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Abstract

Functionalized nanoprobes have been a powerful tool for biosensing, bioimaging, and
therapeutics. Forster resonance energy transfer (FRET)-based biosensors with fluorescence as
the output signal have a wide range of applications in detecting viral nucleic acids and
monitoring disease-associated biomarkers. To overcome the unfavorable aggregation-caused
quenching (ACQ) effect of conventional organic dyes, we introduced aggregation-induced
emission fluorogens (AIEgens) as donor fluorophores into the FRET sensing platform to endow
fluorescent nanoprobes with optimal signal-to-noise ratio and sensitivity due to distinctive
fluorescence properties of AlEgens including high brightness, large stokes shift, strong
resistance to photobleaching. Furthermore, inspired by the natural photosynthesis process, we
developed a hybrid upconversion nanoparticle (UCNP)-based nanoreactor for Alzheimer’s
disease (AD) therapy based on the generation of photocatalytic hydrogen gas to attenuate local
oxidative stress.

In the first work, we developed a FRET-based biosensor in which AlEgen-labelled
oligonucleotide probes as donor fluorophores were immobilized on the surface of graphene
oxide (GO) nanosheets as acceptor motif (AIEgen@GO). This biosensor was highly specific to
the nucleic acid sequences of Orflab and N genes in the genome of SARS-CoV-2 virus. The
sensing mechanism is based on dual fluorescence “turn-on” process in the presence of the target
sequence. Here, the first-stage fluorescence recovery is due to dissociation of the AIEgen from
GO surface in the presence of target viral nucleic acid. The second-stage enhancement of AIE-
based fluorescent signal is caused by the formation of a nucleic acid duplex to restrict the
intramolecular rotation of the AIEgen. Our work demonstrated that this AIEgen@GO
nanoprobe could identify mimic Orflab, N genes, and SARS-CoV-2 plasmids with rapid
detection around 1 h and good sensitivity at picomolar level without amplification.
AlEgen@GO nanoprobe could be a promising tool in assisting the initial rapid detection of the
SARS-CoV-2 viral sequence.

In the second work, we further developed an AIEgen/polymeric molybdenum disulfide
(MoSz)-based FRET nanoprobe for in situ detection of characteristic microRNA-125b (miR-
125b) for early diagnosis of AD. To optimize the sensing platform for in vivo applications, we
extended the emission wavelength of AIEgen from blue to red range to avoid autofluorescence
of living systems. Accordingly, the proposed AIEgen@MoS» nanoprobe was highly specific to
miR-125b, a promising biomarker for early AD diagnosis. In the presence of the target, AIEgen
hybridized with miR-125b to form a DNA/RNA duplex, causing the donor fluorophore to
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detach from the surface of MoS>, which simultaneously activated the dual fluorescence
enhancement processes. The sensing performance of AIEgen@MoS; was demonstrated by
detecting miR-125b in both solution and a tau-based cell model in vitro with good sensitivity
and specificity. Furthermore, the fluorescent nanoprobe also successfully demonstrated the
capability of in situ monitoring of the endogenous miR-125b in tau-based AD mice. Therefore,
AlEgen@MoS: could be a promising tool for in sifu and real-time monitoring of the AD-related
microRNA biomarkers and thus would provide mechanistic insight into the early diagnosis of
AD.

In the third work, we designed a UCNP-based artificial nanoreactor for near-infrared
(NIR) light-triggered in situ hydrogen gas (H2) generation to scavenge reactive oxygen species
(ROS) for AD therapy. This multi-component nanoreactor contained platinum nanoparticles (Pt
NPs) and ascorbic acid encapsulated by cross-linking vesicles, which comprised two
photosensitizers, chlorophyll a (Chla) and indoline dye (Ind), absorbing the red and green
luminescence from UCNP coupled on the surface. In the nanoreactor system, the excited
electrons separated from Chla and Ind were quickly transferred to Pt NPs to combine with
protons from ascorbic acid, facilitating rapid activation of the photosynthesis of H», locally
providing a high therapeutic concentration. Our results successfully demonstrated that the
artificial nanoreactor could efficiently photosynthesize H> to restore ROS homeostasis, repair
mitochondrial damage, and attenuate hyperphosphorylated tau in AD mice. Such an artificial
nanoreactor with efficient H, generation has great potential to provide a new window for AD

treatment.
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Chapter 1: Introduction

Modern science is progressing toward a deeper understanding of biological networks in
living subjects, which has greatly benefited from developing novel bioanalytical techniques.
Since George Gabriel Stokes first used the term "fluorescence" in 1852 to describe the
remarkable light phenomenon he observed in quinine solution emitting blue light when exposed
to ultraviolet (UV) light, fluorescence-based imaging techniques have gradually emerged as a
powerful tool to study a variety of physiological events in living systems > .. This imaging
approach has the advantages of high spatial resolution, low cost, simple operation, and good
biosafety >8], In general, fluorescence imaging relies heavily on the specific labeling by various
fluorescent agents, mainly including organic fluorophores, organic fluorophores-loaded
nanoparticles (NPs), inorganic nanomaterials such as quantum dots (QDs) ), graphene
quantum dots (GQDs) 1% carbon dots '] and rare earth doped upconversion nanoparticles
(UCNPs) 121, These organic fluorophores and inorganic nanomaterials can be excited by
specific wavelengths of light and absorb the energy of photons, causing their electrons to jump
into an excited state. Then, the electrons release a photon with lower energy after losing some
of their energy during the process of vibrational relaxation and thus emit fluorescence with a
longer wavelength when they return to the ground state (Figure 1.1A) 131, The wavelength
difference between the absorption and emission maxima is defined as Stokes shift (Figure
1.1B) [*]. Fluorescent materials with a large Stokes shift are known to avoid re-absorption of
emitted light and scattering, which is beneficial for providing high-quality fluorescence

imaging by reducing autofluorescence and self-quenching.
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Figure 1.1 Brief introduction to fluorescence generation. (A) Jablonski diagram of absorbance,
non-radiative decay and fluorescence. (B) Schematic illustration of stokes shift [!3],

Organic dyes and dye-loaded fluorescent NPs are preferable to inorganic fluorescent

materials for fluorescence bioimaging because of their inherent benefits, including good
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biocompatibility, simplicity of processing, and potential biodegradability. Several organic dyes,
including methylene blue (MB) and indocyanine green (ICG), have been authorized to be used
in clinical applications such as the assessment of intraoperative blood flow, illustrating the great
promise of organic fluorescent molecules in clinical translation '* 151, However, a great number
of fluorescent dyes are hydrophobic and thus tend to aggregate in aqueous solutions and
physiologic buffers due to m—n stacking interaction ['®), These fluorescent dyes in the aggregated
state exhibit intense intermolecular n—r stacking, which greatly reduces exciton energy via non-
radiative pathways and results in partial or complete fluorescence quenching. This phenomenon
is known as the "aggregation-induced quenching (ACQ)" effect '’ which hinders the
development of highly emissive fluorescent organisms for applications in biological
microenvironments '8, Here, we take perylene as an example to illustrate the adverse effects
of ACQ on fluorescence imaging in biological applications. Perylene is a hydrophobic organic
dye that exhibits strong blue emission in the well-dispersed state. Still, its emission becomes
much weaker or even totally quenched in the aggregated state in the solution with a high fraction
of water due to its planar structure and strong intermolecular interactions (Figure 1.2A) 1),
Therefore, the imaging performance of such fluorogens is heavily interrupted by the undesirable
ACQ property, which restricts the concentration of fluorescent dyes used in the biological

systems and causes a limited signal-to noise ratio, low potency, and photobleaching outcome.
1.1 Aggregation-induced emission (AIE)

The discovery of fluorescent molecules with aggregation-induced emission (AIE) feature
offers a definitive solution to the abovementioned ACQ problem. As a new class of
photophysical phenomena, AIE was first reported by Tang and colleagues in 2001 2°1. In
contrast to the ACQ property, AIE fluorogens (AIEgens) exhibit negligible or weak emission
when well-diluted in solution, but they become highly emissive in the aggregation state 2!l As
shown in Figure 1.2B, hexaphenylsilole (HPS), a typical AlEgen, is nearly non-emissive in
acetone solution where it is well-dissolved. Thus, its rotor structures trigger nonradiative decay
to consume excitation energy but after adding water to form aggregates, its emission
dramatically increases (%!, Additionally, the non-planar molecular architectures of HPS prevent

tight intermolecular n—x stacking interactions during the aggregation process.
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Figure 1.2 ACQ vs. AIE phenomenon. Molecular structures and fluorescence photographs of
(A) perylene and (B) hexaphenylsilole (HPS) in mixtures of acetone and water with different
water fractions. The photographs were taken under 365 nm UV light irradiation '],

1.1.1 Mechanism of AIEgen

A better understanding of the luminescence mechanism of AIE is essential for developing
new types of AlEgens and exploiting their potential applications. Through systematic
investigation of different AIEgens, many researchers have successively proposed the restriction
of intramolecular rotation (RIR) as the mechanism of AIEgens with rotor structures such as
tetraphenylethylene (TPE) (Figure 1.3A) [22. According to this mechanism, active
intramolecular rotation encourages the nonradiative decay of excitons when AlEgens are
dissolved in solution, which weakens their fluorescence. Instead, such intramolecular rotation
is greatly restricted in the aggregated form, causing the nonradiative decay much decreased,
and thus the fluorescence of AlEgens lights up. With the growing research on AIE effects,
various AlEgens without rotor structures have been progressively developed and synthesized.
Thus, there are also studies to reveal the luminescent mechanism for those AIEgens without
rotors, such as cyclooctatetrathiophene (COTh) 23], which suggest that the restriction of
intramolecular vibration (RIV) can be an addition of RIR since intramolecular vibration also
leads to nonradiative decay of excitons in the excited state (Figure 1.3B). Altogether, the term
"restricted intramolecular motility (RIM)" was coined to combine RIR and RIV as the general

mechanism of AlEgens 24/,
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Figure 1.3 The mechanism of the AIE phenomenon. (A) The restriction of intramolecular
rotations (RIR) in Tetraphenylethene (TPE) molecules. (B) The restriction of intramolecular
vibration (RIV) in cyclooctatetrathiophene (COTh) molecules 1221,

1.1.2 AIEgen-based probes

With recent advances in understanding the mechanism proposed to explain AIE effect,
numerous AIEgens have been successfully designed and synthesized. Most of them are derived
from typical AIE molecules such as tetraphenylethene (TPE), tetraphenylpyrazine (TPP),
hexphenylsilole (HPS), and derivatives of 9,10-distrylanthracene (DSA) (Figure 1.4) [226],
Most of the current organic AIE molecules are hydrophobic. These molecules are inherently
difficult to disperse stably and uniformly under physiological conditions, which is not
conducive to extending their biological applications. Therefore, applying AlEgens in
fluorescence bioimaging is achieved by developing hydrophobic AIEgens to hydrophilic

molecular probes or nanoprobes.
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Figure 1.4 Molecular structure of typical AIEgens [2°/,

1.1.2.1 AIEgen-based molecular probes
Plenty of AIEgen-based molecular probes have been constructed to observe and monitor
various biological species through the fluorescence enhancement caused by the binding of the

AlEgen probes to the analytes. The key factor to consider while designing AIEgen-based
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molecular probes is to improve their water-solubility. Initially, only cationic or anionic AIEgens
-based probes could be used for imaging biomolecules and cellular organelles. In general, they
bind with the analytes via hydrophobic and electrostatic interactions (Figure 1. 5A). Such
physical attachment of the probes to the analytes probably leads to non-specific fluorescence
enhancement, which makes ionic AIEgens-based molecular probes inappropriate for
applications in biological environments with many variables ?”!. Accordingly, AIE molecular
probes with fluorescence “turn on” properties were developed by conjugating targeting ligands
or reactive groups to AIE molecules through the chemical bond to solve the specificity issue.
As shown in Figure 1.5A, hydrophilic targeting ligands (e.g., DNA, RNA, peptide, and
aptamer) were designed to be conjugated with AIEgens, endowing the resulting probes with
good water-solubility [*®). In addition to enhancing hydrophilicity, these ligands are responsible
for the specific binding of the probes to the receptors on the analytes through biomolecular
interactions, such as the hybridization of oligonucleotides and recognition between antigens
and antibodies. Additionally, another strategy to construct AIE molecular probes is dependent
on the conjugation of cleavable quenchers with AIEgens (Figure 1.5A) [28], The fluorescence of
these AIE probes is turned on by a specific biological process that can maximize the specificity
of probes by preventing any interference from other non-targeting analytes. By skillfully
integrating functional groups and AIE molecules, AIE molecular probes with fluorescence
"turn-on" properties have been widely employed for sensing various biomarkers of diseases and
cellular imaging of organelles such as membranes, mitochondria, and lysosomes.
1.1.2.2 AIEgen-based nanoprobes

AlEgens emit strong fluorescence in the aggregated state due to restricted intramolecular
motion within their structure. This property makes AIEgens more suitable than other organic
fluorescent dyes for fabricating fluorescent nanoprobes (NPS). AIE NPs exhibit excellent
biocompatibility due to the encapsulation of the polymer, making them more hydrophilic and
stable in biological media. Moreover, AIE NPs tend to possess brighter fluorescence than their
corresponding AIE molecules due to the restricted spatial scope of the nanoparticle shell. In
addition, the large surface area of nanoparticles and ease of surface functionalization allows
AIE NPs to show great potential in various fields of translational medicine. Several techniques
have been developed for loading AIEgens into hydrophilic NPs with precise size and shape,
facilitating their application in biosensing, cell imaging, therapeutic effect monitoring, and so

[29.30] Here are two common strategies used to fabricate AIE NPs summaried in Figure 1.5B

on
(28] In the first approach, AIEgens were first chemically bonded to hydrophilic polymers. The

resulting AIEgen-polymer complexes were amphiphilic, so they subsequently self-assembled
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to form NPs. This method requires a sophisticated design of the structure of AIE molecules,
and it is challenging to tune the size of self-assembled AIE NPs. In addition, the conjugation of
bulk polymers to the molecular structure of AIEgens might disrupt the non-planar conformation
of AlEgens, which would cause them to lose the AIE properties.

Consequently, nanoprecipitation is a more widely used technique to prepare AIE NPs. In
this strategy, AIEgens are encapsulated into amphiphilic polymeric matrices (such as the widely
used DSPE-PEG and Pluronic F-127) via physical loading techniques such as probe sonication
(Figure 1.5B) [*!1. The nanoprecipitation method avoids the random nature of self-assembly and
thereby provides more normalized procedures for preparing AIE NPs. Furthermore, by
selecting different types of polymers and varying lengths, the shape and size of AIE NPs can
be easily regulated to meet the requirements of diverse biological applications. Meanwhile,
modification of functional groups (e.g., NHo, -COOH, -SH) in the polymer matrix can provide
active reaction sites for the surface functionalization of AIE NPs.

A AlEgen-based molecular probes B AlEgen-based nanoprobes
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Figure 1.5 Methods for the design of (A) AIEgen-based molecular robes and (B) AIE NPs [?8],

1.1.3 Application of AIE probes for biosensing and bioimaging

By the RIM mechanism, any modification that restricts intramolecular motion through
molecular interaction (e.g., electrostatic, hydrophobic, and hydrogen bonding) between the
recognition site of AIEgens and corresponding analytes can easily illuminate the bright
emission of AlEgens. Therefore, the fluorescent signals light-up working model makes
AlEgens exceptional fluorescence-based probes for achieving analytes-dependent signals
output, and the light-up property is advantageous for reducing the background signal to obtain
a higher signal-to-noise ratio (SNR), which would enhance the analytical sensitivity of
biosensors and provide high contrast and quality for bioimaging application. Until now,
AlEgens-based probes have been widely employed in the bioanalytical fields, such as

biosensing and bioimaging %,



AIE probes for biosensing. Biomolecules and biomarkers play essential roles in
diagnosing and monitoring disease pathology; therefore, they must be detected and analyzed in
a physiological environment. So far, different AIE-based biosensors have been employed to
detect diverse biomolecules, such as DNA, RNA, and proteins. These biosensors interact with
analytes to form bioprobe-analyte complexes, activating the RIM process and illuminating the
sensing system. Bin Liu and co-workers demonstrated a unique sensing strategy that AIEgen
(e.g., TPE) was modified with single-stranded oligonucleotides to fabricate fluorescence light-
up bioprobe for the detection of complementary DNA hybridization in a homogeneous solution
(Figure 1.6A) 1. In this study, the probe TPE-DNA,, was designed by an azide-functionalized
AlEgen (TPE-N3) conjugated with alkyne-substituted oligonucleotide via copper-catalyzed
azide-alkyne cycloadditions (CuAAC). The single-stranded oligonucleotide within the structure
of TPE-DNAp endows the probe with high specificity to distinguish complementary target
strands from one-base and two-base mismatch sequences. The selectivity of TPE-DNAp was
much better than that of these previously reported AIEgen-based probes for DNA detection,
where interaction forces between probes and target sequences were usually non-specific
electrostatic and hydrophobic effects. TPE-DNAp exhibited weak fluorescence in the solution
due to the active intramolecular rotations using excitonic energy. At the same time, upon
hybridization to the target DNA sequence, the formed double helix structure prevented the
phenylene rings of the TPE core from freely rotating, which resulted in the fluorescence of
TPE-DNAp being significantly enhanced to indicate the target DNA. As such, the limit of
detection (LoD) was measured to be 0.3 M, and the brightness of the TPE-DNAp-target DNA
complex displayed around 3-fold higher than that of the TPE-DNAp probe alone. Fan Xia’s
teams then reported a similar DNA-conjugated AIE probe (TPE-R-DNA) for intracellular
monitoring of mRNA expression (Figure 1.6B) 2. In this work, a target recycling method
assisted by exonuclease III (Exo III) was combined with a red-emitting TPE-R-DNA probe for
cancer cells and tissue imaging. TPE-R-DNA comprised two sections: TPE-R-N3, a
hydrophobic AIE molecule that functioned as the fluorescence imaging agent with a long
emission wavelength, and Alk-DNA, a hydrophilic single DNA strand that specifically
hybridized the target mRNA fraction. Without target mRNA, TPE-R-DNA probe was
completely hydrophilic, resulting in negligible fluorescence. In contrast, in the presence of
target mRNA, TPE-R-DNA hybridized with target sequence to form duplex nucleic acid,
following digested by Exo III to release the hydrophobic fluorogens, which eventually

assembled in aqueous solution to enhance the fluorescence signals of the sensing system. As a



result, the LoD of TPE-R-DNA probe toword mRNA reached 0.6 pM, which was much more
sensitive than TPE-DNA,, probe without a target recycling strategy.

Additionally, peptide-modified AIEgen probes were developed to monitor the specific
enzyme activity in living cells relying on the reduced water-solubility of probes to form
aggregates in the presence of analytes. For example, to detect the bio-activity of caspase 3/7 in
cancer cells, Bin Liu and colleagues developed an Ac-DEVDK-TPE probe, composed of TPE
core as an imaging module coupled with a peptide (Asp-Glu-Val-Asp-Lys, DEVDK) that could
be specifically recognized and cleaved by caspase-3/7 (Figure 1.6C) 2. With DEVDK peptide
conjugation, the probe alone was extremely hydrophilic and almost non-fluorescent. However,
once the DEVDK peptide in the probe was specifically clipped by the target caspase 3/7, the
hydrophobic TPE residues aggregated in an aqueous solution and boosted the fluorescence

signals in the sensing system, which was an effective strategy for caspase3/7 detection.
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Figure 1.6 Representative examples of AIE probes for DNA, RNA, and protein detection. (A)
Schematic illustration of TPE-DNA, for detection of nucleic acid DNA.! (B) Schematic
illustration of TPE-R-DNA for detecting mRNA in cancer cells.!? (C) Schematic illustration of
Ac-DEVDK-TPE probe and its time-dependent fluorescence intensity in the presence of
caspase 3/7 proteins.[3?!



AlEgen-based probes for bioimaging. AlEgens have been attractive fluorescent
materials for bioimaging applications due to their high brightness in the aggregate state and the
unique property that they become stronger emitters at larger concentrations. AIEgens-based
imaging systems have been superior to traditional organic dyes and QDs in terms of brightness,
biocompatibility, and photobleaching resistance *”. However, most AIEgens are only soluble
in organic solvents, making them unsuitable for biological applications. Hence, AIE NPs
constructed by physical nanoprecipitation using amphiphilic polymers physically encapsulated
with AIE molecules are more commonly used in bioimaging. On the basis of the AIE feature,
a high loading of AIE molecules is compactly encapsulated inside the nanoparticles, supporting
their super brightness and good photostability !!. In addition, AIE NPs have a high surface-to-
volume ratio. They are easily adaptable to functional ligands on the surface, further expanding
their application in the targeted bioimaging areas. Consequently, AIE NPs have garnered a great
deal of interest due to their exceptional performance in various bioimaging applications, such
as subcellular cell imaging (e.g., mitochondria and lysosome) 3341 in vivo imaging of tissue
and vascular structure ), imaging-guided therapy %!, and multi-modal imaging integrated

with MR, CT, etc. 71,
1.2 Upconversion fluorescence

Depending on the emission principle of fluorescent materials, fluorescence imaging
techniques can be divided into two categories: downconversion fluorescence and upconversion
fluorescence. The fluorescence of the majority of fluorescent agents, such as the ACQ
fluorophores, AIEgen, and inorganic fluorescent quantum dots and carbon dots, is generated by
the downconversion of higher energy light (typically UV to visible) to lower energy light with
a longer wavelength. These fluorescent probes with downconversion emission exhibit strengths
in terms of high quantum yield and long fluorescence lifetimes. However, there is a partial
overlap in their excitation and emission spectra, which could lead to photobleaching issues and
make it difficult for downconversion nanoprobes to meet the quality requirements for in vivo
fluorescence imaging. Furthermore, endogenous fluorophores such as tryptophan and elastin,
which are naturally present in biological species, exhibit significant light scattering below 700
nm, resulting in strong background autofluorescence and causing severe interference with
imaging results under biological conditions 8], These limitations have severely impeded the
use of downconversion fluorescence-based probes for monitoring biological processes and
detecting disease-related biomarkers in deep tissues. Here, we take the commercially available
fluorescein FITC or green fluorescent protein (GFP) as examples. Both of these are down-

converting fluorescent materials. Although they have been utilized extensively for cell imaging
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in vitro and fluorescence imaging of superficial skin tissues for many years, few studies have
employed FITC or GFP for imaging the brain or monitoring endosomal organ lesions. The
discovery of upconversion fluorescence provides novel strategies for addressing this issue.
Nicolaas Bloembergen originally postulated the upconversion fluorescence phenomenon in
1959, and later Porter John F. further explained upconversion as a nonlinear optical process in
which low-energy light in the NIR range is transformed into high-energy light in UV and visible
range 1*°). Lanthanide-based UCNPs are one of the most studied upconversion materials. It
possesses many desirable properties, such as easy spectrum tuning, minimal photodamage to
specimens, high penetration depth, low autofluorescence, and millisecond-level lifetime,
making it a promising and effective fluorescent probe for in vivo studies 4°/,
1.2.1 Photophysical mechanisms of upconversion fluorescence

In the structure of UCNPs, two adjacent types of lanthanide ions, known as the sensitizer
and activator ions, are introduced to the crystalline host material of UCNP to accomplish the
photon upconversion process [**). Sensitizer ions, such as ytterbium (Yb3+) and neodymium
(Nd3+), exhibit absorbance maxima in the NIR region at 980 nm and 800 nm, respectively. By
absorbing a large number of low-energy photons from NIR light, the sensitizer ion is excited
from its ground state to the intermediate excitation state 1 (E1), and then the ground state and
El states of the activator ion (typically erbium Er3”, thulium Tm3", and holmium Ho3")
repeatedly acquire energy from the sensitizer ion. When the activator ion returns to its ground
state, it generates upconversion luminescence. (Figure 1.7) B°1. Typically, UCNPs are fabricated
from inorganic host materials doped with photoreceptors and activator ions. The host material
is expected to be chemically stable and unrelated to excitation light or upconversion
luminescence. Different host materials have been developed so far, including fluorides (NaYF4),
oxychlorides (GdOCI), oxides (Y203 and ZrO; ), oxysulfide (Y20.S), and vanadates (YVOa)
411" Among them, NaYF is widely used as a host lattice in UCNP-based biosensors and
bioimaging due to its ultra-low cut-off phonon energy, thereby minimizing the loss in

upconversion emission produced by phonon-induced non-radiative decay.
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Figure 1.7 Schematic diagram of the energy transfer mechanism of upconversion fluorescence
[39]

1.2.2 Structure of UCNPs

Most bare UCNPs exhibit surface quenching centers and crystal defects as a result of
small-size effects, which leads to greater non-radiative energy consumption paths. This
phenomenon drastically reduces the upconversion efficiency of UCNPs, as photons in both the
intermediate and final excited states are capable of transferring excitation energy to the
quenching centers during the upconversion process. Consequently, the primary issue with
unmodified UCNPs is their low luminosity, which limits the versatility of UCNPs-based
fluorescent materials in vivo applications. To achieve efficient upconversion luminescence, a
laser with a fairly high power density is usually required as an excitation source. For biological
applications in vivo, however, excitation powers in excess of 1 W/cm? may cause severe
thermal damage. So far, upconversion efficiency can be improved in two primary ways:
reducing the likelihood of non-radiative conversion and increasing the absorption capacity. The
design of the core-shell structure of UCNPs is a highly effective strategy for achieving this goal
(1] The basic principle and common configurations of core-shell UCNPs are shown in Figure
1.8 21 In the core-inert shell system, the shell acts as an undoped host material devoid of
activator or sensitizer ions, thereby blocking the energy transfer pathway from the activator (or
sensitizer) to the surface quenching centers. This structure lowers non-radiative consumption
and boosts the upconversion efficiency of core-shell UCNPs. In addition, sensitizer ions such
as Yb3+ can be doped into the shell layer to form the core-active shell structure of UCNPs,
which increases the upconversion efficiency by absorbing additional excitation photons (Figure

1.8) 421,
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1.2.3 Application of UCNPs for biosensing and bioimaging

UCNPs for biosensing. Biosensors enable the accurate tracking of particular
physiological processes and the identification of subtle biomolecules. UCNPs are promising for
biosensing applications due to their unique ability to use NIR light as an excitation source,
which enables them to detect biological processes with exceptionally low background noise and
adequate tissue penetration depth within living systems. In recent years, numerous UCNPs-
based biosensors have been reported to detect intracellular biomolecules such as DNA, RNA,
and enzymes and to in situ monitor disease-related biomarkers in deep tissues [*’l. In these
biosensing platforms based on UCNPs, resonance energy transfer is the primary detection
mechanism. In this process, UCNPs function as energy donors that bind to energy acceptors
capable of altering the fluorescence intensity in response to the interaction with the analyte.
However, there is no direct relationship between the fluorescence of UCNPs and any
intrinsically characterized bioanalytics. Therefore, UCNPs must be designed with the proper
recognition components, such as DNA, enzymes, and antibodies, in order to recognize the target
analytes ¥, Hybridization of complementary nucleic acid base pairs frequently occurs during
the process of specifically identifying DNA or RNA with UCNP-based probes. A. G. Kanaras
presented a DNA biosensor based on the resonance energy transfer effect and constructed by
UCNP adsorption on the surface of GO 1. The monodisperse UCNP was coated with a SiO»
shell to prevent surface quenching effects, and the SiO; shell with a terminal NH> group
facilitated the modification of single-strand probing DNA. The fluorescence of ssDNA-
functionalized UCNP@SiO> was completely quenched when it was in close proximity to the
GO surface, as the fluorescence emission spectrum of UCNP@SiO; overlapped with the
absorption spectrum of GO. In contrast, in the presence of complementary target DNA strands,
the double-stranded DNA resulting from hybridization had no strong interaction with the GO
quencher, resulting in the recovery of UCNP@SiO> luminescence. The DNA sensor exhibited
a detection limit of 20 pM 31,
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UCNPs for bioimaging. Imaging techniques utilizing conventional organic dyes, QDs
and GQDs, adhere to the Stoke shift law. However, the excitation of these fluorescent materials
occurs primarily in the ultraviolet-visible spectrum; as a result, they may experience problems
with light penetration and autofluorescence. In addition to reinforcing the power intensity of
the excitation source to allow greater light penetration, the "optical transparent window" of the
tissue has little autofluorescence and light scattering in the NIR (700 to 1100 nm) range, which

