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ABSTRACT 

 

Alzheimer's disease has become one of the most common diseases jeopardizing the health of the 

human being. The main pathological feature of AD is the accumulation of Aβ in the brain to form 

senile plaques. Therefore, it is of great significance to develop new and efficient drugs targeting at 

amyloid-β for the detection, diagnosis and therapeutics for Alzheimer's disease. 

Xanthohumol (Xn) naturally presents in hops (Humulus lupulus L). Studies have shown that it has 

anti-lipoperoxidative, anti-inflammatory, anti-proliferative activities, antiangiogenic and antioxidant 

effects, which further illustrates its potential therapeutic for AD. However, the bio-incompatibility 

and blood-brain barrier impermeability of Xanthohumol hindered it in vivo efficacy potential for 

treating Alzheimer’s disease. Thus, we designed and prepared a series of Xanthohumol derivatives, 

namely, Xn-n, (n = 1-9) and its chalcone derivatives C-n, (n = 1-10) to enhance the desirable physical, 

biological and pharmacological properties, especially the blood-brain barrier permeability for 

intervention of AD. 

As an effective technique for in vivo visualization, Near-infrared fluorescence imaging based on 

organic small molecule probes has a promising application in the diagnosis of Alzheimer's disease. 

However, most of the reported imaging probes can only visualize Aβ-plaques but do not have 

therapeutic potential such as neuroprotection against Aβ induced toxicity. Herein, we designed and 

synthesized a series of oligomeric Aβ targeted near infrared (NIR) fluorescent probes for the 

diagnosis and therapeutics of Alzheimer's disease, namely DBAN-SLM, DBAN-SLOH, DBAN-

OSLM which showed remarkably effective inhibitory effect on Aβ aggregation, significant 

neuroprotection effect against the Aβ-induced toxicities, and suppression on Aβ-induced ROS 
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generation. indicating its great promise as a useful theragnostic agent for the early diagnosis and 

therapy of AD. 

Dual-modal imaging is an important approach to overcome the limitations of single imaging 

technology in the diagnosis of AD disease. Therefore, based on the dual-modal, we designed and 

synthesized the NIR/MR dual-modal detection and theragnostic probes namely Dyad-1, Dyad-2, 

Dyad-3 and NP@SiO2@F-SLOH. More surprising is that the two NIR/MR dual-modal probes show 

excellent biological properties, including the ability to inhibit Aβ aggregation to a certain extent, 

neuroprotective effects on cytotoxicity caused by different forms of Aβ species, blood-brain barrier 

(BBB) permeability, and high stability. 

All of these newly designed and synthesized molecules were characterized with 1H NMR, 13C NMR, 

and HRMS and found to show good agreement with the desired structures. The photophysical 

properties and biological properties of these novel designed and synthesized fluorescent probe such 

as UV-vis absorption, fluorescence emission, dissociation constant determined by fluorescence 

titration, cytotoxicity assay, neuroprotection, and inhibition of Aβ aggregation were investigated. 

           

       



  

 

 
iv 

         

                 

       

         

       



  

 

 
v 

          

           

           

    

 



  

 

 
vi 

 

   



  

 

 
vii 

ACKNOWLEDGEMENTS 

First, I would like to express my profound and sincere thanks to my supervisor Prof. Ricky M. S. 

Wong for genius ideas, inspiring guidance, uninterrupted encouragement and support throughout my 

study.  

What he impressed me is not only his professional knowledge but also his devoted attitude toward 

research.  

I’d like to give my special thanks to Dr. Hung Wing Li in our department and her group member Dr. 

See-Lok Ho for the beta-amyloid TIRFM image investigation and Dr. Nga-Hei Chan for the 

inhibition studies as well as fluorescence titration of beta-amyloid in the part of the research of 

fluorescent dyes, I would also like to express my sincere gratitude to research group members: Dr. 

Di Xu, Dr. Lei Guo, Dr. Chengke Wang, Mr. Shuai Yang for their kind and continuous help and 

supports. I’d also like to thank all the staff and technicians in the Department of Chemistry, Hong 

Kong Baptist University.  

I would also appreciate my husband Mr. Weiping Zhang, my parents and all my family members for 

their continuous support.  

 

  



  

 

 
viii 

TABLE OF CONTENTS 

 

DECLARATION ............................................................................................ i 

ABSTRACT ................................................................................................... ii 

ACKNOWLEDGEMENTS ....................................................................... vii 

TABLE OF CONTENTS ........................................................................... viii 

LIST OF FIGURES .................................................................................... xv 

LIST OF SCHEMES ................................................................................. xxx 

LIST OF TABLES .................................................................................... xxxi 

LIST OF ABBREVIATIONS AND SYMBOLS ................................... xxxii 

Chapter One The Detection of Alzheimer’s Disease and the Study of 

Inhibitor Based on Aβ Amyloid Peptide ..................................................... 1 

1.1 Overview of Alzheimer's disease .......................................................................... 1 

1.1.1 Introduction ................................................................................................ 1 

1.1.2 Genetic susceptibility to Alzheimer's disease ............................................ 2 

1.1.3 Current clinical manifestations, early diagnosis and treatment strategies for 



  

 

 
ix 

Alzheimer's disease ............................................................................................. 3 

1.1.4 The pathogenesis of Alzheimer's disease ................................................... 5 

1.2 Amyloid-β (Aβ) Overview .................................................................................... 6 

1.2.1 Amyloid-β Processing ................................................................................ 6 

1.2.2 Clearance and degradation of Aβ protein ................................................... 7 

1.2.3 Factors affecting Amyloid-β Aggregation .................................................. 8 

1.2.4 Amyloid-β Toxicity .................................................................................. 10 

1.3 Amyloid-β Detection ........................................................................................... 12 

1.3.1 Fluorescent probe for Amyloid-β Detection ............................................ 12 

1.3.2 Positron Emission Tomography (PET) for Aβ amyloid detection ........... 24 

1.3.3 Magnetic resonance imaging (MRI) for Aβ amyloid detection ............... 25 

1.3.4 Nanoparticle fluorescent probe for Aβ amyloid detection ....................... 26 

1.4 Amyloid-β Inhibition ........................................................................................... 29 

1.4.1 Small molecules, polyphenol for Amyloid-β Inhibition .......................... 30 

1.4.2 Peptide for Amyloid-β Inhibition ............................................................. 35 

1.4.3 Metal chelator for Amyloid-β Inhibition .................................................. 37 

1.4.4 Nanoparticles for Amyloid-β Inhibition ................................................... 38 



  

 

 
x 

1.5 Reference ............................................................................................................. 41 

Chapter Two Amyloid-β Aggregation Inhibitory and Neuroprotective 

Effects of Flavonoid Derivatives for Alzheimer’s Diseases ..................... 61 

2.1 Introduction ....................................................................................................... 61 

2.2 Synthesis............................................................................................................ 66 

2.3 Results and Discussion ...................................................................................... 69 

2.3.1 Cytotoxicity of Flavonoid Derivatives ..................................................... 69 

2.3.2 Studies on Neuroprotection of Flavonoid Derivatives ............................. 70 

2.3.3 Studies on ROS Suppression of Flavonoid Derivatives ........................... 72 

2.3.4 Studies on Intracellular Calcium Level of Flavonoid Derivatives ........... 73 

2.3.5 Studies on Blood-Brain Barrier Permeability of Flavonoid Derivatives . 75 

2.3.6 Studies on Plasma Level of Flavonoid Derivatives ................................. 76 

2.3.7 Studies on Inhibitory Effect of Flavonoid Derivatives ............................ 77 

2.4 Conclusions ....................................................................................................... 78 

2.5 Experimental ..................................................................................................... 79 

2.6 Reference ......................................................................................................... 100 

Chapter Three Amyloid-β Oligomer Targeted NIR Molecular Probes for 



  

 

 
xi 

In Vivo Imaging and Inhibition of Amyloid-β Aggregation .................. 106 

3.1 Introduction ....................................................................................................... 106 

3.2 Synthesis............................................................................................................ 109 

3.3 Results and Discussion ...................................................................................... 111 

3.3.1 Photophysical Properties ........................................................................ 111 

3.3.2 Fluorescence Properties with Aβ species ............................................... 113 

3.3.3 Binding studies of NIR fluorophores with Aβ species ........................... 115 

3.3.4 Structure-affinity relationship analysis .................................................. 122 

3.3.5 Selectivity and stability of NIR fluorophore .......................................... 125 

3.3.6 Cytotoxicity Analysis ............................................................................. 126 

3.3.7 Studies on the Neuroprotective Effect of NIR dyes against Aβ1-42 ........ 127 

3.3.8 Studies of NIR dyes for ROS Suppression............................................. 128 

3.3.9 Studies on the Inhibition of Aβ1-42 Aggregation ..................................... 129 

3.3.10 Studies of NIR dyes for Blood-Brain Barrier (BBB) Permeability ..... 130 

3.3.11 Studies on the Ex vivo staining of Aβ species in Tg brain slices. ........ 132 

3.4 Conclusion ......................................................................................................... 134 

3.5 Experimental ..................................................................................................... 135 



  

 

 
xii 

3.6 References ......................................................................................................... 144 

