 cells. (E1-E4) Cells cultivated with LPS (1 pug/mL) and PMA
(1 pg/mL) for 1 h and then cultivated with probe 1 for 20 min. (F1-F4) Cells cultivated with LPS
(1 pg/mL) and PMA (1 ug/mL) for 1 h, NAC (1.0 mM) for 1 h, and probe 1 for 20 min. (E) Imaging
of alcoholic liver injury in mice. Fluorescence imaging of liver tissue of control mice (A1-A4), liver

tissue of group 1 mice (B1-B4), and liver tissue sections of group 2 mice (C1-C4). Blue channel,
Ex =405 nm, Em = 450 £ 25 nm; green channel, Ex = 488 nm, Em = 525 & 25 nm; red channel,
Ex =488 nm, Em =595 4+ 25 nm. Derived from Ref. [34] with authorization from Copyright 2022,
American Chemical Society.
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Zhang et al. synthesized a near-infrared fluorescent probe (BDP-NIR-ONOO) featuring
a BODIPY dye core and an aryl boronic acid detection moiety, designed for real-time
visualization of ALI (Figure 2H). The probe demonstrated high specificity, rapid response,
and a high signal-to-noise ratio in vitro. BDP-NIR-ONOO successfully detected ONOO™
fluctuations in ALD mouse models, providing a valuable tool for ALI diagnosis and
inflammation research [35].

Zhou et al. designed and synthesized the Cy-ND probe, which exhibits significant
sensitivity to viscosity changes in biological environments (Figure 2I). This probe also offers
low cytotoxicity and minimal background interference, making it effective for identifying
variations in biological viscosity. The Cy-ND probe successfully detected viscosity changes
in models of acute alcohol-induced liver injury and liver ischemia-reperfusion injury,
providing a valuable tool for further research on liver injury in animal models [36].

Hai et al. designed and synthesized the WZ-HOCI fluorescent probe, which exhibits
rapid response and excellent selectivity for HOCI detection (Figure 2]). Furthermore, WZ-
HOCI can distinguish between HepG2 and L02 cells, providing a novel approach for liver
cancer detection. The probe has also successfully detected HOCI in models of alcoholic
hepatitis, non-alcoholic fatty liver disease, and various inflammation-related diseases.
WZ-HOCI holds significant potential for early clinical diagnosis and disease screening [37].

3. Chemical Liver Injury
3.1. Establishment of Chemical Liver Injury Models

CLI refers to liver function impairment caused by exposure to exogenous chemicals,
including drugs, toxic compounds, and industrial chemicals. Its pathological mechanisms
are complex and are closely linked to the direct toxic effects of active metabolites generated
during hepatic metabolism as well as the subsequent inflammatory response. Depending
on exposure mode and duration, CLI can be classified into acute CLI and chronic CLI.
Acute CLI typically results from short-term exposure to high doses of toxic chemicals,
such as CCly or industrial solvents, leading to hepatocellular necrosis, increased oxidative
stress, and an amplified inflammatory response. In severe cases, acute liver failure may
occur. Chronic CLI is mainly induced by long-term exposure to low-dose toxicants, such as
prolonged drug abuse or environmental toxin exposure, which gradually leads to hepatic
fibrosis, fatty degeneration, and even cirrhosis.

CCly is a widely studied hepatotoxin in liver toxicology due to its strong hepatotoxic
effects, which can induce hepatic degeneration, fibrosis, carcinogenesis, and necrosis.
Therefore, it is commonly used to establish acute CLI models. The hepatotoxicity of
CCly is dose- and time-dependent [38]. Upon metabolic activation by cytochrome P450
enzymes, CCly generates trichloromethyl radicals and trichloromethyl peroxide radicals.
These highly reactive metabolites interact with sulfhydryl-containing proteins, altering
cell membrane fluidity and permeability, thereby inducing lipid peroxidation, damaging
organelles (especially mitochondria), and ultimately triggering hepatocyte death [39,40].

Additionally, CCly-mediated liver damage is further exacerbated by the production of
ROS and RNS, such as NO. At low concentrations, NO improves hepatic microcirculation,
whereas at high concentrations, it accelerates liver damage [41]. Moreover, CCly activates
hepatic macrophages and Kupffer cells, stimulating the secretion of pro-inflammatory
cytokines such as TNF-«, IL-1, and IL-6, further recruiting neutrophils, amplifying oxidative
stress, and aggravating hepatocellular damage [42,43].

CCly-induced liver injury is also closely associated with apoptosis pathways. TNF-«
can activate apoptotic proteins via the p55TNF receptor, leading to programmed cell death.
Moreover, excess ROS disrupts mitochondrial function, promoting cytochrome C release
and activating the mitochondrial apoptosis pathway [44,45].
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To establish a CCly-induced liver injury model, rats or mice are commonly used.
Intraperitoneal injection or oral gavage is the preferred administration route (Figure 5).
Typically, CCly is diluted in vegetable oil at a ratio of 1:1 to 1:3, and adult rats receive in-
traperitoneal or oral doses of 0.8-1.6 mL/kg body weight [46]. Since mice are more sensitive
to CCly toxicity, a lower concentration (0.1-1% CCly in vegetable oil) is used, with doses of
10-20 mL/kg body weight administered via oral gavage or intraperitoneal injection [47,48].
After 12-24 h, hepatic function, lipid peroxidation markers, and histopathological changes
are evaluated.
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Figure 5. Schematic representation of CCly-induced liver injury in animal models.

The CCly-induced liver injury model accurately reflects hepatic functional, metabolic,
and morphological alterations. This model is widely used due to its low technical require-
ments, reproducibility, and easy implementation. However, its effects are influenced by
factors such as sex, dosage, and exposure duration, making precise experimental control
essential. Meanwhile a large number of fluorescent probes for the detection of CLI already
exist (Table 2).

Table 2. Characterization of fluorescent probes in the CLI model.

Compounds Trigger Aex (nm) Aem (nm) Ref.
YG-H)S H,S 375 520 [49]
NRh-NNBA GSTs 850 832 [50]
PX-1 ONOO~ 405 553 [51]
Lyso-ONOO ONOO~ 450 555 [52]
NIR-II Cy3-988 HCIO 980 1048 [53]
HZY S0O52~ 380 470 [54]
HM-ASPH-PF MPO 400 586 [55]
Golgi-PER ONOO~ 395 520/415 [56]
PC-Py HOC1 420 570 [57]

3.2. Application of Fluorescent Probes in Chemical Liver Injury

Yang et al. developed YG-H;S, a novel H,S-responsive fluorescent probe, for imag-
ing H,S dynamics in CLI models (Figure 6A). Compared to traditional probes, YG-H;S
exhibits faster response kinetics, higher selectivity, and stability across a broad pH range,
minimizing background noise from complex hepatic environments. Designed based on
a deep understanding of H,S metabolism dynamics, YG-H;S enables precise localization
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of pathological sites while also elucidating the role of H,S in free radical regulation. In
CCly-induced acute liver injury models, YG-H;S successfully visualized H,S fluctuations,
correlating its levels with injury severity (Figure 7). Moreover, its low cytotoxicity makes it
well-suited for deep tissue imaging in live organisms [49].
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Figure 6. (A-I) Structure and detection mechanism of fluorescent probe in CLI models.
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Figure 7. (A) H,S response mechanism of the fluorescent probe YG-H,S. (B) Fluorescence spectra
of YG-H;S (10 uM) in the absence and presence of H,S in PBS buffer (10 mM, 1% DMSO, pH 7.4).
Insert: the UV light of YG-H,S (10 uM) without and with H;S. (C) Confocal images of living HeLa
cells with YG-H,S (20 uM) under different treating conditions. (D) The fluorescence imaging of
YG-H;S (100 uM) in the 4T1-xenograft mice under various conditions. (a) Blank mice (b) Intravenous
injection with YG-H,S (100 uM); (c) Pre-treatment with Cys (2 mM) and then intravenous injection
with YG-H,S (100 uM); (d,e) Pre-treatment with NaHS and then intravenous injection with YG-H,S
(100 pM). Derived from Ref. [49] with authorization from Copyright 2023, Elsevier.

Wang et al. developed NRh-NNBA, a rhodamine-based upconversion luminescence
probe, for the detection of GSTs in CLI models (Figure 6B). In CCly-induced CLI, NRh-
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NNBA exhibited rapid and specific responsiveness to GSTs. The probe successfully quan-
tified endogenous GSTs in human liver LO02 cells, liver tissue sections, and mouse serum
samples, offering a high signal-to-noise ratio. Furthermore, its upconversion luminescence
properties effectively reduce autofluorescence interference in biological samples. These
findings suggest that NRh-NNBA is a promising sensor for GST-based CLI diagnosis and
monitoring [50].

Tang et al. developed PX-1, a non-peptide-based two-photon fluorescent probe,
designed for ONOO™ detection in CLI models (Figure 6C). PX-1 features high sensitivity,
rapid response, and precise targeting capabilities. In vitro, PX-1 demonstrated excellent
specificity and sensitivity for ONOO™. Furthermore, in vivo imaging of CCly-induced
CLI models revealed significantly upregulated ONOO™ levels in injured livers. This work
provides a new strategy for elucidating the physiological role of ONOO™ in acute liver
injury [51].

Yang et al. developed Lyso-ONOQO, a fluorescent probe for ONOO™ tracking in
CLI mouse models (Figure 6D). Lyso-ONOO exhibited high selectivity, sensitivity, and
resistance to interference, making it effective for monitoring ONOO™ fluctuations in LX-2
cells. Moreover, its strong lysosomal targeting ability allowed for accurate visualization
of ONOO™ dynamics during CLI progression and therapeutic interventions. Both in vivo
fluorescence imaging and deep-tissue imaging confirmed Lyso-ONOO's capability to
correlate ONOO™ levels with liver injury severity and therapeutic efficacy, providing a
promising tool for assessing different treatment strategies [52].

Yuan et al. developed NIR-II Cy3-988, a NIR-II fluorescent probe, capable of selective
HCIO detection (Figure 6E). Notably, NIR-II Cy3-988 is reversible, allowing dynamic
monitoring of HCIO/RSS-mediated redox fluctuations. The probe was successfully applied
to detect oxidative microenvironment alterations in acute inflammation and CLI repair
models, as well as evaluate drug efficacy during acute inflammation. These findings suggest
that NIR-II Cy3-988 is a valuable tool for precise real-time imaging of redox dynamics [53].

Hu et al. designed HZY, a fluorescent probe for SO32~ detection, which exhibits high
specificity, rapid response, and a large Stokes shift (Figure 6F). HZY successfully visualized
SO52~ levels in vitro and in vivo, tracking dynamic changes during CLI progression and
treatment in CCly-induced models (Figure 8). These findings highlight HZY’s potential
for in situ SO3%~ detection, making it a promising tool for CLI preclinical diagnosis and
clinical applications [54].
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Figure 8. (A) SO32~ response mechanism of the fluorescent probe HZY. (B) The fluorescence of HZY
with or without SO32~ in PBS buffer. (C) Intravenous injection of HZY in mice with normal and ALL
Liver tissues were dissected to perform in vivo imaging. Derived from Ref. [54] with authorization
from Copyright 2023, Elsevier.
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Duan et al. synthesized HM-ASPH-PF, a luminol-based fluorescent probe for MPO de-
tection (Figure 6G). The probe, featuring benzothiazole and cyclic phthalic acid hydrazide
moieties, exhibits high selectivity, sensitivity, stability, and excellent water solubility. HM-
ASPH-PF successfully imaged MPO activity in ALI and acute liver failure mouse models,
providing a novel approach for developing orange-emitting luminol derivatives and evalu-
ating neutrophil-associated liver diseases [55].

Liu et al. designed Golgi-PER, a ratiometric fluorescent probe for ONOO™ detection,
which exhibited high sensitivity, a low detection limit, and excellent selectivity (Figure 6H).
Golgi-PER efficiently tracked ONOO™ levels in CCly-induced CLI models, correlating its
fluctuations with disease progression and treatment response. These results suggest that
Golgi-PER is a valuable tool for investigating liver disease pathogenesis and therapeutic
strategies [56].

Wang et al. synthesized PC-Py, a highly selective HOCI-responsive fluorescent probe
(Figure 61). PC-Py exhibits fast response, high sensitivity, and excellent membrane perme-
ability, allowing for accurate HOCI detection during CLI progression. Furthermore, PC-Py
successfully differentiated liver fibrosis, acute liver injury, and cirrhosis by monitoring
HOCI fluctuations. These findings highlight PC-Py’s potential for HOCl-based liver disease
diagnosis [57].

4. Drug-Induced Liver Injury
4.1. Establishment of Drug-Induced Liver Injury Models

DILI refers to hepatic damage caused by the toxic effects of drugs or their metabolites,
as well as immune-mediated hypersensitivity reactions during pharmacological treat-
ment [58]. The mechanisms underlying DILI are complex and can be broadly classified
into two categories [59]. Idiosyncratic DILI arises from specific pharmacological effects of
certain drugs, making its occurrence unpredictable by conventional screening methods.
Although rare, idiosyncratic DILI is often severe and can lead to acute liver failure. In
contrast, intrinsic DILI is associated with dose-dependent toxicity, typically resulting from
drug overdose or the overloading of hepatic detoxification pathways, making its onset
more predictable [60,61].

APAP is a widely used over-the-counter antipyretic and analgesic, and its hepatotoxic-
ity is among the most common causes of DILI. Due to its well-characterized mechanisms,
APAP-induced liver injury serves as a reliable experimental model for studying the patho-
genesis, prevention, and treatment of DILI [62,63]. The hepatotoxicity of APAP is primarily
mediated by its highly reactive metabolite, NAPQI, which targets mitochondrial proteins
and forms covalent adducts with key hepatocellular components, including housekeeping
proteins, glutathione peroxidase, and the o-subunit of ATP synthase [64,65]. The disruption
of mitochondrial function by NAPQI leads to electron leakage in the electron transport
chain, promoting the generation of superoxide radicals [66]. These radicals undergo further
conversion into HyO, and molecular oxygen through the action of manganese superoxide
dismutase or react with endogenous NO to form ONOO™ [67]. The accumulation of ox-
idative stress markers such as ONOO™ contributes to mitochondrial damage, ultimately
exacerbating hepatocyte injury.

The detoxification of H,O; in hepatocytes primarily relies on GSH and enzymatic
clearance by antioxidant systems, including glutathione peroxidase, catalase, and perox-
iredoxin. However, during APAP-induced hepatotoxicity, mitochondrial cysteine reacts
with GSH, further depleting antioxidant reserves and amplifying hepatic damage. The
excessive accumulation of ROS and peroxynitrite leads to the depletion of GSH, the for-
mation of nitrotyrosine-protein adducts, and mitochondrial DNA damage, collectively
resulting in extensive liver cell necrosis and apoptosis. These molecular events make
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APAP-induced hepatotoxicity a well-established model for investigating oxidative stress,
lipid peroxidation, and mitochondrial dysfunction in DILL

The APAP-induced acute liver injury model is widely used due to its ability to closely
replicate human DILI pathogenesis. The most common experimental approach involves
oral gavage or intraperitoneal injection of APAP in mice to induce hepatotoxicity (Figure 9).
Sun et al. developed a DILI mouse model by fasting male C57BL /6] mice for 16 h, followed
by intraperitoneal injection of 400 mg/kg APAP. After 12 h, liver and blood samples
were collected for biochemical analysis [68]. Liang et al. established a similar model
using Kunming mice, where animals were fasted for 24 h before receiving a 250 mg/kg
intraperitoneal dose of APAP, with sampling conducted four hours post-injection [69].
Jiang et al. induced DILI by administering 300 mg/kg APAP intraperitoneally to male
C57BL/6 mice following a seven-day adaptive feeding period, with liver samples collected
12 h later [70].
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Figure 9. Schematic diagram of animal models for DILIL

The APAP-induced liver injury model offers high reproducibility and precise control
over experimental variables, allowing researchers to closely examine oxidative stress,
lipid peroxidation, DNA damage, and protein dysfunction. With a short modeling time
and strong clinical relevance, this model serves as an optimal platform for studying the
protective effects of natural compounds and pharmacological interventions against DILIL
Meanwhile a large number of fluorescent probes for the detection of DILI already exist
(Table 3).

Table 3. Characterization of fluorescent probes in the DILI model.

Compounds Trigger Aex (nm) Aem (nm) Ref.
0y~ 670 715

LW-OTf ONOO- 360 161 [71]

ONOO- 450, 488 562, 568

ATP-LW ATP 520 587 [72]
HNO 027 637

VIS-HNO Viscosity 405 475 [73]

NOP ONOO- 580 656 [74]

TR-990 H,0, 808 990 [75]
H,S 360 445

RPC-1 HCIO 545 580 [76]

RNH-X HCIO 442 500/710 [77]

Fluo-HNO HNO 480 520 78]

Mito-HNO HNO 695 725 78]

DOP-CO co 630 785,720 [79]

P-GST GSH 420 550 [80]

4.2. Application of Fluorescent Probes in Drug-Induced Liver Injury

James et al. developed a near-infrared fluorescent probe LW-OTf, which consists of a
triflate functional group and a cyanine dye, designed to detect O,°~ and ONOO™ during
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DILI (Figure 10A). The probe enables in situ imaging of RNS and ROS in HL-7702 cells
with APAP-induced hepatotoxicity. In vivo experiments demonstrated an increase in O,°~
and ONOO™ levels in DILI mouse livers, which was confirmed by SC (H&E) staining,
validating the formation of DILI [71].
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Figure 10. (A-K) Structure and detection mechanism of fluorescent probe in DILI models.

Sessler et al. reported ATP-LW, a hybrid fluorescent probe incorporating rho-
damine lactam and 1,8-naphthalimide, capable of detecting ONOO™ and ATP simul-
taneously (Figure 10B). When ONOO™ was present, fluorescence emission was observed
at 500-575 nm, whereas in the presence of ATP, rhodamine lactam ring opening resulted in
fluorescence at 575-650 nm. Imaging of HL-7702 cells treated with oligomycin A revealed a
decrease in red fluorescence and an increase in green fluorescence, indicating ATP depletion
and ONOO™ accumulation. Similar results were obtained when cells were treated with
SIN-1. Further imaging of APAP-induced hepatotoxicity confirmed ONOO™ elevation
and ATP depletion, making ATP-LW a promising probe for simultaneous monitoring of

oxidative stress and energy metabolism during DILI [72].
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Ye et al. synthesized VIS-HNO, a dual-response fluorescent probe for HNO and
viscosity, with high sensitivity, selectivity, and biocompatibility (Figure 10C). VIS-HNO
enables independent evaluation of HNO and viscosity without cross-interference and was
successfully applied to bioimaging in living cells and zebrafish, revealing the role of HNO
in DILL By assessing HNO and viscosity levels, VIS-HNO provides a valuable tool for DILI
diagnosis, ferroptosis research, and therapeutic intervention studies [73].

Li et al. designed NOP, a fluorescent probe with high stability, broad pH adaptability,
and superior specificity and sensitivity for ONOO™ detection (Figure 10D). In the APAP-
induced liver injury model, NOP successfully monitored ONOO™ level fluctuations, with
fluorescence signals correlating with histopathological staining and serum biomarker
analysis (Figure 11). These results demonstrate that NOP is an effective tool for early DILI
diagnosis, mechanistic studies, and therapeutic screening [74].
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Figure 11. (A) ONOO™ response mechanism of the fluorescent probe NOP. (B) Fluorescence spectra
of 10 uM NOP and 0-60 pM ONOO™ for 5 min. (C) The linear relationship between NOP (10 pM)
and ONOO™ (from 0 to 10 uM). (D) HepG2 cells were coincubated with APAP (0, 0.1, 0.2, 0.4, 0.6, 0.8,
1.0 mM) for 12 h, then the cells were washed with PBS three times. After added the NOP (10 uM) for
30 min. Finally, commercial Hoechst 33,342 dye was added and stained for 15min. Scale bar: 25 uM.
(E) The nude mice were intraperitoneally injected with 100 uM NOP (200 pL in normal saline (NS)),
and then intraperitoneally injected with 500 uM ONOO™ at the same location. After fluorescence
images and fluorescence intensity of mice were collected at different time points: 0, 5, 10, 15, 20,
30, 45, 60 min. * p-value < 0.05, ** p-value < 0.01, #** p-value < 0.001. Derived from Ref. [74] with
authorization from Copyright 2023, Elsevier.
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Xiong et al. synthesized IR-990, a NIR-II fluorescent probe designed for H,O, detection
(Figure 10E). The receptor-mt-receptor framework of IR-990 ensures high sensitivity, large
Stokes shift, and low detection limits. IR-990 successfully tracked endogenous H,O,
variations in HepG2 cells and DILI mouse models, providing real-time imaging capabilities.
As a powerful diagnostic tool, IR-990 enables H,O; visualization in vivo, offering great
potential for elucidating DILI pathogenesis [75].

Tang et al. developed RPC-1, a two-photon fluorescent probe for simultaneous dif-
ferentiation and imaging of H,S and HCIO (Figure 10F). The probe was used to evaluate
DILI induced by the antidepressants duloxetine and fluoxetine, revealing significant HCIO
upregulation and severe liver damage after co-administration. The correlated changes
in HCIO and H,S levels confirmed the protective role of endogenous H,S. Histological
and serological analyses further validated HCIO as a reliable DILI marker and H,S as a
potential therapeutic target, demonstrating RPC-1"s utility in DILI prediction and antidote
research [76].

Liu et al. designed RNH-X, a mitochondria-targeted ratiometric fluorescent probe for
HCIO detection in APAP-induced liver and kidney injury (Figure 10G). RNH-O, the most
reactive derivative, exhibited high sensitivity, rapid response, and excellent selectivity. The
probe successfully tracked HCIO fluctuations in living cells, detected APAP-induced HCIO
upregulation, and enabled fluorescence imaging of inflammatory tissues in DILI mouse
models, making it a valuable tool for assessing liver and kidney damage (Figure 12) [77].
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Figure 12. (A) HCIO response mechanism of the fluorescent probe RNH-X. (B) Fluorescence value of
the probe NRH-O (10 uM) at diverse concentrations of HCIO (0-10 equiv.). (C) Confocal fluorescence
imaging of human normal liver L02 cells at different fluorescence channels; scale bar is 20.0 uM. Cells
were incubated with different contents of APAP (20, 40 mM), NAC (40 mM), and incubated with
NRH-O (10 uM) for half an hour before imaging. (D) Fluorescence imaging of liver tissue slices from
mice after intraperitoneal injection of NRH-O 10 pL (10 mM) after 1 h. Derived from Ref. [77] with
authorization from Copyright 2022, American Chemical Society.

The production of RNS, such as HNO, is known to be an early signal of DILI
(Figure 10H). Tang and colleagues developed Fluo-HNO as a specific fluorescent probe for
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in situ imaging of HNO in the Golgi apparatus. This work demonstrated for the first time
that catalase plays a role in the production of intracellular HNO. The probe enables the
detection of HNO concentration changes in the liver, providing a powerful tool for DILI
diagnosis [78].

Tang’s team also developed Mito-HNO, a specific fluorescent probe for in situ imaging
of HNO in mitochondria (Figure 10I). Like Fluo-HNO, Mito-HNO enables multicolor
imaging and provides detailed insights into HNO levels in the mitochondria of liver cells.
Their study revealed that the concentration of HNO in the liver of mice induced by the
anticancer drug bleomycin was significantly increased. These findings underscore the
potential of HNO as a diagnostic marker for DILI, offering valuable information for liver
injury assessment [78].

Chen et al. developed DOP-CO, a photoacoustic/fluorescence dual-mode imaging
probe for CO detection, utilizing thione-semicyanine as the core structure (Figure 10J).
The probe exhibited excellent biocompatibility and enabled quantitative CO detection
in HepG2 cells. In vivo studies demonstrated CO fluctuations in liver injury and repair,
providing insights into CO-mediated hepatoprotective mechanisms and making DOP-CO a
promising tool for investigating CO-related physiological and pathological processes [79].

Feng et al. developed P-GST, a two-photon fluorescent probe for GST detection,
utilizing a naphthalimide skeleton with a 2,4-dinitrobenzenesulfonyl recognition unit
(Figure 10K). In the presence of GST and GSH, the recognition unit is cleaved, releasing
fluorescence. P-GST was successfully applied to two-photon imaging of GST in DILI mod-
els, confirming its diagnostic potential for monitoring GST activity in complex biological
systems [80].

5. Immune Liver Injury
5.1. Establishment of the LPS-Induced Liver Injury Models

ILI refers to hepatic damage triggered by abnormal immune responses, which involve
autoimmune activation or responses to exogenous factors. The underlying pathological
mechanisms primarily include immune cell-mediated attacks on hepatocytes or bile duct
epithelial cells, excessive inflammatory cytokine release, and immune regulatory dysfunc-
tion [81,82]. Based on etiological factors, ILI can be classified into autoimmune liver injury
and immune-mediated liver injury induced by drugs or infections. Autoimmune liver
injury includes autoimmune hepatitis, primary biliary cholangitis, and primary sclerosing
cholangitis, with pathogenesis closely linked to genetic predisposition, environmental
factors (such as infections), and immune dysregulation. The main mechanism involves au-
toantigen exposure or abnormal antigen presentation, leading to T cell-mediated immune
attacks [83,84]. Immune liver injury induced by drugs or infections is caused by immune
checkpoint inhibitors or pathogenic infections (e.g., viral infections), which provoke an im-
mune overreaction against liver tissues. This type of ILI is characterized by high individual
variability, with drugs or infections acting as initiating triggers [85].

LPS is widely used in experimental models to mimic ILI due to its ability to elicit
strong inflammatory responses via the TLR4 signaling pathway. LPS-induced liver injury
effectively models exogenous infection-related immune activation and serves as a key
tool for studying immune-mediated hepatic inflammation, oxidative stress, and apoptosis.
Following entry into the bloodstream, LPS binds to lipopolysaccharide-binding protein and
is transported via CD14 to the TLR4/myeloid differentiation protein-2 complex, leading
to TLR4 dimerization and activation [86-88]. The activated TLR4 pathway stimulates
NF-«kB signaling through myeloid differentiation factor 88, thereby inducing inflamma-
tory cytokine transcription and promoting acute inflammatory responses [89,90]. Upon
NE-kB/p65 complex nuclear translocation, the expression of TNF-«, IL-1(3, and IL-6 is
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upregulated, further exacerbating hepatic damage [91]. The severity of TLR4-mediated
liver injury is dependent on NF-«kB activation, which not only amplifies inflammatory
responses but also enhances oxidative stress and apoptosis, leading to progressive liver
pathology.

Studies have demonstrated that LPS activates Kupffer cells, triggering the release of
ROS, proinflammatory cytokines, and chemokines, thereby promoting neutrophil infiltra-
tion and further aggravating hepatic damage [92]. The inflammatory cascade induced by
LPS also activates anti-inflammatory cytokines such as IL-1RA, IL-4, IL-10, and IL-13 as
part of a feedback regulation mechanism [93]. LPS-induced hepatic inflammation is charac-
terized by increased TLR4 expression, excessive immune activation, and potential cellular
damage, septic shock, or multi-organ failure. By administering intraperitoneal injections of
LPS, researchers can simulate exogenous infections and construct experimental models of
inflammatory liver injury. LPS-stimulated Kupffer cells generate ROS, proinflammatory
mediators, and chemokines, which drive neutrophil infiltration, thereby reproducing key
pathological features of immune-mediated hepatic injury.

Experimental models of LPS-induced liver injury have been successfully established
in different mouse strains through intraperitoneal injection of LPS, leading to acute hepatic
inflammation (Figure 13) [94]. Wang et al. developed an acute liver injury model using
ICR mice, where 15 mg/kg of LPS was administered intraperitoneally, and hepatic damage
was confirmed 12 h post-injection through histopathological and biochemical analyses [95].
Jia et al. established a similar model in Kunming mice, administering 5 mg/kg of LPS
daily for three consecutive days, with one injection per day to induce progressive liver
inflammation [96]. Miao et al. further optimized the model by injecting 3 mg/kg of LPS
intraperitoneally in Kunming mice, and analyzing liver injury six hours post-injection [97].
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Figure 13. Schematic representation of LPS-induced liver injury in animal models.

This LPS-induced liver injury model offers high reproducibility and scalability, allow-
ing researchers to replicate inflammatory hepatic damage across different animal groups.
The model is simple to establish, with a short induction period and adjustable LPS dosages,
making it a valuable platform for investigating immune-mediated hepatic inflammation,
oxidative stress, and drug intervention strategies. The flexibility of this model also allows
for combining LPS administration with additional treatments to simulate various patholog-
ical conditions in liver disease research. Meanwhile a large number of fluorescent probes
for the detection of LPS-induced liver injury already exist (Table 4).
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Table 4. Characterization of fluorescent probes in LPS-Induced Liver Injury.

Compounds Trigger Aex (nm) Aem (nm) Ref.
NIR-II-H,S, H,S; 730, 808 840, 1000 [98]
AP-5n H)Sn 660 715 [99]
Mito-ND Viscosity 560 676 [100]
MNIP-Cu NO 350 492 [101]
DHEP  poy a0 60 oz
KSQT HOCI 405 475/589 [103]
SPN ONOO~ 680 732 [104]
RDB-CIO ClO~ 380 582/455 [105]
BDP-R-CIO HOC1 560 661 [106]

5.2. Application of Fluorescent Probes in LPS-Induced Liver Injury

H»S; plays a crucial role in redox biology and cellular signaling [107]. The ability to
quantitatively visualize H,S; in deep tissues is essential for understanding pathophysi-
ological mechanisms related to immune liver injury. Chen et al. successfully developed
NIR-II-H;,S,, a dual-ratiometric NIR-II fluorescent probe designed for selective H,S; de-
tection, featuring a 1,3-dichloro recognition moiety and an NIR-II fluorophore scaffold
(Figure 14A). The probe demonstrated high specificity, excellent sensitivity, and enhanced
water solubility, as well as deep tissue penetration, making it suitable for real-time imaging
of H,S; levels in LPS-induced liver injury models. These findings highlight the potential of
NIR-II-H;,S; as a promising tool for H,S;-related pathological research and future H,S;

probe development [98].
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Figure 14. (A-I) Structure and detection mechanism of fluorescent probe in LPS-induced liver

injury models.

Zhao et al. synthesized AP-Sn, an HySn-activated photoacoustic probe, utilizing semi-
anthocyanidin dye as the core structure and phenyl-2-(benzoylthio)benzoic acid as the
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reactive moiety (Figure 14B). H,Sn, a key oxidation product of H;S, plays a fundamental
role in ion channel signaling and tumor suppression, while its dysregulation is associated
with various inflammatory diseases. AP-Sn exhibits high stability, excellent biocompati-
bility, and high specificity for H,S,, making it a powerful tool for real-time monitoring of
LPS-induced liver injury progression. This probe provides an advanced platform for in
situ imaging and mechanistic studies of ALI [99].

Lin et al. designed Mito-ND, a viscosity-sensitive near-infrared fluorescent probe with
mitochondrial localization, excellent chemical stability, and photostability (Figure 14C).
Mito-ND enables fluorescence imaging of viscosity changes in vitro and successfully de-
tected viscosity alterations in LPS-induced liver injury in mice, demonstrating its potential
for clinical liver and kidney disease research (Figure 15) [100].
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in PBS-glycerol solution with different viscosity (1.5 cp-1099.5 cp). (D) Confocal fluorescence images
and fluorescence intensities of HeLa cells incubated with Mito-ND (10 uM) only, and pretreated
with different reagents (20 uM Nys, 20 uM Mon, or 20 pg/mL LPS) for 20 min and then incubated
with Mito-ND (10 uM) for another 20 min (al,b1,c1,d1) Bright field. (a2,b2,c2,d2) Fluorescence
field. (a3,b3,c3,d3) Merge field. Scale bar: 20 um (E) Confocal fluorescence images and fluorescence
intensities of zebrafish incubated with Mito-ND (10 uM) only, and pretreated with different reagents
(20 UM Nys, 20 pM Mon, or 20 pg/mL LPS) for 30 min and then incubated with Mito-ND (10 pM)
for another 30 min (al,b1,c1,d1) Bright field. (a2,b2,c2,d2) Fluorescence field. (a3,b3,c3,d3) Merge
field. Scale bar: 1 mm. Derived from Ref. [100] with authorization from Copy-right 2022, Elsevier.

Zhang et al. developed MNIP-Cu, a fluorescent probe specifically designed for NO
detection, which features rapid binding, high selectivity, and ease of synthesis (Figure 14D).
Using MNIP-Cu, researchers successfully visualized and quantified NO distribution in
LPS-induced acute liver injury mouse models, demonstrating its potential for biomedical
applications in immune liver injury research [101].

Yu et al. synthesized DHBP, a dual-functional fluorescent probe capable of detect-
ing microenvironmental viscosity and polarity fluctuations induced by LPS exposure
(Figure 14E). DHBP was successfully applied to LPS-induced liver injury models, demon-
strating its potential as a diagnostic tool for immune liver injury studies [102].

Guo et al. developed KSQT, a small-molecule fluorescent probe based on an HBT-
derived scaffold, designed for real-time, dual-mode HOCI monitoring (Figure 14F). KSQT
enables on/off fluorescence switching and ratiometric response for HOCI detection. Live-
cell and zebrafish imaging demonstrated the probe’s ability to track both exogenous and
endogenous HOCI in real time, making it a powerful tool for high-resolution in vivo
imaging of HOCl-related processes [103].

Xu et al. developed SPN, a phenylhydrazine-based near-infrared fluorescent probe,
optimized for ONOO™ detection (Figure 14G). SPN exhibits low detection limits, high
sensitivity, and excellent water solubility, making it suitable for cellular and in vivo imaging.
It successfully detected ONOO™ in LPS-induced zebrafish liver injury models, confirming
its utility in diagnosing immune liver injury and evaluating therapeutic interventions
(Figure 16) [104].

Hou et al. developed RDB-CIO, a rhodamine-based fluorescent probe for CIO~ detec-
tion, featuring high selectivity, low detection limits, rapid response, and high sensitivity
(Figure 14H). The probe effectively tracked endogenous and exogenous ClO™ in live
cells and zebrafish models and was successfully applied to detect CIO™~ fluctuations in E.
coli and LPS-induced liver injury models. These findings highlight RDB-CIO’s potential
as a powerful tool for exploring disease pathogenesis and studying antimicrobial drug
effects [105].

Zhao et al. synthesized BDP-R-CIO, a HOCl-responsive fluorescent probe incorpo-
rating benzothiazole coumarin and hydroxycoumarin via a piperazine linker (Figure 14I).
The probe demonstrated high specificity, rapid response, and broad pH adaptability. BDP-
R-ClO was effectively applied to cellular imaging and in vivo imaging of LPS-induced
liver injury models, confirming its potential as a diagnostic tool for immune liver injury
research [106].
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Figure 16. (A) ONOO™ response mechanism of the fluorescent probe SPN. (B) Fluorescence spectra
of SPN with ONOO™. (C) Fluorescence imaging and relative fluorescence intensity of exogenous
and endogenous ONOO™ in HepG2 cells. Scale bar: 20 um. Error bars are + SD (n = 3). Statistical
significance levels: *** p < 0.001. (D) In vivo imaging of LPS/APAP-induced liver injury in zebrafish.
Scale bar: 200 pm. Derived from Ref. [104] with authorization from Copyright 2023, Elsevier.

5.3. D-GalN/LPS-Induced Liver Injury Models

D-GalN is a well-established sensitizer of LPS that significantly amplifies the hepa-
totoxic effects of LPS [108,109]. The combined administration of D-GalN and LPS leads
to severe hepatic necrosis and inflammation, making this model a widely used tool for
studying ILI

D-GalN exerts its hepatotoxic effects through multiple mechanisms. Upon entering
the body, D-GalN reacts with UDP to form UDP-galactosamine, which leads to rapid
depletion of UDP. Since UDP is essential for the biosynthesis of nucleic acids, glycoproteins,
and lipopolysaccharides, prolonged UDP depletion severely disrupts cellular metabolism
and detoxification processes, further aggravating hepatic damage. Moreover, D-GalN
triggers ROS production, inducing severe lipid peroxidation in hepatocyte membranes and
initiating oxidative stress-induced apoptosis.

Hepatocyte apoptosis occurs via three main pathways: the death receptor (extrinsic)
pathway, the mitochondrial (intrinsic) pathway, and the endoplasmic reticulum stress-
induced pathway. Under pathological conditions, these three pathways form a cascading
apoptotic response, leading to DNA fragmentation and cytoskeletal protein degrada-
tion, ultimately resulting in cell death. Meanwhile, LPS activates hepatic macrophages
(Kupfter cells), stimulating the secretion of proinflammatory cytokines such as TNF-«,
IL-6, and IL-1j3, thereby exacerbating hepatic necrosis and disrupting antioxidant enzyme
homeostasis. The synergistic hepatotoxicity of D-GalN and LPS creates a highly specific
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liver-targeted immune response, which is widely utilized in experimental models of acute
liver failure [110,111].

D-GalN/LPS co-administration induces specialized hepatic macrophage activation,
which plays a pivotal role in host immune defense. Kupffer cells secrete proinflamma-
tory cytokines (TNF-«, IL-6, IL-1$3) and ROS, triggering NF-«B and p38 MAPK activation,
leading to the upregulation of multiple cytokine synthesis pathways. Furthermore, this
model induces organelle-specific stress, including endoplasmic reticulum stress, while im-
pairing the mitochondrial ROS defense network, ultimately inhibiting antioxidant enzyme
production and worsening hepatic damage [112-114].

Wan et al. used male mice, injecting them intraperitoneally with 10 ug/kg of LPS
and 700 mg/kg of D-GalN, followed by sacrificing the animals 5 h later to collect serum,
liver, and spleen samples [115]. Qu et al. developed a similar model using C57BL/6
mice, dissolving D-GalN/LPS in phosphate-buffered saline and injecting 30 pg/kg of LPS
and 600 mg/kg of D-GalN intraperitoneally. Mice were euthanized 6 h post-injection
using 2% sodium pentobarbital, and blood samples were collected via orbital puncture
(Figure 17) [116]. Feng et al. used BALB/c mice, administering 10 pg/kg of LPS and
700 mg/kg of D-GalN intraperitoneally, establishing a liver injury model within 6 h [117].

Mice 600~700mg/kg 10~30pg/kg
D-GalN i.p. LPS i.p. Sacrifice

T Y Sy

0 Day 2h 4h 5~6h

Figure 17. Schematic representation of D-GalN/LPS-induced liver injury in animal models.

The D-GalN/LPS model is highly efficient due to its ability to induce acute liver injury
with low LPS doses. As a potent LPS sensitizer, D-GalN enhances LPS hepatotoxicity
by several orders of magnitude, allowing researchers to induce acute liver failure with
minimal LPS exposure. This model closely resembles human infectious liver injury, making
it an ideal tool for studying the pathogenesis of acute liver injury, as well as for screening
therapeutic agents with hepatoprotective effects against infection-induced liver damage.
Meanwhile a large number of fluorescent probes for the detection of D-GalN/LPS-induced
liver injury already exist (Table 5).

Table 5. Characterization of fluorescent probes in D-GalN/LPS-Induced Liver Injury.

