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Abstract: Amyloid aggregation is associated with many neurodegenerative diseases such as Alzheimer’s
disease (AD). The current technologies using phototherapy for amyloid inhibition are usually pho-
todynamic approaches based on evidence that reactive oxygen species can inhibit Aβ aggregation.
Herein, we report a novel combinational photothermally assisted photo-oxygenation treatment based
on a nano-platform of the brain-targeting peptide RVG conjugated with the 2D porphyrinic PCN−222
metal–organic framework and indocyanine green (PCN−222@ICG@RVG) with enhanced photo-
inhibition in Alzheimer’s Aβ aggregation. A photothermally assisted photo-oxygenation treatment
based on PCN@ICG could largely enhance the photo-inhibition effect on Aβ42 aggregation and lead
to much lower neurotoxicity upon near-infrared (NIR) irradiation at 808 nm compared with a single
modality of photo-treatment in both cell-free and in vitro experiments. Generally, local photothermal
heat increases the instability of Aβ aggregates and keeps Aβ in the status of monomers, which
facilitates the photo-oxygenation process of generating oxidized Aβ monomers with low aggregation
capability. In addition, combined with the brain-targeting peptide RVG, the PCN−222@ICG@RVG
nanoprobe shows high permeability of the human blood–brain barrier (BBB) on a human brain-on-a-
chip platform. The ex vivo study also demonstrates that NIR-activated PCN−222@ICG@RVG could
efficiently dissemble Aβ plaques. Our work suggests that the combination of photothermal treatment
with photo-oxygenation can synergistically enhance the inhibition of Aβ aggregation, which may
boost NIR-based combinational phototherapy of AD in the future.

Keywords: amyloid-β; neurodegenerative diseases; central nervous system (CNS); Alzheimer’s
disease; metal–organic framework; near-infrared phototherapy; brain-targeting; photo-oxygenation;
porphyrinic nanoparticles

1. Introduction

Alzheimer’s disease (AD) is a severe neurodegenerative disorder with over 47 million
cases in the world [1,2]. AD is a major cause of disability and dependency among the
elderly. Neurodegeneration is caused by a structural and/or functional loss of neurons
in the central nervous system (CNS), leading to the impairment and dysfunction of the
corresponding motor, autonomic, and cognitive nervous systems in the brain [3–5]. Studies
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have found that several neuroactive compounds and their signaling pathways, through var-
ious types of receptors such as glutamate and γ-aminobutyric acid (GABA), are important
in brain homeostasis [6,7]. Additional studies have also revealed that the disconnection
between microglial and other brain cells, including neurons, may be involved in the path-
omechanism of AD [8–10]. Neuroinflammation can damage neurons and result in Aβ

aggregation in the brain, so this anti-inflammatory has become a promising approach for
AD treatment [11–16]. Increasing evidence suggests that one of the causes of this neu-
rodegeneration is the overproduction and misfolding of the extracellular amyloid-beta
(Aβ) peptide to neurotoxic Aβ aggregates such as oligomers and fibrils with β-sheet-rich
structures [17–19]. One potential treatment option is to suppress Aβ aggregation so as to
decrease synaptic neurotoxicity [20]. Many efforts have been made in the last decade to
develop various anti-Aβ-targeting molecules capable of suppressing Aβ aggregation and
neurotoxicity, which opens a new era for the preventative treatment of AD at the early
pre-dementia phase [21]. However, the majority of the above inhibitors show low inhibition
capability [22]. Moreover, these anti-Aβ-targeting molecules suffer from rapid degradation
in plasma and poor blood–brain barrier (BBB) permeability [23].

Near-infrared (NIR)-based phototherapy is an attractive option for curing local dis-
eases owing to its temporal and spatial controllability and reduced side-effects [24,25]. Re-
cently, it has been found that the chemical transformation of native Aβ to oxygenated forms
via photo-oxygenation could successfully suppress Aβ aggregation and neurotoxicity [26–28].
Many materials have been reported to be photoresponsive, and can transfer photo-energy
to other forms of energy such as electrical energy and chemical energy [29–31]. Many
kinds of nanomaterial-based photosensitizers have been used for the inhibition of Aβ

aggregation in the visible-light window (including carbon nanodots [32] and graphitic
carbon nitride nanosheets (g−C3N4) [33]), and in the near-infrared light (NIR) window
(including nanocomposites of Yb/Er-co-doped NaYF4 upconversion nanoparticles (UCNP)
and RB [34], and black phosphorus (BP)) [35]. Although the inhibition of Aβ aggregation
via localized photo-oxygenation has been well studied, the relatively low photo-inhibition
efficiency limits its application.

In addition to photo-oxygenation, the photothermal inhibition of amyloid aggrega-
tion has recently become another promising approach to AD therapy [36]. Aβ aggregate
formation is highly dependent on temperature, so local hyperthermia could suppress
the formation of misfolded Aβ aggregates [37]. Studies have reported that photothermal
treatment could locally and remotely heat and inhibit Aβ aggregation based on graphene
oxide (GO) and tungsten disulfide (WS2) nanosheets via near-infrared laser (NIR) irra-
diation [36,37]. However, photo-oxygenation probes suffer from moderate efficiency of
the inhibition of Aβ aggregation. In addition, the photothermal inhibition effect is tem-
porary. Last but not least, the current nanoprobes also lack human blood–brain barrier
(BBB) permeability, which limits their future applications. Therefore, the combination of
photothermal heating and photo-oxygenation treatment in one single nano-system with
good BBB permeability, under moderate NIR light irradiation, may be a good synthetic
strategy to suppress Aβ aggregation and neurotoxicity with enhanced therapeutic efficacy.
Near-infrared light in the range of 600~1000 nm has been used to penetrate the skull and
reach the shallower brain regions (such as the cerebral cortex) for light stimulation of the
brain [38,39], where AD amyloid accumulation usually occurs [40]. An in vivo situation
would be more complicated compared to an ex vivo experiment due to the decay of NIR
intensity by the human skull and the biological tissues surrounding it. Therefore, the
largely enhanced Aβ aggregation inhibition efficacy under moderate NIR laser intensity
via a combinational phototherapy approach is important for future in vivo phototherapy
of AD.

The current development of therapeutic nanoprobes for AD is limited by a lack of pre-
dictive models to reliably assess the BBB permeability of therapeutic drugs [41,42]. In vivo
animal models of AD suffer from high cost and labor intensity, and ethical concerns [43].
Moreover, the transport functions of the BBB in animal models may be significantly different
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from those of human patients. Organ-on-a-chip technology replicates organ-level functions
and the cellular microenvironment, and can be good models to study the physiological
responses of therapeutic probes at a low cost [44–51]. It is of high importance to develop
a microfluidic organ-on-a-chip with the human blood–brain barrier which can mimic the
human brain microenvironment of Alzheimer’s disease, with neurotoxicity induced by Aβ,
as pre-clinical tools to study brain-targeting therapeutic probes.

Here, we reported near-infrared (NIR) light-induced combinational photo-inhibition of
Aβ aggregation via the hybrid brain-targeting peptide rabies virus glycoprotein (RVG) con-
jugated with the porphyrinic metal–organic framework and indocyanine green nanoprobe
(PCN−222@ICG@RVG). The RVG29 peptide is a protein that specifically binds the nicotinic
acetylcholine receptor (nAchR), which is a receptor widely expressed on the surface of
brain endothelial cells [52–56]. The hybrid PCN−222@ICG@RVG nanoprobe processes
enhanced the inhibition efficiency of Aβ aggregation and improves neurotoxicity attenua-
tion under NIR light exposure compared with a single modality of photo-treatment; this is
attributed to the combined effect of the thermodynamic instability of Aβ aggregates caused
by local photothermal heating, and the inhibition of Aβ monomer aggregation induced
by photo-oxygenation (Scheme 1). The hybrid nanoprobe has proven its good human BBB
permeability in a microfluidic brain-on-a-chip model under a continuous flow that mimics
the in vivo brain microenvironment of Alzheimer’s disease. The enhanced dissociation of
Aβ plaques via NIR-stimulated hybrid nanoprobes is also observed in ex vivo studies. This
research highlights the promising approach of combinational NIR-based phototherapy in
halting the progression of Alzheimer’s disease in the future.
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Scheme 1. (a) Schematic illustration of synthesis of PCN−222@ICG nanoprobe and RVG peptide
conjugation and Aβ-induced neurodegeneration, as well as the photo-induced inhibition of Aβ42
aggregation by a hybrid PCN−222@ICG nanoprobe modified with brain-targeting peptide RVG.
(b) Fabrication process of brain-on-a-chip and cross-section view of the microfluidic channel. (c) Ex
vivo evaluation of NIR-stimulated PCN@ICG for the dissociation of Aβ plaques.
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2. Results
2.1. Preparation and Identification of PCN-222@ICG

Metal–organic frameworks (MOFs) are emerging nanomaterials with unique me-
chanical, electrical, and chemical properties that have been used in various biomedical
applications [57–59]. In this study, PCN−222@ICG nanoprobes were prepared using a
two-step method including the solvothermal synthesis of a 2D porphyrinic MOF PCN-222
nanosheet and the immobilization of ICG onto MOF nanosheets via electrostatic adsorption.
Compared to 3D bulk MOF crystals, 2D MOF nanosheets have a higher percentage of
exposed catalytically active sites and a larger surface area, which facilitates the loading of
ICG agents and the diffusion of molecular oxygen. The as-synthesized PCN−222 nanosheet
exhibited an ultrathin 2D crystal structure (Figure S1). The PCN−222 nanosheet did not
change its 2D morphology after the electrostatic adsorption of ICG in the TEM images
(Figure 1a). Dynamic light scattering (DLS) measurement indicated that the DLS size of
PCN−222@ICG was around 120 nm (Figure 1b). The UV-vis absorption spectra showed a
significant increase in wavelength range between 700 and 900 nm after ICG adsorption,
demonstrating the successful loading of ICG on the PCN−222 nanosheet (Figure 1c). The
powder X-ray diffraction (PXRD) pattern of both PCN and PCN@ICG displayed three
obvious peaks assigned to (0, 0, 1), (2, 0, 1), and (3, 1, 1), which were consistent with the
standard XRD spectrum of PCN−222 (Figure 1d). The N2 absorption/desorption spec-
trum demonstrated the good porous structure of PCN−222@ICG, which was beneficial for
molecular oxygen diffusion (Figure S2). The porosity of PCN−222@ICG is 198.74 m2 g−1

and the average pore size is 38.8321 Å. Zeta potential measurement showed that the PCN
nanosheet was positively charged and ICG was negatively charged. The loading of ICG on
the PCN−222 nanosheet led to the negative surface charge of PCN−222@ICG (Figure 1e).
The color of the nanoprobes dispersed in water changed from red to green, which also
proved the successful loading of ICG (Figure 1e inset).
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Figure 1. Characterization of PCN−222@ICG nanosystem. (a) TEM image of PCN−222@ICG
nanosheet. (b) DLS size of PCN−222 and PCN−222@ICG. (c) UV-vis spectra of PCN−222 and
PCN−222@ICG. (d) Powder XRD spectra of PCN−222 and PCN−222@ICG. Three obvious peaks
can be assigned to (0, 0, 1), (2, 0, 1), and (3, 1, 1). (e) Zeta potential of PCN−222, free ICG, and
PCN−222@ICG. Inset is a photograph of PCN−222 before (left) and after (right) coupling with ICG.
Each measurement was conducted three times.
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2.2. Characterization of Photothermal Effect of PCN@ICG