Chapter Four Amyloid-β Targeted Gadolinium-Based NIR/MR Dual-

Modal Theranostic Nanoparticles for Alzheimer’s Disease .................. 149 

4.1 Introduction ....................................................................................................... 149 

4.2 Preparation of NP@SiO2@F-SLOH ................................................................. 151 

4.3 Results and Discussion ...................................................................................... 152 

4.3.1 Characterization of NP@SiO2@F-SLOH .............................................. 152 

4.3.2 Cytotoxicity and Biodistribution of NP@SiO2@F-SLOH .................... 158 

4.3.3 NIR Imaging Application of NP@SiO2@F-SLOH ................................ 161 

4.3.4 T1-Weighted MR Imaging Application of NP@SiO2@F-SLOH ........... 166 

4.3.5 Inhibition of Aβ Aggregation and ROS Attenuation by NP@SiO2@F-

SLOH .............................................................................................................. 171 

4.4 Conclusion ......................................................................................................... 173 

4.5 Experimental ..................................................................................................... 174 

4.6 Reference ........................................................................................................... 182 

Chapter Five Theranostic Multi-Modal Contrast Agent for Alzheimer ’s 

Disease Mouse Model: Gadolinium (III) Complex-Cyanine Dyad ...... 186 



  

 

 
xiii 

5.1 Introduction ....................................................................................................... 186 

5.2 Synthesis............................................................................................................ 189 

5.3 Results and Discussion ...................................................................................... 192 

5.3.1 Photophysical Properties ........................................................................ 192 

5.3.2 Fluorescence Properties with Aβ Species .............................................. 195 

5.3.3 Cytotoxicity Analysis ............................................................................. 202 

5.3.4 Studies on the Inhibition of Aβ Aggregation ......................................... 203 

5.3.5 Studies on the Neuroprotective Effect of SLN3 and Dyad-3 against Aβ1-42

 ......................................................................................................................... 204 

5.3.6 Studies of SLN3 and Dyad-3 for ROS Suppression ............................... 205 

5.3.7 Biodistribution of Dyad-3 ...................................................................... 206 

5.3.8 Blood-Brain Barrier Permeability .......................................................... 208 

5.3.9 Ex vivo staining of Aβ species in Tg brain slices .................................. 210 

5.3.10 T1-Weighted MR Imaging Application of Dyad-3 ............................... 211 

5.4 Conclusions ....................................................................................................... 213 

5.5 Experimental ..................................................................................................... 214 

5.6 Reference ........................................................................................................... 224 



  

 

 
xiv 

Chapter Six Concluding Remarks ........................................................... 229 

Appendix Ⅰ 1H NMR Spectra of Selected Novel Synthesized Compounds

 ..................................................................................................................... 232 

Appendix Ⅱ 13C NMR Spectra of Selected Novel Synthesized Compounds

 ..................................................................................................................... 244 

Appendix Ⅲ HRMS Spectra of Selected Novel Synthesized Compounds

 ..................................................................................................................... 256 

 CURRICULAM VITAE ........................................................................... 270



  

 

 
xv 

LIST OF FIGURES 

Figure 1 - 1. Proteolytic processing pathways of the amyloid precursor protein (APP) 7 

Figure 1 - 2. Molecular structures of NIAD-4, NIAD-11, and NIAD-16. ............... 14 

Figure 1 - 3. (a) Chemical structure of AOI-987. (b) Representative images of female 17-

month-old APP23 transgenic (top row) and wild-type (middle row) mice. (c) 

Colocalization of plaques, fluorescently labeled with AOI-987 with the optical image of 

the same region in a cryostat brain section. ...................................................... 15 

Figure 1 - 4. (a) Chemical structure of CRAND-2 and CRAND-58. (b) Histological staining of 

the brain slices from an APP-PS1 transgenic mouse. (c) In vivo fluorescence imaging of 

19-month-old Tg2576 mice and wild type mice. .............................................. 16 

Figure 1 - 5. (a) Chemical structure of BODIPY7 (b) Absorption (dotted line) and emission 

(line) spectra of BODIPY7 (c) Neuropathological staining of BODIPY7 ...... 17 

Figure 1 - 6. (a) Chemical structure of THK-265 (b) Fluorescence contour map of the THK-

265/amyloid-β fibril complex. (c) Placement of regions of interest (ROIs) on the mouse 

head (ROI1) and neck (ROI2). .......................................................................... 18 

Figure 1 - 7. (a) Chemical structure of DANIRs. (b) NIRF images of Tg mice and control mice 

at different time points before and after iv injection of DANIR 2c. (c) Ex vivo fluorescence 

observation of brain slices from a Tg mouse and wild-type control. ................ 19 

(Figure 1 - 8.)(a) Chemical structure of MCAADS and DMMADS (b) In vivo NIR imaging 

images of Tg and WT mice at representative time points before and after injection of 



  

 

 
xvi 

MCAAD-3. (c) Brain kinetic curves of MCAAD-3 (left Y axis) and the values of 

F(Tg)/F(WT) at selected time points (right Y axis). (d) Ex vivo histology results of brain 

slices from Tg mouse stained with MCAAD-3 and Th–S. ............................... 20 

Figure 1 - 9. (a) Chemical structure of DBA-SLOH (b) Histological staining of the brain slices 

from a transgenic mouse with DBA-SLOH. (c) NIR fluorescence images of Tg and wild-

type mice. (d) The relative fluorescence signal [F(t)/F(pre)] in the brain regions of Tg (red) 

and WT (blue) mice........................................................................................... 21 

Figure 1 - 10. (a) Chemical structure of SLM (b) Fluorescence images of Tg (9 months old) 

and wild-type mice at different time points before and after intravenous injection of SLM.

 ........................................................................................................................... 22 

Figure 1 - 11. (a) Chemical structure of F-SLOH (b) Fluorescence spectra of F-SLOH (1.0 

mM) in the presence of 10.0 mM Aβ1–40 species (monomers, oligomers and fibrils), BSA 

and Tau. ............................................................................................................. 23 

Figure 1 - 12. (a) Surface coil MR images of AβPP/PS1 mouse brain at 9.4T (b) Distribution of 

plaque sizes (radii) in the AβPP/PS1 mouse brain. ........................................... 27 

Figure 1 - 13. Detection of Aβ plaques with an HMON-Aβ40 contrast agent on T1-weighted 

MRI and plaques detected by immunohistochemical staining in an APP/PS1 transgenic 

mouse. ............................................................................................................... 27 

Figure 1 - 14. (a) In vivo T2-weighted MR images (top) and its respective color mapped images 

(bottom) of Tg mice before and after injection of Fe3O4 @ SiO2 @ SLCONHR via tail 

vein. (b) The corresponding value of quantification of Aβ contrast collected over a period 



  

 

 
xvii 

ranging from the untreated time to 12 h post-injection. (c) Ex vivo T2 weighted images of 

the brain of Tg mice after injection of Fe3O4@SiO2@SLCONHR for 4 h. .. 29 

Figure 1 - 15. Chemical structure of Congo red analogs ........................................ 31 

Figure 1 - 16. Chemical structure of Curcumin analogs ........................................ 32 

Figure 1 - 17. (a) Chemical structure of Resveratrol and Piceid (b) the potential mechanisms 

of Resveratrol effects on neurons. ................................................................... 33 

(Figure 1 - 18.) (a) Chemical structure of 14 a and 14 a-c (b) Inhibition activities of compounds 

on self-mediated Aβ1-42 aggregation tested using ThT at 1:1 ratio with compounds. (c) 

Representative micrographs of cells incubated with Aβ1-42 alone or with both Aβ1-42 (10 

mM) and selected compounds. .......................................................................... 34 

Figure 1 - 19. (a) BDS-I[1-8scr] fragment on Kv3.4 currents in CHO cells transfected with 

Kv3.4 and MiRP2. (b) Representative western blot (top) and densitometric quantification 

(bottom) of caspase-3 protein expression in NGF-differentiated PC-12 cells under control 

condition and exposed to Aβ1−42 oligomers. (c) Statistical comparisons between groups 

were performed by one-way ANOVA followed by Newman-Keuls’ test. ....... 36 

 

Figure 2 - 1. Molecular structures of flavonoid derivatives ................................ 66 

Figure 2 - 2. Cytotoxicity studies of Chalcone derivatives, Cns. with MTT assay. . 70 

Figure 2 - 3. Results of (a) the neuroprotection effect shown by relative % MTT = of 24 h co-

incubation with and without Xn, Xn-3 and Xn-9 on SH-SY5Y cells in the presence of 10 



  

 

 
xviii 

µM of Aβ1-42. ..................................................................................................... 71 

Figure 2 - 4. Neuroprotection results for chalcones derivatives, C-2, C-4, C-6 and C-9 in both 

Aβ monomer and αS oligomer on SH-SY5Y for 24 h co-incubation. .............. 71 

Figure 2 - 5. Changes of ROS level presented by relative % ROS after 24 h co-incubation 

presence and absence of Xn, Xn-3 and Xn-9 on SH-SY5Y cells in the presence of 10 µM 

of Aβ1-42. ............................................................................................................ 72 

Figure 2 - 6. ROS results for chalcones derivatives, C-2, C-4, C-6 and C-9, in both Aβ monomer 

and αS oligomer on SH-SY5Y for 24 h co-incubation. .................................... 73 

