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Abstract 

The aberrant aggregation of amyloid-β peptide (Aβ) in the brain has been considered as the major 

pathological hallmark of Alzheimer’s diseases (AD). Inhibition of Aβ aggregation is considered as 

an attractive therapeutic intervention for alleviating amyloid-associated neurotoxicity. Here, we 

report the near-infrared light (NIR)-induced suppression of Aβ aggregation and reduction of Aβ-

induced cytotoxicity via porphyrinic metal–organic framework (MOF) PCN-224 nanoparticles. 

PCN-224 nanoparticles are hydrothermally synthesized by coordinating tetra-kis(4-

carboxyphenyl)porphyrin (TCPP) ligands with zirconium. The PCN-224 nanoparticles show high 

photo-oxygenation efficiency, good biocompatibility, and high stability. The study reveals that the 

porphyrinic MOF-based nanoprobe activated by NIR light could successfully inhibit self-assembly 

of monomeric Aβ into a β-sheet-rich structure. Furthermore, photoexcited PCN-224 nanoparticles 

also significantly reduce Aβ-induced cytotoxicity under NIR irradiation. 
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Alzheimer’s disease (AD) is a progressive, unremitting neurodegenerative disorder that presents 

mostly in the elderly population with a progressive impairment of the patient’s cognitive and 

memory ability. (1) Although the exact biological mechanism behind this disease is not clearly 

elucidated yet, it is believed that AD is associated with the abnormal accumulation of soluble 

monomers of amyloid-β 1–42 (Aβ42) peptide into extracellular oligomers and fibrillary deposits 

with β-sheet-rich structures. (2,3) The elevated production and impaired clearance of oligomeric 

and fibrillary Aβ42 peptide in the brain of AD patients is highly correlated with the onset of 

neurotoxicity. (4,5) 

 

The suppression of Aβ aggregation is considered to be an attractive approach for treating AD disease. 

Recent studies revealed that transformation of native Aβ to oxygenated forms via photooxygenation 

could successfully suppress Aβ aggregation and neurotoxicity. (6,7) Generally, oxygenated Aβ 

monomer has poor aggregation capability compared to native Aβ monomer. Various 

photosensitizers have been used for light-induced suppression of Aβ42 aggregation. (8−10) 

However, these organic photosensitizers suffer from poor water dispersity and low photostability. 

Moreover, the delivery of light into the brain tissue through the skull has always been a challenge 

for light-based therapy in neuroscience fields. Most of the above photosensitizers for suppression 

of Aβ aggregation were still in the visible-light range with limited penetration depth. 

 

More recently, nanoparticle-based photooxygenation strategy has been explored for suppression of 
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Aβ aggregation. Chung et al. used carbon nanodot and graphitic carbon nitride nanosheets (g-C3N4) 

as a photosensitizers to inhibit the aggregation of Aβ42 peptide, which showed good water dispersity 

and photostability in the visible-light window. (11,12) Kuk et al. developed a hybrid nanoplatform 

composed of Yb/Er-co-doped NaYF4 up-conversion nanoparticles (UCNP) and organic 

photosensitizer rose bengal (RB) for near-infrared (NIR)-light-induced suppression of Aβ 

aggregation. (13) In this hybrid system, UCNP was used as an energy transducer to transfer NIR 

light to visible light for the activation of organic photosensitizer. However, the generally low 

quantum yield (<1%) of UCNPs, (14) and the two-stage photoactivation process may result in a low 

efficiency of photo-oxygenation. Therefore, the development of NIR-light induced inhibition of Aβ 

aggregation based on new nanomaterials with high photo-oxygenation efficiency and high stability 

is of high importance. 

 

Metal–organic framework (MOF) is an emerging hybrid nanomaterial family that has attracted 

growing interest due to its porous structure, good biocompatibility, and tunable size. (15−19) In this 

letter, we report NIR-light-induced efficient inhibition of Alzheimer’s amyloid-β peptide 

aggregation based on porphyrinic Zr metal–organic framework (MOF) PCN-224 nanoparticles 

(Scheme 1). The synthesized PCN-224 nanoparticles with the integration of tetra-kis(4-

carboxyphenyl)porphyrin (TCPP) as ligands into the porous structure of MOF showed high singlet-

oxygen generation capability in NIR window, good biocompatibility, and excellent stability in 

physiological environment. This porphyrinic MOF-based nanoprobe activated by NIR light could 

efficiently inhibit self-assembly of monomeric Aβ into β-sheet-rich structure. Furthermore, 

photoexcited PCN-224 nanoparticles also significantly reduced Aβ-induced cytotoxicity under NIR 

irradiation. 