To examine the photothermal effect of PCN−222@ICG, an 808 nm laser was employed
to irradiate the nanoprobes and the photothermal effect was measured using a thermal cam-
era (Figure 2). PCN−222@ICG with various concentrations (0.025 mg mL−1, 0.05 mg mL−1,
0.1 mg mL−1, and 0.2 mg mL−1), and PCN-222 (0.2 mg mL−1) and DI water as control
groups were irradiated under 808 nm NIR laser excitation with the same power density
of 0.6 W cm−2 (Figure 2a). Under continuous laser irradiation of 5 min, PCN−222@ICG
groups with various concentrations showed a quick temperature increase with an obvious
concentration dependence (Figure 2a,c). For example, the temperature of PCN−222@ICG
with a low concentration of 0.025 mg mL−1 rapidly increased from 25 ◦C to 45 ◦C after 5 min
of laser irradiation. In contrast, the PCN−222-alone and DI water groups did not show
obvious temperature changes after 5 min of laser irradiation. Moreover, PCN−222@ICG
also showed a power-density dependence within 5 min of laser irradiation (Figure 2b,c).
The photothermal conversion efficiency of PCN−222@ICG (0.025 mg mL−1) was calculated
to be 71.2% according to the photothermal heating/dissipation cycle (Figure 2d). It was
observed that the temperature of the nanoprobe solution quickly dropped to room tem-
perature after the laser source was turned off, suggesting excellent thermal conductivity
of the hybrid nanoprobe. The photothermal stability was further evaluated by reversibly
heating and cooling the PCN−222@ICG solution (0.025 mg mL−1) at a power density of
0.6 W cm−2 for five cycles (Figure 2e). The maximum temperatures of the nanoprobes
remained nearly the same for five cycles, which demonstrated the good photothermal
stability of PCN−222@ICG. The above results evidenced that PCN−222@ICG had good
photostability under NIR laser irradiation. To further investigate the photostability of the
nanoprobes, PCN−222@ICG was irradiated under NIR laser irradiation (0.6 W cm−2) for 30
min and its UV-vis absorbance and zeta potential were recorded. As shown in Figure S3a,b,
there was no significant change in the absorption peaks or zeta potential values, which
evidenced the photostability of the hybrid nanoprobe. The above results demonstrate
that the hybrid PCN−222@ICG nanoprobe could produce remote and localized heat in an
efficient manner under NIR laser irradiation.

2.3. Characterization of 1O2 Generation of PCN-222@ICG

Zirconium-porphyrinic MOFs have strong photon absorption and are able to trans-
form 3O2 to 1O2 upon NIR light irradiation. To verify the generation of 1O2 species, a
1,3-diphenyl-isobenzofuran (DPBF) assay was used to measure the singlet oxygen produc-
tion of the synthesized PCN−222@ICG nanoprobe. The absorption of DBPF at the charac-
teristic 414 nm wavelength decreased to one fifth in the presence of the PCN−222@ICG
nanoprobe under moderate NIR light irradiation (808 nm, 0.6 W cm−2) within ten minutes,
revealing the strong generation of 1O2 species (Figure 3a). A DPBF assay was then used to
compare the singlet oxygen generation capability between PCN−222@ICG and PCN−222
under moderate NIR light irradiation (808 nm, 0.6 W cm−2). Obviously, PCN−222@ICG
showed an enhanced capability of single oxygen generation compared with PCN−222
only (Figure 3b). Electron spin resonance (ESR) was then used to compare the singlet
oxygen generation capability between PCN−222@ICG and PCN−222. Here, 4-oxo-2,2,6,6-
tetramethylpiperidine (4-oxo-TEMP) was used to react with 1O2 to yield the stable nitroxide
radical 4-oxo-TEMPO, which could be measured through ESR. As shown in Figure 3c, the
characteristic 1O2-induced TEMPO signal was observed in the ESR spectra under NIR
light irradiation and its intensity increased with the increase in irradiation time. The ESR
signal intensity of PCN−222@ICG was obviously higher than that of PCN−222 under NIR
irradiation at various time points, which further demonstrated the enhanced singlet oxygen
generation capability.



Int. J. Mol. Sci. 2022, 23, 10885 6 of 23

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 24 
 

2.2. Characterization of Photothermal Effect of PCN@ICG 

To examine the photothermal effect of PCN−222@ICG, an 808 nm laser was employed 

to irradiate the nanoprobes and the photothermal effect was measured using a thermal 

camera (Figure 2). PCN−222@ICG with various concentrations (0.025 mg mL−1, 0.05 mg 

mL−1, 0.1 mg mL−1, and 0.2 mg mL−1),  and PCN-222 (0.2 mg mL−1) and DI water as control 

groups were irradiated under 808 nm NIR laser excitation with the same power density 

of 0.6 W cm−2 (Figure 2a). Under continuous laser irradiation of 5 min, PCN−222@ICG 

groups with various concentrations showed a quick temperature increase with an obvious 

concentration dependence (Figure 2a,c). For example, the temperature of PCN−222@ICG 

with a low concentration of 0.025 mg mL−1 rapidly increased from 25 °C to 45 °C after 5 

min of laser irradiation. In contrast, the PCN−222-alone and DI water groups did not show 

obvious temperature changes after 5 min of laser irradiation. Moreover, PCN−222@ICG 

also showed a power-density dependence within 5 min of laser irradiation (Figure 2b,c). 

The photothermal conversion efficiency of PCN−222@ICG (0.025 mg mL−1) was calculated 

to be 71.2% according to the photothermal heating/dissipation cycle (Figure 2d). It was 

observed that the temperature of the nanoprobe solution quickly dropped to room tem-

perature after the laser source was turned off, suggesting excellent thermal conductivity 

of the hybrid nanoprobe. The photothermal stability was further evaluated by reversibly 

heating and cooling the PCN−222@ICG solution (0.025 mg mL−1) at a power density of 0.6 

W cm−2 for five cycles (Figure 2e). The maximum temperatures of the nanoprobes re-

mained nearly the same for five cycles, which demonstrated the good photothermal sta-

bility of PCN−222@ICG. The above results evidenced that PCN−222@ICG had good pho-

tostability under NIR laser irradiation. To further investigate the photostability of the na-

noprobes, PCN−222@ICG was irradiated under NIR laser irradiation (0.6 W cm−2) for 30 

min and its UV-vis absorbance and zeta potential were recorded. As shown in Figure 

S3a,b, there was no significant change in the absorption peaks or zeta potential values, 

which evidenced the photostability of the hybrid nanoprobe. The above results demon-

strate that the hybrid PCN−222@ICG nanoprobe could produce remote and localized heat 

in an efficient manner under NIR laser irradiation. 

 

Figure 2. Photothermal effect of PCN−222@ICG. (a) Concentration-dependent temperature increase 

for PCN−222@ICG. Here, PCN−222 with a concentration of 0.2 mg mL−1 and a DI water sample are 

used as control groups. (b) Power-density-dependent temperature increase of PCN−222@ICG. (c) 

Thermal images of PCN−222@ICG probes for various concentrations and power-densities. (d) Single 

heating/dissipation cycle of PCN−222@ICG. (e) Photothermal stability testing of PCN−222@ICG for 

five cycles. 

Figure 2. Photothermal effect of PCN−222@ICG. (a) Concentration-dependent temperature increase
for PCN−222@ICG. Here, PCN−222 with a concentration of 0.2 mg mL−1 and a DI water sample
are used as control groups. (b) Power-density-dependent temperature increase of PCN−222@ICG.
(c) Thermal images of PCN−222@ICG probes for various concentrations and power-densities. (d) Sin-
gle heating/dissipation cycle of PCN−222@ICG. (e) Photothermal stability testing of PCN−222@ICG
for five cycles.
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Figure 3. Photo-oxygenation capability of PCN−222@ICG. (a) UV-vis absorbance of DPBF in the
presence of PCN−222@ICG when exposed to NIR light for 0–10 min (black to cyan represents 0 min
to 10 min with a 2-min interval). (b) Comparison of UV-vis absorbance signal of DPBF at 414 nm
between PCN−222 and PCN−222@ICG upon NIR light for 0–10 min. (c) ESR spectra of PCN@222
and PCN−222@ICG after exposure to NIR light for 5 min and 10 min.

2.4. Enhanced Photo-Induced Inhibition of Aβ42 Aggregation based on PCN-222@ICG

Dynamic Light Scattering (DLS) and Transmission Electronic Microscopy (TEM) were
used to evaluate the Aβ aggregation dynamic process in a 24 h time-dependent inhibi-
tion study. DLS measurement showed that untreated Aβ42 monomers quickly increased
in size from ~10 nm to ~800 nm within 6 h, and then, further increased to ~1000 nm
at 24 h (Figure 4a). Photo-activated PCN−222 with NIR irradiation (0.025 mg mL−1,
0.6 W cm−2, 30 min) showed a certain inhibition effect on Aβ42 aggregation with a size
increase to ~200 nm at 24 h. In contrast, photo-activated PCN−222@ICG with NIR irra-
diation (0.025 mg mL−1, 0.6 W cm−2, 30 min) showed a strong inhibition effect on Aβ42
aggregation with a size increase to only ~90 nm at 24 h. TEM images also clearly showed
distinct differences in morphology among Aβ42 monomer samples incubated in the ab-
sence of nanoprobes, and in the presence of NIR-activated PCN−222 and photo-activated
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PCN−222@ICG nanoprobes. The Aβ42 monomer group in the absence of nanoprobes
at 24 h clearly showed morphology of the amyloid fibril mesh network (Figure 4b), and
Aβ42 with photo-activated PCN−222 showed a low degree of formation of amyloid fib-
rils (Figure 4c). In contrast, the Aβ42 monomer group incubated with photo-activated
PCN−222@ICG for 24 h could more efficiently prevent Aβ42 from aggregating to a larger
size without forming amyloid fibrils (Figure 4d). In contrast, there was no obvious aggrega-
tion of the Aβ42 monomer at 0h (Figure S4). Our studies demonstrated that NIR-activated
PCN−222@ICG was able to more noticeably inhibit Aβ42 aggregation than PCN−222
alone by controlling the size of Aβ structures to sub-100 nm. To further analyze the
enhanced effect of PCN−222@ICG on inhibiting the aggregation of Aβ42 monomers to
high-degree structures, circular dichroism (CD) was used to evaluate the secondary struc-
ture of the Aβ42 aggregate. The untreated Aβ42 sample after 24 h of incubation at 37 ◦C
showed a characteristic peak at 216 nm in the CD spectrum, which was a typical profile
of the β-sheet-rich secondary structure of amyloids (Figure 4e). In contrast, the Aβ42
sample treated with photo-activated PCN−222 and PCN−222@ICG with NIR irradiation
(0.025 mg mL−1, 0.6 W cm−2, 30 min), followed by 24 h of incubation at 37 ◦C, showed a
low peak amplitude at 216 nm, indicating an inhibition effect on the formation of the sec-
ondary structure of amyloids. Native polyacrylamide gel electrophoresis (PAGE) analysis
was also conducted to compare the inhibition effect of PCN−222 and PCN−222@ICG on
the formation of high-degree structures of amyloids after incubation for 24 h. In Figure 4f,
lane 1 represents untreated Aβ42, lane 2 represents PCN−222 with NIR laser irradiation,
lane 3 represents PCN−222@ICG without NIR laser irradiation, and lane 4 represents
PCN−222@ICG with NIR laser irradiation. Compared with the other groups from lane
1 to lane 3, which mostly showed aggregation of high-molecular-weight Aβ42 oligomers
and fibrils, lane 4 of PCN−222@ICG with NIR laser irradiation showed multiple bands of
low-order structures, including monomers and oligomers (Figure 4f). This indicated that
photo-excited PCN−222@ICG could efficiently inhibit the conversion of Aβ42 monomers
to high-order structures. The FT-IR spectrum of Aβ42 incubated for 24 h in the absence of
nanoprobes revealed a characteristic peak at 1636 cm−1, which clearly indicated the forma-
tion β-sheet structure (Figure S5). In contrast, the Aβ42 monomer group in the presence
of PCN−222@ICG under NIR irradiation did not show a significant peak at 1636 cm−1,
indicating an efficient inhibition effect on β-sheet structure formation.