Figure 2 - 7. The traces representing the calcium (II) ion influx induced by Aβ1-42 monomer in 

the presence of Xn and Xn-9 was measured by confocal imaging (Left).The traces 

representing the calcium (II) ion influx induced by Aβ1-42 monomer in the absence and 

presence of Xn-3 (Right)................................................................................... 74 

Figure 2 - 8. The intracellular calcium (II) ion level changed of SH-SY5Y after the addition of 

neurotoxic compounds and αS oligomer. .......................................................... 75 

Figure 2 - 9. Plots of content profile in mice brain over time after tail-vein injection of Xn-3 

and Xn-9 samples. ............................................................................................. 76 

Figure 2 - 10. Plots of content profile in mice plasma over time after tail-vein injection of Xn-

3 and Xn-9 samples. .......................................................................................... 77 

Figure 2 - 11. TEM images of A1-42 aggregates grown in the absence and presence Xn-ns after 

48-hour incubation at 37 °C. Scale bar = 500 nm. (left) SDS-PAGE of the growth of the 



  

 

 
xix 

monomeric form of A1-42. (right)..................................................................... 78 

 

Figure 3 - 1. Molecular Structure of DBA-SLM, DBAN-SLOH and DBAN-OSLM. 109 

Figure 3 - 2. Absorption (dotted line) and fluorescence spectra (solid line) of DBAN-SLOH 

(black line), DBAN-SLM (red line) and DBAN-OSLM (blue line) in PB (20 mM, pH 7.4).

 ......................................................................................................................... 113 

Figure 3 - 3. Fluorescence spectra of DBAN-SLM (10 μM) in the presence of 150 μM Aβ1-40 

and Aβ1-42 species (monomers, oligomers and fibrils), respectively. ............. 114 

Figure 3 - 4. Fluorescence spectra of DBAN-SLOH (10 μM) in the presence of 150 μM Aβ1-40 

and Aβ1-42 species (monomers, oligomers and fibrils), respectively. ............. 115 

Figure 3 - 5. Fluorescence spectra of DBAN-OSLM (10 μM) in the presence of 150 μM Aβ1-

40 and Aβ1-42 species (monomers, oligomers and fibrils), respectively. .......... 115 

Figure 3 - 6. The fluorescence titration spectra of DBAN-SLM with various concentrations of 

Aβ1-40 monomer, oligomer and fibril, as well as Aβ1-42 monomer, oligomer and fibril.

 ......................................................................................................................... 117 

Figure 3 - 7. Saturation binding curves of DBAN-SLM to Aβ1-40 and Aβ1-42 species.118 

Figure 3 - 8. The fluorescence titration spectra of DBAN-OSLM with various concentrations 

of Aβ1-40 monomer, oligomer and fibril, as well as Aβ1-42 monomer, oligomer and fibril.

 ......................................................................................................................... 119 

Figure 3 - 9. Saturation binding curves of DBAN-OSLM to Aβ1-40 and Aβ1-42 species. 120 



  

 

 
xx 

Figure 3 - 10. The fluorescence titration spectra of DBAN-SLOH with various concentrations 

of Aβ1-40 monomer, oligomer and fibril, as well as Aβ1-42 monomer, oligomer and fibril.

 ......................................................................................................................... 121 

Figure 3 - 11. Saturation binding curves of DBAN-SLOH to Aβ1-40 and Aβ1-42 species.

 ......................................................................................................................... 122 

Figure 3 - 12. DBAN-SLM complex with Aβ1-42 monomer, Aβ1-40 oligomers, and Aβ1-42 fibrils. 

Optimized DBAN-SLM structure at the B3LYP/6-31G* level (A, D). Aβ1-42 monomer 

model (B) and Aβ1-40 trimer from X-ray (E). F19 and V36 residues display in yellow and 

green in the trimer model, respectively. Simulated complex structure of DBAN-SLM with 

Aβ1-42 monomer (C), Aβ1-40 trimer model (F) and Aβ1-42 fibril (G, H). .......... 124 

Figure 3 - 13. Fluorescence intensity ratio (F/F0) of DBAN-SLM in PB in the presence of 

various metal ions (Ca2+, Ag+, Zn2+, K+, Mn2+, Mg2+, Gd2+, Cu2+/50×10−6 M) and bioactive 

molecules (Cys, GSH, BSA, Aβ42 oligomers/50×10−6 M) respectively. λex = 496 nm.

 ......................................................................................................................... 125 

Figure 3 - 14. Photostability study of DBAN-SLM in the absence and presence of Aβ1-42 

monomers in PB. ............................................................................................. 126 

Figure 3 - 15. Cell viability values (%) estimated by MTT proliferation. Human neuroblastoma 

SH-SY5Y neuronal cells were treated with different concentrations of DBAN-SLM, 

DBAN-OSLM and DBAN-SLOH at 37 oC for 24 h. .................................... 127 

Figure 3 - 16. Neuroprotective effect of the DBAN series compounds towards Aβ1-42 species.

 ......................................................................................................................... 128 



  

 

 
xxi 

Figure 3 - 17. Plots of the relative ROS level against Aβ1-42 monomer, oligomers and fibril-

induced cytotoxicity toward SH-SY5Y neuronal cells by DBAN-SLM, DBAN-SLOH, 

and DBAN-OSLM. ......................................................................................... 129 

Figure 3 - 18. Inhibition of aggregation by DBAN-OSLM, DBAN-SLM and DBAN-SLOH as 

demonstrated by ThT fluorescence assay. The plots of the fluorescence intensity of ThT 

recorded at 490 nm after incubation of Aβ1-42 monomer for different time points. 130 

Figure 3 - 19. In vivo imaging study of DBAN-SLM in mouse model. (A) Fluorescence images 

of the 12 months old Tg and WT mouse at selected time points before or after intravenous 

injection of DBAN-SLM (10 mg/kg) and λex = 500 nm, λem = 600−760 nm. (B) The relative 

fluorescence signal [F(t)/F(pre)] in the brain regions of Tg and WT mice after injection.

 ......................................................................................................................... 131 

Figure 3 - 20. Ex vivo images of DBAN-SLM in brain slices of Tg mouse (5XFAD transgenic 

mice) co-localized with ThS and a primary antibody (A11, 6E10, 4G8) and then a 

secondary antibody conjugated with Alexa 488. ............................................ 133 

Figure 3 - 21. (a) Confocal fluorescence image of TG mouse brain slice after intravenous 

injection of DBAN-SLM (10 mg/kg) was dissected. (b) The spectral measurement of the 

fluorescence region observed in the brain slice by confocal lambda scan. ..... 134 

 

Figure 4 - 1. Molecular structures of NP@SiO2@F-SLOH ................................. 151 

Figure 4 - 2. TEM images of NP@SiO2 (A and B) and NP@SiO2@F-SLOH (C and D), 

respectively...................................................................................................... 153 



  

 

 
xxii 

Figure 4 - 3. The absorption spectra of 0.1 mg/mL F-SLOH, 4 mg/mL NP@SiO2 and 4 mg/mL 

NP@SiO2@F-SLOH, respectively. ............................................................... 154 

Figure 4 - 4. Pore size distributions and the surface areas of NP@SiO2 and NP@SiO2@F-

SLOH analyzed using DFT and BET methods, respectively. ........................ 154 

Figure 4 - 5. The TGA traces of NP@SiO2 and NP@SiO2@F-SLOH, respectively.155 

Figure 4 - 6. The upconversion fluorescence spectra of NaGdF4:Yb3+, Tm3+ (core), NaGdF4: 

Yb3+, Tm3+@NaGdF4 (core@shell), NP@SiO2, NP@SiO2@F-SLOH and F-SLOH with 

the excitation wavelength = 980 nm. .............................................................. 156 

Figure 4 - 7. The percentage of dissolved F-SLOH from NP@SiO2@F-SLOH in the different 

solutions at different time point. The error bars represent the relative standard deviation of 

three experimental results................................................................................ 156 

Figure 4 - 8. The fluorescence titration spectra of 2 mg/mL of NP@SiO2@F-SLOH with 

various concentrations of Aβ42 monomer (A), oligomer (B) and fibril (C), as well as Aβ40 

monomer (D), oligomer (E) and fibril (F), respectively. ................................. 157 

Figure 4 - 9. Fluorescence spectra of 2 mg/mL of NP@SiO2@F-SLOH in the presence of 500 

μM of Aβ42 and Aβ40 species including monomers, oligomers and fibrils, respectively.

 ......................................................................................................................... 158 

Figure 4 - 10. The cell viability of SH-SY5Y cells in the presence of different concentrations 

of NP@SiO2 (A) and NP@SiO2@F-SLOH (B) ............................................. 158 

Figure 4 - 11. The fluorescent images of SH-SY5Y neural cells incubated with 0.01 mg/mL of 



  

 

 
xxiii 

F-SLOH (first row), 1 mg/mL of NP@SiO2 (second row), and 1 mg/mL of NP@SiO2@F-

SLOH (third row) for 6 h, respectively. The bright field images (A); the fluorescent images 

obtained from red channel (λex = 488 nm, λem = 620-660 nm) (B) and blue channel (λex = 

980 nm, λem = 420-495 nm) (C); the merged images of A, B and C (D), respectively. The 

scale bar indicates 20 m. ............................................................................... 159 

Figure 4 - 12. Bright field images of different organs of WT mouse after 2 (A) and 12 h (C) 

post-injection of NP@SiO2@F-SLOH via tail vein, respectively. The corresponding 

fluorescence images (pseudo-color)) of NP@SiO2@F-SLOH in the different organs after 

2 (B) and 12 h (D) post-injection of 40 mg/kg NP@SiO2@F-SLOH, respectively.