 

PCN-224 nanoparticles were first synthesized in a diluted material system and then were 

characterized with various methods. PCN-224 has a stable crystalline framework structure 

consisting of Zr4+ and ligands, where metal atoms and ligands are coordinated through covalent 

bonding (Figure 1a). Zr is known for its good biocompatibility and high valence to link with 

bridging ligands to form an ultrastable Zr MOF structure. (20,21) When photosensitizer molecule 

TCPP is used as the ligand to build PCN-224, the generated porphyrinic MOF structure would have 

high light-to-oxygen generation due to the high density of TCPP ligands in the framework and easy 

diffusion of molecular oxygen through the porous structure. (22,23) Moreover, the nanosized MOF 



structures are preferred for potential brain delivery to across the blood–brain barrier (BBB). It has 

been demonstrated that nanoparticles with small size within 10–100 nm could promote the BBB 

permeability. (24) However, downsizing MOF to the nanoscale is always challenging because it is 

easy to form undesired phases during crystallization. (25) Here, Zr-based MOF PCN-224 was 

hydrothermally synthesized in a diluted system aiming at creating more MOF monomers, which 

would result in smaller nanoparticles. Transmission electronic microscopy (TEM) image showed 

that the synthesized PCN-224 nanoparticles had round-shape (Figure 1b). Field-emission scanning 

electron microscopy (FESEM) images were also taken to analyze the size distribution of PCN-224 

nanoparticles (Figure S1), which showed an average size around 70 nm (Figure 1c). Dynamic light 

scattering (DLS) was also used to measure the size of PCN-224 nanoparticles in water, which 

matched well with the results from SEM analysis (Figure S2). The UV–visible absorption spectra 

of PCN-224 nanoparticles showed a main absorption peak at 425 nm (Figure 1d) and four other 

peaks between 500 and 700 nm (see the inset of Figure 1d). The four small peaks were attributed to 

the Q bands of porphyrin ligands inside nanoparticles between 500 and 700 nm. (26) The absorption 

peak at 650 nm of PCN-224 nanoparticle indicated the possibility of NIR activated photo-

oxygenation. The photoluminescence (PL) spectra of PCN-224 nanoparticles showed an emission 

peak at 680 nm under an excitation wavelength of 440 nm, which demonstrated the possibility to 

use red fluorescence as cell imaging labels (Figure 1e). The fluorescence quantum yield of PCN-

224 nanoparticles was measured to be 17% at 25 °C, which is much higher than the common 

quantum yield of up-conversion nanoparticles around 1%. 

 

PCN-224 nanoparticles were further characterized by ζ potential measurement, powder X-ray 

diffraction (PXRD), thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy 

(FTIR) and Brunauer–Emmett–Teller (BET) analysis. PCN-224 nanoparticles showed good 



dispersibility in water and HEPES buffer after 7 days standing by comparison with the solutions on 

the first day (Figure S3). The ζ potential of PCN-224 nanoparticle was around +25.8 mV in water 

and −24.5 mV in HEPES buffer at pH 7, which explained its good dispersibility in water and HEPES 

buffer (Figure S4). The PXRD was used to further determine the crystallinity of PCN-224 

nanoparticles. The PXRD pattern of as-synthesized PCN-224 registered with 2θ steps of 0.02° 

agreed well with the simulated curve in Figure 1f. The different peaks at 4.591°, 5.623°, 6.494°, and 

7.956° represent the crystal plane [002], [112], [022], and [222], respectively. Notably, PXRD curve 

of PCN-224 nanoparticle maintained unchanged in HEPES buffer (20 μM, pH 7.4) compared with 

those in water, indicating that PCN-224 retained good stability in HEPES buffer for 24 h. The as-

prepared PCN-224 was also analyzed by thermogravimetric analysis (TGA) (Figure S5). The first 

step of weight loss of 23% in the region of 50–240 °C was due to the removal of adsorbed water 

and organic solvent inside the PCN-224 pores. The second step of weight loss occurred between 