(331 Hence, effective

facilitates fluorescence imaging with high contrast and quality
fluorescence materials with excitation or emission light wavelength extending to the NIR range
are desirable for a wide variety of in vivo bioimaging applications. In contrast to
downconversion fluorophores, UCNPs offer numerous advantages for bioimaging applications
due to their unique optical properties, such as (1) The utilization of NIR light as an excitation
source enables UNCPs to penetrate biological tissues more effectively than visible light and to
avoid the auto-fluorescence. (2) The photobleaching resistance and nonblinking properties of
UCNPs make them suitable for long-term bioimaging. (3) Significant anti-Stokes shift
properties permit UCNP probes to emit fluorescent signals with less background noise. (4) The
extended luminescence lifetime in the millisecond range enables temporal separation of the
probe signals from the intense background signals by fluorescence lifetime imaging microscopy
[40.42-44] "Owing to these features, NIR-triggered UCNPs are growing as a new class of imaging

substances for in vivo bioimaging, with applications in cellular imaging, whole-body

photoluminescence imaging, and deep tissue imaging %1,
1.3 Forster resonance energy transfer

In the field of biomedical diagnostics, fluorescence imaging has been utilized extensively.
During the past few decades, numerous fluorescent biosensors have been developed to monitor
various biological activities and biomolecules, including nucleic acids, proteins, enzymes,
antibodies, antigens, and other biological substances. These fluorescent biosensing platforms
were established using two strategies: (1) direct fluorescent biosensors. One fluorophore with
a single emission character was directly employed in one biosensing platform. (2) ratiometric
fluorescent biosensors. The Ratiometric biosensing system was established by two fluorescent
motifs with distinct emission spectra integrated into one biosensing system ). In the first
strategy, the fluorescent signals of direct fluorescent biosensors are easily interrupted by
different variables in the external environment (e.g., pH, temperature, and ionic strength), which
makes it difficult for many direct fluorescent biosensors to accurately quantify various
biomarkers and biological responses. To solve the problem, ratiometric fluorescent biosensors

have been designed to detect the analytes by comparing the fluorescence intensity at two
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different wavelengths simultaneously recorded. So far, intramolecular charge transfer (ICT)
and forster resonance energy transfer (FRET)-based methods are the two main ways to build
ratiometric fluorescence techniques. ICT-based fluorescent probes are constructed with a single

47 The electron-

fluorophore containing electron-donating and electron-absorbing groups |
absorbing groups typically serve as recognition sites that specifically bind to analytes, leading
to a change in the fluorescence spectrum to indicate the presence of target biomolecules. In the
case of ICT, the binding of probes to analytes may enhance or inhibit the ICT interaction,
resulting in a significant shift in the fluorophore absorption maximum, which would
compromise the accuracy of ICT-based biosensors. In addition, it is difficult to precisely
determine the ratio of two fluorescence peaks due to the extremely broad fluorescence spectrum.
This problem can be partially addressed by FRET-based probes, as they produce longer
emissions from a single excitation. FRET-based biosensors offer not only high sensitivity,
specificity, and fast response time but also possess the advantage of homogeneous detection
without washing procedures for accurate quantitative measurements in living systems 8], Due
to their multiple advantages, FRET-based biosensors have been applied to detect disease-

associated biomarkers, monitor treatment results, screen drugs, and visualize biological

processes.
1.3.1 Principle of FRET

FRET is a process of close-range energy transfer between two light-sensitive molecules.
Within a close distance, the emission from a donor fluorophore is absorbed by an adjacent
acceptor under particular excitation conditions, causing fluorescence quenching (Figure 1.9A)
(9] The key factors that affect the energy transfer efficiency (E) of FRET assay include the
distance (r) between donors and acceptor pairs (typically less than 10 nm) and the overlap of
emission spectrum (J) of donor and acceptor (Figure 1.9B) [*%l. The energy transfer efficiency
(E) can be calculated by equation (1) °!. In a typical FRET system composed of a single pair
of donor and acceptor fluorophores, the energy transfer is inversely proportional to the sixth
power of the distance (r) between the donor and acceptor pairs. In this equation, Ro represents
the distance between donor and acceptor pairs at half the energy transferred. Generally, Ro
depends on the spectral overlap (J) and the quantum yield of donor fluorophores, which might

range from 2 to 10 nm.
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In equation (2), n is the refractive index of the medium between the donor and acceptor pairs,
and &’ is the orientation of the donor and acceptor transition dipole moments. As a result, the
FRET assay requires extensive spectral overlap between donor and acceptor pairs. Additionally,
the FRET effect can be turned on and off by the change in the distance (r) between the donor
and acceptor, making FRET-based sensing platforms extremely sensitive to even minute

521 Various biological processes, such as the hybridization of

variations in the distance
oligonucleotides, immunological binding reactions between antigens and antibodies, and
enzyme-biocatalytic reactions, occur similarly small spatial scales in living organisms.

Therefore, fluorescent biosensors based on FRET are useful tools for monitoring these
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Figure 1.9 (A) FRET mechanism diagram(B) Diagram of Energy Transfer Efficiency (E) of
FRET Assays [,

1.3.2 Donors of FRET-based biosensors

The fluorescence signals for FRET-based biosensing applications are primarily
determined by two variables: (1) the luminescence efficiency of donor fluorophores, as
measured by quantum yield, fluorescence lifetime, etc. High luminescence efficiency causes
more photons to be simultaneously excited at a given excitation power, manifesting as brighter
light emission. (2) the quenching ability of the acceptor motif High quenching capacity of the
acceptor motif can significantly alter the fluorescence signals resulting from biological
reactions, thereby enhancing detection sensitivity °2!. To date, a variety of fluorescent materials
have been used as donors in FRET sensing systems, mainly including conventional organic
fluorescence dye, AlEgens, inorganic quantum dots, as well as upconversion luminescent
materials?®*l. Table 1 briefly summarizes the characteristics of these commonly used fluorescent

agents as FRET donors.
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FRET donors tra‘jgleosnal AlEgens QDs GQDs UCNPs
. downconver . downconversio | downconversio | upconversio
FL generation . downconversion
sion n n n
Excitaiton visible~NIR visible~NIR uv uv NIR laser
. tunable
asymmetric . . tunable
and tailed broad emission emission tunable narTOW
Emission o bands with a width | dependingon | emission (blue .
emission . emission
of ~200 nm size (blue to to red)
bands bands
red)
Stokes shift | <30 nm >120 nm 250~400 nm :ﬁfgsmk“
FL lifetime few ns ns~us 20~30 ns ns level ps~ms level
40~90%,
Quantum 0.9%~31.5%, depending on
uanti <0.1% depending on | buffer and | 2~23% <1%
yield ) .
dissolved media surface
modification
. . . | Strong anti-
- ACQ Strong anti- | Strong anti- | Strong anti-
Photostability problem photobleaching photobleaching | photobleaching E)rflgotobleach
Toxicity low low high low low

Table 1. Comparison of the optical properties of common donors in FRET-based biosensors.

Organic fluorescence molecules are widely employed as donor fluorophores in many
FRET-based biosensors. They are advantageous for developing dye-to-dye FRET systems due
to their small size, a large number of modification sites, high quantum yields, and ease of
bioconjugation. However, conventional organic dyes (e.g., FAM, Cy3, Cy5) are easily affected
by temperature and pH during the detection process, and they are susceptible to photobleaching
and blinking issues due to their inherent ACQ effect, which prevents them from being applied
at high doses and further reduces the sensitivity of FRET biosensors. The application of new
generations of fluorophores with AIE properties for fluorescence imaging has been briefly
discussed in section 1.1. AIEgens are ideal candidates for use as donor fluorophores in the
development of FRET-based sensing platforms for bioapplications due to their robust
brightness, large Stokes shift, robust brightness, strong resistance to photobleaching, and good
biocompatibility. Recent studies have used AIE-active molecules to construct FRET biosensors
for fluorescent turn-on sensing of biomolecules. (Table 2) P41 Most of these studies utilized
cationic AIEgens with a DSA or TPE core as donor fluorophores. These cationic AIEgens
possess typical AIE properties but are water-soluble and hence show minimal fluorescence in
the dispersion state. To confer specific recognition sites on AIE-FRET probes, AIEgens
interacted with ssDNA or aptamers via electrostatic attraction to form AIE-DNA complexes
with restricted intramolecular motion, resulting in an initial fluorescence-on state. The AIE-

DNA was subsequently physically coupled with graphene oxide (GO), resulting in a
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fluorescence-off state. The addition of target biomolecules to AIE-DNA-GO probes led to the
formation of a DNA/target complex that interacted less with GO, allowing AIEgen to detach
from GO and regain fluorescence. However, labeling aptamers to AlEgens via electrostatic
interactions renders AIE-FRET probes susceptible to external environmental factors and
restricts their use to monitor only charged biomolecules. Consequently, there is an urgent need

to develop more AlEgen-based FRET sensing platforms with improved stability and greater

specificity.
Donor/ AlEgen structure Analytes Det.ec@on Linear Sample Ref
acceptor limit range species
Al .
DSACN/C- | ' Chloram- | | 51000 | eHCEE
Apt/GO =3 % phenicol “OPE ng/mL .
DSACN solution
DSA- St complementary . [59]
oNAGO | m P target ssSDNA 170 pM 1-600 nM | solution
S TaTa thrombi 10-2000 | Thrombi
DSAIGO | Y@ rombin 3 ng/mL - rombin | (g
protein ng/mL solution
TTAPE- | ~foopry e complementa Tris-HCI
ssDNA/ = 5 P Y1 250M 5-100nM | buffer [57]
). : 1. target ssDNA .
GO ks A solution
A2HPS/GO BSA 2.3 pg/mL 10t solution [56]
2 HE 200pg/mL
TPE- 0" 50, Na"
SO;Na/ > ] 9 BSA 5 pg/mL 072& solution | B
GO O O 0" 50, N ug
W,
TPE/GO | «y 340" BSA . . solution [ 154
o
R=0(CH2)4N"(C,H5s)3

Table 2. FRET biosensors based on AlEgens as donor fluorophores.

In addition to organic dyes, numerous nanoparticle types have been utilized as donors in
FRET assays for diverse biological applications. Compared to conventional organic dyes, these

fluorescent nanoparticles such as UCNPs, semiconductor quantum dots (QDs), and graphene
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quantum dots (GQDs) usually have higher quantum yield and better photostability, making
them ideal candidates as donors in FRET-based biological detection [* 32!, QDs (e.g., InGaP,
InP, CdSe, and CdTe) have been used as fluorescent markers in a variety of biological
applications. QDs have several merits over conventional organic fluorescent dyes as FRET
donors, including long fluorescence lifetimes and almost no photobleaching properties % 611,
However, it is hard to ignore the limitations of QDs as FRET-based donors. When building
FRET sensors, the size of donor nanoparticles must be taken into account since the separation
between the donor-acceptor pair determines the FRET efficiency. The average size of QDs is
typically less than 20 nm, so employing QDs as donors will result in lower FRET efficiency
than using organic dyes in sensing platforms [**!. Additionally, the manufacturing of QDs like
CdSe and CdTe utilizes hazardous components, which limits their use in biological areas.

In recent years, GQDs have been used as fluorescence donors in FRET experiments. GQDs
maintain some exceptional optical properties of quantum dots, such as excellent photostability,
long fluorescence lifetime, high brightness, and tunable emission range 1*2l. Moreover, the
FRET-based sensing platforms with GQDs as donors are very applicable to biological
applications since GQDs have superior biocompatibility than semiconductor QDs. Additionally,
the spectral overlap between donor and acceptor molecules can be optimized by modifying the
surface and varying the size of the GQDs in order to enhance the energy FRET efficiency. As
a new class of fluorescent materials for biosensing and imaging, UCNPs have attracted
considerable attention. They offer distinct advantages over conventional organic dyes and
inorganic QDs. For instance, UCNPs exhibit low toxicity, good photostability, and significant
anti-Stokes shifts. Due to their exceptional properties, UCNPs are desirable as donors for
FRET-based bioassays [®]. Particularly, unlike QDs and GQD excited by UV light, UCNPs
utilize NIR light as excitation source, which have high penetrating capabilities and minimize
photodamage to tissues. Therefore, FRET assays based on UCNPs are advantageous for

biosensing applications in deep tissues.
1.3.3 Acceptor of FRET-based biosensors

High FRET efficiency requires a large overlap between the spectrum of donor emission
and acceptor absorption. Therefore, materials with a broad absorption range are advantageous
for quenching the fluorescence of donor fluorophores to endow FRET-based biosensors with a
high signal-to-noise ratio. Furthermore, the development of nanotechnology has enabled the
construction of FRET systems with multiple nanomaterial acceptors. Recently, two-
dimensional (2D) nanomaterials such as graphene oxide (GO) and molybdenum disulfide
(MoS) nanosheets have gained much attention due to their attractive optical properties 641,
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1.3.3.1 GO

The structure of pristine graphene features sp2 electronic orbitals with a high capacity for
dampening fluorescence. As a derivative of graphene, GO is an oxidizing form of graphene. It
is often made using Hummer's method, in which 3D graphite precursors are exfoliated into 2D
GO with functional oxygen groups on their base plane and edges (Figure 1.10A) (%], Due to its
distinguishing heterogeneous chemical and electronic structure with functional groups for
further surface modification and a high surface-to-volume ratio providing more bioreaction
sites, GO has been widely utilized as acceptors for FRET-based biological applications [*4]. The
presence of the sp3 C-O matrix and carbon atoms with -state sp2 hybridization results in a
distinct heterogeneous chemical and electronic structure. Such a complex structure offers a
large number of chemical binding sites in addition to providing a wide absorbance spectrum
ranging from 200 nm to 800 nm. Covalent interactions between biomolecules and GO are
feasible due to the abundance of oxygen-containing groups like hydroxyl and carboxyl. Single-
stranded DNA and single-chain polypeptides are typically readily adsorbed on GO surface
through n-m stacking, whereas antibodies bind to the surface of GO via simple step coupling
chemistry 6], Furthermore, GO exhibits better quenching performance than other fluorescent
quenchers because the FRET efficiency of GO is inversely related to the fourth power of the
distance between donors and acceptors, while a six-order inversion relation is found in most of
the other fluorescent quenchers [*”), which provides GO with a substantially longer distance for
efficient quenching performance. Such exceptional optical properties make GO an excellent
nano-quencher when coupled with universal donor fluorophores in FRET assays for detecting
various biomolecules.

One of the most widely used applications for GO-based FRET bioprobes is nucleic acid
detection. The common method of detecting RNA and DNA relied on the n-m interaction
between sp” carbon atoms on GO and oligonucleotides. The m-m stacking force between GO
and DNA was affected by the length of the single-stranded (ss) DNA, with longer ssDNA
resulting in a stronger interaction. Moreover, the interaction between double-stranded (ds) DNA
and GO was significantly weaker than that of single-stranded DNA [%¢1. So far, numerous FRET-
based biosensors have been developed to detect nucleic acid by employing GO as a fluorescent
quencher and taking advantage of the differences in adsorption intensities of short ssDNA, long

ssDNA, and dsDNA.
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Figure 1.10 Chemical structure of (A) GO and (B) MoS; 6% 681,

1.3.3.2 Mo$S:

The 2D transition metal dichalcogenides (TMDs) include more than 40 different types of
materials. TMDs are named MX», where M is a transition metal (e.g., Mo, W, Ti, V, and Ta),
and X is a chalcogen (e.g., S and Se) connected with the transition metal. Molybdenum disulfide
(MoS») is the most representative member of the TMD family. Structurally, 2D MoS:; is
constructed with S-Mo-S bonding. The S and Mo atoms combined via a strong covalent bond,
stabilizing the fundamental structures of the MoS, nanomaterial ). Additionally, many layers
of MoS; are fabricated together via van der Waals forces. Due to the weak interaction of weak
van der Waals, MoS, materials are easily severed by mechanical force, making MoS,-based
nanoprobes with lubricating properties suitable for a greater variety of potential bioapplications
(9] Furthermore, MoS: can take on a variety of structural configurations depending on the
diverse alignment of S atoms. Three prototypical configurations of MoS: at the molecular level
are shown in Figure 1.10B 8], The most thermodynamically stable phase is 2H, in which the S
atoms are arranged in a hexagonal symmetry mode. In contrast, S atoms are structured in
tetragonal and rhombohedral forms in the 1T and 3R phases, respectively. MoS. materials in
the 2H phase are the most photoluminescent, with widespread applications in biosensing and
bioimaging ["°!. The optical and physicochemical properties of MoS> materials can be tuned by
varying the number of layers. For instance, the direct bandgap of 2D MoS» nanosheets is 1.96
eV, whereas the indirect bandgap of bucky MoS; is 1.2 eV due to quantum confinement [*],

Additionally, the active sites in MoS> are situated near the edge; therefore, an efficient strategy
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to improve the performance of MoS> materials is to reduce the layer and thus increase the
number of active sites that are exposed.

So far, the main synthesis approaches for MoSz nanosheets are divided into two categories:
top-down and bottom-up methods. Top-down methods aim to separate single/few-layer
nanosheets from bulk MoS> materials by destroying weak van der Waals coupling between
different layers using chemical or physical pressures "%, According to this theory, top-down
methods often involve chemical, mechanical, liquid, and electrochemical exfoliation routes.
These top-down exfoliation methods can produce single- or few-layer MoS» nanosheets with
high structural crystallinity and purity, but their yield is relatively low. On the other hand, the
theoretical foundation for bottom-up approaches is to synthesize the nanosheets from
molybdenum and sulfur as precursors under controlled circumstances [®81. Chemical vapor
deposition (CVD) is typically used to deposit MoS, nanosheets on the substrate. MoS;
nanosheets with regulated size and thickness and excellent electrical characteristics can be
synthesized using the CVD method. However, they are difficult to incorporate into other
substrates or solutions, which has restricted their wide usage, and MoS; nanosheets produced
by organic solvent-involved methods are not appreciated for further biomedical application.
Altogether, liquid-phase exfoliation is the most common method for preparing MoS»
nanosheets for biological applications.

MoS> nanosheets have garnered considerable interest in the fabrication of FRET-based
biosensors due to their large absorption band, high surface area, robust photoluminescence, and
bioconjugation-capable surface functionalization potential. Notably, pure MoS, nanosheets
aggregate rapidly in physiological microenvironments such as blood and fluid, rendering MoS,-
based FRET sensing platforms relatively unstable in complex in vivo conditions. Therefore,
many researchers have employed a surface modification strategy mainly based on the
introduction of hydrophilic polymers ( e.g., polyethylene glycol (PEG) and dextran) to MoS,,
which greatly improves the biostability of MoS; nanosheets and thereby widens their
application in vivo biosensing assays !/,

1.4 FRET-based nanoprobes for biosensing

FRET-based biosensors are useful diagnostic and imaging tools that are widely employed
in the biomedical, pharmaceutical, and toxicological fields. These biosensors emit ratiometric
signals to report cellular components, significant biological processes, and biomolecular
interactions. Plenty of sensing platforms based on the FRET effect have offered an opportunity
to better understand the underlying processes of disease states in living cells, tissues, and

organisms. In addition, the rapid development of nanotechnology in recent years provides
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opportunities to develop various nanomaterials for use as donor fluorophores or quenchers in
FRET-based assays for in vitro and in vivo biosensing applications. Combining these FRET-
based nanoprobes with modern bioanalytical instruments enables precise and sensitive
monitoring of disease-associated biomarkers, aiding in the early diagnosis, prevention, and
treatment of the diseases [°% 61: 721,

1.4.1 Detection of virus

Viruses are highly infectious pathogens that must be parasitized in the host organism to
reproduce and survive. Their genetic material is usually comprised of RNA or DNA,
encapsulated within nucleocapsid proteins. The genomes of viruses often experience rapid
genetic mutations, which cause a major difficulty in virus diagnosis and prevention. Hence,
developing sensitive detection techniques with significant reliability, ease of application, and
low cost are essential for the rapid screening of viruses. FRET-based nanoprobes play an
important role in the field of virus detection. On the basis of nucleic acid hybridization or
specific pairing of antigen and antibody, the binding of the recognizable sites in the FRET
nanoprobes to the viral genomic sequence is converted into visible fluorescent signals. Up to
this point, FRET-based nanoprobes have been designed to screen for a variety of viruses,
including the influenza virus 3!, human immunodeficiency virus (HIV) 7%, as well as
coronavirus disease 2019 (COVID-19) 371,

In particular, after the COVID-19 outbreak, there has been much attention to coronavirus
detection strategies. Here are several representative examples of FRET-based nanosensing
platforms used for COVID-19 diagnostics. The COVID-19 outbreak was caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), an enveloped virus with single-
stranded RNA as the main genetic substance encoding four structural proteins: spike (S),
envelope (E), matrix (M), and nucleocapsid (N) ], Currently, available FRET nanoprobes for
SARS-CoV-2 sensing primarily target N and S proteins. Studies on the mechanism of SARS-
CoV-2 transmission have revealed that a crucial step in the virus's entry into host cells is binding
the S glycoprotein to the human angiotensin-converting enzyme 2 (hACE2) receptor. Utilizing
specific binding affinity between S protein and the recognition domain of the hACE2 receptor,
Byunghoon Kang et al. reported a FRET-based nanoprobe conjugated with a hACE2 receptor
mimic peptide-beacon (COVID 19-PEB) for the simple detection of the S protein of SARS-
CoV-2 Bl COVID-19 PEB was made by introducing two complementary oligonucleotide
sequences into the central loop stem region of a peptide sequence that mimicked hACE2. The
oligonucleotide sequences were terminated with a fluorophore and a quencher, respectively.

COVID 19-PEB formed a hairpin structure when SARS-CoV-2 was absent, suppressing the
22



fluorescent signal due to a significant FRET effect (signal "off" state). However, SARS-CoV-
2 binding to COVID 19-PEB caused the hairpin structure of the probe to open, resulting in
fluorescence recovery of the sensing platform (signal "on" state). Such a sensing strategy makes
it simple to detect SARS-CoV-2 infection in clinical samples by mixing them with COVID 19-
PEB and measuring their fluorescence intensity. With an LoD of 4 x 103 plaque-forming units
per test, COVID19-PEB quickly identified SARS-CoV-2 within 50 minutes and demonstrated
high fluorescence even at low virus concentrations. In addition, Kirill Gorshkov et al. designed
a time-resolved FRET assay to detect SARSCoV-2 N protein generated in infected cells [, It
utilized two types of specific anti-N monoclonal antibodies in conjunction with donor
(europium cryptate, Eu) and acceptor (DyLight 650, DL650) fluorophores to generate a strong
ratiometric fluorescence signal in the presence of N protein. This assay was used for high-

throughput screening of a wide range of SARS-CoV-2 antivirals.

A Nasal swab
©
COVID-19 patient Signal ON

............ N
_#*hACE2 mimic * g BHQ2
“;(,7 peptide M 3

\ J
Mixing
hACE2 mimic peptide-beacon
SARS-CoV-2 (COVID19-PEB)
B SARS-CoV-2 NP TR-FRET detection assay

FRET
320nm £oohm 320nm FRET 665nm

@ Q| g

620nm

620nm

Eu donor- SARS-CoV-2 NP DL650 acceptor-
conjugated 1° Ab conjugated 1° Ab

Figure 1.11 FRET-based nanoprobes for SARS-CoV-2 detection (A) Schematic illustration of
a simple SARS-CoV-2 detection method using the hACE2 mimic peptide-based molecular
beacon (COVID 19-PEB) Bl (B) Illustration of the FRTE assay for SARS-CoV-2 N protein
showing the Eu donor-conjugated primary MAb and DL650 acceptor-conjugated primary MAb
detecting SARS-CoV-2 and enabling FRET 51,

1.4.2 Detection of cancer biomarkers
It is crucial to accurately identify cancer-related biomarkers for an early cancer diagnosis.
MicroRNA (miRNA), a class of non-coding RNA with 25 nucleotides, has been found to play
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pivotal roles in carcinogenesis, cancer progression, and metastasis. Therefore, the discovery of
miRNAs associated with carcinogenesis offers important insights into diagnosing and
preventing cancer at an early stage and promotes the development of effective therapeutic
strategies. In this context, many FRET-based nanoprobes have been developed to detect cancer-
related miRNA biomarkers, including miR-21 7Y, miR-122 77, miR-155 78], miR-150 "], etc.
Compared to common approaches like northern blots and RT-PCR assays, FRET-based
nanoprobes have assured sensitive detection of miRNAs in sifu. These FRET nanoprobes are
mainly based on target-probe hybridization-assisted signal enhancement for miRNA detection.
That is, the specific hybridization between the ssDNA of probes and target oligonucleotides
caused the detachment of donor groups from acceptors, which resulted in the recovery of
fluorescence signals.

MiR-21 is highly upregulated in cancer cells and is thus an important biomarker for cancer
diagnosis and prognosis monitoring. Oudeng et al. proposed a FRET nanoprobe for detecting
miR-21 in Hela and MCF-7 cancer cells "!). This nanoprobe employed ssDNA-FAM dye as the
donor and folic acid (FA)-PEG-modified MoS: nanosheets as acceptors. In this study, the FRET
nanoprobe was based on target-assisted signal enhancement. The specific hybridization
between probes and target miR-21 caused the dissociation of FAM-labeled ssDNA from MoS»
nanosheets, which resulted in the recovery of the green fluorescence of FAM. In addition,
PEGylation on the surface aided the good biocompatibility and stability of the nanoprobe in
physiological conditions, and FA conjugation with probes improved the efficiency of cancer
cell internalization, allowing for the detection of intracellular miRNA in real time. However,
the sensitivity of this simple one-step miRNA detection method was limited at the nanomolar
level, making it difficult to meet clinically relevant requirements. Therefore, some researchers
have implemented target amplification procedures to improve the sensitivity of FRET-based
sensing systems. For instance, Wang et al. designed a nanoprobe based on FRET effect to detect
miR-21-5p in the exosomes of HeLa cells . The stem-loop structure of Cy5-labeled probes
revealed the recognition sites for AuNP-conjugated primers only after miR-21-5p hybridization.
After hybridization, the AuNP-labeled primers and the Cy5-labeled probes were in close
proximity, which led to FRET-on and quenched the fluorescence signal of Cy5. Then, miR-21
was released from the oligonucleotide duplex due to the strand displacement of the primers
caused by enzymatic induction. Due to miRNA recycling by strand displacement, which
significantly increased the fluorescence signal, this FRET-based probe demonstrated an LoD
of 1.5 fM, which is significantly more sensitive than those without amplification steps %!,

Consequently, FRET-based nanoprobes incorporating target cycling or amplification strategies
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will improve sensitivity to optimize sensing performance, demonstrating the huge potential of
FRET nanoprobes for monitoring miRNA tumor biomarkers in clinical specimens. Besides
miRNAs, other crucial cancer biomarkers, such as sarcosine and aurora kinase A (AURKA) in
prostate and epithelial malignancies, have been successfully detected using FRET-based
sequencing platforms 1,

1.4.3 Detection of Alzheimer disease’s biomarkers

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder characterized by the
accumulation of extracellular B-amyloid (AP) plaques and intracellular neurofibrillary tangles,
as well as neuronal loss 2!, Currently, neuropsychological testing, neuroimaging, and clinical
history are the three main strategies for diagnosing AD. However, AD patients can only be
identified after the onset of disease symptoms through cognitive testing and neuroimaging.
Since alterations in the level of biomarkers related to A deposition and neurofibrillary tangles
occur before patients exhibit spatial memory impairment and cognitive impairment, precise
assessment of core AD biomarkers is critical for the early diagnosis of asymptomatic AD
patients the prediction of disease progression. In this context, significant effort has been devoted
to developing innovative AD biomarker-targeting sensor technologies with exceptional
sensitivity and accessibility.

