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A B S T R A C T

Abnormal hyperphosphorylation of tau protein is a principal pathological hallmark in the onset of neurode
generative disorders, such as Alzheimer’s disease (AD), which can be induced by an excess of reactive oxygen 
species (ROS). As an antioxidant, hydrogen gas (H2) has the potential to mitigate AD by scavenging highly 
harmful ROS such as •OH. However, conventional administration methods of H2 face significant challenges in 
controlling H2 release on demand and fail to achieve effective accumulation at lesion sites. Herein, we report 
artificial nanoreactors that mimic natural photosynthesis to realize near-infrared (NIR) light-driven photo
catalytic H2 evolution in situ. The nanoreactors are constructed by biocompatible crosslinked vesicles (CVs) 
encapsulating ascorbic acid and two photosensitizers, chlorophyll a (Chla) and indoline dye (Ind). In addition, 
platinum nanoparticles (Pt NPs) serve as photocatalysts and upconversion nanoparticles (UCNP) act as light- 
harvesting antennas in the nanoreacting system, and both attach to the surface of CVs. Under NIR irradiation, 
the nanoreactors release H2 in situ to scavenge local excess ROS and attenuate tau hyperphosphorylation in the 
AD mice model. Such NIR-triggered nanoreactors provide a proof-of-concept design for the great potential of 
hydrogen therapy against AD.

1. Introduction

Alzheimer’s disease (AD), a predominant etiology of dementia dur
ing aging, is delineated as a persistent and progressive neurodegenera
tive condition [1,2]. Its impact is primarily manifested within the 
hippocampus and cortex, two brain regions highly correlated with 
cognitive and memory performance. The pathological hallmarks of AD 
are characterized by the accumulation of amyloid-β (Aβ) plaques and 

insoluble aggregates of abnormally phosphorylated tau (p-tau) proteins, 
known as intracellular neurofibrillary tangles [3–5]. Despite extensive 
efforts to develop treatments for targeting these hallmarks, this disease 
remains incurable due to its complexity and multifaceted nature. So far, 
therapeutics based on the Aβ aggregation mechanism have been re
ported to fail in clinical trials [6,7]. Increasing evidence suggests that 
tau aggregation via hyperphosphorylation is of utmost importance in the 
pathogenesis of AD [8]. Moreover, AD can also be triggered by a cascade 
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of events involving oxidative stress damage that can lead to tau hyper
phosphorylation [9–11]. Thus, antioxidant therapeutic strategies aimed 
at scavenging excess reactive oxygen species (ROS) to restore brain 
redox balance have become a prominent approach for treating AD [12].

Recent studies have shown that hydrogen (H2) gas possesses potent 
antioxidant properties by selectively scavenging highly cytotoxic ROS, 
including hydroxyl radical (•OH), peroxynitrite (ONOO− ), and 
hydrogen peroxide (H2O2) [13,14]. Hydrogen therapy offers significant 
advantages over traditional chemotherapy, including minimal side ef
fects and high diffusivity across biological membranes due to its small 
size and non-polar nature [15]. Currently, H2 administration can be 
achieved through three common routes, which include inhalation of H2, 
oral intake of H2-rich water, and injection of H2-dissolved saline [15,
16]. Yet, these methods are ineffective in delivering H2 to disease foci 
due to the poor solubility of H2 (<1.6 ppm) in body fluids [17]. In light 
of these challenges, developing efficient delivery strategies for the 
effective accumulation of H2 at AD sites is of critical importance to 

augment the therapeutic potential of H2-based medication for neuro
degenerative disorders.

The advancement of nanotechnology has provided versatile strate
gies to construct a smart-controlled cargo release system. Emerging 
nanomaterial-based hydrogen therapies have shown promise in treating 
various inflammatory diseases due to their good physiological stability 
and bioavailability compared to traditional antioxidant pharmaceuticals 
like vitamin E and resveratrol, which often suffer from poor absorption, 
rapid metabolism, and insufficient targeting of brain lesions, limiting 
their therapeutic efficacy against neurodegenerative diseases [18,19]. 
However, current hydrogen nanocarriers also face their own set of 
challenges. For example, nanocarriers such as mesoporous nano
structures or nanogenerators can mediate sustained H2 accumulation 
but may lack active targeting ability, leading to an imbalance in intra
cellular signaling by over-reduction [20]. Hence, developing nanoplat
forms for remote control of in situ H2 generation at disease sites is highly 
conducive to addressing these limitations. Literature precedents often 