Compounds Trigger Aex (nm) Aem (nm) Ref.
DMOPB NO 574 622 [118]
MBTD NO 421 625/550 [119]
Nil-Cl1O HCIO/CIO™ 560 650 [120]
PTZCy ClO™ 625 700/820 [121]
S-BODIPY ClO~ 540 587/619 [122]
TMSDNPOB H,S 574 592 [123]
Cou-dhz-Ph-NO, ocCl~ 430 478 [124]
rome G B R um
DMONPB H,S 576 627 [126]
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5.4. Application of Fluorescent Probes in D-GalN/LPS-Induced Liver Injury

Wang et al. developed DMOPB, a BODIPY-based fluorescent probe designed for NO
detection (Figure 18A). The probe exhibits high sensitivity, strong selectivity, low toxicity,
and minimal background fluorescence, enabling precise visualization of NO in cells and
tissues. By expanding the Stokes shift, DMOPB enhances NO detection capabilities and
has been successfully applied to D-GalN/LPS-induced liver injury models. These findings
demonstrate that BODIPY-based fluorescent probes provide a powerful tool for NO imaging
in immune liver injury studies [118].
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Figure 18. (A-I) Structure and detection mechanism of fluorescent probe in D-GalN/LPS-induced
liverinjury models.

Ding et al. synthesized MBTD, a dual-intramolecular charge transfer fluorescent probe,
which incorporates an OPD fragment into a donor-acceptor-donor fluorophore, allowing
for far-red emission and NO detection (Figure 18B). MBTD exhibits a large fluorescence
on-off ratio, long fluorescence lifetime, high photostability, and excellent specificity for
NO. Notably, MBTD is lysosome-compatible, making it suitable for specific imaging of
lysosomal NO levels. In D-GalN/LPS-induced liver injury models, MBTD effectively
monitored NO fluctuations in lysosomes, revealing the key role of inducible nitric oxide
synthase in NO production during hepatic inflammation. These findings suggest that NO
serves as a crucial biomarker for acute liver injury, and MBTD represents a valuable tool
for precise NO detection in lysosomal environments [119].

Kong et al. designed Nil-ClO, a two-photon near-infrared fluorescent probe derived
from Nile Red, capable of selective HCIO/ClO™~ detection (Figure 18C). Nil-ClO exhibits
high stability, excellent selectivity, and deep tissue penetration, enabling in vivo imaging
of HCIO/CIO™ in D-GalN/LPS-induced liver injury models. This probe serves as an
effective molecular tool for investigating the role of HCIO/CIO™ in immune-mediated
hepatic inflammation [120].

Xu et al. synthesized PTZCy, a benzothiazole-semicyanine-based ratiometric fluores-
cent probe for CIO™ detection. PTZCy responds rapidly and selectively to CIO~, facilitating
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the real-time monitoring of endogenous and exogenous ClIO~ fluctuations in D-GalN/LPS-
induced liver injury models (Figures 18D and 19). These results highlight PTZCy as a
promising tool for early-stage liver injury diagnosis and in vivo CIO~ imaging [121].
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Figure 19. (A) OCI™ response mechanism of the fluorescent probe PTZCy. (B) Emission spectra of
PTZCy (5 uM) with the increasing OCl~ concentrations (0-150 uM) in EtOH/PBS buffer. (C) Confocal
fluorescence images and fluorescence intensity of the probe in RAW264.7 cells under different
conditions. (a—e) PTZCy group: cells were incubated with PTZCy (5 uM, 30 min), then imaged;
ABH+PTZCy group: cells were pretreated with ABH (250 uM, 4 h), next incubated with PTZCy
(5 uM, 30 min), then imaged; LPS/PMA+PTZCy group: cells were treated with LPS (5 ug'mL_l) and
PMA (5 ug-mLfl) for 12 h, then incubated with PTZCy (5 uM, 30 min) and imaged; NaClO+PTZCy
group: cells were treated with NaClO (200 uM, 4 h), then incubated with PTZCy (5 pM, 30 min)
and imaged; LPS/PMA+ABH+PTZCy group: cells were treated with LPS (5 ugmefl) and PMA
5 ug-mLfl) for 12 h, then treated with ABH (250 uM, 4 h), finally incubated with PTZCy (5 uM,
30 min) and imaged. Scale bar: 10 pm. (Aex = 633 nm, Aem = 650-780 nm). (f) Intensity of green
fluorescence obtained in the above five groups, data = mean + S.D., n = 3. (D) In vivo imaging
and fluorescence intensity ratio of mice treated with LPS/D-GalN at different times, I.V. injected
with PTZCy. (Aex = 620 nm, yellow channel: Aem = 650-780 nm, red channel: Aem = 790-850 nm).
Data = mean £ S.D., n = 3. Derived from Ref. [121] with authorization from Copyright 2024, Elsevier.
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Kim et al. developed S-BODIPY, a BODIPY-based ratiometric fluorescent probe for
HCIO/CIO™ detection, enabling real-time imaging of CIO~ both in vitro and in vivo
(Figure 18E). S-BODIPY exhibits high fluorescence quantum yield, strong pH stability,
good membrane permeability, and excellent biocompatibility, making it well-suited for
tracking CIO™ fluctuations in D-GalN/LPS-induced liver injury models (Figure 20). These
results demonstrate the potential of S-BODIPY as an efficient tool for ClIO™ detection in
hepatic inflammation research [122].
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Figure 20. (A) ClIO™ response mechanism of the fluorescent probe S-BODIPY. (B) Fluorescence
spectral changes of S-BODIPY (5 uM) in DMF/PBS solution (v/v = 1/1, pH 7.4, 10 mM) upon
addition of increasing amounts of NaClO (0480 uM). Each spectrum was recorded after 1 min.
(C) Linear relationships between fluorescence intensity ratios (F587/F619) of S-BODIPY (5 uM)
versus concentrations of NaClO. (D) In vivo imaging of endogenous HCIO production from the
peritoneal cavity of the mice treated with LPS/D-GalN. Representative images of mice intravenously
treated with S-BODIPY (1 mM) for 2 h, pretreated via intraperitoneal injection of PBS (left) and
LPS/D-GalN (right). Ratiometric fluorescence images of mice (Aex = 550 nm, yellow channel (Aem =
550-610 nm) and red channel (Aem = 610-670 nm)). Derived from Ref. [122] with authorization from
Copyright 2019, American Chemical Society.

Wang et al. designed TMSDNPOB, a dinitrophenyl ether-based fluorescent probe
capable of detecting H,S via thiolysis reactions (Figure 18F). The probe exhibits long-
wavelength fluorescence, minimal background interference, and low photodamage, making
it suitable for in vivo H,S imaging. TMSDNPOB enables real-time visualization of both
exogenous and endogenous H,S in D-GalN/LPS-induced liver injury models, confirming
its high sensitivity, biocompatibility, and selectivity [123].

Mo et al. synthesized Cou-dhz-Ph-NO;, a coumarin-based fluorescent probe incor-
porating aromatic dihydrazines as the linking unit (Figure 18G). The probe exhibits high
specificity, rapid response kinetics, and low background fluorescence, facilitating sensitive
OCI™ detection. Cou-dhz-Ph-NO, successfully visualized OCI™ dynamics in living cells
and monitored OCI™ fluctuations in acute liver injury models, demonstrating its potential
as a diagnostic tool for OC1™ related liver diseases [124].

Chen et al. developed Hcy-Mito and Hcy-Biot, two near-infrared fluorescent probes
designed for simultaneous O,°~ and H,5n detection (Figure 18H). These probes exhibit
high sensitivity, deep tissue penetration, and strong selectivity, enabling real-time imaging
of O,*~ and Hy5n in D-GalN/LPS-induced liver injury models. Their application in ex vivo
and in vivo imaging highlights their potential as valuable tools for investigating oxidative
stress and sulfur metabolism in immune liver injury [125].

56



Targets 2025, 3, 18

Wang et al. synthesized DMONPB, a BODIPY-based fluorescent probe with a large
Stokes shift, specifically designed for H,S detection (Figure 18I). The probe exhibits strong
photostability, pH insensitivity, low cytotoxicity, and high selectivity for H,S, making it
highly suitable for cellular and tissue imaging. DMONPB was successfully applied to
D-GalN/LPS-induced liver injury models, providing an effective method for visualizing
H,S dynamics in immune liver injury research [126].

6. Conclusions

This review systematically summarizes the mechanisms and modeling methods of
various liver injury models used in experimental studies, as well as the latest advances
in fluorescent probe technology developed for liver injury detection. Liver injury is an
intrinsically complex pathological process, and traditional diagnostic methods often suffer
from limitations such as low sensitivity, time-consuming procedures, and invasive sample
collection. In contrast, fluorescent probes have emerged as powerful analytical tools due to
their rapid response, simplicity, and high sensitivity. Recent breakthroughs in fluorescent
probe technology have significantly enhanced its applications in liver injury detection,
particularly in target identification, localization of injury sites, and quantitative assessment
of lesion severity. These advancements have not only provided valuable visualization
tools for liver disease research but also established a foundation for early intervention and
personalized therapeutic strategies.

Despite the distinct etiologies of alcoholic, chemical, drug-induced, and immune-
mediated liver injuries, they share common pathological features such as oxidative stress,
inflammatory cytokine release, and hepatocyte apoptosis. Key molecular markers, includ-
ing ROS and TNF-¢, play a central role in multiple liver injury mechanisms, making them
universal targets for fluorescent probe development. However, the variability in oxidative
stress intensity and biomarker profiles across different liver injury models highlights the
need for highly specific and ultrasensitive fluorescent probes capable of dynamic detection
and cross-model analysis.

While significant progress has been made in the field of fluorescent probe design,
several challenges remain. Most existing probes are designed to detect a single biomarker,
whereas liver injury is typically characterized by the interplay of multiple biomolecules
and enzymes. This necessitates the development of dual- or multi-target fluorescent
probes, which will likely become the future direction in the field. However, the potential
for signal interference between multiple fluorophores in multiplexed probes must be
carefully addressed to ensure detection accuracy and reliability. Therefore, future research
should focus on optimizing key probe properties, including photostability, biocompatibility,
low toxicity, high selectivity, and ultra-high sensitivity, while simultaneously advancing
multifunctional, synergistic detection strategies.

Another critical challenge is the limited tissue penetration depth of fluorescence imag-
ing, which currently restricts its application to small animal models or ex vivo human liver
tissues. To enable non-invasive, real-time diagnosis in clinical settings, the development of
NIR-II fluorescent probes has gained significant attention. These NIR-II probes offer deeper
tissue penetration, reduced background interference, and enhanced imaging resolution,
potentially overcoming the constraints of conventional fluorescence imaging.

Future advancements in fluorescent probe technology will also benefit from interdisci-
plinary integration with other cutting-edge approaches, further enhancing the precision
and efficacy of liver disease diagnosis and therapy. For instance, combining fluorescent
probes with nanomaterials could enable simultaneous imaging, quantitative assessment,
and targeted drug delivery to the site of liver injury. Additionally, emerging therapeutic
modalities such as PDT and PTT have demonstrated promising potential for liver disease
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treatment, yet their clinical applicability remains limited by poor tissue penetration and
suboptimal cell targeting. The integration of fluorescent probes with PDT and PTT could
significantly enhance their spatial precision and therapeutic efficiency, broadening their
clinical applications.

In summary, fluorescent probes hold immense potential for advancing liver injury
detection, early diagnosis, and personalized medicine. Their continued development will
not only deepen our understanding of liver disease pathophysiology but also provide
critical support for precision medicine and targeted therapeutic strategies. The pursuit of
more efficient, multifunctional, and clinically translatable fluorescent probes will have a
profound impact on elucidating liver injury mechanisms and accelerating innovations in
liver disease diagnostics and therapeutics.
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Abbreviations

The following abbreviations are used in this manuscript:

ALIL Alcoholic liver injury

CLI Chronic liver injury

AALI Acute alcoholic liver injury
DILI Drug-induced liver injury

ILI Immune-mediated liver injury
ALD Alcoholic liver disease

CCly Carbon tetrachloride

APAP Acetaminophen
D-GalIN  D-galactosamine

LPS Lipopolysaccharide

AST Aspartate aminotransferase
ALT Alanine aminotransferase
ROS Reactive oxygen species
RNS Reactive nitrogen species

CYP450  Cytochrome P450
HCIO Hypochlorous acid

0O, Superoxide anions

Cys Cysteine

NO Nitric oxide

GSTs Glutathione S-transferase
H,S, Hydrogen persulfide

H,O, Hydrogen peroxide
GSH Glutathione
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ONOO™  Peroxynitrite

IL-1B Interleukin-1§3

IL-1 Interleukin-1

IL-6 Interleukin-6

TNEF-« Tumor necrosis factor-alpha

IL-1IRA Interleukin-1 receptor antagonist
NF-«B Nuclear factor-kappa B
NAFLD  Non-alcoholic fatty liver disease

AIE Aggregation-induced emission
NIR-II Near-infrared second-window
ubr Uridine diphosphate
NAPQI N-acetyl-p-benzoquinoneimine
H&E Hematoxylin and eosin
PDT Photodynamic therapy
PTT Photothermal therapy
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Abstract: Influenza viruses pose a significant threat to human health, and vaccination
remains the most cost-effective and efficient strategy for controlling outbreaks. This review
first introduces the molecular characteristics of influenza A virus (IAV) and examines how
conserved epitopes contribute to overcoming its high variability, laying the foundation
for broadly protective vaccine design. Different vaccine platforms are then categorized
and analyzed through representative examples to highlight their research significance and
application potential. The discussion further extends to the role of adjuvants in modulating
immune responses, with a focus on how their optimization enhances vaccine efficacy.
We explore future directions in vaccine design, highlighting the synergistic potential of
conserved epitope targeting and adjuvant improvement in advancing the next generation
of influenza vaccines.

Keywords: influenza A virus; conserved epitopes; vaccine platforms; universal vaccine;
adjuvants

1. Introduction

Influenza is a persistent global health threat, with seasonal epidemics causing sub-
stantial morbidity and mortality worldwide [1-4]. Influenza viruses are classified into
four types—A (IAV), B (IBV), C (ICV), and D (IDV)—based on antigenic differences in
two internal structural proteins: nucleoprotein (NP) and matrix protein (M1). Among them,
types A and B pose the greatest threat to human health. IAV, in particular, is responsi-
ble for most pandemics and severe seasonal outbreaks, making it the primary focus of
universal vaccine development. The influenza virus genome consists of eight segmented
RNA strands, which are prone to mutation and reassortment, leading to high genetic
diversity. This variation is driven by two major mechanisms: antigenic drift, which refers
to the accumulation of point mutations in the genes encoding hemagglutinin (HA) and
neuraminidase (NA), causing seasonal strain changes; and antigenic shift, which involves
the reassortment of gene segments between different viral subtypes in a shared host, poten-
tially generating novel HA or NA subtypes that can trigger pandemics [5]. The ongoing
antigenic variability presents significant challenges for vaccine design and necessitates
frequent updates to match circulating strains. While traditional influenza vaccines provide
strain-specific protection, their limited cross-protection underscores the urgent need for
next-generation vaccines capable of inducing broader and more durable immunity [6-9].
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A promising approach to addressing this challenge is the targeting of conserved
epitopes—relatively stable regions of viral proteins that exhibit minimal variation across
diverse influenza strains [10-13]. Vaccines designed to elicit immune responses against
these conserved elements hold the potential to circumvent strain-specific limitations and
provide broad-spectrum protection against influenza [14-19]. However, the effectiveness
of such vaccines hinges not only on the strategic selection of epitopes but also on the choice
of vaccine platforms and the integration of adjuvants to enhance immunogenicity and
durability of the immune response [20-24].

Recent advancements in vaccine platforms, such as recombinant protein-based vac-
cines, virus-like particles, and nanoparticle-based formulations, offer promising new av-
enues for enhancing vaccine efficacy [25-30]. These platforms provide improved antigen
presentation, stability, and scalability, positioning them as strong candidates for next-
generation influenza vaccines. Beyond the choice of vaccine platform, adjuvants play a
crucial role in modulating immune responses, enhancing antigen processing, and pro-
moting long-lasting immunity [31-36]. The synergistic combination of conserved epitope
targeting, advanced vaccine platforms, and optimized adjuvants represents a powerful
strategy for improving the effectiveness of influenza vaccines [37-39].

This review examines the molecular characteristics of IAV and the role of conserved
epitopes in addressing antigenic variability. We then discuss various vaccine platforms,
evaluating their potential through representative examples, and explore the role of ad-
juvants in optimizing immune responses. Finally, we conducted an in-depth discussion
on the development of universal influenza vaccines and the practical challenges in their
clinical translation.

2. Molecular Characterization and Conserved Epitopes of Influenza
A Virus

The high variability of influenza viruses poses a significant challenge to the effec-
tiveness of conventional vaccines, prompting the search for universal influenza vaccines
targeting conserved antigenic epitopes. Here, we revisit the structural features of influenza
viruses and highlight recent advances in recognizing conserved antigenic epitopes, in-
cluding hemagglutinin (HA), neuraminidase (NA), and the matrix protein 2 extracellular
structural domain (M2e). In addition, we discuss the immunological roles of these epitopes
and their potential applications in the design of next-generation influenza vaccines.

2.1. Structure of the Influenza Virus

IAV belongs to the Orthomyxoviridae family and is an enveloped, negative-sense,
single-stranded RNA virus. IAV exhibits pleomorphism, with the most common form
being roughly spherical, approximately 120 nm in diameter (Figure 1) [40-43]. Its envelope
is derived from the host cell membrane and is embedded with three transmembrane
proteins: the HA, NA, and M2 proteins [44]. Among them, HA is the most abundant and
mediates viral entry into host cells, NA facilitates viral release, and M2 functions as an ion
channel involved in viral uncoating [45-48]. Beneath the envelope, the matrix protein M1
surrounds the viral ribonucleoprotein complex (vRNP), which consists of genomic RNA,
nucleoprotein (NP), and an RNA polymerase complex composed of polymerase acidic
protein (PA) and polymerase basic proteins (PB1 and PB2) [48]. The IAV genome comprises
eight segments encoding 12 proteins, including the aforementioned structural proteins and
four non-structural proteins (NS1, NEP/NS2, PB1-F2, and N40), which play crucial roles in
viral replication, host immune regulation, and adaptive evolution [49-51].
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Figure 1. Influenza virus particles contain HA, NA, M1, and M2. Schematic diagram of viral RNA,
nucleoprotein, and RNA polymerase complex. Reproduced with permission from ref. [40], copyright
(2006) Elsevier B.V. All rights reserved.

2.2. Conserved Epitopes

HA, a transmembrane glycoprotein on the influenza viral envelope, comprises
two distinct structural domains: the globular head and the helical stalk regions [52-54].
The HA head domain demonstrates potent immunogenicity capable of eliciting antibody
responses [55-57]. However, frequent genetic mutations and reassortment in influenza
viruses induce antigenic drift in the HA head, thereby compromising the broad protective
efficacy of conventional vaccines [58]. In contrast, the HA stalk region exhibits relative
structural conservation with cross-subtype similarity, establishing it as a promising tar-
get for universal influenza vaccine development [53,54,59-61]. The principal challenge
lies in overcoming its weak immunodominance in natural immune responses. Recent
advancements involve engineered headless HA immunogens and recombinant stalk-based
vaccines that significantly enhance stalk-directed immunity (Figure 2) [8,59,62-64]. Notably,
Yassine et al. implemented six rounds of iterative optimization (Genl-Gen6) using HA
from HIN1 A /New Caledonia/20/1999 as a template [65]. Through the sequential removal
of immunodominant head domains and incorporation of the HIV-1 gp41 trimerization
domain with ferritin self-assembling nanoparticle platform (H1-S5-np), they achieved
enhanced conformational stability of stalk epitopes. This vaccine induced cross-reactive
antibodies conferring complete protection in murine models and partial resistance in ferrets
against H5N1 challenge, validating the protective mechanism mediated by Fc effector func-
tions of non-neutralizing antibodies. These findings underscore the translational potential
of stalk-focused strategies despite the continued dominance of head-targeting approaches
in current vaccine design.

NA, a crucial influenza surface glycoprotein, facilitates viral release through the cleav-
age of sialic acid residues anchoring nascent virions to host cells [45,66]. While NA exhibits
inter-subtype variability, the catalytic site residues remain highly conserved across N1 to N9
subtypes, making it a viable target for universal vaccine development (Figure 3) [62,67]. Re-
cent studies demonstrate that NA-specific monoclonal antibodies (mAbs) confer substantial
protective efficacy in animal models through dual mechanisms, namely, the direct inhibi-
tion of NA enzymatic activity and Fc-mediated effector mechanisms [68,69]. These findings
reinforce NA's potential as a complementary component in broad-spectrum influenza
vaccine formulations.
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Figure 2. Structural basis for the induction of broadly neutralizing antibodies against HA:
(A) Structure of Influenza hemagglutinin (HA).). Hal subunit is blue, H2 subunit is red (B) Phylo-
genetic tree of influenza A and influenza B HA subtypes. (C) The epitopes of anti-HA head and
stem antibodies, including IAV group 1 neutralizing mAbs CR6261 (PDB 3GBN), F10 (PDB 3FKU),
222-1C06 (PDB 7T3D), CL6649 (PDB 5W6G), group 2 neutralizing mAbs CR8020 (PDB 3SDY), H3v-47
(PDB 5W42), IAV cross-group neutralizing mAbs Fl6v3 (PDB 3ZT]), MEDI8852 (PDB 5]W4), C05 (PDB
4FQR), S5V2-29 (PDB 6E4X), IBV neutralizing mAbs CR8033 (PDB 4FQM), and both IAV and IBV
reactive mAb CR9114 (PDB 4FQI) on their cognate HA ligands. HA1 and HA2 monomer molecules
are shown in light brown and dark sea green, respectively, and the other two monomer molecules of
the HA trimer are shown in dark gray. Antibody epitopes are shown in red The epitope of S5V2-29 is
hidden between the two HA head interfaces of the trimeric HA. Reproduced with permission from
ref. [62], copyright (2023) Elsevier B.V.

M2e is the exposed portion of the M2 protein in influenza A virus, consisting of
24 amino acid residues. M2, an ion channel protein, plays a critical role in the viral
uncoating process [70]. M2e is relatively conserved across various influenza A strains,
and it can induce broad inhibitory effects against multiple subtypes, making it a promis-
ing target for universal influenza vaccines. A highly conserved epitope, SLLTEVET, is
found within the 2-9 amino acid region of M2e [71]. Monoclonal antibodies targeting this
epitope have been shown to effectively inhibit H1 and H3 subtype influenza A viruses
in vitro. Two key amino acids in this epitope—threonine at position 5 and glutamic acid
at position 6—have been identified as associated with antibody escape variants [72]. De-
spite some variability, the specific region of M2e continues to be considered a poten-
tial conserved epitope for universal influenza vaccines, offering promising prospects for
broad-spectrum protection [73].
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Figure 3. Structural basis for the induction of broadly neutralizing antibodies against NA:
(A) The side view structure of N1 NA (PDB 6Q23). (B) The top view structure of N1 NA (PDB
6Q23). (C) Phylogenetic tree of influenza A and influenza B NA subtypes. Based on sequence
variations of NA, IAV NA can be divided into three genetically distinct subgroups: group 1 con-
sists of N1, N4, N5, and N8; group 2 consists of N2, N3, N6, N7, and N9; and group 3 consists of
two bats-derived *N10 and *N11 subtypes. (D) Anti-NA antibody epitopes include catalytic (1G01,
6Q23) and non-catalytic binders (NA-63, 6U02; NA-22, 6PZW). The protomers of tetramer NA are
shown as surface in tan and dark gray, respectively. The epitopes of antibodies are shown as red.©
2023 Elsevier B.V. All rights reserved. Reproduced with permission from ref. [62], copyright (2023)
Elsevier B.V.

2.3. Computational Design and Epitope Screening Strategies

Traditional vaccine development often spans several years, making it difficult to
respond swiftly to emerging infectious diseases or rapidly mutating viruses. In recent
years, advances in structural biology, artificial intelligence, and big data have accelerated
the rise of computational vaccinology, which offers a powerful means to shorten vaccine
development timelines [74,75]. For example, during the COVID-19 pandemic, candidate
vaccines entered clinical trials within months of the virus’s identification—an achievement
enabled in part by computational strategies.

In the design of broadly protective influenza vaccines, computational methods are
extensively used to identify highly conserved T or B cell epitopes that possess strong
immunogenic potential across diverse viral subtypes. A representative platform is the
Integrated Vaccine Design Toolkit (iVAX), developed by a team based in Rhode Island,
USA [76,77]. iVAX provides a comprehensive suite of immunoinformatic tools, including
algorithms for scoring and ranking candidate antigens, selecting conserved and immuno-
genic T cell epitopes, redesigning or removing regulatory T cell epitopes, and engineer-
ing antigens to enhance immunogenicity and confer protection in both humans and ani-
mals [76,78]. The platform is accessible online and has been applied to a range of human and
zoonotic pathogens.

In collaboration with Saint Louis University, iVAX has been used to identify conserved
CD4" and CD8" T cell epitopes across various IAV strains [79]. These epitopes were shown
to be immunogenic in individuals with diverse MHC genotypes and were further validated
in HLA-transgenic mouse models. The resulting vaccines elicited robust T cell responses
and provided cross-strain protection, supporting the feasibility of T cell-targeted universal
influenza vaccines.
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Furthermore, antigens identified through computational screening can be structurally
optimized using emerging protein structure technologies. Methods such as X-ray crystal-
lography, cryo-electron microscopy (cryo-EM), cryo-electron tomography (cryo-ET), and
antibody-binding assays allow the precise characterization of antigen conformation [80,81].
These approaches help eliminate misfolded or non-functional antigen designs, reducing
the risk of vaccine failure. Structure-based vaccine design is poised to play a central role in
accelerating the development of next-generation influenza vaccines.

3. Research Progress of Vaccine Platform

Influenza vaccines have long been a critical tool in the fight against seasonal flu
outbreaks, and they continue to be a major focus of public health research. However,
as the influenza virus rapidly evolves and new strains emerge, traditional vaccines face
challenges in terms of limited adaptability and immune protection. In response to these
challenges, recent scientific and technological advancements have led to the development
of novel influenza vaccine platforms, including inactivated vaccines, subunit vaccines, viral
vector vaccines, and mRNA vaccines. These innovative platforms offer greater options
and possibilities for the development and production of influenza vaccines. They not
only enhance vaccine efficacy but also provide new solutions to address viral antigen
variation and improve global vaccine accessibility. This review will explore the research
advancements of various influenza vaccine platforms, analyzing their contributions to
improving vaccine effectiveness, combating antigenic drift, addressing the challenges in
vaccine development, including the hurdles encountered in translating animal model
successes to human applications.

3.1. Characteristics of Inactivated Influenza Vaccines

Inactivated influenza vaccines (IIVs) are among the most widely used flu vaccines
worldwide (Table 1). They are produced by chemically or physically inactivating the virus
while preserving its main antigenic properties to induce immune protection [82,83]. The
production process includes virus cultivation (e.g., in embryonated chicken eggs or MDCK
cells), purification, and inactivation. Common inactivation agents include formaldehyde,
which cross-links viral genomes to render them non-infectious, and beta-propiolactone
(BPL), which chemically modifies nucleic acids and membrane proteins to inhibit
viral activity [84].

To provide broader coverage against co-circulating strains, current influenza vac-
cines typically include two influenza A strains (HIN1 and H3N2) and one or two in-
fluenza B strains, formulated as trivalent (TIV) or quadrivalent (QIV) vaccines based
on annual global surveillance. Their primary mechanism of protection relies on neu-
tralizing IgG antibodies targeting the hemagglutinin (HA) head, preventing viral attach-
ment to host cells. A hemagglutination inhibition (HI) antibody titer of >40 is generally
considered protective [85].

The limitations of inactivated influenza vaccines primarily stem from their reliance on
HA head-specific immunity and their mode of administration. Due to the high mutation
rate of the HA head, frequent strain updates are required, and vaccine effectiveness can be
significantly reduced when mismatches occur, as seen in the 2014-2015 H3N2 season, where
protection dropped to 7% [86]. Additionally, these vaccines provide limited cross-protection
since they induce primarily HA head-specific antibodies while eliciting weak immune
responses against conserved antigens such as the HA stalk, NA, and NP. Inactivated
influenza vaccines primarily elicit humoral immune responses dominated by strain-specific
antibodies; however, they induce limited cellular immunity, including the weak activation
of CD8" T cells and poor engagement of innate immune pathways, which together restrict
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their long-term protective efficacy [87]. Overall, despite being a mainstay of influenza
prevention, inactivated vaccines are limited by their narrow strain-specific protection and
weak cellular immune activation, highlighting the need for next-generation vaccines with

broader and longer-lasting efficacy.

Table 1. Comparative analysis of influenza vaccine platforms.
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3.2. Characteristics of Subunit Influenza Vaccines

Subunit vaccines are produced by extracting or synthesizing key antigenic components
of pathogens [88]. These antigens can be derived from purified natural viruses, recombinant
expression systems, or chemical synthesis (Table 1). Lacking viral nucleic acids, subunit
vaccines are inherently safer, with well-defined compositions and controlled production

processes, making them suitable for standardized and large-scale manufacturing [89,90].

Due to their inherently low immunogenicity, subunit vaccines usually require adjuvants
to enhance immune responses. Adjuvants function by stimulating and amplifying the
immune system, thereby improving vaccine immunogenicity and promoting stronger
antibody and cellular responses [91,92]. In addition, the incorporation of multivalent
antigen design can broaden the protective scope of the vaccine. For example, the Cui
research team developed a multivalent antigen nanoparticle, termed HMNF, by displaying
conserved epitopes from influenza surface proteins—HA A «-Helix (H), M2e (M), and
NA HCA-2 (N)—on self-assembling human ferritin (F) nanoparticles [93]. This vaccine
effectively induced both antibody and cellular responses and provided broad protection in
a mouse model.

As a specialized form of subunit vaccines, peptide vaccines use short synthetic peptide
epitopes (typically 8-30 amino acids) from pathogen proteins to mimic natural antigen
structures and elicit both humoral and cellular immunity [94,95]. Their design usually
relies on structural biology and bioinformatics to precisely identify conserved epitopes
such as those in the HA stalk region and nucleoprotein (NP). Compared with protein-based
vaccines, peptide vaccines can be produced via recombinant systems or entirely through
chemical synthesis, avoiding potential expression system contaminants and offering greater
batch-to-batch consistency and safety. FLU-v, developed by PepTcell (now SEEK)), is a
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synthetic peptide vaccine composed of four peptides derived from conserved internal
antigens of influenza viruses [96,97], namely, M1 (32 amino acids), M2 (24 amino acids),
the NP of influenza A (20 amino acids), and the NP of influenza B (19 amino acids). These
peptides are engineered to be recognized by human leukocyte antigen (HLA) molecules,
immune proteins that present antigens and activate T cells, thus inducing virus-specific
T cell responses [97-99]. In both preclinical and clinical studies, FLU-v has been shown
to induce interferon-y (IFN-y) and granzyme B-secreting cells and to confer protection in
challenge models. In a randomized, double-blind, placebo-controlled phase IIb clinical
trial, FLU-v demonstrated favorable safety and immunogenicity and provided protection
against strains such as H3N2.

In summary, subunit vaccines, particularly peptide-based ones, are emerging as a
promising avenue toward broad-spectrum influenza protection by leveraging the precise
design of conserved antigenic sites in combination with adjuvant enhancement strategies.

3.3. Characteristics of Viral Vector Influenza Vaccines

Viral vector vaccines are a type of vaccine that uses viruses as “delivery vehicles” to
introduce specific pathogen genes—typically those encoding antigenic proteins—into host
cells to elicit an immune response (Table 1). Viral vector vaccines employ adenoviruses
(Ad5s), Newcastle disease virus (NDV), herpesviruses (HVTs), or other vectors to deliver
influenza antigen genes (HA, NA) via genetic recombination. For example, adenoviral
vectors delete replication-essential genes (e.g., E1/E3 regions) to insert HA genes, forming
replication-defective recombinant viruses [100].

After entering host cells via natural infection routes (e.g., respiratory tract or intramus-
cular injection), recombinant vectors utilize host transcription/translation machinery to
express influenza antigens. Adenoviral double-stranded DNA enters the nucleus, where
host RNA polymerase II transcribes HA mRNA for cytoplasmic ribosome translation, ulti-
mately presenting HA proteins on cell surfaces or secreting them extracellularly [101,102].
Vectors like Pichinde virus (PICV) naturally target dendritic cells (DCs) and macrophages,
enhancing antigen presentation efficiency [103]. Experimental studies have shown that
PICV vectors induce robust CD8" T-cell responses in murine lungs and spleens via MHC-I
antigen presentation [104]. HVT vectors sustain low-level antigen expression, eliciting long-
term tissue-resident memory T cells (TRM). For instance, HVT-H9 vaccines maintain high
IFN-y*/CD8* T-cell levels in chickens 35 days post-vaccination [105]. Limitations involve
pre-existing Ad5 antibodies in populations that may neutralize vectors (requiring high-dose
compensation) [106,107] and risks of HVT reactivation due to latent persistence [108].

3.4. Characteristics of mRNA Influenza Vaccines

mRNA vaccines encapsulate influenza antigen-encoding mRNA (HA, NA) within
lipid nanoparticles (LNPs) for delivery to the host cytoplasm (Table 1). Since the mRNA
sequence is modular, it can be updated with new sequences encoding antigens from
evolving viral strains. This enables the rapid development of variant-specific vaccines. In
addition, mRNA’s simplicity as a small molecule (~2-3 kb) and highly specific immune
responses due to s encode only one or a few target proteins [109].

Current mRNA vaccine platforms include both conventional non-replicating mRNA
and self-amplifying mRNA (saRNA). Conventional non-replicating mRNA contains
antigen-coding sequences, 5 cap, and 3’ poly-A tail, relying on host ribosomes for di-
rect antigen translation [110,111]. Self-amplifying mRNA (saRNA) uses alphavirus or
flavivirus-derived genomes (Figure 4), replacing nonstructural (NS) genes with antigen-
coding sequences. After cytoplasmic replication, subgenomic RNA fragments express
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antigens without producing infectious particles, enabling full protection with 0.1-1.0 ug
doses (vs. 10 ug for conventional vaccines) and reduced reactogenicity [112,113].

Key challenges include balancing interferon (IFN) signaling: Moderate IFN enhances
DC maturation and antigen presentation; however, excessive activation inhibits transla-
tion and causes inflammation. Double-stranded RNA (dsRNA) contaminants in in vitro-
transcribed mRNA trigger TLR3/RIG-I sensing, inducing rapid IFN-a/ 3 secretion and
the degradation of cellular/exogenous RNA [114,115]. Even dsRNA-free single-stranded
mRNA activates TLR7/8 as pathogen-associated molecular patterns (PAMPs), suppressing
antigen translation via IFN [116]. Current strategies employ naturally modified nucleotides
to alter RNA secondary structures or block TLR7/8 binding [117]. To address these chal-
lenges, current strategies include the use of chemically modified nucleotides (e.g., pseu-
douridine) and purification methods that reduce dsRNA contaminants, as well as sequence
design that minimizes immune stimulation [108].

However, mRNA vaccines typically require ultra-cold storage conditions (e.g., =70 °C),
due to the temperature sensitivity of both the mRNA and the LNP carriers. This presents
logistical challenges for global distribution and long-term stockpiling.
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Figure 4. Self-amplified RNA (Sarna) vaccine can be delivered in the form of virus-like RNA
particles, in vitro transcriptional RNA, and plasmid DNA. DCs recognize Sarna in muscle and cells
differentiate. Differentiated DCs act as antigen-presenting cells and migrate to lymph nodes, resulting
in the activation of T cells and B cells and the production of antibodies. Reproduced with permission
from ref. [118], copyright (2021) Lee and Ryu.
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3.5. Key Challenges in Influenza Vaccine Development

A wide range of influenza vaccines is being developed globally. Table 2 summarizes
both licensed vaccines and those currently in clinical trials. However, compared to the
numerous candidates being studied, only a small fraction ever make it to market. This
gap between research and real-world applicability underscores the high attrition rate in
influenza vaccine development. Failures occur for multiple reasons, often unrelated to a
single technical flaw. A major issue is the insufficient immune response in humans. For
example, the MVA-NP+M1 vaccine developed by Vaccitech showed strong immune cell
activation in animal models but failed to reduce clinical symptoms of influenza in a Phase II
trial. Another common reason is safety or reactogenicity concerns: the adjuvanted vaccine
made by Acambis (ACAM-FLU-A) was halted after reports of adverse events during early
human testing. Manufacturing and stability issues have also contributed to setbacks—for
example, certain VLP-based vaccines faced scalability problems and antigen degradation
during storage. Lastly, regulatory or commercial viability can lead to discontinuation;
BiondVax’s universal vaccine candidate (M-001) progressed to Phase III but was terminated
after failing to show efficacy, despite extensive investment and early-phase success.

Table 2. Marketed and clinical development of influenza vaccines by platform type.

Platform Type Vaccine Name Developer Development Status Dosage Form
Inactivated Influenza Vaccines ~ Afluria Quadrivalent Seqirus Complete Injection
Inactivated Influenza Vaccines  Fluarix Quadrivalent GSK Complete Injection
Inactivated Influenza Vaccines  FluLaval Quadrivalent GSK Complete Injection
Inactivated Influenza Vaccines ~ Fluzone Quadrivalent Sanofi Pasteur Complete Injection
Inactivated Influenza Vaccines = Flucelvax Quadrivalent Seqirus Complete Injection

Subunit Vaccine Flublok Quadrivalent Sanofi Pasteur Complete Injection
Subunit Vaccine Influvac Tetra Viatris Complete Injection
Peptide Vaccine KD-295 Valneva Complete Injection
Peptide Vaccine FLU-v SEEK Phase II/11I Injection
Viral Vector Vaccines FluMist Quadrivalent AstraZeneca Complete Intranasal
Viral Vector Vaccines VXA-Al.1l Vaxart Phase I Oral
mRNA vaccines VAL-506440 Moderna Phase I Injection
mRNA vaccines VAL-339851 Moderna Phase I Injection
mRNA vaccines NCT04956575 Moderna Phase II/11I Injection

One of the most persistent challenges is the gap between animal models and human

responses. While mice and ferrets are commonly used in preclinical studies, they differ
significantly from humans in terms of immune receptor distribution and pre-existing
immunity. Vaccines that show promise in these animal models, particularly in animals with
no prior exposure to the virus, often fail to provide the same protective effect in humans
with more complex and diverse immune systems. This issue is particularly pronounced for
newer vaccine platforms, such as viral vectors or mRNA vaccines, which rely on precise
control of antigen expression and immune modulation. To improve translation to humans,
there is an urgent need for more relevant preclinical models, including humanized mice,
organoids, or human lymphoid tissue cultures, as well as early-phase clinical trials that
focus on immune biomarkers, not just antibody titers.