2.5. Photothermal Enhancement Effect on Photo-Oxygenation-Based Inhibition of Aβ42 Aggregation

To investigate the photothermal enhancement effect of PCN−222@ICG nanoprobes
on the inhibition of Aβ42 aggregation, PCN−222 (0.025 mg mL−1) and PCN−222@ICG
(0.025 mg mL−1) in a constant-temperature water bath at 25 ◦C were irradiated with NIR
light (808 nm, 0.6 W cm−2, 10 min) in the presence of Aβ42 monomers (25 µM) (Figure 5).
Here, the PCN−222@ICG group in a constant-temperature water bath at 25 ◦C was used to
exclude the photothermal effect. The group with Aβ42 monomers only (25 µM), without
nanoprobes under NIR irradiation, was designated as “Native” for the control group. After
NIR irradiation, various groups were further incubated at 37 ◦C for 48 h to monitor the
aggregation degree of the Aβ42 monomers. The Aβ42 fibrillation kinetics were monitored
using a commonly used Thioflavin T (ThT) assay. ThT is an extrinsic fluorescent dye
that specifically binds to β-sheet-rich amyloid structures with a significant fluorescence
increase at a wavelength of 485 nm [60]. The results show that the ThT fluorescence signal
of native Aβ42 without treatment with NIR-activated nanoprobes drastically increased to
a plateau after the first 24 h of incubation, indicating the formation of an Aβ42 aggregate
(Figure 5a). In contrast, the groups of p-MOF and photo-excited PCN−222@ICG excluding
the photothermal effect (no PT) and photo-excited PCN−222@ICG all showed inhibition of
Aβ42 aggregation. Obviously, the PCN−222@ICG group under NIR irradiation showed
the lowest ThT fluorescence signal. Figure 5b compares the relative ThT fluorescence signal
change of the above groups after 48 h of incubation. Here, the relative ThT fluorescence sig-
nal change of native Aβ42 without nanoprobes under NIR irradiation is defined as 100%. It
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was observed that NIR-activated PCN−222@ICG excluding the photothermal effect (no PT)
showed a relative fluorescence signal of 26.9%. In contrast, photo-excited PCN−222@ICG
showed a much lower relative fluorescence signal of 9.6%, which demonstrated that the
photothermal effect played an important role during the photo-oxygenation-based in-
hibition of Aβ42 aggregation. Compared with the PCN−222@ICG group excluding the
photothermal effect (no PT), this large decrease in the relative fluorescence signal of the
PCN−222@ICG group demonstrated further enhanced inhibition of Aβ42 aggregation due
to the photothermal effect.
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nanoprobes. (a) DLS analysis of sample size change at four time points of incubation (0 h, 6 h, 12 h,
and 24 h) for Aβ42 samples without treatment, in the presence of photo-activated PCN−222, and in
the presence of photo-activated PCN−222@ICG; TEM images of samples after 24 h of incubation
(b) for native Aβ42 without any treatment, (c) in the presence of photo-activated PCN−222, and
(d) in the presence of photo-activated PCN−222@ICG. (e) Circular dichroism analysis of native Aβ42,
and Aβ42 with treatments of nanoprobes under NIR irradiation. (f) Native PAGE of Aβ42. 1: native
Aβ42; 2: Aβ42 with PCN−222 under NIR irradiation; 3: Aβ42 with PCN−222@ICG without NIR
irradiation; 4: Aβ42 with PCN−222@ICG under NIR irradiation. (The above experiments are under
NIR irradiation with 0.025 mg mL−1, at 0.6 W cm−2, for 30 min.) The scale bars for TEM images are
500 nm.
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Figure 5. (a) Thioflavin T (ThT) assay for various groups of Aβ42 monomers with NIR laser treatment
using PCN−222, PCN-222@ICG excluding photothermal effect (no PT), PCN−222@ICG, and native
Aβ42 monomers without nanoprobes. (b) Relative ThT fluorescence signals of various groups at
48 h for native Aβ42 with/without NIR irradiation as control groups, native Aβ42 in the presence of
PCN−222 with/without NIR irradiation, and native Aβ42 in the presence of PCN−222@ICG without
NIR irradiation, with NIR irradiation, and with NIR irradiation but excluding photothermal effects
(no PT). One-way ANOVA with Student’s t-test was used in the analysis. Each experiment had
triplicates and was performed three times independently (for above diagrams, NIR laser irradiation
is 808 nm with a power density of 0.6 W cm−2), *** p<0.001. MALDI-TOF MS spectra of the Aβ42

samples of native Aβ42 monomers (c) without nanoprobe treatment, (d) after treatment with photo-
activated PCN−222 excluding photothermal effect, and (e) after treatment with photo-activated
PCN−222@ICG.

The photothermal effect on the enhanced inhibition of Aβ42 aggregation can be ex-
plained as follows. Under NIR irradiation, the local photothermal heat generated by
PCN−222@ICG will cause instability of the Aβ aggregate and keep most of the Aβ in the
status of monomers. At the same time, Aβ42 monomers are easily photo-oxygenated by
local singlet oxygen generated from PCN−222@ICG, and photo-oxygenated Aβ monomers
have much lower aggregation capability compared with the native Aβ monomer. In con-
trast, without the photothermal effect, some native Aβ monomers will form aggregates,
which greatly reduce the photo-oxygenation efficiency due to the reduced surface area
exposed to singlet oxygen and the additional energy required to dissociate the Aβ aggre-
gates. Therefore, the combination of photothermal and photo-oxygenation treatments can
generate synergistic effects to largely enhance the inhibition efficiency of Aβ42 aggregation
compared with a single modality of photo-treatment. The degree of Aβ42 oxygenation
could be used to evaluate long-term photo-inhibition capability. For this purpose, mass
spectroscopy (MS) analysis was used to analyze the formation of oxygenated adducts in the
protein. Native Aβ42 monomers showed an intense signal of 4514 Da in the MS spectrum,
which corresponded to the molecular weight of the native Aβ42 monomer (Figure 5c) [61].
When the Aβ42 monomers were treated with NIR-activated PCN−222@ICG, without and
with photothermal effects, under NIR irradiation (0.025 mg mL−1, 0.6 W cm−2) for 5 min,
and then, incubated for 0.5 h, a new peak representing an oxygenated adduct with a higher
molecular weight at 4538 Da was observed in the MS spectra (Figure 5d,e). It was observed
that the PCN−222@ICG group excluding the photothermal effect had less oxygenated Aβ

compared with the PCN−222@ICG group with the photothermal effect; this further demon-
strated our hypothesis that the photothermal effect could enhance the photo-oxygenation
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of Aβ. The combination of photothermal treatment and photo-oxygenation would generate
a synergistic effect to effectively inhibit Aβ42 aggregation with a long-term effect.

2.6. Attenuation of Aβ-Induced Cytotoxicity by Photo-Activated PCN-222@ICG

We then investigated the attenuation of Aβ-induced cytotoxicity by photo-activated
PCN−222@ICG using an in vitro PC12 cell model. The PC12 cell line is a classical neuronal
cell model for studying Aβ-induced cytotoxicity [62]. The intrinsic biocompatibility of
PCN−222 and PCN−222@ICG were first investigated via CCK-8 assay on PC12 cells.
After 24 h of incubation with PCN−222 and PCN−222@ICG, the cell viability of the PC12
cells remained over 90% at a concentration as high as 200 µg mL−1, indicating the low
cytotoxicity of PCN−222 and PCN−222@ICG (Figure 6a). When co-cultured with PC12
cells, PCN−222@ICG at various concentrations showed low cytotoxicity for up to 72 h
(Figure S6). We then investigated the attenuation of Aβ-induced cytotoxicity for the five
groups of PC12 cells with Aβ42 in the absence of nanoprobes, in the presence of PCN−222
(25 µg mL−1) without NIR irradiation, in the presence of PCN−222 (25 µg mL−1) with NIR
irradiation (0.6 W cm−2 for 30 min), in the presence of PCN−222@ICG without irradiation,
and in the presence of PCN−222@ICG (25 µg mL−1) with NIR irradiation (0.6 W cm−2

for 30 min), respectively (Figure 6b). Four groups of PC12 cells without Aβ42 were used
as control groups, including only PC12 cells, PC12 cells with NIR irradiation, PC12 cells
with PCN−222 nanoprobes and PC12 cells with PCN−222@ICG nanoprobes. As shown
in Figure 6b, the cell viability of all four control groups exceeded 90%. The group of
PC12 cells with Aβ42 in the absence of nanoprobes showed a low cell viability of ~30%
due to the obvious cytotoxicity of the Aβ aggregates. The addition of PCN−222 and
PCN−222@ICG to PC12 cells in the presence of Aβ42 without NIR irradiation showed
a slight increase in cell viability to ~40%. This could be explained by the adsorption
of some Aβ42 monomers on the nanoprobe surface which prevented the absorbed Aβ42
monomers from forming neurotoxic Aβ42 aggregates. Photo-activated PCN−222 and
photo-activated PCN−222@ICG nanoprobes could recover cell viability to around ~70%
and ~80%, respectively, which indicated that oxygenated Aβ42 would no longer aggregate
into toxic high-order structures and remained non-toxic. PCN−222@ICG nanoprobes
showed especially higher cell viability compared to PCN−222@ICG, which demonstrated
that photothermally assisted photo-oxygenation had a higher capability for the attenuation
of Aβ-induced cytotoxicity. Florescence live/dead staining was also carried out to analyze
the attenuation of Aβ-induced cytotoxicity for PC12 cells in the presence of Aβ42 with
treatment using PCN-222 and PCN−222@ICG under NIR light irradiation (Figure 6c).
Obviously, the cells with Aβ42 after treatment with photo-activated PCN−222@ICG showed
a higher ratio of live cells with green color compared to the PCN−222 group. In contrast,
the control group of PC12 cells without nanoprobe treatment showed numerous dead cells
with red color. The above results demonstrate that photo-activated PCN−222@ICG had a
higher ability to attenuate Aβ-induced cytotoxicity.

2.7. In Vitro Brain-on-a-Chip Model for BBB Permeability Test of RVG-Modified PCN-222@ICG

Drugs that are designed for brain diseases should be capable of crossing the BBB to
enter the central nervous system (CNS). In order to achieve better BBB permeability for
PCN−222@ICG, we modified the nanoprobe with an RVG peptide, which is widely used
for the transvascular delivery of small interfering RNA to the CNS [63]. To determine
whether the PCN−222@ICG@RVG nanoprobe can penetrate the human BBB, we fabricated
a microfluidic brain-on-a-chip device using primary human cells with continuous flow that
simulated the microenvironment of the human brain.
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Figure 6. (a) Evaluation of cytotoxicity of PCN−222 and PCN−222@ICG to PC 12 cells. (b) PC
12 cell viability was rescued in the presence of Aβ42 at a concentration of 25 µM when treated with
photo-activated PCN−222 and PCN−222@ICG. Each group contained three technical replicates.
(c) Live/dead staining of PC 12 cells co-cultured with native Aβ42 and Aβ42 treated with photo-
activated PCN−222 and PCN−222@ICG. Scale bar: 200 µm (NIR laser irradiation is 808 nm with a
power density of 0.6 W cm−2). A total of 25 µM of Aβ42 was used throughout the cell studies.