The oligomerization and fibrosis of AP protein lead to AP aggregation and plaque
deposition. Yu et al. reported a FRET-based nanoprobe with fluorescence "switch-on" for the
rapid and specific detection of AP oligomers, where MoS, nanosheets functioned as acceptor
motif, exhibiting a high quenching efficiency for donor fluorophore (FAM-ssDNA), which
significantly suppressed the fluorescence of FAM and produced an initial fluorescence "off"
state of the nanoprobe (Figure 1.12A) . FAM-ssDNA comprised a segment of an aptamer that
specifically binds to AP oligomers, ensuring the recognition site of the probe. Selective
hybridization between AP oligomers and the nanoprobe resulted in the separation of FAM-
ssDNA from the MoS> nanosheets, and apparent fluorescence recovery turned the fluorescence
to the "on" state. The probe was demonstrated to reach an LoD of 3.1 nM for AP oligomers. It
showed feasibility for imaging AP oligomers in hippocampal and cortical tissue samples from
APP/PS1 transgenic AD mice .. However, there were no in vivo imaging results to indicate
the probe's ability to visualize AP in this study, probably since FAM fluorophore with green
emission has limited light penetration and suffers from ACQ effects, which is not favorable for
the probe imaging in the brain. Currently, the AD biomarkers that FRET-based nanoprobes can

detect are mainly focused on the AP pathology pathway. Since neurofibrillary tangles are also

25



a major pathological feature of AD, the development of nanoprobes specific for tau protein
detection is particularly important for the diagnosis and prevention of AD progress.

Accumulating evidence suggests that aberrant expression of specific miRNAs affects the
pathologic changes involved in the aggregation of AP plaques and neurofibrillary tangles in
AD. Notably, miR-9 was found to be associated with A oligomerization and overexpressed in
neural tissues in early onset AD [*%]. Therefore, there has been a study that demonstrated a
fluorescent nanoprobe based on FRET for real-time detection of miR-9 in neural cells and brain
tissue from APP/PS1 transgenic AD mice (Figure 1.12B) . The probe consisted of
azobenzene-ssDNA (DNA-Azo) labeled with red emissive carbon dots (CDs) as a donor
fluorophore adsorbed onto GO. DNA-Azo exhibits a photo-responsive conformational change,
displaying single-strands in UV light while forming double-strands in visible light, which can
be utilized to achieve signal amplification. CDs-DNA-Azo formed a duplex structure after
specifically hybridizing with target miR-9 and then fell from GO, which enabled the
fluorescence CDs to recover.

Moreover, CDs-DNA-Azo presented as a duplex structure stimulated by the red
fluorescence emission of CDs allowed miR-9 to be released to increase the circular fluorescence
signal of the sensing platform. Such an enzyme-free amplification technique based on the
photo-responsive conformational change provided a FRET nanoprobe with a low LoD of 0.57
fM, enabling extremely sensitive detection of miR-9 4. Therefore, in situ visualizations of
abnormal expression of specific microRNAs using highly efficient and sensitive fluorescent
nanoprobes can aid in the early diagnosis of AD. However, limited by the fact that visible light
as the excitation light has only limited tissue penetration, the effectiveness of most current
FRET-based fluorescent probes for monitoring AD-specific miRNAs has rarely been evaluated

in the brain tissue of living models.
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Figure 1.12 FRET nanoprobes for the detection of AD biomarkers. (A) FRET nanoprobe based
on MoS; with fluorescence “switch-on” for AP oligomer detection . (B) An enzyme-free
signal amplification strategy based on a FRET nanoprobe with carbon dots and GO monitoring
miR-9 in neurons and brain tissues of AD mice 4.

1.4.4 in vivo tissue imaging

FRET-based biosensors for in vivo imaging achieves multiple imaging of cellular activities
and spatiotemporal viewing of biomolecules, providing opportunities to monitor intricate
processes, including drug transport, targeting, and release in living systems %], Many in vitro
FRET measurements primarily rely on changes in single fluorescence intensity, which would
easily be impacted by a complex in vivo environment, such as pH fluctuations. Therefore, for
in vivo FRET-based sensing, an internal calibration for changes in these environmental factors
is made possible by pairing an emissive donor and an emissive acceptor to produce a ratiometric
output. Usually, the two fluorophores are assembled into small-sized nanoparticles. Due to their
close proximity, their fluorescence is quenched due to FRET. Once the nanoshells are
disassembled under specific in vivo physiological conditions and release the fluorescent
molecules, the nanoprobe fluoresces in dual colors (FRET-off). For example, Cayre et al.

employed FRET-based assays to in vivo track the destiny of natural lipid squalene (SQ) 8¢,
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They synthesized three SQ derivatives, including one for bioconjugation with gemcitabine
(SQGem) as a prodrug and two organic dyes (SQCy5.5 and SQCy7.5) serving as donor-
acceptor pairs in the FRET system. Three SQ derivatives spontaneously self-assembled in an
aqueous solution through nanoprecipitation as nanoparticles. Intact nanoparticles encapsulated
SQGem, SQCyS5.5, and SQCy7.5 in a limited space, thus displaying a strong FRET effect and
visible as the bright fluorescence of the acceptor. Still, deconstructed particles could not
maintain the near closeness of two dyes, resulting in the disappearance of the FRET effect, thus
allowing observation of two different fluorescences from the acceptor and donor. Thus, a dual-
color FRET nanoprobe enabled in vivo tracking of the behavior of nanomedicine, such as
nanoparticle-based drug delivery vehicles %), However, in vivo FRET imaging using organic
dyes would be less sensitive due to the low penetration of visible light in biological tissues,
which scatter and absorb visible light very strongly. Fluorescent materials with excitation and
emission wavelengths in the red or near-infrared (NIR) range typically have greater tissue
penetration capabilities and greatly facilitate in vivo FRET imaging. As an alternative, UCNPs
can be used to address light penetration problems. Ren et al. developed a DNA hybridization-
based FRET system by functionalizing the core-shell UCNP and TAMRA dyes with DNA
sequences corresponding to different fragments of miRNA-122, which is a potential biomarker
for cholesterol metabolism in liver cancers (Figure 1.13) % The hybridization of
UCNP@DNA, TAMRA-DNA with target miR-122 brought UCNP and TAMRA dyes into
close proximity, which reduced the emission of UCNP at 545 nm but increased the fluorescence
of TAMRA at 580 nm when excited at 980 nm. The hybridization of UCNP@DNA, TAMRA-
DNA with target miR-122 brought UCNP and TAMRA dyes into close proximity, which
reduced the emission of UCNP at 545 nm but increased the fluorescence of TAMRA at 580 nm
when excited at 980 nm. Such a UCNP-based FRET nanoprobe successfully detected both
exogenous and endogenous miRNA, demonstrating its efficacy for in vivo FRET biosensing.
Incorporating ratiometric imaging and NIR-emitting UCNPs can enhance the applicability and
efficacy of FRET-based nanoprobes for in sifu monitoring of biological activities within living

systems.
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1.5 Functionalized nanoprobes for AD therapy
1.5.1 Pathogenesis of AD

As the main cause of dementia in elderly people, AD is a chronic and progressive
neurodegenerative disorder. The pathological changes in AD occur mainly in the hippocampus
and cortex, which are highly correlated with cognitive and memory performance. Instead of a
single cause, AD is caused by a combination of variables. The hallmark pathologies of AD
include extracellular amyloid plaques, intracellular neurofibrillary tangles (NFTs), and
neuronal loss %2, Native Ap monomers are produced by cleaving the amyloid precursor protein
(APP) by y-secretase and cleavage enzyme (BACE1), and they promote neuronal survival and
shield mature neurons from excitotoxic death. In pathogenic circumstances, excessive
accumulation of monomers results in the formation of AP aggregates with low molecular weight.
These aggregates are soluble, diffusible, and toxic to neurons. When oligomers reach threshold
levels, plaque and insoluble cellulose/aggregates form and continue to accumulate, it has been
found that soluble A oligomers are more toxic compared to insoluble AP deposits. Particularly,
AP dimers, the major soluble oligomers isolated from the AD hippocampus and cortex, are
capable of directly causing neuronal degeneration and tau hyperphosphorylation, which would
further induce neurofibrillary tangles (NFTs) that damage microtubules and hinders axonal
transport between neurons ¥, In addition to AP plaques and hyperphosphorylation, oxidative
damage and severe neuroinflammation are also observed at the Ilesion sites of

82]

neurodegeneration (Figure 1.14) 182l Indeed, the cumulative effects of these pathogenic
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conditions result in progressive neurodegeneration and cognitive deficits. It's significant to note
that AP, NFTs, oxidative stress, and inflammation form a vicious cycle. Reactive oxygen
species (ROS) and inflammatory factors are produced by activated microglia when AP and
NFTs are present. On the other hand, inflammatory cytokines and ROS directly affect neurons,
further increasing the synthesis of A and NFTs. Therefore, it is extremely desirable to look for
[82]

therapies that have several effective targets
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Figure 1.14 The cascade of ROS, AP, and tau hyperphosphorylation in AD 82!,

The difficulty of treating AD stems not only from its unclear pathogenesis but also from
the limitations of access to the lesion sites in the brain. The blood-brain barrier (BBB) is the
main biological barrier that controls the entry of drugs from the peripheral circulation into the
central nervous system (CNS) and hence considerably restricts medication availability. In
addition to accessibility issues, therapeutic reagents delivered to the CNS must meet particular
biopharmaceutical requirements that confer high bioavailability. In addition to issues of
accessibility, therapeutic reagents administered to the CNS must meet specific
biopharmaceutical requirements that confer high bioavailability. Many anti-AD drugs have
physicochemical drawbacks, such as limited solubility, poor stability, and a large molecular
weight, which dramatically lower their bioavailability and thus reduce their ultimate therapeutic
effect. Over the past two decades, the rapid development of nanotechnology has revolutionized
AD treatment. Various advanced nanomedicine-based approaches applied for AD treatment
have been explored to compensate for the shortcomings of small molecule drugs. There are two
primary benefits of nanomedicines for the treatment of AD: 1) A high surface-to-volume ratio
of nanoparticles enables the encapsulation of therapeutic payloads, and 2) easy surface
functionalization with different ligands is in demand. For example, several ligands, mainly

peptides (e.g., rabies virus glycoprotein [RVG]) and functional polymers, have been modified
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on the surface of nanoparticles to facilitate cellular uptake via the endocytosis pathway, thus
promoting the ability of the nanoparticles to cross the BBB. In addition to enhancing
bioavailability, nanomaterials-based therapeutic approaches have been combined with chemical

medications to increase the efficacy of multimodal treatments for AD.
1.5.2 NPs targeting AP pathology

One of the most common AD therapy strategies is reducing the concentration of toxic A
aggregates, which is mainly achieved by three pathways: 1) reducing AP generation, 2)
promoting AP clearance, and 3) inhibiting AP aggregation. In order to improve treatment
efficacy, a single nanosystem usually contains multiple components to simultaneously interfere
with more than pathways and thus attenuate AP aggregates, which is one of the areas where
nanomedicines are superior to molecular drugs %81,
1.5.2.1 NPs as nanocarriers

Several small interfering RNAs (siRNAs) have been demonstrated to inhibit the generation
of AP protein by knocking down B-secretase (BACEL1), a key enzyme to regulate the cleavage
of AP precursor protein (APP) to AP protein ). However, it is hard to deliver siRNAs through
the BBB to exert inhibitory effects in neurons with high BACE1 expression. In addition, studies
have demonstrated that siRNA circulation in the peripheral system might result in immune and
inflammatory responses. The development of siRNA into nanomedicines can partially solve
this problem. Wang et al. developed a nanocomplex consisting of siRNAs encapsulated by
PEGylated poly (2-(N,N dimethylamino) ethyl methacrylate) modified with Tetl and CGN
peptides, applied to specifically identify neurons and improve BBB penetration capability,
respectively ). The nanocomplex successfully knocked down half of the BACE1 mRNA level
and significantly inhibited the AP plaques depositions, stimulating neurogenesis in
hippocampus and cortex regions in APP/PS1 transgenic AD mice. Besides gene silence by
siRNAs, nanomaterials have been designed to affect early conformational conversion and
oligomerization of AP by disrupting important amyloidogenic areas to produce harmless
heterooligomers. To prevent the formation of AP fibrils, Yang et al. fabricated PEG-LK7@BP
by modifying PEGylated black phosphorus (BP) nanosheets with an AP inhibitor LVFFARK
peptide (LK7). Through direct binding with AP species, these nanosheets stopped the
fibrillization of AP, which ultimately inhibited neuron death P,
1.5.2.2 NPs as phototherapy agents

Nanomaterials can be used not only as carriers to improve the bioavailability and
biocompatibility of molecular drugs (e.g., siRNAs and peptide inhibitors) but also directly as
therapeutic agents. Recently, nanomaterials-based phototherapies, including photothermal
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therapy (PTT) and photodynamic therapy (PDT), have shown great potential in AD treatment.
Opposed to conventional chemo- or immunotherapies, phototherapies rely on the interaction
of photosensitizers or photothermal reagents with light to activate photo-drive reactions that
produce ROS or heat effects that suppress AP aggregation, attenuating nerve damage. In the
past several years, UCNPs have successfully achieved a number of advancements in the
phototherapy of AD due to their optical merits in terms of NIR light excitation, a large anti-
Stokes shift, and high photostability. For instance, Li et al. discovered that tungsten disulfide
(WS2) nanosheets could pass through BBB and selectively absorb ABs monomers on the
surface via van der Waals force and electrostatic interaction, thereby inhibiting A aggregation
921 Additionally, WS2 nanosheets have a special capacity to absorb NIR light, which allows
AP to disaggregate under NIR radiation. Furthermore, the study by Kuk et al. reported the first
UCNP-based nanoplatform loaded with rose bengal (RB) as a photosensitizer to demonstrate
how NIR light-induced photosensitization prevents AP aggregation. RB receives excellent
energy transfer efficiency from the UCNP core upon illumination by NIR light, and then RB
produces 102 to denature AP1-42 fibrils ¥, However, the in vivo application of most
nanomaterial-based phototherapeutic systems is limited by the lack of specificity for AR
aggregates.
1.5.3 NPs targeting tau pathology

Exploration of therapeutic approaches targeting AP proteins began earlier than other
mechanistic pathways. However, successive clinical trials have shown that several anti-AD
drugs developed to target the AP pathway are not as effective as expected in laboratory studies.
Hence, the emphasis of research on nanoprobes for AD treatment has gradually shifted towards
reducing tau protein hyperphosphorylation and inhibiting tau aggregation from lessening
neuronal damage. Shi et al. developed a tau-targeting nanoinhibitor (NanoTLK) by utilizing
self-assembled PEG micelles to encapsulate a tau binding (D)-TLKIVW (TLK) 4. The peptide
structure of TLK is designed according to the atomic structure of the tau aggregate pattern
(VQIVYK), which can bind to specific regions on tau aggregates rather than tau monomers.
The fabricated nanoinhibitor can effectively identify and inhibit tau aggregation and thus
prevent their seeding in neurons, dramatically reducing tau-mediated cytotoxicity. Although the
inhibitory effect of NanoTLK on tau aggregates in vivo was not specified in this study, the
discovery of TLK fragments provides new ideas for tau-targeting nanotherapeutics. In addition
to TLK as a tau-targeting peptide, VQIINK, a hexapeptide derived from tau protein, can
selectively catch pathological tau, which offers an opportunity to develop nanomaterials for the
targeted treatment of AD. Xu et al. developed a biomimetic nanoparticle that targets
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intracellular pathogenic tau via specific binding of the VQIINK peptide °*l. Through the
synergistic effect of surface-sealed hydrophobic microdomains and surface-modified tau-
targeting peptides, the nanoparticles can specifically catch pathological tau (e.g., tau oligomers
and fibrils) and effectively inhibit the aggregation of pathological proteins. The results
demonstrated that the tau-targeting nanoparticle attenuated tau aggregation-induced

neurotoxicity and reduced cognitive impairment in AD mice %!,
1.5.4 NPs targeting ROS

The main cause of oxidative stress is excessive ROS generation, which results in
inappropriate biomolecule oxidation and consequent protein structural alterations. Many small
molecule antioxidants, both synthetic and natural, have been found to scavenge intracellular
excess ROS. Flavonoids such as curcumin and anthocyanins exhibit natural antioxidant
capacity due to the presence of phenolic hydroxyl groups in their structures. Nevertheless, it is
still challenging to deliver flavonoids to lesion sites in the brain because of their poor stability
and reduced bioavailability when exposed to physiological environments. Hence, various nano-
drug delivery systems have been developed to assist small molecule antioxidants in scavenging
ROS for AD therapy. A common nanomaterial-based drug delivery platform is fabricated by
amphiphilic polymers like DSPE-PEG forming micelles with a hydrophobic cavity
encapsulated small molecules drug in the core, and the hydrophilic terminal is distributed on
the surface of nanoparticle increasing solubility as well as biocompatibility 581,

Moreover, nanomaterials possess antioxidative properties without the addition of small
molecule antioxidants. For example, some small nanoparticles of metal oxides with ROS
scavenging ability have been synthesized, such as ruthenium (Ru) NPs and Ceria (Ce) NPs, for
AD treatment ], Studies on the pathogenesis of AD have pointed out that the accumulation of
AP fibrils and hyperphosphorylated tau promotes the overproduction of ROS, while disruption
of ROS homeostasis stimulates tau hyperphosphorylation and aggregation 821, Therefore,
nanodrugs developed for scavenging ROS are usually accompanied by inhibiting AB and tau
aggregation in AD. Such multipotent nanoprobes are usually assembled by incorporating two
or more materials with the ability to inhibit hyperphosphorylation and depletion of ROS through
encapsulation within nanoparticles or surface modification. Zhou et al. synthesized hollow
ruthenium (Ru) NPs in the form of flowers as a carrier loaded with nerve growth factor (NGF)
and sealed with phase change material (PCM) tetradecyl alcohol 7). Ru NPs exhibited strong
photothermal effects under NIR irradiation, thereby facilitating nanocomposite penetration of
the BBB and drug release in response to localized hyperthermia. Upon NIR triggering, the shape
of NGF-PCM@Ru NPs altered under temperature stimulation to release NGF, which prevented
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tau phosphorylation and attenuated oxidative stress. Ling et al. presented a tau-recognized
multifunctional nanocomplex constructed by iron oxide nanoparticles (IONPs) loading with

%1 Ceria

methylene blue as a tau aggregation inhibitor and ultrasmall ceria nanoparticles [
nanoparticles of 3~5 nm are excellent antioxidants due to their strong reactive oxygen species
(ROS) scavenging capacity. For active hyperphosphorylated tau targeting, amino-T807, an
amino substituent of T807, was modified onto the surface of IONPs. The nanocomplex could
alleviate AD symptoms in rats by reducing oxidative stress, tau hyperphosphorylation, and

neuronal death.
1.5.5 Nanomaterials-based hydrogen therapy

Hydrogen (H+) is a colorless and odorless gas. Due to its low molecular weight, H> rapidly
diffuses to diverse tissues and exerts a wide range of biological effects. H» is primarily involved
in immune system regulation, anti-inflammatory, and antioxidant activities, influencing
mitochondrial energy metabolism, and regulating apoptosis and autophagy to prevent cell death
by reducing excessive ROS and controlling nuclear transcription factors. Several studies have
been conducted using Ha to alleviate inflammation in diseases, including pancreatitis, ischemic
injury, and autoimmune diseases ). Therefore, H» shows considerable potential as a novel
treatment strategy for AD.
1.5.5.1 Biological effects of hydrogen

Antioxidant effect. Oxidative stress damage is often considered the initial stage in the
development of many diseases, brought about by an imbalance between the peroxide and
antioxidant systems. Hydroxyl (*OH) is a highly cytotoxic ROS, and no specific enzyme is
currently available to process *OH due to its rapid and non-selective interaction with
surrounding nucleophilic biomolecules. H2 is a new bioreductive agent that rapidly disperses
across the cell membrane in the cytoplasm and can selectively scavenge *OH by reducing «OH
to H20, but also retains other ROS essential for normal signaling pathways, such as antioxidant
and anti-inflammatory ['°’, In addition, the antioxidant effect of H> continued for a while even
after H> depletion in the body, or only ultralow concentrations of H» present at the lesion sites,
suggesting that the antioxidant mechanism of H> may be related to antioxidant signal regulation
rather than direct scavenging of free radicals. Entry of nuclear factor erythroid-2-related factor
2 (Nrf2) into the nucleus may control the expression of genes involved in oxidative stress
defense mechanisms. It has been shown that by triggering the Nrf2 signaling pathway, H>
promotes the production of antioxidant enzymes such as superoxide dismutase (SOD) and
glutathione (GSH) and inhibits the expression of NADPH oxidase, which greatly reduces
intracellular ROS production %!, An optimal antioxidant should reduce excessive oxidative
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stress without interfering with redox equilibrium. H, may be the superior antioxidant since it
quickly reaches cells through blood circulation.

Anti-inflammatory effect. Excessive intracellular ROS can trigger apoptosis by
activating transcription factors involved in inflammation, including nuclear factor kB (NF-kB),
hypoxia-inducible factor-lo (HIF-1a), p53, and matrix metalloproteinases (MMP). Thus,
inflammation, apoptosis, and cell damages are concurrent and interact with each other
throughout the pathology of oxidative stress. By reducing the expression of chemokines such
as proinflammatory cytokines IL-1p and TNF-a, H» can decrease the infiltration of neutrophils
and macrophages at the early stage of inflammation, subsequently lowering the level of the
inflammatory cytokines IL-6 and IFN-y [192],

Antiapoptotic effect. Cell shrinkage, the formation of apoptotic bodies, and chromatin
condensation are hallmarks of apoptosis. Signaling pathways that cause cell apoptosis are
linked to both anti-apoptotic B-cell lymphoma 2 (Bcl-2) and pro-apoptotic Bax proteins.
Apoptosis initiation is followed by caspase-3 activation and DNA breakage. Apoptosis
initiation is followed by caspase-3 activation and DNA breakage. Studies have confirmed that
H> may inhibit apoptosis by scavenging ROS or controlling gene transcription. In vitro studies
demonstrated that an Ho-rich medium significantly inhibited intracellular ROS production and
suppressed caspase-3 and caspase-9 expression '%%!. In addition, H; rectified the disordered
expression of Bax and Bcl-2. Furthermore, H> was shown to activate PI3K/Akt signaling
pathway to protect cells from hyperoxia-induced apoptosis 1.
1.5.5.2 Conventional routes of hydrogen delivery

The conventional three forms of H> delivery procedures used in animal models studies and
clinic research include inhaling H> gas, drinking H>-dissolved water, and injecting H>-dissolved
saline (Table 3) P 9l The outcomes of administration methods depend on how well H»
dissolves in solutions like water, saline, or blood. The inhalation of H» gas is the most direct
method of treatment. This approach ensures the duration and amount of Hz retained in the body,
but there may be an explosive hazard when the concentration of H> gas in the air is higher than
4.2%. Drinking water containing H> is a more portable and safer way to deliver H, for therapy.
However, this method does not guarantee sufficient concentrations of H» in certain localized
lesions because of the low solubility of H> in water, which reduces the bioavailability. In
addition, direct injection of Hz-dissolved saline allows for rapid administration of sufficient H>
to the affected area. However, this method is invasive and dangerous if H> is injected into the

skin or veins. Hence, there is a great need for a delivery strategy to transport H» to the local
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lesion sites and maintain high concentrations of H, for a long duration to exert optimal

therapeutic effects.

Therapeutic
Routes advantage | disadvantage | specimens | time protocol ref
effect
Inhibits
120 cerebral 1, 2, or 4%
It may be | Rats _ o [104]
min njury; H»
explosive o
antioxidant
inhaling ensures the | when the
) ) Improves
H; gas intake dose | concentration ) 66.6% Ho,
o Mice 7 days | COPD (105]
is higher than 6-8h/d
symptoms
4%
Improves 42% H» 106
Human 7days | asthma twice a day, ool
symptoms; 2 h/d
Mice 10 anti- 0.89mM, [107]
days inflammation | twice a day
drinking Reduces
inflammation
H; portable and | limited intake | hyman 10 and apoptosis 0.753mg/L, [108]
dissolved | safe dose days of peripheral 1,500mL/d
water blood cells
| Relieve retina | Saturated 109
Rats 90 min | jniyry; H2 eye (109]
antiapoptotic | drops
iniectin ensures the Mice 12h antl- 0.6mmol/L, | [110]
J & dose and inflammation | S5mL/kg
Ho- glrelci::ation invasive Alleviates
dissolved pp inflammation
to the Rats 24 h and apoptosis 0.6mmol/L, | 111
saline affected ) POpos 10ml/kg
arca in myocardial
I/R injury
Attenuates
myocardial
rat 3-24h | U, antt ) 9x1010 (112
inflammation | pubbles
) and
nanomater expensive, antioxidant
) safe and )
ials-based higher H, require fecover
H, content elaborate mitochondrial
. . 2mg/ml,
delivery design dysfunction,
mice 5 days i.cv (113
and block and | =~
injection
neuronal
apoptosis

Table 3. Summary of intake route and administration strategies for H» treatment.
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1.5.5.3 Nanomaterials-medicated hydrogen release

The development of targeted and efficient hydrogen delivery strategies is an urgent need
due to the inefficiency and uncontrollability of conventional hydrogen delivery methods. The
flourishing development of nanotechnology offers new perspectives on addressing this problem.
As H therapy is a novel therapeutic modality, there are few studies on nanomaterials with
targeted hydrogen release properties. Based on the way of H» release, these nanoplatforms can
be classified into two categories, spontaneous sustained hydrogen release, and stimuli-activated
hydrogen release. They play an important role in improving the effectiveness of H> for the
treatment of different diseases. The concentration and duration needed for hydrogen therapy
vary depending on the disease. For example, chronic diseases (such as osteoarthritis) require
long-term anti-inflammatory treatment, in which case nanomaterials that release hydrogen
sustainably can have a better therapeutic effect. In contrast, for acute diseases requiring high
concentrations of hydrogen to be maintained at specific sites, nanomaterials that release
hydrogen under specific stimuli, such as NIR light, are more appropriate.

Spontaneous Sustained Release of Hydrogen. Magnesium (Mg) nanoparticles as
hydrogen generators have a high hydrogen production capacity of up to 41.7 mmol/g, which is
favorable for the treatment of diseases requiring long-term hydrogen supply. To alleviate
osteoarthritis, Sung et al. constructed Mg@PLGA particles by encapsulating magnesium
powder in poly (lactic acid- glycolic acid) polymers [!'Y. Mg@PLGA nanoparticles act as an in
situ reservoir that continuously releases hydrogen through the activation and passivation cycles
of magnesium in body fluids. The progression of osteoarthritis is arrested by the long-term
hydrogen release, which reduces tissue inflammation and prevents cartilage damage. Recently,
He et al. developed Pd hydride (PdH) nanoparticles in tiny sizes for large hydrogen payloads

131 Due to the catalytic hydrogenation of Pd, the

and in situ release hydrogen in the AD model !
hydrogen released from PdH nanoparticles showed good reducibility, supporting the effective
scavenging of cytotoxic *OH in an autocatalytic pathway. By scavenging ROS and activating
the cellular anti-oxidant system, released hydrogen was able to restore mitochondrial
malfunction and prevent synaptic and neuronal apoptosis, therefore improving spatial memory
and cognition in AD mice. Hence, multifunctional nanoparticles based on the H, generation
technique would provide a new avenue for AD treatment.