400 and 580 °C, which was attributed to the loss of organic ligands. The FTIR spectra in Figure S6 

indicated the presence of O–H bond at around 1440 cm–1. The peaks between 1620 and 1690 cm–

1 were attributed to the C=O stretching due to the coordination with metal ions and the peak at 650 

cm–1 is owing to Zr–OH bond. The surface area of PCN-224 nanoparticles was determined by N2 

adsorption using a dynamic Brunauer–Emmett–Teller (BET) method. The BET surface area was 

measured to be 326.34 m2g–1, showing the porosity of the PCN-224 nanoparticles (Figure 1g). 

PCN-224 exhibited excellent photostability under laser illumination at 650 nm with a power density 

of 0.5 W/cm2 for 30 min, where no obvious change could be observed in UV–vis absorption spectra 

(Figure S7). 

 

We further investigated the photoinduced inhibitory effect of PCN-224 nanoparticles on the 

aggregation of Aβ42 peptide under a CEL-500 xenon lamp with a 650 nm filter. Aβ42 peptide was 

treated with PCN-224 nanoparticles under light irradiation at 650 nm for 30 min (30 mW/cm2) and 

then incubated at 37 °C up to 96 h. Thioflavin T (ThT) assay was used to monitor the aggregation 

degree of Aβ42 peptide. ThT is a probe dye that specifically binds to the β-sheet-rich amyloid 

peptide with a significant fluorescence increase at the wavelength of 485 nm. As shown in Figure 

2a, the ThT fluorescence intensities increased to maximum after 24 h incubation in all conditions. 

The steady increase of ThT fluorescence intensity at 485 nm in dark environment without 

nanoparticles indicated the self-assembly aggregation of monomeric Aβ42 peptide (Figures 2a and 

S8). In the presence of PCN-224 nanoparticles alone or light irradiation alone, the ThT fluorescence 

intensity versus time curves are almost identical to that obtained in the dark environment, which 

indicated that light irradiation on Aβ42 alone or incubation with nanoparticles alone could not affect 

the aggregation of Aβ42 peptide (Figure 2a). ThT fluorescence intensity did not differ significantly 

after 96 h of incubation among the three cases with only nanoparticles, only light, and no 

nanoparticles in the dark environment (Figure 2b). However, when monomeric Aβ42 peptide 

solution was treated with PCN-224 nanoparticles under 650 nm light illumination, ThT fluorescence 

intensity remained low (Figure 2a,b). This indicated that photoactivated PCN-224 nanoparticles 

could effectively inhibit the aggregation of Aβ42 into a high-order β-sheet-rich structure. Moreover, 

a concentration-dependent photoinhibition by PCN-224 nanoparticles was observed (Figure 2c). 

Generally, Aβ aggregation degree was gradually decreased with the increasing concentrations of 

PCN-224 nanoparticles. When the concentration of PCN-224 nanoparticles reached 100 μg/mL, the 

further increase of particle concentration did not significantly reduce Aβ aggregation. 



 

Considering that illumination is essential and necessary for PCN-224 nanoparticles to suppress 

Aβ42 self-assembly, we evaluated the effect of illumination time and power density of light on Aβ42 

aggregation inhibition. Not surprisingly, ThT fluorescence intensity at 485 nm was reduced 

accordingly with the increase of illumination time and power density of light (Figures S9 and S10). 

Circular dichroism (CD) was further employed to confirm the photoinhibitory effect of PCN-224 

nanoparticles on Aβ42 aggregation. As shown in Figure 2d, CD spectra of Aβ42 incubated without 

PCN-224 nanoparticles under dark environment exhibited a characteristic positive peak and a 

characteristic negative peak at 195 and 215 nm, respectively. This indicated the transition of Aβ 

secondary structure from random coil to β-sheet-rich structure. With PCN-224 nanoparticle alone 

or light irradiation alone, there was negligible change of CD spectra. However, the characteristic 

CD peaks completely disappeared in the presence of PCN-224 nanoparticles under 650 nm light 

illumination. The results here demonstrated that photoactivated PCN-224 nanoparticles could 

efficiently inhibit Aβ42 inhibition. In addition, atomic force microscopy (AFM) was also employed 

to analyze the aggregation degree of Aβ42 peptide. Figure 2e showed the formation of dense 

networks of Aβ fibrils after 24 h incubation of Aβ42 peptide without PCN-224 nanoparticles under 

dark environment. In the presence of PCN-224 nanoparticles under 650 nm light illumination, no 

obvious formation of Aβ fibrils was observed (Figure 2f). 