4. Advances in Vaccine Adjuvant Research

Adjuvants are substances that enhance the immune response to vaccines, typically by
promoting the immunogenicity of the antigen or boosting the immune system’s response
to the antigen [119]. Adjuvants do not directly trigger an immune response; rather, they
assist in the effectiveness of the vaccine by modulating various mechanisms of the immune
system, which is particularly important in the development of vaccines against emerging
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or variant pathogens. Traditional adjuvants, such as aluminum salts (e.g., aluminum hy-
droxide) and oil-in-water emulsions (e.g., MF59), have been used in vaccines for many
years and have been shown to significantly enhance immune responses. However, as
vaccine development progresses, the limitations of traditional adjuvants are becoming
more apparent. The effectiveness of traditional adjuvants may be constrained by the
specific antigen type or the characteristics of the pathogen, creating a need to develop
novel adjuvants to overcome these challenges. New adjuvants can not only improve
the immunogenicity of vaccines but also optimize immune responses through multi-
ple pathways, thereby enhancing the broad-spectrum and long-term protective effects
of vaccines.

4.1. Conventional Adjuvants

Aluminum-based adjuvants (e.g., aluminum hydroxide, aluminum oxyhydroxide)
function as immunostimulants through their unique antigen adsorption capacity [120].
Aluminum salts form localized depots by binding antigens, enabling sustained release at
injection sites for days to weeks (Figure 5). This mechanism was first validated in diphtheria
toxin experiments: the removal of aluminum-containing injection sites abolished immunity
in animals, while transplanting these sites transferred specific immunity to recipients [121].
This physical retention prolongs antigen exposure, creating a window for immune recog-
nition and processing. Aluminum adjuvants also activate the NLRP3 inflammasome to
trigger innate immunity [122], recruiting neutrophils, inflammatory monocytes, and other
immune cells to injection sites [123]. They induce cellular damage to release endogenous
danger signals (e.g., DNA) [124], stimulating pro-inflammatory cytokines (IL-5, IL-6) and
fostering a Th2-biased immune microenvironment [125]. This depot-inflammation synergy
ultimately generates high-affinity IgG antibody responses [126]. However, their Th2 bias
limits utility in vaccines requiring robust cellular immunity, and formulation differences
(e.g., Alhydrogel® Vs. Imject® alum) yield variable immunogenicity [127,128].
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Figure 5. The enhancement mechanism of y-Al,O3 nanowires (NWS) aluminum adjuvant+antigen:
(a) y-Al,O3 nanoparticles adsorb antigen and release antigen after injection, resulting in the activa-
tion of local macrophages and neutrophils. Macrophages process antigen and stimulate antibody
production through plasma cells; (b) In the early stage of neutrophils contacting with y-Al,O3 NWs,
cytokines were released to enhance antibody production; (c) y-Al,O3 NWs were isolated by neu-
trophil extracellular traps, which limited the inflammation caused by the presence of exogenous
v-Al,O3 NW particles; y-Al;O3 NWs locally exist in the trap and will not damage the microvessels
or cause local inflammation. Reproduced with permission from ref. [120], copyright (2018) Elsevier
Ltd. All rights reserved.
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MF59, an oil-in-water emulsion adjuvant, comprises 4.3% squalene, surfactants Tween
80 and Span 85 in citrate buffer, forming stable ~160 nm oil droplets. Licensed in over
30 countries for influenza vaccines (e.g., Fluad®), it is particularly effective in children,
pregnant women, and the elderly [129,130]. Upon intramuscular injection, MF59 acti-
vates immunity via the following three mechanisms: Inducing a local chemokine storm
(CCL2, IL-8) to recruit neutrophils and monocytes, which capture antigens and migrate
to lymph nodes [131,132]; Promoting monocyte differentiation into dendritic cells (DCs)
within lymph nodes [133,134]; Driving IgG class-switching and CD8* T cell responses
via double-negative T cells (CD4~CD8™) and apoptotic cell-derived uric acid signals,
even in CD4* T cell-deficient mice [135,136]. Clinical data show that MF59-adjuvanted
HIN1 vaccines elevate hemagglutination inhibition (HI) antibodies two-to-five-fold, confer
cross-protection against variants, and exhibit maternal-fetal safety profiles comparable to
non-adjuvanted vaccines [137,138]. Compared to alum, MF59 recruits significantly more
neutrophils, monocytes, eosinophils, macrophages, and DCs. Its “low antigen, high re-
sponse” property enables protective thresholds with 3.75 pg antigen in elderly subjects,
making it critical for pandemic preparedness [139,140].

AS03, another oil-in-water emulsion, contains 4.3% squalene, 11.86 mg/dose «-
tocopherol, and surfactants Tween 80/Span 85 in phosphate buffer, forming ~160 nm
droplets (Figure 6) [141]. Approved in >30 countries for seasonal/pandemic influenza
vaccines (e.g., Pandemrix®, Arepanrix®) [142-144], it shares MF59’s chemokine-driven re-
cruitment mechanisms but differs via «-tocopherol’s MyD88-dependent, TLR-independent
signaling. This enhances antigen-specific antibodies (IgG1, IgG2a) and CD8* T cell re-
sponses [145]. AS03 induces apoptosis in DCs and macrophages, releasing endogenous
danger signals (e.g., uric acid) to amplify immunity [146]. In H5SN1/H1IN1 vaccines, AS03
reduces antigen doses to 3.75 pg HA /dose (vs. 15-30 ug in conventional vaccines) while
maintaining high HI titers [147]. In CD4" T cell-deficient models, it drives IgG isotype
switching and CD8* T cell activation via double-negative T cells and MHC II upregula-
tion [145]. However, the 2009 Pandemrix® formulation was linked to increased narcolepsy
risk in children, potentially due to HIN1 HA-derived CD4" T cell-mimicking epitopes [148].
Reformulated versions mitigate this risk, and current research explores combining AS03
with TLR agonists to balance Th1/Th2 responses [149].
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Figure 6. Possible mechanism of action of oil in water emulsion (MF59, AS03). Reproduced with
permission from ref. [141], copyright (2024) Elsevier Ltd. All rights reserved.
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4.2. Novel Adjuvants Based on Pattern Recognition Receptor Agonists

Pattern recognition receptors (PRRs) constitute essential proteins that enable the
immune recognition of pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs) [150-152]. Recent advancements highlight the
emerging potential of PRR-targeting strategies in adjuvant development, with growing
attention to their application in enhancing vaccine efficacy [153]. PRR activation poten-
tiates immune responses by improving immunogenicity and critically bridging innate
and adaptive immunity. Major PRR families include Toll-like receptors (TLRs), RIG-I-like
receptors (RLRs), and NOD-like receptors (NLRs), as well as the cGAS-STING pathway,
which senses cytosolic DNA and triggers potent type I interferon responses [154]. Figure 7
show some key PRR agonists currently being researched or used in influenza vaccines.

PRR Types RIG-I TLR4 TLRS TLR3 TLR9 Sting

Adjuvant Names IVT-RNA Glucopyranosyl Vax128 Poly(I:C) CpG cGAMP
Lipid A (GLA)
Adigvant  Smulating Viral w.f.).,::,:iil::ﬂfy. Fiageiin-based  Mimicking virai  OP Mot Sse.Z‘.’.Z‘.’.ﬁ;y
_ Genome RNA to g o containing
Types/Mechanis Activate RIG- Lipid A TLR5 Agonnst d_sRNA to Oligonucleotides M_olef:ules
ms \/MDAS Analogues as Vaccines Activate TLR3 to Activate TLR9 Activating the
TLR4 Agonists STING Pathway
CureVids Synthetic Use in

Representative  mRNA-based Adjuvant GLA-SE ‘Adjuvant Activity Conjunction with  Enhancing Anti-
Vacdi : for Seasonal  in H5N1 Influenza - HA for H5N1 Influenza

accines/Uses Influenza Vaccine 5 : A

Influenza Vaccines Vaccine Immunity
cvsalv ~
Vaccines Research
CificalSiaoe Yes Yes Yes Yes Yes No
Entry
<
x 2
COCTOOCOCLOOCLLOOCLOO] = DOCO ,—_' ““““““““““““““

Cell membrane |

TLR9

RIG-I

I

Endoplasmic reticulum

Expression of pro-inflammatory
cytokines and type | IFNs

Figure 7. Representative PRR-targeting adjuvants in influenza vaccine development.

Glucopyranosyl Lipid A-Stable Emulsion (GLA-SE) is a synthetic TLR4 agonist that
has been tested in seasonal influenza vaccines [155]. By activating TLR4, GLA-SE induces a
potent immune response that promotes both innate and adaptive immunity. This activa-
tion results in a strong Th1-biased immune response, which is particularly beneficial for
enhancing the immune system’s ability to recognize and fight the influenza virus [156].
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GLA-SE has shown promise in enhancing immune protection and is being investigated for
its potential to improve the overall efficacy of influenza vaccines.

Vax128 is a TLR5 agonist based on bacterial flagellin, which is the major component
of bacterial flagella [157]. Flagellin activates TLR5, triggering a strong innate immune
response. When fused with influenza hemagglutinin (HA), Vax128 enhances the immuno-
genicity of the vaccine. This combination boosts the body’s ability to recognize and respond
to the H5N1 influenza virus. Vax128 has been used as an adjuvant in H5N1 vaccines,
demonstrating its ability to increase the effectiveness of influenza vaccines.

CpG 1018 is a TLR9 agonist that has been licensed for use in the hepatitis B vaccine
Heplisav-B [158,159]. This synthetic oligonucleotide contains CpG muotifs that activate
TLRY, stimulating B cells and promoting the production of antibodies. In the context of
influenza vaccines, CpG 1018 has been explored in combination with HA antigens. It has
shown promise in rapidly inducing protective antibodies, enhancing the immune response,
and providing quicker protection against influenza viruses. Its potential use in influenza
vaccines offers a powerful tool for improving vaccine efficacy.

Poly(I:C) is a synthetic TLR3 ligand that mimics viral double-stranded RNA (dsRNA),
an intermediate produced by viruses during replication [160,161]. By activating TLR3,
Poly(I:C) triggers antiviral responses, preparing the immune system to recognize and fight
viral infections. Poly(I:C) has been used as an adjuvant in influenza vaccines, enhancing
immune activation and improving the body’s defense against influenza viruses. Its ap-
plication highlights the potential of using TLR3 agonists to boost immune responses in
vaccine development.

IVT-RNA is a RIG-I agonist used in mRNA-based influenza vaccines. RIG-I detects
RNA viruses, including influenza, by recognizing viral RNA patterns [162]. IVT-RNA
mimics the viral genome, activating RIG-I to stimulate an immune response. By including
IVT-RNA in mRNA vaccines, researchers aim to enhance the immune system’s recognition
of the virus and improve the effectiveness of the vaccine [163]. This strategy is being
explored in the development of next-generation influenza vaccines that leverage the power
of RNA-based platforms.

The STING pathway is increasingly recognized as a promising target to enhance
vaccine efficacy [164]. Although influenza is an RNA virus and lacks DNA, it can indi-
rectly activate the cGAS-STING pathway through cellular stress during infection, such
as mitochondrial damage or nuclear DNA leakage [165]. This activation triggers type
I interferon responses, which play a crucial role in boosting both innate and adaptive
immune responses [166]. The activation of STING not only enhances the breadth and
specificity of immune responses but also facilitates antigen presentation and immune cell
activation. Upon recognizing cytosolic double-stranded DNA, cGAS (cyclic GMP-AMP
synthase) produces cGAMP, a second messenger that activates STING [167]. Recently,
cGAMP-loaded pulmonary surfactant-mimetic nanoparticles have been developed as in-
halable STING agonists. These nanoparticles effectively deliver cGAMP to the pulmonary
immune system, activating the STING pathway to enhance both mucosal and systemic
immunity against influenza [168]. Studies in animal models have demonstrated that this
approach can significantly improve immune responses against influenza, highlighting the
potential of STING agonists as nanocarrier-based adjuvants. Although STING agonists
have been clinically tested in cancer vaccines, their application in influenza vaccines is still
in the early stages of research.

Manganese, an essential micronutrient, plays critical roles in physiological and im-
mune processes. In anti-influenza vaccines, manganese-based nano-adjuvants enhance
cGAS sensitivity to DNA [169]. Mn?* significantly strengthens cGAS-DNA binding, en-
abling efficient detection of even low concentrations of mtDNA or nuclear DNA frag-
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ments [170,171]. Studies also indicate that Mn?* acts as a co-activator of STING, promoting
its conformational changes and TBK1-IRF3 signaling independent of DNA [172]. This
makes manganese-based nanoparticles a promising tool in immune modulation and adju-
vant development for influenza vaccines. In addition to enhancing cGAS-STING pathway
activation, manganese-based nanoparticles also enhance antigen presentation and immune
cell activation. Mn3O, nanoparticles, for instance, promote dendritic cell (DC) antigen
uptake, upregulate MHC-II and co-stimulatory molecules (CD80/CD86), and amplify
T cell activation [173]. Manganese adjuvants also induce B cell surface markers (CD69,
CD86) and the transcription factor Blimp-1, driving antibody secretion [174]. Beyond virol-
ogy, manganese reverses tumor multidrug resistance (MDR) in cancer microenvironments
by inducing reactive oxygen species (ROS) and inhibiting ABC transporters, enhancing
chemotherapy efficacy [175]. Similar mechanisms may regulate antiviral immune evasion.
Manganese nano-adjuvants (e.g., Mn]J) stimulate mucosal immunity in the respiratory or
intestinal tract, inducing secretory IgA (sIgA) to form localized barriers against influenza
and other mucosal pathogens [176].

5. Towards Universal Influenza Vaccines: Challenges, Innovations, and
the Path Forward

5.1. The Urgency and Challenges in the Development of Broad-Spectrum Influenza Vaccines

The high mutability of influenza viruses is the primary factor limiting the long-term
efficacy and broad protection of vaccines. Each year, antigenic drift and shift drive the con-
tinuous evolution of circulating strains, necessitating frequent updates of seasonal vaccines.
Current influenza vaccines mainly target the hemagglutinin (HA) and neuraminidase (NA)
antigens and rely heavily on predictions of prevalent strains. However, these vaccines
typically confer limited strain-specific protection and often fail to cover rapidly emerging
viral lineages. In cases of mismatched predictions or substantial viral mutations, their
protective efficacy can be significantly reduced. Moreover, influenza viruses employ vari-
ous immune evasion mechanisms, such as glycosylation modification, interference with
antigen presentation, and the induction of immunosuppression, further undermining the
breadth of protection. For example, the glycosylation of HA epitopes can hinder antibody
recognition and reduce the efficiency of humoral immune responses. Therefore, in addition
to inducing neutralizing antibodies, effective vaccines must also elicit robust memory T
cell responses to clear infected cells and compensate for immune escape, thereby achieving
broader and more durable protection.

5.2. Key Strategies for Universal Vaccine Design

To counter the challenges of antigenic variation and immune evasion, vaccine strate-
gies targeting conserved epitopes have emerged as a promising approach for achieving
broad-spectrum protection. Conserved regions such as the HA stem, M2e, and NP have
demonstrated strong cross-reactivity potential; however, their practical application remains
challenging. These conserved epitopes are often structurally shielded and inherently poorly
immunogenic, making it difficult to induce potent immune responses. Furthermore, their
conformational stability and presentation efficiency across different delivery platforms
directly influence vaccine performance. Current strategies, including structure-based op-
timization, multivalent design, and epitope reconfiguration, are widely used to enhance
epitope exposure and immune recognition. Nevertheless, balancing structural stability
with immunological accessibility remains a key technical bottleneck. Several vaccine
candidates based on conserved epitopes have entered clinical trials and show promising
potential; yet, their applicability across diverse populations, consistency in immune re-
sponses, and durability of protection remain to be validated. Adjuvants play a crucial role
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in enhancing the immunogenicity of vaccines, particularly in the context of broad-spectrum
influenza vaccine development. Pattern recognition receptor (PRR) agonists, including
those targeting TLR7/8, STING, and RIG-I pathways, are widely used to potentiate innate
immunity, promote Thl-biased responses, and facilitate the formation of memory T cells.
These adjuvants have shown significant potential in augmenting the immunogenicity of
conserved epitopes. Some are also capable of inducing mucosal immunity, providing an
added layer of defense against respiratory infections. However, the clinical translation of
these potent immunostimulatory adjuvants still faces considerable hurdles. These include
strong dose dependency, the risk of excessive inflammatory responses, limited suitability
across different population groups, and variable delivery efficiency depending on the
vaccine platform. Achieving controllable immune activation, particularly ensuring safety
in high-risk populations, remains a critical challenge that must be addressed to facilitate its
broader clinical application.

5.3. Translational Bottlenecks and Practical Challenges

Although various universal influenza vaccine strategies have shown promising results
in animal models, transitioning from laboratory research to clinical application remains
fraught with challenges. Firstly, there is a lack of comprehensive systems for evaluating
cross-protective efficacy. The diversity and rapid evolution of influenza viruses render
traditional immune protection metrics insufficient to accurately assess a vaccine’s broad-
spectrum performance across multiple subtypes. Currently, no unified and systematic
criteria exist to evaluate the breadth of protection provided by different vaccine candidates,
which limits clinical advancement. Secondly, significant differences exist between animal
models and the human immune system. While mouse and ferret models are widely used
for preliminary validation, their immune system structure and response patterns do not
fully mimic those of humans. Some vaccines elicit robust T cell or antibody responses in an-
imal studies but perform poorly in human trials. Thus, improving the predictive power of
preclinical models—such as through humanized models and Al-based tools—has become a
critical step toward enhancing clinical translation. Thirdly, population adaptability remains
unresolved. Individuals of different ages, health conditions, and immune statuses respond
differently to vaccination. In particular, elderly individuals, infants, and immunocompro-
mised patients often exhibit weaker immune responses. A universal influenza vaccine
must be designed with these varied immunological characteristics in mind and should be
tested across diverse demographic groups during clinical trials.

Moreover, the industrialization of broad-spectrum influenza vaccines presents substan-
tial technical hurdles. Each vaccine type faces distinct challenges in large-scale production,
quality control, and supply chain logistics. For subunit protein vaccines, conserved epitopes
often exhibit inherently low immunogenicity and expression efficiency. Their complex
three-dimensional structures are difficult to replicate accurately in expression systems,
complicating antigen purification and leading to variability between production batches,
making consistency and stability in scaled production difficult to control. For viral vector
vaccines, despite their strong immunogenic potential, issues such as the genetic stability
of the vector, maintaining high viral titers, and compatibility with different host systems
increase manufacturing demands. As for mRNA vaccines, the encoding of conserved anti-
gens requires precise nucleic acid sequence optimization to enhance translation efficiency
and accurate protein folding. These vaccines also rely heavily on lipid nanoparticle (LNP)
delivery systems, which pose challenges including batch-to-batch variability, stringent cold-
chain requirements, and high manufacturing costs—major barriers to commercialization.
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5.4. Future Directions and Technological Frontiers

Vaccine development is typically a long and complex process, encompassing antigen
selection, platform design, animal testing, and clinical trials. In the case of influenza vac-
cines, even those showing promising results in animals often fall short in human trials.
One key reason is the discrepancy between animal and human immune responses, leading
to divergent outcomes across species. Additionally, varying levels of vaccine responsive-
ness among different age groups and immune statuses further complicate development. To
accelerate vaccine development and improve success rates, computational epitope predic-
tion and structure-based design are emerging as powerful tools. Computational modeling
enables researchers to identify conserved surface epitopes early and optimize their im-
munogenicity. For instance, simulations can quickly pinpoint and assess multiple potential
conserved epitopes and guide antigen optimization based on the virus’s 3D structure. This
approach not only improves immunogenicity but also helps streamline vaccine platform
selection, shortening design timelines. Moreover, advances in structural biology and artifi-
cial intelligence are driving more precise and efficient vaccine design. Structure-guided
antigen design helps overcome issues like low immunogenicity and epitope masking seen
in traditional approaches. In virus-like particle (VLP) or nanoparticle delivery systems,
structural optimization ensures the effective presentation of multiple conserved epitopes,
boosting cross-protective capacity. Beyond computational strategies, humanized mouse
models and organoid platforms offer new opportunities in vaccine development. These
systems more accurately mimic human immune responses and enable more precise eval-
uations during early development stages. Humanized mice incorporate human immune
cells, making their responses more reflective of human physiology. Similarly, organoids
can replicate microenvironments of human tissues, such as the respiratory tract, providing
valuable insights into localized immune responses. These tools may significantly reduce
the time from laboratory research to clinical application.

The route of vaccine administration also significantly influences immune outcomes.
Traditional influenza vaccines are mostly delivered via intramuscular injection, which
primarily induces systemic IgG responses in peripheral blood. However, this method
weakly stimulates local respiratory immunity, resulting in low antibody concentrations in
the airway and insufficient frontline defense. In contrast, intranasal vaccines can directly
target the respiratory mucosa, inducing strong local IgA responses and activating T cell
immunity. Mucosal immunity not only forms a robust first line of defense against influenza
viruses but also enables rapid immune responses upon re-exposure, thanks to memory T
cells. This delivery method offers unique potential in preventing respiratory infections and
could be particularly beneficial in controlling influenza.

In summary, the development of a universal influenza vaccine is both an urgent
need in response to viral evolution and a major public health challenge. With continuous
advances in technologies such as computational modeling, structural biology, and inno-
vative delivery strategies, we have reason to believe that future broad-spectrum vaccines
will overcome current technical hurdles and offer more effective, long-lasting protection.
Cross-disciplinary collaboration and innovation will be key to achieving breakthroughs
and ensuring comprehensive protection against diverse influenza strains.

Author Contributions: Conceptualization, M.-Q.Z. and J.-W.B.; Writing—original draft preparation,
M.-Q.Z. and J.-W.B.; Data curation, M.-Q.Z. and J.-W.B.; Project administration, Z.-G.W. and S.-L.L.;
Funding acquisition, S.-L.L.; Writing—review and editing, M.-Q.Z., Z.-G.W. and S.-L.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program of
China (No. 2024YFA1210003), the National Natural Science Foundation of China (Nos. 22293032,

81



Targets 2025, 3, 16

22374138, and 21977054), and the Tianjin Natural Science Foundation (Nos. 24JCZD]JC01240 and
23JCYBJC01880).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, Y.; Wang, L.; Si, H.; Yu, Z; Tian, S.; Xiang, R.; Deng, X.; Liang, R.; Jiang, S.; Yu, F. Influenza virus glycoprotein-reactive human
monoclonal antibodies. Microb. Infect. 2020, 22, 263-271. [CrossRef] [PubMed]

2. Nair, H.; Brooks, W.A_; Katz, M.; Roca, A.; Berkley, ].A.; Madhi, S.A.; Simmerman, ].M.; Gordon, A.; Sato, M.; Howie, S.; et al.
Global burden of respiratory infections due to seasonal influenza in young children: A systematic review and meta-analysis.
Lancet 2011, 378, 1917-1930. [CrossRef] [PubMed]

3.  Isolation of Avian Influenza A(H5NT1) Viruses from Humans—Hong Kong, May-December 1997. MMWR Morb. Mortal. Wkly.
Rep. 1997, 46, 1204-1207. Available online: https://www.cdc.gov/mmwr/preview /mmwrhtml/00050459.htm (accessed on
12 May 2025).

4. Gao, R.; Cao, B,; Hu, Y,; Feng, Z.; Wang, D.; Hu, W.; Chen, ].; Jie, Z.; Qiu, H.; Xu, K,; et al. Human infection with a novel
avian-origin influenza A (H7N9) virus. N. Engl. J. Med. 2013, 368, 1888-1897. [CrossRef]

5. Wei, CJ,; Crank, M.C,; Shiver, ].; Graham, B.S.; Mascola, ].R.; Nabel, G.J. Next-generation influenza vaccines: Opportunities and
challenges. Nat. Rev. Drug Discov. 2020, 19, 239-252. [CrossRef] [PubMed]

6. Vemula, S.V.; Sayedahmed, E.E.; Sambhara, S.; Mittal, S.K. Vaccine approaches conferring cross-protection against influenza
viruses. Expert Rev. Vaccines 2017, 16, 1141-1154. [CrossRef]

7. Xiong, F.; Zhang, C.; Shang, B.; Zheng, M.; Wang, Q.; Ding, Y.; Luo, J.; Li, X. An mRNA-based broad-spectrum vaccine candidate
confers cross-protection against heterosubtypic influenza A viruses. Emerg. Microbes Infect. 2023, 12, 2256422. [CrossRef]

8.  Corti, D.; Voss, J.; Gamblin, S.J.; Codoni, G.; Macagno, A.; Jarrossay, D.; Vachieri, S.G.; Pinna, D.; Minola, A.; Vanzetta, F,; et al. A
neutralizing antibody selected from plasma cells that binds to group 1 and group 2 influenza A hemagglutinins. Science 2011, 333,
850-856. [CrossRef]

9. Ullah, S.; Ross, T.M. Next generation live-attenuated influenza vaccine platforms. Expert Rev. Vaccines 2022, 21, 1097-1110.
[CrossRef]

10. Heiny, A.T.,; Miotto, O.; Srinivasan, K.N.; Khan, A.M.; Zhang, G.L.; Brusic, V.; Tan, T.W.; August, ].T. Evolutionarily conserved
protein sequences of influenza a viruses, avian and human, as vaccine targets. PLoS ONE 2007, 2, e1190. [CrossRef]

11.  Tan, P.T,; Khan, A.M.; August, ].T. Highly conserved influenza A sequences as T cell epitopes-based vaccine targets to address the
viral variability. Hum. Vaccin. 2011, 7, 402-409. [CrossRef] [PubMed]

12.  Gottlieb, T.; Ben-Yedidia, T. Epitope-based approaches to a universal influenza vaccine. J. Autoimmun. 2014, 54, 15-20. [CrossRef]
[PubMed]

13. Jazayeri, S.D.; Poh, C.L. Development of Universal Influenza Vaccines Targeting Conserved Viral Proteins. Vaccines 2019, 7, 169.
[CrossRef] [PubMed]

14. Cheng, Z.; Ma, ].; Zhao, C. Advantages of Broad-Spectrum Influenza mRNA Vaccines and Their Impact on Pulmonary Influenza.
Vaccines 2024, 12, 1382. [CrossRef]

15. Bedi, R; Bayless, N.L.; Glanville, J. Challenges and Progress in Designing Broad-Spectrum Vaccines Against Rapidly Mutating
Viruses. Annu. Rev. Biomed. Sci. 2023, 6, 419-441. [CrossRef]

16. Lim, CM.L.; Komarasamy, T.V.; Adnan, N.; Radhakrishnan, A.K.; Balasubramaniam, V. Recent Advances, Approaches and
Challenges in the Development of Universal Influenza Vaccines. Influenza Other Respir. Viruses 2024, 18, €13276. [CrossRef]
[PubMed]

17.  Vogel, O.A.; Manicassamy, B. Broadly Protective Strategies Against Influenza Viruses: Universal Vaccines and Therapeutics.
Front. Microbiol. 2020, 11, 135. [CrossRef]

18.  Viboud, C.; Gostic, K.; Nelson, M.L; Price, G.E.; Perofsky, A.; Sun, K.; Sequeira Trovao, N.; Cowling, B.J.; Epstein, S.L.; Spiro, D.J.
Beyond clinical trials: Evolutionary and epidemiological considerations for development of a universal influenza vaccine. PLoS
Pathog. 2020, 16, €1008583. [CrossRef]

19. Berry, C.M.; Penhale, W.J.; Sangster, M.Y. Passive broad-spectrum influenza immunoprophylaxis. Influenza Res. Treat. 2014,
2014, 267594. [CrossRef]

20. Kerstetter, L.]J.; Buckley, S.; Bliss, C.M.; Coughlan, L. Adenoviral Vectors as Vaccines for Emerging Avian Influenza Viruses. Front.

Immunol. 2020, 11, 607333. [CrossRef]

82



Targets 2025, 3, 16

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

Kozak, M.; Hu, J. The Integrated Consideration of Vaccine Platforms, Adjuvants, and Delivery Routes for Successful Vaccine
Development. Vaccines 2023, 11, 695. [CrossRef] [PubMed]

Algazlan, N.; Astill, J.; Raj, S.; Sharif, S. Strategies for enhancing immunity against avian influenza virus in chickens: A review.
Avian Pathol. 2022, 51, 211-235. [CrossRef] [PubMed]

Zhao, T.; Cai, Y.; Jiang, Y.; He, X.; Wei, Y.; Yu, Y.; Tian, X. Vaccine adjuvants: Mechanisms and platforms. Signal Transduct. Target.
Ther. 2023, 8, 283. [CrossRef]

Nguyen, H.H.; Tumpey, T.M.; Park, H.J.; Byun, Y.H.; Tran, L.D.; Nguyen, V.D.; Kilgore, P.E.; Czerkinsky, C.; Katz, ] M.; Seong,
B.L.; et al. Prophylactic and therapeutic efficacy of avian antibodies against influenza virus H5N1 and HIN1 in mice. PLoS ONE
2010, 5, e10152. [CrossRef]

Tariq, H.; Batool, S.; Asif, S.; Ali, M.; Abbasi, B.H. Virus-Like Particles: Revolutionary Platforms for Developing Vaccines Against
Emerging Infectious Diseases. Front. Microbiol. 2021, 12, 790121. [CrossRef] [PubMed]

Hendy, D.A.; Amouzougan, E.A.; Young, 1.C.; Bachelder, E.M.; Ainslie, K.M. Nano/microparticle Formulations for Universal
Influenza Vaccines. AAPS J. 2022, 24, 24. [CrossRef]

Poria, R.; Kala, D.; Nagraik, R.; Dhir, Y.; Dhir, S.; Singh, B.; Kaushik, N.K.; Noorani, M.S.; Kaushal, A.; Gupta, S. Vaccine
development: Current trends and technologies. Life Sci. 2024, 336, 122331. [CrossRef]

Cappellano, G.; Abreu, H.; Casale, C.; Dianzani, U.; Chiocchetti, A. Nano-Microparticle Platforms in Developing Next-Generation
Vaccines. Vaccines 2021, 9, 660. [CrossRef]

Chakravarty, M.; Vora, A. Nanotechnology-based antiviral therapeutics. Drug Deliv. Transl. Res. 2021, 11, 748-787. [CrossRef]
Lopez, C.E.; Legge, K.L. Influenza A Virus Vaccination: Immunity, Protection, and Recent Advances Toward A Universal Vaccine.
Vaccines 2020, 8, 434. [CrossRef]

Zhu, W,; Dong, C.; Wei, L.; Wang, B.Z. Promising Adjuvants and Platforms for Influenza Vaccine Development. Pharmaceutics
2021, 13, 68. [CrossRef]

Isakova-Sivak, I.; Stepanova, E.; Mezhenskaya, D.; Matyushenko, V.; Prokopenko, P; Sychev, I.; Wong, PF.; Rudenko, L. Influenza
vaccine: Progress in a vaccine that elicits a broad immune response. Expert Rev. Vaccines 2021, 20, 1097-1112. [CrossRef] [PubMed]
Li, Z.; Zhao, Y,; Li, Y,; Chen, X. Adjuvantation of Influenza Vaccines to Induce Cross-Protective Immunity. Vaccines 2021, 9, 75.
[CrossRef] [PubMed]

Ren, H.; Jia, W.; Xie, Y.; Yu, M.; Chen, Y. Adjuvant physiochemistry and advanced nanotechnology for vaccine development.
Chem. Soc. Rev. 2023, 52, 5172-5254. [CrossRef] [PubMed]

Goff, PH.; Hayashi, T.; Martinez-Gil, L.; Corr, M.; Crain, B.; Yao, S.; Cottam, H.B.; Chan, M.; Ramos, I.; Eggink, D.; et al. Synthetic
Toll-like receptor 4 (TLR4) and TLRY7 ligands as influenza virus vaccine adjuvants induce rapid, sustained, and broadly protective
responses. |. Virol. 2015, 89, 3221-3235. [CrossRef]

Cui, Y.;; Ho, M,; Hu, Y,; Shi, Y. Vaccine adjuvants: Current status, research and development, licensing, and future opportunities.
J. Mater. Chem. B 2024, 12, 4118-4137. [CrossRef]

Zeigler, D.F,; Gage, E.; Clegg, C.H. Epitope-targeting platform for broadly protective influenza vaccines. PLoS ONE 2021,
16, €0252170. [CrossRef]

Nagashima, K.A.; Mousa, J.J. Next-Generation Influenza HA Immunogens and Adjuvants in Pursuit of a Broadly Protective
Vaccine. Viruses 2021, 13, 546. [CrossRef]

Sia, Z.R.; Miller, M.S.; Lovell, ].E. Engineered Nanoparticle Applications for Recombinant Influenza Vaccines. Mol. Pharm. 2021,
18, 576-592. [CrossRef]

Boulo, S.; Akarsu, H.; Ruigrok, R W.H.; Baudin, F. Nuclear traffic of influenza virus proteins and ribonucleoprotein complexes.
Virus Res. 2007, 124, 12-21. [CrossRef]

Skehel, J.J.; Wiley, D.C. Receptor binding and membrane fusion in virus entry: The influenza hemagglutinin. Annu. Rev. Biochem
2000, 69, 531-569. [CrossRef] [PubMed]

Garcia, N.K.; Kephart, S.M.; Benhaim, M.A.; Matsui, T.; Mileant, A.; Guttman, M.; Lee, K.K. Structural dynamics reveal
subtype-specific activation and inhibition of influenza virus hemagglutinin. J. Biol. Phys. Chem. 2023, 299, 104765. [CrossRef]
[PubMed]

Webster, R.G.; Bean, W.J.; Gorman, O.T.; Chambers, T.M.; Kawaoka, Y. Evolution and ecology of influenza A viruses. Microbiol.
Rev. 1992, 56, 152-179. [CrossRef]

Rossman, ].S.; Lamb, R.A. Influenza virus assembly and budding. Virology 2011, 411, 229-236. [CrossRef]

Varghese, ].N.; Laver, W.G.; Colman, PM. Structure of the influenza virus glycoprotein antigen neuraminidase at 2.9 A resolution.
Nature 1983, 303, 35-40. [CrossRef] [PubMed]

Noton, S.L.; Medcalf, E.; Fisher, D.; Mullin, A.E.; Elton, D.; Digard, P. Identification of the domains of the influenza A virus M1
matrix protein required for NP binding, oligomerization and incorporation into virions. J. Gen. Mol. Virol. 2007, 88, 2280-2290.
[CrossRef]

83



Targets 2025, 3, 16

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Watanabe, K.; Fuse, T.; Asano, I.; Tsukahara, F.; Maru, Y.; Nagata, K.; Kitazato, K.; Kobayashi, N. Identification of Hsc70 as an
influenza virus matrix protein (M1) binding factor involved in the virus life cycle. FEBS Lett. 2006, 580, 5785-5790. [CrossRef]
Pinto, L.H.; Lamb, R.A. The M2 proton channels of influenza A and B viruses. J. Biol. Phys. Chem. 2006, 281, 8997-9000. [CrossRef]
Hao, W.; Wang, L.; Li, S. Roles of the Non-Structural Proteins of Influenza A Virus. Pathogens 2020, 9, 812. [CrossRef]

Malik, G.; Zhou, Y. Innate Immune Sensing of Influenza A Virus. Viruses 2020, 12, 755. [CrossRef]

Hale, B.G.; Randall, R.E.; Ortin, J.; Jackson, D. The multifunctional NS1 protein of influenza A viruses. J. Gen. Virol. 2008, 89,
2359-2376. [CrossRef]

Wu, N.C.; Wilson, I.A. Influenza Hemagglutinin Structures and Antibody Recognition. Cold Spring Harb. Perspect. Med. 2020,
10, a038778. [CrossRef] [PubMed]

Wilson, I.A.; Skehel, ].J.; Wiley, D.C. Structure of the haemagglutinin membrane glycoprotein of influenza virus at 3 A resolution.
Nature 1981, 289, 366-373. [CrossRef]

Chen, J.; Skehel, ].J.; Wiley, D.C. N- and C-terminal residues combine in the fusion-pH influenza hemagglutinin HA(2) subunit to
form an N cap that terminates the triple-stranded coiled coil. Proc. Natl. Acad. Sci. USA 1999, 96, 8967-8972. [CrossRef] [PubMed]
Guthmiller, J.J.; Han, J.; Utset, H. A ; Li, L.; Lan, L.Y.; Henry, C.; Stamper, C.T.; McMahon, M.; O’Dell, G.; Ferndndez-Quintero,
M.L,; et al. Broadly neutralizing antibodies target a haemagglutinin anchor epitope. Nature 2022, 602, 314-320. [CrossRef]
[PubMed]

Khanna, M.; Sharma, S.; Kumar, B.; Rajput, R. Protective immunity based on the conserved hemagglutinin stalk domain and its
prospects for universal influenza vaccine development. Biomed. Res. 2014, 2014, 546274. [CrossRef]

Steel, J.; Lowen, A.C.; Wang, T.T.; Yondola, M.; Gao, Q.; Haye, K.; Garcia-Sastre, A.; Palese, P. Influenza virus vaccine based on the
conserved hemagglutinin stalk domain. mBio 2010, 1, 10-1128. [CrossRef]

Xu, R.; McBride, R.; Nycholat, C.M.; Paulson, ].C.; Wilson, I.A. Structural characterization of the hemagglutinin receptor specificity
from the 2009 HINT1 influenza pandemic. J. Virol. 2012, 86, 982-990. [CrossRef]

Ekiert, D.C.; Bhabha, G.; Elsliger, M.A.; Friesen, R.H.; Jongeneelen, M.; Throsby, M.; Goudsmit, J.; Wilson, I.A. Antibody
recognition of a highly conserved influenza virus epitope. Science 2009, 324, 246-251. [CrossRef]

Mair, C.M.; Meyer, T.; Schneider, K.; Huang, Q.; Veit, M.; Herrmann, A. A histidine residue of the influenza virus hemagglutinin
controls the pH dependence of the conformational change mediating membrane fusion. J. Virol. 2014, 88, 13189-13200. [CrossRef]
Byrd-Leotis, L.; Galloway, S.E.; Agbogu, E.; Steinhauer, D.A. Influenza hemagglutinin (HA) stem region mutations that stabilize
or destabilize the structure of multiple HA subtypes. J. Virol. 2015, 89, 4504—4516. [CrossRef]

Sun, X.; Ma, H.; Wang, X.; Bao, Z.; Tang, S.; Yi, C.; Sun, B. Broadly neutralizing antibodies to combat influenza virus infection.
Antivir. Res. 2024, 221, 105785. [CrossRef] [PubMed]

Sui, J.; Hwang, W.C; Perez, S.; Wei, G.; Aird, D.; Chen, L.M.; Santelli, E.; Stec, B.; Cadwell, G.; Ali, M.; et al. Structural and
functional bases for broad-spectrum neutralization of avian and human influenza A viruses. Nat. Struct. Mol. Biol. 2009, 16,
265-273. [CrossRef] [PubMed]

Mallajosyula, V.V.A,; Citron, M; Ferrara, F,; Lu, X; Callahan, C.; Heidecker, G.J.; Sarma, S.P,; Flynn, ]J.A.; Temperton, N.J.; Liang,
X.; et al. Influenza hemagglutinin stem-fragment immunogen elicits broadly neutralizing antibodies and confers heterologous
protection. Proc. Natl. Acad. Sci. USA 2014, 111, E2514-E2523. [CrossRef]

Yassine, H.M.; Boyington, ].C.; McTamney, PM.; Wei, C.-].; Kanekiyo, M.; Kong, W.-P.; Gallagher, ].R.; Wang, L.; Zhang, Y.; Joyce,
M.G.; et al. Hemagglutinin-stem nanoparticles generate heterosubtypic influenza protection. Nat. Med. 2015, 21, 1065-1070.
[CrossRef] [PubMed]

McAuley, J.L.; Gilbertson, B.P; Trifkovic, S.; Brown, L.E.; McKimm-Breschkin, ].L. Influenza Virus Neuraminidase Structure and
Functions. Front. Microbiol. 2019, 10, 39. [CrossRef]

Jagadesh, A.; Salam, A.A.; Mudgal, PP; Arunkumar, G. Influenza virus neuraminidase (NA): A target for antivirals and vaccines.
Arch. Virol 2016, 161, 2087-2094. [CrossRef]

Javanian, M.; Barary, M.; Ghebrehewet, S.; Koppolu, V.; Vasigala, V.; Ebrahimpour, S. A brief review of influenza virus infection.
J. Med. Virol. 2021, 93, 4638—4646. [CrossRef]

Creytens, S.; Pascha, M.N.; Ballegeer, M.; Saelens, X.; de Haan, C.A.M. Influenza Neuraminidase Characteristics and Potential as
a Vaccine Target. Front. Immunol. 2021, 12, 786617. [CrossRef]

Cady, S.D.; Luo, W.; Hu, F; Hong, M. Structure and function of the influenza A M2 proton channel. Biochemistry 2009, 48,
7356-7364. [CrossRef]

Zharikova, D.; Mozdzanowska, K.; Feng, J.; Zhang, M.; Gerhard, W. Influenza type A virus escape mutants emerge in vivo in the
presence of antibodies to the ectodomain of matrix protein 2. J. Virol. 2005, 79, 6644—-6654. [CrossRef] [PubMed]

Wang, Y.; Zhou, L.; Shi, H.; Xu, H.; Yao, H.; Xi, X.G.; Toyoda, T.; Wang, X.; Wang, T. Monoclonal antibody recognizing SLLTEVET
epitope of M2 protein potently inhibited the replication of influenza A viruses in MDCK cells. Biochem. Biophys. Res. Commun.
2009, 385, 118-122. [CrossRef]

84



Targets 2025, 3, 16

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.
97.