Fig. 1. Schematic diagram illustrating the preparation of (Chla + Ind)@NR and NIR-triggered in situ H2 release from (Chla + Ind)@NR to scavenge local excess ROS, 
alleviate mitochondria damage, and reduce tau hyperphosphorylation for AD therapy.
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Fig. 2. Preparation and material characterization of (Chla + Ind)@NR. (a) Schematic illustration of the preparation procedure of (Chla + Ind)@NR. (b) TEM images 
of (Chla + Ind)@CV@Pt. (c) TEM elemental mappings of Pt, O, and S of (Chla + Ind)@CV@Pt. (d) X-ray photoelectron spectra of Pt 4f in (Chla + Ind)@CV@Pt. (e) 
TEM images of (Chla + Ind)@NR. (f) UV–vis absorbance spectra of Chla@NR, Ind@NR and (Chla + Ind)@NR. (g) Upconversion luminescence spectra of UCNPs, 
Chla@NR, Ind@NRs and (Chla + Ind)@NR under 980 nm excitation at a power of 0.5 W/cm2. (h) Top: The reaction mechanism of MB hydrogenation for detecting 
H2. MB: methylene blue. LMB: Leucomethylene blue. Bottom: UV–vis absorbance spectra of (Chla + Ind)@CV@UCNP, Chla@NR, Ind@NR and (Chla + Ind)@NR in 
the MB solution under 980 nm laser irradiation. (i) Quantitative analysis of reductive H2 release from (Chla + Ind)@CV@UCNP, Chla@NR, Ind@NR and (Chla + Ind) 
@NR solution using MB as a hydrogen probe under 980 nm laser irradiation for different time duration. (j) Ultrasound images of H2 bubble generation in Chla@NR, 
Ind@NR and (Chla + Ind)@NR solution following 980 nm laser (0.5 W/cm2) irradiation for 10 min.
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entail the hydrolysis of metallic hydrides, including calcium [21], 
magnesium [22], or palladium hydrides [23], as the source of H2 pro
duction in these nanomaterials. Nevertheless, most of these chemicals 
are usually unstable in aqueous solutions and hence are hard to suppress 
nonspecific reactions, especially in physiological systems. Recently, 
artificial photosynthesis-inspired nanoplatforms utilize solar or light 
energy to photocatalytically decompose water into hydrogen and oxy
gen, offering an innovative method for in situ photocatalytic H2 release. 
Although a few studies have reported on photocatalytic nanoplatform to 
inhibit Aβ plaques in AD, the effect of photosynthesized H2 release on 
the pathological tau phosphorylation remains unexplored (Table S1) 
[24–31].

Herein, we design a photosynthesis-inspired nanoreactor (NR) that 
can efficiently exploit near-infrared (NIR) light for photocatalytic H2 
generation to inhibit oxidative stress-mediated tau pathology in AD 
models (Fig. 1). The architecture of the nanoreacting systems is based on 
a robustly crosslinked vesicle (CV). This CV provides a confined and 
stable microenvironment for photocatalytic chemical reactions and 
serves as a nanocarrier to accommodate the requisite constituents of 
NIR-responsive photosynthetic systems, involving upconversion nano
particles (UCNPs), photosensitizers, catalysts, and sacrificial electron 
donor/proton donor (Fig. 1). To fully harvest the visible light converted 
from NIR by UCNPs, we innovatively incorporated two photosensitizers, 
chlorophyll a (Chla) and Indoline (Ind) dye, into the nanosystem. Chla is 
a specific form of chlorophyll, the most common natural photosynthetic 
pigment that absorbs most optical energy from violet-blue and orange- 
red light for oxygenic photosynthesis and can be a good component of 
artificial light-harvesting systems [32]. Similarly, Ind is a well-known 
synthetic molecule with a high conversion efficiency in biomimetic 
solar cells and shows strong absorption in the green light region [33]. 
Hence, Chla can be combined with Ind in our nanoreactors for a nearly 
full visible light spectrum absorption, significantly enhancing the effi
ciency of photocatalytic H2 evolution and distinguishing our nano
reactors from existing nanosystem for artificial photosynthetic H2 
production (Table S2) [24,32,34]. To initiate the H2 formation, our 
crosslinked vesicle-bound UCNPs convert NIR irradiation into visible 
light to excite the photosensitizers (Chla and Ind) that for a dual-effect of 
electron donation and are subsequently reduced by ascorbic acid (AA), 
releasing dehydroascorbic acids (DHA) and H+ as side products [33,34]. 
Simultaneously, crosslinked vesicle-bound platinum nanoparticles (Pt 
NPs) rapidly catalyze H2 evolution via combining the excited electrons 
and H+ [35], thereby locally producing a high concentration of thera
peutic H2 gas (Fig. 1 and Fig. S1). In this proof-of-concept work, our 
results demonstrated that NIR-controlled in situ production of 
bio-reductive H2 gas remarkably recovered the ROS homeostasis for in 
vitro and in vivo AD models. By neutralizing excessive ROS, our nano
reactors triggered (1) the restoration of mitochondrial abnormalities, (2) 
attenuation of tau hyperphosphorylation through Akt/GSK-3β signaling 
pathway, and (3) protection of neurons from apoptosis for in vitro AD 
models under NIR irradiation. Moreover, such a local H2 generation in 
the cortex and hippocampus rescued the neuronal density and improved 
cognitive function by suppressing p-tau pathology in mice of AD models. 
These mechanistic findings highlight that such a biomimetic strategy of 
NIR-mediated local delivery of H2 is potentially a promising approach to 
counterbalance excessive ROS to resolve tau aggregation and limit the 
pathogenesis of AD.