 

The effect of photoactivated PCN-224 nanoparticles on the attenuation of Aβ aggregation was 

further studied with TEM, native gel electrophoresis, and dynamic light scattering (DLS). Aβ42 

peptide was treated with PCN-224 nanoparticles of 100 μg/mL under light irradiation at 650 nm (30 

mW/cm2) for 30 min following by incubation at 37 °C up to 24 h. As evidenced by TEM, highly 

aggregated fibrils were observed for Aβ42 incubated without PCN-224 nanoparticles under a dark 



environment (Figure 3a). In contrast, photoactivated PCN-224 nanoparticle treated Aβ42 did not 

transform to fibrils after 24 h of incubation (Figure 3b). Native gel electrophoresis was utilized to 

measure the molecular weight change of Aβ42 peptide under various treatments (Figure 3c). It was 

observed that large oligomers and fibrils (∼90–170 kDa) were formed in Aβ42 without incubation 

with PCN-224 nanoparticles in the dark environment (lane 1), Aβ42 with light irradiation alone 

(lane 2), and Aβ42 with PCN-224 nanoparticles alone (lane 3). In the presence of PCN-224 

nanoparticles with light irradiation (lane 4), a monomeric band (∼4.5 kDa) and a dimeric band (∼9 

kDa) were observed, which demonstrated the inhibition effect of photoactivated PCN-224 

nanoparticles. PCN-224 nanoparticle alone did not show any bands in lane 5 due to its positive 

charge, demonstrating that the nanoparticles did not interfere with the native gel electrophoresis 

results. DLS analysis was used to further determine the size dynamic change of the Aβ42 peptide 

before and after the treatment by photoactivated PCN-224 nanoparticles (Figure 3d). PCN-224 

nanoparticles were removed by centrifugation before the DLS analysis. Obviously, Aβ42 incubated 

without PCN-224 nanoparticles under dark environment showed a gradually increased size from 

around 50 nm to around 700 nm after 24 h incubation due to the formation of Aβ fibrils. In contrast, 

Aβ42 treated with photoactivated PCN-224 nanoparticles under light irradiation remained as 

structures under 100 nm after 24 h incubation. 

 

The light-induced inhibition on Aβ42 inhibition could attribute to the generation of reactive oxygen 

species (ROS) by photoactivated PCN-224 nanoparticles. According to the literature, porphyrinic 

MOFs have been reported to be effective photosensitizers for singlet oxygen (1O2) generation. 

(21,22) We measured the capability of the 1O2 generation of PCN-224 nanoparticles with a 

concentration of 100 μg/mL under 650 nm light illumination. 1,3-Diphenylisobenzofuran (DPBF), 

a sensitive 1O2-trapping reagent, was used to explore 1O2 generation capabilities of PCN-224 



nanoparticles based on absorbance peak at 414 nm. The remarkable reduction of DPBF absorbance 

at 414 nm with the increase of irradiation time indicated the high 1O2 production capability of PCN-

224 nanoparticles (Figure 4a). Using the common photosensitizer rose bengal (RB) as the reference, 

PCN-224 nanoparticles showed a higher 1O2 production capability under the same conditions in 

the DPBF absorbance versus time curves (Figure 4b). The production of 1O2 by PCN-224 

nanoparticles was further demonstrated by 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) 

fluorescence assay and electron spin resonance (ESR) under light illumination. As shown in Figure 

S11, the fluorescence intensity of DCFH-DA at wavelength of 541 nm increased significantly in the 

presence of PCN-224 under 650 nm light irradiation, which was due to the oxidization of 

nonfluorescent 2′,7′-Dichlorofluorescin diacetate and transformation to highly fluorescent 2′,7′-