Neirynck, S.; Deroo, T.; Saelens, X.; Vanlandschoot, P.; Jou, W.M.; Fiers, W. A universal influenza A vaccine based on the
extracellular domain of the M2 protein. Nat. Med. 1999, 5, 1157-1163. [CrossRef] [PubMed]

Petrovsky, N.; Brusic, V. Computational immunology: The coming of age. Immunol. Cell Biol. 2002, 80, 248-254. [CrossRef]

De Groot, A.S.; Sbai, H.; Aubin, C.S.; McMurry, J.; Martin, W. Immuno-informatics: Mining genomes for vaccine components.
Immunol. Cell Biol. 2002, 80, 255-269. [CrossRef] [PubMed]

Moise, L.; Gutierrez, A.; Kibria, F.; Martin, R.; Tassone, R.; Liu, R; Terry, E; Martin, B.; De Groot, A.S. iVAX: An integrated toolkit
for the selection and optimization of antigens and the design of epitope-driven vaccines. Hum. Vaccines Immunother. 2015, 11,
2312-2321. [CrossRef] [PubMed]

De Groot, A.S.; Moise, L.; Terry, F.; Gutierrez, A.H.; Hindocha, P; Richard, G.; Hoft, D.F,; Ross, TM.; Noe, A.R.; Takahashi, Y.;
et al. Better Epitope Discovery, Precision Immune Engineering, and Accelerated Vaccine Design Using Immunoinformatics Tools.
Front. Immunol. 2020, 11, 442. [CrossRef]

Bounds, C.E.; Terry, EE.; Moise, L.; Hannaman, D.; Martin, W.D.; De Groot, A.S.; Suschak, J.J.; Dupuy, L.C.; Schmaljohn, C.S. An
immunoinformatics-derived DNA vaccine encoding human class II T cell epitopes of Ebola virus, Sudan virus, and Venezuelan
equine encephalitis virus is immunogenic in HLA transgenic mice. Hum. Vaccines Immunother. 2017, 13, 2824-2836. [CrossRef]
Eickhoff, C.S.; Terry, EE.; Peng, L.; Meza, K.A,; Sakala, I.G.; Van Aartsen, D.; Moise, L.; Martin, W.D.; Schriewer, J.; Buller, R.M.;
et al. Highly conserved influenza T cell epitopes induce broadly protective immunity. Vaccine 2019, 37, 5371-5381. [CrossRef]
Watson, J.L.; Juergens, D.; Bennett, N.R; Trippe, B.L.; Yim, ].; Eisenach, H.E.; Ahern, W.; Borst, A.J.; Ragotte, R.J.; Milles, L.F,; et al.
De novo design of protein structure and function with RFdiffusion. Nature 2023, 620, 1089-1100. [CrossRef]

Liu, Y; Pan, J.; Jenni, S.; Raymond, D.D.; Caradonna, T.; Do, K.T.; Schmidt, A.G.; Harrison, S.C.; Grigorieff, N. CryoEM Structure
of an Influenza Virus Receptor-Binding Site Antibody-Antigen Interface. J. Mol. Biol. 2017, 429, 1829-1839. [CrossRef]

Taylor, R.M.; Dreguss, M. An Experiment in Immunization Against Influenza with a Formaldehyde-Inactivated Virus. Am. |.
Epidemiol. 1940, 31, 31-35. [CrossRef]

Bachmann, M.E,; Bast, C.; Hengartner, H.; Zinkernagel, R.M. Immunogenicity of a viral model vaccine after different inactivation
procedures. Microbiol. Immunol. 1994, 183, 95-104. [CrossRef] [PubMed]

Bonnafous, P.; Nicolai, M.C.; Taveau, ].C.; Chevalier, M.; Barriere, F.; Medina, J.; Le Bihan, O.; Adam, O.; Ronzon, F.; Lambert, O.
Treatment of influenza virus with beta-propiolactone alters viral membrane fusion. Biochim. Biophys. Acta 2014, 1838, 355-363.
[CrossRef] [PubMed]

Clements, M.L.; Betts, R.F;; Tierney, E.L.; Murphy, B.R. Serum and nasal wash antibodies associated with resistance to experimental
challenge with influenza A wild-type virus. J. Clin. Microbiol. 1986, 24, 157-160. [CrossRef] [PubMed]

Belongia, E.A.; Simpson, M.D.; King, ].P.; Sundaram, M.E.; Kelley, N.S.; Osterholm, M.T.; McLean, H.Q. Variable influenza vaccine
effectiveness by subtype: A systematic review and meta-analysis of test-negative design studies. Lancet Infect. Dis. 2016, 16,
942-951. [CrossRef]

Kuriakose, T.; Man, S.M.; Malireddi, R.K.; Karki, R.; Kesavardhana, S.; Place, D.E.; Neale, G.; Vogel, P.; Kanneganti, T.D.
ZBP1/DAl is an innate sensor of influenza virus triggering the NLRP3 inflammasome and programmed cell death pathways. Sci.
Immunol. 2016, 1, aag2045. [CrossRef]

Zhang, N.; Zheng, B.J].; Lu, L.; Zhou, Y,; Jiang, S.; Du, L. Advancements in the development of subunit influenza vaccines. Microbes
Infect. 2015, 17, 123-134. [CrossRef]

Zhang, Y.; Gao, J.; Xu, W.; Huo, X.; Wang, J.; Xu, Y;; Ding, W.; Guo, Z.; Liu, R. Advances in protein subunit vaccines against
HIN1/09 influenza. Front. Immunol. 2024, 15, 1499754. [CrossRef]

Zhu, X,; Luo, Z.; Leonard, R.A.; Hamele, C.E.; Spreng, R.L.; Heaton, N.S. Administration of antigenically distinct influenza viral
particle combinations as an influenza vaccine strategy. PLoS Pathog. 2025, 21, e1012878. [CrossRef]

Puig Barbera, J.; Gonzalez Vidal, D. MF59-adjuvanted subunit influenza vaccine: An improved interpandemic influenza vaccine
for vulnerable populations. Expert Rev. Vaccines 2007, 6, 659-665. [CrossRef] [PubMed]

Lee, S.M.; Lee, ].; Kim, D.L; Avila, ].P; Nakaya, H.; Kwak, K.; Kim, E.H. Emulsion adjuvant-induced uric acid release modulates
optimal immunogenicity by targeting dendritic cells and B cells. npj Vaccines 2025, 10, 72. [CrossRef]

Pan, J.; Wang, Q.; Qi, M.; Chen, J.; Wu, X,; Zhang, X.; Li, W.; Zhang, X.E.; Cui, Z. An Intranasal Multivalent Epitope-Based
Nanoparticle Vaccine Confers Broad Protection against Divergent Influenza Viruses. ACS Nano 2023, 17, 13474-13487. [CrossRef]
[PubMed]

Sabatino, D. Medicinal Chemistry and Methodological Advances in the Development of Peptide-Based Vaccines. |. Med. Chem.
2020, 63, 14184-14196. [CrossRef]

Hamley, I.W. Peptides for Vaccine Development. ACS Appl. Bio Mater. 2022, 5, 905-944. [CrossRef]

Abbasi, J. FLU-v, a Universal Flu Vaccine Candidate, Advances in Trial. JAMA 2020, 323, 1336. [CrossRef] [PubMed]
Pleguezuelos, O.; James, E.; Fernandez, A.; Lopes, V.; Rosas, L.A.; Cervantes-Medina, A.; Cleath, J.; Edwards, K.; Neitzey, D.; Gu,
W.; et al. Efficacy of FLU-v, a broad-spectrum influenza vaccine, in a randomized phase IIb human influenza challenge study. npj
Vaccines 2020, 5, 22. [CrossRef]

85



Targets 2025, 3, 16

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Pleguezuelos, O.; Dille, J.; de Groen, S.; Oftung, F.; Niesters, H.G.M.; Islam, M.A.; Naess, L.M.; Hungnes, O.; Aldarij, N.; Idema,
D.L,; et al. Immunogenicity, Safety, and Efficacy of a Standalone Universal Influenza Vaccine, FLU-v, in Healthy Adults: A
Randomized Clinical Trial. Ann. Intern. Med. 2020, 172, 453-462. [CrossRef]

Pleguezuelos, O.; Robinson, S.; Stoloff, G.A.; Caparros-Wanderley, W. Synthetic Influenza vaccine (FLU-v) stimulates cell
mediated immunity in a double-blind, randomised, placebo-controlled Phase I trial. Vaccine 2012, 30, 4655-4660. [CrossRef]
Yoon, S.W.; Webby, R.J.; Webster, R.G. Evolution and ecology of influenza A viruses. Curr. Top. Microbiol. Immunol. 2014, 385,
359-375.

Neumann, G.; Noda, T.; Kawaoka, Y. Emergence and pandemic potential of swine-origin HIN1 influenza virus. Nature 2009, 459,
931-939. [CrossRef]

Dou, D.; Revol, R,; C)stbye, H.; Wang, H.; Daniels, R. Influenza A Virus Cell Entry, Replication, Virion Assembly and Movement.
Front. Immunol. 2018, 9, 1581. [CrossRef]

Wingerath, J.; Ostroumov, D.; Woller, N.; Manns, M.P.; Pinschewer, D.D.; Orlinger, K.; Berka, U.; Kithnel, F; Wirth, T.C.
Recombinant LCMV Vectors Induce Protective Immunity following Homologous and Heterologous Vaccinations. Mol. Ther. 2017,
25, 2533-2545. [CrossRef]

Bonilla, W.V.; Kirchhammer, N.; Marx, A.E; Kallert, S.M.; Krzyzaniak, M.A.; Lu, M.; Darbre, S.; Schmidt, S.; Raguz, J.; Berka, U.;
et al. Heterologous arenavirus vector prime-boost overrules self-tolerance for efficient tumor-specific CD8 T cell attack. Cell Rep.
Med. 2021, 2, 100209. [CrossRef]

Liu, L.; Wang, T.; Wang, M.; Tong, Q.; Sun, Y.; Pu, J.; Sun, H.; Liu, J]. Recombinant turkey herpesvirus expressing H9 hemagglutinin
providing protection against HON2 avian influenza. Virology 2019, 529, 7-15. [CrossRef]

Yu, B.; Zhou, Y.; Wu, H.; Wang, Z.; Zhan, Y; Feng, X.; Geng, R.; Wu, Y.; Kong, W.; Yu, X. Seroprevalence of neutralizing antibodies
to human adenovirus type 5 in healthy adults in China. J. Med. Virol. 2012, 84, 1408-1414. [CrossRef]

Pandey, A.; Singh, N.; Vemula, S.V.; Couétil, L.; Katz, ].M.; Donis, R.; Sambhara, S.; Mittal, S.K. Impact of preexisting adenovirus
vector immunity on immunogenicity and protection conferred with an adenovirus-based H5N1 influenza vaccine. PLoS ONE
2012, 7, e33428. [CrossRef]

Vannucci, L.; Lai, M.; Chiuppesi, E; Ceccherini-Nelli, L.; Pistello, M. Viral vectors: A look back and ahead on gene transfer
technology. New Microbiol. 2013, 36, 1-22.

Iavarone, C.; O'Hagan, D.T.; Yu, D.; Delahaye, N.E; Ulmer, ].B. Mechanism of action of mRNA-based vaccines. Expert Rev.
Vaccines 2017, 16, 871-881. [CrossRef]

Sandbrink, J.B.; Shattock, R.J. RNA Vaccines: A Suitable Platform for Tackling Emerging Pandemics? Front. Immunol. 2020,
11, 608460. [CrossRef]

Rosa, S.S.; Prazeres, D.MLE; Azevedo, A.M.; Marques, M.P.C. mRNA vaccines manufacturing: Challenges and bottlenecks.
Vaccine 2021, 39, 2190-2200. [CrossRef]

Reina, J. The new generation of messenger RNA (mRNA) vaccines against influenza. Enferm. Infecc. Microbiol. Clin. (Engl. Ed.)
2023, 41, 301-304. [CrossRef]

Rockman, S.; Laurie, K.L.; Parkes, S.; Wheatley, A.; Barr, .G. New Technologies for Influenza Vaccines. Microorganisms 2020,
8,1745. [CrossRef]

Kariké, K.; Muramatsu, H.; Ludwig, J.; Weissman, D. Generating the optimal mRNA for therapy: HPLC purification eliminates
immune activation and improves translation of nucleoside-modified, protein-encoding mRNA. Nucleic Acids Res. 2011, 39, e142.
[CrossRef]

Liang, S.L.; Quirk, D.; Zhou, A. RNase L: Its biological roles and regulation. IUBMB Life 2006, 58, 508-514. [CrossRef]

Tanji, H.; Ohto, U.; Shibata, T.; Taoka, M.; Yamauchi, Y.; Isobe, T.; Miyake, K.; Shimizu, T. Toll-like receptor 8 senses degradation
products of single-stranded RNA. Nat. Struct. Mol. Biol. 2015, 22, 109-115. [CrossRef]

Andries, O.; Mc Cafferty, S.; De Smedt, S.C.; Weiss, R.; Sanders, N.N.; Kitada, T. N(1)-methylpseudouridine-incorporated mRNA
outperforms pseudouridine-incorporated mRNA by providing enhanced protein expression and reduced immunogenicity in
mammalian cell lines and mice. J. Control. Release 2015, 217, 337-344. [CrossRef]

Lee, S.; Ryu, J.-H. Influenza Viruses: Innate Immunity and mRNA Vaccines. Front. Immunol. 2021, 12, 710647. [CrossRef]

Del Giudice, G.; Rappuoli, R.; Didierlaurent, A.M. Correlates of adjuvanticity: A review on adjuvants in licensed vaccines. Semin.
Immunol. 2018, 39, 14-21. [CrossRef]

Bilyy, R.; Paryzhak, S.; Turcheniuk, K.; Dumych, T.; Barras, A.; Boukherroub, R.; Wang, E; Yushin, G.; Szunerits, S. Aluminum
oxide nanowires as safe and effective adjuvants for next-generation vaccines. Mater. Today 2019, 22, 58-66. [CrossRef]

Harrison, W.T. Some Observations on the Use of Alum Precipitated Diphtheria Toxoid. Am. J. Public Health Nations Health 1935,
25,298-300. [CrossRef]

Eisenbarth, S.C.; Colegio, O.R.; O’Connor, W.; Sutterwala, F.S.; Flavell, R.A. Crucial role for the Nalp3 inflammasome in the
immunostimulatory properties of aluminium adjuvants. Nature 2008, 453, 1122-1126. [CrossRef]

86



Targets 2025, 3, 16

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Kool, M; Soullié, T.; van Nimwegen, M.; Willart, M.A.; Muskens, F.; Jung, S.; Hoogsteden, H.C.; Hammad, H.; Lambrecht, B.N.
Alum adjuvant boosts adaptive immunity by inducing uric acid and activating inflammatory dendritic cells. J. Exp. Med. 2008,
205, 869-882. [CrossRef]

Marichal, T.; Ohata, K.; Bedoret, D.; Mesnil, C.; Sabatel, C.; Kobiyama, K.; Lekeux, P.; Coban, C.; Akira, S.; Ishii, K.J.; et al. DNA
released from dying host cells mediates aluminum adjuvant activity. Nat. Med. 2011, 17, 996-1002. [CrossRef]

Cain, D.W,; Snowden, P.B.; Sempowski, G.D.; Kelsoe, G. Inflammation triggers emergency granulopoiesis through a density-
dependent feedback mechanism. PLoS ONE 2011, 6, €19957. [CrossRef]

Leroux-Roels, G. Unmet needs in modern vaccinology: Adjuvants to improve the immune response. Vaccine 2010, 28 (Suppl. S3),
C25-C36. [CrossRef]

Hem, S.L.; Johnston, C.T.; HogenEsch, H. Imject Alum is not aluminum hydroxide adjuvant or aluminum phosphate adjuvant.
Vaccine 2007, 25, 4985-4986. [CrossRef]

Marrack, P; McKee, A.S.; Munks, M.W. Towards an understanding of the adjuvant action of aluminium. Nat. Rev. Immunol. 2009,
9, 287-293. [CrossRef]

O’Hagan, D.T,; Friedland, L.R.; Hanon, E.; Didierlaurent, A.M. Towards an evidence based approach for the development of
adjuvanted vaccines. Curr. Opin. Immunol. 2017, 47, 93-102. [CrossRef]

O’'Hagan, D.T.; Ott, G.S.; Nest, G.V.; Rappuoli, R.; Giudice, G.D. The history of MF59(®) adjuvant: A phoenix that arose from the
ashes. Expert Rev. Vaccines 2013, 12, 13-30. [CrossRef]

Seubert, A.; Monaci, E.; Pizza, M.; O'Hagan, D.T.; Wack, A. The adjuvants aluminum hydroxide and MF59 induce monocyte and
granulocyte chemoattractants and enhance monocyte differentiation toward dendritic cells. J. Immmunol. 2008, 180, 5402-5412.
[CrossRef] [PubMed]

Calabro, S.; Tortoli, M.; Baudner, B.C.; Pacitto, A.; Cortese, M.; O'Hagan, D.T.; De Gregorio, E.; Seubert, A.; Wack, A. Vaccine
adjuvants alum and MF59 induce rapid recruitment of neutrophils and monocytes that participate in antigen transport to draining
lymph nodes. Vaccine 2011, 29, 1812-1823. [CrossRef] [PubMed]

Cioncada, R.; Maddaluno, M.; Vo, H.T.M.; Woodruff, M.; Tavarini, S.; Sammicheli, C.; Tortoli, M.; Pezzicoli, A.; De Gregorio, E.;
Carroll, M.C,; et al. Vaccine adjuvant MF59 promotes the intranodal differentiation of antigen-loaded and activated monocyte-
derived dendritic cells. PLoS ONE 2017, 12, e0185843. [CrossRef]

Mastelic Gavillet, B.; Eberhardt, C.S.; Auderset, F,; Castellino, F.; Seubert, A.; Tregoning, J.S.; Lambert, P.H.; de Gregorio, E.; Del
Giudice, G.; Siegrist, C.A. MF59 Mediates Its B Cell Adjuvanticity by Promoting T Follicular Helper Cells and Thus Germinal
Center Responses in Adult and Early Life. J. Immunol. 2015, 194, 4836—4845. [CrossRef]

Seubert, A.; Calabro, S.; Santini, L.; Galli, B.; Genovese, A.; Valentini, S.; Aprea, S.; Colaprico, A.; D’'Oro, U.; Giuliani, M.M.; et al.
Adjuvanticity of the oil-in-water emulsion MF59 is independent of Nlrp3 inflammasome but requires the adaptor protein MyD88.
Proc. Natl. Acad. Sci. USA 2011, 108, 11169-11174. [CrossRef] [PubMed]

Ko, EJ.; Lee, Y.T,; Kim, K.H.; Jung, Y.J.; Lee, Y,; Denning, T.L.; Kang, S.M. Effects of MF59 Adjuvant on Induction of Isotype-
Switched IgG Antibodies and Protection after Inmunization with T-Dependent Influenza Virus Vaccine in the Absence of CD4+
T Cells. J. Virol. 2016, 90, 6976-6988. [CrossRef]

Belshe, R.B.; Frey, S.E.; Graham, L.L.; Anderson, E.L.; Jackson, L.A.; Spearman, P.; Edupuganti, S.; Mulligan, M.].; Rouphael, N.;
Winokur, P; et al. Immunogenicity of avian influenza A/Anhui/01/2005(H5N1) vaccine with MF59 adjuvant: A randomized
clinical trial. J. Am. Med. Assoc. 2014, 312, 1420-1428. [CrossRef]

van der Maas, N.; Dijs-Elsinga, ].; Kemmeren, J.; van Lier, A.; Knol, M.; de Melker, H. Safety of vaccination against influenza A
(HIN1) during pregnancy in the Netherlands: Results on pregnancy outcomes and infant’s health: Cross-sectional linkage study.
BJOG 2016, 123, 709-717. [CrossRef]

Bernstein, D.I.; Edwards, K.M.; Dekker, C.L.; Belshe, R.; Talbot, H.K.; Graham, I.L.; Noah, D.L.; He, F; Hill, H. Effects of adjuvants
on the safety and immunogenicity of an avian influenza H5N1 vaccine in adults. J. Infect. Dis. 2008, 197, 667-675. [CrossRef]
Reisinger, K.S.; Holmes, S.J.; Pedotti, P.; Arora, A.K; Lattanzi, M. A dose-ranging study of MF59(®)—adjuvanted and non-
adjuvanted A/HIN1 pandemic influenza vaccine in young to middle-aged and older adult populations to assess safety, immuno-
genicity, and antibody persistence one year after vaccination. Hum. Vaccines Immunother. 2014, 10, 2395-2407. [CrossRef]
Huang, Z.; Gong, H.; Sun, Q.; Yang, J.; Yan, X.; Xu, F. Research progress on emulsion vaccine adjuvants. Heliyon 2024, 10, e24662.
[CrossRef] [PubMed]

Gargon, N.; Di Pasquale, A. From discovery to licensure, the Adjuvant System story. Hum. Vaccines Immunother. 2017, 13, 19-33.
[CrossRef]

Garcon, N.; Vaughn, D.W.; Didierlaurent, A.M. Development and evaluation of AS03, an Adjuvant System containing o-
tocopherol and squalene in an oil-in-water emulsion. Expert Rev. Vaccines 2012, 11, 349-366. [CrossRef] [PubMed]

Morel, S.; Didierlaurent, A.; Bourguignon, P.; Delhaye, S.; Baras, B.; Jacob, V.; Planty, C.; Elouahabi, A.; Harvengt, P.; Carlsen,
H.; et al. Adjuvant System AS03 containing a-tocopherol modulates innate immune response and leads to improved adaptive
immunity. Vaccine 2011, 29, 2461-2473. [CrossRef]

87



Targets 2025, 3, 16

145.

146.

147.

148.

149.

150.
151.

152.

153.

154.

155.

156.

157.

158.
159.

160.

161.

162.

163.

164.

165.

166.

167.

McElhaney, J.E.; Beran, J.; Devaster, ].M.; Esen, M.; Launay, O.; Leroux-Roels, G.; Ruiz-Palacios, G.M.; van Essen, G.A.; Caplanusi,
A; Claeys, C.; et al. AS03-adjuvanted versus non-adjuvanted inactivated trivalent influenza vaccine against seasonal influenza in
elderly people: A phase 3 randomised trial. Lancet Infect. Dis. 2013, 13, 485-496. [CrossRef]

Madan, A.; Collins, H.; Sheldon, E.; Frenette, L.; Chu, L; Friel, D.; Drame, M.; Vaughn, D.W.; Innis, B.L.; Schuind, A. Evaluation
of a primary course of HIN2 vaccine with or without AS03 adjuvant in adults: A phase I/l randomized trial. Vaccine 2017, 35,
4621-4628. [CrossRef] [PubMed]

Langley, ].M.; Frenette, L.; Chu, L.; McNeil, S.; Halperin, S.; Li, P; Vaughn, D. A randomized, controlled non-inferiority
trial comparing A(HIN1)pmd09 vaccine antigen, with and without AS03 adjuvant system, co-administered or sequentially
administered with an inactivated trivalent seasonal influenza vaccine. BMC Infect. Dis. 2012, 12, 279. [CrossRef]

Sarkanen, T.O.; Alakuijala, A.P.E.; Dauvilliers, Y.A.; Partinen, M.M. Incidence of narcolepsy after HIN1 influenza and vaccinations:
Systematic review and meta-analysis. Sleep Med. Rev. 2018, 38, 177-186. [CrossRef]

Nazareth, I; Tavares, F,; Rosillon, D.; Haguinet, F; Bauchau, V. Safety of AS03-adjuvanted split-virion HIN1 (2009) pandemic
influenza vaccine: A prospective cohort study. BMJ Open 2013, 3, e001912. [CrossRef]

Xiang, M.; Fan, J. Pattern recognition receptor-dependent mechanisms of acute lung injury. Mol. Med. 2010, 16, 69-82. [CrossRef]
Murugaiah, V,; Tsolaki, A.G.; Kishore, U. Collectins: Innate Immune Pattern Recognition Molecules. Adv. Exp. Med. Biol. 2020,
1204, 75-127.

Suresh, R.; Mosser, D.M. Pattern recognition receptors in innate immunity, host defense, and immunopathology. Adv. Physiol.
Educ. 2013, 37, 284-291. [CrossRef] [PubMed]

Skwarczynski, M.; Toth, I. Recent advances in peptide-based subunit nanovaccines. Nanomedicine 2014, 9, 2657-2669. [CrossRef]
Wicherska-Pawlowska, K.; Wrébel, T.; Rybka, J. Toll-Like Receptors (TLRs), NOD-Like Receptors (NLRs), and RIG-I-Like
Receptors (RLRs) in Innate Immunity. TLRs, NLRs, and RLRs Ligands as Immunotherapeutic Agents for Hematopoietic Diseases.
Int. ]. Mol. Sci. 2021, 22, 13397. [CrossRef]

Coler, R.N.; Baldwin, S.L.; Shaverdian, N.; Bertholet, S.; Reed, S.J.; Raman, V.S.; Lu, X.; DeVos, J.; Hancock, K.; Katz, ].M.; et al.
A synthetic adjuvant to enhance and expand immune responses to influenza vaccines. PLoS ONE 2010, 5, e13677. [CrossRef]
[PubMed]

Behzad, H.; Huckriede, A.L.; Haynes, L.; Gentleman, B.; Coyle, K.; Wilschut, J.C.; Kollmann, T.R.; Reed, S.G.; McElhaney, J.E.
GLA-SE, a synthetic toll-like receptor 4 agonist, enhances T-cell responses to influenza vaccine in older adults. |. Infect. Dis. 2012,
205, 466-473. [CrossRef] [PubMed]

Taylor, D.N.; Treanor, J.J.; Sheldon, E.A.; Johnson, C.; Umlauf, S.; Song, L.; Kavita, U.; Liu, G.; Tussey, L.; Ozer, K,; et al.
Development of VAX128, a recombinant hemagglutinin (HA) influenza-flagellin fusion vaccine with improved safety and
immune response. Vaccine 2012, 30, 5761-5769. [CrossRef]

Campbell, ].D. Development of the CpG Adjuvant 1018: A Case Study. Methods Mol. Biol. 2017, 1494, 15-27.

Hoxie, I.; Vasilev, K.; Clark, J.J.; Bushfield, K.; Francis, B.; Loganathan, M.; Campbell, ].D.; Yu, D.; Guan, L.; Gu, C; etal. A
recombinant N2 neuraminidase-based CpG 1018(R) adjuvanted vaccine provides protection against challenge with heterologous
influenza viruses in mice and hamsters. Vaccine 2024, 42, 126269. [CrossRef]

Ichinohe, T.; Watanabe, I.; Ito, S.; Fujii, H.; Moriyama, M.; Tamura, S.; Takahashi, H.; Sawa, H.; Chiba, J.; Kurata, T.; et al. Synthetic
double-stranded RNA poly(I:C) combined with mucosal vaccine protects against influenza virus infection. J. Virol. 2005, 79,
2910-2919. [CrossRef]

Le, C.T.T.; Ahn, S.Y;; Ho, T.L.; Lee, ].; Lee, D.H.; Hwang, H.S.; Kang, S.M.; Ko, E.J. Adjuvant effects of combination monophos-
phoryl lipid A and poly I:C on antigen-specific immune responses and protective efficacy of influenza vaccines. Sci. Rep. 2023,
13,12231. [CrossRef] [PubMed]

Martinez-Gil, L.; Goff, PH.; Hai, R.; Garcia-Sastre, A.; Shaw, M.L.; Palese, P. A Sendai virus-derived RNA agonist of RIG-I as a
virus vaccine adjuvant. J. Virol. 2013, 87, 1290-1300. [CrossRef]

Petsch, B.; Schnee, M.; Vogel, A.B.; Lange, E.; Hoffmann, B.; Voss, D.; Schlake, T.; Thess, A.; Kallen, K.J.; Stitz, L.; et al. Protective
efficacy of in vitro synthesized, specific nRNA vaccines against influenza A virus infection. Nat. Biotechnol. 2012, 30, 1210-1216.
[CrossRef]

Abe, T.; Marutani, Y.; Shoji, I. Cytosolic DNA-sensing immune response and viral infection. Microbiol. Immunol. 2019, 63, 51-64.
[CrossRef] [PubMed]

Amurri, L.; Horvat, B.; lampietro, M. Interplay between RNA viruses and cGAS/STING axis in innate immunity. Front. Cell.
Infect. Microbiol. 2023, 13, 1172739. [CrossRef] [PubMed]

Ishikawa, H.; Ma, Z.; Barber, G.N. STING regulates intracellular DNA-mediated, type I interferon-dependent innate immunity.
Nature 2009, 461, 788-792. [CrossRef]

Wu, J.; Sun, L.; Chen, X; Du, F; Shi, H.; Chen, C.; Chen, Z.J. Cyclic GMP-AMP is an endogenous second messenger in innate
immune signaling by cytosolic DNA. Science 2013, 339, 826-830. [CrossRef]

88



Targets 2025, 3, 16

168.

169.

170.

171.

172.

173.

174.

175.

176.

Wang, J.; Li, P; Yu, Y,; Fu, Y;; Jiang, H.; Lu, M,; Sun, Z,; Jiang, S.; Lu, L.; Wu, M.X. Pulmonary surfactant-biomimetic nanoparticles
potentiate heterosubtypic influenza immunity. Science 2020, 367, eaau0810. [CrossRef]

Rozenberg, ].M.; Kamynina, M.; Sorokin, M.; Zolotovskaia, M.; Koroleva, E.; Kremenchutckaya, K.; Gudkov, A.; Buzdin, A.;
Borisov, N. The Role of the Metabolism of Zinc and Manganese Ions in Human Cancerogenesis. Biomedicines 2022, 10, 1072.
[CrossRef]

Liu, J.; Zhang, X.; Wang, H. The cGAS-STING-mediated NLRP3 inflammasome is involved in the neurotoxicity induced by
manganese exposure. Biomed. Pharmacother. 2022, 154, 113680. [CrossRef]

Lv, M,; Chen, M.; Zhang, R.; Zhang, W.; Wang, C.; Zhang, Y.; Wei, X.; Guan, Y,; Liu, J.; Feng, K.; et al. Manganese is critical for
antitumor immune responses via cGAS-STING and improves the efficacy of clinical immunotherapy. Cell Res. 2020, 30, 966-979.
[CrossRef] [PubMed]

Sun, X.; Zhang, Y.; Li, J.; Park, K.S.; Han, K.; Zhou, X.; Xu, Y.; Nam, J.; Xu, J.; Shi, X.; et al. Amplifying STING activation by cyclic
dinucleotide-manganese particles for local and systemic cancer metalloimmunotherapy. Nat. Nanotechnol. 2021, 16, 1260-1270.
[CrossRef] [PubMed]

Sheng, Y; Li, Z.; Lin, X.; Wang, L.; Zhu, H.; Su, Z.; Zhang, S. In situ bio-mineralized Mn nanoadjuvant enhances anti-influenza
immunity of recombinant virus-like particle vaccines. J. Control. Release 2024, 368, 275-289. [CrossRef] [PubMed]

Cui, C,; Wang, S.; Lu, W.; Wang, Y.; Li, ].; Qu, K; Yang, M.; Wang, L.; Yu, Y. The adjuvanticity of manganese for microbial vaccines
via activating the IRF5 signaling pathway. Biochem. Pharmacol. 2021, 192, 114720. [CrossRef]

Pei, M.; Liu, K.; Qu, X.; Wang, K.; Chen, Q.; Zhang, Y.; Wang, X.; Wang, Z.; Li, X.; Chen, E; et al. Enzyme-catalyzed synthesis of
selenium-doped manganese phosphate for synergistic therapy of drug-resistant colorectal cancer. Nanobiotechnology 2023, 21, 72.
[CrossRef]

Zhang, R.; Wang, C.; Guan, Y.; Wei, X.; Sha, M.; Yi, M.; Jing, M.; Lv, M.; Guo, W.; Xu, J.; et al. Manganese salts function as potent
adjuvants. Cell. Mol. Immunol. 2021, 18, 1222-1234. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

89



targets ﬁw\p\py

Review

Application of Machine Learning in Cell Detection

Xinyue Liu, Xiaoyuan Wang and Ruocan Qian *

School of Chemistry and Molecular Engineering, East China University of Science and Technology,
Shanghai 200237, China; y30230278@mail.ecust.edu.cn (X.L.); Xiaoyuanwang@mail.ecust.edu.cn (X.W.)
* Correspondence: ruocangian@ecust.edu.cn

Abstract: In recent years, machine learning algorithms have seen extensive application in
chemical science, especially in cell detection technologies. Machine learning, a branch of
artificial intelligence, is designed to automatically discover patterns in data. This review
provides an overview of cell detection methods such as bright-field microscopy (BL),
dark-field microscopy (DL), surface-enhanced Raman scattering (SERS), and fluorescence
detection (FL). We highlight key computational models like support vector machines and
convolutional neural networks that significantly enhance the precision and efficiency of
automated cell detection. Relevant research applications are discussed, along with future
prospects for machine learning in cell analysis.

Keywords: machine learning; cell detection; detection methods

1. Introduction

Machine learning is widely applied across various scientific disciplines, often in
tandem with big data analytics and artificial intelligence [1]. It offers exceptional advantages
in cellular data processing, with increased flexibility, efficiency, and precision in solving
practical problems. In this review, we focus on the evolution of cell detection technology,
examining how traditional techniques have transitioned into modern approaches using
deep learning models.

Prior to 2012, classical machine learning algorithms, such as the viola jones detector
(V] detector) [2], histogram of oriented gradients (HOG) [3], and deformable part models
(DPM) [4], dominated the landscape. However, the introduction of deep learning architec-
tures like AlexNet [5], R-CNN [6], and YOLO [7] after 2012 led to significant advancements
in the field. These deep learning models have since been integrated into cell detection
technologies, enhancing the intelligence and accuracy of automated detection systems.
Traditional detection algorithms primarily relied on feature extraction and image segmenta-
tion, using methods based on object region or color. With the advent of deep learning and
the growth of cell data, two-stage detection models like R-CNN [8] and single-stage models
such as YOLO and SSD [9] have emerged as standard tools. More recently, algorithms
based on the Transformer architecture have gained traction, representing the next wave of
innovation in object detection [10]. Machine learning in cell detection continues to evolve,
with diverse algorithmic approaches improving the accuracy and reliability of detection
results. This review explores the trajectory of these advancements and discusses their
applications in cell detection.

As a software tool for building models, machine learning is trainable and reliable,
which can facilitate researchers in cell analysis. With the advancement of machine learning
algorithms and the development of cell detection technology, we can automatically analyze
large amounts of data through machine learning models, so as to predict and analyze
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more complex cell behaviors and provide new insights for the treatment of diseases; this
is expected to be applied in the fields of chemistry, biology, and medicine and to promote
interdisciplinary cooperation.

2. Machine Learning Algorithms for Cell Detection

Early cell detection techniques primarily utilized two types of machine learning
algorithms: kernel methods and ensemble methods. Kernel methods address the challenge
of mapping non-linear, low-dimensional data into a higher-dimensional space, with support
vector machines (SVMs) serving as a classical model. For instance, Svensson et al. achieved
an 88% accuracy rate in identifying circulating tumor cells using an SVM coupled with a
naive Bayes classifier [11]. This algorithm is reliable and automated and plays a key role in
the early diagnosis of diseases. However, the kernel method is often limited to specific types
of target models, leading to the development of more generalized ensemble approaches.

Ensemble methods combine multiple machine learning algorithms to transform a
series of weak learners into strong predictors. Key examples include the AdaBoost and
random forest algorithms [12]. Pereira et al. demonstrated the utility of random forest
models in brain tumor segmentation, achieving superior precision and stability compared
to earlier segmentation techniques [13]. We believe that the method can be further improved
by combining the model with other techniques, resulting in data with higher accuracy and
more stable results. Despite these advancements, traditional machine learning algorithms
struggle with complex, large-scale cell data, and detection accuracy can be limited by the
sample size.

Recent developments in machine learning have introduced deep learning algorithms
that simulate the neural networks of the human brain. In particular, a convolutional neural
network (R-CNN) is a region-based, two-stage target detection algorithm, which has been
shown to be effective in cell detection tasks. Zeune et al. used a CNN combined with visual-
ization techniques to achieve over 96% accuracy in detecting circulating tumor cells, while
also identifying novel cell subtypes [14]. This strategy combines a variety of technologies,
more in-depth research based on machine learning, and higher accuracy for cell detection.
In addition, YOLO is a border-based single-stage target detection algorithm, which has been
successfully applied to cervical cancer and breast cancer cell detection [15]. We believe that
the single-stage object detection algorithm has lower computational complexity than the
two-stage object detection algorithm, so the detection speed is faster. These advancements
suggest that deep learning algorithms will continue to play a pivotal role in the future of
cell detection technologies.

3. The Application of Machine Learning to Cell Detection Methods

The diversity of machine learning and cell detection methods can help us better un-
derstand the similarities and differences in cell data for tasks such as cell data visualization,
dimensionality reduction, clustering, and feature selection. In practical applications, it is
necessary to select the appropriate cell detection means according to the specific needs,
determine the machine learning algorithms and parameters, and evaluate and optimize the
results to achieve the best results. Therefore, according to the means of cell detection, we
can roughly divide this into four categories: bright-field microscopic detection, dark-field
microscopic detection, surface-enhanced Raman scattering, and fluorescence detection.