2. Results and discussion

2.1. Synthesis and characterization of the photocatalytic nanoreactor for 
Alzheimer’s disease

To prepare our nanoreactors, we first employed the amphiphilic 
surfactant and thiol-bearing crosslinker to form the crosslinked vesicles 
as a stable compartment according to our previous method (Figs. S2–3) 
[36]. Note that this surfactant consists of a hydrophobic tail 

(hydrocarbon) and a hydrophilic head (oligo-ethyleneglycol with triple 
alkynyl groups) (Fig. 1). Thus, we loaded the surfactant solution con
taining Chla and Ind into an aqueous solution containing ascorbic acid 
to form nanovesicles through self-assembly (Fig. 2a) [37]. To enhance 
the structural stability, we further added ethylene glycol dithiol as the 
crosslinker and Irgacure 2959 photoinitiator to enable photo
crosslinking to form our crosslinked vesicle that contains photosensi
tizers, termed [(Chla + Ind)@CV] (Fig. 2a). Based on the standard 
absorbance curves, the loading efficiencies (LE%) of Chla and Ind were 
calculated to be 67.7 % and 71.4 %, respectively (Fig. S4). Transmission 
electron microscope (TEM) visualized the spherical morphology and 
membrane-like structure of (Chla + Ind)@CV with a physical size of 
~110 nm (Figs. S5a–b). Doping Pt NPs via reducing chloroplatinic acid 
onto the crosslinked vesicle surface, yielding Pt nanodots around the 
crosslinked vesicle, namely (Chla + Ind)@CV@Pt (Fig. 2b). 
Energy-dispersive X-ray spectroscopy with mapping analysis indicated 
the presence of Pt in (Chla + Ind)@CV@Pt nanosystem (Fig. 2c and 
Fig. S5c). X-ray photoelectron spectroscopy spectra further revealed the 
deconvoluted peaks of Pt 4f7/2 and Pt 4f5/2 doublet at binding energies 
of 72.1 and 76.2 eV (Fig. 2d) [38].

Afterward, we synthesized core/shell-structured UCNPs with the size 
of 15 nm that converted NIR into visible photoluminescence of two 
strong peaks at 542 (green) and 658 nm (red) under 980 nm irradiation 
(Figs. S6a–c). The upconversion energy migration processes are 
exhibited in Fig. S6d. Specifically, Yb3+ is an ideal sensitizer for 980 nm 
excitation owing to the 2F7/2 → 2F5/2 transition, which matches well 
with the electronic transition of Er3+. The upconversion emissions of 
Er3+ at 542 and 658 nm are ascribed to the 2H11/2 → 4I15/2 and 4F9/2 → 
4I15/2 transitions, which then transmit and excite Chla and Ind (Chla* 
and Ind*), leading to electron donation and the generation of electron- 
hole pairs. Chla* and Ind* then react with ascorbic acid and Pt NPs to 
generate H2 and return to their ground states for next round of reaction 
(Fig. S6d). These two emissions highly overlap with the absorbance 
peaks of Ind and Chla, respectively (Fig. S7), which potentially 
enhanced the NIR light harvesting efficiency. We then covalently con
jugated the UCNPs to (Chla + Ind)@CV@Pt via strong thiol-metal in
teractions [39], resulting in the formation of our photocatalytic 
nanoreactor, hereafter referred to as (Chla + Ind)@NR. TEM imaging 
confirmed UCNPs stably attaching to (Chla + Ind)@CV@Pt with a size 
increase of ~28 nm (Fig. 2e). Noticeably, (Chla + Ind)@NR demon
strated similar feature absorption peaks of Chla and Ind (Fig. 2f), while 
fluorescence intensities at 658 nm (I658) and 542 nm (I542) of (Chla +
Ind)@NR decreased by 68.9 % and 61.5 %, compared to that of 
as-prepared CV@Pt@UCNP without loading photosensitizers (Fig. 2g 
and Fig. S8). This result indicates that the upconverted photon energy is 
efficiently transferred to the two photosensitizers. Moreover, the 
consistent hydrodynamic diameters of (Chla + Ind)@NR in PBS buffer, 
saline solution, and cell culture medium up to 4 days indicated their 
colloidal stability and dispersibility (Fig. S9), making them suitable to 
perform a series of efficient energy transfer in a complex physiological 
environment.