 ......................................................................................................................... 161 

Figure 4 - 13. The mean signal intensity of fluorescence images of different organs of WT mice 

after 2, 12, 24, 48 and 72 h post-injection of 40 mg/kg NP@SiO2@F-SLOH via tail vein, 

respectively. ..................................................................................................... 161 

Figure 4 - 14. NIR fluorescence images of WT mouse (top) and 9 months old Tg mouse (bottom) 

at different time points (0.5, 1, 2.5, 4 and 6 h) before (background) and after injection of 

NP@SiO2@F-SLOH (40 mg/kg). λex = 488 nm, λem = 650-700 nm (A). The relative mean 

signal intensity plot of NIR fluorescence images of brain section of Tg and WT mice shown 

in A, respectively (B). ..................................................................................... 162 

Figure 4 - 15. The up-conversion fluorescence images of WT mouse brain at different time 

points after injection of NP@SiO2@F-SLOH (40 mg/kg). From top to bottom: (A) bright 

field, (B) fluorescence (ex = 980 nm, em = 400-700 nm) image and (C) merge of bright 

field and fluorescence images. The relative mean signal intensity plot of up-conversion 



  

 

 
xxiv 

fluorescence images of brain section of WT mouse shown in A (B). All these results clearly 

demonstrate that these newly synthesized F-SLOH surface-functionalized Gd3+-based NPs 

have good BBB permeability. In order to detect the sensitivity and effectiveness of this NP 

probe for Aβ targeting and imaging in vivo, Tg mice of three ages, namely 7, 9 and 11 

months old, were selected for real-time brain fluorescence signal comparison. After 6 h 

post-injection of NP@SiO2@F-SLOH, the brain fluorescence of Tg mice showed a clear 

age-dependent intensity difference, as shown in Figure 4-16 A, B, C, and D. The higher 

Aβ content in the medium produces a stronger fluorescent signal than the younger 

fluorescent signal............................................................................................. 163 

Figure 4 - 16. NIR fluorescence images (A-D) and ex vivo fluorescence staining of the brain 

slices acquired from the WT mouse (A and E) and Tg mice of different ages (7 months (B 

and F), 9 months (C and G) and 11 months (D and H)) after injection of UP@SiO2@ F-

SLOH (40 mg/kg) for 6 h. ex = 488 nm, em = 650-700 nm for in vivo images and 620-

660 nm for ex vivo images. The ex vivo fluorescence staining of the brain slices from 11 

months old Tg mouse with NP@SiO2@ F-SLOH, λex = 488 nm, λem = 620-660 nm (I), 

and ThT, λex = 450 nm, λem = 460-500 nm (J). The merged image of I and J (K). The scale 

bars indicated 25 µm. The relative mean signal intensity plot of NIR fluorescence images 

in A, B, C, and D, respectively (L). ................................................................. 164 

Figure 4 - 17. The fluorescence images of brain slices of WT and Tg mice at different age 

groups (7, 9, and 11 months) after injection of the NP@SiO2@F-SLOH (40 mg/kg) for 6 

h. First column: The fluorescence images obtained from red channel at 620-660 nm (λex = 

488 nm). Second column: images obtained from green channel after slices were stained 

with ThT (λex = 450 nm, λem = 460-500 nm). Third column: the upconversion fluorescence 



  

 

 
xxv 

images from blue channel at 420-495 nm (λex = 980 nm). Fourth column: the merged 

images of red and green channels. Fifth column: the merged images of red and blue 

channels. The scale bar indicates 20 m. ........................................................ 166 

Figure 4 - 18. Plot of 1/T1 as a function of different Gd concentrations of NP@SiO2@ F-SLOH, 

inset shows the corresponding T1 weighted MR images, from left to right indicated the Gd 

concentrations are 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 mM, respectively.\ .............. 167 

Figure 4 - 19. In vivo T1-weighted MR images (top) and the respective pseudo-color mapped 

images (bottom) of Tg mice before (A and C) and after (B and D) 2 h post-injection of 40 

mg/kg NP@SiO2@F-SLOH via tail vein. The relative mean signal intensity plot of T1-

weighted MR images (Tg and WT mice brain section) over a period of 9 h after 

administration of 40 mg/kg NP@SiO2@F-SLOH via tail vein (the pre-injection mice were 

referred as 1.0) (E). ......................................................................................... 169 

Figure 4 - 20. In vivo MR images (first and third lines), the respective pseudo-color mapped 

MR images (second and fourth lines) of the 9 months old WT (the top two lines) and Tg 

mice (the bottom two lines) before and after injection of NP@SiO2@ F-SLOH (40 mg/kg) 

via tail vein over a period of 9 h...................................................................... 169 

Figure 4 - 21. In vivo MR images (up) and the respective pseudo-color mapped images (bottom) 

of the brains of WT and Tg mice at different ages before injection of NP@SiO2@F-SLOH, 

respectively. ..................................................................................................... 170 

Figure 4 - 22. In vivo MR images (up), the respective pseudo-color mapped images (middle) 

and ex vivo images of the brains of WT (I) and Tg (J, K and L) mice at different ages after 

6 h post-injection of 40 mg/kg NP@SiO2@F-SLOH via tail vein. The ages of Tg mice are 



  

 

 
xxvi 

7 (B, F, and J), 9 (C, G, and K) and 11 months old (D, H, and L), respectively. The red 

arrows indicated the bright spots stained by NP@SiO2@F-SLOH. The relative mean signal 

intensity plot of T1-weighted MR images recorded in A to H, respectively (M).171 

Figure 4 - 23. The inhibition of aggregation by NP@SiO2@F-SLOH as demonstrated by ThT 

fluorescence assay. The plots of the fluorescence intensity of ThT recorded at 490 nm after 

incubation of Aβ42 (A) and Aβ40 (B) monomers at different time point in the absence and 

the presence of 2 mg/mL NP@SiO2@F-SLOH, respectively. ...................... 172 

Figure 4 - 24. The neuroprotective effect of NP@SiO2@F-SLOH against A42 monomer, 

oligomer and fibrils, respectively. The relative cytotoxicity was calculated by the equation: 

(cytotoxicity in the presence of NP@SiO2@F-SLOH and A42)/ (cytotoxicity in the 

presence of A42 alone). .................................................................................. 172 

Figure 4 - 25. The relative ROS levels for SH-SY5Y cells in the presence of NP@SiO2@F-

SLOH and A42 monomer, oligomer and fibrils, respectively. The relative ROS level was 

calculated by the equation: (ROS level in the presence of NP@SiO2@F-SLOH and A42)/ 

(ROS level in the presence of A42 alone). ..................................................... 173 

 

Figure 5 - 1. Molecular structures of SLN3 and Dyad series. ................................ 189 

Figure 5 - 2. UV-vis absorption and emission spectra of Dyad-3. ......................... 194 

Figure 5 - 3. UV-vis absorption and emission spectra of SLN3. ............................ 194 

Figure 5 - 4. Fluorescence spectra of SLN3 (10 μM) in the presence of 200 μM Aβ1-40 and Aβ1-



  

 

 
xxvii 

42 species (monomers, oligomers and fibrils), respectively. ........................... 195 

Figure 5 - 5. Saturation binding curves of SLN3 to Aβ1-40 and Aβ1-42 species, respectively.

 ......................................................................................................................... 198 

Figure 5 - 6. Saturation binding curves of Dyad-3 to Aβ1-40 and Aβ1-42 species, respectively.

 ......................................................................................................................... 200 

Figure 5 - 7. Fluorescence intensity ratio (F/F0) of Dyad-3 in PB in the presence of various 

metal ions (Ca2+, Ag+, Zn2+, K+, Mn2+, Mg2+, Gd2+, Cu2+/50×10−6 M) and bioactive 

molecules (Cys, GSH, BSA, Aβ1-42 fibrils/50×10−6 M) respectively. λex = 465 nm. 201 

Figure 5 - 8. Photostability study of Dyad-3 in the absence and presence of Aβ1-42 fibrils in PB.