Dichlorofluorescein. As shown in Figure S12, ESR signal intensity significantly increased upon 

light illumination, which demonstrated the generation of 1O2 by photoexcited PCN-224 

nanoparticles. The oxidation of Aβ42 by singlet oxygen was then verified by a 2,4-

dinitrophenylhydrazine (DNPH) assay. Generally, protein oxidation by ROS could generate 

carbonyl group on protein side chains. (27) The DNPH assay is a sensitive assay for reaction with 

the carbonyl group on oxidized protein and results in the formation of a stable 2,4-dinitrophenyl 

(DNP) hydrazone product with a characteristic absorption peak at 370 nm. (23) As shown in Figure 

4c, only Aβ42 treated with PCN-224 nanoparticles under light irradiation showed increased 

amplitude for absorption peak at 370 nm, which indicated the oxidation of Aβ42. 

 

Next, we investigated the ability of photoactivated PCN-224 nanoparticles to reduce Aβ-induced 

cytotoxicity in PC12 cells using a 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay. The PCN-224 nanoparticle itself showed good biocompatibility with a high cell 

viability over 80%, even at high concentrations up to 100 μg/mL (Figure 4d). The high cytotoxicity 

of Aβ42 aggregates assembled under dark environment or with light irradiation was observed with 

a low cell viability around 40% after 24 h incubation (Figure 4e). In contrast, cell viability was 



largely increased to 90% when Aβ42 was incubated with PCN-224 nanoparticles under 650 nm light 

irradiation. The cell viability was around 65% with Aβ42 incubated with PCN-224 nanoparticles 

alone under dark environment. This increase of cell viability could be attributed to the physical 

absorption of Aβ42 onto PCN-224 nanoparticles, which led to a slightly low toxicity to cells. 

Adhesion of Aβ to the surface of the PCN-224 nanoparticles could reduce the active sites in the 

peptide for aggregation. Moreover, adhesion of Aβ to the surface PCN-224 nanoparticles could also 

increase the efficiency of local photo-oxidation treatment because the generated singlet oxygen 

molecules could rapidly dissipate from the surface of the nanoparticles. Overall, the nanoparticle-

based light-induced photo-oxygenation process have a synergistic effect on the suppression of Aβ-

induced cytotoxicity by inhibiting aggregation of monomeric Aβ42 peptide. 

 

In conclusion, we have developed a facile strategy for NIR-light-induced inhibition of cross-β-sheet 

aggregation of Aβ42 peptide using photoactivated PCN-224 nanoparticles. Inspired by the 

photooxygenation ability of porphyrinic TCPP ligand in NIR region, we successfully synthesized 

PCN-224 MOF nanoparticles for NIR-light-induced inhibition of Aβ42 aggregation. We found that 

photoactivated PCN-224 nanoparticles were able to attenuate the aggregative activity of Aβ42 as 

well as decrease cytotoxicity for PC12 cells. The current approaches to suppress Aβ aggregation are 

mainly based on anti-Aβ targeting molecules capable of suppressing Aβ aggregation and 

neurotoxicity. (28,29) However, a majority of the above organic inhibitors show moderate inhibition 

capabilities for suppressing Aβ aggregation and suffer from rapid degradation in plasma. Photo-

oxygenation approach is a promising approach to suppress Aβ aggregation with high inhibition 

efficiency. However, the usage of organic photosensitizers for photo-oxygenation leads to low water 

solubility, visible light excitation with limited penetration depth and poor stability in physiological 

environment. Compared with the above approaches, this NIR-light-induced photooxygenation 

approach based on PCN-224 nanoparticles could provide four main advantages: (1) water dispersity 

and photostability in the physiological environment are good; (2) porphyrinic MOF nanoparticles 

could deliver NIR light to the deep brain more efficiently compared to visible light used in other 

studies; (3) functional porphyrinic linkers are spatially separated by Zr cluster in MOF framework, 

which provides high single-oxygen-generation capability by avoiding self-quenching of the excited 

state and keeping the photooxygenation property of each porphyrinic linker; (4) porous MOF 

structure facilitates the easy diffusion of molecular oxygen with the quick treatment of Aβ42 peptide. 

Overall, such NIR-light-triggered therapeutic photooxygenation of Aβ42 based on porphyrinic 

MOF nanoparticles is expected to hold great promise for the non-invasive phototreatment of 

neurodegenerative diseases. 
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