This brain-on-a-chip was composed of two polymeric polydimethylsiloxane (PDMS)
compartments with channels (the upper layer for the brain part: 1mm wide and 1mm high;
the lower layer for blood vessel: 1 mm wide and 0.2 mm high) separated by a thin and
porous PET membrane (0.4 µm pore, 4 × 106 pores cm−2), fixated with a silicone sealant
(Figure 7a). The membrane was sandwiched between two PDMS compartments after
treatment with oxygen plasma at 35 W for 1 min. Each PDMS compartment was connected
to an inlet channel and an outlet channel for solution filling, respectively. Figure 7b shows
the fabricated brain chip filled with blue and red ink representing the upper and lower
compartments and channels, respectively. To establish the BBB model, brain endothelial
phenotype HUVECs derived from human temporal lobe microvessels were first seeded
on the lower surface of the membrane and on the surface of the lower compartment
to mimic the wall of brain microvessel. When the endothelial cellular monolayer was
formed, the device was turned over to seed human astrocytes on the other side of the
membrane in the upper compartment (brain compartment) to form a cell co-culture brain
chip model (Figure 7c). The chip could be connected to a peristaltic pump with a continuous
flow rate of 60 µL h−1 to provide dynamic culture conditions mimicking the brain’s
physiological environment (Figure S7). Here, reservoirs containing endothelial medium
and nanoprobes were connected to the inlets of the lower channels (blood side), while
astrocyte medium flowed into the upper channels (brain side). The effluent was then
collected using Eppendorf tubes on the other side of the peristaltic pump. To let the cells
firmly attach to the membrane of the chip, an extracellular matrix consisting of collagen
IV (400 µg mL−1) and fibronectin (100 µg mL−1) was coated on both channels of the chip.
Twenty-three million HUVECs were detached from cell culture plates and seeded on the
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bottom channel of the microfluidic chip in the endothelial medium. For the co-culturing
of astrocytes in the brain channel of the chip, a density of 0.7 × 106 cells mL−1 of human
astrocyte in the astrocyte media was seeded on the apical channel of the chip. After 24 h of
incubation, confluent monolayers of astrocytes and endothelial cells were formed on the
brain side and blood side under the continuous flow environment, respectively (Figure 7d,e).
An immunocytochemistry image of the co-cultured HUVECs with the astrocytes in the
whole brain chip is shown in Figure 7f. The results show that HUVECs stained with the
phalloidin formed a uniform monolayer on the blood side, while the astrocytes expressing
GFAP formed an intricate network within the brain compartment (Figure 7g,i). The high-
level expression of the tight junction protein ZO-1 of HUVECs was also observed, which
demonstrated the formation of the tight junction of the BBB to prevent the leakage of
transported solutes and water (Figure 7h). The cell–cell tight junctions of HUVECs were
critical for mimicking the in vivo-like BBB.
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Figure 7. Blood–brain barrier-on-a-chip model. (a) Design of PDMS microchip and schematic
illustration of BBB chip. A porous membrane was sandwiched between two PDMS parts after
treatment with oxygen plasma. (b) Top view of fabricated BBB chip filled with blue ink and red
ink for brain side and blood side, respectively. Scale bar: 10 mm. (c) Schematic of cross-section
view of BBB chip with co-cultured endothelial cell and astrocytes. (d) Enlarged brain-side image
and (e) enlarged blood-side image of microchannel junction in the white square range of BBB chip
of (b). (f) Immunocytochemistry image of co-cultured HUVECs with astrocytes in the whole BBB
chip. (g) Enlarged fluorescence image of microchannel junction in the white square range in (f).
(h) Immunofluorescence micrographs of the HUVECs cultured on-chip for 24 h, labeled with tight
junction protein ZO-1. Scale bar: 25 µm. (i) Immunocytochemistry image of GRAP of astrocytes.
Scale bar: 25 µm.



Int. J. Mol. Sci. 2022, 23, 10885 13 of 23

To examine the organ-level functionality of our brain-on-a-chip model, neuroinflam-
mation was mimicked by perfusing tumor necrosis factor α (TNF-α) (100 ng mL−1) through
the blood compartment for 12 h. The immunocytochemistry images showed that the re-
sponse to inflammatory stimulation induced by TNF-α reduced the expression of the
tight-junction marker ZO-1 (Figure 8a,b). To investigate the barrier integrity of our BBB
model, the fluorescently labeled dextran tracers (3 k, 10 k, and 70 kDa) were perfused into
the blood channel for 12 h and the permeability of these agents through the BBB layer was
accessed via fluorescence spectroscopy. The results show that the apparent permeability
(Papp) of the BBB model without TNF-α treatment was generally low with an inverse corre-
lation with the size of the tracers (average Papp = 1.55 × 10−7 cm s−1, 1.98 × 10−8 cm s−1,
and 3.45 × 10−9 cm s−1 for 3 k, 10 k, and 70 kDa dextran, respectively) (Figure 8c). In
contrast, more dextran leaked to the brain side with the treatment of TNF-α, leading to a
large increase in Papp of 1.8 × 10−6 cm s−1, 2.25 × 10−7 cm s−1, and 3.41 × 10−7 cm s−1 for
3 k, 10 k, and 70 kDa dextran, respectively. After the damage to the endothelium caused
by the TNF-α-induced inflammation, the permeability of 70 kDa dextran increased to a
similar level to that of 10 kDa dextran (Figure 8d). The relative ZO-1 expression displayed
a concentration-dependent decrease after treatment with TNF-α (Figure 8e), which was
consistent with the immunofluorescence microscopic analysis in Figure 8a,b. These results
demonstrate that this brain chip simulated an in vivo-like brain microenvironment and
functions that resemble the interface of the neurovascular unit.
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Figure 8. HUVEC cell−cell junctions stained for ZO−1 (a) without treatment and (b) treated with
100 ng mL−1 of TNF−α. Scare bar: 25 µm. (c) Permeability of FITC−dextran tracers of various sizes
(3, 10, or 70 kDa) in the BBB chips (c) without treatment and (d) treated with 100 ng mL−1 of TNF−α.
(e) Relative endothelium ZO−1 expression change with various concentrations of TNF−α treatment
** p < 0.01; one-way ANOVA with Dunnett’s multiple comparisons test, n = 6). (f) Permeability of
PCN−222@ICG without and with conjugation of RVG at 3 h, 6 h, and 12 h.

To investigate the BBB-penetrating capacity of nanoprobes via RVG conjugation,
PCN−222@ICG nanoprobes with and without RVG of the same concentration were dosed
into the blood side in the endothelial cell culture media. The blood–brain barrier integrity
was then measured using fluorescently labeled dextran tracers (70 kDa). As shown in
Figure 8f, nanoprobes without RVG showed a Papp of 5.29 × 10−8 cm s−1 after 12 h of
flowing. In contrast, RVG-modified PCN−222@ICG nanoprobes exhibited approximately a
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2.6 times higher permeability of 1.37 × 10−7 cm s−1 after 12 h of flowing compared with
the unmodified nanoprobe, which indicated that RVG modification could efficiently assist
in the translocation of nanoprobes through the human BBB. It has been reported in other
studies that fluid flow is also important to sustain barrier function over time compared
with a static environment [46]. Here, an in vitro static BBB Transwell model was created
and used as a control for the BBB chip study. Human HUVECs and human astrocytes
were cultured on the upper side and the lower side of the 0.4 µm-pore-size membrane in
the BBB Transwell, respectively (Figure S8a). FITC-labeled dextran tracers (3 kDa, 10 kDa,
and 70 kDa) were used to determine the barrier integrity. It was demonstrated that the
translocation rate of 3 kDa dextran was 1.23 × 10−6 cm s−1, around 2 times higher than
that of 10 kDa, which was 6.48 × 10−7 cm s−1, and nearly 3 times higher than that of
70 kDa dextran, the permeability of which was 4.15 × 10−7 cm s−1 (Figure S8b). The
results indicate that the static BBB Transwell exhibited similar barrier integrity and function
compared with those of the microfluidic brain chip. The PCN−222@ICG nanoprobes with
and without RVG conjugation were tested using this static BBB Transwell model. The
translocation rate of PCN−222@ICG@RVG was 4.8 × 10−7, which was 2.42 times higher
than that of unconjugated nanoprobes after 12 h (Figure S8c). The results were consistent
with those from the chip model studies in that RVG conjugation could largely increase the
BBB permeability of PCN-222@ICG nanoprobes.

2.8. Ex Vivo Dissociation of Aβ Plaques on AD Mouse Brain

In the AD brain, particularly in the late-onset AD brain, Aβ fibrils are prone to ag-
gregate and form Aβ plaques, which are neurotoxic to brain cells, including neurons
and astrocytes [64–67]. To investigate whether the NIR-activated PCN−222@ICG@RVG
nanoprobe is capable of inhibiting and disassembling high-order Aβ plaques, a transgenic
AD mouse brain containing Aβ plaques was sliced and fixed on a glass slide, followed by
treatment with NIR-activated PCN−222@ICG@RVG (Figure 9a). The Aβ-containing brain
slice was stained using ThS, a fluorescent dye that exhibits high fluorescent emission when
binding with amyloid plaques. The fluorescent images of the brain slice with different treat-
ments, including NIR-only treatment (0.6 W cm−2), NIR treatment with PCN−222@RVG
nanosheets (0.2 mg mL−1), and NIR treatment with PCN−222@ICG@RVG nanoprobes
(0.2 mg mL−1), were taken to compare the Aβ plaque degree. It was obvious that NIR
light alone did not affect the Aβ plaques in the brain slice, whereas PCN−222@RVG with
NIR irradiation treatment and PCN−222@ICG@RVG with NIR irradiation resulted in less
Aβ plaque in the brain slice (Figure 9b). Moreover, the PCN−222@ICG@RVG-with-NIR
irradiation group showed a significant decrease in the fluorescence density of Aβ plaques,
even compared with the PCN−222@RVG-under-NIR irradiation group; this indicates
that NIR-activated PCN−222@ICG@RVG had an enhanced dissociation effect on the Aβ

plaques due to the combined photo-treatment. Furthermore, to quantitatively analyze Aβ

plaques in different treatments, Image J software was used to analyze the density of Aβ

plaques in the ex vivo brain slice. The only NIR-treated group brain slice contained Aβ

plaques with a density of 59.2 per cm2, which was similar to that of the non-treated group
(61.7 per cm2). In contrast, the NIR-stimulated PCN−222@RVG group had a lower den-
sity of Aβ plaques at 25 per cm2. NIR-activated PCN−222@ICG@RVG had a remarkably
low density of Aβ plaques, at only 9.3 per cm2. Moreover, the brain slice treated with
NIR-activated PCN−222@ICG@RVG also exhibited much smaller Aβ plaques than the two
control groups and the NIR-excited PCN−222@RVG group. This result further evidenced
the enhanced Aβ plaques’ dissociation efficacy due to the combined phototherapy effects.
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Figure 9. Ex vivo evaluation of NIR-stimulated PCN@ICG nanosheet on mouse brain Aβ plaque
dissociation. (a) Schematic illustration of NIR-stimulated PCN@ICG nanosheet dissembling Aβ

plaques in mouse brain slice. (b) Confocal microscopic images of ThS staining of Aβ plaques after
different treatments. Scale bars: 50 µm. (c) Quantitative analysis of the density of Aβ plaques with
different treatments using Image J software (all values were statistically analyzed by means of one-way
ANOVA. ** p < 0.01, **** p < 0.0001, n.s. = not significant). Each treatment group contained three
technical replicates.