3.1. Bright-Field Microscopic Detection

Bright-field microscopy, a cost-effective optical method, allows for the analysis of cell
shape, size, and morphology [16]. By applying machine learning algorithms to bright-field
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images, researchers can rapidly and accurately identify cellular characteristics, improving
detection and analysis outcomes.

The early diagnosis and evaluation of cancer are crucial to the treatment of patients
with the disease. Chemotherapy is an important method used in the treatment of leukemia,
but cancer cells of different patients have different resistances to the treatment effect [17].
Uelu et al. used the computer vision algorithm to quantitatively detect the immuno-
magnetic beads and leukemia cells by using the cell images collected by the high-power
objective lens under the bright-field microscope (Figure 1a), and the accuracy reached 91.6%
under the 40-fold objective lens [18]. This method provides convenience for the realization
of on-site cell analysis.

Circulating tumor cells (CTCs) are an important biomarker of cancer, and their count
can predict the survival of patients, but their identification is difficult [19]. Wang et al. used
convolutional neural networks to detect CTCs in blood under a bright-field microscope
(Figure 1b) and counted the CTCs simply and quickly through cell images with high
detection accuracy [20]. This method is smart and could be used to detect rare cells in
the future.

Due to the low contrast of images obtained under bright-field microscopy and the
possibility of cell overlap, automatic segmentation cannot be performed, and manual
acquisition is time-consuming and complicated [21]. Asha et al. developed a remarkable
and spherically driven U-shaped network (SBU-net), which can accurately segment cells in
bright-field microscopic images (Figure 1c) and obtain cell structure information [22]. This
model has strong cell segmentation performance and greatly promotes the development of
the automatic segmentation of microscopic images.

Mesenchymal stem cells (MSCs) are a kind of stem cell with diverse differentiation
abilities, widely used in the research of immune diseases. The aging of MSCs will cause
adverse reactions to the human body, so the count of senescent cells in MSCs is very
important [23,24]. Celebi et al. used the model combined with self-supervised learning
and mask R-CNNs to automatically segment and count senescent cells in bright-field
microscopy images (Figure 1d), with an accuracy of more than 80% [25]. The model can be
further applied to the detection of other cell types.

3.2. Dark-Field Microscopic Detection

Because of the low contrast that is characteristic of bright-field images, the performance
of the segmentation algorithm is affected to some extent, and there are some limitations
to cell detection. With a dark-field microscope, the condenser collects diffracted light by
passing light through the aperture of the lens so that the background of the image is black
but the cells are bright, and a high-contrast image is obtained [26]. The combination of
machine learning and dark-field microscopy has improved the accuracy of cell detection
due to the enhanced performance of the algorithm.

In cell detection studies, the growth state of cells is extremely important, among which
cell density and activity are the most important [27]. Wei et al. developed a probe based on
the support vector machine model (SVM), which was used to analyze yeast cell images
under dark-field microscopy (Figure 2a), so as to separate living and dead cells and detect
cell density and activity with high precision [28]. This method has high precision, good
stability, and good application prospects in distinguishing living cells from dead cells.
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Figure 1. Application of machine learning in bright-field microscopic detection of cells. (a) Quantita-
tive detection of immunomagnetic beads and leukemia cells using visual algorithms and bright-field
microscopy. Reproduced from Ref. [18] with the permission of Elsevier. (b) Using CNN algorithm
and bright-field microscope to detect CTCs in blood. Reproduced from Ref. [20] with the permission
of Nature. (c) Accurate segmentation of cells in bright-field microscopic images using SBU-net.
Reproduced from Ref. [22] with the permission of Elsevier. (d) Automatic segmentation of senescent
cells in bright-field microscopic images using self-supervised learning. Reproduced from Ref. [25]
with the permission of Wiley Online Library.

In the process of cell culture, cells are easily affected by the external environment
and so are easy to be contaminated, and it is important to develop non-staining and non-
harmful cell analysis methods. Based on SVMs in machine learning, Burgemeister et al.
proposed a CellVICAM system (Figure 2b), which can estimate the animal cell density
and cell differentiation degree without adding any marks when processing dark-field
microscopic images [29]. This strategy can better distinguish cell differentiation states such
as live cells, necrotic cells, and apoptotic cells.

The change in blood value will lead to the occurrence of many diseases. The count
of blood cells includes red blood cells, white blood cells, platelets, and other quantitative
indicators [30]. The collection of human blood is conducive to the screening of diseases, in
which the morphologic study of red blood cells can know whether anemia is present [31].
Using Mi scattering and machine learning, Chen et al. obtained cell morphological infor-
mation (Figure 2c) by imaging in the dark field, including the volume, concentration, and
distribution range of red blood cells, with high accuracy [32]. This method has a good
advantage in detecting anemia.
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Gold nanoparticles (AuNPs) have high stability, good biocompatibility, and strong
molecular signals, which can provide good imaging [33]. Based on the scattering properties
of AuNPs, researchers can construct functional nanosensors [34,35]. However, conventional
methods for detecting nanoparticle scattering in living cells are time-consuming and
complex. Huang et al. developed U-Net convolutional deep learning neural network
technology (Figure 2d), which can identify the scattered light signal of nanoparticles in
living cells with high accuracy under complex environments with background interference
by using dark-field microscopic imaging technology [36]. This method provides a new idea
for the imaging analysis of living cells in the field of chemistry.

In addition to intracellular, we can also detect the degree of AuNPs’ aggregation in
different saline solutions. Wang et al. used dark-field microscopic imaging to build an
AlexNet model of machine learning, which could accurately predict the AuNP aggregation
degree in solution (Figure 2e) with an accuracy higher than 96% [37]. This strategy is useful
for the predictive analysis of dark-field imaging, and it has potential biological applications.
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Figure 2. Application of machine learning in dark-field microscopic detection of cells. (a) A probe
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developed based on SVMs for the analysis of yeast cells under dark-field microscopic images.
Reproduced from Ref. [28] with the permission of Wiley Analytical Science. (b) Cell density in
dark-field microscopic images was estimated based on the CellVICAM system. Reproduced from
Ref. [29] with the permission of Elsevier. (c¢) The morphologic information of red blood cells was
obtained by using machine learning imaging under dark-field microscopy. Red represents single
cells and blue represents multiple cells. Reproduced from Ref. [32] with the permission of Optica
Publishing Group. (d) Detection of nanoparticle scattering in living cells using U-Net convolutional
deep learning neural network technology and dark-field microscopic imaging. Reproduced from
Ref. [36] with the permission of American Chemical Society. (e) Dark-field microscopy and an
AlexNet model were used to predict AuNPs aggregation in salt solution. Reproduced from Ref. [37]
with the permission of American Chemical Society.
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3.3. Surface-Enhanced Raman Scattering

Nowadays, surface-enhanced Raman scattering (SERS) technology is used to study
the spectrum of biomolecules in cells. The Raman effect is caused by the vibration of the
molecule, and this technique can identify differences in the composition of the sample
by the characteristic peak location and intensity. This method has high detection speed,
high accuracy, and no sample pretreatment, so it has been more and more widely used in
cell detection [38]. Different cells have different feature types, and the collected Raman
spectral data are different. Machine learning can be used to quickly analyze the structure
and composition of different feature peaks from a large number of Raman spectral data,
so as to find the best feature data and obtain effective information faster. Therefore, after
the introduction of machine learning technology, the detection effect of cells is better, the
accuracy is higher, and the research value is very meaningful.

Ulcerative colitis (UC) is a chronic inflammatory disease, and evaluating the severity
of UC is crucial for the treatment of the disease, but the biomolecular information related to
UC cannot be found by conventional methods [39]. Kirchberger-Tolstik et al. used Raman
spectroscopy to construct a 1D CNN model (Figure 3a) for predicting the Mayo endoscopic
score in biopsies of patients with colonic inflammation [40]. The results show that many
molecular changes, such as proteins, DNA, and lipids, occur during inflammation, and this
work also has important implications for the diagnosis of other types of diseases.

Cyanobacteria are important microorganisms in photosynthesis, and the selection of
mutant cells from them is of great significance in biogenetic studies [41]. Gao et al. used
surface-enhanced Raman scattering technology to establish a support vector analyzer (SVC)
model (Figure 3b) to distinguish wild-type and mutant cyanobacteria cells with an accuracy
of 97% [42]. This high-throughput selection approach provides innovative strategies for
genetic and cellular detection in biology.

Changes in cell secretions affect cell death, so the classification of cancer cells is
beneficial for cancer treatment, but conventional methods are time-consuming and easily
destroy cells [43,44]. Plou et al. used marker-free SERS to combine microfluidic and
machine learning to quickly identify cell secretions under different conditions (Figure 3c),
with an accuracy of 95% [45]. This scheme lays a good foundation for high-throughput
cell detection.

Exosomes are extracellular vesicles with abundant cellular body fluids, which contain
a lot of molecular information and are an important biomarker for cancer [46,47]. However,
it is difficult to find comprehensive molecular information when detecting exosomes [48].
By using machine learning and SERS, Diao et al. used AuNPs as a basis to accurately
detect exosomes in samples with high sensitivity (Figure 3d), and the prediction accuracy
of cancer reached 91.1% [49]. This method has a wide application prospect for the diagnosis
of cancer and even other diseases in the future.

Dopamine (DA), as a neurotransmitter, plays an important role in functional regula-
tion [50]. However, it is difficult to determine the content of DA in exosomes secreted by
cells. Lv et al. built an XGBoost model that can accurately identify exosome signals secreted
by different cells (Figure 3e) and used nanotubes as an auxiliary method to accurately
measure the DA content in exosomes by using continuous pulse current [51]. This strategy
uses the continuous pulse current signal and can obtain a single dimension spectrum
similar to the Raman spectrum. The spectrum with signal peaks can also be analyzed by it,
which provides a new idea for chemical research.
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Figure 3. Application of machine learning to cell detection with surface-enhanced Raman scattering
technique. (a) Raman spectrum and CNN model were used to classify the severity of UC. Reproduced
from Ref. [40] with the permission of American Chemical Society. (b) SVC model and SERS were used
to identify mutant cyanobacteria cells. Reproduced from Ref. [42] with the permission of American
Chemical Society. (c) Rapid identification of cell secretions using marker-free SERS and machine
learning. Reproduced from Ref. [45] with the permission of Wiley Online Library. (d) Highly sensitive
detection of cellular exosomes using machine learning and SERS. Reproduced from Ref. [49] with the
permission of American Chemical Society. (e) XGBoost model and continuous pulse current were
used to determine the DA content in exosomes. Reproduced from Ref. [51] with the permission of
American Chemical Society.

3.4. Fluorescence Detection

For cell detection, the fluorescent probe is also a good detection method, which
has good specificity, high sensitivity, and strong tissue penetration [52]. However, it is
sometimes limited by the high complexity of the sample, and the establishment of an
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algorithm model through machine learning can break through this limitation, so as to
obtain a fluorescence probe with higher sensitivity and specificity, which makes the cell
detection more accurate, allowing it to be widely used in the detection of various biological
cells. In addition, fluorescent labeling methods based on optical imaging can make specific
cells show fluorescent signals in order to clearly observe the behavior of cells. By using
machine learning algorithms, fluorescent images can be automatically analyzed, specific
objects can be identified after multiple training, quantitative information can be collected,
and reliable data can be obtained quickly, which is conducive to cell analysis.

Non-melanoma skin cancer (NMSC) is a type of skin lesion, and its early diagnosis is
crucial for the treatment of the disease [53]. NMSC is divided into various types, and it
is difficult to evaluate the growth status of the cells [54]. Chen et al. used the stained cell
sections for fluorescence imaging and built a linear support vector machine model (LSVM),
which could accurately obtain different characteristics of skin cancer (Figure 4a), so as to
detect cancerous cells with high sensitivity [55]. This strategy has great potential for the
diagnosis of skin diseases.

Myelin is a lipid on the outside of neurons, and damage to it by heredity and external
environments can lead to multiple sclerosis disease [56,57]. Drug treatments that regenerate
myelin are urgently needed, so its detection is crucial [58]. Based on machine learning,
Yeti et al. proposed a method for detecting myelin in fluorescence microscopic images
(Figure 4b), which could extract feature data. In different machine learning technologies,
the detection accuracies of the Boosted Trees model and CNN model were up to more than
98% [59]. This method facilitates the rapid screening of drugs for myelin regeneration.

Muscle stem cells (MuSCs) play an important role in the growth of skeletal muscle and
contribute to the repair of damaged tissues; that is, they have strong regenerative capac-
ity [60,61]. Therefore, the dynamic regulation of MuSCs contributes to the regeneration of
skeletal muscle. Togninalli et al., using machine learning strategies, invented a microscope
method for Dual-FLIT imaging (Figure 4c), which can track the dynamic growth of single
cells at high resolution, thus regulating the dynamics of MuSCs [62]. This strategy helps us
better understand the mechanisms of tissue cell regeneration.

Bladder cancer is a malignant tumor with a high incidence, and the detection of
bladder cancer cells is helpful for early diagnosis and treatment [63]. Based on the SVM
model in the machine algorithm, Zhang et al. developed a double-fluorescence micro-
image flow cytometer (u-FCM) for the high-throughput detection of bladder cancer cells
(Figure 4d) and effectively reduced the overlap of different cells [64]. The system provides
a new method for the detection of bladder cancer cells and the diagnosis of the disease.

3.5. Other Methods

The combination of machine learning and cell detection technology is diverse, and in
addition to the combination method mentioned above, the research has more directions.
Islam et al. developed a multi-head attention-based transformer model for finding plas-
modium parasites from blood cell data using the gradient-weighted class activation graph
technique with high test accuracy [65]. Karimzadeh et al. developed a multi-task generat-
ing artificial intelligence model for analyzing orphan non-coding RNA from patients with
non-small cell lung cancer, which can detect early cancer with high sensitivity. Due to the
large amount of blood sample data required in the experiment, this study can promote
interdisciplinary cooperation in chemistry and medicine [66]. Pastuszak et al. developed
a tree-based machine learning model for screening circulating tumor cells by analyzing
single-cell RNA sequencing data [67].
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Figure 4. Application of machine learning to fluorescence detection of cells. (a) LSVM and fluores-
cence imaging were used to obtain characteristic information about different skin cancer cells. In the
figure on the right, green represents Bowen’s disease (BD), yellow represents actinic keratosis (AK)
and red represents basal cell carcinoma (BCC). Reproduced from Ref. [55] with the permission of
American Chemical Society. (b) Detection of myelin using machine learning models and fluorescence.
Reproduced from Ref. [59] with the permission of Elsevier. (¢) Dynamic regulation of MuSC using
machine learning and Dual-FLIT. Reproduced from Ref. [62] with the permission of Nature. (d) SVM
and p-FCM were used to detect bladder cancer cells. Reproduced from Ref. [64] with the permission
of Elsevier.

Combined with the detailed analysis of the latest progress, the machine learning
model and detection means are diversified, and the detection means and machine learning
model are selected according to the specific detection target. To improve detection accuracy,
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researchers often improve on the original machine learning model to develop new models
that are conducive to cell detection. This type of research uses a variety of analytical
chemical assays, cell, and blood sample data, so it can greatly facilitate interdisciplinary
collaboration. The applications of machine learning models in chemistry and medicine are
promising, but they also pose ethical challenges. The privacy of patient data is the most
critical issue, with the risk of data breach or misuse in research. As we analyze data and
develop machine learning models, we also need to ensure that patient confidentiality is
maintained, either by encrypting or anonymizing the data. In short, the application of
machine learning in cell detection has broad prospects and unlimited potential.

4. Discussion

The combination of machine learning and various cell detection methods, including
bright-field, dark-field, SERS, and fluorescence techniques, has significantly improved the
accuracy and efficiency of cell analysis. While traditional cell analysis methods cannot
analyze the heterogeneity between cells, machine learning can analyze the data of individ-
ual cells to provide information at the single-cell level. In the single-cell analysis of tumor
tissue, machine learning can excavate the function and interaction relationship of different
cell groups through cluster analysis, providing new ideas and methods for tumor precision
treatment. Machine learning is capable of processing and analyzing complex datasets, thus
improving research efficiency and potentially revealing relationships at the cellular and
molecular level that cannot be observed with traditional methods. Combined with cell
analysis and machine learning, new biological phenomena and laws can be discovered to
promote the further development of life science research. However, challenges remain. The
performance of machine learning models is highly dependent on the quality and type of
training data, and mislabeled or incomplete data can hinder model performance. Addi-
tionally, complex machine learning models often lack interpretability, making it difficult to
balance accuracy with transparency.

To improve the reliability of machine learning models in cell detection, ensuring
high-quality, diverse, and accurately annotated datasets is critical, as it enhances model
generalizability and reduces bias. Techniques such as data augmentation and synthetic data
generation can further expand dataset variety and prevent overfitting. Employing robust
validation strategies like stratified k-fold cross-validation and leveraging ensemble learning
can mitigate individual model weaknesses and improve overall robustness. Incorporating
transfer learning from pre-trained models accelerates learning while enhancing perfor-
mance on smaller datasets. For better data interpretation, explainable Al (XAI) techniques
can be utilized to visualize and understand model decisions, while feature attribution
methods, such as SHAP or Grad-CAM, help link model predictions to meaningful biologi-
cal insights. Together, these approaches ensure both reliable performance and improved
interpretability in cell detection tasks.

The future of machine learning in cell detection holds immense promise in terms of
advancements in computational methods, imaging technologies, and biological research
converge. Enhanced algorithms, including deep learning techniques like transformers,
will improve the accuracy and speed of cell detection, enabling the real-time analysis and
more precise identification of cell types and abnormalities. The integration of multimodal
data from imaging techniques, genomics, proteomics, and transcriptomics will facilitate
holistic cell profiling, linking cellular morphology with molecular states and behaviors.
Machine learning will also play a vital role in personalized medicine by analyzing single-
cell heterogeneity and predicting cellular responses to therapies, thus accelerating drug
discovery and enabling tailored treatments. Automated, high-throughput systems powered
by machine learning will handle large-scale cell imaging datasets, while edge comput-
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ing and IoT devices will decentralize and democratize cell detection across laboratories
worldwide. Additionally, machine learning models will improve the detection of rare
cell types and complex interactions, providing critical insights into tissue organization,
immune responses, and disease progression. Explainable AI (XAI) will enhance the trans-
parency of these models, fostering trust in clinical applications and aiding researchers in
uncovering new biological insights. Emerging technologies like quantum computing and
neuromorphic chips will further revolutionize machine learning applications by increasing
processing speed and energy efficiency. Ethical considerations, such as bias-free models
and data privacy, alongside the proliferation of open-source tools and interdisciplinary
education, will democratize access to machine learning in cell detection, ensuring global
adoption. These advancements will transform not only basic research but also clinical
diagnostics, drug development, and personalized medicine, driving novel therapeutic
approaches and deeper insights into cellular mechanisms.

5. Conclusions

This review highlights the growing role of machine learning in cell detection technolo-
gies, focusing on four primary methods: bright-field, dark-field, SERS, and fluorescence
detection. By leveraging advanced algorithms, researchers can now perform rapid, accu-
rate, and high-throughput cell analysis. As artificial intelligence continues to evolve, its
integration into cell detection technologies will likely yield new breakthroughs in both
scientific research and clinical practice.
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Abstract: Afterglow imaging plays a crucial role in the cancer treatment field. In contrast to inorganic
afterglow imaging agents, organic afterglow imaging agents possess easily modifiable structures and
exhibit excellent biocompatibility, thereby presenting significant prospects for application in tumor
diagnosis and management. In this review, we summarize the design principles and applications
of afterglow probes in tumor imaging and therapy. Finally, we discuss the future challenges and
prospects of organic afterglow probes in cancer diagnosis and therapy.

Keywords: afterglow probes; cancer diagnosis and therapy; activatable material; cancer disease

1. Introduction

Cancer is one of the leading causes of death worldwide, with approximately 19.3 million
newly diagnosed cases and approximately 10 million deaths each year. Early diagnosis and
treatment of cancer are beneficial to improve prognosis outcomes. At present, many cancer
treatment and detection probes have been developed, such as optical probes, and magnetic
probes which can analyze multiple genes in cancer cells and thus identify those mutations
that can lead to the disease and so on [1,2]. Among them, optical imaging, which depends
on optical probes, such as fluorescence imaging, chemi/bioluminescence imaging, and af-
terglow imaging, leverages photon detection to reveal molecular and biological processes
in a real-time and noninvasive manner. It is very important in monitoring cellular-level
physiological and pathological processes [3]. Fluorescence imaging has attracted increas-
ing attention and has achieved real-time visualization in tumor treatment. [4-6]. However,
although the development of the second near-infrared region (NIR II, 1000-1700 nm) fluo-
rescence probes can significantly enhance imaging quality, the fluorescence imaging needs
real-time light excitation, which limits the detection in depth and treatment efficacy and
compromises the sensitivity and signal-to-background ratio (SBR) for in vivo imaging [7-10].
Chemi/bioluminescence imaging, which is also widely used in tumor imaging, often relies
on chemical/enzyme-mediated reactions, and the signals can be influenced by the microen-
vironment within the biological system [11-13]. In contrast, afterglow luminescence, which
can trap excitation energy in defects and slowly release photons after cessation of excitation,
holds tremendous potential to detect and monitor diseases sensitively due to the elimination
of auto-fluorescence [14-16]. With the rapid development of afterglow luminescent probes
in recent years, photo-afterglow probes, sono-afterglow probes, and radio-afterglow probes
have been applied in tumor diagnosis and treatment [17-19].

Organic afterglow probes usually include singlet oxygen (*O,) initiators and afterglow
substrate. Under the irradiation of energy (including laser, ultrasound and X-ray), the ROS
initiator generates ROS, especially singlet oxygen (*O5), to react with the high-energy chemical
bond precursor structure of afterglow substrate to form high-energy intermediates. Finally,
the intermediate breaks and generates fragments, then emits persistent luminescence. Re-
cently, inorganic and organic afterglow imaging probes have been used for tumor imaging.
However, inorganic afterglow imaging probes often have low targeting ability and contain
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metal ions that may leak out, raising concerns about systemic toxicity [20,21]. As compared to
inorganic agents, organic afterglow luminescent probes demonstrate superior applicability
in biomedicine, due to their advantages of excellent biocompatibility and easy functionaliza-
tion [22-29]. In this review, we summarize the application of afterglow luminescence, which
involves different energy sources such as light, ultrasound, and X-ray excitation, in tumor
diagnosis and treatment, and describe their working mechanisms (Scheme 1). Finally, we
summarize some features of these organic afterglow probes (Table 1) and offer some prospects
and insights into these organic afterglow imaging agents.

Ti 1CS
dmor therapeut®
Scheme 1. Overview of organic afterglow probes for cancer diagnosis and treatments.

Table 1. Key characteristics of organic afterglow probes used for cancer diagnosis and treatment.

Excitation Source Name of Afterglow Afterglow Emission Half-Life
Probe
NPs-Ce4 680 nm 15h
PFVA-N-DO 780 nm -
AGL-AIE 550-850 nm 48 min
Photo-afterglow TPT-DCM 630 nm -
Probe TPP-DO 670 nm -
F12*-ANP 780 nm 6.6 min
DBPop. 720 nm -
B-AGL-HCPT 400-650 nm 118.5 min
PNCL 710 nm -
Sono-afterglow Probe NPs-Ce6 680 nm )
NCBS/DPAs SNAP 780 nm 110s
D 635-650 nm 180 s
Radio-afterglow IDPAs 624-792 nm 9.2-196.8 min

Probe

2. Photo-Afterglow Probes

Surgical resection of tumor lesions demonstrates effective local control and therapeu-
tic outcomes. However, accurately identifying the margins of tumor lesions during sur-
gery remains challenging. Image-guided surgical resection can significantly address this
issue [30-33]. Afterglow imaging agents possess the capability to emit photons grad-
ually even after the cessation of light excitation, offering a distinct advantage in the
realm of ultra-sensitive detection [34,35]. Recently, a variety of inorganic and organic
photo-afterglow imaging probes have been employed for the monitoring and treatment
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of tumors. Particularly, organic afterglow probes with molecule-level specificity and
minimal side effects are attracting increasing attention. Currently, to improve the signal-
to-background ratio and sensitivity of imaging, many organic photo-afterglow probes
have been developed. In 2022, Miao et al. [36] first reported a series of chlorin-based
afterglow agents (Ppa, Cp6, Ce6, Ce4) and then they used an amphiphilic triblock copoly-
mer PEG-b-PPG-b-PEG as a surface-capping agent to enhance the water solubility of the
compound (Figure 1A,B). Among them, the NPs-Ce4 exhibited the strongest afterglow
luminescence and an ultralong half-life (1.5 h), which was attributed to its low highest
occupied molecular orbital (HOMO) levels (—5.08 ev) (Figure 1C). A mechanism study
showed that NPs-Ce4 could produce 'O, under light excitation to oxidize the vinylene
bond (C=C) of NPs-Ce4 to form an active intermediate species followed by afterglow
luminescence (Figure 1D). An in vivo imaging study indicated that the afterglow inten-
sity was 26 times higher than that of the fluorescence signal after subcutaneous injection
of NPs-Ce4. Furthermore, they injected NPs-Ce4 through the tail vein to detect the 4T1
tumors of different sizes. The result shows that the probe can identify tumors as small
as 3 mm?, facilitating imaging-guided surgical resection of the tumor foci. In 2019, Pu
et al. [37] selected RB (rose bengal octyl ester), TPP (meso-tetraphenylporphyrin), NCBS
(silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) as the afterglow initiators. DO (N, N
dimethyl-4-(3-phenyl-5,6-dihydro-1,4-dioxin-2-yl) aniline), SO (N, N-dimethyl-4-(2-phenyl-
5,6-dihydro-1,4-oxathiin-3-yl) aniline), and HBA (3-((1r,3r,5R,7S)-adamantan-2-ylidene
(methoxy) methyl) phenol) were employed as the afterglow substrates. Semiconducting
polymers (SPs), small molecule dyes (SMDs), and inorganic fluorophores (IFs) served
as relay units for the afterglow process (Figure 1E,F). A series of afterglow luminescent
nanoparticles (ALNPs) were synthesized via co-nanoprecipitation utilizing an amphiphilic
copolymer, PEG-b-PPG-b-PEG. Among them, PFVA-N-DO was selected to detect tumors
in mice. In vivo tumor imaging shows that at one hour post-injection, the signal-to-noise
ratio of the afterglow signal at the tumor region (2922 + 121) was 3 orders of magnitude
higher than that of the fluorescence signal (~1) (Figure 1G). Moreover, the ALNPs were
mainly cleared by the liver and had good biosafety.
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Figure 1. (A) Chemical structures of chlorins. (B) Synthesis route of Ch-NPs. (C) The HOMO levels
of chlorins. (D) Luminescence mechanism of NPs-Ce4 [36]. Reprinted (adapted) with permission
from Ref. [36]. Copyright 2022 American Chemical Society. Chemical structures of (E) afterglow
initiators, afterglow substrates, and (F) afterglow relay unit. (G) In vivo tumor afterglow imaging
and fluorescence imaging [37]. Reprinted (adapted) with permission from Ref. [37]. Copyright 2019
Springer Nature.
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Moreover, aggregation-induced emission (AIE) molecules have been widely used
in bioimaging due to their bright luminescence and high photostability [38]. Benefiting
from the excellent optical properties of the AlEgens, Ding et al. [39] synthesized an AIE
probe with near-infrared afterglow luminescence properties (AGL AIE dots) (Figure 2A).
The TPE-Ph-DCM moiety could produce 'O, under light excitation to oxidize an enol
ether precursor, forming an unstable intermediate with high energy and then emitting
persistent luminescence. The luminescence could continue more than 10 days after the
cessation of light and penetrate up to 7 mm of tissue. For in vivo imaging, the tumor-to-
liver ratio of the afterglow signal was nearly 100-fold larger than that of the fluorescence
signal, indicating excellent performance in image-guided cancer surgery with the AIE
dots. Another example is from the work of Zhang et al. [40] who encapsulated photo-
sensitizer 2-((5-(4(diphenylamino)phenyl)thiophen-2-yl)methylene)malononitrile (TTMN)
and afterglow metricspoly[(9,9-di(2-ethylhexyl)-9H-fluorene-2,7-vinylene)-co-(1-methoxy-
4-(2-ethylhexyloxy)-2,5phenylenevinylene)] (PFPV) with F127 to construct AIE afterglow
imaging probe P-TNPs. They found that resonance energy transfer existed between TTMN
and PFPV. After irradiation by a white LED lamp, the afterglow of PFPV-dioxetane inter-
mediates could irradiate TTMN again to produce 'O, (Figure 2B). This type of closed-loop
probe can achieve effective imaging of subcutaneous tumors after injection through the
tail vein. In order to improve the luminescence properties of AIE molecules, Liu et al. [41]
balanced the twist and conjugation of molecules and reported a luminescent core (TPT),
which possesses a higher molar extinction coefficient (¢) and fluorescent brightness than
the conventional triphenylamine (TPA) and tetraphenylethene (TPE). Moreover, they intro-
duced a strong electron acceptor into the TPT core to construct a D-A near-infrared AIE
molecule (TPT-DCM) with a triazole luminescent core (Figure 2C), featuring a high molar
extinction coefficient, high brightness, and efficient reactive oxygen species generation
efficiency, which is attributed to the decreased energy gap (AEgst). Furthermore, they encap-
sulated TPT-DCM and Schaap’s dioxetane precursor with DSPE-PEG 2000. The TPT-DCM
can be light-irradiated to generate 'O, to convert Schaap’s dioxetane precursor to Schaap’s
dioxetane and then generate an afterglow with long time (up to 20 days), tumor-to-liver
signal ratio (up to 187) and deep tissue penetration (1.6 cm). To enhance the effectiveness
at the in vivo level, they synthesized a nanoparticle by encapsulating the TPT-DCM and
AGL (enol ether precursor of Schapp’s dioxetane) with DSPE-PEG 2000; the nanoparticle
was termed as TPT-DCM/AGL NPs. Notably, the tumor with a tiny size of <1 mm can be
successfully detected by injecting nanoprobes into 4T1 tumor-bearing Balb/c mice through
the tail vein. In 2024, Miao et al. [42] synthesized a single molecule (TPP-DO) by the
covalent bonding of the afterglow substrate (DO) with the afterglow initiator (mesote-
traphenyl porphyrin). To increase the hydrophilicity of TPP-DO, they co-assembled the
TPP-DO with an amphiphilic triblock copolymer PEG-b-PPG-b-PEG to form TPP-DO NPs
(Figure 2D). The covalent bond between the afterglow substrate and the energy transfer
unit enhances intramolecular energy transfer efficiency, resulting in increased afterglow
brightness. The mechanism study indicated that the TPP-DO NPs can be light-irradiated for
TPP to generate 10, to convert the DO to its 1,2-dioxetane intermediate TPP-DO-dioxetane,
which decomposed into TPP-DE, which can absorb the released energy to form excited
TPP-DE*. The energy transfer excites the TPP moiety, producing bright NIR luminescence.
An in vitro study showed that the TPP-DO NPs can penetrate a thickness of 6 cm with a
SBR of 35. The in vivo imaging can be conducted even at TPP-DO NP concentrations as
low as 0.1 nM. Furthermore, they prepared a GSH-activatable afterglow probe (Q-TPP-DO
NPs) by co-precipitating the DSPE-PEG2000-ssBHQ3 and the TPP-DO (Figure 2E) for the
detection of subcutaneous tumors as small as 0.048 mm?.
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Figure 2. (A) Synthetic route and luminescence mechanism of AGL AIE dot [39]. Reprinted (adapted)
with permission from Ref. [39]. Copyright 2019 American Chemical Society. (B) Closed-loop lumines-
cence mechanism of P-TNPs [40]. Reprinted (adapted) with permission from Ref. [40]. Copyright
2020 Royal Society of Chemistry. (C) The chemical structures of TPA, TPE, and TPT [41]. Reprinted
(adapted) with permission from Ref. [41]. Copyright 2023 Wiley-VCH. The synthetic route of (D)
TPP-DO NPs and (E) Q-TPP-DO NPs [42]. Reprinted (adapted) with permission from Ref. [42].
Copyright 2024 Wiley-VCH.

Aiming at achieving precise tumor imaging with high SBR of tumors, it is essential
to enhance the in vivo targeting ability of imaging probes. Ye et al. [43] developed an
H,S-activated afterglow probe (F12*-ANP) by integrating organic electrochromic material
(EM F12*) into a NIR photosensitizer (silicon 2,3-naphthalocyanine bis(trihexylsilyloxide)
and (poly[2-methoxy-5-(2-ethylhexyloxy)1,4-phenylenevinylene]) containing nanoparticles
(Figure 3A). In the presence of H,S, the FRET (fluorescent resonance energy transfer)
process was eliminated, leading to the recovery of 'O, production in F2-ANP under 808
nm light irradiation. In addition, the F12*-ANP possessed positive reduction potential
E 4 = 10.40 V, resulting in a faster reaction to H,S with a second-order reaction rate
ko = 3600 + 130 M~!s~!. Under the 808 nm irradiation, the NIR775 produced 'O, to
oxidize the vinylene bond of MEH-PPV, accompanied by the emission of photons at 580
nm. This process was followed by energy transfer to NIR775, which ultimately activates
the NIR afterglow luminescence at 780 nm. To enable precise detection of H,S in HCC
HepG2 cells, the B-Gal was introduced to the surface of F12*-ANP to prepare F12*-ANP-Gal
(Figure 3B). They further used the F12*-ANP-Gal probe for the imaging of subcutaneous and
orthotopic HepG2 tumors (<3 mm in diameter) in mice. It is worth noting that F12*-ANP-
Gal precisely delineated tumor margins in excised hepatic cancer specimens, which may be
used for intraoperative guidance in liver cancer surgery. To break the limitation of energy
transfer distance between the donor and the acceptor, Miao et al. [44] developed an organic
PH-activatable upconversion afterglow luminescence cocktail of nanoparticles (ALCNs)
consisting of an “energy” donor (AIN) and an “energy” acceptor (ASN) (Figure 3C). In the
acidic microenvironment, the amide bond of ASN was broken and the surface charge of the
nanoparticles changed from negative to positive, which reduced the transfer distance of
singlet oxygen (1O,) in the aqueous solution, so that the afterglow substrate was oxidized
to intermediate, and then produced afterglow. An in vitro afterglow imaging study proved
that the intensity of the afterglow signal was proportional to the number of 4T1 cells
and HepG2 cells. Furthermore, the ALCNs successfully achieved afterglow imaging of
4T1 subcutaneous tumors and orthotopic liver tumors. Notably, bio-ALCNs exhibited
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superior tumor-targeting capability and enhanced tumor-imaging performance compared
to ALCNS.
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Figure 3. Synthesis route and response mechanism of (A) F12*-ANP and (B) F12*-ANP-Gal to
hydrogen sulfide [43]. Reprinted (adapted) with permission from Ref. [43]. Copyright 2020 Springer
Nature. (C) Synthetic route and PH response mechanism of ALCNs [44]. Reprinted (adapted) with
permission from Ref. [44]. Copyright 2024 Springer Nature.

Due to the generation of ROS, afterglow luminescent probes can also be used for
photodynamic therapy of tumors. As an exploration, Zeng successfully integrated the
acceptor moiety TBQ, which possessed 'O, generation capabilities, with the donor moiety
DCL featuring an ONOO™ -responsive group, into a nanoparticle [45] (Figure 4A). This
innovative construct enabled in vitro detection of ONOO- with a limit of detection (LOD)
of 46.1 nM and achieved a penetration depth of 2 cm, thereby facilitating effective pho-
todynamic therapy in vivo. Tang et al. [46] reported two novel photochemical afterglow
luminescent nano-photosensitizers (ABEI-TPA and Iso-TPA) (Figure 4B). Two PSs with ex-
tended afterglow were created using TMAH and isoluminol derivatives through conjugate
and non-conjugate links. While ABEI-TPA possessed higher photoluminescence quantum
efficiency, Iso-TPA exhibited better effects of luminescent bioimaging such as high SNR
and deep tissue penetration (32 mm), which were attributed to the higher ROS generation
efficiency. Consequently, in vivo experiments indicated that two PS-based NPs possessed
effective PDT therapeutic efficacy. Furthermore, activatable phototheranostic probes, char-
acterized by specific “turn-on” signals, minimized tissue auto-fluorescence and side effects,
have been used for phototheranostics of the tumor. In 2023, Pu et al. [47] synthesized a
chemiluminophore (DBPg) by replacing the malononitrile group of dicyanomethylene-4H-
benzopyran-phenoxyl-dioxetane (DBP) with A1,3-dimethyl barbituric acid (an electron-
withdrawing group (EWGs) (Figure 4C,D). They further introduced the lysyl oxidase
(LOX)-responsive group propylamine into DBPg to construct the LOX-activatable lumines-
cent probe (DBPgy ) with NIR afterglow and 10, production after laser irradiation. In the
presence of lysyl oxidase (LOX), the CL signal and photodynamic activity could be turned
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on, enabling imaging-guided PDT therapy in vivo. As an exploration, Ding et al. [48]
developed an afterglow ONOO ™ -activatable theranostic nanoprobe AIE/B -AGL-HCPT
NPs for inducing Immunogenic Cell Death (ICD), monitoring the process of ICD and the
cold-to-hot tumor transformation. The AIE/B -AGL-HCPT NPs consisted of afterglow hy-
droxycamptothecin prodrug (B-AGL-HCPT) with the ONOO™ -activatable group and AIE
photosensitizer ((TPE-DPA),-Py). Under the irradiation of light, the AIE photosensitizer
generated 10, to evoke ICD and oxidize the B-AGL-HCPT, forming a 1,2-dioxetane deriva-
tive, which had neither afterglow nor therapeutic effect except to retain the fluorescent
signal (Figure 4E,F). With the development of ICD, the cold tumor can be converted to a hot
tumor with increased ONOO™ levels. The ONOO™ can cleave the B-AGL-HCPT, thereby
uncaging the afterglow unit, which can transfer the energy to (TPE-DPA);-Py to emit NIR
afterglow (>650 nm), while also releasing the HCPT to enhance the PDT-mediated ICD
process. Furthermore, in vivo experiments demonstrated that AIE/B -AGL-HCPT NPs can
effectively eliminate tumors and prevent tumor recurrence in the 4T1 tumor-bearing mice.
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Figure 4. (A) Illustration of afterglow luminescence of DCL/TBQ activated by ONOO™ [45].
Reprinted (adapted) with permission from Ref. [45]. Copyright 2024 Wiley-VCH. (B) Schematic of
in vivo luminescence imaging and PDT therapy of ABEI-TPA and ISO-TPA [46]. Reprinted (adapted)
with permission from Ref. [46]. Copyright 2024 Wiley-VCH. (C) Molecular design of different
chemiluminophores. (D) Illustration of LOX-activated afterglow imaging and PDT treatment [47].
Reprinted (adapted) with permission from Ref. [47]. Copyright 2023 Wiley-VCH. (E) Illustration of
afterglow luminescence of AIE/B-AGL-HCPT NPs activated by ONOO™. (F) The molecular structure
conversion for the afterglow luminescence processes [48]. Reprinted (adapted) with permission from
Ref. [48]. Copyright 2022 Wiley-VCH.