Stimuli-activated release of hydrogen. The technique of stimuli-activated release favors
the delivery of Hz in need to increase therapeutic effectiveness and minimize side effects. It is

essential to develop stimuli-responsive hydrogen nanoplatforms with high sensitivity to stimuli

and good stability under physiological conditions. So far, the release of hydrogen can be
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induced by a variety of external factors, like light irradiation, and endogenous factors, like acid
and enzymes. Among them, nanoparticles for NIR laser irradiation-induced H release have
attracted great interest because NIR-response properties are particularly helpful in the treatment
of deep tissue diseases due to the high penetration efficiency of NIR light. Recent developments
in nanomaterials for photo-activated hydrogen release include the following representative
instances. Sung et al. presented a multicomponent nanoreactor containing gold nanoparticles,
ascorbic acid, and chlorophylla encapsulated in a liposomal system [''5]. This liposomal
nanoreactor photosynthesizes H» gas after absorbing photons from NIR light. The liposomal
shell provides an optimal environment for photosynthetic reactions, promotes the rapid
activation of H» gas, and releases high local concentrations of H> to reduce inflammatory
responses. The light-driven nanoreactor reduced the levels of ROS and pro-inflammatory
cytokines in the lipopolysaccharide-induced inflammation in RAW264.7 cells and mice "',
Such a strategy of in situ photosynthesis of H> through multicomponent nanoreactors triggered
by NIR light has the advantage of high selectivity. It ensures high content and efficiency of H

generation, providing a new idea for the development of H> therapeutic agents in AD.
1.6 Objectives of the study

Fluorescent nanoprobes based on the FRET working mechanism play an important role in
the detection of disease biomarkers. AIEgens have intrinsic advantages in terms of bright
emission, large Stokes shift, high photobleaching threshold, and fluorescence turn-on nature.
The introduction of AlIEgen labeled oligonucleotides probes into the FRET sensing system is
expected to optimize the signal-to-noise ratio of the nanoprobe and achieve a rapid and sensitive
screening of viral sequences as well as nucleic acid-based biomarkers such as miRNA in the
diagnosis of diseases. Meanwhile, hydrogen has been reported to scavenge ROS as a unique
antioxidant, indicating that it can treat AD by restoring ROS homeostasis. However, due to its
limited solubility, the concentration of H» that can be delivered to the lesion site is often below
its therapeutic threshold for clearing locally produced excess ROS. Therefore, the design of
nanomaterials for continuous and efficient in situ hydrogen generation is crucial for the
advancement of hydrogen therapy for AD.

Specific objectives of Chapter 2 include:

1. To develop a FRET-based biosensor with dual fluorescence "turn-on" property by
integrating AIEgen-labelled oligonucleotide probes with GO nanosheets (TPE-DNA@GO)
for rapid detection of SARS-CoV-2 viral sequence.

2. To characterize the AIEgen@GO nanoprobe using various techniques.

3. To investigate the sensitivity and specificity of AIEgen@GO nanoprobe for detection of
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mimic SARS-CoV-2 virus sequences, including N gene, Orflab gene, and CDC-V2
plasmids.
To explore the advantages of the dual fluorescence-on detection strategy over the traditional

single fluorescence-on strategy.

Specific objectives of Chapter 3 include:

1.

To fabricate a dual fluorescence "turn-on" biosensor based on the nanocomposite of red
emissive AIEgen-labeled oligonucleotide (TPET-DNA) probes immobilized on the surface
of polymeric MoS, (TPET-DNA@Dex-MoS>).

To study the quenching ability of Dex-MoS,, the sensitivity and specificity of TPET-
DNA@Dex-MoS: nanoprobe for the detection of miR-125b in solution.

To evaluate the intracellular miR-125b detection performance of TPET-DNA@Dex-MoS>
nanoprobe in tau-based AD model cells.

To investigate the capability of TPET-DNA@Dex-MoS; nanoprobe for in situ monitoring

of the endogenous miR-125b overexpression in a tau-based AD mice model.

Specific objectives of Chapter 4 include:

1.

To construct NIR light-driven H> evolving nanoreactors (NRs) composed of platinum
nanoparticles (Pt NPs) and ascorbic acid encapsulated by cross-linked vesicles, which
includes two photosensitizers chlorophyll a (Chla) and indoline dye (Ind) that absorb red
and green luminescence from UCNPs that act as light-harvesting antennas coupled to the
surface.

To investigate the physical and chemical properties of (Chla+Ind) NRs via various
techniques.

To compare the efficiency of photosynthetic H> gas generation by (Chla+Ind) NRs (dual
photosensitizers loaded) with Chla NRs and Ind NRs (single photosensitizers loaded)

To assess the efficiency of (Chla+Ind) NRs to scavenge ROS, repair mitochondrial damage,
inhibit apoptosis, and attenuate hyperphosphorylated tau protein in tau-based AD model
cells.

To evaluate the therapeutic outcome of (Chla+Ind) NRs on spatial learning and memory in
AD mice under tau pathology.

To study the effect of (Chla+Ind) NRs on ROS and tau phosphorylation levels in

hippocampal regions of AD mice by histological analysis.
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Chapter 2: A dual fluorescence “turn-on” FRET biosensor based on

AIEgen@GO nanoprobe for rapid detection of SARS-CoV-2 virus

2.1 Introduction

The COVID-19 epidemic caused by SARS-CoV-2 has been spreading rapidly worldwide
[116] Even though many cases are asymptomatic, there have been over 630 million COVID-19
verified cases and over 6.5 million confirmed deaths documented globally up until the end of
2022, which poses a serious public health threat ''7]. The COVID-19 epidemic has harmed the
economy and social issues and harmed global public health. As a result, there is a great need
for quick, effective, and affordable diagnostic techniques that distinguish infected from healthy
individuals. The basic genome structure of SARS-CoV-2 is generally consistent with that of
other coronaviruses. It is an enveloped virus with single-stranded RNA as the main genetic
components and contains four structural proteins: spike protein (S), envelope (E), membrane
(M) and nucleocapsid (N).[®.. As shown in Figure 2.1, the anterior 5' end of the genomic
sequence contains Open reading frame (Orf) 1ab encoding Orflab polyproteins, while genes
encoding structural proteins (e.g., S, E, M) are located at the 3' end of the genome!’®!. With a
better understanding of the genetic composition of SARS-CoV-2, a growing number of virus-
targeted diagnostic techniques are being developed to detect the Orf, S, and N genes. As of now,
two major diagnostic assays to for screening potential SARS-CoV-2 infected individuals are

[118] Nucleic acid-based tests like quantitative

divided into nucleic acid- and antigen-based tests
reverse transcription-polymerase chain reaction (RT-qPCR) remain the gold-standard method
for SARS-CoV-2 diagnosis. Unfortunately, there are some problems with using RT-qPCR for
rapid screening of SARS-CoV-2, particularly in underdeveloped areas where access to RT-
qPCR reagents, equipment, and trained operators is not readily available (Table 4). In addition,
RT-qPCR assays require long and complex procedures. They also need a sterile central
laboratory and a clean environment to perform nucleic acid amplification, resulting in an

(191 In contrast, immunodiagnostic detection kits targeting the

economic burden on society
antigen of SARS-CoV-2, such as lateral flow immunoassay (LFIA), are simple to use and
enable quick screening of SARS-CoV-2 within 30 min. Still, there may be problems with false-
negative results since the amount of antigen in the sample is insufficient in the early stages of

virus infection onset '?°1. Therefore, it is highly desirable to develop a simple and sensitive

point-of-care (POC) diagnostic method for primary screening of potential positive SARS-CoV-
2 cases prior to performing RT-qPCR or LFIA for secondary confirmation to efficiently prevent

the rapid outbreak of COVID-19.
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Fluorescent biosensors have the advantages of operational simplicity, easy portability, and
high sensitivity. Among them, FRET biosensors have been widely developed in the nucleic acid
detection fields '?!!. The biosensing performance of FRET-based biosensors is primarily based
on the choice of donor and acceptor pairs “¥l. The read-out fluorescence of these FRET
biosensors relies on the recovery of the donor fluorophores, which would become stronger
along with the increasing concentration of the target molecules. In other words, the higher the
concentration of the target, the higher the output signals of the biosensors until reaching
saturation. However, traditional donor fluorophores suffer from ACQ problems at high
concentrations, undermining their biosensing performance °!. In contrast, AIEgens can conquer
this issue via the RIR process at the aggregated state that enhances the radiative energy decay
pathway as an ultra-emissive reagent [*°). Hence, it is feasible to optimize the sensitivity of
FRET-based biosensors by introducing AIEgens as the donor fluorophores. As a typical and
promising AlEgen, Tetraphenylethene (TPE) has been developed as fluorescent probes for the

1221 Intermolecular

detection of proteins, nucleic acids, and specific small biomolecules !
interactions between TPE and targets are established through strong binding affinities (such as
DNA hybridization and hydrophobic or charge interactions), which cause RIR processes and
thus turn on the fluorescence of TPE molecules ['?2l. In particular, AIEgen-based probes
fabricated by oligonucleotide-conjugated TPE (termed “TPE-DNA”) would form double-
stranded nucleic acid conformation or even quadruplex structure with target nucleic acid
sequence, which activates RIR process and thus significantly enhance the fluorescence of the
sensing system!!: 12> 1241 However, the direct introduction of probing DNA into TPE molecules
as sensing sites to synthesize TPE-DNA probes unavoidably produced partial RIR, resulting in
a background signal ['?#], As a result, we aim to design a TPE-DNA-based nanoprobe with a
high signal-to-background ratio to aid in SARS-CoV-2 detection

In this work, we proposed a dual fluorescence “turn-on” FRET nanoprobe by assembling
single-stranded (ss) DNA-conjugated TPE molecules with GO nanosheets (TPE-DNA@GO)
for the specific detection of SARS-CoV-2 (Figure 2.2A). Here, GO (acceptor motif) is critical
in minimizing the background fluorescence of TPE-DNA (donor motif), and the formation of
TPE-dsDNA can contribute to the dual enhancement of read-out fluorescent signals. In the
presence of the target sequence (SARS-CoV-2 virus), TPE-DNA immobilized on the GO
surface would hybridize with the target viral sequence to form a double-stranded (ds)
DNA/RNA structure conjugated with TPE molecules. The formed TPE-dsDNA complex
separates from GO surface due to the lower adsorption affinity of GO for duplex nucleic acids,

leading to the first fluorescence recovery ("OFF" to "WEAK"). Furthermore, the conformation
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of duplex oligonucleotides restricts the intramolecular rotation of TPE due to the increased
rigidity and mass changes from ssDNA to dsDNA, which induces further fluorescence
enhancement ("WEAK" to "STRONG") (Figure 2.2B). In our TPE-DNA@GO sensing
platform, a single administration of target sequence can activate a dual fluorescence
enhancement process, which differs from most conventional FRET biosensors that involve only
a single fluorescence recovery or a single quenching process. In this work, the feasibility of our
nanoprobe for potential clinical usages is evidenced by the rapid response to target SARS-CoV-
2 viral sequence and plasmid within 1 h and good sensitivity at picomolar levels without

amplification steps.
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Figure 2.2 Schematic illustration of TPE-DNA @GO nanoprobe for the detection of SARS-
CoV-2 viral sequence. (A) Synthetic route to TPE-DNA. (B) Fabrication of TPE-DNA@GO
nanoprobe and detection of Orflab and N genes.

2.2 Methodology
2.2.1 Synthesis of TPE-DNA@GO nanoprobe

The sequence information of the DNA and RNA fragments used in this work is listed in
Table 5. First, TPE-DNA was synthesized via the copper-catalyzed azide-alkyne cycloaddition
(CuAAC) click reaction 1. According to the target sequence of Orflab and N genes, four
probing ssDNA were designed with an alkyne group functionalized at the 5° end (alkyne-DNA,
including alkyne-Ny, alkyne-N;, alkyne-Orf;, and alkyne-Orf;). For the synthesis, TPE-N3 (1.5
uM) and alkyne-DNA (1 uM) were mixed in 1 mL of DMSO/H>0 (v/v, 1/1). Then newly made
aqueous solution of sodium ascorbate aqueous solution (20 uM), CuSO4 (10 uM), and copper
ligand THPTA (20 uM) was added in sequence. After bubbling with nitrogen gas for 30 min,
the reaction mixture was stirred overnight at room temperature. The obtained products (TPE-
Ny, TPE-N;, TPE-Orft, and TPE-Orf;) were purified by dialysis against H2O for 24 hours before
lyophilization. Then, GO dispersion was sonicated for over 1 h to produce homogeneously
distributed GO nanosheets in the aqueous phase before adsorption of TPE-DNA to fabricate
TPE-DNA @GO nanoprobe. In order to explore the quenching efficiency of GO to TPE-DNA,
TPE-DNA with a fixed concentration of 3 uM was incubated with GO dispersion at a final
concentration of 5, 10, 20, 50, 100, 150, and 200 pg/mL for 30 min before measurement of
fluorescence intensity by a spectrofluorometer. The formula Qe (%) = (Fo— Fg) / Fo was used to
determine the quenching efficiency (Qe) of GO, where F{ is the fluorescence signal of 3 uM
TPE-DNA and F represents the fluorescence intensity of TPE-DNA after adsorbed on GO at
different concentrations. Three independent replications of each experiment were conducted.
2.2.2 Detection of N and Orflab sequences

Throughout the detection assays, TPE-DNA@GO nanoprobe was freshly prepared by
mixing TPE-Ny, TPE-N,, TPE-Orf;, and TPE-Orf; (6 uM) in DMSO/H>0 (v/v, 1/199) with GO
dispersion (300 pg/mL) at an equal volume and then the mixture was co-incubated for 30 min
before being adding into DNase/RNase-free TE buffer containing corresponding target
sequence (N-cDNA, Orflab-cDNA, and N-RNA) in a range of concentrations (0~20 nM). The
reaction mixture was protected from light and further incubated at 37°C for 1 h before
measurement of the fluorescence spectra through a spectrofluorometer. To evaluate the
specificity of TPE-DNA @GO nanoprobe towards SARS-CoV-2 viral sequence, we selected
controls groups with one-base mismatched DNA sequence (bi1-Mis), full-sequence scrambled
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Orflab-cDNA and N-cDNA sequences, scrambled N-RNA, and other kinds of viral DNA
sequences (InFA, HBV, HCV, HIV-1). These control sequences were incubated with TPE-
DNA@GO with the same operations as the target N-cDNA and Orflab-cDNA. The
fluorescence spectra of all the samples were measured with excitation wavelength at 320 nm
and emission wavelength from 400 nm to 600 nm. All the detection experiments were

conducted with three independent samples for each group.

2.2.3 Detection of CDC-V2 plasmids

Prior to being detected by TPE-DNA @GO nanoprobe, CDC-V2 plasmid was denatured
by being heated for 5 minutes in a water bath at 98°C, followed by being cooled on ice for 10
minutes. Then, denatured CDC-V2 plasmid with different concentrations was incubated with
AIEgen@GO nanoprobe in TE buffer for 1 h at 37°C before measuring fluorescence intensity.
Three duplicates of each group were used for testing and statistical analysis.
2.2.4 Agarose gel electrophoresis

The DNA fragments in this study, including target cDNA (N-cDNA and Orflab-cDNA),
four kinds of TPE-DNA@GO nanoprobes (TPE-Ni{@GO, TPE-N:@GO, TPE-Orf{@GO, and
TPE-Orf:(@GO) as well as their corresponding probe-target cDNA complex (TPE-Nq{@GO+N-
cDNA, TPE-Nr@GO+N-cDNA, TPE-Orff@GO+Orflab-cDNA, TPE-Orfi@GO+Orflab-
cDNA) were electrophoresed on an agarose gel to analyze the band size. BlueJuiceTM gel
loading buffer was mixed with the DNA samples (v/v, 9/1) before being loaded onto the 5%
agarose gel. In order to measure the base pair number of DNA fragments, a DNA ladder with a
size range of 10 bp to 300 bp were simultaneously loaded onto the gel. After that, the agarose
gels were then run in 0.5x TBE buffer at a constant voltage of 80 V for around 2 h to satisfy the
maximal separation of the DNA samples, followed by being photographed using a Chemi Doc
system and examined under a UV transilluminator (Bio-Rad).
2.2.5 Data analysis

The peak fluorescence intensity at 458 nm of AIEgen@GO nanoprobes after incubated
with the target N or Orflab cDNA at a series of concentrations was compared through one-way
ANOVA analysis and Dunnett’s multiple comparison test via SPSS software (IBM SPSS 26.0).
A value of p < 0.01 was considered to be statistically significant. Moreover, the LOD of
AlEgen@GO nanoprobe was determined as the lowest tested concentration, where its peak
fluorescence intensity was significantly higher than that of corresponding probes without

incubation with target cDNA!2],

2.3 Results and Discussion

44



2.3.1 Synthesis and characterization of AIEgen@GO nanoprobe

In this study, we selected two synthetic complementary DNA and RNA sequences of N
and Orflab gene (N-cDNA, N-RNA, and Orf-~cDNA) to mimic SARS-CoV-2 virus [126],
Accordingly, we designed two pairs of DNA fragments (Ng, Nr, Orft, and Orf;) as the probing
DNA to construct the TPE-DNA (TPE-Nt, TPE-N:, TPE-Orft, and TPE-Orf;) (Figure 2.2). One
pair of DNA fragments were derived from the reversely complementary sequences of the 5°-
and 3’-end of target cDNA, meaning that TPE-N@GO nanoprobes (including TPE-Nrand TPE-
N;) were used to detect N-cDNA while TPE-Orfl@GO nanoprobes (including TPE-Orft and
TPE-Orf;) for Orflab-cDNA (Figure 2.2). Four TPE-DNA probes (TPE-Nt, TPE-N;, TPE-Orf;,
and TPE-Orf;) were synthesized through a click reaction of the azide-functionalized TPE (TPE-
N3) and alkyne-modified DNA fragments (alkyne-ssDNA). The mass spectrometry data
evidenced the successful conjugation of alkyne-ssDNA and TPE-N3, which showed a
considerable increase in molecular weight in the TPE-DNA compared to free DNA fragments
(Figure 2.3). Moreover, the UV-vis spectra indicated that TPE-DNA and TPE-N3 had an
absorption peak at 320 nm, attributed to the n-t* transition of TPE core. While only TPE-DNA
showed a characteristic peak at 260 nm that demonstrated the presence of oligonucleotides
within the structure of TPE-DNA probes (Figure 2.4A). More notably, at the same
concentration in the aqueous solution (DMSO/H>0, v/v=1/199), the fluorescence intensity of
TPE-DNA was only 8%~9% of TPE-N3 molecules (Figure 2.4B-C). The significantly reduced
fluorescence of TPE-DNA was attributed to the increased hydrophilicity due to the introduction
of probing ssDNA fragments to the structure of TPE-N3!'24. While bare TPE-N3 remained
hydrophobic and thus attended to aggregated states to display AIE effect in the aqueous solution.
As aresult, we have successfully prepared water-soluble TPE-DNA probes applicable to detect

target nucleic acids in physiological environments.
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Figure 2.3 The ESI-TOF mass spectrum of (A) alkyne-Ny, (B) TPE-Ny, (C) alkyne-N;, (D) TPE-
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Figure 2.5 Photoluminescence spectra and fitting curve of (A)TPE-N; and (B) TPE-Orf; after
incubating with N-cDNA and Orflab-cDNA of a series of concentrations from 0 nM to 20 nM.
Aex/Aem = 320/458 nm.

The complementary DNA fragments that have been inserted into TPE molecules enable

TPE-DNA probes to detect N-cDNA and Orflab-cDNA specifically. We observed that the
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fluorescence of TPE-N; and TPE-Orf; probes showed a recovery after incubating with the
corresponding target cDNA sequence. The peak PL intensity at 458 nm increased by ~3 times
when target cDNA was added at a high concentration of 20 nM (Figure 2.5). The limit of
detection (LoD) of TPE-DNA probes for N-cDNA and Orflab-cDNA was measured to be 2
nM, which is not sensitive enough to recognize SARS-CoV-2 viral sequence in clinical
specimens (Figure 2.5). The partial basal fluorescence caused by a direct insert of ssDNA
fragments into the structure of TPE-N3 results in a weak signal-to-noise ratio of TPE-DNA

s 124 Therefore, we

probes, contributing to the limited sensitivity of TPE-DNA probe
fabricated TPE-DNA@GO nanoprobe by coupling TPE-DNA with GO as a fluorescence
quencher to minimize the background signals. Due to strong z-7 stacking interaction, TPE-
DNA was stably adsorbed on the surface of GO to minimize the basal fluorescent signals. The
results showed that the peak fluorescence intensity of TPE-DNA@GO was dropped to only
~7.8% of the intensity in the counterpart TPE-DNA and ~0.6 % of the intensity in TPE-N3 at
the same concentration (Figure 2.4D-F).

Furthermore, the results of physicochemical characterization demonstrated that the
average hydrodynamic size of TPE-DNA @GO nanoprobe was measured to be around 30 nm
larger than that of free GO in PBS buffer (Figure 2.6A). Additionally, the zeta potential of TPE-
DNA@GO nanoprobe was much more negative than the GO dispersion (e.g., TPE-Nt{@GO: -
43.242.3 mV and GO: -36.1+1.8 mV), supporting negatively charged DNA within the sensing
platform (Figure 2.6B). The observation under atomic force microscopy (AFM) also suggested
the successful fabrication of TPE-DNA@GO nanoprobe since the average thickness of
nanoplatform increased ~1 nm upon TPE-DNA adsorption (e.g., TPE-N{@GO: 1.924+0.75 nm
and GO: 1.16+0.20 nm), which was consistent with previous research of 2D nanosheets
physically coupled with oligonucleotides (Figure 2.6C) 271, In total, our findings showed that
TPE-DNA probe was successfully adsorbed onto GO to establish a reservoir of SARS-CoV-2
sensing nanoprobes.

The FRET transfer efficiency between the donor and acceptor pairs is associated with the
quenching efficiency (Qe) of fluorescence quenchers. To investigate the optimal Q. of GO for
TPE-DNA @GO nanoplatform, we incubated TPE-DNA of a fixed concentration at 3 uM with
GO nanosheets of various concentrations. The fluorescence intensity at 458 nm gradually
decreased along with the increasing concentrations of GO (Figure 2.7). When the concentration
of GO in TPE-DNA@GO sensing system was 200 ug mL™!, the Q. achieved the maximum at
about 98% (Figure 2.7). In this study, we fabricated the TPE-DNA @GO nanoprobe for all the
detection tests using GO dispersion of 150 pg/mL with Qe at 93% to prevent over-quenching.
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So far, our results have verified the importance of incorporating TPE-DNA as an excellent
donor fluorophore with GO as an efficient fluorescence quencher to increase the signal-to-

background ratio of FRET-based biosensors.
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2.3.2 Rapid detection of SARS-CoV-2 viral sequence
2.3.2.1 Detection of N-cDNA sequence

We first assessed the LoD of TPE-Nq@GO and TPE-N. @GO by hybridizing the
nanoprobes with complementary target N-cDNA at a series of concentrations (Figure 2.8 A).
In order to achieve full DNA/RNA hybridization to form duplex conformation, TPE-
DNA @GO nanoprobes and target sequences were incubated at 37 °C for ~1 h before measuring
fluorescence intensity, which is faster than those tests employing RT-qPCR techniques for viral
identification !''°!, The results showed that the fluorescence intensity of TPE-N@GO nanoprobe
(TPE-N¢@GO or TPE-N:@GO) linearly increased N-cDNA concentration (Figure 2.8B-D).
Strikingly, the LoD of TPE-Nq@GO and TPE-N:@GO nanoprobes towards N-cDNA reached
200 pM, which is 10 times more sensitive than that of TPE-N; probes without GO as quencher
(Figure 2.5 and Figure 2.8). Compared with TPE-Nf and TPE-N: probes, the improved
sensitivity of TPE-N¢@GO and TPE-N:@GO nanoprobes benefitted from the dual fluorescence
“turn-on” strategy where the first stage of fluorescence recovery results from the TPE-DNA
detached from the surface of GO quencher upon the formation of dsSDNA by the hybridization
of TPE-DNA and target cDNA and then the significant RIR process in the TPE core caused by
duplex formation induces further fluorescence enhancement of the sensing system. Thus, the
FRET-based TPE-DNA @GO biosensor integrating TPE-DNA with GO achieved an enhanced
sensitivity towards SARS-CoV-2 mimetic N-cDNA sequence.

In addition, we proposed that GO may serve as a carrier for TPE-DNA probes bearing a
pair of ssDNA fragments (e.g., Nr and N;) that target the same nucleic acid sequence.
Accordingly, we investigated whether a pair of ssDNA contained ppTPE-N@GO nanoprobe
((TPE-Ne+TPE-N;)@GO)) could detect N-cDNA sequences of the same concentration with
higher sensitivity than the single ssDNA containing spTPE-N@GO nanoprobe (TPE-N{@GO
or TPE-N:@GO) (Figure 2.9A). Strikingly, the results demonstrated that the LoD of (TPE-
Ne+TPE-N) @GO nanoplatform for N-cDNA sequence was measured to be 100 pM, which was
2-fold more sensitive than that of TPE-N¢{@GO and TPE-N:( @GO nanoprobe (Figure 2.9B-D).
The higher sensitivity of ppTPE-N@GO sensing system might be related to the double DNA

hybridization at the two terminals of the same target sequence for stronger signal amplification.
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fitting curve of ppTPE-N@GO against the logarithmic concentration of N-cDNA. Aex/Aem =
320/458 nm.

2.3.2.2 Detection of N-RNA sequence

Considering the real SARS-CoV-2 genome sequence composed of RNA sequences, we
chose synthetic N-RNA to mimic the viral sequence of SARS-CoV-2 to further investigate the
ability of our TPE-DNA@GO for RNA detection (Figure 2.10A). Consistent with the results
in N-cDNA detection, the fluorescent signals of both spTPE-N@GO and ppTPE-N@GO
nanoprobes linearly increased as the concentration of N-RNA did (Figure 2.10B-D). Similarly,
the LOD of ppTPE-N@GO ((TPE-Nt+TPE-N;)@GO) nanoprobe and spTPE-N@GO (TPE-
Ni@GO or TPE-N:@GO) towards N-RNA was measured to be 100 pM and 200 pM,
respectively (Figure 2.10B-D). These findings demonstrated the capability of our sensing
platform to identify both DNA and RNA sequences, which is favorable for recognizing SARS-
CoV-2 viral sequence in the clinical samples without reverse transcription.
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Figure 2.10 (A) The sequence of SAR-CoV-2 mimetic N-RNA sequence. Fluorescence spectra
of nanoprobes (B) TPE-Ni@GO, (C) TPE-N: @GO, and (D) (TPE-N+TPE-N,)@GO after
incubation with N-RNA. (E) Fluorescence intensity of nanoprobes (TPE-Ny{@GO, TPE-
N:@GO, and (TPE-Nr+TPE-N,)@GO) after incubation with N-RNA (0.2 to 20 nM). (F) The
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fitting curve of nanoprobes against the logarithmic concentration of N-RNA. Aex/Aem = 320/458
nm.

2.3.2.3 Detection of Orflab-cDNA sequence

We evaluated the capability of TPE-DNA@GO sensing platform for the detection of
Orflab-cDNA sequence by incubating spTPE-Orfl@GO (TPE-Orfi@GO or TPE-Orfi@GO) or
ppTPE-Orfl@GO ((TPE-Orfr+TPE-Orf;)@GO) nanoprobes with target Orflab-cDNA (Figure
2.11). Similarly, the results indicated that the fluorescence intensity of both spTPE-Orf(@GO
and ppTPE-Orfl@GO nanoprobes linearly increased in the presence of Orflab-cDNA sequence
with the LoD at 250 pM and 200 pM, respectively (Figure 2.11). The sensitivity of TPE-
Orfi@GO and TPE-Orf:@GO nanoprobes for the detection of Orflab-cDNA is 8-time higher
than TPE-Orf probes without GO adsorption, demonstrating that two-stage fluorescence
recovery in TPE-DNA@GO sensing platform facilitates optimizing the sensitivity of
biosensors and thus aids to identify infected samples with low viral load.
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Figure 2.11 Fluorescence spectra of (A) TPE-Orfi@GO and (B) TPE-Orfi@GO after
incubating with target Orf~cDNA at different concentrations. (C) Fitting logarithmic curve of
the relative fluorescence intensity of TPE-Orfi@GO (yellow triangle) and TPE-Orf,@GO (olive
circle) after incubating with Orf~<cDNA. (D) Fluorescence spectra and (E) peak fluorescence
intensity at 458 nm of ppTPE-Orfl@GO (TPE-Orfr+TPE-Orf;)@GO after incubating with Orf-
cDNA. (F) The fitting curve of (TPE-Orf+TPE-Orf,) @GO against the logarithmic
concentration of Orf~cDNA. Aex/Aem = 320/458 nm.