Next, we investigated the intrinsic catalytic performance of (Chla +
Ind)@NR empowered by the surface-bound Pt NPs through H2O2 
decomposition assay. Accordingly, photosensitizers-containing NR [e.g., 
Chla@NR, Ind@NR, and (Chla + Ind)@NR] initiated this decomposition 
process rapidly with an O2 culminating level exceeding 20 mg/L within 
10 min regardless of the photosensitizers content in the NR (Fig. S10). 
This result encouraged us to explore the overall photocatalytic behavior 
of our NRs by methylene blue (MB) dye reduction test for indicating H2 
production. NIR-stimulated (Chla + Ind)@CV@UCNP did not trigger a 
significant effect of H2-mediated MB reduction (Fig. 2h and Fig. S11), 
suggesting minimal H2 release from the nanosystem without Pt NPs. 
Chla@NR or Ind@NR reduced the MB absorbance at 664 nm to half of 
the untreated MB group, while (Chla + Ind)@NR nearly reduced all MB 
to colorless leucomethylene blue (LMB) (Fig. 2h), suggesting that Pt NPs 
as the catalyst is essential for photocatalytic H2 production in our 
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nanoreactor. Notably, (Chla + Ind)@NR elicited a faster and ~1.8 times 
more H2 production than those in Chla@NR and Ind@NR within 10 min 
(Fig. 2i and Fig. S11). The results reveal that the inclusion of both 
photosensitizers provides a dual-effect of H2 generation efficiency by a 
wider spectrum absorption (red and green upconversion luminescence) 
compared to those of single photosensitizer-containing nanoreactors at 
the same concentration. Moreover, we employed an ultrasound imaging 
system to visualize H2 bubbles during the reaction. Consistently, the 
(Chla + Ind)@NR group displayed a greater number of bubbles within 
the same observable field (Fig. 2j). Thus far, our nanoreactors have 
demonstrated remarkable capabilities in NIR-triggered photocatalytic 
H2 generation. In the following experiments, we continued to include 
Chla@NR and Ind@NR as the comparison groups to (Chla + Ind)@NR to 
emphasize the importance of dual-photosensitizer loading in our 
experimental design.

2.2. Optical control of intracellular ROS scavenging

We first evaluated the cytotoxicity of our nanoplatform on PC12 
cells, a rat neuroendocrine cell line model. These cells maintained over 
85 % viability upon exposure to nanoreactors at concentrations up to 
500 μg/mL (four times our experimental dosage), indicating their high 
biocompatibility (Fig. S12a). We also assessed the relative viability of 
PC12 cells after incubation with Chla@NR, Ind@NR, and (Chla + Ind) 
@NR at a concentration of 100 μg/mL followed by NIR irradiation. The 
results indicated that the survival rate in all the group remained above 
93 % post-irradiation (Fig. S12b), suggesting that this NIR power setting 
did not cause damage to neural cells. In addition, our nanoreactors are 
specifically tailored to facilitate H2 production while minimizing ROS 
generation under NIR irradiation despite the employment of photosen
sitizers (Chla and Ind) to absorb upconversion luminescence and donate 

Fig. 3. Investigating the intracellular ROS scavenging capacity of (Chla + Ind)@NR. (a) Confocal microscopic images of PC12 cells after incubation with Chla@NR, 
Ind@NR and (Chla + Ind)@NR. The images of green upconversion luminescence (UCL) and red UCL were captured under excitation at 980 nm. Scale bar: 20 μm. (b) 
Qualitative survey of H2 release from (Chla + Ind)@CV@UCNP, Chla@NR, Ind@NR and (Chla + Ind)@NR in MB-stained PC12 cells. Scale bar: 200 μm. (c) 
Representative fluorescence images of DCFH-DA indicated intracellular ROS levels. PC12 cells were incubated with OA to induce ROS overproduction, followed by 
various treatments with/without NIR laser irradiation. (d) Quantitative analysis of intracellular fluorescence intensity of DCFH-DA probe by flow cytometry assay. (e) 
Statistical results of intracellular fluorescence intensity of DCFH-DA measured by flow cytometry. (f) The relative cell viability of PC12 cells was measured by an MTT 
assay. The data were presented as mean ± SD (n = 3). Significance: no significance (ns), *p < 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 4. Investigating the therapeutic effect of (Chla + Ind) NR in vitro. (a) Representative fluorescence images of OA-damaged PC12 cells after various treatments 
stained with Mito-tracker to display the mitochondrial morphology. The white arrows indicated morphologically normal mitochondria. Scale bar: 10 μm. (b) 
Representative fluorescence images of OA-damaged PC12 cells after various treatments stained with JC-1 probe to evaluate the mitochondrial membrane potential. 
Scale bar: 10 μm. (c) Western blot images for p-tau protein at phosphorylated ser199, ser396 epitopes, and thr205 epitopes in PC12 cells after different treatments. 
(d) Quantification of relative band intensity in western blot images in e) by ImageJ software. (e) The apoptosis results of OA-damaged PC12 cells after incubation 
with Chla@NR, Ind@NR, and (Chla + Ind)@NR with/without 980 nm laser irradiation were measured by flow cytometry. (f) The quantification results of early and 
late apoptosis rate in (e). The data were presented as mean ± SD (n = 3). Significance: no significance (ns), *p < 0.05, and ***p < 0.001.
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electrons for photocatalytic H2 production (Fig. S13). These findings 
indicate that our artificial photosynthetic system is non-toxic to neurons. 
Subsequently, we assessed the cellular uptake efficiency of our nano
reactors by the cells. Critically, strong red and green upconversion 
luminescence signals from cytoplasm were captured in all groups 
[Chla@NR, Ind@NR and (Chla + Ind)@NR] 6 h post uptake, showing 
good cellular entry of the nanoreactors (Fig. 3a). Notably, the fluores
cence intensity of (Chla + Ind)@NR in the cells pretreated with chlor
promazine significantly decreased to only 18.9 % of the untreated group 
but no obvious fluorescence intensity change was observed for the cells 
pretreated with nystatin, indicating that these NRs entered cells via a 
clathrin-mediated endocytic pathway (Fig. S14). To demonstrate the 
ability of intracellular H2 generation, we stained PC12 with MB dye, 
followed by incubating the cells with the nanoreactors. As expected, our 
in vitro result showed the same trend of MB reduction as those in the 
solution assays (Fig. 2i) that under NIR control, the blue color of the MB- 
stained cells drastically faded in Chla@NR, Ind@NR and (Chla + Ind) 
@NR-treated groups, while no apparent change appeared in (Chla +
Ind)@CV@UCNP group (Fig. 3b). Meanwhile, the nanoreactors did not 
influence the MB staining without NIR irradiation, ascertaining that H2 
was only intracellularly produced by optical control.