3. Sono-Afterglow Probes

Despite the elimination of auto-fluorescence of tissue, limited penetration (1~2 cm),
light-scattering, and reabsorption in tissue still exist in photo-afterglow imaging. Con-
versely, ultrasound-triggered luminescence, which is characterized by light emission re-
sulting from the energy-releasing process of piezoelectric inorganic materials, has great
potential for application in biological imaging owing to its noninvasiveness, high spa-
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tiotemporal, deep penetrability (up to 10 cm), precise localization of lesions, and low
cost [49-52].

To achieve ultrasound-activated luminescence imaging of tumor sites, Song et al. [53]
reported an ultrasound-activated NIR chemiluminescence PNCL, which was prepared
with sonosensitizer protoporphyrin IX (PpIX) and an enol ether precursor of Schaap’s
dioxetane containing adicyanomethyl chromone (DCMC) acceptor scaffold (NCL) through
click reaction. The PNCL could generate singlet oxygen under ultrasound irradiation (1
MHz). Oxidation of the enol ether of the NCL moiety by 'O, resulted in the forming of
active intermediates and then the producing of luminescence. The strongest afterglow
luminescence peaked at 710 nm (Figure 5A), enabling US-activated afterglow imaging
in deep tissue (~2 cm). Furthermore, bright chemiluminescence was detected in vivo
after tail vein injection of PNCL (Figure 5B). This strategy achieves ultrasound-induced
luminescence imaging of the tumor. Aiming at mitigating the hypoxic microenvironment
present in tumors and enhancing therapeutic outcomes for tumor treatment, Chen et al. [54]
constructed a probe by combining Synechococcus elongatus PCC 7942 (PCC) with sono-
afterglow Ce6 nanoparticles (NPs-Ce6). Under ultrasound stimulation, the afterglow
emitted by NPs-Ce6 facilitates photodynamic conversion to generate oxygen, thereby
alleviating the hypoxic microenvironment within the tumor. Concurrently, the singlet
oxygen produced through ultrasound exposure can induce ferroptosis in tumor cells

(Figure 5C).
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Figure 5. (A) Mechanism illustration of sono-afterglow of PNCL for in vivo imaging. (B) Sono-
afterglow imaging of 4T1 tumor at different times [53]. Reprinted (adapted) with permission from
Ref. [53]. Copyright 2023 American Chemical Society. (C) Schematic illustration of preparation
of NPs-Ce6 and antitumor mechanisms [54]. Reprinted (adapted) with permission from Ref. [54].
Copyright 2024 Wiley-VCH.

The immune system can maintain homeostasis in tumor initiation and development,
and many activatable molecular sono-afterglow probes have been reported to evaluate
immunotherapy and early diagnosis of tumors [55,56]. In 2022, Pu et al. [57] reported a
NIR-I molecular sono-afterglow probe SNAP (peaked at 780 nm), which was designed
by silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) (NCBS) as a sonosensitizer moiety,
and dicyanomethylene-4H-benzothiopyran-phenoxyl-adamantylidene (DPAs) as a sono-
afterglow substrate (Figure 6A). When the ultrasound condition was 2.0 W cm ™2 for
30 s, the mass ratio between NCBS and DPAs was 1:5, and the sono-afterglow signal of
SNAP could be strong enough to penetrate tissue to a depth of 4 cm. To further evaluate
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the performance of biomarker-activated sono-afterglow imaging, they synthesized an
activatable sono-afterglow probe SNAP-M, comprising a singlet oxygen initiator (NCBS)
and a sono-afterglow substrate (DPAs), which is caged with ONOO™ responsive moiety
(Pro-DPAs) (Figure 6B). The afterglow substrate could be activated by overproduced
ONOO™ in the pro-inflammatory tumor microenvironment and subsequently reacted
with 10,, generated from NCBS under ultrasound irradiation, to produce long-lasting
and deep tissue luminescence, which could be used to specifically and sensitively (LOD
down to 0.3 uM) detect ONOO™ in deep tissues (4 cm). To further accelerate the in vivo
use of sono-afterglow nanoparticles, SCAN, consisting of Pro-MB, Pro-R837, and DPAs,
has been reported to achieve tumor immunotherapy. The MB could be activated in the
ONOO~ overproduced tumor microenvironment and produced 'O, under ultrasound
condition (5 min, 2.0 W cm~2). Due to the 1O, effect, R837 and DPAs were liberated from
SCAN in situ for immunotherapy and accurate sono-afterglow imaging of subtle ONOO™
molecular changes in deep tumor tissue, respectively (Figure 6C). Moreover, Tan et al. [58]
synthesized luminescence nanoparticle TD NPs, which enable early detection of tumors and
monitoring cancer treatment. Due to the piezocatalytic effect of ultrasound, TD NPs could
generate a large amount of ROS ('O, and HOe) under ultrasonic excitation and then react
with the TD to produce luminescence with a peak at 625~650 nm, which exhibited excellent
tissue penetration (up to 2.2 cm) (Figure 6D). Whether in delayed or real-time imaging
mode, the TD had excellent sono-afterglow performance. In the delayed imaging mode,
its luminescence intensity was 2389 times higher than that of H,O, and in the real-time
imaging mode, it was 1428 times higher. To investigate the luminescence ability in vivo,
orthotopic GBM-bearing mice and pancreatic tumor-bearing mice were intraperitoneally
injected with TD NPs, and then dynamically enhanced signals were observed. Moreover,
the nanoparticle could produce strong sono-afterglow in metastatic tumors and lymph
nodes. These results demonstrated the ability of in vivo imaging. Furthermore, based on
the critical role of granzyme B in cell death through cytotoxic lymphocytes, the team further
constructed a granzyme B-activated TD-Grz-BHQ probe for the precise immune response
differentiation of different tumor types (Figure 6E).
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Figure 6. Mechanism illustration of sono-afterglow imaging for (A) SNAP, (B) SNAP-M,
(C) SCAN [57]. Reprinted (adapted) with permission from Ref. [57]. Copyright 2022 Springer
Nature. Molecule mechanism of (D) TD NPs (E) TD-Grz-BHQ for sono-afterglow imaging [58].
Reprinted (adapted) with permission from Ref. [58]. Copyright 2024 Springer Nature.
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4. Radio-Afterglow Probes

As invisible high-energy rays, X-rays have no penetration limitation, making X-ray-
activated afterglow imaging useful for diagnostic imaging. Moreover, similar to photody-
namics, X-ray can also enable radiodynamic therapy (RDT) of radio-afterglow probes by
initiating the photodynamic process of optical agents [59-66]. However, it is still limited to
a few inorganic nanophosphors [67]. Recently, Pu et al. [68] reported a series of organic
radio afterglow probes with tunable afterglow emission (624 nm~792 nm) and 'O, genera-
tion for cancer radiodynamic theranostics (Figure 7A,B). Mechanistic studies showed that
the generation of 1O, by IDPAg,, was the highest, which enabled stronger radio afterglow.
The IDPAg, exhibited deep tissue penetration (15 ¢cm) in vitro and in vivo. To allow precise
cancer diagnosis and therapy, the authors synthesized an organic radio afterglow dynamic
probe (MRAP), comprising a tumor-targeting moiety (cyclic arginine-glycine-aspartate
(cRGD)), a theranostic moiety and a CatB-cleavable peptide moiety (Cit-Val). In the CatB-
upregulated microenvironment, the peptide moiety was specifically cleaved, and then the
radio afterglow signal and radiodynamic of MRAP could be activated. It should be noted
that the probe enables the detection of a diminutive tumor. This work provided a new
avenue for precision theranostics.
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Figure 7. (A) Molecule mechanism of IDPAg,, for radio-afterglow imaging. (B) Molecule mechanism
of MRAP for radio-afterglow imaging and RDT [68]. Reprinted (adapted) with permission from
Ref. [68]. Copyright 2023 Springer Nature.

5. Conclusions and Perspective

Afterglow imaging plays a crucial role in the field of biomedicine. At present, com-
pared with inorganic afterglow probes, organic afterglow probes have advantages such
as good biocompatibility, low toxicity, and easy adjustment of structure, which provide
broad prospects for development in tumor imaging and treatment. The imaging effect of
photo-afterglow probes is often affected by the unavoidable absorption of light by tissues.
In contrast, due to the superior deep penetration capabilities of ultrasound and X-ray,
both ultrasound-activated afterglow imaging and X-ray-activated afterglow imaging can
effectively address this issue. Despite significant advancements, the design of promising
organic afterglow imaging probes still faces many challenges.
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Firstly, sono-afterglow probes and radio-afterglow probes can effectively enable deep
tissue imaging. However, the development and reporting of organic sono-afterglow probes
and radio-afterglow probes remain relatively underexplored, which highlights a significant
opportunity for further investigation and innovation in this field [69,70].

Secondly, the reported probes are often composed of multiple components (stimuli-
responsive units, singlet oxygen-generating units, luminescent units) encapsulated together.
The construction process of these organic probes is relatively cumbersome, and the compo-
nent ratio is not easily controlled precisely. Developing an activatable organic afterglow
probe that integrates multiple units in one molecule is very meaningful.

Thirdly, the half-life of singlet oxygen which plays a crucial role in the process of
afterglow imaging is very short (4 ms). This issue affects the efficiency of singlet oxygen
transfer from the singlet oxygen generator to the afterglow substrate. The current solution
is to prepare the imaging probe into a small nanoparticle. Exploring more methods to
improve the efficiency of singlet oxygen transfer is urgent.

Fourthly, there are still very few organic luminescent probes with near infrared lu-
minescence, especially in the second region of the near infrared. To improve the imaging
resolution and depth, it is very necessary to develop the second region of NIR II after-
glow probes.

Finally, the development of organic afterglow probes with near-infrared emission,
long luminescence duration, bright afterglow intensity (more than 10° ps~! em =2 sr~!
measured by an IVIS imaging system) and multi-target detection is still in its initial stage.
There is an urgent need to explore new organic afterglow substrates.

In summary, there are still many issues with probes used for precise imaging and
treatment of tumors. We hope that this review will serve as a valuable resource, offering
insightful and practical information about this specialized field. We aim to encourage and
facilitate the development and eventual clinical application of afterglow imaging agents.
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Abstract: The landscape of cancer therapy has gained major impetus through the development of
materials capable of selectively targeting cancer cells while sparing normal cells. Synthetic peptides
are appealing as scaffolds for the creation of such materials. They are small in size, amenable
to chemical synthesis and functionalization, and possess diverse chemical and structural space
for modulating targeting properties. Here, we review some fundamental insights into the design,
discovery, and evolution of peptide-based targeting agents, with a particular focus on two types of
cancer cell targets: unique/overexpressed surface receptors and abnormal physiological properties.
We highlight the cutting-edge strategies from the literature of the last two decades that demonstrate
innovative approaches to constructing receptor-specific cyclic binders and stimulus-responsive
targeting materials. Additionally, we discuss potential future directions for advancing this field, with
the aim of pushing the frontiers of targeted cancer therapy forward.

Keywords: peptide-based binder; responsive material; targeting; cancer therapy

1. Introduction

Cancer remains one of the leading causes of death worldwide, with 20 million new
cases expected annually by 2025. This underscores the need for highly effective cancer
therapies [1]. Surgery, radiation therapy, chemotherapy, and combinations of these ther-
apies dominate clinical practice. However, they often result in severe side effects and
unintended toxicity due to their non-selective action against normal cells and tissues [2-
4]. Immunotherapy is a transformative approach in this field by deploying our body’s
own immune system as a personalized medicine to fight against cancer [5,6]. This can be
achieved by targeting inhibitory pathways with immune checkpoint inhibitors, or activat-
ing pathways with chimeric antigen receptor immune cells or cell engagers. Compared
to chemotherapy or radiation, immunotherapy typically has better action specificity with
fewer side effects. In some cases, immunotherapy can induce durable responses, contrast-
ing with conventional therapies where cancer may recur more frequently. Clearly, in almost
all cancer therapies, it is critical to ensure therapeutic activity against cancer cells while
sparing normal cells from harm. Paul Ehrlich’s “magic bullet” concept in the 1890s laid
the foundation for targeted therapies by emphasizing the importance of selective-targeting
capabilities [7]. Developing molecules or materials that specifically target cancer cells has
thus become a highly rewarding endeavor. Cancer cells have a large number of unique or
overexpressed surface receptors compared to normal cells. These proteins serve as prime
molecular targets for the design or discovery of receptor-specific binding molecules. These
binders can facilitate targeted cargo delivery, enable immune checkpoint inhibition, and
recruit immune and effector cells, thereby advancing both cancer therapy and diagnostics.
In addition, cancer cells exhibit aberrant physiological properties such as overexpressed
enzymes, elevated redox potentials, and acidic pH conditions. Effectively targeting these
features, as opposed to the receptor-based approaches, is also critical for distinguishing
cancer cells from normal cells in therapeutic interventions.
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Monoclonal antibodies (mAbs) are widely used because of their exceptional binding
specificity and high affinity for cell-surface receptors, making them valuable for generat-
ing cell-targeting binders. However, their biological production is costly and can lead to
variability in potency between batches. The large size of mAbs may also pose challenges
in vivo, such as inadequate pharmacokinetics and limited tissue penetration [8-11]. In con-
trast, nucleic acid aptamers—a short, single strand of DNA or RNA—function like chemical
antibodies. Like antibodies, aptamers can specifically recognize molecular targets based on
defined nucleotide sequences and conformations. The SELEX random library technique
has been used to generate numerous high-affinity aptamers that selectively bind to various
cellular targets [12-14]. Aptamer-based antagonists and aptamer—drug/toxin conjugates
have been developed for cancer treatment, as reviewed in detail elsewhere [15-17].

Here, we highlight peptides as promising candidates for cancer cell-targeting agents.
Compared to mAbs, peptides offer distinct advantages: they are small in size, amenable
to chemical synthesis and functionalization, exhibit minimal batch-to-batch variability,
possess low immunogenicity, and have an extended shelf life [18-20]. Peptides also of-
fer greater chemical diversity for modulating targeting properties compared to nucleic
acid aptamers, thanks to the wide range of natural and unnatural amino acids available.
Their diverse secondary and higher order structures further expand the scope for tailoring
chemical distribution and folding or assembly behaviors. As shown in recent reviews,
peptides have been increasingly explored for cancer treatments and diagnostics [20-24].
Previous reviews have systematically discussed their therapeutic effects in different cell
types and ways to improve their in vivo efficacy. However, limited attention has been paid
to the approaches for molecular design and the search for cancer cell-targeting peptides.
Practical methods to correlate peptide sequence-dependent folding and assembly behav-
iors with cancer-related physiological properties remain elusive [25-27]. This mini-review
illustrates selected studies to show cutting-edge strategies in the discovery and design of
peptide-based binders and dynamic peptide materials, and their receptors and physiologi-
cal signals, respectively. By leveraging the rich molecular codes encoded in peptides, this
review promises to reliably and predictably design targeting agents, advancing targeted
cancer therapy.

2. Receptor-Specific Binders
2.1. Linear Binders

Cancer cells possess oncogenic aberrations that promote abnormal proliferation, migra-
tion, and the evasion of immune surveillance [28,29]. In particular, unique/overexpressed
membrane receptors have become prime targets for distinguishing cancer cells from their
normal counterparts [20,30-32]. Early efforts in developing receptor-specific binding
molecules centered on structure-guided design by exploring natural proteins that engage
with target receptors. For example, integrins play a central role in cell adhesion to the extra-
cellular matrix (ECM), facilitating cellular motility and invasion [33]. The well-known RGD
peptide was originally derived from the sequence of fibronectin, an abundant ECM pro-
tein [34,35]. RGD has been identified as a key interacting motif with integrin heterodimers,
such as o531, xyv B3, oy Pe, and agr3. Consequently, a variety of synthetic RGD peptides
and their derivatives have been constructed as potent binders for integrin-overexpressed
cancer cells in malignancies, such as melanoma, glioblastoma, and breast, prostate, and
ovarian malignancies [36-38]. This approach is time-consuming and highly dependent on
the availability of high-resolution structural information on the protein-receptor complex.
In contrast, techniques such as phage display [39], and mRNA display [40] enable the
screening of large numbers of random peptides against nearly any given molecular target.
For example, the overexpression of human epidermal growth factor receptor 2 (HER2) on
cancer cells triggers receptor homodimerization and clustering. This activates downstream
MAPK and PI3K pathways to drive cell proliferation, growth, and anti-apoptosis [41].
Quinn and coworkers used a random 6-amino-acid peptide bacteriophage display library
to find the HER2-specific peptide (KCCYSL) with a dissociation constant (Kp) in the range
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of hundreds of micromolar [42]. In a separate study, Sioud and colleagues used a phage
display biopanning technique to identify a HER2 binder (LTVSPWY) with a remarkable
Kp value in the nanomolar range [43].

2.2. Cyclic Binders

Cyclic peptides dominate in cell-related molecular binders based on the literature of
the last two decades [44,45]. Studies suggest that cyclization of linear RGD peptides can
significantly increase their binding affinity to oy (33 receptors from several micromolar to
nanomolar levels [46,47]. The increase is attributed to reduced chain flexibility, which facili-
tates peptide—target engagements by minimizing entropic loss during binding. In addition,
cyclization of many linear peptide-based binders has resulted in improved proteolytic
resistance during in vivo cancer cell targeting. This is due to constrained backbone confor-
mations that impede access to protease catalytic sites. Clearly, cyclization has emerged as a
facile route to enhancing the targeting performance of peptide-based binders.

Numerous bioactive cyclic peptides found in nature maintain their three-dimensional
structures through intramolecular disulfide bonds. Wu and coworkers were inspired to
develop a series of cysteine-rich motifs, such as CXC and CPPC, to direct peptide cyclization.
These motifs enable the programmable formation of intramolecular disulfide bonds, leading
to single-, bi-, and multi-cyclic architectures with predictable topologies (Figure 1A) [48,49].
In addition to the disulfide-based approach, various chemical conjugation and crosslinking
strategies have been developed, allowing the creation of cyclic scaffolds with exceptional
efficiency [50]. The screening library (such as phage [39] and mRNA display [40]) has
been extensively used to search for unnatural cyclic binders that target given molecular
entities. For example, Heinis, Winter and coworkers presented a strategy using phage
display to screen and isolate cyclic binders for various molecular targets [45,51]. Cysteine-
containing peptides presented on phage tips were cyclized using thiol-reactive chemical
linkers, resulting in redox-stable conformations as opposed to disulfide-bridged cyclic
structures (Figure 1B) [52]. Suga and coworkers established the random nonstandard
peptide integrated discovery (RaPID) platform to generate the library of thioether-closed
macrocyclic peptides containing non-proteinogenic amino acids (Figure 1C) [53,54]. This
platform integrates genetic code reprogramming using a flexible in vitro translation (FIT)
system with mRNA display, greatly expanding the repertoire of cyclic binders [55]. An
increasing number of cyclic peptides with nanomolar and even picomolar binding affinities
have been generated for a wide range of targets, including cancer cell-surface receptors.

Peptide-based binders facilitate cancer therapy by guiding the delivery of chemothera-
peutics, radioisotopes, and other cytotoxic agents. They also serve to inhibit and antagonize
cell-surface receptors as well as intracellular proteins [56-58]. Among them, many binder-
based drugs and peptide—drug/toxin conjugates have been approved or are under clinical
evaluation (Table 1). For instance, romidepsin [59], a bicyclic peptide isolated from natural
fermentation products, has received FDA approval for the treatment of cutaneous T-cell
lymphoma. This prodrug features an intrapeptide disulfide bond that is reduced within
the cell. The active peptide form is then released to specifically target and inhibit histone
deacetylase enzymes. Another notable advancement is ””Lu DOA-TATE [60], the first FDA-
approved radiopharmaceutical for the treatment of gastroenteropancreatic neuroendocrine
tumors. The molecule conjugates a radionuclide to octreotide, and a cyclic peptide and
somatostatin analogue. The octreotide selectively delivers ionizing radiation to cancer cells
bearing overexpressed somatostatin receptors. Similarly, 1’”Lu-AB-3PRGD is in a Phase I
trial to determine its effectiveness in various advanced solid tumors (NCT06375564) [61].
This conjugate employs a dimeric RGD peptide with 3 PEGy linkers for high-avidity multi-
valent targeting of ay 33 on cancer cells. In addition to these targeting peptides derived
from natural protein sources, screened synthetic binders are also being explored in preclini-
cal or clinical trials. A notable example is the bicycle toxin conjugate (BTC) BT8009, which
combines a nectin-4 targeting bicyclic peptide with the cytotoxin monomethyl auristatin
E [62]. This conjugate has shown promising anticancer activity in patients with advanced
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or metastatic malignancies, including urothelial cancer (NCT04561362, NCT06225596).
Comprehensive lists of binder-based therapeutics in clinical trials and approved for mar-
keting have been presented elsewhere [63,64]. Concurrent with the rapid development of
cancer immunotherapy, peptide-based binders have also been harnessed as cell engagers
to orchestrate cancer elimination using immune effector cells. For example, Wang and
coauthors designed a bispecific triblock peptide AKMGEGGWGANDY-GNNQONY-RGD
to facilitate interactions between T cells and cancer cells [65]. The first and third blocks of
the peptide selectively targeted CD3 on T cells and integrins on MCF-7 cells, respectively.
Upon RGD-integrin interaction, the fibril-forming sequence (the second block) drove the
clustering of the cell-surface peptides, activating T cells and culminating in the cytolysis of

cancer cells.
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Figure 1. (A) Schematics of disulfide pairing of CPIEC motifs and the oxidation of peptides containing
two CPIEC motifs [49]. Reprinted (adapted) with permission from 49. Copyright 2023 American
Chemical Society. (B) Phage selection of bicyclic peptides using a thiol-reactive chemical linker [52].
Reprinted (adapted) with permission from 52. Copyright 2017 American Chemical Society. (C) mRNA
selection of cyclic peptides on the RaPID platform [54]. Reprinted (adapted) with permission from 54.

Copyright 2019 American Chemical Society.
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Table 1. Representative cell-targeting peptides that have been approved or are in clinical trials.

Targeting Mechanism of  Development Clinical Trials e
Name Feature Action Stage Registry Application Reference
Histone Inhibiting Cutaneous
Romidepsin deacetylase histone Approved NCT03742921 [59]
T-cell lymphoma
enzymes deacetylase
77Lu Somatostatin 77Lu Gastroenteropancreatic
DOA-TATE receptors irradiation Approved NCT01578239 neuroendocrine tumors [60]
77Lu-AB- 77 .
3PRGD av B3 irradiation Phase I NCT06375564 Solid tumors [61]
%ﬁ;‘:ﬁtgg Advanced or
BT8009 Nectin-4 Phase I/11 NCT04561362 metastatic [62,64]
monomethyl - .
L malignancies
auristatin E
BT8009 Nectin-4  Pembrolizumab Phase TI NCT0622559 MetaStaCz;;rr othelial [62]
pH-induced .
CBX-12-101 membrane  DhVA damage Phase I/11 NCT04902872 Ovarian cancer, [66]
. . via exatecan solid tumors
insertion
pH-induced
CBX-12 membrane  DhVA damage Phase I NCT05691517 Solid tumors [66]
. . via exatecan
insertion
pH-induced ICG based
pHLIP ICG membrane fluorescence Phase I/11 NCT05130801 Breast cancer [67]
insertion imaging
pH-induced 18F based
18E_Var3 membrane _pase Phase | NCT04054986 Breast cancer [68]
. . imaging
insertion

3. Physiological Stimulus—Responsive Peptide Assemblies

In addition to targeting cell-surface receptors, the aberrant physiological characteristics
inherent to cancer cells can be an alternative type of cancer cell target [69,70]. Tumor
microenvironments, both extracellular and intracellular, exhibit overexpressed enzymes,
elevated redox potentials, and acidic pH conditions [71,72]. Aiming at these physiological
attributes, targeting cancer cells require approaches distinct from the binder-receptor
interaction mode. A straightforward strategy to create the targeting materials is to use these
physiological traits to alter the physicochemical properties of self-assembling peptides (i.e.,
hydrophobicity, hydrophilicity, size, and charge state). As demonstrated by the following
examples, this provides a facile route to correlate the changes in folding and or assembly
behaviors of the peptides with cancer cell-specific cues (Table 2).

3.1. Enzyme-Responsive Materials

Elevated levels of enzymes in both the extra- and intracellular environments of can-
cer have been documented, including alkaline phosphatases, matrix metalloproteinases
(MMPs), cathepsin B, carbonic anhydrases, and many others [73-75]. The catalytic abilities
of these enzymes to cleave chemical bonds have been leveraged to link peptide assem-
bly behavior to the presence of enriched enzymes from cancer cells [73,76,77]. Xu and
colleagues have pioneered the construction of enzyme-instructed peptide self-assembly
systems [78,79]. They first showed the use of alkaline phosphatase (ALP) to induce molecu-
lar self-assembly [80]. By dephosphorylating an FMOC-tyrosine phosphate, the balance of
molecular hydrophobicity and hydrophilicity was altered, resulting in the transformation
of the precursor into a hydrogenator. This innovative strategy was subsequently used to di-
rect peptide fibrillization in the pericellular space of cancer cells [81]. Surface and secretory
ALPs from HeLa and MES-SA cancer cells catalytically dephosphorylated a naphthalene-
capped peptide, PFPFpPY. With enhanced hydrophobicity and decreased charge repulsion,
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the resultant tripeptide PFPFPY self-assembled into hydrogel-like structures selectively
surrounding cancer cells. This action effectively inhibited cancer cell growth and metastasis
by impeding cellular mass exchange and inducing apoptosis (Figure 2A).

Recently, Yang, Gao, and their colleagues extended the concept of ALP-responsive
peptide assembly structures to develop a bis-specific cell engager (Supra-BiCE) for cancer
immunotherapy [82]. The Supra-BiCE platform comprised two self-assembly peptides:
Ada-GPFPFpPYG conjugated to a PPPA-1 peptide PNPYPSPKPPPTPDPRPQPYPHPF to
target PD-L1 on cancer cells and a PTBP-3 peptide, GGPYPTPFPHPWPHPRPLPNPP. The
two peptide segments selectively targeted the Ig and ITIM domains on T and NK cells,
respectively. Upon ALP dephosphorylation, the nanoribbons formed by the co-assembly of
these two peptides underwent a morphology transformation into long nanofibers. This
structural alternation enhanced the binding affinity of the assemblies to both immune and
cancer cells, consequently activating T and NK cells via checkpoint blockade. In vivo stud-
ies demonstrated that this in situ peptide assembly effectively suppressed colon carcinoma
models in mice by facilitating the targeting, enrichment, and retention of T and NK cells at
cancer cell sites.

Enzymatic cleavage peptide sequences by enzymes represents another prevalent ap-
proach in the design of enzyme-responsive peptide assemblies. For example, Lou and
coworkers designed a peptide-conjugated probe (DMFA), capable of undergoing matrix
metalloproteinase-2 (MMP-2)-induced morphological changes for cancer therapy [83]. As
shown in Figure 2B, DMFA comprised three consecutive segments: a charged, amphiphilic
a-helical peptide with the amino-acid sequence of GRFKRFRKKFKKLFKKLSPVIPLLHL,
an MMP-2 cleavable peptide PLGLAG, and an amyloid-forming sequence KLVFE. DMFA
formed nanoparticles with the x-helical peptide exposed to the aqueous phase. Following
cleavage by overexpressed MMP-2 on cancer cells, the resultant x-helical portion dis-
rupted the phospholipid bilayers of the cells, while the KLVFF fragment self-assembled
into extracellular nanofibers. This morphological transformation of peptide assemblies
has demonstrated efficacy in suppressing tumor growth and metastasis by facilitating
Ca?* influx and disrupting Na* /K*-ATPase, consequently inhibiting the PI3K-Akt signal-
ing pathway.

In addition to extracellular enzymes within the pericellular space, intracellular en-
zymes also represent promising targets for peptide assembly-based therapies. For example,
Liang and coworkers reported an apoptosis-amplified assembly of a peptide analogue
for cancer photodynamic therapy (PDT) (Figure 2C) [84]. They synthesized a peptide-
porphyrin conjugate, Ac-DEVDD-TPP, by incorporating a caspase-3 cleavable sequence
DEVD to a TPP-based PDT photosensitizer. Upon cleavage by endogenous caspase-3,
the conjugate yielded D-TPP, which self-assembled into nanofibrils around the mitochon-
drion. This located assembly enabled the in situ generation of singlet oxygen 'O, upon
laser irradiation, inducing mitochondrion damage and triggering cell apoptosis. Con-
currently, more generated caspase-3 continued to convert the conjugate into nanofibrils,
thereby amplifying cancer cell apoptosis. Similarly, Wang and colleagues demonstrated
the conversion of drug-appended peptide nanoparticles into nanofibers via overexpressed
lysosomal protease, cathepsin B, in cancer cells [85]. As depicted in Figure 2D, the peptide-
based prodrug was synthesized by conjugating an integrin-targeting peptide RGD to the
C-terminus of a chemodrug camptothecin (CPT)-appended (3-sheet forming peptide LVFE,
linked by an enzyme-cleavable sequence GFLG and a hydrophilic PEG chain. The resultant
amphiphilic peptide conjugates self-assembled into nanoparticles. The small size of the
particles (~30 nm) enabled the internalization of the assemblies into HeLa cell lysosomes
via integrin-assisted cellular endocytosis. Subsequent shedding of the hydrophilic PEG-
RGD segment by cathepsin B increased the hydrophobicity of the molecules, leading to
the formation of CPT-LVFF nanofibers in cancer cells. These preformed fibrous drugs
then acted as seeds to promote drug accumulation in cancer cells, effectively inhibiting
cancer progression.

123



Targets 2024, 2

Pericellular g?
space
Secretory Cellular )Y((L'J* ',(? ~’¢ ) SotAssembly & Laser ?
3 — uptake ’I(HJ h ;[5—0 °"""’" G b

Pericellular Dgig Ac-DEVDD- m ‘ D-TPP . ::::" En:annrd

hydrogel
Self-Amplified Photodynamic Therapy

Cell « _cAM_4 cen °e%‘

death adhesion

oH b
/@ /0, °"* & Apoptosis- .. o @  Pro-GSOMD
m\i CH R o . Amplified ProCaspase-1_ Active
Y Y Assembly of sy
o o o > ] r‘omh brln ® @ t
& D-2 \ \ Nanofiber
B 3 Pos -

@0 ° Intraceflular Y
i ProdL-18 “7IL18  Content Release
Chemical structure
" a-helix forming part ; “
P ¢ (- P < " S O Pyroptosis 5 Membrane
o y ) ) A o o o Self-Assembly ¢ Rupture
w A1 B A R A 1A R i A g X LR ) A L S P 5 ' [
1800SR RS RRCRRCRRCRACRRCR e B GO
. L ¥ Mitochondrion
B-sheet forming part - MMP-2 cleavage site ...“‘
%
K K i M K | ISy
< L L] g n J 1; L8 ( 1 D
DMFA: GRFKRFRKKFKKLFKKLSPVIPLLHLGG-PLG/LAG-GGKLVFFGG PaNH PyTPA)
Sl ¢ . Enzyme-cleavable linkage
Self- structure in aqueous solution 3 Targeting unit

" s.n-nnmbly

(‘i}u RS &»OMNAFY ~ f;m

» ~vv + @ S°
MMP-2 cleavage Drug unit B-Sheet forming unit Hydrophilic unit | p—
DP a-helix LFA p-sheet CPT-LVFFGFLG-PEG-RGD (CPT-LFPR) Nanoparticles

Rm-ummm;

Catbwpes 8 2 PP ’ i\
. . L Fast morphology transformation

~—— First cycle ! Nanofibers
——— Following cycles 74t

\ A Y

® Q m
l "~ Membrane Fibril formation Autocatalytic

Na*/K*-ATPase growth
increased activity decreased

Transfommlon. N Cumulative
in tumor

InhianI:l‘-Aklpm:y . ®
Inhibit cell growth and metastasis \ @ n
-

. DMFA 2, LFA i
1 nunopamcle%n helix /B—sheel >§*F"”’s ocs @we2 gm Na'/K* -ATPasef

- % | effect in tumor *

Figure 2. (A) Enzyme-catalyzed formation of pericellular hydrogels/nanoparticles to induce cell
death [81]. Reproduced with permission from 81, © 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (B) Scheme of the peptide-coupled probe DMFA with division-induced changes on cell
membrane morphology [83]. Reproduced with permission from 83, © 2023 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (C) Self-amplification of Ac-DEVDD-TPP by caspase-3 activation
enhances PDT mechanism and induction of apoptosis to enhance pyroptosis generated by porphyrin
nanofibers via apoptosis-amplified assembly [84]. Reprinted (adapted) with permission from 84.
Copyright 2023 American Chemical Society. (D) Schematic representation of enzyme-triggered
morphological transformation and autocatalytic growth of nanofibers [85]. Reprinted (adapted) with
permission from 85. Copyright 2019 American Chemical Society.

3.2. Redox-Responsive Materials

The aberrant redox environment is another characteristic feature of cancer cells. These
cells produce higher basal levels of reactive oxygen species (ROS) compared to normal cells,
through the mitochondrial respiratory chain and nicotinamide adenine dinucleotide phos-
phate oxidase [86-89]. Wang, Qiao, and coworkers constructed assemblies of a polymer—
peptide conjugate (PPC) to target the excessive ROS generated in cancer cell mitochon-
dria [90]. Poly (vinyl alcohol) (PVA) was coupled with (3-sheet forming peptide KLVFEF,
tethered with PEG via ROS-cleavable thioketal bond, and the mitochondria-targeting pep-
tide (KLAKLAK),, respectively (Figure 3A). The resultant amphiphilic PPCs self-assembled

124



Targets 2024, 2

KLAK HO

D N 3 ?

Acrylated PVA

Hydrogen-bond sequence ROS-clnvlblc linkage Assembly g
3 CGGGKLVFF-tk-PEG R B TR T R At
s 3 o -
R, uo‘& B(‘u ? u‘i j? Y\)‘u’\/ \/‘n“\/‘o E3C16SH

into nanoparticles capable of cellular entry through endocytosis. Upon ROS-induced
thioketal cleavage, which increased the molecular hydrophobicity, the conjugates trans-
formed into long fibers inside the cells. This increased exposure of the KLAK peptide
along the fibers facilitated enhanced multivalent interactions between the assemblies and
mitochondria, inducing organelle dysfunction-based cytotoxicity against cancer cells. The
ROS-responsive materials exhibited tumor suppression efficacy in mice.

Cancer cells possess antioxidants such as glutathione (GSH) to regulate ROS levels.
As a result, a highly reductive environment can be exploited to design GSH-responsive
therapeutic assemblies [91-94]. For example, Yu and colleagues demonstrated a GSH-
triggered self-sorting assembly of two peptides in cancer cells [95]. As shown in Figure 3B,
a fiber-forming peptide amphiphile E3C16 was linked to a hydrophilic peptide sequence
EEEEEE via a disulfide bond. The resultant E3C16E6 formed irregular nanostructures.
Additionally, seleno-methionine residues were incorporated into a fiber-forming bola-
amphiphile EVM to prevent 1D self-assembly of EVM>C by oxidizing the selenide to
selenoxide groups. Upon cellular internalization of two peptides, intracellular GSH cleaved
the disulfide bond of E3C16E6 and reduced the selenoxide group of EVM>©. As a result,
E3C16 and EVM®® self-assembled into self-sorted nanofibers. The twisted E3C16 fibers
located around the Golgi apparatus due to the reduced thiol from the peptides, targeting
the cysteine-rich proteins on the organelle. Meanwhile, the EVM®* fibers grew near the
endoplasmic reticulum (ER) due to a p-toluene sulfonamide (Ts) moiety that conferred ER-
targeting capability. These mechanisms culminated in combinatorial organelle dysfunction
and subsequent cancer cell death.
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Figure 3. (A) Synthesis pathway of ROS-sensitive PPCs and morphological transformation of
mitochondrial positions [90]. Reprinted (adapted) with permission from Ref. [90]. Copyright 2019
American Chemical Society. (B) Schematic representation of in situ self-sorting peptide assembly
within living cells [95]. Reprinted (adapted) with permission from Ref. [95]. Copyright 2022 American

Chemical Society. (C) Overall design and proposed mechanism of P-CyPt in cancer therapy [96].

Reproduced with permission from Ref. [96], Copyright © 2023.
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In addition to morphological changes, intracellular GSH is a key player in inducing
the disassembly of therapeutic peptide nanostructures. Ye, Guo, Liu, and coworkers
recently demonstrated the controlled self-assembly and disassembly of a peptide-based
cisplatin prodrug for cancer therapy [96]. Prodrug P-CyPt consisted of a hydrophobic
DFDF dipeptide, a near-infrared (NIR) merocyanine fluorophore capped with an ALP-
sensitive phosphate group, and a GSH-reducible cisplatin prodrug (Pt (IV)) (Figure 3C).
Pericellular ALP enzymes in the cancer cells catalyzed the conversion of P-CyPt to CyPt,
turning on the NIR fluorescence signal and facilitating the assembly of Pt (IV) nanoparticles
due to the increased molecular hydrophobicity. Upon internalization of locally formed
Pt!VNPs, abundant endogenous GSH reduced Pt'V into Pt'!. This promoted disassembly
of the resultant Cy-COOH nanoparticles and release of the cytotoxic cisplatin. The ROS-
responsive disassembly process showed promising anti-cancer efficacy by increasing the
intracellular cisplatin concentration while decreasing the GSH level.

3.3. pH-Responsive Materials

Cancer cells typically exhibit a slightly acidic extracellular environment due to the
deregulated metabolism and the accumulation of lactic acid [72,97,98]. Additionally, follow-
ing endocytosis, the pH value within the endosomes and lysosomes falls within the range
of 4-6. These factors have led researchers to extensively explore pH as a physiological
stimulus of cancer for the development of responsive therapeutic assemblies [99-101].
For example, Weil, Ng, and their coworkers demonstrated a depsipeptide undergoing
multistage transformations upon exposure to cancer cells [102]. As shown in Figure 4A,
the peptide comprised a self-assembling motif ISA and a cell-penetrating TAT peptide
RRRQRRRKKRGY, featuring a pH-dependent boronic acid-salicylhydroxamate crosslinker.
Upon endocytosis facilitated by TAT, the acidic environment cleaved the linker, releasing
the pro-assembling peptide. Subsequently, elevated or endogenous H,O, within the can-
cer cells removed the boronic acid cage, inducing an O—N acyl shift. This shift further
generated the ISA motif, prompting self-assembly into intracellular fibrillar structures that
triggered cell apoptosis.