3. Discussion

In recent years, many groups have aimed to use nanoparticle-based phototherapy
approaches to advance the treatment of Alzheimer’s disease [28,32]. The main difficulty
of using phototherapy for brain treatment is the low penetration of light into the brain
since most current nanoparticle-initiated phototherapy approaches are based on visible
light. Photo-oxygenation for the inhibition of Aβ42 aggregation has been reported, but
it is limited by the relatively low inhibition effects. In this study, we have developed a
PCN−222@ICG nanoplatform which showed a quick response of temperature change
under 808 nm NIR irradiation. The temperature of nanoparticles can rapidly increase
from 25 ◦C to 45 ◦C after 5 min of laser irradiation, even at a low concentration. Through
rigorous characterization of PCN−222@ICG@RVG, we found that these nanoparticles could
generate not only a photothermal effect but also singlet oxygen upon NIR irradiation, both
of which contributed to inhibiting Aβ42 aggregation. The Aβ42 aggregation degree was
characterized by various means, including DLS, electro-microscopy, circular dichroism,
and protein gel electrophoresis. The photothermal effect of PCN−222@ICG can efficiently
enhance the photo-oxygenation based inhibition of Aβ42 aggregation. Therefore, the
combination of photothermal and photo-oxygenation treatments displayed a synergistic
effect for enhancing the inhibition efficiency of Aβ42 aggregation compared with a single
modality of photo-treatment. The cytotoxicity of Aβ42 aggregates can be significantly
reduced in the presence of PCN−222@ICG and NIR irradiation, suggesting that photo-
activated PCN−222@ICG can rescue the neuron cells which are exposed to neurotoxic
Aβ aggregates.
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We further leveraged organ-on-chip technology to test whether PCN−222@ICG with
the conjugation of RVG can penetrate the blood–brain barrier and CNS. PCN−222@ICG
appeared to be able to cross the blood–brain barrier lined with HUVEC, human primary
astrocytes on a dual-channel microfluidic chip. This study also shed light on future brain
drug screening using in vitro blood–brain barrier models. The comparison of mouse brain
slices showed a striking difference between the treated and non-treated groups in terms
of the number of Aβ aggregates under ThS staining. Taken together, we believe that
this PCN−222@ICG with the conjugation of RVG can reduce the neurotoxicity of Aβ by
inhibiting the amyloid from aggregating into toxic forms.

There are certain limitations for this study. The quantitative measurement for Aβ

aggregation during nanoparticle treatment was lacking. Although the ThT assay could
indicate the aggregation of the peptide, the accurate structures of oligomers and fibrils
were not determined using this method. Furthermore, despite the fact that the ex vivo AD
mouse brain slice was used to study the inhibition effect of PCN−222@ICG@RVG on Aβ

aggregation, no in vivo animal experiments were performed to further demonstrate the
inhibition effects in AD mouse models. This will be included in our future work.

4. Materials and Methods
4.1. Chemicals

The Aβ42 peptide was purchased from GL Biochem Ltd. (Shanghai, China). Thioflavin
T; 5, 10, 15, and 20-tetrakis (4-carboxyphenyl)porphyrin (TCPP); zirconyl chloride octahy-
drate (ZrOCl2·8H2O); formic acid (FA); and indocyanine green (ICG) were purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Dimethyl sulfoxide (DMSO, anhydrous,
>99.9%) and N, N’-dimethylformamide (DMF, anhydrous, 99.9%) were purchased from J&K
Scientific Ltd. (Beijing, China). All reagents and chemicals were purchased commercially
and without further purification if not otherwise mentioned, and Ultrapure Milli-Q water
(18.2 MΩ) was used in all experiments. HEPES buffer (pH = 7.4) was purchased from
Thermo Fisher Scientific Inc. (Waltham, USA). The native gel electrophoresis-related chemi-
cals and kits were purchased from Bio-Rad Laboratories, Inc. (Hercules, USA). All other
reagents were purchased from Sigma-Aldrich (St. Louis, USA) unless otherwise specified.

4.2. Synthesis of 2D PCN-222 Nanosheets

Two dimensional PCN−222 nanosheets were prepared according to the previous
method with slight modifications [68]. Briefly, 10 mg ZrOCl2·8H2O, 30 mg TCPP, 240 µL
of FA, and 50 µL water were added to DMF to a final volume of 2 mL in a Teflon-lined
stainless-steel autoclave; then, they were heated at 120 ◦C for 24 h. After cooling down
to room temperature, the PCN−222 nanosheets was separated through centrifugation at
13,500 rpm for 30 min and further rinsed with DMF and ethanol several times until there
was no red fluorescence in the supernatant under UV light. A total of 50 mg as-synthesized
MOFs and 1 mL 8 M HCl were added into 20 mL DMF, and the DMF suspension was stirred
at 120 ◦C for 12 h to remove unreacted inorganic species, starting ligands, and modulating
reagents. The products were further separated via centrifugation, and then, dispersed into
fresh acetone for 24 h to exchange and remove the DMF. After the removal of acetone via
centrifugation, the sample was activated by drying it under vacuum at 100 ◦C for 24 h.

4.3. Preparation of PCN-222@ICG

Fifty-milligram PCN-222 nanosheets were first sonicated for 5 min and mixed with
10 µM of ICG in ultrapure water and stirred for 24 h at room temperature. Residual ICG
was then removed via centrifugation at 13,500 rpm for 30 min and rinsed with water
several times.

4.4. Preparation of RVG-Conjugated PCN-222@ICG

For the immobilization of the RVG peptide in PCN−222@ICG via electrostatic adsorp-
tion, the obtained PCN−222@ICG was mixed with 500 µL 5 mg mL−1 RVG peptide and
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shaken at 4 ◦C for 4 h. Thereafter, the product was centrifuged at 12,000 rpm for 10 min
and washed with Milli-Q water three times.

4.5. Characterization of PCN-222@ICG Nanoprobes

Transmission Electron Microscopy (TEM) images were collected using a JEOL JEM-
2100F TEM microscope. Scanning Electron Microscopy (SEM) images were obtained using
a JEOL Field Emission SEM microscope. The ultraviolet–visible (UV-vis) absorbance
levels of PCN−222 and PCN−222@ICG were measured using an Ultrospec 2100 Pro
spectrophotometer (Amersham Biosciences). Powder X-ray diffraction (PXRD) patterns
were collected at 293 K using a Rigaku SmartLab X-Ray diffractometer via Cu Kα radiation.
The zeta potential and size distribution of the PCN−222@ICG nanosheets were measured
using a Malvern ZEN 3600 Zetasizer. The Fourier Transform Infrared (FT-IR) spectra
were obtained using a Bruker Vertex-70 IR Spectroscopy in the wavelength region of
400–4000 cm−1. Brunauer–Emmett–Teller (BET) surface area analysis was performed using
a Micromeritics ASAP 2420 analyzer.

4.6. Characterization of Photothermal Effect

PCN−222@ICG at various concentrations was dispersed in water in a 1.5 mL cen-
trifuge tube, which was then exposed under an 808 nm light at a power density of
0.6 W cm−2 in a black container. Temperature change was measured using a FLIR C2
thermal imaging camera at different time points.

4.7. Singlet Oxygen Generation Measurement

Singlet oxygen was characterized using a DPBF assay. Briefly, PCN−222@ICG (0.2 mg mL−1)
and DPBF (0.04 µM) were dissolved in DMF and stirred for 5 min before exposed to an
808 nm NIR light at a power density of 0.6 W cm−2. The UV-vis absorption was recorded
using a spectrophotometer at the same time intervals as mentioned in Figure 3a. 1O2 was
also identified via ESR obtained using a JES-FA200 Electron Spin Resonance Spectrometer
using 4-oxo-TEMP.

4.8. Preparation of Monomeric Aβ42 Solution

Human Aβ42 (1 mg) was dissolved in hexafluoro-2-propanol (HFIP) and kept at room
temperature for 2 h. The HFIP was then removed under a gentle flow of nitrogen gas,
followed by freeze-drying for 3 h. The obtained Aβ42 peptide (1 mg) was dissolved in
10 µL DMSO, and then, diluted to 300 µM with ultrapure water (Invitrogen). The solution
was further diluted in HEPES buffer (20 µM, pH 7.4, 150 µM NaCl) to a final concentration
of 25 µM for the inhibition study.

4.9. Inhibition Study of Aβ42 Aggregation under NIR Light Irradiation

For the inhibition studies, PCN−222 nanosheets and PCN−222@ICG were mixed with
Aβ42 solution (25 µM) at a concentration of 100 µg mL−1. The mixed solution was then
exposed to NIR light irradiation (808 nm, 0.6 W cm−2) for 30 min and incubated at 37 ◦C
for 24 h.

4.10. Thioflavin T (ThT) Assay

ThT stock solution was prepared by dissolving 0.32 mg of ThT in 10 mL ultrapure
water and filtering through a 0.22 µm PES syringe filter. Ten micromolar of the prepared
ThT solution was mixed with 15 µM of Aβ42 peptide with/without nanoprobe treatments.
The fluorescence was measured using a photoluminescence spectrometer. The fluores-
cence intensity was recorded using an excitation wavelength of 440 nm and an emission
wavelength of 485 nm. All sample measurements were performed in triplicate. PCN−222
nanoprobes were removed via centrifugation (21120 g, 30 min) before being subjected
to ThT assay to prevent the nanoparticles from interfering with the photoluminescence
property of ThT during the analysis of Aβ42 aggregation.
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4.11. Circular Dichroism (CD) Measurement

The far-UV (190–250 nm) of the CD spectra were recorded with a JASCO J-810 Spec-
trometer (JASCO Co., Tokyo, Japan), using a quartz cuvette with 1 mm path length. A
total of 25 µM of Aβ42 peptide with and without nanoprobe treatments was used for CD
measurement. The CD spectrum was scanned three times in the range of 195–250 nm under
a N2 blowing atmosphere. Conformational changes in the peptides were analyzed at 195
and 216 nm, respectively.

4.12. Dynamic Light Scattering (DLS) Measurement

The size distribution of the incubated Aβ42 peptide (25 µM) was measured using a
light scattering spectrometer (Zetasizer Nano ZS instrument; Malvern Instruments, Worces-
tershire, UK). The Aβ42 samples were centrifuged at 16,000× g for 30 min at 4 ◦C and
the supernatant was measured via DLS at 25 ◦C. Each scan consisted of 11 runs and each
sample was measured at least three times.

4.13. Transmission Electron Microscope (TEM) Analysis

Five microliters of each Aβ42 sample (25 µM) were placed on a glow-discharged,
300-mesh formvar/carbon coated copper grid. The samples were stained with 2% uranyl
acetate, and then, the grids were washed at least three times, followed by drying at room
temperature before measurement. The TEM images were collected using a JEOL JEM-2100
F microscope with an accelerating voltage of 75 kV.

4.14. Native Gel Electrophoresis Analysis

The Aβ42 samples with various treatments were mixed with the sample buffer and
loaded on a 10% precast gel (SDS free, Bio-Rad Laboratories, Inc., Hercules, USA) for
measurement in a MiniPROTEAN® Tetra Cell (Bio-Rad Laboratories, Inc., Hercules, USA)
with a current of 100 V for 80 min. Silver staining was performed using a silver staining kit
(Bio-Rad Laboratories, Inc., Hercules, USA) according to the manufacturer’s instructions.
The gel was then imaged using a ChemiDoc Touch Imaging System (Bio-Rad Laboratories,
Inc., Hercules, USA).

4.15. Cell Counting Kit 8 (CCK-8) Assay

PC 12 cells were cultured in medium containing 15% HS, 2.5% FBS, and 1% antibiotics
under a 5% CO2 atmosphere at 37 ◦C. For the biocompatibility test, around 0.5 × 104 cells
per well were seeded into a 96-well plate and incubated for 24 h. PCN−222 nanosheets
were then added to the 96-well plate at different concentrations and incubated for 24 h
before being subjected to the CCK8 assay according to the manufacturer’s protocol. For
the photo-inhibition test, non-treated, NIR light-treated, PCN−222-treated, and PCN−222-
with-light-illumination-treated Aβ42 peptides were added to the PC 12 cells in a 96-well
plate and incubated for 24 h before being subjected to the test.

4.16. MALDI-TOF MS Measurement

MALDI-TOF MS spectra were recorded via Bruker UltrafleXtreme MALDI-TOF-TOF
Mass Spectrometer using α-cyano-4-hydroxy cinnamic acid as a matrix. Native Aβ42, and
Aβ42 irradiated with NIR light in the presence of PCN−222@ICG for 0.5 h and 1 h were
measured using the MALDI-TOF MS.