To evaluate the ROS eradication capability of (Chla + Ind)@NR, we 
established an in vitro AD model by treating PC12 cells with okadaic 
acid (OA) to induce neuronal ROS overproduction and aberrant tau 

hyperphosphorylation (Fig. S15). We probed the intracellular ROS with 
a green fluorescent dye, DCFH-DA [40]. Consistently, OA treatment 
significantly increased ROS levels by 5.2-fold compared to control cells 
(Fig. 3c–e). We confirmed that NIR stimulation alone and the incom
pletely constructed NRs with varying contents (e.g., NRs without 
UCNPs; NRs without Pt NPs as photocatalyst; NRs without photosensi
tizers) did not mitigate the ROS levels (Fig. 3c–e). In contrast, 
NIR-mediated suppression of ROS overproduction was successful in the 
Chla@NR, Ind@NR and (Chla + Ind)@NR groups. In particular, the 
(Chla + Ind)@NR group outperformed the other two groups in scav
enging ROS levels by ~1.9 times and such a ROS level was ~3.2 times 
lower than those in the untreated control group (Fig. 3c–e), justifying 
the remote-control functionality of intracellular H2 production in our 
NR. As excess ROS can lead to neuronal death [41,42], only 51.6 % of 
PC12 cells survived in the OA-damaged groups (Fig. 3f). The 
NIR-stimulated Chla@NR, Ind@NR, and (Chla + Ind)@NR groups 
effectively promoted the cell survival rates to 70.7 %, 73.1 %, and 82.2 
%, respectively (Fig. 3f), while no significant cell viability enhancement 
in the non-NIR irradiated groups. These findings indicate efficient ROS 
removal for recovering neuronal damage in the OA model achieved by 
remote control of H2 production.

Fig. 5. In vitro therapeutic mechanism of (Chla + Ind)@NR. (a) Proposed model illustrating the mechanism of (Chla + Ind) NR in anti-apoptosis and the 
amelioration of tau hyperphosphorylation in OA-induced AD cell model. (b) Western blot images for Bax, c-caspase-3, p-Akt (p-Ser473), Akt, p-GSK3β (p-Ser9) and 
GSK3β 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 and p-GSK3β/GSK3. The levels of Bax and c-caspase-3 were normalized to β-actin. The levels of phosphorylated Akt and phosphorylated GSK3-β were normalized 
to total Akt and GSK3-β, respectively. Data were presented as mean ± SD (n = 3). Significance: no significance (ns), **p < 0.01 and ***p < 0.001, compare with 
OA group.
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2.3. NIR-mediated attenuation of tau hyperphosphorylation and 
apoptosis