 ......................................................................................................................... 202 

Figure 5 - 9. Cell viability values (%) estimated by MTT proliferation. Human neuroblastoma 

SH-SY5Y neuronal cells were treated with different concentrations of SLN3 and Dyad-3 

at 37 ℃ for 24 h. ............................................................................................. 203 

Figure 5 - 10. The fluorescence intensity of ThT at 490 nm in the absence and presence of 

Dyad-3 after incubation with Aβ1-40 (a) or Aβ1-42 (b). .................................... 204 

Figure 5 - 11. The fluorescence intensity of ThT at 490 nm in the absence and presence of 

Dyad-3 after incubation with Aβ1-42 at different time point. .......................... 204 

Figure 5 - 12. Neuroprotective effect results of SLN3 and Dyad-3. ...................... 205 

Figure 5 - 13. Plots of the relative ROS level against Aβ1-42 monomer, oligomers and fibril-

induced cytotoxicity toward SH-SY5Y neuronal cells by SLN3 and Dyad-3. 206 



  

 

 
xxviii 

Figure 5 - 14. Bright field images of different organs of WT mouse after 2, 12, 24 and 48 h 

post-injection of 10 mg/kg Dyad-3 via tail vein, respectively. The corresponding 

fluorescence images of Dyad-3 in the different organs after2, 12, 24 and 48 h post-injection 

of 10 mg/kg Dyad-3, respectively. .................................................................. 207 

Figure 5 - 15. The mean signal intensity of fluorescence images of different organs of WT mice 

after 2, 12, 24, and 48 h post-injection of 10 mg/kg Dyad-3 via tail vein, respectively.

 ......................................................................................................................... 208 

Figure 5 - 16. In vivo imaging study of Dyad-3 in mouse model. (a) Fluorescence images of the 

12 months old Tg and WT mouse at selected time points before or after intravenous 

injection of Dyad-3 (10 mg/kg) and λex = 465 nm, λem = 600−760 nm. (b) The relative 

fluorescence signal [F(t)/F(pre)] in the brain regions of Tg and WT mice after injection.

 ......................................................................................................................... 209 

Figure 5 - 17. Ex vivo images of Dyad-3 in brain slices of Tg mouse (5XFAD transgenic mice) 

co-localized with ThS and a primary antibody (6E10, 4G8) and then a secondary antibody 

conjugated with Alexa 488. ............................................................................. 211 

Figure 5 - 18.  Plot of 1/T1 and 1/T2 as a function of different probe concentrations measured 

on a 3T magnetic resonance scanner and the corresponding T1 and T2-weighted MRI of 

probe in aqueous solution at various concentrations. ...................................... 212 

Figure 5 - 19. In vivo T1-weighted MR images of Tg mice before and after injection of probe 

via tail vein both in 6-month old AD mice and WT mice. The images were recorded after 

injection of probe 30 min at different depths. The MRI was performed on a Siemens Prisma 

7.0 T MR scanner, and The MRI scan parameters were: TR = 1000ms TE=11ms, NEX=8, 



  

 

 
xxix 

FOV=20*20mm, Matrxi=256*256 ................................................................. 213 

 

  



  

 

 
xxx 

LIST OF SCHEMES 

Scheme 2 - 1. Synthetic routes of Xn-n, where n = 1-9 and C-n, where n = 1-10. 68 

 

Scheme 3 - 1. The synthetic route of DBAN-SLM, DBAN-SLOH and DBAN-OSLM.

 ......................................................................................................................... 110 

 

Scheme 4 - 1 The schematic illustration of the synthesis of NP@SiO2@F-SLOH.152 

 

Scheme 5 - 1. The Synthesis route of Dyad-1, Dyad-2 and Dyad-3. .................... 192 

 

  



  

 

 
xxxi 

LIST OF TABLES 

Table 2 - 1. Log P value and LC50 toward the SH-SY5Y cells determined by MTT reduction 

assay, of the Xn and its derivatives, Xnns......................................................... 69 

 

Table 3 - 1. The optical properties of the NIR dyes and Log P values ................... 111 

Table 3 - 2. Absorption and emission maxima in nm of DBAN-SLM, DBAN-SLOH and 

DBAN-OSLM in different type of solvents. .................................................. 112 

 

Table 4 - 1. Results of dynamic light scattering (DLS) measurements of NP@SiO2 and 

NP@SiO2@F-SLOH. .................................................................................... 153 

 

Table 5 - 1. Summaries of optical properties of Dyad-3 and SLN3 in different solvents.

 ......................................................................................................................... 192 

Table 5 - 2. Kd value of SLN3 and Dyad-3 to Aβ1-40 and Aβ1-42, respectively. ..... 196 

 

 

 

 

 

 



  

 

 
xxxii 

 

LIST OF ABBREVIATIONS AND SYMBOLS 

Abs absorption 

Aβ beta-amyloid 

AD Alzheimer’s disease 

AFM atomic force microscopy 

APP amyloid precursor protein 

Ar aromatic 

a.u. arbitrary unit 

BA binding affinity 

BBB blood-brain barrier 

Bu butyl 

CD circular dichroism 

CR congo red 

DCM dichloromethane 

DMF dimethylformamide 

DMSO dimethylsulfoxide 

EA ethyl acetate 

Em emission 

equiv. equivalent 



  

 

 
xxxiii 

ESI-MS electrospray Ionization mass spectrometry Et 

 ethyl 

F fluorescence intensity 

g gram 

h hour 

HRMS high resolution mass spectrometry 

i.e. id est (that is to say) 

J modulus of the coupling constant 

Kd dissociation constant 

LPS lipopolysaccharide 

M mole per liter 

MALDI-TOF matrix-assisted laser desorption ionization-time-of-flight Max 

 maximum 

mg milligram 

Min minute 

mL milliliter 

mM millimole per liter 

mmol millimole 

MS mass spectroscopy 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

m/z mass to charge ratio 



  

 

 
xxxiv 

NBS N-bromosuccinimide 

nm nanometer 

nM nanomole per liter 

NMR nuclear magnetic resonance 

IR infrared 

PAGE native polyacrylamide gel electrophoresis PB 

 phosphate buffer 

PE petroleum ether 

PL photoluminescence 

PMA phorbol-12-myristate-13-acetate 

ppm parts per million 

r.t. room temperature 

ROS Reactive oxygen species 

SDS-PAGE     sodium dodecyl sulfate polyacrylamide gel electrophoresis triplet 

TEM transmission electron microscopy 

THF tetrahydrofuran 

ThT                                                     thioflavin T 

TIRF                      Mtotal internal reflection fluorescence microscopy 

TLC                                          thin layer chromatography 

TMSCl                                           trimethylsilyl chloride 



  

 

 
xxxv 

TNF 2, 4, 7-trinitrofluorenone 

TPM two-photon microscopy 

t-RNA transfer ribonucleic acid 

UV-vis ultraviolet-visible 

v. / v. volume to volume 

Φ quantum yield 

λ wavelength 

 molar absorptivity 

μ micro 

 chemical shift of NMR 

μM micro mole per liter 

μm micrometer



  

 

1 

Chapter One                                         

The Detection of Alzheimer’s Disease and the Study of 

Inhibitor Based on Aβ Amyloid Peptide 

1.1 Overview of Alzheimer's disease 

1.1.1 Introduction 

Alzheimer’s disease (AD) was first described by German psychiatrist Alois Alzheimer in 

the early 1900s.1 It is a serious degenerative disease of the central nervous system that is 

clinically characterised by progressive cognitive impairment, accompanied by mental and 

behavioural disorders, eventually leading to death in serious cases.2-4 AD is the most 

common cause of dementia, which is characterised by memory loss, cognitive impairment 

and personality changes. There are three typical pathological characteristics of AD: a 

significant reduction in neurons and synapses within the central nervous system; the 

accumulation of extracellular senile plaques, composed of amyloid-β (Aβ), and 

intracellular neurofibrillary tangles, composed of hyperphosphorylated tau protein; and 

synaptic degeneration.5 It is widely believed that Aβ plaques are one of the most important 

pathological hallmarks of an AD brain.6 Therefore, real-time monitoring of beta-amyloid 

(Aβ) and prevention the formation of amyloid plaques by inhibiting the aggregation of Aβ 

into oligomers and fibrils inside brain are considered to be a promising approach to 

diagnose and develop an effective therapeutic treatment for AD. Hence, the development 

of sensitive probes to detect the Aβ deposition and effective Aβ aggregation inhibitors to 
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impose early intervention are very important for the early diagnosis and treatment of 

Alzheimer’s disease. Furthermore, the global population suffering from AD surpassed 18 

million in 2014, and is expected to exceed 34 million during 2020, accounting for ~5% of 

the total global population and bringing a huge burden to both the families of patients and 

society as a whole. Therefore, it is of great significance to study the pathogenesis, develop 

novel diagnostics and explore new potential drugs for AD.7 

1.1.2 Genetic susceptibility to Alzheimer's disease 

AD is a very complex disease, usually occurring in the absence of obvious genetic 

aberrations. In most cases, it seems that age is the main risk factor.8 The complexity of AD 

has led to a very broad clinical definition. External environmental factors and internal 

genetic factors are thought to further aggravate the disease.9-10 External factors mainly 

include previous brain injury, smoking, obesity, diabetes, high blood pressure, high 

cholesterol11 and exposure to high concentrations of metal ions, such as lead (Pb),12 

mercury (Hg) and aluminium (Al).13 Intrinsic genetic factors can include polymorphisms 

in genes such as presenilin and ApoE414, or genes encoding lectin and clathrins. ApoE4 is 

thought to be one of the main genetic susceptibility genes for AD, as mutations in the 

ApoE4 gene are thought to interfere with self-clearing of Aβ within the brain and promote 

the formation of neurotoxic Aβ fragments.15 Additionally, studies have found that mutated 