In addition to incorporating acid-labile bonds, the protonation of residues in self-
assembling peptides is another powerful strategy [100,101]. For example, Wang and
coworkers designed a pH-responsive laminin mimetic peptide (LMMP) that specifically
formed an occlusion in tumor blood vessels [103]. LMMP was composed of a bispyrene-
capped fibril-forming peptide sequence KLVFF, a thrombus-targeting sequence (PEG)g-
CREKA, and an His6 sequence designed to respond to the acidic environment of can-
cer cells (Figure 4B). After intravenous administration, LMMP nanoparticles adhered to
the microthrombi in tumor blood vessels and underwent transformation into nanofibers
through His protonation, altering the molecule’s hydrophilic-hydrophobic balance. These
laminin-like fibers effectively captured red blood cells, leading to rapid occlusion within
the tumor blood vessels. The action provided a pH-responsive, tumor blood vessel-
specific therapeutic approach for cancer treatment. Similarly, Wu and colleagues ex-
ploited residue protonation to make acid-specific targeting materials [104]. They prepared
nanospheres by mixing a cytolytic melittin peptide GIGAVLKVLTTGLPALISWIKRKRQQ,
an NIR-absorbing photothermal molecule cypate, and a tumor-targeting hyaluronic acid
(HA) (Figure 4C). Subsequent exposure to the acidic environment caused the complexes
to transform into nanofibers. The pH-induced morphology change facilitated the pro-
longed retention of the hemolytic melittin peptide in tumor tissues and inhibited the
mobility and metastasis of the cancer cells. This transformation was proposed to be
associated with the protonation of the peptide amine groups and carboxyl groups in
the cypate, which increased peptide hydrophilicity and cypate hydrophobicity. Subse-
quent laser irradiation further resulted in the formation of smaller nanoparticles, pre-
sumably due to the disturbed internal structures of the fibers after the photodegradation
of cypate.
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Figure 4. (A) Functionalized ISA peptide assembly process in cells [102]. Reprinted (adapted) with

permission from Ref. [102]. Copyright 2020 American Chemical Society. (B) Schematic diagram of

natural laminin and artificial laminin fiber formation [103]. Reprinted (adapted) with permission
from Ref. [103]. Copyright 2020 American Chemical Society. (C) Preparation of MEL/Cypate@HA
complexes and schematic representation of their successive size/morphology transitions under

weakly acidic TME and near-infrared laser irradiation [104]. Reprinted (adapted) with permission

from Ref. [104]. Copyright 2019 American Chemical Society.

Table 2. Representative stimulus-responsive targeting materials.

Name Targeting Feature Mechanism of Action Application Reference
DEPEpPY Alkaline Inhibiting cellular mass exchange Cerchal cancet, [81]
phosphatase uterine sarcoma
Supra-BiCE Alkaline Checkpomt blockade; enrlchlng Colon carcinoma, 82]
phosphatase immune cells at cancer cell sites. breast cancer
Facilitating Ca®* influx and .
DMFA MMP-2 disrupting Na*/K*-ATPase Cervical cancer [83]
Ac-DEVDD-TPP Caspase-3 Photodynamic therapy Oral cancer [84]
CPT-LFPR Cathepsin B Sustained release of camptothecin Cervical cancer [85]
PPCs ROS Inducing organelle dysfunction Cervical cancer [90]
E3C16E6 . . .
and EVMS©O GSH Inducing organelle dysfunction Cervical cancer [95]
GSH and Liver cancer,
P-CyPt alkaline Cisplatin . ’ [96]
cervical cancer
phosphatase
depsipeptide pH and H,O, Fiber-induced cell apoptosis Lung cancer [102]
LMMP pH Promoting occlusion in tumor Breast cancer [103]
blood vessels
MEL/Cypate@HA pH Retention of melittin Lung cancer [104]
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Protonatable residues underlie the mechanism of another widely used family of
cell-targeting peptides, the pH low-insertion peptide (pHLIP). Originally identified by
Engelman and coworkers, the prototype pHLIP sequence was derived from the C-helices
of bacteriorhodopsin [105]. This peptide uniquely responds to acidosis at cancer cell
surfaces by using protonatable residues to transit to x-helical structure, facilitating its
insertion across the plasma membrane. This feature is reflected in the sequence AEQNPIY-
WARADWLFTTPLLLLDLALLVDAD-EGT. It has a polar residue-rich segment in the
N-terminus, a central transmembrane segment containing protonatable residues (shown in
bold), and a C-terminal flanking region. Under physiological pH conditions, the negatively
charged, deprotonated residues hinder membrane insertion and promote less-structured or
disordered peptide conformations. Conversely, at lower pH, protonation of these residues
increases the peptide’s overall hydrophobicity. This restores the helical conformation of the
central segment and allows the peptide to partition across cell membranes. Upon insertion,
the C-terminus of the peptide is positioned in the cytoplasm while the N-domain remains in
the extracellular space. Sequence modifications have led to various pHLIP derivatives, such
as Variant 3 (Var3: ADDQN-PWRAYLDLLFPTDTLLLDLLW), which exhibits significantly
enhanced cancer-cell insertion efficiency [106]. The pH-responsive folding and membrane
insertion properties of pHLIP offer a robust approach to cancer-cell targeting and payload
delivery. A recent review summarized the applications of pHLIP technology in cancer
treatment [107]. Several pHLIP-related therapeutic agents are advancing in clinical trials
(Table 1). For instance, pHLIP-exatecan (CBX-12, NCT04902872, NCT05691517), which
carries the topoisomerase inhibitor, is in clinical trials for treating human ovarian cancer and
advanced solid tumors [66]. In addition, a pHLIP conjugated to a near-infrared fluorescent
dye (indocyanine green, ICG) has been evaluated in a Phase I/II first-in-human clinical
study (NCT05130801) [67]. This is expected to facilitate fluorescence-guided surgery in
breast cancer patients undergoing breast-conserving surgery. Furthermore, an '8F-labeled
Var3 construct is in a Phase I clinical trial as a diagnostic/imaging agent in breast cancer
patients (NCT04054986) [68].

4. Conclusions and Perspective

In the field of cancer therapy, both peptide-based molecular binders and responsive
targeting materials play crucial roles in facilitating cargo delivery and release [108-110],
immune checkpoint inhibition [111], immune-effector cell recruitment [112], and organelle
destruction [113]. Significant progress has been made in the search for high-affinity, protein-
specific cyclic binders, many of which have advanced to clinical trials as cancer therapeutics.
Unlike single-target binders, multicycle structures offer a broader scope for manipulating
binding specificity, promising multi-targeting capabilities essential for advanced cancer
treatment [45,114]. Moreover, recent advances in computing power and modelling frame-
works have revolutionized the exploration of the chemical space of peptide-based binders,
utilizing diverse molecular backbones beyond natural peptide chains. This has the po-
tential to expand the binder library beyond the limitations of current biological display
techniques [115,116]. Compared to binder-based therapeutics, stimulus-responsive target-
ing materials are still in their infancy and have a long way to go before reaching clinical
trials (Table 2). Challenges persist in multiple aspects. For instance, many endogenous
stimuli overlap with the natural physiological processes of cells. They exhibit heterogeneity
in normal and pathological contexts, resulting in on-target, off-cancer effects. To address
this, the next frontier is to develop next-generation materials with built-in responsiveness
to multiple physiological properties or combinations of pathological cues and exogenous
stimuli (i.e., light, magnetic, and acoustic energy). Unlike size-defined binders, peptide
assemblies such as intracellular fibers exhibit polydispersity in diameter and length, po-
tentially compromising targeting efficacy and reproducibility. There is an urgent need to
incorporate molecular codes (i.e., frustration elements) that restrict self-assembly propen-
sity into the design of future targeting assemblies [117,118]. Recent breakthroughs in
artificial intelligence, coupled with the rapid accumulation of data on supramolecular struc-
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tures (i.e., cryo-EM structural reconstruction), greatly improve the computational design of
self-assembling peptides [119,120]. These advances hold the promise of creating targeting
materials that integrate full molecular code (i.e., composition, sequence, and chemical
moiety) within peptides in unprecedented ways. We anticipate that the combination of
these areas of progress will enable continuous evolution of peptide-based cyclic binders
and dynamic targeting materials to address current challenges in targeted cancer therapy.
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Abstract: Facing the increasingly global crisis of antibiotic resistance, it is urgent to develop new an-
tibacterial agents and methods. Simultaneously, as research progresses, the occurrence, development,
and treatment of diseases, especially some malignant cancers, are found to be closely associated with
the bacterial microenvironment, prompting us to reconsider the efficiency of existing antibacterial
strategies for disease treatments. Bacteriophages have been employed as antibacterial agents for
an extended period owing to their high biocompatibility and particular targetability toward the
host bacterial strains. Nonetheless, they are almost neglected due to their slow and limited efficacy
in antibacterial practice, especially in acute and severe infectious cases. In recent years, fantastic
advancements in various biochemical technologies, such as bacteriophage display technology, genetic
engineering, and chemical molecular engineering, have enabled scientists to conduct a broader
range of modifications and transformations on the existing bacteriophages with inherited unique
characteristics of themselves. As a result, a series of novel bacteriophage platforms are designed and
fabricated with significantly enhanced properties and multiplied functionalities. These offer new
avenues for combating infections caused by drug-resistant bacteria and treatment of malignancies
that are associated with bacterial infections, holding great significance and potential in the innovative
theranostic applications.

Keywords: bacteriophage; chemical modification; genetic engineering; bacterial targeting; bioanalysis;
theranostics

1. Introduction

Bacteriophages, also called phages, are viruses with a unique ability to target and
infect host bacteria, widely distributed on Earth [1]. Since being identified initially from
Staphylococcus and Shigella bacteria in 1915 [2], bacteriophages have played a crucial role
as natural antibacterial agents, contributing significantly to the advancement of biological
research [3]. There are two major types of phages, i.e., lytic and temperate [4]. Phages
are obligate intracellular parasites of hosts and have diverse life cycles. The life cycles
include lytic, lysogenic, and pseudolysogenic cycles [5]. Lytic phages induce the lysis of
host bacterial cells to release viral progeny [6]. Conversely, lysogenic or temperate phages
integrate their nucleic acid (genome) into the host bacterial cell and replicate alongside
the host, imparting new characteristics to the host bacteria [7]. Prompted by the growing
crisis in antibiotic resistance, phage therapy is experiencing a resurgence as a potent
solution against bacterial infections [8]. Although bacteriophages serve as widespread
antibacterial agents, their clinical application still encounters a series of severe challenges.
For instance, the effectiveness of individual bacteriophages is constrained, and obstacles like
biofilms impede their penetration and weaken the antibacterial effectiveness [9]. Moreover,
bacteriophages can potentially trigger adverse inflammatory responses [10]. Fortunately,
genetic engineering and chemical alterations empower the modification of bacteriophages
with enhanced robustness and multifunctionalities [11], expanding their host spectrum and
amplifying their therapeutic capacity, presenting hopeful resolutions to these obstacles.
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Bacteriophages consist mainly of proteins, forming the outer capsid, and protein-
coding nucleic acids, which are protected within the capsid [12]. The protein capsid of
bacteriophages contains various amino acids, each contributing distinct active functional
groups [13]. Chemical modification techniques of phage rely on the interaction of func-
tional groups on the capsid with active conjugates under specific solution pH and salt
conditions [14]. By interacting with active sites like N-terminal alanine, lysine, and ty-
rosine, bacteriophages can acquire a variety of functionalities [15]. Bacteriophages have
been tailored with various functional materials, including inorganic nanoparticles, or-
ganic molecules, fluorophores, DNA, antigens, and more, to align with their intended
applications. Alternatively, genetic modification approaches entail the introduction of
genes encoding amino acids, peptides, or protein sequences into either the bacteriophage
genome or the capsid genes on the host plasmid, facilitating the generation of recombi-
nant bacteriophages [16]. Utilizing advanced genome editing methods like recombination,
CRISPR-Cas-assisted selection, or synthetic in vitro genome assembly allows for the precise
design of particular genes or gene clusters within the bacteriophage genome, enabling
the deliberate manipulation of functions such as merging, deleting, modifying, or diversi-
fying [17]. In addition, bacteriophage display technology enables the swift and efficient
identification of functional sites involved in protein—protein interactions, receptor binding,
epitopes, isotopes, and antigens [18]. Through genetic engineering or chemical modifica-
tion, bacteriophages acquire multifunctionality, paving the way for novel advancements
in synthesizing functional materials, assembling and packing nanostructures, biosensing,
biomedical applications, disease diagnosis, and treatment.

These genetic and chemical techniques for altering bacteriophages can be applied
to develop diverse bacteriophage-based technologies [19]. These include the following:
designing drugs and nanomaterials, synthesizing new proteins, detecting target molecules
and pathogenic bacteria, constructing protein libraries, screening peptides or antibod-
ies, treating diseases by killing bacteria, diagnosing diseases, and delivering drugs and
genes [20]. Considering the close relationship of the microbiota environment with the
occurrence, development, and therapeutics of cancer [21], the new-generation phage-based
multifunctional platform has shown great promise in targeted bacterial killing-assisted
modulation of the cancer immune environment and reversing cancer chemodrug resis-
tance [22]. Further, bacteriophage-based nanocarriers demonstrate exceptional targeting
precision, facilitating the precise delivery of drugs to specific lesion sites, thus enhancing
the effectiveness, specificity, and safety of disease treatments, particularly in malignant
cancer and brain disease [23]. Engineered bacteriophages can also overcome the challenges
related to circulation metabolism and in vivo stability, prolonging their circulation time
by evading attacks from the reticuloendothelial system and other bioactive molecules [24].
The gene of phages can be used to develop new DNA vaccines and antigen presentation
systems because they can provide a highly organized and repetitive antigen presentation
to immune cells, thus holding potential to rejuvenate the adaptive immune systems for
combating the cancer cells. Phages allow new possibilities to target the specific molecular
biomarkers of cancer cells. Phages can also be used as nanocarriers for delivery of imaging
agents and therapeutic drugs/genes for cancer theranostics [25]. This review focused
on the exploration of various techniques to engineer bacteriophages and expand their
diverse applications across various domains, including templated synthesis of functional
nanomaterials, guided assembly of nanostructures, bioanalytes assay, targeted bacterial
elimination, assisted disease therapeutics, drug/gene delivery, etc., offering perspectives on
the advancement of engineered bacteriophage-based technologies (Figure 1). Engineered
phages that are chemically or genetically modified can be specifically localized at lesion
sites (e.g., tumor tissue) that are infected by symbiotic target bacteria, which can not only
contribute to their application in in vivo imaging but also serve for therapeutics by deliver-
ing gene/drug and act as immunomodulators to regulate the tumor microenvironment,
thus achieving inhibition effects in the growth of tumors.
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Figure 1. Overview of bacteriophage engineering for functional material synthesis, bioanalytical
sensing, and disease theranostics. Diverse bacteriophages can undergo chemical modifications to
incorporate functional materials like inorganic nanoparticles, organic polymer chains, fluorophore
molecules, RNA/DNA, antibodies, etc. Meanwhile, they can undergo genetic engineering to inte-
grate foreign peptides or proteins into their capsid proteins and undergo DNA recombination to aid
the production of engineered bacteriophages. These engineered bacteriophages, with their multi-
functionality, find applications in diverse fields such as templated nanoparticle synthesis, guided
nanostructural assembly, bioanalyte assay, identification and eradication of pathogenic bacteria,
assisted disease diagnosis and treatment, as well as drug and gene delivery.
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2. The Modification of Bacteriophage

Bacteriophages serve as nano-sized probes for finely tuned disease diagnostics and
as therapeutic agents for targeted treatment modalities. Given their bacteria-specific
nature, phages refrain from infecting eukaryotic cells, thus ensuring safety. Moreover,
they can be genetically engineered to home in on nanoparticles, cells, tissues, and organs,
and can even be endowed with functional non-biological nanomaterials to enhance their
diagnostic and therapeutic capabilities [26]. In recent years, extensive research endeavors
have been undertaken to leverage phages as platforms in nanomedicine, capitalizing
on their distinctive biological attributes. The versatility of phages as multifunctional
platforms hinges significantly on the functionalization of their coat proteins with diverse
functionalities. While genetic manipulation of these proteins stands out as a prominent
approach for such functionalization, complementary chemical modification strategies
also contribute to expanding the repertoire of materials, enabling precise, site-specific
incorporation of multiple functionalities onto the phage [27].

2.1. Chemical Modification of Phage

Chemical modification stands as a pivotal approach in reshaping the structure and
enhancing the functionality of bacteriophages. Within the proteinaceous capsids of these
phages lie an array of amino acids, each offering diverse reactive functional groups encom-
passing carboxylic acids, amines, phenols, and thiols, presenting a rich landscape for molec-
ular manipulation [28]. The abundance of nucleophilic functional groups further broadens
the scope, enabling multiple amino acids to engage in chemical transformations. Through
interactions with reactive sites including N-terminal alanine, lysine, aspartic/glutamic
acid, cysteine, N-terminal serine/threonine, and tyrosine, phages can be endowed with
an array of functionalities [29], ranging from DNA strands and antibodies to nanoparti-
cles, fluorophores, and pharmaceutical agents, opening new avenues across biosensing,
biomedicine, disease diagnosis, and treatment [30]. Especially, the phage can carry and
deliver genes or drugs for the treatment of malignant tumors after chemical modification.

To precisely recognize, adhere, and Kkill bacteria at the infection sites, Mao et al.
developed an innovative nano-enzyme-armed bacteriophage system, designated as
phage@palladium (Pd), for combating bacterial infections (Figure 2a) [31]. The proposed
phage@Pd retains the functionality of bacteriophages to achieve precise recognition and
adhesion to host Escherichia coli. Meanwhile, the ultra-small Pd nano-enzymes with pro-
nounced pH-dependent peroxidase-like activity can generate toxic hydroxyl radicals
around bacteria in acidic and hydrogen peroxide-overexpressing infectious microenvi-
ronments. In contrast, under physiological conditions, the Pd nanoenzymes remained
inert, leading to significant bacterial clearance at infection sites while excellent biocom-
patibility in healthy tissues. Additionally, phage@Pd can not only eradicate planktonic
bacteria but also kill bacteria within biofilms in vitro. In in vivo models of acute bacte-
rial pneumonia or subcutaneous abscesses, phage@Pd demonstrates significant activity
in eliminating infections and promoting tissue recovery, suggesting a safe and effective
antibacterial agent. In another example, Peng et al. coupled engineered chimeric M13
phage with photothermal-active gold nanorods and realized ablation of diverse bacterial
strains [32]. Meanwhile, Wang et al. prepared a photocatalytic quantum-dot-equipped
phage, abbreviated as QD@phage, showing excellent performance in combating infections
caused by Pseudomonas aeruginosa [33].

Given the widespread use of filamentous bacteriophages as platforms for peptide
and protein displaying, the ability to attach a large number of synthetic functional groups
to their capsid proteins is of significant value to improve the performance of bacterio-
phages. Francis’s group further decorated bacteriophages with polymer chains and
imaging moieties (Figure 2b) [34]. After converting the N-terminal amines of the cap-
sid proteins to ketones, further chemically specific modification via oxime formation with
alkoxyamine groups can be achieved, as fluorescent moieties and up to 3000 polyethy-
lene glycol molecules were attached on each bacteriophage capsid without significantly
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affecting the binding efficiency of bacteriophage-displayed antibody fragments to EGFR
and HER?2 receptors. The chemically modified fluorescent dyes, such as Alexa Fluor 488
and 647 C5-aminooxyacetamide (AF488/647-ONH2), can be easily substituted by imaging,
MRI, PET, and other detection agents, allowing for various in vitro and in vivo biomedical
applications. Additionally, filamentous bacteriophage M13 with N-terminal ketone can
serve as an effective supramolecular scaffold for the assembly of multivalent CryA, a
hyperpolarized '?°Xe contrast agent composed of many assembled latent A molecular
cages (Figure 2c) [35]. The saturation of a large number of latent cages with xenon gas is
chemically exchanged to a water-soluble xenon pool, leading to the effective generation
of ultra-chemical exchange saturation transfer (CEST) contrast. The detection limit of
this bacteriophage-based ultra-CEST agent can be as low as 230 fM, which represents the
optimal single-dose sensitivity for magnetic resonance imaging agents.

As nucleic acid aptamers can serve as specific biotarget-recognizable ligands, an effi-
cient oxidative coupling strategy was developed by Tong et al. to attach them to the surface
of non-genomic bacteriophage capsid carriers (Figure 2d) [36]. Up to 60 DNA strands
can be attached to each capsid without significant loss of base-pairing ability or protein
stability. The specific binding capability was demonstrated by attaching aptamers that
target tyrosine kinase receptors expressed on Jurkat T cells. With fluorescent dyes capsu-
lated inside the capsid, the level of binding between phage capsids and Jurkat T cells was
significantly enhanced. Confocal microscopy indicated that capsids were internalized and
transported to lysosomes, suggesting the potential of that aptamer-modified bacteriophage
in the application of targeted delivery and controlled release of cargos in living cells at
lesion sites.

The bacteriophage T4 capsid is adorned with 155 copies of Hoc, a non-essential
highly antigenic outer capsid protein. To induce effective immune responses and provide
protection in the viral infection, Rao’s group reported an in vitro assembly system that
allows the surface display of human immunodeficiency virus (HIV) antigens, p24-gag,
on the bacteriophage T4 capsid through Hoc—capsid interactions (Figure 2e) [37]. Fusion
within the plasmid framework was constructed by splicing HIV genes to the 5 or 3’
end of the Hoc gene. The Hoc fusion proteins were expressed, purified, assembled, and
displayed on bacteriophage particles in the defined E. coli system. Single or multiple
antigens were efficiently displayed, saturating all available capsid binding sites. In the
absence of any external adjuvants, the displayed p24 demonstrated high immunogenicity
in mice, eliciting strong p24-specific antibodies as well as Th1l and Th2 cell responses,
providing new directions and insights for HIV vaccine development with the potential to
broaden both cellular and humoral immune responses.

Phages have been modified by a range of functional moieties (e.g., fluorophores,
nanoparticles, functional nucleic acids, antigens, and drugs) to serve their applications.
The protein on the phage capsid can be coupled with functional molecules and materials
by electrostatic adsorption or chemical reaction under appropriate pH values and ionic
conditions to obtain chemically modified multifunctional phages. Modifying phage capsid
protein is a promising method to obtain multifunctional phage. Flexible and diverse
chemical modification strategies have expanded phage-based biomedical applications
(Table 1).
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Figure 2. Chemical modification with diverse structure for reshaping the structures of bacteriophages.
(a) The Pd nanocubes modified M13 phage (phage@Pd) for H,O; catalytical hydrolysis and antibac-
terial study through the targeting and infection capabilities of phage toward the host bacteria [31].
Reproduced with permission from [31]; published by the Wiley Online Library, 2023. (b) Chemical
modification of filamentous phage via transamination reaction. The N-termini were converted to
ketone-bearing proteins, which were then reacted with aminooxy-functionalized fluorophores and
aminooxy-functionalized PEG2k [34]. Reproduced with permission from [34]; published by the
American Chemical Society, 2012. (c¢) Chemical modification of M13 phage. The N-termini of p8 pro-
teins were transaminated to ketones along the capsids, which were then reacted with PEG-5k-ONH,
chains and aminooxy-functionalized cryptophane-A cages (CryA-ONHy) to construct M13-based
biosensors [35]. Reproduced with permission from [35]; published by the Wiley Online Library,
2013. (d) Dual-surface modification of MS2 phage. For interior surfaces, an N87C mutation on the
coat protein allowed for site-specific alkylation with up to 180 cargo molecules uploaded. For the
exterior surface, a T19paF mutation on the capsid allowed for the attachment of the phenylene di-
amine group-modified aptamer via a NalO4-mediated oxidative coupling reaction [36]. Reproduced
with permission from [36]; published by the American Chemical Society, 2009. (e) Antigen spikes
artificially fused to Hoc subunits. The left reconstruction showed blue spikes representing the single
antigen display, and the right reconstruction showed blue, green, and pink spikes representing three
antigen displays [37]. Reproduced with permission from [37]; published by the American Society for
Microbiology, 2006.
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Table 1. The modification of bacteriophage for application.

Modification Strategies Modified Materials Functionalization Application Reference
Amino-carboxyl group reaction Pd nanocubes Catalytic hydrolysis Antibacterial study Jinetal,
2023 [31]
N-succinimidyl-S- Gold nanorods Photothermal Antibacterial study Peng et al.,
acetylthiopropionate (SATP) (AuNRs) 2020 [32]
Avidin-biotin bioconjugation Cd-based quantum dot ~ Photocatalytic localized =~ Antibacterial study Wang et al.,
reactive oxygen species 2022 [33]
(ROS)
N-termini reacted with Fluorophores and 2 Fluorescence imaging Characterization of Carrico et al.,
aminooxy-functionalized kDa PEG breast cancer cells 2012 [34]
fluorophores
Site-specific protein CryA cages Hyperpolarized xenon =~ NMR/MRI imaging Stevens et al.,
bioconjugation MR contrast agent 2012 [35]
Phenylene diamine-substituted =~ Nucleic acid aptamers Bind specific cellular Targeted drug Tong et al.,
oligonucleotides with aniline targets delivery of acid-labile 2009 [36]
groups prodrugs
Hoc—capsid interactions HIV antigens Highly immunogenic HIV vaccine Sathaliyawala

et al., 2006 [37]

2.2. Genetic Modification of Phage

The distinguishing advantage of phages over other synthetic biomaterials lies in
their capacity to present proteins or peptides on specific coat proteins through genetic
modification [38]. Genetic engineering techniques involve the introduction of genes encod-
ing alternative amino acids, peptides, or protein sequences into either the bacteriophage
genomes or host plasmids containing capsid genes, facilitating the generation of recombi-
nant phages via employing the well-established “phage display” method [26,39]. These
recombinant capsid proteins then create additional sites for modification by enzymes or
chemicals. For accommodating large, complex foreign protein fusions, recombinant capsid
decoration proteins can be further assembled in vitro onto phages with accessible binding
sites [40,41].

One method for engineering phages is homologous recombination (HR), which is a
process involving the exchange of nucleotide sequences between two similar or identical
molecules of double-stranded DNA (dsDNA) or single-stranded RNA (ssRNA) [42]. It
serves crucial roles in DNA repair, DNA replication, and telomere maintenance. Regulated
by the enzyme DNA helicase, HR has the capability to exchange up to 23 base pairs
between two homologous DNA sequences, making it valuable for engineering phages
within their bacterial hosts. This mechanism has been utilized for the introduction of foreign
genes into phages (Figure 3a) [43]. Gene insertion, deletion, and substitution in phages
through HR follow the same principles as bacterial recombination. In the development of
recombinant phages, the desired gene sequence is initially incorporated into a replicative
plasmid, followed by homologous integration of the desired phage sequences. Similarly,
for engineering phage particles, bacterium containing donor plasmids is infected with
phages, leading to the packaging of heterogeneous genes within phage particles [44].

The CRISPR-Cas system, found naturally in many prokaryotes, serves as an adaptive
defense mechanism against invasive nucleic acids [45]. Comprising Cas proteins and the
CRISPR array, this system has garnered attention for its potential applications. For in-
stance, the type I-E CRISPR-Cas system has recently been employed as a counter-selection
mechanism by Lv et al. for engineered T7 phages (Figure 3b) [46]. Through homologous
recombination-mediated editing, the phage successfully excised the dispensable gene
1.7. This approach effectively removed nonrecombinant phage genomes containing gene
1.7 while preserving recombinant phage genomes lacking this gene. Additionally, the
CRISPR/Cas II-A system can facilitate in vivo editing of the phage 2972 genome, enabling
modifications such as point mutations, gene deletions, and DNA exchange [47]. With these
promising genetic manipulations, the CRISPR/Cas strategy shows potential for broader
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applications across various phage genomes. The application of CRISPR-Cas-based tech-
niques for phage engineering is limited to bacteria with either a native CRISPR-Cas system
or the capacity for genetic transformation to express a functional heterologous CRISPR-Cas
system. This limitation significantly hampers the manipulation of bacteriophages targeting
bacteria lacking genetic manipulability [48].

Before introducing them into host bacterial cells, the genome of phages can undergo
manipulation and modification in vitro. To eliminate overlaps between genetic segments,
the refactoring process has been applied to T7 phages. In one study, 73 segments were
divided into six sections using bracketing restriction sites to allow for changes within
each section independently, without affecting others (Figure 3c) [43]. Subsequently, the
refactoring of genomes after transformation into bacteria yielded a chimeric T7 phage
genome composed of various engineered sections combined with viable phages. However,
recombinant phages generated through the refactoring method displayed significantly
smaller plaques compared to wild-type phages. Moreover, the refactoring approach to
phage engineering necessitates large-scale DNA manipulation in vitro and modification
of bacterial hosts with engineered genomes to retrieve viable phages. Consequently, this
process vields only a limited number of engineered phages, particularly when applied to
non-domesticated bacterial hosts.

The proliferation of phages within bacterial hosts can sometimes result in toxicity,
leading to reduced efficiency of homologous recombination (HR), in vivo recombineering,
and bacteriophage recombineering with electroporated DNA(BRED) genetic engineering
techniques [49]. To address this issue, an intermediate host such as Saccharomyces cerevisiae
can be employed, playing a vital role in genetic manipulation. In the approach of Ramirez-
Chamorro’s group, phages remain stable and non-toxic within yeast cells (Figure 3d) [43].
In the process of producing engineered phages, the genome of S. cerevisiae is utilized
to capture the phage genome using a bacterial shuttle vector containing overhangs for
recombination of the phage genome and vector. Subsequently, the newly assembled,
modified, and propagated phage genomes in yeast are isolated and introduced into the
host bacterium to recover recombinant phage particles. A similar strategy from Pires’s
group was employed in the creation of Pseudomonas aeruginosa phage vB_PaeP_PE3, where
yeast-based assembly was utilized to delete approximately 48% of the hypothetical gene
protein. During this process, the phage genome was PCR-amplified, excluding hypothetical
protein sequences, and assembled in yeast before being isolated and incorporated into the
host bacteria to recover engineered phages. Employing this approach, engineered phages
can be assembled by deleting surplus parts of their genome through the incorporation of
desired sequences [50,51].

Genetic modifications that introduce genes into the phage genome or capsid genes
to replace amino acid, peptide, or protein sequences on the host plasmid can promote the
production of recombinant phages. These recombinant capsid proteins provide additional
sites for enzymes or chemicals to react with the capsid.
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through homologous gene recombination. Phages 1 and 2 infect the same bacterial host, which results
in the recombination of their genomes and forms new recombinant phages [43]. Reproduced with
permission from [43]; published by Elsevier, ScienceDirect, 2023. (b) Phage genome engineering
with CRISPR-Cas13a. The CRISPR-Cas13a selectively eliminated the harboring gene in the nonre-
combinant phage genomes while sparing the recombinant phage genomes devoid of this gene [46].
Reproduced with permission from [46]; published by MDPI, 2023. (c) Rebuilding or refactoring the
phage genome in vitro. The independent pieces of phage DNA via digesting the native restriction
sites of purified phage DNA were further manipulated by sub-cloning. After release from the plasmid,
the recombinant DNA section was ligated with the rest of the phage DNA and delivered to the host
bacteria via electroporation, leading to the recovery of engineered phages [43]. Reproduced with per-
mission from [43]; published by Elsevier, ScienceDirect, 2023. (d) Phage genome engineering by the
yeast-based assembly. Phage genomic DNA is used as a template for the amplification of overlapped
PCR products, except for the knockout region. For assembly of the genome, the genomic fragments
are co-transformed to yeast cells along with a linearized YAC plasmid, and the phage genome is
transformed into P. aeruginosa cells for the generation of engineered phages [43]. Reproduced with
permission from [43]; published by Elsevier, ScienceDirect, 2023.

3. Phage Mediated Synthesis and Assembly
3.1. Phage Mediated Nanomaterial Synthesis

In the last decade, biotemplates, such as bacteriophages, have emerged as power-
ful tools for synthesizing inorganic materials [52]. Bacteriophages can undergo genetic
modification to incorporate specific material-recognizing peptides, which can induce the nu-
cleation of materials, primarily crystals, from an aqueous precursor solution onto the phage
surface under mild conditions [53]. By employing phages of diverse shapes, controlled
architectures of inorganic materials can be achieved, including one-dimensional nanowires,
two-dimensional nanofilms, and three-dimensional scaffolds [54]. Phages serve as versatile
building blocks, capable of organizing nanomaterials with various properties. Moreover,
beyond utilizing the inherent structure of phages themselves, genetic engineering enables
the display of peptides that confer affinity characteristics, serving as bio-interaction motifs
or forming self-assembled nanomaterials [55]. Particularly, specific recognition peptides
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identified through phage library have been harnessed to template the growth of a wide
array of inorganic nanocrystals and nanomaterials. By fusing these crystal-nucleating
peptides onto multiple phage coat proteins, an assortment of intriguing nanomaterials and
nanostructures can be constructed [56].

Mao et al. reported a phage-based scaffold for synthesizing semiconductor and mag-
netic materials including single-crystal ZnS, CdS, and chemically ordered CoPt and FePt
nanowires (Figure 4a) [57]. Peptides exhibiting composition, size, and phase control dur-
ing nanoparticle nucleation processes were expressed on the highly ordered filamentous
coat of evolutionarily selected M13 bacteriophage. Annealing to remove the phage tem-
plate promotes the growth of oriented crystalline aggregates, forming individual crystal
nanowires. This was the first example to introduce the unique ability of substrate-specific
peptides into the linear self-assembled filamentous structure of M13 phage for inorganic
nanomaterial synthesis.

Ferroelectric materials, like tetragonal barium titanate (BaTiO3), are widely utilized in
various fields such as bioimaging, biosensing, and high-power switching devices. How-
ever, the conventional synthesis methods for tetragonal phase BaTiO; typically involve
toxic organic reagents and high-temperature treatments, rendering them environmentally
unfriendly and energy-inefficient. Therefore, Mao’s group harnessed the phage display
technique to devise a novel approach for producing BaTiO3 nanowires [58]. As shown
in Figure 4b, through biopanning of a phage-displayed random peptide library, a short
BaTiO3-binding/nucleating peptide, CRGATPMSC (named RS), was identified and ge-
netically fused to the major coat protein (pVIII) of filamentous M13 phages to create
pVII-RS phages. These modified phages not only exhibited capability in binding with
pre-synthesized BaTiO; crystals but also inducing the nucleation of uniform tetragonal
BaTiO3 nanocrystals at room temperature without the need for toxic reagents, resulting
in one-dimensional polycrystalline BaTiO3 nanowires. This method offers a sustainable
approach for the eco-friendly synthesis of BaTiOs polycrystalline nanowires.

Besides nanowires being synthesized through bacteriophages, they were utilized to
produce complex 3D structures of nanoparticles (NPs). M13 bacteriophage derivatives that
display a ZnO-binding peptide (TMGANLGLKWPV) on either the pllIl or pVIII coat protein
were engineered and employed as biotemplates by Piotr Golec’s team (Figure 4c) [59].
Depending on the type of recombinant phage used (M13-pllI-ZnO or M13-pVIII-ZnO),
well-separated ZnO NPs or complex 3D structures of ZnO NPs with sizes of approximately
20-40 nm were synthesized at room temperature. The synthesized ZnO nanoparticles
exhibited luminescence, emitting light near the short wavelength end of the visible region
(around 400 nm). The presence of a very low-intensity emission band at 530 nm indicated
that the ZnO material obtained had a low concentration of surface defects.

Besides these reports that focused on single modifications of the pIll minor coat protein
to synthesize ZnS and CdS nanoparticles at the tip of the bacteriophage, Nam et al. modified
both of the end minor coat proteins (pIll and pIX) with six histidine and HPQ (His—Pro-GlIn)
streptavidin binding peptide motifs [60]. Subsequently, these engineered phages were
employed to fabricate nanoscale viral ring structures by leveraging the specific binding
between chemically conjugated streptavidin and Ni-NTA linkers. Through expression of
semiconductor and metal-binding peptides on the major coat proteins of phages, high-
quality single crystal monodisperse ZnS nanowires with promising electro-optical and
magnetic properties were produced through annealing processes. By simultaneously
modifying plll and pVIII coat proteins, a variety of nanostructures were successfully
produced via the template of bacteriophage (Figure 4d) [61].

The unique recognition peptides of phages can direct mineralization processes for the
synthesis of many useful nanoscale electronic and medical materials. The monodispersed
and long rod-shaped phages, with specific recognition patterns, enable the synthesis of
various nanomaterials such as ZnO, ZnS, and CdS quantum dots, which can be used in
electronic, optical, and biotechnological applications.
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Figure 4. Phage-mediated nanomaterial synthesis. (a) The nucleation, ordering, and annealing of
phage—nanoparticle assembly including II-VI semiconductors ZnS and CdS and ferromagnetic CoPt
and FePt nanowire on M13 phage. The capsid and ends of M13 phages were genetically modified
by encoding gP3, gP8, and gP9 peptides. The resulted symmetric phage allowed for ordering of the
nucleated particles along the x, y, and z directions with the aid of the expressed peptides with rigidity
and packing pattern [57]. Reproduced with permission from [57]; published by Science, 2004. (b) Using
engineered phages for the synthesis of BaTiO3 polycrystalline nanowires at room temperature. BaTiO3-
binding peptide was selected via biopanning and construction of the pVIII-RS phage via displaying
of BaTiOz-binding peptides on the side wall of phage, which can guide the nucleation of BaTiO3 on
phage to form polycrystalline nanowires [58]. Reproduced with permission from [58]; published by the
American Chemical Society, 2016. (c) The modified phages acted as machinery for the synthesis of both
the previously selected and identified ZnO-binding peptide and ZnO nanoparticles. The exposure of a
ZnO-binding peptide to a phage mediated the growth of unique ZnO nanostructures [59]. Reproduced
with permission from [59]; published by the American Chemical Society, 2016. (d) Genetic modification
of the phage for programmed synthesis of ZnS nanoparticles, nanowires, viral rings, and arrayed hetero-
nanostructures by engineered phages with display of plII coat protein, pVIII coat protein, pIIl/pIX
dual-protein, and pIIl/pVIII dual-protein, respectively [61]. Reproduced with permission from [61];
published by the American Chemical Society, 2005.
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3.2. Phage-Guided Nanostructural Assembly

Previously, it was demonstrated that displaying semiconductor-binding peptides on
phages can facilitate the production of single-crystalline semiconductor nanowires. This
approach typically involves three key steps. Firstly, a target-binding peptide is identified
through biopanning. Secondly, the peptide is genetically presented on the side wall of the
phage. Finally, the resulting phage serves as a biotemplate for the assembly of nanopar-
ticles [62]. Due to the capability of genetically fusing foreign peptides to bacteriophage
coat proteins for generation of highly decorated phages and the significant influence of
surface charges on bacteriophage assembly behavior, bacteriophages emerge as promising
templates for controlling the assembly of nanostructures [63]. At each end of the phage
nanocrystalline wires, specific receptors can be incorporated as fusions to terminal proteins.
By programming the self-assembly of these constructs, complex nanowire arrays with
diverse one-, two-, and three-dimensional geometries can be meticulously engineered.

Mao’s group has introduced a system harnessing the M13 phage coats to nucleate
and template II-VI semiconductor nanocrystals into well-oriented quantum dot nanowires
(Figure 5a) [64]. The pVIII major coat protein was genetically engineered to showcase
evolutionarily selected peptides, facilitating precise control over nanocrystal growth into
phage-semiconductor hybrid nanowires with crystallographic alignment spanning mi-
crometer scales. By incorporating semiconductor nucleating peptides onto the capsids of
M13 phages, directed and phase-specific nanocrystal growth was achieved. This method
seamlessly integrates the use of naturally ordered and assembled phage templates with
the versatility of genetic manipulation for material synthesis, enabling the controllable
assembly of semiconductor wires within supramolecular hybrid structures.