2.3.2.4 Detection of SARS-CoV-2 plasmid
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We chose CDC-V2 plasmid to mimic real SARS-CoV-2 samples to assess the potential
application of TPE-DNA @GO nanoprobe for clinical screening of SARS-CoV-2 infected cases
(Figure 2.12A). Here, CDC-V2 plasmid consists of both N and Orflab sequences of SARS-
CoV-2 with pUC57 as the vector backbone and has been used as positive controls in the RT-
PCR tests for SARS-CoV-2 diagnosis!!?® 1281 With the existing technology, the detection
procedures require adding many different components, such as probes, specific primers, and
amplification reagents, and take over 2 h of thermal cycles. Therefore, we attempt to investigate
whether our TPE-DNA @GO nanoprobe can diagnose this positive control more easily than
conventional techniques such as RT-qPCR. To assist the hybridization of CDC-V2 plasmids
with our nanoprobe, CDC-V2 plasmids with double-stranded DNA were first denatured at 98
°C to form a single-stranded sequence. We assessed the detection ability of ppTPE-N@GO
((TPE-NfTPE-M)@GO, ppTPE-Orf@GO (TPE-Orf+TPE-Orf,)@GO), and two different
ppTPE-DNA@GO combined nanoprobe ((TPE-Orf+TPE-N)@GO) that total concentration of
TPE core within these probes was kept at 3 uM (Figure 2.12). After incubated with denatured
CDC-V2 plasmids, the fluorescence intensity of nanoprobes gradually increased along with the
increasing concentration of CDC-V2 plasmids, which is identical to the trend of N-cDNA and
Orflab-cDNA (Figure 2.12B-C). The resulting LoD of (TPE-Nt+TPE-N;)@GO reached 250
pM, while that of (TPE-OrfrtTPE-Orf)@GO was 400 pM (Figure 2.12B-C). Such a slightly
lower sensitivity of (TPE-Orfi+TPE-Orf;)@GO towards CDC-V2 plasmids was probably due
to more nucleotides in Orflab-cDNA fragment than N-cDNA which reduces the local
hybridization to enhance the fluorescent signals. Furthermore, we examine the efficiency of
two ppTPE-DNA@GO ((TPE-Orf+TPE-N)@GO) nanoprobes for the CDC-V2 plasmids
(Figure 2.12D-E). Intriguingly, the LoD was improved by this combinatorial sensing system by
up to 200 pM (Figure 2.12D-E). Altogether, these results demonstrated that our TPE-
DNA@GO nanoplatform could simultaneously recognize multiple target sites that could
generate additional signals for enhanced sensitivity to indicate the presence of SARS-CoV-2

virus.
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Figure 2.12 (A) Scheme of the detection of CDC-V2 plasmid by ppTPE-DNA @GO nanoprobe.
(B-D) Fluorescence spectra of (TPE-Nr+TPE-N;)@GO, (TPE-Orfi+TPE-Orf;)@GO, and (TPE-
Orf+TPE-N)@GO after incubation with denatured CDC-V2 plasmid. (E) Fluorescence
intensity at 458 nm of nanoprobes after incubation with CDC-V2 plasmid. Aex/Aem = 320/458
nm.

2.3.3 Specificity and stability of TPE-DNA @GO nanoprobe
We investigated the specificity of our TPE-DNA@GO nanoprobe by incubating them with

corresponding one base mismatch (b1-Mis) and scrambled sequences of N-cDNA and OrfIab-
cDNA, respectively, as well as other types of viral cDNA sequences (Figure 2.13A-E). After
TPE-DNA @GO nanoprobe hybridized with scrambled sequences and non-specific viral cDNA
sequences (InFA, HBV, HCV, and HIV-1), even at a high concentration of 20 nM, the
fluorescence intensity of corresponding nanoprobes (TPE-Ny{@GO, TPE-N,@GO, TPE-
Orfi@GO, TPE-Orfi(@GO) was measured to be ~3 times lower than the readouts of the probing
entire targeted sequences, suggesting that non-specific nucleic acids minimally interfere with
the signals of nanoprobe (Figure 2.13C and F). In addition, agarose gel electrophoresis results

indicated that TPE-DNA @GO nanoprobe did not bind with the scrambled cDNA sequences
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(Figure 2.14A and B). There was no difference in the base pair (bp) number between the
scrambled cDNA alone and the complex of probe-scrambled cDNA (Figure 2.14A and B). On
the contrary, the bp number for the complex of probe-target cDNA groups was significantly
larger than those for the target cDNA alone (Figure 2.14A and B). The increased band size of
the probe-target cDNA complex confirmed the effective DNA hybridization between TPE-
DNA@GO nanoprobe and the target cDNA, demonstrating that the fluorescence enhancement
of our sensing system was indeed caused by specific DNA hybridization between the
nanoprobes and the target cDNA rather than the degradation of ssDNA fragments from TPE-
DNA probes. In short, these results confirmed that our platform has a great specificity to SARS-
CoV-2 viral N and Orflab sequences and minimal cross-reactivity to other non-specific viral
sequences.

Meanwhile, the stability of TPE-DNA@GO sensing platform was evaluated in multiple
dimensions. First, the basal fluorescence of TPE-DNA @GO nanoprobes (TPE-N¢{@GO, TPE-
N:@GO, TPE-Orfi@GO, TPE-Orfi@GO) in PBS buffer with different pH values and various
kinds of buffers (PBS, TE buffer, borate buffered saline, BSA, and cell culture medium) for 24
h did not show an obvious fluctuation (Figure 2.14C and D). Additionally, these media had
little impact on the fluorescence recovery of TPE-DNA @GO nanoprobes upon the addition of
corresponding target cDNA (Figure 2.14C and D). Overall, TPE-DNA@GO nanoprobe
maintains detection performance without fluctuations in different physiological conditions,

indicating the good stability of our sensing platform for the detection of SARS-CoV-2 viral

sequences.
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Figure 2.13 Fluorescence spectra of (A) TPE-Nq@GO, (B) TPE-N:@GO, (D) TPE-Orf{@GO,
and (E) TPE-Orf(@GO after incubating with different viral sequences including target N-cDNA,
target Orflab-cDNA, one base mismatch (bi-Mis), scrambled N-cDNA, scrambled Orflab-
cDNA, and viral cDNA for InFA, HBV, HCV, and HIV-1. (C, F) Fluorescence intensity fold
change of nanoprobes after incubation with different viral sequences.
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Figure 2.14 Agarose gel electrophoresis of (A) TPE-N{@GO and TPE-N:@GO, (B) TPE-
Orfi@GO and TPE-Orf,@GO after incubation with target cDNA or scramble cDNA. The
fluorescence intensity changes of nanoprobe (TPE-Ni@GO, TPE-N:@GO, TPE-Orfi@GO, and
TPE-Orfi(@GO) dissolved in (C) PBS buffer with different pH values or (D) different buffers
(including PBS, TE buffer, borate buffered saline, bovine serum albumin and cell culture
medium) ) for 24 h and then incubated with corresponding target cDNA for an additional 2 h.
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Parameters AlEgen@GO probes RT-PCR
Sensitivity Picomolar level (Ct ~20) ~100 copies/mL (Ct~30)
Detection time ~lh 6~8 h

Cost-effective Expensive

Cost

Experimental
procedures

1) low cost probe and buffer

(ie.,

i1) Fluorescence detector

Easy operation

1) High cost PCR kits

i1) Expensive RT-PCR
equipment

TE buftfer)

Need well-trained operators

Table 4. Comparison of TPE-DNA@GO nanoprobe with RT-PCR for SARS-CoV-2 viral

sequence detection.

Name Sequence (5° —37)

alkyne-N¢ HC=C-ATTCTAGCAGGAGAAGTTCCCC
alkyne-NV; HC=C-CAGACATTTTGCTCTCAAGCTG
alkyne-Orft HC=C-TTAAGTGTAAAACCCACAGGG
alkyne-Orf; HC=C-ACGATTGTGCATCAGCTGA

N primer Forward
N primer Reverse
Orflab primer Forward

Orflab primer Reverse

N-cDNA

Orflab-cDNA

N-RNA

GGGGAACTTCTCCTGCTAGAAT
CAGACATTTTGCTCTCAAGCTG
CCCTGTGGGTTTTACACTTAA
ACGATTGTGCATCAGCTGA
GGGGAACTTCTCCTGCTAGAATGGCTGGCAAT
GGCGGTGATGCTGCTCTTGCTTTGCTGCTGCTT
GACAGATTGAACCAGCTTGAGAGCAAAATGTCTG
CCCTGTGGGTTTTACACTTAAAAACACAGTCTGTA
CCGTCTGCGGTATGTGGAAAGGTTATGGCTGTAGT
TGTGATCAACTCCGCGAACCCATGCTTCAGTCAGCT
GATGCACAATCGT
GGGGAACUUCUCCUGCUAGAAUGGCUGGCAAUG
GCGGUGAUGCUGCUCUUGCUUUGCUGCUGCUUG
ACAGAUUGAACCAGCUUGAGAGCAAAAUGUCUG
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One base mismatch

(b1-Mis) of N-cDNA

One base mismatch

(bi-Mis) of Orflab-cDNA

Scrambled N-cDNA

Scrambled Orflab-cDNA

Scrambled N-RNA

HBV cDNA
HCV cDNA
HIV-1 cDNA
InFA cDNA
CDC-V2 plasmid

GGGCAACTTCTCCTGCTAGAATGGCTGGCAA
TGGCGGTGATGCTGCTCTTGCTTTGCTGCTGC
TTGACAGATTGAAC CAGCTTGACAGCAAAATGTCTG
CCGTGTGGGTTTTACACTTAAAAACACAG
TCTGTACCGTCTGCGGTATGTGGAAAGGTTA
TGGCTGTAGTTGTGATCAACTCCGCGAACCC
ATGCTTCAG TCAGCTGATGCAGAATCGT
GTTCCGTCGCTTCATACTGCTCATTCGAGCCAT
GGCGAAGACGGAGCGACAGTATTGGTTATGTAT
TAGAGTGGACGGCTTGCATTCTTGTGGACGGAC
ATAGTAGCTCGTCCTCGAGGTGGCGTATTCGGAA
GATCGTCAATCTGTATTGACTGCTCCAACATTCCA
AGACGTCCTAACACTGTGTGCTTGAGGATTCCG
CGGAACAATCTTGGTAT
GUUCCGUCGCUUCAUACUGCUCAUUCGAGCCAUG
GCGAAGACGGAGCGACAGUAUUGGUUAUGUAUUAG
AGUGGACGGCUUGCAUUCUUGUGGACGGAC
CTGGATCCTGCGCGGGACGTCCTT
CACGCCCAAATCTCC
GCTATACATTCTTACTATTTTATTTAATCCCAG
CGTGCCCAGTGAGCGAGGACTGCA
http://www.life-biotech.com/services/imgs/2020033 1pdf.pdf

Table 5. The information on DNA and RNA sequences in this study.

2.4 Summary

We proposed a dual fluorescence “turn-on” sensing strategy for SARS-CoV-2 nucleic acid

detection based on TPE-DNA@GO nanoprobe in this work. We have demonstrated the

significance of using GO to reduce the background fluorescence of TPE-DNA to achieve a high

signal-to-background ratio for the detection of viral nucleic acids. Furthermore, the results

showed that TPE-DNA @GO nanoprobe is able to rapidly detect multiple SARS-CoV-2 viral

sequences in the form of cDNA, RNA, and plasmid without amplification. More importantly,

the preparation of our nanoprobe requires only a single-step click reaction and physical

adsorption with a quencher. Thus, this sensing platform makes it possible to rapidly recognize

nucleic acid from different pathogens in a simple and specific manner. In our future studies, we
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may further improve the sensitivity of our sensing platform by combining TPE-DNA@GO with
target cycling strategies (e.g., isothermal amplification). Thus, TPE-DNA@GO nanoprobe
seems promising for translational applications and monitoring virus-associated infectious

diseases.
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Chapter 3: A dual fluorescence 'turn-on'" biosensor based on

AIEgen/MoS: nanocomposites for in situ detection of miR-125b in AD

3.1 Introduction

AD is an irreversible neurodegenerative disorder characterized by progressive cognitive

129

impairment and neuronal loss "'?°!, Unfortunately, the ongoing studies on AD during the last

few decades have not fully elucidated its pathogenesis ['*% 1*1. Also, the lack of accessible and
effective diagnostic tools for real-time probing initial phases of AD may lead to the failure of
efficacious pharmacologic therapies. Therefore, it is critical to develop reliable diagnostic
methods to detect biomarkers of AD, ideally during the initial stages. To date, a growing
number of studies have revealed that pathologic changes in AD are associated with gene
expression dysregulation 1132134, MicroRNAs (miRNAs), endogenous small non-coding RNAs
with 20-25 nucleotides, can regulate gene expression at the post-transcriptional level, which
also plays an essential role in the pathogenesis of AD. For example, several miRNAs are
associated with tau hyperphosphorylation and synaptic dysfunction in AD progression 1341361,
Among them, miR-125b has been identified to be highly expressed in brain tissues and blood
of AD patients, and its upregulation could induce tau hyperphosphorylation (p-tau) and synaptic

1371381 ‘Therefore, miR-125b can be a promising

dysfunction, an early event in AD pathology |
biomarker of AD at early-stage, and its diagnostic results may provide early decisions on the
therapy to halt severe neuropathological alterations associated with AD.

Several standard analytical approaches, such as northern blotting and RT-qPCR, are
widely used to quantify miRNA. However, these methods are often time-consuming and require
professionally trained operators to manage complicated processes. Furthermore, these
techniques can only detect the extracted miRNA in vitro in homogenous solutions such as pure
water or salt buffer, preventing them from real-time monitoring of miRNA in situ. Alternatively,
recent advances in FRET-based fluorescence sensing systems have shown great promise in
detecting oligonucleotides because of their simple operation and good stability that overcome

s [71. 139, 1901~ ATEgens exhibit exceptional optical

the limitations of conventional method
properties such as large Stokes shift, intense brightness, good photostability, and flexible
molecular design and have been widely used to develop FRET probes for sensing and imaging
biological analytes. With recognition site modification, AIEgens can interact with specific
biomolecules such as miRNA or DNA that increase the nearby molecular bulkiness of the
AlEgens to induce RIR for lighting up the AlEgens [% 123 140. 1411 Therefore, introducing

AlEgens into FRET-based biosensing systems underpins the signal-to-noise ratio of target
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biomarker-triggered fluorescent readouts for enhanced sensitivity and selectivity, especially in
an extraordinarily complex microenvironment of brain tissues with AD. Nevertheless, limited
studies have integrated the techniques of AlEgens and FRET for in vivo miRNA diagnosis.

MoS; nanosheets possess a larger capacity for loading ssDNA via van der Waals force,
while the formation of nucleic acid duplex with the target disables this interaction !4, Thus
far, any ssDNA-labelled fluorophore, including AIEgens, can potentially form a good donor-
acceptor pair with MoS: nanosheets. However, MoS: nanosheets rapidly aggregate in
physiological solution !4 144 hampering the application of MoS, nanosheets in the biosensing
field. Herein, it is instrumental in improving the colloidal and biosensing stability of MoS, for
in vivo applications.

In this work, we reported an effective and biocompatible miRNA biosensor based on the
nanocomposite of AIEgens and MoS» nanosheets for real-time probing of the early biomarker
of AD in vitro and in vivo (Figure 3.1). To achieve excellent in vivo imaging capability, we
designed a red-emissive TPE derivative (TPET) with a large Stokes shift that can minimize
cross-talk between the excitation source and the fluorescent emission for enhanced in vitro and
in vivo imaging with a high signal-to-noise ratio !*>'*"I. TPET is conjugated with miR-125b
recognizing oligonucleotide (TPET-DNA) that can achieve RIR-induced AIE for strong
fluorescent signals upon detecting miR-125b. To further enhance the sensitivity, we suppress
the initial fluorescent intensity of TPET-DNA by physically depositing it onto cationic dextran
(Dex)-coupled MoS» nanosheets (Dex-MoS>), formulating a FRET-based nanoprobe (TPET-
DNA@Dex-MoS») to detect intracellular miR-125b with a high signal fold-change post-
detection (Figure 3.1A). The cationic Dex possesses a positively charged
tetramethylammonium group (TMA), thereby introducing net charges to MoS: nanosheets and
reinforcing their physiological stability and biocompatibility for cellular uptake. Thus, we
hypothesize that miR-125b can hybridize with TEPT-DNA to form a DNA/RNA duplex,
causing the pre-absorbed TPET-DNA to detach from TPET-DNA@Dex-MoS: that
simultaneously initiates "dual on" processes: (1) recovery of TPET-DNA signal and (2) RIR-
induced strong fluorescent emission (Figure 3.1B). This one-step sensation mechanism triggers
a dual fluorescence enhancement and potentially maximizes the miRNA sensitivity without
amplification steps. This feature makes our biosensing platform unique from other existing
FRET-based nanoprobes that often rely on single-stage fluorescent recovery 7 3% 148 1491 T
our findings, the nanocomposite biosensor showed a rapid (< 1h) and sensitive biosensing
performance (<100 pM) toward miR-125b in buffer or PC12 cells and brain tissues of mice

with AD model induced by local administration of okadaic acid (OA). Moreover, our
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nanoprobes showed that miR-125b was spatially associated with p-tau in vitro and in vivo.
Knocking down miR-125b significantly reduced p-tau expressions in cells with the AD model.
Together, our study not only demonstrates the feasibility of leveraging the techniques of FRET
and AlEgen as promising nanoplatform for in sifu and real-time monitoring of the AD-related

biomarker but also provides a mechanistic insight into the early prognosis of AD.

A \.) NH,’NV\,\- Dual “turn-on” Fluorescence — FRET _
Probe DNA Weak emissi High emissit
J I —

TPET TPET-DNA

A\ WAVAVAV

Figure 3.1 (A) Schematic illustrations of the design and fabrication of TPET-DNA@Dex-MoS»
nanoprobe. (B) Schematic diagram of TPET-DNA@Dex-MoS» nanoprobe for in vitro and in
vivo real-time monitoring of miR-125b overexpression in neurons brain tissues of mice with
AD model based on a dual fluorescence recovery mechanism.

3.2 Methodology

3.2.1 Synthesis of TPET molecules and TPET-DNA

The AlEgen, 2-(3-cyano-4-((E)-4-((E)-2-(4-formylphenyl)-1,2-diphenylvinyl)styryl)-
5,5-dimethylfuran-2(5H)-ylidene)malononitrile (TPET) was synthesized according to a
previously published method (4], Briefly, TPE-CHO (776 mg, 2.0 mmol), TCF (199 mg, 1
mmol), and NaOH (4.2 mg) were added to a 100 mL round-bottomed flask. The flask was
evacuated and backfilled with nitrogen three times. Then, 25 mL ethanol was injected into the
flask, and the reaction mixture was stirred and refluxed overnight. After the reaction, the
mixture was extracted with dichloromethane (DCM). After filtration, the solvent was
evaporated to give a crude residue which was then purified by silica gel column
chromatography (hexane/DCM as the eluent) to yield TPET molecules (154 mg, 27.06%). 'H
NMR (400 MHz, DMSO): 6 10.01 —9.81 (m, 1H), 7.94 — 7.59 (m, 7H), 7.33 — 6.91 (m, 11H),
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5.87 —5.66 (m, 1H), 5.49 — 5.31 (m, 1H), 1.87 — 1.57 (m, 6H). '3C NMR (400 MHz, DMSO).
BBCNMR (400 MHz, DMSO): § 196.74, 192.50, 168.23, 146.90, 146.64, 142.13, 141.44, 141.05,
134.32, 132.84, 131.47, 130.77, 130.35, 129.02, 128.22, 127.34, 124.97, 115.35, 112.65,
111.82, 110.82, 99.34, 54.40, 45.65, 25.04.

Then, TPET-DNA was synthesized by covalent coupling of the aldehyde group of TPET
molecules to the amino group at the 5’ end of the DNA sequence !'*%.. Briefly, TPET in
tetrahydrofuran (THF) (150 uM, 1mL) was mixed with amine-functionalized oligonucleotides
(probing DNA: 5'-NH-TCACAAGTTAGGGTCTCAGGGA-3’, 100 uM, 1mL) in sodium
borate buffer (pH 8.5). Then, the mixture was left to stir overnight at room temperature. After
that, sodium borohydride dissolved in H>O (100 uM, 0.2 mL) was added to the mixture and
stirred for 2 h. In the next step, the product was purified by dialysis against deionized water in
a cellulose dialysis membrane (MWCO 1kDa), followed by lyophilization to obtain TPET-
DNA.

3.2.2 Synthesis of Dex-TMA

The dextran derivative with trimethylammonium groups (Dex-TMA) was synthesized
according to the previous study !°!. First, dextran (MW=20000, 5 g) was dissolved in 25 mL
of water in an ice bath, and then NaOH solution (2 M, 25 mL) was added to it. Then, a 436 pL.
portion of glycidyl trimethylammonium chloride was added to the reaction mixture. The
temperature increased to 40 °C to start the reaction. After allowing the reaction to proceed for
another 12 hours, it was quenched by cooling it down immediately in an ice bath. Afterward,
250 mL of methanol was slowly added to the reaction mixture at 25 °C to precipitate the product.
Thereafter, the product was dissolved in 5 mL of water and placed on a cellulose dialysis
membrane (MWCO 3500Da) for dialysis purification. After 24 hours, the Dex-TMA solution

was frozen and then lyophilized.

3.2.3 Preparation of TPET-DNA@Dex-MoS:
First, for the synthesis of Dex-MoS,, 2 mg of Dex-TMA was dissolved in H>O (5 mL) and

then mixed with MoS; dispersion (2 mg/mL, 5 mL). Then, the mixture was sonicated using a
probe tip sonicator pulsing at 12W with 2 sec-on and 2 sec-off for 2 h in an ice bath. Afterward,
the solution was centrifuged at 3000 rpm for 1 h to collect the supernatant. Prior to the
fabrication of TPET-DNA@Dex-MoS,, Dex-MoS; dispersion was strongly sonicated in an ice
bath for 1 h, and TPET-DNA was dissolved in DMSO/H>O (v/v, 1/199) as a stock solution.
Then, to evaluate the quenching efficiency of Dex-MoS: nanosheets, TPET-DNA (10 uM, 100
uL) was mixed with TMA-MoS: dispersion (100, 150, 200, 250, 300 pg/mL, 100 pL) in

DNase/Rnase-free water for over 30 min. Then, the fluorescence intensity was determined with
64



excitation at 480 nm, and emission scanned from 500 nm to 750 nm. The quenching efficiency
(Qe) of Dex-MoS; was calculated according to the formula Qc (%) = (Fo— Fy) / Fo, where Fois
the fluorescence signal of TPET-DNA and Fy represents the fluorescence intensity of TPET-
DNA after quenched by Dex-MoS,. In all the following detection experiments, TPET-
DNA@Dex-MoS, was prepared by incubating TPET-DNA with Dex-MoS; dispersion
to a final concentration of 5 uM and 125 pg/mL, respectively. After incubation for 1 h at room
temperature, the TPET-DNA@Dex-MoS; was immediately utilized in the detection assay.
3.2.4 Detection of miR-125b in vitro

TPET-DNA@Dex-MoS: (5 uM) was added into Tris-EDTA buffer containing target miR-
125b at a series of concentrations (0~10 nM). Then, the mixture was incubated at 37 °C for 1 h
before fluorescence measurement. The limit of detection (LOD) of TPET-DNA@Dex-MoS»
nanoprobes was calculated by the equation: LOD = 3o/k (where o is the population standard
deviation of the blank sample, n = 10, and k is the slope of the calibration curve). In addition,
the fitting of a linear relationship between relatively recovered fluorescence signal (F:— Fg)/Fq
(Fq: fluorescence intensity of probes, Fi: fluorescence intensity probe-cDNA complex) and
logarithmic concentration of cDNA was analyzed by using Origin 9.0 software. The consequent
correlation coefficient (R?) was employed to describe the linearity.The specificity of TPET-
DNA@Dex-MoS; nanoprobe was evaluated by incubating the probes with non-specific
sequences, including one base mismatched (b1-Mis), scrambled sequences of miR-125b, and
non-specific microRNA (miR-9 and miR-29a) at the same condition as controls. Three
independent experiments were performed for each measurement.

3.2.5 Cell culture and cytotoxicity of TPET-DNA@Dex-MoS:

The neuron-like rat pheochromocytoma cell lines (PC12 cells) were used to assess the
biocompatibility of TPET-DNA@Dex-MoS,. First, PC12 cells were differentiated in Opti-
MEM containing 1% FBS, 2% B27 supplement, and nerve growth factor (100 ng/ml) for 7 days
(1321~ Afterward, differentiated PC12 cells were seeded in a 96-well plate at the density of
1x10%well for 24 h and then treated with TPET-DNA@Dex-MoS> nanoprobe at various
concentrations (2, 5, 10, 20, 50, 100, 200 uM). Then, cell viability was measured using an MTT
assay after incubation with nanoprobes for 24 h.

3.2.6 Intracellular overexpression of miR-125b

The differentiated PC12 cells were treated with OA at different concentrations (10, 25, 50
nM) for 12 h to induce miR-125b upregulation and tau hyperphosphorylation [1°% 1541,
Meanwhile, the transfection of miR-125b mimics and inhibitors into cells was constructed

through electroporation. Briefly, 5x10° cells were collected and resuspended in 0.4 mL opti-
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MEM buffer containing miR-125b mimics or inhibitors (20 nM) and then incubated on ice for
15 min before being moved to an electroporation cuvette. Next, electroporation was carried out
on Gene Pulser Xcell System with voltage at 250 V and capacitance at 960 pF 151 After
electroporated, the cells were further cultured for 72 h. Then, the intracellular miR-125b level
was quantified by RT-PCR via a real-time microRNA gqPCR kit based on SYBR green method.
First, the total RNA was extracted from cells. Afterward, template cDNA was mixed with
SYBR green dyes and specific primers for miR-125b, followed by amplification on CFX96 RT-
PCR equipment. The sequence information for primers is listed in Table 6. The relative

2*AACt

expression level of miR-125b was calculated using the method, with U6 as an internal

reference gene.