ApoE4 can relieve cyclophilin-A-mediated inhibition of pericyte cell signalling, leading to 

vascular degeneration, blood-brain barrier (BBB) leakage and non-Aβ-induced 

neurodegeneration.16 The pathogenic effects seen as a result of ApoE4 gene 

polymorphisms reflect the complex interactions known to occur during sporadic AD 
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pathogenesis. Known susceptibility genes mainly function in the nervous immune system, 

cholesterol and lipid metabolism, inflammatory responses and endosome-mediated vesicle 

recovery.17 Many of these genetic factors may also influence the age of AD onset, while 

other susceptibility genes are thought to have protective effects against the development of 

AD. Therefore, susceptibility genes may play an important role in the pathogenesis of AD, 

although it is widely accepted that they have a lesser contribution to the underlying risk of 

AD.18-20 

1.1.3 Current clinical manifestations, early diagnosis and treatment 

strategies for Alzheimer's disease 

Clinically, the symptoms of AD are classified as typical and atypical. Typical symptoms 

are further subdivided into early, middle and late symptoms according to the stage of the 

disease. Early symptoms include short-term memory impairment, difficulty in social 

communication, decreased judgment and difficulty with positioning and direction. The 

middle-stage symptoms are mostly characterised by behavioural and emotional 

abnormalities, including overreaction and paranoia, along with abnormal diet, gradual loss 

of the ability to self-care, difficulty in reading, language expression, understanding, and 

writing and difficulty in identifying family members and friends. The late-stage symptoms 

tend to be more severe, and the patient’s ability to respond to their environment and to care 

for themselves is lost. In addition, muscle atrophy and weight loss are seen. The typical 

clinical manifestations of AD are distinctive and easy for clinicians to identify and diagnose. 

However, atypical symptoms are relatively hard to identify and often cannot be detected 

by the patient’s primary care physician or the people around them. Atypical symptoms are 
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normally language and visual abnormalities. These symptoms often appear much earlier 

than the behavioural abnormalities and memory deficits. Fortunately, research in recent 

years has led clinicians to pay increasing attention to the atypical clinical manifestations of 

AD.20-24 

The main pathological features of AD can be broadly described in three categories: 

extracellular amyloidosis; intracellular neurofibrillary tangles; and loss of neurons in the 

cerebral cortex and hippocampus accompanied by glial cell proliferation.25 

The clinical diagnosis of AD patients should be based on patient history obtained from 

the patient and their caregiver, neuropsychological tests and symptom evaluation over a 

broad time period. In 1984, the medical community introduced the first set of diagnostic 

criteria for AD. As the clinical diagnostic methods at the time could not measure the 

pathological changes of AD in vivo, pathological diagnosis could only be obtained by 

brain tissue sectioning following the death of the patient. As such, the standard at that 

time was clinical diagnosis of AD. With the advent of magnetic resonance imaging (MRI), 

cerebrospinal fluid biomarker detection and Aβ PET imaging, the Alzheimer’s 

International Working Group (IWG) has proposed new diagnostic criteria, and several 

important diagnostic methods have been added as auxiliary and support diagnostic 

criteria.26 The new IWG standard and the National Institute of Aging-Alzheimer’s 

Association (AA, NIA-AA) standards define mild cognitive impairment as prodromal AD. 

However, when the presence of Aβ deposits and neurodegenerative lesions in the patient’s 

brain are confirmed by biomarker detection, the standard recommends that mild cognitive 

impairment be classified as high, moderate or low in patients with potential AD disease. 
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In addition, the standard also reached a consensus on atypical clinical symptoms of AD, 

making memory impairment no longer a necessary condition for the diagnosis of AD. If 

a patient has evidence of positive biomarkers plus atypical clinical performance, then AD 

can be diagnosed. The aetiology of AD is complex, the pathological features are diverse, 

and the course of disease is long. Furthermore, the underlying pathogenic mechanisms 

are not fully understood, making effective treatment of AD difficult. The current treatment 

strategies are based on the known pathogenic factors and pathological characteristics of 

AD and include regulating neurotransmitter abnormalities, alleviating tau 

hyperphosphorylation, reducing Aβ aggregation and regulating redox homeostasis. 

1.1.4 The pathogenesis of Alzheimer's disease 

The pathogenesis of AD is obscure and complicated. Many factors are thought to be 

involved, including genetic factors, metabolism and environment. At present, the main 

hypotheses include the cholinergic theory, abnormal phosphorylation of tau protein, the Aβ 

cascade hypothesis, the oxidative stress hypothesis and the inflammation hypothesis. 

Additionally, researchers have found that the causative factors of AD are closely related to 

inflammation, neuronal apoptosis, genetic mutations, metabolic defects, brain damage and 

other disease states. However, due to the complex aetiology and diverse pathology of AD, 

disease pathogenesis is not determined by a single factor, but rather as a result of the 

interaction of body factors.27-28 Among these hypotheses, the amyloid cascade hypothesis 

is the most extensively researched. This hypothesis refers to neurodegeneration and 

degenerative changes brought about by abnormal deposition of Aβ plaques in various 

regions of the brain.29 The accumulation of Aβ plaques is thought to be the pathological 



  

 

6 

trigger point of a cascade of reactions leading to neuroinflammatory injury. Downstream 

reactions lead to tau protein hyperphosphorylation and the formation of neurofibrillary 

tangles, resulting in neuronal dysfunction and apoptosis.30 

In recent years, genetic, biochemical and pathological studies have provided strong 

supporting evidence for the amyloid cascade hypothesis.  

1.2 Amyloid-β (Aβ) Overview 

1.2.1 Amyloid-β Processing 

According to the amyloid cascade hypothesis, amyloid plaques are senile plaques 

composed of amyloid fibrils formed by the deposition of Aβ extracellular space 

surrounding nerve cells. Several studies have shown that the aggregation of Aβ into 

oligomers or fibrils is closely related to the pathogenesis of AD.31 Amyloid beta can be 30-

51 amino acids in length, while the two most common isoforms are 40 and 42 amino acids 

(Aβ40 and Aβ42) in length. The former is the most common isoform, while the latter is 

highly neurotoxic.32 Aβ is produced by the hydrolysis of amyloid precursor protein (APP), 

a type I transmembrane glycoprotein. The hydrolysis of APP can be divided into two types: 

non-amyloid degradation and amyloid degradation. Non-amyloid degradation of APP is 

mediated by α- and γ-secretase. The hydrolysis site of α-secretase lies within in the region 

of Aβ, producing sAPPα and α-C fragments instead. Subsequently, the α-C terminal 

fragment is cleaved by γ-secretase to form P3 and ACID fragments. These resultant 

fragments are usually cleared by neurons. In contrast, Aβ is produced by the hydrolysis of 

APP mediated by β- and γ-secretase. β-secretase first splits APP at the β site into β-N-
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terminal fragments (sAPPβ) and β-C-terminal fragments. Then γ-secretase further cleaves 

the end of the β-C-terminal fragment to produce fragments of Aβ (39, 40, 42 or 43 amino 

acids in length) and ACID (Figure 1-1).12 The resulting Aβ fragment can further aggregate 

into oligomers or fibres in subcellular compartments, resulting in functional disorder of 

organelles such as mitochondria, lysosomes and endoplasmic reticulum in neurons.33 

 

Figure 1 - 1. Proteolytic processing pathways of the amyloid precursor protein (APP) 

1.2.2 Clearance and degradation of Aβ protein 

Intracellular Aβ can be degraded by ubiquitin proteases, lysosomal cathepsins, insulin 

degrading enzymes and insulin in neurons. Extracellular Aβ can also be degraded by some 

proteases, such as enkephalins (degrading monomers Aβ1-40, Aβ1-42, and Aβ oligomers), 

matrix metalloproteinase 2, matrix metalloproteinase 3, matrix metalloproteinase 9, 

glutamate carboxypeptidase II, endothelin-converting enzyme, tissue plasminogen 

activator, plasmin, angiotensin-converting enzyme and insulin-degrading enzyme.34 

Extracellular Aβ can also be cleared by glial phagocytosis, especially Aβ in the interstitial 



  

 

8 

fluid of brain tissue, which can be taken up by microglia and astrocytes, and Aβ 

surrounding blood vessels, which can be degraded by vascular smooth muscle cells, 

macrophages and astrocytes. The degradation and clearance of Aβ can be affected by 

enzyme expression and activity, ligand affinity and competitiveness, cellular uptake of Aβ 

and effective function of intracellular protein degradation pathways. 35-36 

Furthermore, Aβ can be transported from the interstitial space to the blood through the 

BBB. Partially soluble Aβ can be transported from the interstitial space to the brain 

parenchyma by members of the LDL receptor family, such as LRP1 and ATP-binding 

cassette transporters. 