4.17. BBB-on-a-Chip Set-Up

BBB chips were fabricated using a 3D-printed mold. A porous PET membrane (0.4 µm
pores, density of 4 × 106 cm−2) was sandwiched between the two PDMS microfluidic
channels during bonding. The human primary umbilical vein endothelial cell (HUVEC)
was propagated on tissue-culture plates that were coated with Matrigel using extracellular
matrix (ECM) media and maintained according to protocols provided by Thermo Fisher
Scientific Inc. (Waltham, USA). Primary human astrocytes isolated from the cerebral cortex
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were obtained from ScienCell and maintained in the Astrocyte medium. The primary cells
were used at passages 3–6. The microfluidic channels were coated with ECM consisting
of collagen IV (400 µg mL−1) and fibronectin (100 µg mL−1) overnight. Both channels of
the chip were rinsed with PBS three times, and then, filled with astrocyte media for at
least 1 h before seeding cells. For the co-culturing of astrocytes in the brain channel of
the chip, a density of 0.7 × 106 cells mL−1 of human astrocyte were mixed together in the
astrocyte media and seeded on the apical channel of the chip; then, they were incubated
in the incubator for 1 h. To remove the access of the astrocyte, the channels of the chip
were washed with the endothelial medium. Afterwards, 2.3 × 107 cells mL−1 of HUVECs
were seeded in the basal channel, and the device was flipped immediately to allow the
HUVECs to adhere to the ECM-coated PET membrane. After 5 h of incubation, the device
was flipped back to let the rest of HUVECs sit on the bottom and sides of the channel to
form a capillary lumen. After 12 h of incubation, the chip was connected to a peristaltic
pump and endothelial medium was allowed to flow through the channels at a flow rate
of 60 µL h−1 to allow the chip to adjust to the flow conditions. FITC-labeled dextran
tracers were dosed through the vascular channels for a known period of time, and the
concentrations of the dextran tracers in the outlet samples from both vascular and brain
channels were determined using a Synergy H1 microplate reader.

4.18. Apparent Permeability (Papp) Calculation

The apparent permeability (Papp) of the blood–brain barrier was calculated according
to the following equation, described in previous report [24]:

Papp =
Vr × Cr

A × t × (Cd×Vd+Cr×Vr)
Vd+Vr

where Vr is the volume of the receiving channel effluent after time t; Vd is the volume of
the dosing channel effluent after time t; A is the area of membrane; Cr is the measured
concentration of the tracer in the receiving channel effluent; and Cd is the measured
concentration of the tracer in the dosing channel effluent.

4.19. Transwell Model of BBB

The BBB Transwell model was created via a contact dual-culture method. Specifically,
1 × 105 astrocytes were seeded on the lower side of the Transwell membrane by flipping the
inserts of the Transwell. After the attachment of the astrocyte to the membrane for around
1 h, 1 × 106 HUVECs were then seeded on the upper side of the Transwell membrane and
kept at 37 ◦C for 12 h before use. Fluorescence-labeled dextran tracers (3 k, 10 k, 70 kDa)
were dosed into the upper chamber of the Transwell. The fluorescence intensity of the
dextran tracers and the nanoprobes in both the blood and brain chambers were measured
using a microplate reader. The apparent permeability of the different molecular size tracer
and nanoprobes (P) was calculated as:

P =
1

C0 A
dQ
dt

where C0 is the dosing concentration, A is the total surface area of the Transwell membrane,
and dQ/dt is the transport rate calculated as the gradient of mass over time.

4.20. Ex Vivo Evaluation

For ex vivo evaluation of the therapeutic effect of PCN@ICG on the dissociation of
Aβ42 plaques, brain tissue containing Aβ plaques was extracted from the AD mouse model
(APP, aged 9 months). The extracted brain was sliced in 30 µm-thick slices in their frozen
state using a cryostat (JJQ-L2016, Wuhan Junjie Electronic Ltd., Wuhan, China) and fixed
on a glass slide. A drop of PCN@ICG nanosheets (0.025 mg mL−1) was added to the
brain tissue on a glass slide. After 4 h of incubation in a refrigerator, the glass slide was
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placed under 808 nm NIR irradiation (0.6 W cm−2) for 10 min. The brain slice was then
stained with 1 mM Thioflavin S (ThS) solution for 30 min, followed by washing with
PBS solution three times. The brain slice was imaged under a confocal microscope (Leica
TCS SPE, Leica Microsystems Ltd., Wetzlar, Germany) to take fluorescence images. The
above animal experiment has obtained animal ethics approval from the Animal Subjects
Ethics Sub-Committee (ASESC) of the Hong Kong Polytechnic University (Approval No:
20-21/6-BME-R-CRF).

5. Conclusions

In summary, we have demonstrated enhanced inhibition and dissociation of Aβ aggre-
gates and good human BBB permeability using an NIR-activated PCN−222@ICG hybrid
nanoprobe. With the conjugation of an RVG peptide, we observed that the conjugated
nanoparticles could penetrate the BBB via an in vitro brain-on-a-chip model. The Aβ inhibi-
tion effect of this nanoparticle was also confirmed in an ex vivo study. Local photothermal
heating could increase the instability of Aβ42 aggregation to facilitate the photo-oxygenation
of the Aβ42 monomer, leading to a synergistic inhibition effect which could not be achieved
by a single modality of photo-treatment. The successful demonstration of largely enhanced
Aβ plaque inhibition and dissociation efficacy under moderate NIR laser irradiation via a
combinational phototherapy approach, using in vitro brain-on-a-chip and ex vivo evalua-
tion, is critical for future in vivo phototherapy of AD; this is because NIR light may decay
during transmission to the brain through the skull. Moreover, through conjugation with the
brain-penetrating peptide RVG, this hybrid nanoprobe shows good human BBB permeabil-
ity in a human brain-on-a-chip, which allows for nanoprobe-based in vivo brain therapy.
This study may shed light on the future development of nano-therapeutics for Alzheimer’s
disease and other brain disorders that need to be BBB-penetrative, and provides a new
paradigm for potent clinical treatment for AD patients.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms231810885/s1.

Author Contributions: Conceptualization, J.W. and M.Y.; methodology, J.W., Y.G., X.L., Y.F., Y.Z., C.Y.
and C.C.; validation, J.W., Y.G. and X.L., Y.F.; formal analysis, J.W. and M.Y.; resources, J.W., Y.G. and
X.L.; data curation, J.W.; writing—original draft preparation, J.W.; writing—review and editing, J.W.,
Y.G. and M.Y.; supervision, C.Y., C.C. and M.Y.; funding acquisition, M.Y. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Hong Kong Research Grant Council Collaborative Re-
search Fund (C5078-21EF), the Innovation and Technology Fund, Guangdong–Hong Kong Coop-
eration Scheme (GHP/032/20SZ), the Hong Kong Research Grant Council General Research Fund
(PolyU 15210818 and 15217621) and the Hong Kong Polytechnic University Internal Fund (1-ZVVQ).

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Subjects Ethics Committee of the Hong Kong Polytechnic University (protocol code 20-21/325-BME-
R-GRF and date of approval: 1 December 2021).” for studies involving animals.

Acknowledgments: We thank the University Life Science Facility in the Hong Kong Polytechnic
University for providing confocal microscopy equipment.

Conflicts of Interest: There are no conflicts of interests to declare.

References
1. Knopman, D.S.; Amieva, H.; Petersen, R.C.; Chételat, G.; Holtzman, D.M.; Hyman, B.T.; Nixon, R.A.; Jones, D.T. Alzheimer

disease. Nat. Rev. Dis. Primers 2021, 7, 33. [CrossRef] [PubMed]
2. Scheltens, P.; Blennow, K.; Breteler, M.M.B.; de Strooper, B.; Frisoni, G.B.; Salloway, S.; Van der Flier, W.M. Alzheimer’s disease.

Lancet 2016, 388, 505–517. [CrossRef]
3. Tanaka, M.; Toldi, J.; Vécsei, L. Exploring the Etiological Links behind Neurodegenerative Diseases: Inflammatory Cytokines and

Bioactive Kynurenines. Int. J. Mol. Sci. 2020, 21, 2431. [CrossRef] [PubMed]
4. Török, N.; Tanaka, M.; Vécsei, L. Searching for Peripheral Biomarkers in Neurodegenerative Diseases: The Tryptophan-

Kynurenine Metabolic Pathway. Int. J. Mol. Sci. 2020, 21, 9338. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms231810885/s1
https://www.mdpi.com/article/10.3390/ijms231810885/s1
http://doi.org/10.1038/s41572-021-00269-y
http://www.ncbi.nlm.nih.gov/pubmed/33986301
http://doi.org/10.1016/S0140-6736(15)01124-1
http://doi.org/10.3390/ijms21072431
http://www.ncbi.nlm.nih.gov/pubmed/32244523
http://doi.org/10.3390/ijms21249338


Int. J. Mol. Sci. 2022, 23, 10885 21 of 23

5. Ryan, N.S.; Rossor, M.N.; Fox, N.C. Alzheimer’s disease in the 100 years since Alzheimer’s death. Brain 2015, 138, 3816–3821.
[CrossRef]

6. Wyss-Coray, T. Ageing, neurodegeneration and brain rejuvenation. Nature 2016, 539, 180–186. [CrossRef]
7. Czapski, G.A.; Strosznajder, J.B. Glutamate and GABA in Microglia-Neuron Cross-Talk in Alzheimer’s Disease. Int. J. Mol. Sci.

2021, 22, 11677. [CrossRef]
8. Olah, M.; Menon, V.; Habib, N.; Taga, M.F.; Ma, Y.; Yung, C.J.; Cimpean, M.; Khairallah, A.; Coronas-Samano, G.;

Sankowski, R.; et al. Single cell RNA sequencing of human microglia uncovers a subset associated with Alzheimer’s
disease. Nat. Commun. 2020, 11, 6129. [CrossRef]

9. Dong, Y.; Li, X.; Cheng, J.; Hou, L. Drug Development for Alzheimer’s Disease: Microglia Induced Neuroinflammation as a
Target? Int. J. Mol. Sci. 2019, 20, 558. [CrossRef]

10. Hickman, S.E.; Allison, E.K.; El Khoury, J. Microglial Dysfunction and Defective β-Amyloid Clearance Pathways in Aging
Alzheimer’s Disease Mice. J. Neurosci. 2008, 28, 8354–8360. [CrossRef]

11. Mahul-Mellier, A.-L.; Burtscher, J.; Maharjan, N.; Weerens, L.; Croisier, M.; Kuttler, F.; Leleu, M.; Knott, G.W.; Lashuel, H.A. The
process of Lewy body formation, rather than simply α-synuclein fibrillization, is one of the major drivers of neurodegeneration.
Proc. Natl. Acad. Sci. USA. 2020, 117, 4971–4982. [CrossRef] [PubMed]

12. Heneka, M.T.; Carson, M.J.; Khoury, J.E.; Landreth, G.E.; Brosseron, F.; Feinstein, D.L.; Jacobs, A.H.; Wyss-Coray, T.; Vitorica, J.;
Ransohoff, R.M.; et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol. 2015, 14, 388–405. [CrossRef]

13. Eikelenboom, P.; Veerhuis, R.; Scheper, W.; Rozemuller, A.J.M.; van Gool, W.A.; Hoozemans, J.J.M. The significance of neuroin-
flammation in understanding Alzheimer’s disease. J. Neural Transm. 2006, 113, 1685–1695. [CrossRef] [PubMed]

14. Moore, A.H.; O’Banion, M.K. Neuroinflammation and anti-inflammatory therapy for Alzheimer’s disease. Adv. Drug Deliv. Rev.
2002, 54, 1627–1656. [CrossRef]