3.2.7 Intracellular detection of miR-125b

First, the differentiated PC12 cells were treated by OA for 12 h or transfected with miR-
125b mimics to induce miR-125b upregulation. Then, the cells were incubated with TPET-
DNA@Dex-MoS; (25 uM) for 6 h before being viewed and imaged under a confocal
microscope (Aex=488 nm, Aem=550~700 nm). Then, a flow cytometer was applied to quantify
the intracellular fluorescence intensity of TPET-DNA@Dex-MoS; with PerCP filter (Aex =488
nm, Aem = 595 + 40 nm). The average fluorescence intensity of the flow cytometric results was
analyzed via FlowJo 10.8 software.
3.2.8 Stereotaxic surgery and establishment of the AD mouse model

The experiments were carried out with male wild-type C57BL/6 mice (25-30g, 8-12
weeks). All the animals were procured from the Centralized Animal Facilities at Hong Kong
Polytechnic University. All the animal experiments were carried out in compliance with ethical
approval from the Institutional Animal Ethics Committee. In this work, mice were divided into
4 groups of 4 mice each: C1 (saline + TPET-DNA@Dex-MoS>), C2 (OA + saline), C3 (OA +
TPET-scrDNA@Dex-MoS»), and T (OA + TPET-DNA@Dex-MoS,). Before any surgical
procedure, mice were anesthetized with ketamine (100 mg/kg) and xylazine (5 mg/kg). The
head of each mouse was shaved, followed by being held in a stereotaxis instrument. OA (100
ng in 2 plL saline) was then injected unilaterally to the lateral ventricle (coordinates:
anterior/posterior -1.94 mm, medial/lateral -2.75mm, dorsal/ventral -2.90 mm) with an infusion
rate of 100 nL/min %%, The syringe remained for ~10 min after the injection to minimize

backflow. The scalp wound was then sutured, and the mice were left to recover.
3.2.9 Animal imaging in vivo
After 5 days of OA injection, TPET-DNA@Dex-MoS; nanoprobe (50 uM in PBS, 2 uL)

or scrambled probes (TPET-sctDNA@TMA-MoSz, 50 uM in PBS, 2uL) or saline (2 pL) was
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stereotaxically administrated into the lateral ventricle (coordinates: anterior/posterior -1.94 mm,
medial/lateral -2.75mm, dorsal/ventral -2.90 mm). After injection, the fluorescent signals were
examined by in vivo image system (IVIS) at different time intervals (0, 0.5, 1, 2, 4, 6, 12, 24 h)
and subjected to analysis using Living Image software. The excitation and emission filter
settings in the IVIS camera were 480 nm and 620 nm, respectively.
3.2.10 Histological tissue preparation and immunocytochemistry

After imaging in vivo, mice were anesthetized before transcranial perfusion with 50 ml
PBS and 4 % paraformaldehyde (PFA). Brains were removed from the skull and post-fixed in
PFA at 4 °C for 2 days. Next, brains were dissected into 20-um thick coronal slices using a
vibratome, and then the brain slices were immunohistochemistry-stained with the anti-p-tau
antibody. Brain sections were incubated with anti-p-tau primary antibody (1:400) at 4 °C
overnight and then incubated with Alex Flour 488-conjugated secondary antibody (1:1000) at
37 °C for 2 h, followed by staining with DAPI (1:1000) to label cell nuclei. Finally, brain
sections were mounted on slides and cover-slipped before being imaged on the confocal
microscope (DAPI: Aex/Aem = 405 nm/420—450 nm; Alex Flour 488: Aex/Aem = 488 nm/500—
525 nm; TPET-DNA@Dex-MoS,: Aex/Aem = 488 nm/575-700 nm). The intensity of
fluorescent signals in the brain sections was analyzed by ImagelJ software. The analysis of line
profile intensity was obtained via Leica LAS X software.
3.2.11 Statistical analysis

Results are shown as the mean with error bars representing standard deviation. Graphpad
Prism 9.0 software was used to perform statistical tests and plot results. Statistical analyses
were conducted by one-way ANOVA test followed by appropriate post-hoc analyses for

multiple comparisons. A value of probability p < 0.05 was considered statistically significant.

3.3 Results and Discussion

3.3.1 Synthesis and characterization of TPET-DNA@Dex-MoS:
3.3.1.1 Synthesis and characterization of TPET-DNA

We first synthesized the TPET according to a previous study (146 (Figure 3.2A). Matrix-
assisted laser desorption/ionization coupled to time-of-flight (MALDI-TOF) mass spectrometry
confirmed its molecular weight (MW) as 569.188 (Figure 3.2B). The chemical structure of
TPET was characterized by '"H NMR and '*C NMR spectroscopic techniques (Figure 3.2C and
D). To investigate whether the obtained TPET possessed the inherent AIE properties of the TPE
moiety, we measured the emission spectra of TPET in solvent mixtures with different fractions

of THF and H>O (Figure 3.3). Due to their limited solubility in water, the fluorescence emission
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of TPET was gradually enhanced with the increased water fraction (Figure 3.3), indicating their
AIE effect [146: 1571 Additionally, the excitation/emission (ex/em) peaks of TPET were 480/668
nm, which showed a huge stoke shift (~200 nm) that not only suppressed the overlap ex/em
spectrum but also reduced interference from autofluorescence of brain tissues, which was
substantial at emission wavelength below 600 nm *81. Hence, we have established a high signal-

to-noise red-emissive AIEgen that can be further modified to detect miRNA.
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Figure 3.2 The synthesis and characterization of TPET. (A) Synthetic route to TPET compound.
(B) MALDI-TOF mass spectrum of TPET in methanol with HCCA as the matrix. (C) 'H NMR
spectrum and (D) 1*C NMR spectrum of TPET compound in DMSO-D6. The molecular weight
of (E) probing DNA and (F) TPET-DNA was determined by ESI-MS-TOF spectrometry.
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Figure 3.3 The AIE effect of TPET molecules. (A) Fluorescence spectra of TPET in the
THF/water mixtures with different water fractions. Aex=480 nm. (B) The plot of fluorescence

68



intensity versus the compositions of aqueous mixtures. The inset photographs were images of
TPET under a UV lamp.

We next conjugated TPET with an ssDNA complementary to the sequence of miR-125b
(TPET-DNA) via the reaction between the aldehyde moiety of TPET and -NH> group of the
ssDNA. The successful fabrication of TPET-DNA was confirmed by ESI-TOF mass
spectrometry that showed an increase of MW from 6978.2 (TPET) to 7529.3 (TPET-DNA,
Figure 3.2 E and F). Also, only TPET-DNA showed an absorption peak at 260 nm besides the
two original peaks at 358 nm and 480 nm for the TPET moiety in DMSO/H20 (v/v, 1/199),
indicating the presence of oligonucleotides in TPET-DNA (Figure 3.4A). Although introducing
ssDNA to TPET caused a blueshift of its emission peak from 668 nm to 618 nm, TPET-DNA
remains a large stokes shift (~138 nm) that is highly beneficial for living tissue bioimaging
(Figure 3.4B). Moreover, the fluorescence intensity of TPET-DNA was only 9.33% that the
TPET molecules in DMSO/H>O (v/v, 1/199), which was attributed to the enhanced
hydrophilicity of TPET-DNA that reduced AIE effect in water (Figure 3.4B and C). Before
coupling TPET-DNA to Dex-MoS,, we examine whether TPET-DNA can be "turned on" by
specifically interacting with miR-125b. As expected, the peak fluorescent signals of TPET-
DNA exhibited a linear increase along with increased miR-125b concentrations with a
calculated limit of detection (LOD) at 416.42 pM (Figure 3.5A-C). On the other hand, TPET
conjugated with scrambled ssDNA or TPET-DNA incubating with a scrambled sequence of
miR-125b and non-specific sequences (miR-9 and miR-29a) did not show any incremental
fluorescent signal, proving that TPET-DNA was highly specific to probe miR-125b (Figure
3.5D-E).
3.3.1.2 Synthesis and characterization of Dex-TMA

To maximize the sensitivity of TPET-DNA, we aim to suppress the intrinsic fluorescence
of TPET-DNA, possibly from a basal level of RIR caused by the conjugated DNA to the TPE

core [123, 124

1. Hence, we adopted polymeric MoS> nanosheets as an effective fluorescence
quencher because of the as-mentioned advantages in the introduction section. To optimize the
stability and biocompatibility of the nanoplatform in biological media, we modulated the
interface of MoS; nanosheets with a hydrophilic polymer dextran derivative bearing
trimethylammonium groups (Dex-TMA), resulting in Dex-TMA/MoS> hybrids (Dex-MoS»).
Dex-TMA was fabricated via simple ring-opening reactions of Dex referred to a previous
method (Figure 3.6A) !5, The FTIR spectrum of Dex-TMA displayed a characteristic peak at

1595 cm™! corresponding to the C—N bond but not in the intact Dex, demonstrating the

successful synthesis of Dex-TMA (Figure 3.6B). The hydrodynamic size of Dex-MoS; was
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~167 nm, smaller than that of MoS,, due to the coating method of single-pulse sonication
(Figure 3.4D). The addition of cationic TMA groups converted the surface charge of MoS;
nanosheets from strongly negative ({ = —28.7 mV) to slightly positive ({ = +5.6 mV) (Figure
3.6C), which facilitated the affinity between MoS> and Dex U3, This net charge can also
potentially enhance the loading efficiency of TPET-DNA via electrostatic interactions apart
from the single van der Waals force between MoS> and ssDNA 3!, Besides, Dex-MoS>
nanosheets were well-dispersed in water, PBS buffer, and cell culture medium with no apparent
aggregation at 48 h post-incubation, and the average size of Dex-MoS, was measured within
150~170 nm while MoS» was in the micrometer range due to agglomeration, indicating high
stability of Dex-MoS» nanosheets in various conditions (Figure 3.6D and E). So far, we have
improved the performance of MoS> nanosheets with excellent stability, facilitating the
establishment of FRET-based biosensors based on TPET-DNA and polymeric MoS.
FRET-based biosensors require an acceptor motif with a high quenching efficiency (Q.).
To optimize the optimum Q. of Dex-MoS: nanosheets in our sensing platform, we coupled
TPET-DNA with Dex-MoS, of varying concentrations ranging from 0 to 150 pg/mL.
Significantly, the fluorescence intensity of TPET-DNA decreased along with increased TMA-
MoS: concentrations (Figure 3.7A-B). The Q. reached a maximum of 96.72% for 150 pg/mL
of TMA-MoS: (Figure 3.7C). To avoid over-quenching and achieve optimal sensing
performance, we selected 125 ng/mL of Dex-MoS; with a Q. of 90.81% for fabricating TPET-
DNA@Dex-MoS:> nanoprobe in the following detection assay. Remarkably, the fluorescence
intensity of TPET-DNA@Dex-MoS:; was only ~9.19% and ~0.85% of those in TPET-DNA
and TPET, respectively. These results demonstrate that Dex-MoS: nanosheets play a critical
role in quenching the basal fluorescent signal of the TPET-DNA biosensor that can decrease

the background signal for the enhanced LOD 58],
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Figure 3.4 The fabrication and characterization of TPE-DNA@@Dex-MoS,. (A) UV-vis
absorbance of TPET, TPET-DNA, and TPET-DNA@Dex-MoS, in H>O. (B)
Photoluminescence spectra of TPET, TPET-DNA, and TPET-DNA@Dex-MoS; in H>O. Aex =
480 nm. (C) The fluorescence intensity percentage of TPET-DNA and TPET-DNA@Dex-
MoS; normalized to the fluorescence intensity of TPET (Fy). (D) Size distribution, (E) Zeta
potential, (F) SEM images, (G) AFM images of MoS,, Dex-MoS», and TPET-DNA@Dex-
MoS:. (H) Histograms of height calculated from AFM images.
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Figure 3.5 The detection performance of TPET-DNA. (A) Photoluminescence spectra and (B)
peak fluorescence intensity of TPET-DNA before and after incubating with miR-125b at a
series of concentrations. (C) Fitting logarithmic curve of the relative fluorescence intensity of
TPET-DNA against the increasing concentration of miR-125b. Fg: fluorescence intensity of
TPET-DNA, F:: fluorescence intensity of TPET-DNA after incubation with miR-125b. (D)
Photoluminescence spectra of TPET-scrDNA after incubation with miR-125b at a
concentration of 10 nM. (E) Photoluminescence spectra and (F) peak fluorescence intensity of
TPET-DNA after incubation with miR-125b, scrambled miR-125b, miR-9, and miR-29a at a
concentration of 10 nM.

3.3.1.3 Fabrication of TPET-DNA@Dex-MoS:

After optimizing the coupling ratio, the nanocomplex (TPET-DNA@Dex-MoS,) was
successfully fabricated, accompanied by slightly increased hydrodynamic size (~ 14 nm larger
than Dex-MoS>) and becoming negative charged ((= —18.6 mV) due to the presence of TPET-
DNA (Figure 3.4D and E). Furthermore, TPET-DNA@Dex-MoS, showed a rougher surface
texture and thicker dimension (thickness= ~6.8 nm) than those of MoS; (thickness= ~3.1 nm)
or Dex-MoS; (thickness= ~4.8 nm) (Figure 3.4F-H). Excellent stability and biocompatibility
are the prerequisites for intracellular and in vivo biosensing applications. TPET-DNA@Dex-
MoS: did not exhibit a strong fluorescent fluctuation in PBS buffer at various pH values (6.5,
7.0, 7.5, 8.0) and different types of media (Tris-EDTA buffer, borate buffered saline, bovine
serum albumin solution, and cell culture medium) over 24 h, suggesting its excellent stability
at the steady state, which is ideal for sensing targets at the physiological environment (Figure

3.8A and B). In short, we have successfully constructed TPET-DNA@Dex-MoS: nanocomplex
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with excellent biocompatibility and stability for intracellular and in vivo miR-125b sensing

applications.
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Figure 3.7 The quenching efficiency of Dex-MoS,. (A) Photoluminescence spectra and (B)
peak fluorescence intensity of TPET-DNA after quenched by Dex-MoS; at a series of
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concentrations. (C) The plot of quenching efficiency (Q. %) versus different concentrations of
TMA-MoS: nanosheets. Fo: fluorescence intensity of TPET. Fj: fluorescence intensity of TPET
after adding Dex-MoS: to form TPET-DNA@Dex-MoS,. Aex/Aem = 480/618 nm.
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Figure 3.8 The stability of TPET-DNA@Dex-MoS> nanoprobe. The fluorescence intensity
changes of TPET-DNA@Dex-MoS; nanoprobe dissolved in (A) PBS buffer with different pH
values or (B) different media (TE buffer, borate buffered saline (BBS), BSA, and cell medium)
for 24 h and then incubated with miR-125b for an additional 2 h. Aex/Aem = 480/618 nm.

3.3.2 In vitro detection of miR-125b

We assessed the detection ability of the established platform against varying concentrations
of the synthetic miR-125b ex vivo. First, we optimized that the nanoprobes reached a maximal
fluorescent intensity when the incubation time with miR-125b > 1 h to ensure an entire DNA-
RNA hybridization process. Next, we observed that the nanoprobes at a fixed concentration
showed increased fluorescent intensity with increased miR-125b concentrations, consistent
with the biosensing assay results of that by TPET-DNA and also the hypothesis of signal
enhancement/recovery by detaching from TPET-DNA from Dex-MoS; nanosheets. The peak
fluorescent signals at 618 nm showed an excellent linear relationship with the logarithmic
concentrations of miR-125b (R?= 0.994) with a LOD calculated at 20.82 pM (Figure 3.9A-D),
which was ~20 times more sensitive than that achieved by TPET-DNA. Our platform entails
the mechanism of "dual on" for enhanced LOD that is highly conducive to detecting miRNA
detection, especially at the early stage of AD with moderate miR-125b expression 138 1531,

We next evaluated the selectivity of our nanoprobes against one-base mismatched (bi-Mis)
and scrambled miR-125b sequences, as well as two other non-specific miRNAs, miR-9 and
miR-29a, both of which are aberrantly expressed in AD pathology [°*). We observed that the
fluorescence of TPET-DNA@Dex-MoS: nanoprobe did not significantly change in the
presence of scrambled miR-125b, miR-9, and miR-29a, suggesting that non-specific nucleic
acids in the background did not influence the fluorescent signal of the sensing system (Figure
3.9E and F). Additionally, the agarose gel electrophoresis analysis revealed that incubating the
nanoprobes with miR-125b formed a new band (~20 bp) with a higher base pair number than
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the band of miR-125b alone (~10 bp) (Figure 3.9G). In comparison, no such band was observed
when loading the probes with the scrambled sequence, confirming minimal interactions
between TPET-DNA@Dex-MoS; and non-specific nucleic acids (Figure 3.9G). In contrast, the
bi-Mis group resulted in signals with ~2.3-fold lower than that of the intact miR-125b group,
suggesting that our nanoprobes could distinguish the signal by an incomplete matching
sequence of the target (Figure 3.9E and F). Altogether, these results verified that the TPET-
DNA@Dex-MoS: is a highly sensitive and selective tool for miR-125b detection with minimal

interference by non-specific miRNA species.
3.3.3 Intracellular detection of miR-125b
The AD model with miR-125b overexpression can be established through OA

administration or direct transfection of miR-125b mimics into cells. We examined the
biosensing performance of our nanoplatform to probe miR-125b in PC12 cells with or without
the AD model. We first treated PC12 cells with nerve growth factor (NGF) to induce their
differentiation into neuron-like cells, which exhibited spindle-shaped cell morphology like
neuronal cells (Figure 3.10). Next, we stimulated the differentiated PC12 cells by adding
okadaic acid (OA) that wupregulated endogenous miR-125b expression and tau
hyperphosphorylation as a preliminary cell model of AD under tau pathology !331. On the other
hand, the cells were transfected with miR-125b mimics as a positive control, and OA pretreated
cells were transfected with miR-125b inhibitor as a negative control to study the intracellular
detection performance of TPET-DNA@Dex-MoS, nanoprobe (Figure 3.11A). Before
employing the probes for the detection, we confirmed the intracellular level of miR-125b by
RT-PCR. The relative expression was ~1.6-fold higher in cells treated with 50 nM OA and
~2.3-fold higher in mimic-transfected cells than that in the normal PC12 cells (Fig. 3B). In OA-
treated cells, miR-125b inhibitor transfection downregulated the expression of miR-125b
almost to the level of normal cells (Figure 3.11B). These results justify that miR-125b
expression is regulated by the intrinsic AD pathology induced by OA.
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Figure 3.9 Detection of miR-125b in vitro. (A) Schematic illustrations of the working
mechanism (dual fluorescence enhancement) of TPET-DNA@Dex-MoS> nanoprobe. (B)
Photoluminescence spectra and (C) peak fluorescence intensity of TPET-DNA@Dex-MoS:
after incubation with increasing miR-125b ranging from 0 to 10 nM. (D) Fitting logarithmic
curve of TPET-DNA@Dex-MoS: nanoprobe against the different concentrations of miR-125b.
Fq: fluorescence intensity of TPET-DNA@Dex-MoS: without adding target sequence, Fi:
fluorescence intensity of probes after incubation with miR-125b. (E) Photoluminescence
spectra and (F) peak fluorescence intensity of TPET-DNA@Dex-MoS: after incubation with
miR-125b, scrambled miR-125b, one base mismatched miR-125b (bi-Mis), miR-9 and miR-
29a at a concentration of 10 nM. (G) Agarose gel electrophoresis of TPET-DNA@Dex-MoS»
nanoprobe before and after incubation with target miR-125b and scrambled miR-125b.

In the following cellular experiments, we chose TPET-DNA@Dex-MoS, at 25 uM to
investigate its sensing behavior. After cellular uptake of the nanoprobes, both OA-treated cells
and mimic-transfected cells showed intense cytosolic red fluorescent signals (Figure 3.11C and
D). Furthermore, especially larger cytosolic punctate with a stronger signal was visualized in
the cells treated with increased OA dosages, which was also validated by flow cytometric

analysis (Figure 3.11E and F). These results indicated the successful detection of various levels
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of endogenous miR-125b in living cells by TPET-DNA@Dex-MoS,. Noticeably, although cells
treated with OA of low-dose (10 nM) only increased their miR-125b level by 0.4-fold, the
cytoplasmic fluorescence of the cells uptaking TPET-DNA@Dex-MoS; increased over 3.2-
fold compared to the non-OA treated cells (Figure 3.11B and F). These results show that our
nanoprobes can efficiently respond to low-level miR-125b aberrance, which occurs at the early
stage of AD pathological progress 137 138 1591 Meanwhile, undetectable fluorescence signals
were measured in untreated PC12 cells or miR-125b inhibitor-transfected cells with AD, where
the expression of miR-125b was relatively weak (Figure 3.11D). Furthermore, replacing
probing DNA with scrambled DNA in TPET-DNA@Dex-MoS, (TPET-scrDNA@Dex-MoS>)
also resulted in minimal cellular fluorescence signals (Figure 3.12). Thus, our miR-125b
targeting nanoprobes enable sensitive and rapid detection of intracellular miR-125b with high
selectivity in PC12 cells with AD progression.

Aberrant expression of miR-125b can alter tau phosphorylation to develop AD pathology.
Specifically, we confirmed that p-tau was highly expressed and distributed throughout the
cytoplasm of OA-treated cells and mimic-transfected cells while the transfection of miR-125b
inhibitor significantly downregulated p-tau to a similar level as that in normal cells (Figure
3.11A-D). Besides, we discovered that the immunostaining signal of p-tau in these cells
partially colocalized with the fluorescence of miR-125b labeled by our probes (Figure 3.11D).
The line profile of cytoplasmic p-tau and miR-125b signals indicated a high spatial overlapping
with the Manders' colocalization coefficients (MCC) of 0.875 (Figure 3.11G and H). Altogether,
we demonstrate that TPET-DNA@Dex-MoS: can achieve efficient detection of miR-125b

expression in the in vitro AD model.
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Figure 3.10 The differentiation of PC12 cells. The morphology of differentiated PC12 cells
was recorded from day 1 to day 9. The change in average neurite length of the differentiated
PC12 cells was calculated by Imagel. Scale bar: 100 um.
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Figure 3.11 Intracellular detection of miR-125b. (A) Schematic illustrations of TPET-
DNA@Dex-MoS: nanoprobe for the intracellular monitor of miR-125b. (B) The relative
expression level of miR-125b in differentiated PC12 cells was tested by RT-PCR assays. (C)
Representative confocal images of differentiated PC12 cells pretreated with OA of different
concentrations (10, 25, and 50 nM) followed by incubation with TPET-DNA@Dex-MoS;
nanoprobe (25 uM) for 6 h. (D) Representative immunofluorescence images of differentiated
PC12 cells with different treatments followed by incubation with TPET-DNA@Dex-MoS»
nanoprobe (red fluorescence). (E) Representative histogram plots of flow cytometry to quantify
the intracellular fluorescence intensity of TPET-DNA@Dex-MoS, nanoprobe. (F)
Corresponding mean fluorescence intensity of the flow cytometric analysis in (E). (G) The
fluorescence intensity of p-tau (green) and TPET-DNA@Dex-MoS: (red) along the profile in
the labeled ROI in (D). (H) The Mander’s colocalization coefficients (MCC) were calculated
by Imagel used to quantify the colocalization of p-tau and TPET-DNA@Dex-MoS; in the
cytoplasm.
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TPET-scrDNA@Dex-MoS,

Figure 3.12 Confocal images of differentiated PC12 cells pretreated with OA followed by
incubation with scrambled probes (TPET-scrDNA@Dex-MoS).
3.3.4 In vivo detection of miR-125b in an AD mouse model

We next investigated whether the TPET-DNA@Dex-MoS> nanoprobe was applicable to
early AD diagnosis by monitoring miR-125b upregulation in a rodent AD model. To build this
in vivo model, we stereotaxically injected OA into the lateral ventricle, a site involving

[156] " After five days post-injection, p-tau was abundantly expressed

prominent tau pathology
throughout the brain, including the hippocampus and cortical layers (Figure 3.13A).
Consistently, the expression of miR-125b was 1.8-fold higher in hippocampal and cortical
tissues of mice with AD than those in wild-type mice (Figure 3.13B), thereby confirming the
successful establishment of the in vivo AD model with miR-125b upregulation and tau
hyperphosphorylation. Hence, we chose the time point, 5 days post AD model creation, for the
following biosensing experiments.

We subsequently examined the efficacy of the nanoprobes for in sifu and real-time detection
of miR-125b in mice with AD. Thus, we performed a microinjection of TPET-DNA@Dex-
MoS; into the same site as that with OA administration. We then evaluated the in situ
fluorescent signals from our probes through a cranial window using an in vivo imaging system
(IVIS). Almost all detectable signals were concentrated within the brain compartments (Figure
3.14C and E). In particular, the AD mice group exhibited a robust increase of the fluorescence
intensity 0.5 h post-injection, and the signal reached the maximum at 4 h post-injection,
indicating that the nanoprobes might require ~4 h for a complete diffusion to the reachable brain
tissues with the signal enhancement upon detecting miR-125b (Figure 3.14C and D).
Meanwhile, the fluorescent intensity slowly decreased after this time point (only ~10% drop of
fluorescent signals from 4 to 24 h post-injection, suggesting a gradual clearance of the
nanoprobes by circulation (Figure 3.14C and D) [1®% Although the wild-type mice group
showed a similar trend of fluorescent changes to the AD mice group, its fluorescent intensity
was overall ~1/6 of that in the AD mice group due to a much lower miR-125b level in the brain
(Figure 3.14C and D). Furthermore, sham control (AD mice with saline injection) and AD mice

with scrambled probes (TPET-scrDNA@Dex-MoS») illustrated negligible signals from their
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brains (Figure 3.14E and F). In addition, ex vivo fluorescence images of major organs (brain,
heart, lung, liver, kidney, and spleen) depicted the concentrated fluorescence signals in the brain
area but nearly no detectable signal in our organs after 24 h post-injection, except for the liver
that was responsible for the clearance and degradation of the circulated probes (Figure 3.14G
and H) 1%, These in vivo imaging results confirmed the capability of TPET-DNA@Dex-MoS»
for the effective and selective real-time detection of miR-125b with long retention in the AD
model.

After in vivo bioimaging miR-125b expression in mice with AD, we harvested brain tissues
to further validate the in vivo detection performance of the nanoprobes by histological analysis.
Consistently, the red fluorescent signals of the nanoprobes in the hippocampus and cerebral
cortex tissue slides in AD mice were 5.1-fold and 6.6-fold stronger than those in the wild-type
mice, respectively (Figure 3.15). In contrast, we only observed negligible fluorescence in AD
mice with saline or scrambled probes administration ((Figure 3.15A and B), verifying that the
in vivo fluorescent signals derived from our nanoprobes upon specifically responding to miR-
125b. We further question whether tau hyperphosphorylation may also spatially colocalize with
the miR-125b in the brain with AD as the indirect index of their association. Hence, we
measured the pixel intensities of paired fluorescent channels (green channel: p-tau, red channel:
TPET-DNA@Dex-MoSz) in the enlarged images (Figure 3.15D and F). Strikingly, the
fluorescence punctate of p-tau and TPET-DNA@Dex-MoS> showed highly overlapping
clusters according to the images, and the Manders' colocalization coefficients for the fractional
overlap of p-tau with the signals of our nanoprobes were quantified to be 0.897 and 0.713 in
hippocampus and cortex regions, respectively (Figure 3.15D, F, G, and H). These results are
consistent with the in vitro study, suggesting a strong association between p-tau and miR-125b
for AD progression. To the best of our knowledge, the spatial localization of miR-125b and p-
tau in the in vitro and in vivo AD model has not been previously explored. Additionally, we
evaluated the biosafety of TPET-DNA@Dex-MoS>. The hemolysis assay showed that the
TPET-DNA@Dex-MoSz nanoprobe of four concentrations (25 to 150 uM) did not significantly
cause hemolysis, supporting the satisfactory biocompatibility and biosecurity of our sensing

platform (Figure 3.16).
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from wild-type mice and OA-induced AD mice. Scale bar: 200 pm. (B) RT-PCR to quantify
the relative expression of miR-125b in the hippocampus and cortex area of brains from wild-
type mice and OA-induced AD mice. Significance: *** p-value <0.001.
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Figure 3.14 In vivo monitor miR-125b in the AD mice model. (A) Schematic illustrations of
stereotaxic coordinates of the microinjection site. (B) Timeline in the animal experiments. (C)
In vivo fluorescence images of wild-type mice (top row) and OA-induced AD mice (bottom
row) were captured after being administrated with TPET-DNA@Dex-MoS: nanoprobe at
various time points. (F) The average fluorescence intensity in the brain area in (D). (E) In vivo
fluorescence images of wild-type mice and OA-induced AD mice were captured 4 h after being
administrated with saline, TPET-scrDNA@Dex-MoS,, or TPET-DNA@Dex-MoS: nanoprobe.
(D) The fold change of fluorescence intensity in (C) was calculated by Living Imaging software.
Fo represents the signal intensity of wild-type mice in C1 group. F is the fluorescence of AD
mice with different administrations. (G) Ex vivo fluorescence images of main organs of AD
mice after being injected with TPET-DNA@Dex-MoS; for 24 h. (H) Quantification of
fluorescence intensity in the organs by Living Image software.
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Figure 3.15 Ex vivo histological analysis. (A) hippocampus and (B) cortex regions of the brain
slices from mice with different administrations were stained with p-tau antibody (green) and
DAPI (blue). The white arrows labeled in the enlarged images indicated the sites overlapping
between green and red fluorescence. The regions in the merged images labeled with the white
dotted lines were shown in enlarged views. The average fluorescence intensity of TPET-
DNA@Dex-MoS: nanoprobe in the (C) hippocampal and (E) cortical areas by ImagelJ. The data
indicate the mean fluorescence intensity from four independent experiments. The fluorescence
intensity profile of p-tau (green) and TPET-DNA@Dex-MoS: nanoprobe (red) along the line
in the inset image of (D) hippocampus and (F) cortex was analyzed by Leica LAS X software.
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Figure 3.16 (A) Hemolysis assay of TPET-DNA@Dex-MoS:> nanoprobes. Relative rate of
hemolysis in mice RBCs upon incubation with (a) H>O, (b) saline, and TPET-DNA@Dex-
MoS:; at a concentration of (¢) 25, (d) 50, (e) 100, (f) 150 uM. (B) Relative cell viability of
differentiated PC12 cells after being treated with various concentrations of TPET-DNA@Dex-
MoS; for 24 h.