Mitochondria play a critical role in biogenesis and respiration, which 
are fundamentally important for tremendous biochemical processes in 
virtually all mammalian cells. Mitochondrial dysfunction impacts the 
pathogenesis of AD. Mitochondrial morphology can reflect its mito
chondrial quality and homeostasis. Our results depicted that OA- 
damaged neuronal cells showed deteriorated and crumpled mitochon
drial morphologies, which robustly recovered upon treatment with 
(Chla + Ind)@NR under NIR irradiation (Fig. 4a). Likewise, membrane 
potential (ΔΨm) is one of the mitochondrial bioenergetic properties [23,
43]. Hence, we probed ΔΨm using JC-1 dye that can form 
green-fluorescent monomers at low ΔΨm and red-fluorescent aggregates 
at high ΔΨm [44]. OA-treated cells displayed increased JC-1 monomers 
and decreased aggregates, with a red/green fluorescence ratio dropping 
to 31.2 % that of the control, consistent with the result of mitochondrial 
damage (Fig. 4b and Fig. S16). Incomplete nanoreactors, such as (Chla 
+ Ind)@CV, (Chla + Ind)@CV@UCNP, and CV@Pt@UCNP, did not 
show significant changes in the red/green fluorescence ratio of JC-1, 
indicating nearly no improvement in ΔΨm. In contrast, Chla@NR, 
Ind@NR, and (Chla + Ind)@NR groups with NIR-activation successfully 
restored the ΔΨm with red/green ratios of 68.8 %, 71.0 % and 80.1 %, 
respectively (Fig. 4b and Fig. S16). The results indicate effective repair 
of mitochondrial damage in neural cells by H2 production. Furthermore, 
our quantitative analysis of pathogenic p-tau protein indicated that the 
Chla@NR, Ind@NR, and (Chla + Ind)@NR groups significantly down
regulated OA-induced tau hyperphosphorylation at the site of Ser396, 
Ser199, and Thr205 epitopes under NIR irradiation (Fig. 4c and d). 
Strikingly, (Chla + Ind)@NR group inhibited p-tau the most compared 
to those in Chla@NR and Ind@NR groups, thereby offering a promising 
therapeutic strategy for treating tau pathology. As the reduction of extra 
ROS and attenuation of tau hyperphosphorylation can prevent neuronal 
death [45], we further assessed cell apoptosis through flow cytometry of 
annexin V/propidium iodide-stained cells. As expected, the cell 
apoptosis rate of OA-damaged cells was 45.8 %. This rate drastically 
reduced to 14.8 % in the NIR-treated (Chla + Ind)@NR group, of which 
the apoptosis rate was significantly lower than Chla@NR (24.5 %) and 
Ind@NR (22.7 %) groups (Fig. 4e and f). These findings underscore the 
high efficacy of NIR-mediated local H2 generation in rescuing neurons 
from apoptosis.

2.4. Downregulation of p-tau and apoptosis signaling for inhibiting 
neurotoxicity

We further explored the underlying mechanism of (Chla + Ind)@NR 
to prevent neurons from apoptosis and tau hyperphosphorylation. It is 
known that oxidative stress can induce apoptosis by activating the pro- 
apoptotic protein BCL2-associated X (Bax) and the downstream protein 
caspase 3. Hence, the upregulation of Bax and caspase 3 expressions can 
trigger the apoptotic cascade signaling (Fig. 5a) [46,47]. Consistently, 
the protein expression levels of Bax and cleaved caspase 3 (c-Caspase 3) 
increased in OA-treated cells (Fig. 5b and c) [45], which were remark
ably abrogated in the NIR-treated (Chla + Ind)@NR group. In addition 
to apoptosis, tau pathogenesis in AD involves two main kinases, protein 
kinase B (Akt) and its downstream kinase glycogen synthase kinase 3β 

(GSK3β) [42,48]. At regular physiological conditions, phosphorylated 
Akt (p-Ser473) can trigger GSK3β phosphorylation at residue Ser9 
(Fig. 5a) [49,50]. This Akt/GSK3β signaling axis can prevent hyper
phosphorylation of tau into p-tau, while ROS is shown to directly oxidize 
and dephosphorylate Akt, thereby disrupting this signaling [50]. In our 
results, the OA-treated cells showed suppressed protein levels of p-Akt 
and p-GSK3β (Fig. 5b and d), consistent with the robust p-tau expression 
in the in vitro AD model (Fig. 4c). On the other hand, the NIR-stimulated 
(Chla + Ind)@NR group most effectively reversed this trend under NIR 
stimulation, thereby indicating the restoration of the Akt/GSK3β 
signaling pathway to treat tau pathology by our NR. Collectively, we 
prove that intracellular generation of bio-reductive H2 markedly 
downregulates p-tau and apoptosis signaling for inhibiting neurotoxicity 
guided by NIR light.

2.5. In situ H2 production for the treatment of murine AD model

We established an in vivo AD model by intracerebral administration 
of OA in mice to induce oxidative stress and tau hyperphosphorylation 
within hippocampal and cortical regions, two major areas impacted by 
AD pathology (Fig. 6a) [51–53]. 14 days post the AD model creation, we 
injected NRs loaded with IR780-labeled into the hippocampus to track 
the biodistribution of the NRs via monitoring the fluorescent signal at a 
regular time interval (Fig. S17a). Notably, the fluorescent intensity at 
the injection site reached the peak around 2–4 h post-injection, while 
maintained stably high over 24 h and showed a gradually small decrease 
24 h post-injection (Figs. S17b–c). Our ex vivo fluorescence images of 
the main organs harvested 3 days post-injection showed that the liver 
and kidney also contained IR780 signals with 4.8 and 8.2 times less than 
that in the brain (Figs. S17d–e). This result suggests that the 
bio-trafficking journey of the injected NRs ended with liver and kidney 
clearance through blood circulation.