15. Tsay, H.-J.; Liu, H.-K.; Kuo, Y.-H.; Chiu, C.-S.; Liang, C.-C.; Chung, C.-W.; Chen, C.-C.; Chen, Y.-P.; Shiao, Y.-J. EK100 and Antrodin
C Improve Brain Amyloid Pathology in APP/PS1 Transgenic Mice by Promoting Microglial and Perivascular Clearance Pathways.
Int. J. Mol. Sci. 2021, 22, 10413. [CrossRef] [PubMed]

16. Battaglia, S.; Thayer, J.F. Functional interplay between central and autonomic nervous systems in human fear conditioning. Trends
Neurosci. 2022, 45, 504–506. [CrossRef] [PubMed]

17. Hardy, J.; Selkoe, D.J. The Amyloid Hypothesis of Alzheimer’s Disease: Progress and Problems on the Road to Therapeutics.
Science 2002, 297, 353. [CrossRef]

18. Chimon, S.; Shaibat, M.A.; Jones, C.R.; Calero, D.C.; Aizezi, B.; Ishii, Y. Evidence of fibril-like β-sheet structures in a neurotoxic
amyloid intermediate of Alzheimer’s β-amyloid. Nat. Struct. Mol. Biol. 2007, 14, 1157–1164. [CrossRef]

19. Bucciantini, M.; Giannoni, E.; Chiti, F.; Baroni, F.; Formigli, L.; Zurdo, J.; Taddei, N.; Ramponi, G.; Dobson, C.M.; Stefani,
M. Inherent toxicity of aggregates implies a common mechanism for protein misfolding diseases. Nature 2002, 416, 507–511.
[CrossRef]

20. Soto, C.; Sigurdsson, E.M.; Morelli, L.; Asok Kumar, R.; Castaño, E.M.; Frangione, B. β-sheet breaker peptides inhibit fibrillogenesis
in a rat brain model of amyloidosis: Implications for Alzheimer’s therapy. Nat. Med. 1998, 4, 822–826. [CrossRef]

21. McLaurin, J.; Kierstead, M.E.; Brown, M.E.; Hawkes, C.A.; Lambermon, M.H.L.; Phinney, A.L.; Darabie, A.A.; Cousins, J.E.;
French, J.E.; Lan, M.F.; et al. Cyclohexanehexol inhibitors of Aβ aggregation prevent and reverse Alzheimer phenotype in a
mouse model. Nat. Med. 2006, 12, 801–808. [CrossRef] [PubMed]

22. Abbott, A.; Dolgin, E. Leading Alzheimer’s theory survives drug failure. Nature 2016, 540, 15–16. [CrossRef] [PubMed]
23. Ouberai, M.; Dumy, P.; Chierici, S.; Garcia, J. Synthesis and Biological Evaluation of Clicked Curcumin and Clicked KLVFFA

Conjugates as Inhibitors of β-Amyloid Fibril Formation. Bioconjug. Chem. 2009, 20, 2123–2132. [CrossRef]
24. Weissleder, R.; Ntziachristos, V. Shedding light onto live molecular targets. Nat. Med. 2003, 9, 123–128. [CrossRef]
25. Mitsunaga, M.; Ogawa, M.; Kosaka, N.; Rosenblum, L.T.; Choyke, P.L.; Kobayashi, H. Cancer cell–selective in vivo near infrared

photoimmunotherapy targeting specific membrane molecules. Nat. Med. 2011, 17, 1685–1691. [CrossRef]
26. Taniguchi, A.; Shimizu, Y.; Oisaki, K.; Sohma, Y.; Kanai, M. Switchable photooxygenation catalysts that sense higher-order

amyloid structures. Nat. Chem. 2016, 8, 974–982. [CrossRef]
27. Hwang, B.; Gu, C.; Lee, D.; Lee, J.-S. Effect of halide-mixing on the switching behaviors of organic-inorganic hybrid perovskite

memory. Sci. Rep. 2017, 7, 43794. [CrossRef] [PubMed]
28. Lee, J.S.; Lee, B.I.; Park, C.B. Photo-induced inhibition of Alzheimer’s β-amyloid aggregation in vitro by rose bengal. Biomaterials

2015, 38, 43–49. [CrossRef]
29. Liu, Q.J.; Ye, W.W.; Yu, H.; Hu, N.; Du, L.P.; Wang, P.; Yang, M. Olfactory mucosa tissue based biosensor: A bioelectronic nose

with receptor cells in intact olfactory epithelium. Sens. Actuators B-Chem. 2010, 146, 527–533. [CrossRef]
30. Jiang, D.; Zhang, Y.D.; Du, X.J.; Tan, Y.H.; Chen, W.; Yang, M. Wavelength-regulated switchable photoelectrochemical system for

concurrent detection of dual antibiotics. Biosens. Bioelectron. 2022, 202, 113999. [CrossRef]
31. Jiang, D.; Yang, C.Q.; Fan, Y.D.; Leung, P.H.M.; Kiao, I.; Zhang, Y.; Li, Z.Y.; Yang, M. Ultra-sensitive photoelectrochemical aptamer

biosensor for detecting E. coli O157:H7 based on nonmetallic plasmonic two-dimensional hydrated defective tungsten oxide
nanosheets coupling with nitrogen-doped graphene quantum dots (dWO3·H2O@N-GQDs). Biosens. Bioelectron. 2021, 183, 113214.
[CrossRef] [PubMed]

http://doi.org/10.1093/brain/awv316
http://doi.org/10.1038/nature20411
http://doi.org/10.3390/ijms222111677
http://doi.org/10.1038/s41467-020-19737-2
http://doi.org/10.3390/ijms20030558
http://doi.org/10.1523/JNEUROSCI.0616-08.2008
http://doi.org/10.1073/pnas.1913904117
http://www.ncbi.nlm.nih.gov/pubmed/32075919
http://doi.org/10.1016/S1474-4422(15)70016-5
http://doi.org/10.1007/s00702-006-0575-6
http://www.ncbi.nlm.nih.gov/pubmed/17036175
http://doi.org/10.1016/S0169-409X(02)00162-X
http://doi.org/10.3390/ijms221910413
http://www.ncbi.nlm.nih.gov/pubmed/34638752
http://doi.org/10.1016/j.tins.2022.04.003
http://www.ncbi.nlm.nih.gov/pubmed/35577621
http://doi.org/10.1126/science.1072994
http://doi.org/10.1038/nsmb1345
http://doi.org/10.1038/416507a
http://doi.org/10.1038/nm0798-822
http://doi.org/10.1038/nm1423
http://www.ncbi.nlm.nih.gov/pubmed/16767098
http://doi.org/10.1038/nature.2016.21045
http://www.ncbi.nlm.nih.gov/pubmed/27905452
http://doi.org/10.1021/bc900281b
http://doi.org/10.1038/nm0103-123
http://doi.org/10.1038/nm.2554
http://doi.org/10.1038/nchem.2550
http://doi.org/10.1038/srep43794
http://www.ncbi.nlm.nih.gov/pubmed/28272547
http://doi.org/10.1016/j.biomaterials.2014.10.058
http://doi.org/10.1016/j.snb.2009.12.032
http://doi.org/10.1016/j.bios.2022.113999
http://doi.org/10.1016/j.bios.2021.113214
http://www.ncbi.nlm.nih.gov/pubmed/33836431


Int. J. Mol. Sci. 2022, 23, 10885 22 of 23

32. Chung, Y.J.; Kim, K.; Lee, B.I.; Park, C.B. Carbon Nanodot-Sensitized Modulation of Alzheimer’s β-Amyloid Self-Assembly,
Disassembly, and Toxicity. Small 2017, 13, 1700983. [CrossRef] [PubMed]

33. Chung, Y.J.; Lee, B.I.; Ko, J.W.; Park, C.B. Photoactive g-C3N4 Nanosheets for Light-Induced Suppression of Alzheimer’s
β-Amyloid Aggregation and Toxicity. Adv. Healthc. Mater. 2016, 5, 1560–1565. [CrossRef] [PubMed]

34. Kuk, S.; Lee, B.I.; Lee, J.S.; Park, C.B. Rattle-Structured Upconversion Nanoparticles for Near-IR-Induced Suppression of
Alzheimer’s β-Amyloid Aggregation. Small 2017, 13, 1603139. [CrossRef] [PubMed]

35. Li, Y.; Du, Z.; Liu, X.; Ma, M.; Yu, D.; Lu, Y.; Ren, J.; Qu, X. Near-Infrared Activated Black Phosphorus as a Nontoxic Photo-Oxidant
for Alzheimer’s Amyloid-beta Peptide. Small 2019, 15, e1901116. [CrossRef]

36. Li, M.; Yang, X.J.; Ren, J.S.; Qu, K.G.; Qu, X.G. Using Graphene Oxide High Near-Infrared Absorbance for Photothermal Treatment
of Alzheimer’s Disease. Adv. Mater. 2012, 24, 1722–1728. [CrossRef]

37. Li, M.; Zhao, A.D.; Dong, K.; Li, W.; Ren, J.S.; Qu, X.G. Chemically exfoliated WS2 nanosheets efficiently inhibit amyloid
beta-peptide aggregation and can be used for photothermal treatment of Alzheimer’s disease. Nano Res. 2015, 8, 3216–3227.
[CrossRef]

38. Jagdeo, J.R.; Adams, L.E.; Brody, N.I.; Siegel, D.M. Transcranial Red and Near Infrared Light Transmission in a Cadaveric Model.
PLoS ONE 2012, 7, e47460. [CrossRef]

39. Paglia, G.; Miedico, O.; Cristofano, A.; Vitale, M.; Angiolillo, A.; Chiaravalle, A.E.; Corso, G.; Di Costanzo, A. Distinctive Pattern
of Serum Elements During the Progression of Alzheimer’s Disease. Sci. Rep. 2016, 6, 22769. [CrossRef]

40. Funato, H.; Yoshimura, M.; Yamazaki, T.; Saido, T.C.; Ito, Y.; Yokofujita, J.; Okeda, R.; Ihara, Y. Astrocytes containing amyloid
beta-protein (Abeta)-positive granules are associated with Abeta40-positive diffuse plaques in the aged human brain. Am. J.
Pathol. 1998, 152, 983–992.

41. Goedert, M.; Spillantini, M.G. A Century of Alzheimer’s Disease. Science 2006, 314, 777–781. [CrossRef] [PubMed]
42. Vaz, M.; Silvestre, S. Alzheimer’s disease: Recent treatment strategies. Eur. J. Pharmacol. 2020, 887, 173554. [CrossRef]
43. LaFerla, F.M.; Green, K.N. Animal Models of Alzheimer Disease. Cold Spring Harb. Perspect. Med. 2012, 2, a006320. [CrossRef]

[PubMed]
44. Maoz, B.M.; Herland, A.; FitzGerald, E.A.; Grevesse, T.; Vidoudez, C.; Pacheco, A.R.; Sheehy, S.P.; Park, T.-E.; Dauth, S.;

Mannix, R.; et al. A linked organ-on-chip model of the human neurovascular unit reveals the metabolic coupling of endothelial
and neuronal cells. Nat. Biotechnol. 2018, 36, 865–874. [CrossRef] [PubMed]

45. Morad, G.; Carman, C.V.; Hagedorn, E.J.; Perlin, J.R.; Zon, L.I.; Mustafaoglu, N.; Park, T.-E.; Ingber, D.E.; Daisy, C.C.; Moses, M.A.
Tumor-Derived Extracellular Vesicles Breach the Intact Blood–Brain Barrier via Transcytosis. ACS Nano 2019, 13, 13853–13865.
[CrossRef]

46. Sontheimer-Phelps, A.; Hassell, B.A.; Ingber, D.E. Modelling cancer in microfluidic human organs-on-chips. Nat. Rev. Cancer
2019, 19, 65–81. [CrossRef]