Name Sequence (5" —3")

probing DNA NH2-TCACAAGTTAGGGTCTCAGGGA
scrambled probing DNA NH2-GACGCTAAGTTACGCGGTTAAG
target miR-125b UCCCUGAGACCCUAACUUGUGA
scrambled miR-125b AUUGCCGCCAUAGUUGCCAACU

One base mismatched miR-125b UCCCUGAGAGCCUAACUUGUGA

miR-9 TCATACAGCTAGATAACCAAAGA
miR-29a TAACCGATTTCAGATGGTGCTA
miR-125b primer TCCCTGAGACCCTAACTTGTGA

U6 primer forward GCTTCGGCAGCACATATACTAAAAT
U6 primer reverse CGCTTC ACG AAT TTG CGT GTC AT

Table 6. The sequence information of DNA and RNA in this study.
3.4 Summary

In this work, we presented a biocompatible and efficient nanoplatform based on the
combination of an AIEgen with a large stokes shift and effective 2D quencher, Dex-MoS,, for
in situ detection of the biomarker of OA-induced AD model, miR-125b in vitro and in vivo. We
unravel the low sensitivity of single TPET-DNA for nucleic acid detection by introducing the
concept of "dual on" fluorescent enhancement. The developed nanoprobes show excellent
stability and selectivity to real-time detect the miR-125b sequence at picomolar levels in a
complex environment of the AD model. In our future study, we aim to optimize this nanosensor
for overcoming brain-blood barriers with a high tissue-penetrating ex/em spectrum for a more
non-invasive diagnosis. Conceptually, we believe that our design provides a novel insight into

the rapid detection of AD progression at the initial stage.
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Chapter 4: Photosynthesis-mimic artificial nanoreactors for NIR-

driven H2 generation for AD treatment

4.1 Introduction

It is well-known that intracellular neurofibrillary tangles caused by hyperphosphorylation
of tau protein are one of the most important pathological hallmarks of AD. Furthermore,
oxidative stress and mitochondrial dysfunction are key factors in AD pathology. Hence,
combinational nanotherapeutics that can scavenge excess ROS and inhibit tau
hyperphosphorylation represent a promising therapeutic strategy for AD.

Since Dole and colleagues reported for the first time that hydrogen gas (H») as a therapeutic
agent could slow down the proliferation of cancer cells in 1975, a large number of studies on
the application of H> for antioxidant, anti-inflammatory, anti-apoptotic, anti-tumor, anti-
atherosclerotic, and systemic immune responses have gradually appeared®” '®!. Hydrogen
therapy has many benefits compared to conventional chemical drugs, including low cost, good
biosafety, no significant side effects, and strong bio-diffusion across biological membranes due
to its tiny size and non-polar nature!'®?l. As of now, the three main methods of administering
hydrogen therapy are inhalation of hydrogen, injection of hydrogen-rich saline, oral
administration of hydrogen-rich water, and hydrogen prodrugs’® '°!l. Among them, hydrogen
prodrugs exert their therapeutic effect by releasing hydrogen in the body, which ensures the
concentration of hydrogen to improve the therapeutic effect. However, most common hydrogen
prodrugs, such as calcium hydride and magnesium, are unstable in the physiological buffer,
making it difficult to regulate the targeted release of hydrogen at the site of the lesion!!®% 164,
Therefore, it is urgent and essential, but still challenging, to achieve in situ continuous
generations of H> to improve the therapeutic outcome. In recent reports, photocatalytic

(115,165, 166] ' Compared with the

hydrogen production is emerging as a new therapeutic strategy
chemical decomposition of hydrogen, the therapeutic approach based on photocatalytic
hydrogen production has some incomparable advantages, such as the high efficiency of in situ
hydrogen yield and the ease of controlling the rate of hydrogen release, which facilitate the
application of hydrogen for the treatment of chronic diseases such as AD.

Inspired by natural photosynthesis, we report herein an artificial nanoreactor that mimics
the structure and light-harvesting function of a natural photosynthetic system for hydrogen
evolution. The photo-responsive nanoreactor, named as (Chla+Ind) NRs, contains platinum

nanoparticles (Pt NPs) as catalysts and ascorbic acid as sacrificial agent protected by robust

cross-linking vesicles (cVs), which comprise two photosensitizers chlorophyll a (Chla) and
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indoline dye (Ind) and is coupled to the surface of upconversion nanoparticles (UCNPs) (Figure
4.1) [115.167.168] Near-infrared (NIR) light has higher tissue penetration and lower phototoxicity
than UV or visible light. In this work, we choose NIR-excited UCNP as a donor fluorophore
and two photosensitizers as acceptor fluorophores for photosynthesizing hydrogen. Upon NIR
laser irradiation (980 nm), the red and green upconversion luminescence was absorbed by Chla
and Ind, respectively. The excited electrons separated from Chla* and Ind* were quickly

transferred to Pt NPs to combine with the proton from ascorbic acid to generate hydrogen.
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Figure 4.1 Schematic diagram illustrating the preparation of (Chla+Ind)NRs and NIR-triggered
in situ release of Hy from (Chla+Ind)NRs to scavenge ROS, alleviate mitochondria damage,
and reduce tau hyperphosphorylation for AD therapy.

4.2 Methodology

4.2.1 Synthesis of UCNPs
To synthesize UCNPs (NaYF4:Er/YD), YCI3-6H>O (1.56 mmol), YbCl3-6H20 (0.4 mmol),
ErCI3-6H>0O (0.04 mmol), oleic acid (15 mL) and 1-octadecene (30 mL) were successively

added to a 100 mL three-necked flask and then kept it at room temperature for 1 h before being
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gradually heated to 120 °C under the protection of the nitrogen. Then, the mixture solution was
kept at 156 °C for ~1 h while stirring. After a uniform translucent yellow solution was observed,
the nitrogen was pumped into the system, and the reactants were gradually cooled to ambient
temperature. After that, NH4F (8 mmol) and NaOH (5 mmol) were prepared in 10 ml of
methanol solution, immediately injected into the reaction solution from the previous step, and
stirred for 2 h at room temperature. Subsequently stirring for 2 h at room temperature, the
mixture was slowly heated to evaporate methanol and then maintained at 290 °C for 1.5 h, then
slowly cooling down to room temperature. The reaction solution was then transferred from the
flask to a centrifuge tube containing 20 ml of ethanol and centrifuged at 8000 rpm/min for 10
min. The product was obtained by collecting and resuspending the precipitate in cyclohexane
for storage.

The UCNPs obtained from the above step with oleic acid capped were dispersed in 5 mL
of cyclohexane and mixed with 5 mL of an aqueous solution. Then, hydrochloric acid solution
(HCl, 0.5 M) was added to the mixture to maintain the pH value at 3 and stirred at room
temperature for 12 h. After the reaction, the water-dispersible fraction was recovered by
centrifugation after precipitation with acetone. Finally, the product was redispersed in acetone,

and oleate-free UCNPs were reacquired by centrifugation and dispersed in H>O.
4.2.2 Preparation of (Chla+Ind) cVs

First, the synthetic routes to the surfactant and crosslinker used to prepare cross-linked
vesicles followed the previous report 18], Then crosslinker 1 (16.0 mg, 0.02 mmol) and lauryl
amine (3.6 mg, 0.02 mmol) were mixed into 50.0 pL of dimethyl sulfoxide (DMSO) at room
temperature. After waiting for 12 h for the counterion to stabilize, photosensitizers Chla (0.004
mmol) and Ind (0.004 mmol) were added, followed by dropwise addition to the aqueous
solution containing ascorbic acid (100 mM) under the vortex at room temperature to form
vesicles. After the addition of excess crosslinker 2 (0.08 mmol) and 2-Hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (PI 2959, 2.24 mg/mL in CH3OH, 20 pL, 0.0002
mmol), cross-linked vesicles were obtained under irradiated in a rayonet photoreactor for 30
min until most alkyne groups were consumed. Meanwhile, the excessive cross-linker agent will
enrich sulthydryl groups on the surface of cross-linked vesicles. The reactants were then
dialyzed against Millipore water using 2 kDa MWCO tubes to obtain (Chla+Ind) cVs. The other
two single photosensitizer-loaded ¢Vs, Chla cVs, and Ind ¢Vs were prepared by the same
method except for added Chla or Ind, respectively

To determine the loading content of ascorbic acid (AA), Chla, and Ind, an aliquot of AA-
containing vesicle solution was dissolved in acetone for UV-Vis spectroscopy measurement.
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The loading content of the vesicles was determined as the following equation: loading content
(%)=(Waa/Waa-loaded vesicles)x100. According to the standard calibration curves, the
loading content of the AA, Chla, and Ind was calculated as ~15.3%, ~3.5%, and ~3.6%,

respectively.

4.2.3 Preparation of (Chla+Ind)cVs@Pt

Chloroplatinic acid (H,PtCl6, 1.6 mg, 0.004 mmol) and sodium borohydride (NaBH4, 3
mg, 0.08 mmol) were added to the above cross-linked vesicle solution, and the Pt NPs generated
by continuous stirred 2 h to obtain stable dispersion of Pt NPs to attach the surface of cross-
linked vesicles. The resulting solution was then dialyzed against Millipore water using 2 kDa
tubes to obtain (Chla+Ind) cVs@Pt as a brownish transparent solution. The prepared
(Chla+Ind) cVs@Pt was characterized by various techniques, including dynamic light
scattering (DLS), transmission electron microscopy (TEM), elemental mappings, confocal laser
scanning microscopy (CLSM), and UV-Vis absorption measurements.
4.2.4 Fabrication of (Chla+Ind) NRs

Briefly, (Chla +Ind) cVs@Pt (10 mg) was mixed with UCNPs (1 mg). Briefly,
(CHI+Ind)cVs@Pt (10 mg) was mixed with UCNPs (1 mg), and then the mixture was stirred
overnight at room temperature to obtain (Chla +Ind) cVs@Pt@UCNPs (named as “(CHI+Ind)
NRs”). The extra UCNPs were then separated by centrifugation at 3000 rpm for 10 min. Finally,
the purified (CHI+Ind)NRs were redispersed in PBS for the following assays.
4.2.5 Stability assay of (Chla+Ind) NRs

The critical micelle concentration (CMC) of surfactants was determined to be 57 uM.
Hence, (Chla +Ind) NRs were diluted to 57 uM to evaluate colloidal stability. Briefly, DLS
measurement was performed to continuously monitor the size of (Chla+Ind) NRs at a
concentration of 57 uM to determine their stability. Furthermore, we also investigated the
stability of(Chla +Ind) NRs by incubating them with 10% FBS. First, FBS (1 mL) was mixed
with (Chla +Ind) NRs (10 mM, 9.0 mL) and incubated at 37°C. Then, DLS was used to record

the size of nanoreactors after 0 h, 12 h, and more than 24 h.
4.2.6 Catalytic activity of (Chla+Ind) NRs

A solution in 10 ml PBS buffer containing H>O> (30 pM) and various concentrations of
(Chla+Ind) NRs was incubated for 20 min at room temperature. Then 5 ml of molybdate
solution (2.5 mM) was added to the mixture, reacting with H>O» to form a substrate-stabilized
complex. The relative activity of catalase was estimated by the absorbance of the complex at

400 nm. The H>O> elimination rate was calculated according to the following formula: H,O»

87



elimination (%)=[(Ao—A)/A0]*x100, where Ao is the absorbance of the [H>Oz+ammonium
molybdate], and A is the absorbance of the [nanoreacters+H>O>+ammonium molybdate]. The

dissolved O2 concentration was detected with a dissolved oxygen meter.

4.2.7 Ultrasound imaging of (Chla+Ind) NRs

The photo-responsive characteristics of Chla NRs, Ind NRs, and (Chla+Ind) NRs solution
in glassware were studied by observing their effectiveness in photosynthesizing H> gas bubbles
in the presence of laser irradiation (980 nm, 1 W/cm?). The Ha gas bubbles were observed by
an ultrasound imaging system with a 5 MHz linear array transducer (Z-one, Zonare, Mountain
View, CA, USA).
4.2.8 Measurement of H; release from (Chla+Ind) NRs

Methylene blue (MB) was used as an indicator to in vitro indirectly detect H> generated
from the Chla NRs, Ind NRs, and (Chla+Ind) NRs. According to Beer's law, the absorbance
peak of MB at 665 nm shows a linear decrease in relation to the amount of hydrogen produced.
First, (Chla+Ind) NRs (final 100 pg/mL) were prepared and added to MB solution (final 10
ng/mL) in the quartz glassware, then start laser irradiation (980 nm, 1 W/cm?). The absorbance
at 665 nm was monitored every few minutes by a UV-Vis spectrophotometer. Then, the
standard curve of MB solutions at a series of concentrations was measured to quantify the
generation of hydrogen based on the decrease of absorbance at 665 nm.
4.2.9 Cytotoxicity and biocompatibility of (Chla+Ind) NRs

The neuron-like rat pheochromocytoma cell lines (PC12) were used to assess the
biocompatibility of Chla NRs, Ind NRs, and (Chla+Ind) NRs. Firstly, PC12 cells were seeded
in 96-well plates at the density of 1x10%*well for 24 h and then incubated with Chla NRs, Ind
NRs, and (Chla+Ind) NRs at various concentrations (10, 20, 50, 100, 200, 500 pg/mL). After
further 24 h culture, cell viability was measured using an MTT assay. For cellular uptake assay,
PC12 cells were seeded in confocal dishes at a density of 1x10° before being incubated with
nanoreactors (Chla NRs, Ind NRs, (Chla+Ind) NRs, 100 pg/mL) for 12 h. Next, the cells were
stained with DAPI to label the cell nuclei, followed by observing under the Leica SP8 confocal
microscope (green UCL: Aex/Aem = 980/540 nm, red UCL: Aex/Aem = 980/660 nm).

4.2.10 Measurement of intracellular ROS levels

PC12 cells were seeded in confocal dishes for 24 h and then treated with OA (100 nM) for
12 h before being incubated with nanoreactors (100 pg/mL) for a further 12 h, followed by 980
nm laser irradiation (0.5W/cm?, 20 min). At the end of the cell culture, the cells were then

incubated with DCFH-DA (5 uM) in Opti-MEM medium at 37 °C for 15 min before being
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observed under the confocal microscope (Aex = 488 nm, Aem= 500-530 nm). The flow
cytometry was also applied to quantify the intracellular fluorescence intensity of DCFH-DA
(Aex/Aem =488/530 nm). All the flow cytometry data were analyzed with FlowJo V10.8
(FlowJo, USA).

4.2.11 Cell apoptosis

PCI12 cells were firstly cultured in 6-well plates overnight and then replaced with a full
medium containing okadaic acid (OA) at a concentration of 100 nM for a further 12 h, followed
by incubation with Chla NRs, Ind NRs, or (Chla+Ind) NRs (100 pg/mL) for 12 h followed by
980 nm laser irradiation (0.5W/cm?, 20 min). Then the treated cells in each group were collected
to stain with Annexin V-FITC and PI to evaluate the early apoptosis rate (Annexin V-FITC'/PI")
and late apoptosis rate (Annexin V-FITC'/PI"). The fluorescence intensity of Annexin V-FITC

and PI was measured by an Accuri C6 flow cytometer.
4.2.12 Western blot

Following completion of the different treatments for each setting, total protein was
extracted by lysing cells with 0.5 ml of RIPA buffer containing 1% protease inhibitor for 30
min on ice. The concentration of proteins in each group was then measured with the BCA assay
kit and adjusted to 4 pg/ul. Then, proteins were heated with SDS-PAGE denaturing buffer at
95°C for 10 min. For the western blotting, the deformed protein was separated on 10% SDS-
PAGE gel and then transferred to a PVDF membrane. The membrane was blocked with 1%
BSA buffer for 1 h at room temperature before incubating with primary antibodies at 4 °C
overnight. The dilution of primary antibodies (e.g., p-tau, Bax, cleaved-Caspase 3, AKT, p-
AKT, GSK38, and p-GSK3p) was 1:1,000, except 1:5,000 of B-actin. Next, the membrane was
incubated with horseradish peroxidase-conjugated secondary antibodies for 2h at room
temperature, then visualized using enhanced chemiluminescence (ECL) reagents.

4.2.13 Animals modeling and stereotaxic injections

All the animal experiments were performed in compliance with ethical approval from the
institutional animal ethics committee of the Hong Kong Polytechnic University. An AD mouse
model was created by administering okadaic acid to wild-type C57BL/6 mice simulating for 2
weeks. Before the surgical procedure, mice were anesthetized by intraperitoneal injection of
ketamine and xylazine and held on a stereotaxis instrument with ear bars. OA (100 ng in 2 pL.
saline) was then microinjected into the hippocampus (coordinates: AP -2.18 mm, ML -2.20 mm,
DV -2.50 mm) with an infusion rate of 150 nL/min !>®!. The scalp wound was then sutured with

surgical silk and intraperitoneally injected with penicillin for 3 days to prevent infection.
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Mice with OA and saline injection were regarded as AD model and sham control groups,
respectively. In this study, all the mice were divided into 8 groups of 4 mice each: sham, OA,
OA+NIR, OA+CVs-Pt-UCNP, OA+(Chla+Ind) NRs, OA+Chla NRs+NIR, OA+Ind NRs+NIR,
OA+(Chla+Ind) NRs+NIR. After 10 days of OA injection, the AD mouse model was
successfully established. The nanoreactors (0.5 mg/mL, 2 uL) were then microinjected into the
intracerebral according to the previous coordinates. After 2 h of injection, the laser irradiation
groups were exposed to 980 nm laser at 0.5 W/cm? for 20 min (3 min-on and 2 min-off), which
would not cause undesirable thermal demage. The laser irradiation was implemented twice each
day. During laser irradiation, the eyes of mice were covered with aluminum foil to avoid
interference from the visible guide light. In addition, the distance between the laser tip and the
mice's scalp was appropriately adjusted to prevent cortical damage caused by excessive heat.

To track the retention in the brain after nanoreactors administration, the nanoreactors were
labeled with IR780 to offer strong fluorescent signals for in vivo imaging. The images were
collected at different time points by in vivo fluorescence imaging system (IVIS® Spectrum III
PerkinElmer) (Aex/Aem =780/810 nm). After in vivo imaging for 3 days, the major organs
(brain, kidney, heart, liver, spleen, and lung) were collected for ex vivo fluorescence imaging.

Imaging data were analyzed with IVIS Living Image 2.0 software (PerkinElmer).
4.2.14 Y maze test

After completing all the treatments, mice were subjected to a Y-maze test. The Y-maze
consists of three identical arms, artificially defined as the starting arm, the novel arm, and
another arm. The Y-maze test was divided into a training phase and a testing phase. During the
training phase, the novel arm was kept closed, and mice were allowed to explore freely in the
starting arm and the other arm. Two days after training, mice participated in a test phase in
which they were allowed to explore freely in all three arms. The spatial memory ability of mice
was assessed by analyzing parameters such as the number of entries into the novel arm, the
duration in the novel arm, and routes in the Y maze.

4.2.15 Histological tissue preparation and immunocytochemistry

The mice were sacrificed for ex vivo experiments. They were perfused with PBS and fixed
in 4% PFA for 2 days. Then, the brain tissues were dissected into 20-pum thick coronal slices
using a vibratome. The brain sections were stained with DCFH-DA to indicate the ROS level
and analyzed by immunohistochemistry using the p-tau-specific antibody. Briefly, brain
sections were incubated with anti-p-tau antibody (Ser396 1:500) at 4 °C overnight, followed by
Alex Flour 635-conjugated secondary antibody (1:500) at 37 °C for 2 h. Finally, after being
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stained with DCFH-DA and DAPI, brain slices were cover-slipped for observation under the

fluorescence microscope. The positive signal in each section was analyzed by ImageJ software.

4.3 Results and Discussion

4.3.1 Fabrication and characterization of (Chla+Ind) NRs
The preparation process of the (Chla+Ind) NRs is illustrated in Figure 4.2A. First, Chla

and Ind were introduced as photosensitizers into the surfactants solution and then dropped into
an aqueous solution containing ascorbic acid (AA) to form vesicles by self-assembly. The
hydrophobic photosensitizer was embedded in the shell layer of the vesicles, while the water-
soluble AA was encapsulated inside the hydrophilic cavity of the vesicles. After adding a thiol-
bearing cross-linker and a micrphotoinitiator (PI 2959), cross-linked vesicles (Chla+Ind) cVs
were obtained by the reaction between alkynyl groups on the vesicles’ surface with the thiol
groups of the cross-linker under UV illumination. Then, the platinum nanoparticles (Pt NPs)
generated by the reduction of chloroplatinic acid were attached to the surface of (Chla+Ind)
cVs to fabricate (Chla+Ind) cVs@Pt depending on the interaction of Pt and O. The DLS
measurement showed (Chla+Ind) cVs@Pt with an average hydrodynamic diameter of ~180 nm,
which was a little larger than the particle size observed by TEM images at ~110 nm (Figure 4.2
B-C). The black nanodots on (Chla+Ind) cVs@Pt in the TEM images were suggested as
protected Pt NPs (Figure 4.2C). For further confirmation, the element mapping analysis of
(Chla+Ind) cVs@Pt indicated the distribution of Pt element throughout the whole vesicles
(Figure 4.2D). In addition, X-ray photoelectron spectroscopy (XPS) spectra revealed that the
Pt 4f7/2 and 4f5/2 doublet with binding energies of 72.1 and 76.2 eV were regarded as
zerovalent Pt (Figure 4.2E).

As a photosynthesis-mimic artificial nanoreacting system, (Chla+Ind) NRs employed NIR-
excited UNCPs as the light source to achieve photocatalytic hydrogen generation. In this study,
to avoid surface quenching effects, we used core-shell structures UCNPs conjugated on the
surface of cVs through strong thiol-metal interactions to construct (Chla+Ind) NRs. The TEM
images demonstrated the successful attachment of UCNPs onto the surface of nanoreactors

(Figure 4.2F-G).
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Figure 4.2 The fabrication and characterization of (Chla+Ind) NRs. (A) Schematic illustration
of fabrication procedures of (Chla+Ind) NRs fabrication. (B) Size distribution of c¢Vs,
(Chla+Ind) ¢Vs, (Chla+Ind) cVs@Pt. (C) TEM images of (Chla+Ind) cVs. (D) TEM elemental
mappings of Pt, O, and S of (Chla+Ind) cVs. (E) High-resolution XPS spectra of Pt 4f in
(Chla+Ind) cVs. (F) TEM images of UCNPs. (G) TEM images of (Chla+Ind) NRs. (H)
Normalized UV-vis absorption spectra of Chl and Ind with upconversion luminescence spectra
of UCNP under NIR excitation. (I) UV-Vis spectra of Chla NRs, Ind NRs, and (Chla+Ind) NRs.
(J) Upconversion luminescence spectra of UCNP, Chla NRs, Ind NRs, and (Chla+Ind) NRs
under NIR excitation.

The UCNPs emitted green and red upconversion fluorescence under 980 nm laser
irradiation, extensively overlapping with the absorption spectrum of Ind and Chla, respectively
(Figure 4.2H). In order to compare the efficiency of light harvesting and conversion, we also
prepared Chla-loaded nanoreactors (Chla NRs) and Ind-loaded nanoreactors (Ind NRs). The
UV-Vis absorbance spectra of Chla NRs, Ind NRs, and (Chla+Ind) NRs were recorded (Figure
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4.21). As expected, the absorption peaks of Chla NRs were located at 660 nm and 410 nm,
absorbing the red fluorescence of UCNPs and Ind NRs exhibited an absorption peak at 540 nm,
corresponding to the green fluorescence of UCNPs. While the dual photosensitizers loaded
nanoreactors (Chla+Ind), NRs had these three absorption peaks, which would support their
higher efficiency of light harvesting (Figure 4.21). The capability of three types of nanoreactors
to capture light was compared by measuring the upconversion luminescence spectrum of the
UCNPs, Chla NRs, Ind NRs, and (Chla+Ind) NRs under excitation with 980 nm laser (Figure
4.2]). The results showed that Chla NRs and Ind NRs exhibited a significantly decreased
fluorescence intensity at 660 nm and 540 nm compared with the emission spectrum of pure
UCNPs, indicating the efficient energy transfer from UCNPs to Chla NRs and Ind NPs.
Remarkably, the fluorescence intensity of (Chla+Ind) NRs was more drastically reduced in red

and green regions, suggesting a simultaneous capture of energy from UCNPs to both Chla and

Ind.
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Figure 4.3 Photocatalytic hydrogen release by (Chla+Ind) NRs. (A) Schematic illustration of
photocatalytic hydrogen release by (Chla+Ind) NRs. (B) Dissolved oxygen-time course curves
of H20». (C) Dependence between the elimination of H>O» and concentrations of (Chla+Ind)
NRs. (D) Absorbance changes of AA in (Chla+Ind) NRs solution after various periods of laser
irradiation. Background interference has been subtracted. (E) Ultrasound images of hydrogen
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bubble generation in the Chla NRs, Ind NRs, and (Chla+Ind) NRs solution following laser
irradiation. (F) Top: The reaction mechanism of MB hydrogenation for detecting hydrogen.
Bottom: UV—visible absorbance spectra of (Chla+Ind) NRs in the MB solution with laser after
10 min. (G) Quantitative analysis of reductive hydrogen release profile of Chla NRs, Ind NRs,
and (Chla+Ind) NRs solution using MB as a hydrogen probe.