To evaluate the therapeutic efficacy in vivo, we stereotactically 
injected the NRs (Chla@NR, Ind@NR, and (Chla + Ind)@NR) into the 
unilateral hippocampus of AD mice. 2 h post-injection, we applied NIR 
laser irradiation on the cranial window to initiate in situ H2 gas release 
[24,54]. In vivo ultrasound imaging revealed that strong ultrasound 
signals of H2 bubbles appeared in the hippocampal regions after 
administering (Chla + Ind)@NR with NIR irradiation, indicating effi
cient in situ H₂ gas generation by our nanoreactors (Fig. 6b and 
Fig. S18). We monitored the local temperature in the brain area covered 
by NIR laser irradiation. The resulting thermal images denoted that NIR 
irradiation only slightly generated a thermal effect within 3 ◦C incre
ment, indicating minimal photothermal harmfulness throughout the NR 
activation (Fig. S19). Progressive cognitive deficits and memory loss are 
the primary symptoms of AD. Accordingly, we introduced the Y-maze 
behavior test to explore the spatial learning and memory ability of AD 
mice by recording the frequency and duration of novel arm entries [55]. 
OA-injured AD mice displayed almost half the entry number into the 
novel arm compared to their wild-type counterparts, indicating a sig
nificant impairment in memory function and disrupted exploratory ac
tivity (Fig. 6c and d). Neither the photosensitizer-free NR group 
(CVs@Pt@UCNP) nor the complete NR group [(Chla + Ind)@NR] 
without NIR irradiation improved the spatial memory performance of 
AD mice. Remarkably, the NIR excited (Chla + Ind)@NR group 
enhanced the exploratory behavior of AD mice as evidenced by the 

Fig. 6. Investigating the therapeutic effect of (Chla + Ind)@NR in AD mice model. (a) Animal experiment flowchart. (b) In vivo ultrasound images obtained in 
absence or presence of NIR irradiation after the mice were administrated with (Chla + Ind)@NR. Images in the left column were captured using the B-mode of the 
ultrasound imaging system. Images in the right column represent pseudo-color of the B-mode images. The ROIs (white boxes) showed the ultrasound signal of H2 
bubbles produced in the hippocampus. Quantitative analysis on (c) entry frequency to the novel arm and (d) duration in the novel arm during the test phase in Y 
maze assay (n = 6). (e) Nissl staining analysis of the density and activity of neurons in the cortex and hippocampus (including CA1, CA3, and DG subregions) of mice 
brains. The nissl-stained dark cells labeled by the white arrows in DG and white boxes in the cortex represent the typical morphological changes of the damaged 
neurons. Scale bar: 50 μm. (f) Quantitative results of nissl-positive neurons and nissl-stained dark neurons in the cortex and hippocampus areas. Stained-positive cells 
in 10 randomly selected fields of view from independent 6 replicates were counted with ImageJ software. Significance: no significance (ns), *p < 0.05, **p < 0.01 
and ***p < 0.001.
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Fig. 7. Ex vivo evaluation of the therapeutic effect of (Chla + Ind)@NR. (a) The fluorescence staining results of ROS indicator DCFH-DA (green) in the whole 
hippocampus (HP) and enlarged areas in CA1, CA3, DG and cortical regions 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. Scale bar: 50 μm. (b) Immunofluorescence staining with p-tau antibody (red) and DAPI 
(blue) in the hippocampus and cortex. Scale bar: 50 μm. Quantification of fluorescent intensity of (c) DCFH-DA and (d) p-tau level using ImageJ software. Data were 
presented as mean ± SD. Significance: no significance (ns), *p < 0.05, **p < 0.01 and ***p < 0.001.
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increased duration (from 13.1 % to 19.5 %) and entries (from 31.8 % to 
50.3 %) in the novel arm compared to those in the AD mice group 
(Fig. 6c and d), suggesting restored learning and memory functions. 
These findings highlight that our biomimetic photosynthetic approach 
to efficiently generate H2 in the brain shows great potential in mitigating 
AD-associated cognitive impairments.

We further performed nissl staining to examine the pathological 
morphology of neurons in the cortex and hippocampus, specifically in 
sub-regions of the cornu ammonis 3 (CA3), cornu ammonis 1 (CA1), and 
dentate gyrus (DG), which encode spatial memory and tau pathogenesis 
in AD pathology. In OA-induced AD mice without any treatment or 
treated with NIR alone, the nissl corpuscles showed pale staining, and 
the stained neurons were atrophied compared to wild-type mice 
(Fig. 6e). In contrast, the (Chla + Ind)@NR group after NIR irradiation 
resulted in increased neuronal integrity and more closely arranged cells 
in CA3 and CA1 areas (Fig. 6e). Quantitative analysis revealed that nissl- 
positive cell density in (Chla + Ind)@NR-treated AD mice increased to 
20.9 % and 9.1 % in CA3 and CA1 respectively, which were greater than 
those in OA-damaged AD mice (12.7 % and 4.9 % in these two areas) 
(Fig. 6f). Additionally, the DG and cortical sections in AD mice exhibited 
more nissl-stained dark cells, representing a typical morphological 
change of injured neurons [56]. After efficient H2 production in the 
(Chla + Ind)@NR group, the nissl-stained dark cells in these sections 
showed similar staining results as that in the wild-type control (Fig. 6e 
and f). These findings support the in vivo neuron damage and neuro
toxicity alleviation by our nanoreactors.