Later, the same group devised a versatile approach leveraging the surface proteins of
biotemplates to catalyze the hydrolysis of organosilicate precursors and the ensuing poly-
condensation process to yield silica (Figure 5b) [65]. Meticulously organized mesoporous
silica fibers featuring hexagonally arranged pores were fabricated by utilizing fd phage as
biotemplate. By exhibiting peptides with varying charges on the side wall of filamentous
bacteriophage, silica nanostructures were successfully controlled through manipulation of
both bacteriophage surface charge density and the accompanying bacteriophage assembly
behavior. Furthermore, the resultant mesoporous silica has been successfully utilized as a
medium for fabricating three-dimensional arrays of PbS nanoparticles.

Building upon this foundation, Mao further expanded research efforts for genetic
modification of phages. The filamentous M13 phage was anionized through the fusion of a
negatively charged peptide to its major coat protein (pVIII) [66]. In the presence of cationic
precursors like Ca?* ions, the negatively charged phage underwent self-assembly into a
nanofiber that promoted the formation of oriented nanocrystalline hydroxyapatite (HAP)
(Figure 5c). In co-assembly, collagen fostered the formation of a hierarchical architecture
akin to the extracellular matrix (ECM), while E8-displayed phage enhanced matrix min-
eralization. The arrangement and alignment of collagen and HAP dictated the superior
mechanical properties of bone, holding promise for developing bone-mimetic biomaterials
and bone tissue engineering.

Further, the same group introduced a novel VAM (Vascularized Bone Augmentation
Matrix) strategy aimed at enhancing the formation of vascularized bone (Figure 5d) [67].
Through the incorporation of RGD-phage, the VAM exhibits the ability to regulate endothe-
lial cell (EC) migration and adhesion, thereby promoting endothelialization. Simultane-
ously, it triggers osteoblastic differentiation of MSCs, consequently facilitating osteogenesis
and angiogenesis in vivo. The critical role of engineered phage nanofibers, specifically
RGD-phage, in stimulating both angiogenesis and osteogenesis marks a significant break-
through in phage-based nanomedicine and regenerative medicine. The specific recognition
capabilities of phages can guide the growth of inorganic semiconductors and bone-like bio-
materials and facilitate osteogenic formation. Such functionalized phages can self-assemble
to form highly organized hierarchies.
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Figure 5. Phage-guided nanostructural assembly. (a) Directed ZnS nanocrystal synthesis on
A7-pVIl-engineered phages at 0 °C [64]. Reproduced with permission from [64]; published by
the National Academy of Sciences, 2003. (b) Templated silica nanostructure formation via monodis-
persed filamentous phages that self-assembled into highly ordered hexagonal lattices. Removal of
the phage assembly through calcination led to the formation of mesoporous silica fibers with pore
structures precisely defined by the phage assembly [65]. Reproduced with permission from [65];
published by the Wiley Online Library, 2012. (c) Controlled assembly of hydroxylapatite (HAP) on
the wild-type M13 phage. Genetic fusion of E8 peptide to major coat protein (pVIII) on the side
wall. Self-assembly of anionic phage into a nanofibrous structure (bundle) in the presence of Ca®*
ions. Mineralization of the phage bundle to form a fiber [66]. Reproduced with permission from [66];
published by the Wiley Online Library, 2010. (d) Bone generation via genetically modified M13 phage.
RGD peptide was fused to the solvent-exposed terminal of the major coat protein (pVIII), constituting
the side wall of filamentous phages. RGD-phage nanofibers (negatively charged) were integrated into
a 3D printed bioceramic scaffold along with chitosan (positively charged). The resultant scaffold was
seeded with MSCs and then implanted into bone defects, inducing the formation of new bone [67].
Reproduced with permission from [67]; published by the Wiley Online Library, 2014.

4. Bacteriophage in Precise Bioanalytes Assay

Molecular diagnostics endeavors to identify specific biomarkers for disease diagnosis,
monitoring, risk assessment, and treatment determination. Although conventional enzyme-
linked immunosorbent assays (ELISAs) and polymerase chain reaction (PCR) offer standard
measurement techniques, the integration of nanotechnology into molecular diagnostics in
recent years has also yielded numerous novel diagnostic approaches [68]. The nanoscale-
sized phages, with their DNA enclosed within a protein capsid, present an opportunity for
genetic engineering to display multiple peptides on the sidewall (pVIII) and tip (pII) of
the protein capsid [69]. Consequently, they have been extensively engineered to express
nanobodies or mimotopes for selective recognition of target analytes or to interact with
functional nanoparticles for serving as specific nanoprobes [70]. Thus, modified phage
nanoprobes have great potential in enhancing the accuracy and reliability of diagnostic
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schemes. It can be expected that phages modified with specific peptides or functional
materials can accurately target tumors and detect tumor biomarkers.

Bruce D. Hammock et al. introduced a new approach to immune-polymerase chain
reaction (IPCR) known as phage anti-immunocomplex assay real-time PCR (PHAIA-PCR)
for detecting small analytes, including 3-phenoxybenzoic acid and molinate (Figure 6a) [71].
The technique employed phage anti-immunocomplex assay technology, where a short pep-
tide was presented on the M13 bacteriophage’s surface specifically bound to the antibody—
analyte complex. As the phage DNA can function as a versatile material for PCR, both
universal amplification that targets the phagemid’s common element and specific amplifica-
tion when the real-time PCR probe is designed to bind the phagemid DNA can be achieved,
leading to the significantly improved sensitivity. A tenfold increase in sensitivity was
achieved via this PHAIA-PCRs method compared to traditional PHAIA. The successful
assay conducted using agricultural drain water and human urine samples further demon-
strated its reliability for monitoring human exposure or environmental contamination.

Counting disease biomarkers like miRNAs with the naked eye is very difficult in
molecular diagnostics. Gu and Mao reported a highly sensitive method for quantifying
miRNAs using T7 phage, which was modified to fluoresce and bound to a DNA-modified
gold nanoparticle (GNP) in a one-to-one fashion after genetic engineering (Figure 6b) [72].
Target miRNAs then crosslinked the resulting phage-GNP complex with DNA-modified
magnetic microparticles, forming a sandwich complex containing equimolar amounts of
phage and miRNA. After release from the complex, the phages were grown into a macro-
scopic fluorescent plaque for visually counting. Thus, miRNA targets can be sensitively
and conveniently quantified using only the naked eye, with detection limits down to aM
level for miRNA biomarkers.

Traditional immunoassay-based detection methods face limitations due to the size
effect of nanoprobes, which hinders the balance between molecular recognition and signal
amplification. Tang’s group presented a versatile approach by integrating immunoassay
with a light-scattering signal of gold nanoparticles that were in situ grown on the M13
phage surface for quantitative detection of low-abundance analytes (Figure 6c¢) [73]. In
the practical detection of ochratoxin A and alpha-fetoprotein, a detection limit of sub-
femtomolar levels in real samples was achieved, showcasing four orders of magnitude
enhancement in sensitivity compared to traditional phage-based ELISA methods. With
the implementation of a biotin-streptavidin amplification scheme, further enhancement
in sensitivity was realized, allowing the detection of severe acute respiratory syndrome
coronavirus 2 spike protein down to the attomolar range.

Rapid and sensitive detection of pathogenic viruses is crucial for pandemic control.
Hou et al. reported a swift and highly sensitive optical biosensing method for detecting
avian influenza virus HIN2 (Figure 6d), utilizing a genetically modified filamentous M13
phage probe, M13@HIN2BP@AuBP, that borne an HIN2-binding peptide (HON2BP) at its
tip and a gold nanoparticle (AuNP)-binding peptide (AuBP) on its sidewall [74]. Simu-
lation modeling demonstrated that the electric field in surface plasmon resonance (SPR)
enhanced by 40-fold compared to conventional AuNPs, guaranteeing the experimentally
ultrasensitive detection of HIN2 particles with a detection limit down to 6.3 copies/mL. It
was even more sensitive than the quantitative polymerase chain reaction (qPCR). Further,
after capturing HIN2 viruses on the sensor chip, the HIN2-binding phage nanofibers
can be quantitatively converted into visible plaques, allowing for quantification through
naked-eye observation. This phage-based biosensing strategy can be easily extended to
the detection of other pathogens just by replacing the HON2-binding peptides with other
pathogen-binding peptides using phage display technology.

Phages have been developed as emerging nanoprobes for the detection of various
biomarkers and pathogens. After displaying arbitrary sequences of exogenous peptides or
antibodies, phages can specifically bind to targets, such as animal cells, bacteria, viruses,
and protein molecules. Phage can also be co-modified with metal nanoparticles to detect
targets by showing colorimetrical, fluorescence, and plasmonic signals.
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Figure 6. Modified phage for the selective recognition and analysis of biotargets. (a) Gene detection
via PHAIA-PCR technology. The M13 phage with peptide binding to an immunocomplex of an
antibody-analyte was eluted and immediately neutralized for PCR detection [71]. Reproduced with
permission from [71]; published by the American Chemical Society, 2011. (b) A naked-eye-counting
method for miRNA quantification with sensitivity comparable to PCR. The magnetic microparticle
and the T7 phage—gold nanoparticle (GNP) binding probe were linked by cohybridization with
target miRNA, forming a sandwich complex with miRNA number equal to the phage number. After
magnetic separation, T7 phages were released from the GNPs by adding more competitive gold-
binding peptides. Counting the number of fluorescent plaques formed by T7 phages by eye can
quantify the miRNA [72]. Reproduced with permission from [72]; published by Springer Nature,
2015. (c) Immunoassay strategy via integrating designed M13 phage-assisted recognition with the in
situ growth of gold nanoparticle-based light scattering signal for ultrasensitive quantitative detection
of low-abundance ochratoxin A and alpha-fetoprotein analytes [73]. Reproduced with permission
from [73]; published by the American Chemical Society, 2023. (d) Using phage@GNP nanofibers to
detect HON2 virus. M13 with HIN2 and GNP binding peptides can attach with GNP onto the sidewall
to form the M13@HIN2BP@GNP nanofiber probe, showing an enhanced surface plasmon resonance
(SPR) signal upon binding with HON2 targets on the phage tail. SPR signals can be cross-validated
with the blue-color phage plaques that were naked-eye discernable [74]. Reproduced with permission
from [74]; published by Elsevier, ScienceDirect, 2023.

5. Bacteriophages in Bacterial Recognition and Detection

Conventional bacterial detection primarily relies on bacterial culture, which is cum-
bersome and time-consuming. PCR technology and ELISA-based immunoassay offer
enhanced sensitivity and efficiency in bacterial detection yet necessitate specialized in-
struments and skilled personnel [75]. Recently, biosensors employing specific molecular
recognition agents to target bacteria have emerged as promising alternatives. Phages
utilize receptor-binding proteins at the distal end of the tail to recognize and interact with
bacterial surface receptors such as lipopolysaccharides, teichoic acids, and porins. This
unique ability allows phages to capture specific host bacteria from complex matrices [76].
More importantly, phage-based detection schemes offer the advantage of distinguishing
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between live and inactivated bacteria as phages replicate exclusively within viable hosts.
This feature represents an improvement over DNA- or antibody-based detection assays,
which may yield false positives if the pathogen has been successfully inactivated but its
genetic material or epitopes remain detectable [77,78]. Thus, increasing studies have ex-
plored the utilization of phage-based schemes for the accurate and reliable detection of
pathogenic bacteria.

To develop an inexpensive, rapid, and reliable method for detection of E. coli in drink-
ing water or food, Chen et al. reported a phage-based magnetic separation technique for the
swift detection of E. coli in drinking water as the broad host range specificity of T7 phage
toward E. coli (Figure 7a) [79]. After capturing and isolating E. coli BL21 from the drinking
water sample, phage-mediated lysis can liberate intrinsic 3-galactosidase from the adhered
bacteria, which can convert the yellow-color chlorophenol red-3-D-galactopyranoside to
a red color. E. coli can be successfully detected within 2.5 h with a detection limit down
to 1 x 10* CFU-mL"!. This colorimetric change can be visually discerned, facilitating a
straightforward and rapid quantification of target bacteria, particularly advantageous in
resource-limited settings. By incorporating a pre-enrichment step in Luria—Bertani meida
supplemented with isopropyl p-D-thiogalactopyranoside, even 10 CFU-mL™ E. coli in
drinking water can be detected after 6 h of pre-enrichment.

The prompt and precise identification of virulent foodborne pathogens is crucial for en-
suring food safety. Gan’s group introduces an ultra-sensitive and specific phage@DNAzyme
probe for the detection of foodborne pathogens (Figure 7b) [80]. The carefully selected
phage and functionalized DNAzyme enabled specific recognition of target foodborne
pathogens at the strain level and efficient catalysis of copper(ll)-based azide-alkyne cy-
cloaddition (CuAAC) click reaction with fluorescent signal, respectively. Using virulent
E. coli O157:H7 as the representative analyte, the phage@DNAzyme probes specifically
bound to the captured E. coli O157:H7 and facilitated the click reaction to generate a visible
fluorescent signal that can be quantified using a smartphone. A wide linear range from
102 to 108 CFU/mL was demonstrated with a detection limit of 50 CFU/mL, offering a
novel approach for enhancing food safety.

Since single phages often encounter limitations in bacterial detection due to the
high strain specificity of individual phages, Fu et al. prepared a cocktail comprising
three Klebsiella pneumoniae (K. pneumoniae) phages to broaden the detection spectrum
(Figure 7c) [81]. A total of 155 clinically isolated K. pneumoniae strains were used to evaluate
the recognition spectrum. The recognition rate of 42.3-62.2% using a single phage can be
significantly increased to 91.6% via phage cocktail, highlighting the complementarity of
the recognition capabilities. Leveraging the wide-spectrum recognition capability of the
phage cocktail, a fluorescence resonance energy transfer method was further established
through labeling the phage cocktail with fluorescein isothiocyanate and Au nanoparticles
with p-mercaptophenylboronic acid as energy donors and acceptors, respectively. The
detection process for K. pneumoniae strains could be completed within 35 min, with a broad
dynamic range of 5.0 x 10?-1.0 x 107 CFU/mL, offering promising avenues for enhancing
bacterial detection methodologies.

By introducing highly sensitive fluorescence imaging functionality, Gu et al. pro-
posed a novel approach for detecting pathogenic bacteria via covalently conjugating the
aggregation-induced emission photosensitizer (AIE-PS) TBTCP-PMB with a phage cocktail
(Figure 7d) [82]. The host specificity of phages, the fluorescence imaging capability, and
reactive oxygen species (ROS) of AIE-PS were synergized for bacteria detection and ster-
ilization alongside favorable biocompatibility. Additionally, this approach enables rapid
diagnosis of blood infections in clinical samples, offering a straightforward and precise
method for pathogen detection and point-of-care diagnosis.

Rapid and reliable bacterial tests are essential for reducing the socio-economic burden
associated with bacterial infections. Bacteriophages have high specificity to their host
bacteria and can identify target bacteria quickly and accurately. Whether it is a single
phage to recognize a specific genus of bacteria or a phage cocktail to identify a mixture of
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bacteria, it reflects the great potential of phage in bacterial detection. Thus, the particular
specificity of phages and their widespread availability make them ideal tools for developing
biosensors and bioassays for bacterial detection.
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Figure 7. Phage for bacterial recognition and detection. (a) Detection of E. coli in drinking water
using a T7 bacteriophage-conjugated magnetic probe. The separated E. coli released 3-gal that can
catalyze chlorophenol red-p-D-galactopyranoside (CPRG) hydrolysis to produce a colorimetric signal
for readout [79]. Reproduced with permission from [79]; published by the American Chemical
Society, 2015. (b) M13 phage@DNAzyme fluorescent probe for portable and ultrasensitive detection
of bacteria. After selective conjugation with target E. coli O157:H7, the probe can efficiently catalyze
the click reaction between 3-azido-7-hydroxycoumarin (AHC) and 3-butyn-1-ol (BOL) to generate a
fluorescent product in the presence of Cu(II) [80]. Reproduced with permission from [80]; published
by the American Chemical Society, 2023. (c) A phage cocktail composed of three phages for wide-
spectrum detection of K. pneumoniae strains. Both the FITC-labeled phage cocktail and PMBA-
modified GNPs were employed to conjugate K. pneumoniae to generate a bacterial complex as they
recognized the different sites of the bacterial surface. In the present of K. pneumoniae, a decreased FL
signal can be observed as a fluorescence resonance energy transfer (FRET) effect occurred between
GNP and FITC, enabling the quantification of target bacteria [81]. Reproduced with permission
from [81]; published by the American Chemical Society, 2023. (d) AIE-photosensitizer modified
phage cocktails for the early diagnosis of sepsis. Phages were modified by AlE-active TBTCP-PMB
through a simple nucleophilic substitution reaction between benzyl bromide functional groups
and the sulfhydryl functional groups of proteins on the phage. The perfect and simultaneously
maintained advantages of phages and PSs enabled the selective identification of bacterial species in
30 min through fluorescence imaging [82]. Reproduced with permission from [82]; published by the
Wiley Online Library, 2023.

6. Bacteriophages in Targeted Bacterial Killing

Efficient Bacterial infections have long posed significant threats to public health, con-
tributing to severe illness and persistently high mortality rates worldwide [83]. Since
the discovery of penicillin, antibiotics have been the cornerstone of bacterial infection
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treatment [84]. However, the global misuse and overuse of antibiotics have fueled bac-
terial evolution, leading to the emergence of antibiotic-resistant strains. Phages that can
selectively infect bacteria and cause lysis offer a promising alternative to antibiotics. They
exhibit remarkable specificity towards their hosts and can adapt and evolve synchronously
to infect even resistant bacteria [85]. Consequently, phages are increasingly recognized as
a potent tool for antimicrobial therapy. Despite their potential, the efficacy of phages in
combating infectious diseases, especially acute infections, is hindered by their relatively low
bactericidal stability efficiency. To address this limitation, phages have been modified to
enhance their functionality, enabling them to target and eradicate specific bacterial strains
more effectively [86].

In light of the escalating global antibiotic resistance crisis, there is an urgent demand
for novel agents exhibiting specific targeting toward bacterial strains and exceptional
antibacterial efficacy. To address this challenge, Tang et al. introduce a groundbreaking
approach that combines bacteriophage (PAP) with photodynamic inactivation (PDI)-active
AlEgens (luminogens with aggregation-induced emission property) (Figure 8a) [87]. This
strategy yields a unique AIE-PAP bioconjugate characterized by superior capabilities for
targeted imaging and synergistic eradication of select bacterial species with maintained
infection activity of the phage. Crucially, the PDI-active AlEgens function as potent in
situ photosensitizers, generating high-efficiency reactive oxygen species (ROS) upon white
light irradiation. Consequently, selective targeting and synergistic elimination of both
antibiotic-sensitive and multi-drug-resistant (MDR) bacteria were achieved with excellent
biocompatibility. This pioneering AIE-phage integrated approach diversifies the current
arsenal of antibacterial agents and promises to catalyze the development of potent drug
candidates for the future.

The misuse of antibiotics has spurred the rise of bacterial resistance, prompting the
exploration of alternative treatments. Photodynamic antibacterial chemotherapy (PACT)
holds promise but faces challenges such as inefficient ROS generation and lack of bacterial
targeting. In response, Peng et al. reported a novel photodynamic antimicrobial agent
(APNB) based on a cationic photosensitizer (NB) and bacteriophage (ABP) for precise
bacterial eradication and effective biofilm ablation (Figure 8b) [88]. Through structural
modification with a sulfur atom, NB exhibits enhanced ROS-production capability and near-
infrared fluorescence. Furthermore, bacteriophages confer specific binding to pathogenic
microorganisms and combinational therapeutic functionalities (PACT and phage therapy).
Both in vitro and in vivo studies confirm APNB's efficacy against A. baumannii infection,
with faster recovery compared to conventional treatments like ampicillin and polymyxin
B in vivo. Additionally, the combination of bacteriophages and photosensitizers showed
promising results in eradicating bacterial biofilms for the first time, offering a practical
solution to bacterial infections.

Intracellular bacterial infections pose significant threats to human health, evading
immune defenses and displaying notable drug resistance, presenting formidable chal-
lenges for treatment. He and Tang developed a versatile living phage nanoconjugate,
integrating aggregation-induced emission luminogen (AIEgen) photosensitizers and nu-
cleic acids onto a bacteriophage framework (forming MS2-DNA-AIEgen bioconjugates)
(Figure 8c) [89]. These nanoconjugates efficiently penetrate mammalian cells, specifically
identifying intracellular bacteria while emitting a detectable fluorescent signal. Leveraging
the photodynamic properties of AIEgen photosensitizers and the bacteriophage’s innate
targeting and lysis abilities, effectively eliminate intracellular bacteria and restore infected
cell activity. Furthermore, the engineered phage nanoconjugates accelerate wound healing
in bacterially infected wounds observed in diabetic mouse models, enhancing immune
activity within infected cells and in vivo, without evident toxicity. These multifunctional
phage nanoconjugates employ AIEgen photosensitizers and spherical nucleic acids as a
pioneering strategy for combating intracellular bacteria and offering potent avenues for
theranostics applications in diseases associated with intracellular bacterial infections.

151



Targets 2024, 2

Targei Bacteria

- Noymal Cell

"\"‘
o h ?

Non- target Bacteria \

=2

Biofilm

Increasing research results show that the occurrence and development of malignant
tumors are closely related to the symbiotic bacteria in the tumor microenvironment. The
treatment of tumor-associated bacteria by phages has become a promising avenue to
augment the cancer therapy [90]. Emerging evidence underscores the role of gut micro-
biota in colorectal cancer (CRC) tumorigenesis, with symbiotic Fusobacterium nucleatum
(Fn) selectively boosting immunosuppressive myeloid-derived suppressor cells (MDSCs),
thereby impairing the host’s anticancer immune response. A Fn-targeting M13 phage was
identified by Zhang’s group via phage display technology (Figure 8d) [91]. Subsequently,
silver nanoparticles (AgNP) were electrostatically assembled on its surface capsid protein
(forming M13@Ag) to achieve precise clearance of Fn and reshape the tumor-immune
microenvironment. Further, antigen-presenting cells (APCs) can be activated to bolster the
host immune system’s response against CRC. When combined with immune checkpoint in-
hibitors (x-PD1) or chemotherapeutics (FOLFIRI), M13@Ag significantly extended overall
survival in an orthotopic CRC model.

The engineered bacteriophage overcomes the limited killing ability of nude bacte-
riophage and achieves an augmented bactericidal effect assisted by photodynamic, pho-
toacoustic, and photothermal effects. Whether it is sensitive or drug-resistant bacteria or
even intracellular bacterial infections, excellent antibacterial performance can be achieved
through engineered phages.
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Figure 8. Modified phages to target and eradicate specific bacteria. (a) AIE photosensitizer modified

phage for guided targeting, discriminative imaging, and synergistic killing of bacteria. Phage
possessed particularly targetability toward the host bacteria that can be lit up by the AIE fluorescence
and subsequently killed by the synergized effect of phage infection and photodynamic activity of AIE
photosensitizers [87]. Reproduced with permission from [87]; published by the American Chemical
Society, 2020. (b) The multi-functional antibacterial system (APNB) based on the ABP phage and Nile
blue photosensitizer (NB) for the treatment of multi-drug-resistant A. baumannii and its biofilms [88].
Reproduced with permission from [88]; published by the Royal Society of Chemistry, 2021. (c) MS2-
DNA-AIEgen bioconjugate for specific targeting and synergistic elimination of intracellular bacteria.
After DNA modification on the surface, the MS2 phage was transferred to a type of spherical nucleic
acid that can efficiently enter the infected immune cells and find the target bacteria. The fluorescence
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property and photodynamic activity of AIE photosensitizers can subsequently label and eliminate
the intracellular bacteria [89]. Reproduced with permission from [89]; published by the American
Chemical Society, 2024. (d) Phage-based bio/abiotic hybrid system (M13@Ag) to regulate gut mi-
crobes for cancer-specific immune therapy. Silver (Ag) nanoparticles were electrostatically assembled
on the surface of M13 phages (M13@Ag). After accumulation in the tumor microenvironment, AgNP
can selectively kill the protumoral F. nucleatum under the guidance of M13 phages, which possessed
exquisite recognition capability toward F. nucleatum and blocked the recruitment of immunosuppres-
sive cells [91]. Reproduced with permission from [91]; published by Science, 2020.

7. Bacteriophage-Assisted Chemo/Radio/Immunotherapy

Emerging research highlights the significant role of the microbiota in both the devel-
opment and progression of various types of cancer (e.g., colorectal cancers (CRCs) that
exist in the gut with abundant bacteria). It has been demonstrated that bacteria can induce
severe drug resistance in cancer chemotherapy and foster the immunosuppressive tumor
microenvironment (TME) that impedes the immune cell responses [92,93]. While antibiotics
have been proposed to regulate the microbiota, their broad spectrum of targets and negative
impact on immunotherapy limit their efficacy. Alternatively, phages offer a promising
approach to rebalance the tumor-immune microenvironment through precise manipula-
tion of the gut microbiota and activation of innate immune cells [94]. In clinical practice,
conventional cancer treatment modalities such as surgery, radiotherapy (RT), chemother-
apy, endocrinotherapy, and targeted therapy are commonly employed. However, these
approaches may induce resistance and severe side effects [95]. The integration of phage
technology in cancer therapy presents a promising avenue for identifying tumor-targeting
agents, carriers, and potential vaccines. Natural microorganisms containing pathogen-
associated molecular patterns (PAMPs) effectively stimulate the host’s innate immune
response, surpassing synthetic material-based vaccines in robustness and efficacy [96].

The gut microbiota in humans is closely associated with the progression of colorectal
cancer (CRC) and its response to treatment. By harnessing the higher concentration of
pro-tumorigenic Fusobacterium nucleatum and the deficiency of anti-tumorigenic butyrate-
producing bacteria in the fecal microbiota of CRC patients, Zhang’s team discovered that
oral or intravenous administration of irinotecan-loaded glucan nanoparticles with modifica-
tion of bacteriophages targeting Fusobacterium nucleatum can effectively inhibit the growth
of Fusobacterium nucleatum and significantly enhance the efficacy of chemotherapy for
CRC in mice (Figure 9a) [97]. Additionally, the impact of bacteriophage-guided irinotecan
nanoparticles on blood cell counts, immunoglobulin, and tissue protein levels, as well as
liver and kidney function in piglets, was negligible. Utilizing this bacteriophage-guided
nanotechnology to modulate the gut microbiota may inspire new approaches for treating
colorectal cancer.

Mao et al. conjugated a photosensitizer to a phage for specifically targeting SKBR-3 breast
cancer cells and consequently PDT via fusing a unique targeting peptide (VSSTQDFP) to each
of the ~3900 copies of pVIII on the side wall of the phage (Figure 9b) [98]. A well-established
photosensitizer, 9-ethenyl-14-ethyl-4,6,13,18-tetramethyl-20-oxo-3-phorbinepropanoic acid,
commonly known as pyropheophorbid-a (PPa), was then partially modified on the N-
terminus of the phage surface. Thus, the photosensitizers can be transported to the intended
site, as the targeting specificity of the phage nanowire was well maintained through the free N
terminus of the pVIII that is not conjugated to PPa. These phage-conjugated photosensitizers
expand the clinical repertoire of target-specific PDT.

Zhang’s group demonstrated the effectiveness of phages in immunotherapy via a
bioactive vaccine platform termed HMP@Ag, which was composed by hybrid M13 phages
and individualized tumor antigens (Figure 9c) [99]. The transportation of antigens to
lymph nodes was facilitated, and the antigen-presenting cells (APCs) were activated
via the Toll-like receptor 9 (TLRY) signaling pathway, leading to enhanced innate and
adaptive immune responses. Serving as an adjuvant platform, hybrid M13 phages can easily
deliver a variety of tumor-specific antigens by simple adsorption, thereby supporting the
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development of personalized cancer vaccines. Significantly, the HMP@Ag vaccine not only
prevents tumor formation but also retards tumor growth in established (subcutaneous and
orthotopic) and metastatic tumor-bearing models, particularly when used in combination
with immune checkpoint blockade (ICB) therapy, with dramatically suppressed post-
operative recurrence and concurrently promotes long-term immune memory. Furthermore,
HMP@Ag induces a robust immune response targeting neoantigens in models of tumor-
specific mutations, suggesting a potent tool for developing a bio-activated hybrid platform
for personalized therapy.

The complexity and diversity within the tumor microenvironment have posed signif-
icant challenges to the efficacy of cancer treatments. Zhang et al. utilized an engineered
M13 bacteriophage with immunogenic activity to remodel the tumor microenvironment
(Figure 9d) [100]. Through chemical cross-linking and biomineralization, a living phage
system capable of transforming the tumor microenvironment was fabricated. Through
biomineralization, photothermal-active palladium nanoparticles (PdNPs) were in situ
synthesized on the pVIII capsid protein of M13 phage. After chemical cross-linking and
loading of NLG919 that aimed to inhibit the expression of the tryptophan metabolic enzyme
indoleamine 2,3-dioxygenase 1 (IDO1), M13@Pd /NLG gel was formed. M13 bacteriophage
not only acted as a carrier for cargo but also functioned as a self-immune adjuvant, ef-
fectively inducing immunogenic cell death in tumor cells and down-regulating IDO1
expression with good potential to reverse immunosuppression and significantly enhance
the anti-breast cancer response.

The above studies confirm the efficacy and safety of using phage-based vectors as
delivery tools for therapeutic genes and drugs in cancer therapy. Compared to the non-viral
gene transfer methods, engineered phages show much higher efficiencies in gene delivery
and expression in cancer cells with enhanced selectivity. However, as the interaction
mechanisms between phage and eukaryotic cells are not illustrated clearly;, it is necessary
to carry out more in-depth investigations for further cancer diagnosis and treatment.
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Figure 9. Phage-assisted chemo/radio/immunotherapy. (a) The phage-guided biotic—abiotic hybrid
nanosystem for CRC therapeutics. Through bioorthogonal reaction, chemodrug IRT-loaded dextran
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nanoparticles (IDNPs) were bound to the phages with the capability to target CRC and eliminate the
pro-tumoral Fusobacterium and enhance the production of butyrate from anti-tumoral bacteria. The
inhibition of pro-tumoral bacteria and the promotion of anti-tumoral bacteria together augmented
the chemotherapeutic efficacy [97]. Reproduced with permission from [97]; published by Springer
Nature, 2019. (b) Phage conjugated with photosensitizer for targeted photodynamic therapy (PDT).
With modification of the major coat protein (pVIII) with PPa photosensitizer, the filamentous phage
fd-tet nanowire was used as a vehicle for targeted delivery of photosensitizer to the SKBR-3 cells
to realize cancer eradication [98]. Reproduced with permission from [98]; published by the Wiley
Online Library, 2013. (c) Phage-based vaccine combined with immune checkpoint blockade (ICB)
treatment for inhibition of primary and metastatic cancers. Tumor antigen (Ag) modified hybrid M13
phage (HMP@Ag)-based vaccine was internalized by DCs for antigen release and cross-presentation
to promote DCs maturation, which further migrated to lymph nodes for activation and expansion of
antigen-specific CD®* T cells, representing a remarkable tumor recurrence suppression effect after
surgery [99]. Reproduced with permission from [99]; published by Elsevier, ScienceDirect, 2022.
(d) Construction of M13 phage-based self-adjuvant photothermal gel for antitumor therapy. The
engineered M13 phage was chemically cross-linked through the Schiff base reaction to biominer-
alize Pd nanoparticles and load the inhibitor NLG919 of immunosuppressive factor indoleamine
2,3-dioxygenase 1 (IDO1), realizing photothermal and immunotherapy synergistically for robust
antitumor response [100]. Reproduced with permission from [100]; published by the American
Chemical Society, 2023.

8. Bacteriophages for Drug/Gene Delivery

Asnanomedicine advances, an array of carriers has emerged for targeted drug delivery,
including liposomes, dendrimers, polymers, micelles, virus-like particles, and even stem
cells [101]. Phages stand out among these carriers due to their non-infectivity to mammalian
cells, small genome size, simple structure, and ease of engineering. In addition, phage
display technology offers an efficient strategy to modify phages by displaying target-
specific peptides [102]. Moreover, in chemical drug delivery, filamentous phages offer
superior pharmacokinetics and delivery efficiency compared to spherical nanoparticles
as they can accommodate a larger payload of chemical drugs. For gene delivery, foreign
genes can be inserted into the phage genome or loaded onto phage-mimetic nanoparticles.
Thus, phages emerge as excellent candidates for drug and gene delivery applications [103].

With advancements in covalent modification techniques for phage capsids, Francis
et al. can transform them into versatile carrier systems for drugs and imaging agents
(Figure 10a) [104]. Two distinct modification strategies were employed to adorn the outer
surface of genome-free MS2 capsids with PEG chains while incorporating 50-70 fluorescent
dye inside to mimic drug cargo. Despite extensive modification, the capsids maintained
their assembled state. The efficacy of the PEG coating in obstructing access to the capsid
surface by polyclonal antibodies was as high as 90%. Biotin groups positioned at the distal
ends of the polymer chains retained the ability to bind to streptavidin. Additionally, a
modular approach was developed for attaching small-molecule targeting moieties to the
PEG chains via an efficient oxime formation reaction, facilitating the development of robust
and versatile platforms for therapeutic cargo delivery.

Wu et al. attached the water-soluble derivative of the chemotherapy drug paclitaxel
to the capsid of MS2 phages via covalently bioconjugation (Figure 10b) [105]. Moreover,
180 copies of the MS2 protein monomer aggregate to create a hollow spherical carrier with
a diameter of 27 nm and 32 pores of 2 nm wide that can facilitate the incorporation of
small drug molecules onto the interior surface. Degradation and nonspecific interactions
of the cargo with healthy tissue can be well avoided. Up to 65% modification of the MS2
monomer proteins was achieved, corresponding to approximately 110 molecules of taxol
per capsid, or roughly 2% loading by weight. The modified capsid retains its capsid form
and can efficiently release paclitaxel with excellent cytotoxicity toward the tested MCF-7
cancer cells.
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Figure 10. Phage for drug/gene delivery. (a) Construction of multifunctional drug delivery vessels
derived from genome-free (mtMS2) phage capsids. Utilizing orthogonal coupling strategies to append
over 180 PEG chains to the exterior surface of phage MS2, while decorating its interior surface with
50-70 fluorescein molecules as drug cargo mimic. The loaded drug can be efficiently released after cell
uptake [104]. Reproduced with permission from [104]; published by the American Chemical Society,
2007. (b) Drug delivery system with a water-soluble derivative of the chemotherapeutic agent taxol
conjugated to the capsids of MS2 phages. An amino acid on the interior of MS2 capsid was mutated
to a cysteine residue (N87C) to provide a sulfhydryl group for the attachment of cargo. The modified
capsids remained in their native form and released taxol when incubated with MCF-7 cells [105].
Reproduced with permission from [105]; published by the Wiley Online Library, 2009. (c) Phage
capsids for gene delivery to mesenchymal stem cells (MSCs). The gene cargo was incorporated into
the porous structure of SPIO-embedded magnetic/silica nanoclusters (MSNCs) that was modified
with PEI and pVIII proteins extracted from the MSC-targeting phage. Bearing pVIII allowed the
nanoclusters to mimic phage particles and target MSCs to achieve gene delivery [106]. Reproduced
with permission from [106]; published by the Wiley Online Library, 2013. (d) CTX-M13 phage for
gene delivery. After p3 capsid chlorotoxin fusion with the “inho” circular single-stranded DNA
(cssDNA) gene packaging system, a miniatured chlorotoxin inho (CTX-inho) phage particle was
produced that can target the GBM22 glioblastoma tumors in the brains of mice, achieving enhanced
efficiency in gene delivery and target cell transduction [107]. Reproduced with permission from [107];
published by the American Chemical Society, 2022.

Non-viral gene therapy toward mesenchymal stem cells (MSCs) holds promise for
treating various diseases, but MSCs are difficult to transfect using non-viral vectors. Mao’s
group has successfully engineered phage-borne rMSC-targeting pVIII proteins on the
surface of gene-carrying fd-tet phage, resulting in the formation of virus-mimetic mag-
netic/silica nanoclusters (VMSNCs) (Figure 10c) [106]. These VMSNCs achieved a sig-
nificantly improved transfection efficiency of approximately 40% in rMSCs compared to
commercial transfection reagents. Furthermore, incorporating rMSC-targeting peptides
significantly enhanced transfection efficiency (up to approximately 50%) with sustained
gene expression for over 170 h, indicating enhanced stem cell-based gene therapy.
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The M13 bacteriophage is a highly adaptable and genetically customizable nanocarrier
for disease diagnosis and therapeutics. By fusing the p3 capsid with chlorotoxin and
incorporating the “inho” circular single-stranded DNA (cssDNA) gene, Belcher’s group
successfully engineered miniature chlorotoxin inho (CTX-inho) phage particles with a
length of at least 50 nm (Figure 10d) [107]. These particles can selectively target intracranial
orthotopic patient-derived GBM22 glioblastoma tumors in mouse brains. Upon systemic
administration, indocyanine green-conjugated CTX-inho phage accumulates in brain tu-
mors by emitting out infrared fluorescence signals. Additionally, the transported cssDNA
remained transcriptionally active when delivered to GBM22 glioma cells in vitro. Taking
together the ability to adjust capsid display, surface loading, phage length, and cssDNA
gene content, the recombinant M13 phage particle can be engineered to be an optimal
delivery platform.

Chemical drugs can be modified on the phage surface, and gene drugs can also be
inserted into the phage genome by recombinant DNA technology. Meanwhile, specific
peptides/proteins displayed on the phage surface are able to bind to functional mate-
rials, giving them specific targeting and huge drug loading capabilities. What is more,
phage peptides or proteins can be directly self-assembled into nanovehicles for self-guided
drug delivery.

9. Conclusions and Prospectives

Although numerous approaches have demonstrated potential in modifying and ar-
moring bacteriophages that bring considerable strides in the applications of bioanalysis
and disease theranostics, certain constraints persist and imped their continuous advance-
ment and utilization. First, the screening process for phages is relatively complicated,
time-consuming, and labor-intensive, leading to the lack of a standardized phage library.
Second, long-term examination of the genetic stability of the engineered bacteriophages
that acquired through genetic modification and transformation is necessary. Despite the
encouraging outcomes of applying the existing generation of engineered bacteriophages,
the durability of their genetic alterations and inheritability of properties and functions
are remaining unresolved problems. Thirdly, safety is the pivotal issue in the real clinical
translation. Apart from a few experiments that have demonstrated the safety of engineered
bacteriophages in vitro and in cell-level, persistent challenges still impede the progress of
applying them in animal-level practices. These obstacles necessitate us to gain a deeper
understanding of the immune response of modified bacteriophages and carry out thorough
evaluations of the potential risks linked to their in vivo and clinic applications. Conse-
quently, further research is imperative to probe the interactions between bacteriophages
and the bodies, aiming to clearly illustrate the stability and degradability of engineered
bacteriophages in diverse environments.

In sum, this review outlines the capabilities of chemical modification and genetic
engineering to create engineered bacteriophages with enhanced properties and multiplied
functionalities. Accompanying the advancements in phage display technology and molecu-
lar engineering, armored bacteriophages are extensively utilized across diverse fields. This
review summarizes the outstanding achievements of engineered bacteriophages in recent
years, including the synthesis and assembly of nanomaterials, detection of biotargets and
pathogenic bacteria, screening of peptides or antibodies, identification and elimination of
bacteria, diagnosis and treatment of diseases, as well as drug and gene delivery, offering
promising avenues for future clinical research endeavors.
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