47. Novak, R.; Ingram, M.; Marquez, S.; Das, D.; Delahanty, A.; Herland, A.; Maoz, B.M.; Jeanty, S.S.F.; Somayaji, M.R.; Burt, M.; et al.
Robotic fluidic coupling and interrogation of multiple vascularized organ chips. Nat. Biomed. Eng. 2020, 4, 407–420. [CrossRef]

48. Herland, A.; Maoz, B.M.; Das, D.; Somayaji, M.R.; Prantil-Baun, R.; Novak, R.; Cronce, M.; Huffstater, T.; Jeanty, S.S.F.;
Ingram, M.; et al. Quantitative prediction of human pharmacokinetic responses to drugs via fluidically coupled vascularized
organ chips. Nat. Biomed. Eng. 2020, 4, 421–436. [CrossRef]

49. Ingber, D.E. Is it Time for Reviewer 3 to Request Human Organ Chip Experiments Instead of Animal Validation Studies? Adv. Sci.
2020, 7, 2002030. [CrossRef]

50. Xin, Y.; Chen, X.; Tang, X.; Li, K.; Yang, M.; Tai, W.C.; Liu, Y.; Tan, Y. Mechanics and actomyosin-dependent sur-
vival/chemoresistance of suspended tumor cells in shear flow. Biophys. J. 2019, 116, 1803–1814. [CrossRef]

51. Ingber, D.E. Human organs-on-chips for disease modelling, drug development and personalized medicine. Nat. Rev. Genet. 2022,
23, 467–491. [CrossRef] [PubMed]

52. You, L.; Wang, J.; Liu, T.; Zhang, Y.; Han, X.; Wang, T.; Guo, S.; Dong, T.; Xu, J.; Anderson, G.J.; et al. Targeted brain delivery of
rabies virus glycoprotein 29-modified deferoxamine-loaded nanoparticles reverses functional deficits in parkinsonian mice. ACS
Nano 2018, 12, 4123–4139. [CrossRef] [PubMed]

53. Lafon, M. Rabies virus receptors. J. Neurovirol. 2005, 11, 82–87. [CrossRef] [PubMed]
54. Liu, Y.; Guo, Y.; An, S.; Kuang, Y.; He, X.; Ma, H.; Li, J.; Lv, J.; Zhang, N.; Jiang, C. Targeting caspase-3 as dual therapeutic benefits

by RNAi facilitating brain-targeted nanoparticles in a rat model of parkinson’s disease. PLoS ONE 2013, 8, e62905.
55. Kim, J.-Y.; Choi, W.I.; Kim, Y.H.; Tae, G. Brain-targeted delivery of protein using chitosan- and RVG peptide-conjugated,

pluronic-based nano-carrier. Biomaterials 2013, 34, 1170–1178. [CrossRef] [PubMed]
56. Lentz, T.L.; Burrage, T.G.; Smith, A.L.; Crick, J.; Tignor, G.H. Is the Acetylcholine Receptor a Rabies Virus Receptor? Science 1982,

215, 182–184. [CrossRef]
57. Wang, J.H.; Fan, Y.D.; Lee, H.W.; Yi, C.Q.; Cheng, C.M.; Zhao, X.; Yang, M. Ultrasmall metal–organic framework Zn-MOF-74

nanodots: Size-controlled synthesis and application for highly selective colorimetric sensing of iron(III) in aqueous solution. ACS
Appl. Nano Mater. 2018, 1, 3747–3753. [CrossRef]

58. Cheng, C.M.; Zhang, R.L.; Wang, J.H.; Zhang, Y.; Wen, C.Y.; Tan, Y.H.; Yang, M. An ultrasensitive and selective fluorescence
nanosensor based on porphyrinic metal-organic framework nanoparticles for Cu2+ detection. Analyst 2020, 145, 797–804.
[CrossRef]

http://doi.org/10.1002/smll.201700983
http://www.ncbi.nlm.nih.gov/pubmed/28714246
http://doi.org/10.1002/adhm.201500964
http://www.ncbi.nlm.nih.gov/pubmed/27111552
http://doi.org/10.1002/smll.201603139
http://www.ncbi.nlm.nih.gov/pubmed/28092125
http://doi.org/10.1002/smll.201901116
http://doi.org/10.1002/adma.201104864
http://doi.org/10.1007/s12274-015-0821-z
http://doi.org/10.1371/journal.pone.0047460
http://doi.org/10.1038/srep22769
http://doi.org/10.1126/science.1132814
http://www.ncbi.nlm.nih.gov/pubmed/17082447
http://doi.org/10.1016/j.ejphar.2020.173554
http://doi.org/10.1101/cshperspect.a006320
http://www.ncbi.nlm.nih.gov/pubmed/23002015
http://doi.org/10.1038/nbt.4226
http://www.ncbi.nlm.nih.gov/pubmed/30125269
http://doi.org/10.1021/acsnano.9b04397
http://doi.org/10.1038/s41568-018-0104-6
http://doi.org/10.1038/s41551-019-0497-x
http://doi.org/10.1038/s41551-019-0498-9
http://doi.org/10.1002/advs.202002030
http://doi.org/10.1016/j.bpj.2019.04.011
http://doi.org/10.1038/s41576-022-00466-9
http://www.ncbi.nlm.nih.gov/pubmed/35338360
http://doi.org/10.1021/acsnano.7b08172
http://www.ncbi.nlm.nih.gov/pubmed/29617109
http://doi.org/10.1080/13550280590900427
http://www.ncbi.nlm.nih.gov/pubmed/15804965
http://doi.org/10.1016/j.biomaterials.2012.09.047
http://www.ncbi.nlm.nih.gov/pubmed/23122677
http://doi.org/10.1126/science.7053569
http://doi.org/10.1021/acsanm.8b01083
http://doi.org/10.1039/C9AN02231G


Int. J. Mol. Sci. 2022, 23, 10885 23 of 23

59. Cheng, C.M.; Zhang, R.L.; Wang, J.H.; Zhang, Y.; Xiong, S.S.; Huang, Y.; Yang, M. Porphyrinic metal-organic framework nanorod-
based dual-modal nanoprobe for sensing and bioimaging of phosphate. ACS Appl. Mater. Interfaces 2020, 12, 26391–26398.
[CrossRef]

60. Park, T.E.; Mustafaoglu, N.; Herland, A.; Hasselkus, R.; Mannix, R.; FitzGerald, E.A.; Prantil-Baun, R.; Watters, A.; Henry, O.;
Benz, M.; et al. Hypoxia-enhanced Blood-Brain Barrier Chip recapitulates human barrier function and shuttling of drugs and
antibodies. Nat. Commun. 2019, 10, 2621. [CrossRef]

61. Giacomelli, E.; Meraviglia, V.; Campostrini, G.; Cochrane, A.; Cao, X.; van Helden, R.W.J.; Krotenberg Garcia, A.; Mircea, M.;
Kostidis, S.; Davis, R.P.; et al. Human-iPSC-Derived Cardiac Stromal Cells Enhance Maturation in 3D Cardiac Microtissues and
Reveal Non-cardiomyocyte Contributions to Heart Disease. Cell Stem Cell 2020, 26, 862–879.e11. [CrossRef]

62. De Simone, A.; Naldi, M.; Tedesco, D.; Milelli, A.; Bartolini, M.; Davani, L.; Widera, D.; Dallas, M.L.; Andrisano, V. Investigating in
Vitro Amyloid Peptide 1–42 Aggregation: Impact of Higher Molecular Weight Stable Adducts. ACS Omega 2019, 4, 12308–12318.
[CrossRef]

63. Tong, Y.; Bai, L.; Gong, R.; Chuan, J.; Duan, X.; Zhu, Y. Shikonin Protects PC12 Cells Against β-amyloid Peptide-Induced Cell
Injury Through Antioxidant and Antiapoptotic Activities. Sci. Rep. 2018, 8, 26. [CrossRef] [PubMed]

64. Kumar, P.; Wu, H.; McBride, J.L.; Jung, K.E.; Kim, M.H.; Davidson, B.L.; Lee, S.K.; Shankar, P.; Manjunath, N. Transvascular
delivery of small interfering RNA to the central nervous system. Nature 2007, 448, 39–43. [CrossRef] [PubMed]

65. Taniguchi, A.; Sasaki, D.; Shiohara, A.; Iwatsubo, T.; Tomita, T.; Sohma, Y.; Kanai, M. Attenuation of the aggregation and
neurotoxicity of amyloid-beta peptides by catalytic photooxygenation. Angew. Chem. Int. Ed. Engl. 2014, 53, 1382–1385. [CrossRef]
[PubMed]

66. Lee, B.I.; Lee, S.; Suh, Y.S.; Lee, J.S.; Kim, A.K.; Kwon, O.Y.; Yu, K.; Park, C.B. Photoexcited Porphyrins as a Strong Suppressor of
beta-Amyloid Aggregation and Synaptic Toxicity. Angew. Chem. Int. Ed. Engl. 2015, 54, 11472–11476. [CrossRef]

67. Jang, J.; Kim, K.; Yoon, J.; Park, C.B. Piezoelectric materials for ultrasound-driven dissociation of Alzheimer’s β-amyloid aggregate
structure. Biomaterials 2020, 255, 120165. [CrossRef]

68. He, T.; Ni, B.; Zhang, S.; Gong, Y.; Wang, H.; Gu, L.; Zhuang, J.; Hu, W.; Wang, X. Ultrathin 2D Zirconium Metal-Organic
Framework Nanosheets: Preparation and Application in Photocatalysis. Small 2018, 14, e1703929. [CrossRef]

http://doi.org/10.1021/acsami.0c06057
http://doi.org/10.1038/s41467-019-10588-0
http://doi.org/10.1016/j.stem.2020.05.004
http://doi.org/10.1021/acsomega.9b01531
http://doi.org/10.1038/s41598-017-18058-7
http://www.ncbi.nlm.nih.gov/pubmed/29311595
http://doi.org/10.1038/nature05901
http://www.ncbi.nlm.nih.gov/pubmed/17572664
http://doi.org/10.1002/anie.201308001
http://www.ncbi.nlm.nih.gov/pubmed/24339209
http://doi.org/10.1002/anie.201504310
http://doi.org/10.1016/j.biomaterials.2020.120165
http://doi.org/10.1002/smll.201703929

	Introduction 
	Results 
	Preparation and Identification of PCN-222@ICG 
	Characterization of Photothermal Effect of PCN@ICG 
	Characterization of 1O2 Generation of PCN-222@ICG 
	Enhanced Photo-Induced Inhibition of A42 Aggregation based on PCN-222@ICG 
	Photothermal Enhancement Effect on Photo-Oxygenation-Based Inhibition of A42 Aggregation 
	Attenuation of A-Induced Cytotoxicity by Photo-Activated PCN-222@ICG 
	In Vitro Brain-on-a-Chip Model for BBB Permeability Test of RVG-Modified PCN-222@ICG 
	Ex Vivo Dissociation of A Plaques on AD Mouse Brain 

	Discussion 
	Materials and Methods 
	Chemicals 
	Synthesis of 2D PCN-222 Nanosheets 
	Preparation of PCN-222@ICG 
	Preparation of RVG-Conjugated PCN-222@ICG 
	Characterization of PCN-222@ICG Nanoprobes 
	Characterization of Photothermal Effect 
	Singlet Oxygen Generation Measurement 
	Preparation of Monomeric A42 Solution 
	Inhibition Study of A42 Aggregation under NIR Light Irradiation 
	Thioflavin T (ThT) Assay 
	Circular Dichroism (CD) Measurement 
	Dynamic Light Scattering (DLS) Measurement 
	Transmission Electron Microscope (TEM) Analysis 
	Native Gel Electrophoresis Analysis 
	Cell Counting Kit 8 (CCK-8) Assay 
	MALDI-TOF MS Measurement 
	BBB-on-a-Chip Set-Up 
	Apparent Permeability (Papp) Calculation 
	Transwell Model of BBB 
	Ex Vivo Evaluation 

	Conclusions 
	References