In addition, we evaluated the ROS levels in the cerebral areas using 
DCFH-DA probe. Strikingly, ROS levels of the hippocampus and cortex 
in the AD model were amplified by 4.6 and 6.4 folds compared to the 
wild-type counterparts (Fig. 7a and c). Administration with 
CVs@Pt@UCNP and (Chla + Ind)@NR without NIR laser did not affect 
ROS level (Fig. 7a). An astounding ROS scavenging occurred in groups 
treated with NRs in the presence of NIR irradiation with the following 
efficiency order: (Chla + Ind)@NR > Chla@NR ≈ Ind@NR (Fig. 7c). 
This trend of ROS removal for the in vivo results is consistent with those 
in the in vitro study (Fig. 3c–e). Moreover, we conducted an immuno
fluorescence assay to evaluate the expression of p-tau in the brain area. 
The results demonstrated nearly undetectable p-tau in wild-type mice. 
However, the AD model showed intense punctate staining of p-tau, with 
the hippocampal and cortical regions showing 4.1-fold and 2.6-fold 
higher fluorescent intensity than that of the wild type, respectively 
(Fig. 7b and d). Obviously, the microinjection of our NRs (Chla@NR, 
Ind@NR, and (Chla + Ind)@NR) with subsequent NIR laser irradiation 
significantly mitigated p-tau expression. Specifically, fluorescent signals 
of p-tau in the hippocampus and cortex of the NIR-triggered (Chla + Ind) 
@NR group were only ~1.8 and ~1.6 times those in wild-type mice 
(Fig. 7b and d). Taken together, these histological analyses strongly 
support that our NRs effectively neutralize ROS overproduction in 
neuronal cells under NIR irradiation to prevent tau hyper
phosphorylation in AD pathology.

Finally, we assessed the in vivo biosafety of the fabricated nano
materials by performing hematoxylin/eosin (HE) staining on the main 
organs (heart, liver, spleen, lungs, and kidneys) of mice administrated 
with Chla@NR, Ind@NR, and (Chla + Ind)@NR (Fig. S20). Compared to 
the wild-type mice, mice injected with NRs showed no clear histopath
ological lesions. Furthermore, the hemolysis assay revealed that no he
molysis phenomenon occurred in nanoreactors co-incubation groups, 
indicating the excellent blood biocompatibility of three types of nano
reactors (Fig. S21). Altogether, our photocatalytic nanoreactors had 
good biosafety for in vivo applications. Nevertheless, their intracerebral 
administration method fails to meet the requirements for non-invasive 
surgery. To enhance translational potential, we aim to optimize the 
(Chla + Ind)@NR for effective blood-brain barrier penetration and NIR 
at the second window for better tissue/skull penetration to elicit in situ 
H2 production in our future study.

3. Conclusion

In summary, we have developed an NIR-driven artificial nanoreactor 
that mimics natural photosynthesis to achieve in situ hydrogen gas 
production for ROS scavenging to treat AD. The artificial NR comprises 
robustly crosslinked nanovesicle structures with excellent biocompati
bility and stability to offer the ideal redox-active compartment for 
electron transfer in vitro and in vivo. As the stimulation source, NIR light 
shows low photodamage and deep tissue penetration and is upconverted 
into visible to excite dual-photosensitizer (Chla + Ind) for artificial 
photosynthetic hydrogen generation. Mechanistically, the local H2 de
livery efficiently scavenges excessive ROS to reduce the neurotoxicity 
through suppression of Bax/caspase3 and restoration of Akt/GSK3β 
signaling to prevent mitochondrial dysfunction/apoptosis and tau 
hyperphosphorylation in the OA-induced AD model. With this neuro
protection function, the treatment strongly mitigates learning memory 
deficits and neuronal loss in AD mice. We believe that this proof-of- 
concept work provides novel insights into the effect of NIR-triggered 
photocatalytic H2 on the pathological tau phosphorylation in AD pro
gression, which offers a new approach to hydrogen therapy to inhibit 
tauopathy for AD treatment.

4. Experimental section

All materials, experimental methods are included in supporting 
information.
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We developed nanoreactors-(Chla + Ind)@NR that mimic natural 
photosynthesis to realize near infrared (NIR)-driven photocatalytic H2 
release. By scavenging excessive intracellular reactive oxidant species 
(ROS), (Chla + Ind)@NR could suppress mitochondrial damage and tau 
hyperphosphorylation, thereby rescue neurons from apoptosis. With this 
neuroprotection function, the NR provides novel insights into a new 
approach to Alzheimer’s disease treatment.
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