1.2.3 Factors affecting Amyloid-β Aggregation 

The oligomers and mature fibrous precipitates formed by Aβ aggregation are thought to be 

one of the most important pathogenic factors of AD.37 Aβ undergoes the aggregation 

process to form oligomers from monomers, and can then forms fibrils.38 Due to this 

aggregation process, the conversion of Aβ from an α-helix structure to a β-sheet structure 

occurs. Most Aβ exists as Aβ1–40, while less than 5% of Aβ exists as the neurotoxic Aβ42 

isoform.39 Amino acid residues 17–20 and 30–35 in the β-sheet play a major role in the 

aggregation of Aβ; mutations in one of these amino acids, such as serine at position 20 

(Ser20), significantly affects the aggregation of Aβ. When Ser20 is converted to glycine, 

the aggregation speed is significantly accelerated, while conversion to proline results in a 

failure of Aβ to aggregate. In addition, by comparing several isoforms of Aβ, it was found 

that although Aβ42 has only a few more amino acids at the C-terminus compared to Aβ40 or 
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Aβ38, the increased rigidity of its C-terminus results in the formation of more stable β-sheet 

structures, which can be used as a core or seed for aggregation, making it easier to 

aggregate rapidly. Aβ1-42 can thus aggregate more rapidly than Aβ1-40 to form pathological 

oligomers, fibrils and nerve plaques. Research has shown that pH value, chaperone proteins, 

metal ions and biofilm formation can influence the misfolding and aggregation of Aβ.40-41 

The pI value of Aβ is ~5.3. When the pH of the environment where Aβ is found is different 

from this pI value, Aβ acquires a charge, which can further influence the aggregation ability 

of Aβ protein.42 In a slightly alkaline or neutral solution Aβ tends to form irregularly curled 

monomers or dimers. When pH< pI, Aβ can aggregate into oligomers more easily. The 

morphology of the aggregates formed by Aβ is different depending on the pH of the 

environment. Under slightly acidic conditions, Aβ forms relatively large amorphous 

aggregates, while under neutral and alkaline conditions, Aβ forms fibrous aggregates.42 

One hypothesis of AD posits that the disease can be caused by transition metal ions. Under 

normal circumstances, Aβ present on the cell membrane can interact with metal ions, 

transporting these ions into the intercellular space along with the Aβ. Normally, Aβ can be 

metabolised, removing it from circulation.by intravascular metabolism. However, when 

the intracellular metal ion levels are abnormally elevated, APP production is increased, 

resulting in increased production of Aβ and formation of Aβ fibres. In vitro studies have 

shown that Zn2+, Cu2+ and other metal ions can promote the aggregation of Aβ.43-44 

When Aβ is inserted into the cell membrane,45-46 a conformational change occurs in the Aβ. 

This induces an increase in Aβ concentration on the cell membrane and accelerates Aβ 

aggregation.47 In addition to nerve cell membranes, other subcellular organelle membranes 
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with similar cell membrane structures (mitochondria, endoplasmic reticulum and Golgi 

apparatus) can promote this local accumulation of Aβ. 

Chaperone proteins can induce and catalyse the folding of Aβ into certain conformations. 

The formation of Aβ oligomers in the body is regulated by a variety of molecular 

chaperones. When Aβ binds to these molecular chaperones, the chaperone can inhibit the 

aggregation of Aβ and keep Aβ in an oligomeric state. Furthermore, chaperone proteins 

can selectively inhibit the fibrosis of Aβ by binding to Aβ, influencing the stability of Aβ 

plaque shape and size.48-49 

1.2.4 Amyloid-β Toxicity 

Aβ can induce neuronal necrosis and apoptosis, particularly in the neurons immediately 

surrounding Aβ plaques. It has been reported that the apoptotic factor p53 can be activated 

by Aβ, further inducing and aggravating neuronal necrosis. In vitro, the aggregation of Aβ 

can promote the phosphorylation of tau protein.50 

As mentioned previously, microglia play an enormous role in clearing Aβ, and can engulf 

Aβ and prevent the occurrence of AD. However, in the pathological state of AD, aggregated 

Aβ reduces the phagocytic capabilities of microglia around neurons and induce an over-

activated state in the microglia. As a result, the normal physiological functions of microglia 

cease, instead releasing inflammatory factors and neurotoxic substances which cause 

damage to nerve cells. This neuroinflammatory response in turn promotes conformational 

changes, further deposition and aggregation of Aβ, forming a vicious cycle of mutual 

feedback. Acetylcholine is an important neurotransmitter in the brain and has a 
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fundamental regulatory effect on the activity of nerve cells. Aβ increases the levels of 

acetylcholine in the brain through enhancing the activity of choline acetyltransferase, 

leading to the loss of cholinergic neurons. The activity of acetylcholinesterase around nerve 

plaques and neurofibrillary tangles is decreased, resulting in a decrease in the levels of 

acetylcholine. However, acetylcholinesterase can bind to Aβ to form the Aβ-

acetylcholinesterase complex, which can be deposited in peripheral neurons and lead to 

further neurotoxicity.51 In contrast, when the content of acetylcholine in the cerebral cortex 

and hippocampus is reduced, the secretion of nerve growth factors is decreased, thereby 

exacerbating the formation of neurofibrillary tangles and the deposition of Aβ.52 Aβ acts 

through the amino acid receptor NMDA, which causes an increased release of excitatory 

amino acids and an excessive production of oxygen free radicals. These oxygen free 

radicals use oxidative stress pathways to enhance the sensitivity of nerve cells to glutamate, 

leading to increased nerve cell mobility, fatigue and eventual neurological decline.53 In 

vitro experiments have shown that Aβ generates free radicals during both self-aggregation 

and passive aggregation induced by metal cations, activating the redox reactive oxygen 

species (ROS) system. This causes further cross-linking between Aβ monomers and 

accelerates the formation of Aβ oligomers. In addition, Aβ aggregates can anchor and insert 

themselves into the cell membrane, changing the permeability of the cell membrane and 

forming a bilayer channel of planar lipids on the neuronal cell membrane. This channel can 

permit ion flow across cell membranes.54 Ca2+ in the brain microenvironment can regulate 

neuronal cell membrane potential, which is closely related to neuron excitability, synaptic 

plasticity and memory coding of neurons.55 The channel formed by the Aβ on the neuronal 

cell membrane can cause an imbalance in the distribution of Ca2+and Zn2+ ions across the 
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cell membrane. An accumulation of Ca2+ ions in neurons can reduce synaptic plasticity and 

eventually lead to learning and memory impairment56. Furthermore, an increase in the 

concentration of Ca2+ in the cytoplasm stimulates the release of Ca2+ by oestrogen receptors, 

thereby activating mitochondrial stress responses and inducing apoptosis.57 

1.3 Amyloid-β Detection 

Aβ aggregation is a major component of the diffuse senile plaques present in AD-afflicted 

brains. Researchers have constructed diagnostic strategies targeting the Aβ protein to 

address the shortcomings of the early diagnosis methods based on clinical symptoms alone, 

i.e. poor timeliness and low accuracy. With the development of neuroimaging technology, 

these novel strategies allow accurate diagnosis of AD through early detection of Aβ protein 

deposition in vivo using molecular probes against the Aβ protein. Over the past few decades, 

researchers have made significant progress in the design and synthesis of molecular probes 

for Aβ plaque-specific labelling, detection and imaging in vitro and in vivo. Many imaging 

methods have been developed and applied, including MRI,58 positron emission 

tomography (PET),59 single photon emission computed tomography (SPECT)60 and optical 

imaging techniques. Each imaging technique has an associated advantage in the detection 

of Aβ protein, supporting the use of neuroimaging in the diagnosis of AD. 

1.3.1 Fluorescent probe for Amyloid-β Detection 

Optical imaging, particularly near-infrared (NIR) fluorescence imaging, has attracted 

widespread attention in the development of fluorescent probes that are used to track and 

monitor biomolecular processes in vivo. Due to the unique benefits of NIR dyes, such as 
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non-invasiveness, higher penetration depth, less light damage and no autofluorescence 

interference in biological samples, researchers can detect and monitor Aβ aggregate 

formation, making it a useful tool for monitoring the therapeutic effects of drug therapies 

in animal models of AD. At present, many NIR fluorescent probes have been developed, 

such as anthocyanins and indocyanines, and are used for clinical production of relevant 

optical treatments61. However, these fluorescent agents are not suitable for marking Aβ 

plaques in the brain due to their large molecular weight, non-electrical neutrality and 

limited BBB permeability. A fluorescent agent capable of labelling Aβ protein in the brain 

needs to meet the following conditions: ability to receive excitation light in the NIR range 

and emit light of an appropriate wavelength (650–900 nm); BBB permeability; and highly 

targeted affinity for Aβ plaques. The fluorescence intensity of the fluorescent probe will 

change significantly before and after binding to the Aβ plaque. In recent years, researchers 

have developed six types of NIR Aβ probes. 

In 2005, Swager et al.62 used a highly polarised dithiophene to connect the donor group (p-

hydroxyphenyl) and the acceptor group (dicyanomethylidene) based on the D-π-A 

structure, and the fluorescent probe NIAD-4 was designed. NIAD-4 has a good affinity for 

Aβ protein and significant fluorescence intensity (~400-fold) after binding to Aβ protein. 

The successful synthesis of NIAD-4 is the first example of an Aβ-specific NIR probe, 

which can achieve a wavelength of light exceeding 600 nm after binding to Aβ aggregates. 

However, the maximum emission wavelength of the probe NIAD-4 is only 603 nm, which 

does not fall in the optimal range of 650–900 nm, and an invasive cranial window 

technology is required for imaging the probe, limiting the technology in practical clinical 
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applications. Furthermore, the fluorescence imaging time of the probe is too short to be 

conducive to long-term observation. To achieve stronger fluorescence intensity and longer 

emission wavelengths, the research team subsequently developed a series of NIAD-4 

derivatives, including NIAD-11 and NIAD-16.63-64 The emission wavelength and 

fluorescence imaging time of these two derivatives are significantly improved compared 

with those of NIAD-4 (Figure. 1-2.). 