4.3.2 Efficiency of photocatalytic hydrogen release by (Chla+Ind) NRs

The reaction process for NIR-triggered photocatalytic hydrogen release by (Chla+Ind) NRs
is illustrated in Figure 4.3A. To confirm the catalytic activity of the vesicle-protected Pt NPs,
we investigated the elimination of H>O, by the nanoreactors by monitoring the dissolved
oxygen in an aqueous solution (Figure 4.3B). The results revealed that the dissolved oxygen
gradually increased after the addition of Chla NRs, Ind NRs, and (Chla+Ind) NRs, indicating
that vesicle-protected Pt NPs could catalyze H>O: to produce oxygen. As shown in Figure 4.3C,
the catalytic activity of Chla NRs, Ind NRs, and (Chla+Ind) NRs for H>O> consumption was in
a dose-dependent manner, and 97% of the H2O> was cleared when the concentration of three
nanoreactors reached at 20 uM, suggesting the excellent catalytic performance of Pt NPs in the
artificial nanoreacting system. Depletion of AA is an essential procedure for photocatalytic H>
production by our nanoreactors (Figure 4.3A). Hence, we monitored the consumption of AA
during photosynthesis by measuring the change in UV-vis absorption spectra of (Chla+Ind)
NRs during NIR laser irradiation. The results exhibited a progressive drop of the absorption
band at 260 nm with longer irradiation time, confirming that AA was depleted in photosynthetic
hydrogen production (Figure 4.3D). In addition, photocatalytic hydrogen bubbles could be
viewed by the ultrasound imaging system (Figure 4.3E). After laser irradiation for 3 min, H»
gas bubbles were observed in the Chla NRs, Ind NRs, and (Chla+Ind) NRs solution, and
(Chla+Ind) NRs produced more gas bubbles (Figure 4.3E). Furthermore, the efficiency of the
three nanoreactors to produce hydrogen was confirmed by a methylene blue (MB) probe. Here,
blue MB can be reduced to colorless MBH> by hydrogen gas in the presence of Pt NPs as
catalysts. Therefore, the absorbance of the MB probe at 665 nm could indirectly indicate the
efficiency of H> generation. As depicted in Figure 4.3F, the addition of Chla NRs, Ind NRs,
and (Chla+Ind) NRs to MB solution resulted in a significant decrease in the absorbance of the
MB probe at 665 nm under NIR laser irradiation. We measured the standard curves according
to different concentrations of MB versus their absorbance at 665 nm and further quantified the
hydrogen release from Chla NRs, Ind NRs, and (Chla+Ind) NRs with different laser irradiation
duration. The results confirmed that the hydrogen release of (CHI+Ind) NPs was higher than
that of Chla NRs and Ind NRs and approached the maximum after being irradiated for 20 min
(Figure 4.3G).
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4.3.3 (Chla+Ind) NRs scavenge intracellular ROS

To verify whether (Chla+Ind) NRs could scavenge the ROS at the cellular level, the rat
neuroendocrine cell line PC12 was selected in this study to establish the AD cell model. We
first examined the cellular uptake behavior of the nanoreactors. The fluorescence images
showed that the green and red upconversion luminescence (UCL) of UCNP in Chla NRs, Ind
NRs, and (Chla+Ind) NRs was strongly distributed in the cytoplasm, which indicates that the
NRs were largely endocytosed into cells after 6 h co-incubation (Figure 4.4A). Efficient cellular
uptake and internalization of the NRs would be favorable for their therapeutic effects. We then
explored the cytotoxicity of Chla NRs, Ind NRs, and (Chla+Ind) NRs. Relative viability higher
than 85% was found in PC12 cells after being treated by our nanoreactors at different
concentrations, indicating that the as-prepared NIR photocatalytic nanoreactors were nearly no
toxic effect on cell activity (Figure 4.4B).

Moreover, we investigated the effect of the (Chla+Ind) NRs on the intracellular ROS levels
and mitochondria functions in the presence of NIR irradiation. First, okadaic acid (OA) was
used to treat PC12 cells for a tauopathy cell model accompanied by hyperphosphorylation of
tau and overproduction of intracellular ROS levels 8. PC12 cells were treated with okadaic
acid (OA) at 100 nM for 12 h to induce the aberrant ROS upregulation!'®”'. Then, continuous
ROS monitoring demonstrated that our nanoreactors under NIR irradiation rapidly caused the
visible fall of intracellular ROS level in a power density- and dosage-dependent way. In contrast,
the absence of NIR irradiation had no discernible effect on ROS level (Figure 4.4C). Notably,
the intracellular ROS level continued to decline even after NIR irradiation was stopped,
showing that the removal of cytotoxic ‘OH by the bioactive H, generated by photocatalytic
nanoreactors lasted a long period of up to 4 h (Figure 4.4C). We also observed that the
intracellular ROS, indicated by the green fluorescence of DCFH-DA, was much lower in the
cells with (Chla+Ind) NRs treatment under NIR irradiation than that with Chla NRs and Ind
NRs under the condition, suggesting that the ROS scavenging capacity of nanoreactors loaded
with dual light absorbers was stronger than single light absorber functioned nanoreactors might
attribute to higher efficiency to utilize both the green and red UCL in the system of (Chla+Ind)
NRs (Figure 4.4D). Consistently, the flow cytometry analysis revealed that almost 20 folds
elevated the intracellular ROS level in OA-pretreated cells. At the same time, the nanoreactors
(Chla NRs, Ind NRs, and (Chla+Ind) NRs) with NIR irradiation reduced the ROS to only 4
times compared to the normal cells (Figure 4.4E-F). These findings support that our
photocatalytic nanoreactors contribute to restoring intracellular redox homeostasis by
scavenging ROS.
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Figure 4.4. (Chla+Ind) NRs scavenge intracellular ROS. (A) The confocal images of PC12
cells after incubation with Chla NRs, Ind NRs, and Chla+Ind NRs. The images of green
upconversion luminescence (UCL) and red UCL were captured under excitation at 980 nm with
an emission peak at 540 nm and 660 nm, respectively. The cell nuclei were stained with DAPI
and imaged with excitation at 405 nm. (B) The relative cell viability of PC12 cells after
incubation with Chla NRs, Ind NRs, and (Chla+Ind) NRs at different concentrations for 12 h.
(C) The change of ROS level measured by DCFH-DA in OA-treated cells after incubation with
(Chla+Ind) NRs at different concentrations with NIR laser irradiation for a different time. (D)
The fluorescence images of DCFH-DA indicate intracellular ROS levels. PC12 cells were
incubated with OA to induce ROS overproduction, followed by treatment with NRs (Chla NRs,
Ind NRs, Chla+Ind NRs, 0.1 mg/mL) with/without 980nm laser irradiation (0.5W/cm? 20 min).
(E) The intracellular fluorescence intensity of DCF-DA was quantified by a flow cytometer.
(F) The fold change of mean intracellular fluorescence intensity of DCF-DA.

4.3.4 (Chla+Ind) NRs alleviate apoptosis and mitochondrial dysfunction
ROS accumulation can stimulate tau hyperphosphorylation and lead to neuronal apoptosis
[170.171] ‘Therefore, clearance of ROS can prevent cell death to rescue tau pathology. Hence, we
evaluated the cell viability of OA-pretreated PC12 cells upon exposure to Chla NRs, Ind NRs,
and (Chla+Ind) NRs with NIR irradiation (Figure 4.5A). The cell viability was merely 51.22%
for the OA-damaged cells, and the vehicular controls (including UCNP, CVs, and CVs-Pt-
UCNP groups) did not improve the survival rate of the cells (Figure 4.5A). In comparison,
significant inhibition of cell death was seen in Chla NRs, Ind NRs, and (Chla+Ind) NRs with
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NIR irradiation, with corresponding cell viability rising to 70.70%, 74.09%, and 82.17% as a
result (Figure 4.5A). Compared with Chla NRs and Ind NRs, (Chla+Ind) NRs exhibited better
therapeutic performance on OA-induced AD model cells due to more H> released from
(Chla+Ind) NRs to clear the cytotoxic ‘OH. Additionally, the cell apoptosis was assessed by
Annexin V-PI staining and further quantified by flow cytometric analysis, which revealed the
capability of our NIR irradiation-catalyzed nanoreactors to prevent OA-induced neuronal
apoptosis (Figure 4.5B and C). Upon stimulation with OA, the apoptosis rate was around
44.76% but dramatically reduced to 14.84% after being treated by (Chla+Ind) NRs in the
presence of NIR irradiation, significantly lower than Chla NRs treatment (23.82%) and Ind
NRs treatment (21.67%) under the same condition (Figure 4.5B and C). All the above results
proved that our nanoreactors are highly effective in rescuing neurons from apoptosis.
Optimizing the nanosystem by encapsulating dual light absorbers, the resultant (Chla+Ind) NRs
showed a better capability to protect the neurons because more H> was released to exert
reinforced therapeutic efficacy.

Such a remarkable recovery of ROS homeostasis caused by the nanoreactors could be
beneficial to repair mitochondrial dysfunction, commonly manifested as mitochondrial
morphology defects and a loss of mitochondrial membrane potential. Thereby, it was observed
that the mitochondrial morphology deteriorated in OA-induced cells. Still, it was restored
almost entirely upon treatment by Chla NRs, Ind NRs, and (Chla+Ind) NRs under NIR
irradiation (Figure 4.5D). On the other hand, mitochondrial damage was initially characterized
by a decrease in membrane potential, which can be assessed by the JC-1 probe that forms green-
fluorescent monomers at low membrane potential while it aggregates and emits red
fluorescence at high potential ['’?, When PC12 cells were damaged by OA to cause intracellular
ROS overproduction, the mitochondrial membrane potential depolarized and thus decreased,
where JC-1 existed as monomers and emitted green fluorescence (Figure 4.5E). However, in
cells under repair by NIR-activated Chla NRs, Ind NRs, and (Chla+Ind) NRs, JC-1 exhibited
more red-fluorescent aggregates, suggesting an increased mitochondrial membrane potential of
these cells (Figure 4.5E). Altogether, our as-developed photocatalytic nanoreactors can
alleviate oxidative damage by scavenging intracellular ROS and thereby repair impaired

mitochondria.
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Figure 4.5 Therapeutic effect of (Chla+Ind) NRs in vitro. (A) Inhibition of OA-induced cell

death of PC12 cells after exposure to 100 nM OA for 12 h and then treated with NRs for another
12 h following NIR irradiation. The comparative cell death inhibition ability of Chla NRs, Ind
NRs, and (Chla+Ind) NRs was measured by an MTT assay at indicated concentrations. (B) The
apoptosis results of PC12 cells after incubation with Chla NRs, Ind NRs, and (Chla+Ind) NRs
with/without 980 nm laser irradiation were measured by flow cytometry. After different
treatments, PC12 cells were stained with Annexin V-FITC/PI. (C) The quantification results of
early and late apoptosis rate in (B). (D) Confocal images of PC12 cells stained with mito-tracker
to display the mitochondrial morphology. (E) Confocal images of PC12 cells after being treated
by Chla NRs, Ind NRs, (Chla+Ind) NRs, exhibiting mitochondrial membrane potential
measured using JC-1 probe. (F) Western for hyperphosphorylated tau at serine 199, 396
epitopes, and threonine 205 epitopes in PC12 cells after different treatments. (G) Semi-

quantification of band intensity in western blot in (F) by ImageJ.
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4.3.5 (Chla+Ind) NRs attenuate hyperphosphorylation of tau

To verify whether the nanoreactors could decrease the tau hyperphosphorylation in OA-
treated PC12 cells, we performed the western blot assay to measure the phosphor-tau (p-tau)
level at multiple sites, including Ser199, Ser396, and Thr205. Among these sites,
phosphorylation of the tau protein at Ser396 is one of the initial signs of AD pathology 7%/,
Hence, eliminating hyperphosphorylated tau will assist with AD treatment. Our results
demonstrated that Chla NRs, Ind NRs, and (Chla+Ind) NRs under NIR laser irradiation can
significantly down-regulate the OA-stimulated tau hyperphosphorylation at the site of Ser199,
Ser396, and Thr205 (Figure 4.5F). Strikingly, (Chla+Ind) NRs showed enhanced inhibition to
Ser199, Ser396, and Thr205 compared with Chla NRs and Ind NRs (Figure 4.5 G). These

findings revealed that our nanoreactors could rescue tau pathology by clearance of

overproduced ROS through NIR laser-triggered H> generation.

4.3.6 (Chla+Ind) NRs Regulate Apoptosis-Relevant Proteins and Activates
Akt/GSK-3p Signaling

We further explored the underlying mechanism of (Chla+Ind) NRs to prevent neurons from
apoptosis and tau hyperphosphorylation. It is known that oxidative stress can induce apoptosis
by activation of pro-apoptotic protein Bcl2-associated X (Bax) and downstream protein

1741 Consequently, the relative level of Bax and Caspase 3 can indicate whether the

caspase-3 [
cells have launched the apoptotic caspase cascade (Figure 4.6A). In this study, the expression
of Bax and Caspase 3 was determined by western blot analysis. The results showed that the
level of Bax and cleaved caspase 3 (c-Caspase 3) was increased in OA-treated cells, consistent
with previous studies (Figure 4.6B) [°®). However, in the presence of NIR laser, (Chla+Ind) NRs
treatment remarkably reduced both Bax and c-caspase 3 levels, demonstrating that our
nanoreactors can block the pro-apoptotic pathway by clearance of ROS (Figure 4.6B-D).

In addition, tau pathogenesis in AD involves two central kinases, protein kinase B (AKT)

1701 In the normal

and its downstream kinase glycogen synthase kinase 3B (GSK3p) [
physiological condition, GSK3B could be inactivated, accompanied by residue Ser9
phosphorylated into p-Ser9 by the upregulation of phosphorylated AKT (p-Ser473) 7! (Figure
4.6A). Our results confirmed that OA treatment down-regulated the expression of both p-Akt
and p-GSK3p, causing the hyperphosphorylation of Tau into p-Tau, suggesting the successful
establishment of the AD cell model under tau pathology (Figure 4.6B-D). Notably, after being
treated by (Chla+Ind) NRs with NIR irradiation, both the expression of p-Akt and p-GSK3p3

were recovered, indicating our nanosystem attenuated tau pathology through activating

Akt/GSK3p signaling pathway (Figure 4.6B-D). Taken together, our nanoreactors protect
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neuronal cells against apoptosis by regulating pro-apoptotic proteins and inhibiting intracellular

tau hyperphosphorylation by activating the Akt/GSK3p signaling pathway.
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Figure 4.6. The therapeutic mechanism of (Chla+Ind) NRs in vitro. (A) The proposed model
illustrates the mechanism underlying the efficiency of (Chla+Ind) NRs in ameliorating ROS
level and tau hyperphosphorylation in AD. (B) Western blot for Bax, cleaved-caspase-3, p-Akt,
Akt, p-GSK3p, and GSK3p in PC12 cells and OA pre-stimulated PC12 cells, followed by the
treatment of different preparations. Quantification results of (C) Bax and caspase-3, (D) p-Akt,
Akt, p-GSK3p, and GSK3. p-Akt, p-GSK3 were normalized to total Akt, GSK3, respectively.

4.3.7 (Chla+Ind) NRs reduce ROS and p-tau in AD Mice

To evaluate the therapeutic efficiency of our nanoreactors in vivo, our nanoreactors (Chla
NRs and Ind NRs, (Chla+Ind) NRs) were microinjected into the unilateral hippocampus two
weeks after the establishment of AD model mice through intracerebral administration of OA to
induce tau pathology '3*. A 980 nm laser was used as the light source and vertically irradiated
the skull of AD mice to trigger the release of Hy in situ.

The capability of the nanoreactors to remain in the brain for a long time after administration
would maximize their therapeutic effect at the lesion site. Therefore, to inspire the nanoreactors
to in situ release Ha, 980 nm laser irradiation with power at 0.5W/cm? was performed on the
skull of mice 2 h post-injection for 20 min cycling with 3 min-on and 2 min-off. The laser
irradiation was conducted twice daily at a 12 h interval for 3 days to optimize ROS scavenging
efficiency. Progressive cognitive deficits and memory loss are considered to be the primary
symptoms of AD. Accordingly, we introduced the spontaneous Y-maze test to explore the
short-time spatial learning and memory in the OA-induced AD model mice after being treated
with the Chla NRs, Ind NRs, and (Chla+Ind) NRs (Figure 4.7A). Compared with the wild-type
mice, there was less path density for AD mice in the novel arm during the test period, indicating

impaired short-term memory and disrupted exploratory activity upon OA exposure. However,
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after being treated by photocatalytic nanoreactors, the mice spent more time in the novel arm,

suggesting a recovery of spatial memory (Figure 4.7B and C).
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Figure 4.7. In vivo evaluation of the therapeutic effect of (Chla+Ind) NRs. (A) Schematic
drawings of the Y maze test and the experimental procedures. The analysis on (B) the entries
to the novel arm and (C) the duration in the novel arm during the test phase during the Y maze
test. (D) Nissl staining assay of the density and activity of neurons in the CA1 and CA3 regions
of mice brains. Quantitative analysis of Nissl positive cells in the (E) CA1 and (F) CA3 regions.

All the mice were sacrificed for histological studies following the behavioral test. First,
Nissl staining was used to stain Nissl bodies in the hippocampus to evaluate the functional state
of neurons after treatment with Chla NRs, Ind NRs, and (Chla+Ind) NRs. The results
demonstrated that compared with the OA-induced AD group, NRs-treated brain slices exhibited
more nissl-positive cells, indicating the neuron density in the hippocampus region was
increased after treatment (Figure 4.7D-F). Moreover, the brain slices were stained with a
DCFH-DA probe to evaluate the level of ROS in the hippocampus, including sub-regions of

the cornu ammonis 1 (CA1), cornu ammonis 3 (CA3), and dentate gyrus (DG), which encode
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spatial memory and tau pathogenesis in AD pathology. Consistent with previous studies, the
green fluorescence intensity of ROS in the hippocampus of OA-induced AD mice was much
stronger than in wild-type mice, and the ROS level was not affected by treatment with CVs-Pt-
UCNP and (Chla+Ind) NRs without NIR (Figure 4.8A and C). While a significant down-
regulation of ROS intensity only occurred in nanoreactors treatment groups (Chla NRs, Ind
NRs, and (Chla+Ind) NRs) in the presence of NIR irradiation, which further demonstrated that
our photocatalytic nanoreactors could scavenge ROS in vivo (Figure 4.8A and C). Remarkably,
(Chla+Ind) NRs exhibited a higher efficacy for in vivo ROS scavenging than Chla NRs and Ind
NRs (Figure 4.8A and C). In addition, we performed the immunofluorescence assay to detect
the expression of phosphate tau (p-tau) in the hippocampal region. As shown in Figure 4.8B,
negligible red fluorescence of p-tau was shown in the wild-type mice group. In contrast, OA
administration induced the expression of p-tau to be increased in the hippocampus (Figure 4.8B).
After AD mice were microinjected with our nanoreactors followed by NIR laser inspiration,
the p-tau in the hippocampus was decreased by ~1.46-, 1.58- and 2.47-fold lower than that in
AD mice treated with CVs-Pt-UCNP and (Chla+Ind) NRs treatment but without NIR laser
(Figure 4.8B and D). These histological analysis results strongly suggest that our nanoreactors
could effectively assist in restoring ROS hemostasis in AD pathology by clearance of ROS and
decreasing the level of p-tau in the hippocampus to fight against tau hyperphosphorylation in
AD.

To evaluate the in vivo biocompatibility of our nanoreactors, hematoxylin/eosin (HE)
staining was carried out on the main organs (heart, liver, spleen, lungs, and kidneys) of mice
administrated with Chla NRs, Ind NRs and (Chla+Ind) NRs) (Figure 4.9A). Compared to the
wild-type mice, no distinct histopathological lesions were observed in the tissues of the mice
injected with nanoreactors under NIR irradiation. Additionally, a hemolysis assay was
performed to investigate whether the nanoreactors influence red blood cell membranes. No
hemolysis phenomenon occurred in the negative control groups and nanoreactors co-incubation
groups. In contrast, the positive control group showed significant hemolysis, indicating the
excellent blood biocompatibility of three types of NRs (Figure 4.9B-D). Altogether, these
results support that our as-developed photo-inspired nanoreactors had good biosafety for in vivo
applications. However, in this study, the nanoreactors were administrated in an intracerebral
injection manner, failing to meet the requirements for non-invasive surgery in clinical practice.
To improve the potential of translational applications, we would further optimize the (Chla+Ind)
NRs with a capacity to penetrate the brain-blood barriers and in situ generate bioactive H» at

the pathological sites in the brain for further therapy.
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Figure 4.8 Ex vivo evaluation of the therapeutic effect of (Chla+Ind) NRs. (A) The staining
results of ROS indicator DCFH-DA in the whole hippocampus (HP) and representative images
of hippocampal CA1, CA3, and DG region of wild-type mice and OA induced-AD model mice
administered with saline and different NRs (Chla NRs, Ind NRs, Chla+Ind NRs) with 980 nm
laser irradiation. (B) Immunostaining for anti-p tau (Ser396) in the hippocampus. (C)
Quantification results of ROS level. (D) Quantification results of p-tau level. Data were
presented as mean = SD. *p < 0.05, ** p < 0.01 and *** p < 0.001, compare with OA group.
Scale bar: 20 pm.
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Figure 4.9 The biocompatibility and biosafety of (Chla+Ind) NRs. (A) H&E-staining of major
organs of mice after injection with saline, or Chla NRs, Ind NRs, or (Chla+Ind) NRs. Hemolysis
rate of (B) Chla NRs, (C) Ind NRs, and (D) Chla+Ind NRs. Relative hemolysis rate in mice
RBCs upon incubation with H>O as a positive control, saline as a negative control, and Chla
NRs, Ind NRs, and Chla+Ind NRs at a series of concentrations. (E) Thermal images of mice
before and after laser irradiation at 0.5W/cm? for 20 min.

4.4 Summary

The cascades of events comparing oxidative stress damage, mitochondrial dysfunction,
and subsequent tau hyperphosphorylation play important roles in the etiology of AD. As a
common non-toxic medical gas, hydrogen has been proven to be anti-inflammatory, anti-
oxidant, and anti-apoptotic and regulate autophagic signaling pathways in many studies. In this
work, we developed the photo-driven nanoreactor (Chla+Ind) NRs to mimic the light-

harvesting capabilities of a natural photosynthetic system to achieve in situ controlled release
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of hydrogen gas for AD treatment. The (Chla+Ind) NRs were composed of cross-linked vesicles
encapsulated with ascorbic acid, Chla, and Ind in the hydrophobic center, while Pt NPs as
catalysts and UCNPs as a light source was conjugated on the surface of the cross-linked vesicles.
The (Chla+Ind)NRs consist of cross-linked vesicles that encapsulate ascorbic acid, Chla, and
the hydrophobic center of Ind, while Pt NPs as catalysts and UCNP as light sources are
conjugated on the surface of the cross-linked vesicles. These cVs-based artificial nanoreactors
guarantee excellent biocompatibility and stability during the photosynthesis process in
biological systems. Furthermore, NIR laser irradiation-triggered photosynthesis initiation
ensures lower photodamage and deeper tissue penetration of the light source, which is
extremely beneficial for photo-responsive in situ hydrogen release of nanoreactors in
hippocampal and cortical regions. Moreover, integrating two photosensitizers in the artificial
nanoreaction system endows (Chla+Ind) NRs with the ability to harvest both the green and red
upconversion luminescence of UCNPs, allowing them to produce hydrogen with higher
efficiency than single photosensitizer-loaded Chla NRs and Ind NRs. Therefore, (Chla+Ind)
NRs perform better than Chla NRs and Ind NRs in scavenging ROS, rescuing mitochondrial
dysfunction, and mitigating tau hyperphosphorylation in AD cells and mice models induced by
OA administration. In addition, the symptoms of impaired learning memory capacity and
neuronal loss in AD mice were significantly alleviated by nanoreactors treatment. Such an
artificial nanoreaction system with hydrogen release by photocatalysis will provide a new

approach to AD treatment.
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Chapter 5: Conclusions

We first proposed a FRET-based biosensor (TPE-DNA@GO) for specifically detecting
nucleic acid sequences of N and Orflab fragments. TPE-DNA @GO nanoprobe was fabricated
by TPE-labelled oligonucleotide probes as donor fluorophores adsorbed on the surface of GO
nanosheets as an acceptor motif. Here, GO is critical in minimizing the background
fluorescence of TPE-DNA to improve the signal-to-noise ratio of the sensing platform.
Moreover, TPE-DNA immobilized on the GO surface would hybridize with the target sequence
to form a double-stranded DNA/RNA complex conjugated with TPE molecules. Due to the
decreased adsorption affinity of GO for duplex nucleic acids, TPE-dsDNA complex dissociates
from the GO surface, resulting in the first-stage fluorescence recovery ("OFF" to "WEAK"). In
addition, the conformation of duplex oligonucleotides hinders the intramolecular rotation of
TPE due to the increased stiffness and mass shifts from ssDNA to dsDNA, resulting in an
increase in fluorescence ("WEAK" to "STRONG"). Furthermore, we designed a ppTPE-
DNA @GO nanoprobe where GO served as a carrier for the TPE-DNA probe bearing a pair of
ssDNA fragments (e.g., Nr and N;) that target the same nucleic acid sequence, which showed
improved sensitivity than the single ssDNA contained spTPE-N@GO nanoprobe. This strategy
provides new insights into the application of FRET biosensors for nucleic acid detection. In
chapter 2, our work demonstrates that TPE-DNA @GO nanoprobe could identify both N and
Orflab genes with rapid detection around 1 h and good sensitivity at the picomolar level
without amplification. TPE-DNA@GO nanoprobe shows great promise in assisting the initial
rapid detection of the SARS-CoV-2 nucleic acid sequence.

To achieve in situ detecting miR-125 in the AD model, we further developed a FRET
nanoprobe (TPET-DNA@Dex-MoS»), constructed by TPET compounds conjugated with
probing-ssDNA as donor fluorophores adsorbed on the cationic Dextran polymer modified
MoS: nanosheets (Dex-MoS>). With red emission and a large Stokes shift, TPET molecules can
minimize cross-talk between the excitation source and the fluorescent emission for enhanced in
vitro and in vivo imaging with a high signal-to-noise ratio. In addition, the introduction of
Dextran polymer-modified nanosheets facilitated the physiological stability and
biocompatibility of TPET-DNA@Dex-MoS: nanoprobe for intracellular and in vivo sensing
applications. Our TPET-DNA@Dex-MoS> nanoprobe hybridized with miR-125b to form a
DNA/RNA duplex, causing the pre-absorbed TPET-DNA to detach from TPET-DNA@Dex-
MoS: that simultaneously initiates "dual on" processes: (1) recovery of TPET-DNA signal and
(2) RIR-induced strong emission. In chapter 3, the sensing performance of TPET-DNA@Dex-
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MoS; was demonstrated by detecting miR-125b in the OA-induced AD cell model in vitro with
good sensitivity and specificity. Moreover, TPET-DNA@Dex-MoS, nanoprobe was also
successfully applied to in sifu monitoring of the endogenous miR-125b in a tau-based AD mice
model established by OA administration. Therefore, TPET-DNA@Dex-MoS: nanoprobe could
be a promising tool for in situ and real-time monitoring of AD-related microRNA biomarkers,
providing mechanistic insight into the early diagnosis of AD.

Finally, we designed a multicomponent nanoreactor for NIR light-triggered in situ Ha
generation to scavenge ROS for the treatment of AD. Inspired by the natural photosynthesis
process, we constructed the nanoreactor platform by encapsulating ascorbic acid as sacrificial
agents and two photosensitizers, Chla and Ind, into the cVs. Meanwhile, Pt NPs as catalysts
and NIR-excited UCNPs as a light source were attached to the surface of cVs. cVs offer
excellent stability, biocompatibility, and biodegradability for (Chla+Ind) NRs. Moreover, upon
NIR laser irradiation (980 nm), the red and green upconversion luminescence of UCNPs was
absorbed by Chla and Ind, respectively. The excited electrons separated from Chla* and Ind*
were quickly transferred to Pt NPs to combine with the proton from ascorbic acid, facilitating
rapid activation of the photosynthesis of H» gas, locally providing a high therapeutic
concentration thereof. In chapter 4, our results successfully demonstrated that (Chla+Ind) NRs
could efficiently release H> as an efficient antioxidant to restore ROS homeostasis, repair
mitochondrial damage, and attenuate hyperphosphorylated tau in AD mice. Such NIR-driven
nanoreactors with in situ H, production have great potential to provide new directions for AD
treatment.

In summary, in this thesis, a dual "turn on" sensing strategy was proposed by integrating
the strengths of AIEgens and FRET-based biosensors. Based on the dual "turn on" sensing
mechanism, oligonucleotide-modified AIEgens immobilized on 2D nanosheets to form
nanoprobes demonstrated excellent stability and selectivity to detect disease-relative nucleic
acids with a rapid response and sound sensitivity. In the future study, we aim to optimize this
nanobiosensor for overcoming brain-blood barriers for a more non-invasive diagnosis with a
deeper tissue-penetrating imaging platform for real-time monitoring of disease-relative nucleic
acids. Furthermore, in order to further improve the efficiency in the photosynthetic systems
AlEgens will be utilized as photosensitizers to fabricate artificial nanoreactors with higher

efficiency to generate H> to exert multiple therapeutic functions.
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