 

Figure 1 - 2. Molecular structures of NIAD-4, NIAD-11, and NIAD-16. 

In 2005, Gremlich et al.65 designed and synthesised a phenprofenoxazine dye (AOI-987) 

with a longer wavelength emission as a NIR light probe for Aβ plaques. Although AOI-

987 itself is non-electrically neutral and has only moderate affinity for Aβ protein polymers, 

the probe can penetrate the BBB and specifically label Aβ plaques (Figure 1-6). AOI-987 

has the absorption and emission wavelengths of NIR light in the range of 650–670 nm and 

has a high quantum yield of 0.41, all of which meet the standards for NIR probe 

applications in vivo. In vivo near-infrared fluorescence (NIRF) imaging experiments show 

that AOI-987 can allow the identification of Aβ plaques in the brain of 9-month-old APP23 

transgenic mice and can detect the formation of Aβ plaques. However, AOI-987 has a lower 

clearance in the brain, requiring up to 4 h of clearance (Figure. 1-3.). 
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Figure 1 - 3. (a) Chemical structure of AOI-987. (b) Representative images of female 17-

month-old APP23 transgenic (top row) and wild-type (middle row) mice. (c) 

Colocalization of plaques, fluorescently labeled with AOI-987 with the optical image of 

the same region in a cryostat brain section.  

The biggest limitations of using fluorescent probes in vivo are that the fluorescence 

intensity is not high enough, the wavelength emission is too short, and the penetrating 

power is poor. To further increase the fluorescence intensity of fluorescent probes after 

binding to Aβ, some researchers66 have designed and synthesised a class of curcumin NIRF 

probes. Among these curcumin probes and their derivatives, CRANAD-2 can bind Aβ and 

increase its fluorescence intensity by 70-fold after binding to Aβ. Recently, some 

researchers have designed and synthesised new CRANAD-2 analogues, which are mainly 

used for NIRF imaging of soluble and insoluble Aβ and inhibit copper ion-induced Aβ 

aggregation67. Among them, CRANAD-58 demonstrated different fluorescence intensities 

for soluble and insoluble Aβ. For Aβ40 aggregates, the fluorescence intensity increased 

91.9-fold upon binding, while for Aβ42 aggregates, it increased 113.6-fold. In terms of 

targeting and affinity, CRANAD-58 has almost twice as much affinity for Aβ40 monomers 
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as it does for Aβ42 monomers (Figure. 1-4.). 

 

Figure 1 - 4. (a) Chemical structure of CRAND-2 and CRAND-58. (b) Histological 

staining of the brain slices from an APP-PS1 transgenic mouse. (c) In vivo fluorescence 

imaging of 19-month-old Tg2576 mice and wild type mice. 

Compared with other fluorescent probes, BODIPY fluorescent probes are characterised by 

high quantum yield, high biocompatibility and high lipophilicity, making it a popular 

choice in NIRF probe research. Ono and his team68 reported the first fluorescent/SPECT 

dual imaging probe, BODIPY7. It contains a conjugated thiophene-phenyl chain, similar 

to NIAD-4, has moderate affinity for Aβ protein aggregates, and is capable of fluorescently 

tagging Aβ protein plaques in the brain sections of in vivo AD animal models. However, 

the low BBB permeability and short absorption/emission wavelengths (606/613 nm) of this 

probe limit the application of BODIPY7 in in vivo imaging. BODIPY fluorescent probes 

have many advantages in Aβ protein-targeted in vitro imaging but has unfortunate 

shortcomings in in vivo imaging (Figure. 1-5.). 



  

 

17 

 

Figure 1 - 5. (a) Chemical structure of BODIPY7 (b) Absorption (dotted line) and 

emission (line) spectra of BODIPY7 (c) Neuropathological staining of BODIPY7 

THK-265 is an alkyltriene chain NIRF probe with two bridged pyrimidine rings. Its 

maximum emission fluorescence wavelength is greater than 650 nm, it has a high quantum 

yield (0.39 in methanol solution), and it has a high affinity for Aβ protein fibrils (Kd = 97 

nmol/L) with a moderate logP value. In vitro fluorescence imaging of mouse brain tissue 

samples showed that the probe not only can identify Aβ plaques in the mouse brain but 

also can be quickly washed from the brain tissue.69 In vivo NIRF control imaging showed 

that the THK-265 probe can emit higher intensity fluorescence in the brain of AD 

transgenic mice when compared to wild-type control mice. Furthermore, it can detect Aβ 

plaques in APP/PS1 transgenic mice as early as 3 months of age.70 These results indicate 

that THK-265 has great potential for future AD diagnostic imaging in humans (Figure. 1-

6.). 
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Figure 1 - 6. (a) Chemical structure of THK-265 (b) Fluorescence contour map of the 

THK-265/amyloid-β fibril complex. (c) Placement of regions of interest (ROIs) on the 

mouse head (ROI1) and neck (ROI2). 

Cui et al.70 developed the NIRF probe DANIR-2c, which has a traditional donor-acceptor 

structure including an alkanetriene chain bridge. Compared with other NIR probes, this 

probe has a molecular weight of only 249 Da and has the simplest spatial structure, giving 

it ideal dynamics within the brain. In brain sections of AD patients and transgenic mice, 

the probe showed a high affinity for Aβ aggregates (Kd = 26.9 nmol/L, Ki = 36.9 nmol/L) 

and good fluorescent staining. The probe has a longer emission wavelength of 665 nm. In 

vitro toxicity experiments have shown that DANIR-2c is highly stable in mouse serum and 

has low cytotoxicity to human neurons.  
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Figure 1 - 7. (a) Chemical structure of DANIRs. (b) NIRF images of Tg mice and control 

mice at different time points before and after iv injection of DANIR 2c. (c) Ex vivo 

fluorescence observation of brain slices from a Tg mouse and wild-type control. 

To further increase the emission wavelength of these types of probes, Fu et al.71 introduced 

a new acceptor moiety and synthesised four new probes with emission wavelengths 

exceeding 665 nm, namely MAAD-3, DMDAD-3, MCAAD-3 and DMMAD-3. In vitro 

experiments showed that MCAAD-3 possessed the highest fluorescence intensity, the best 

affinity and the strongest BBB permeability, when used to image Aβ aggregates. Therefore, 

researchers chose this probe for in vivo imaging of transgenic mice. In vivo experiments 

revealed that fluorescence of Aβ plaques in transgenic mice was achieved 30 mins after 

injecting the probe into the tail vein. However, the biggest drawback of this type of probe 

is the interference of the autofluorescence of the probes with the fluorescence development 

of Aβ protein. To solve this problem, Kim et al. synthesised a neoteric class of two-photon 

absorption fluorescent probes, which not only have a high affinity for Aβ aggregates but 

also have little autofluorescence during fluorescence imaging in vivo72 (Figure. 1-8.). 
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 Figure 1 - 8. (a) Chemical structure of MCAADS and DMMADS (b) In vivo NIR 

imaging images of Tg and WT mice at representative time points before and after injection 

of MCAAD-3. (c) Brain kinetic curves of MCAAD-3 (left Y axis) and the values of 

F(Tg)/F(WT) at selected time points (right Y axis). (d) Ex vivo histology results of brain 

slices from Tg mouse stained with MCAAD-3 and Th–S. 

In 2016, based on strong dialkyl- or diphenyl-aminoaryl donors bound to quinolinium 

acceptors, three novel donor-acceptor fluorescent probes were designed and synthesised by 

Wong et al.73. DBA-SLOH had the best performance in NIR imaging of Aβ in vivo. DBA-

SLOH has low cytotoxicity, and DBA-SLOH with a lipophilic dibutyl chain also possesses 

good BBB permeability. In vivo and in vitro imaging studies in mice have confirmed that 

the probe can effectively detect and image Aβ in AD animal models (Figure. 1-9.). 
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Figure 1 - 9. (a) Chemical structure of DBA-SLOH (b) Histological staining of the brain 

slices from a transgenic mouse with DBA-SLOH. (c) NIR fluorescence images of Tg and 

wild-type mice. (d) The relative fluorescence signal [F(t)/F(pre)] in the brain regions of 

Tg (red) and WT (blue) mice 

One recent study investigated the carbazolylquinoline SLM,74 which is useful for in vivo 

imaging of Aβ species in mouse models, as well improving cognitive impairment and 

reducing Aβ plaque and tau content in the brain of a 3xTg-AD mouse model. SLM showed 

a maximum emission peak at 677 nm, had strong binding affinity with various Aβ species, 

and its binding was found to elicit strong fluorescence enhancement. Fluorescence images 

from mouse experiments confirm that SLM can be used to detect and image Aβ species in 

vivo (Figure. 1-10.). 
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Figure 1 - 10. (a) Chemical structure of SLM (b) Fluorescence images of Tg (9 months 

old) and wild-type mice at different time points before and after intravenous injection of 

SLM. 

Wong et al.75 designed a novel fluorine-substituted carbazole-based cyanine F-SLOH. It 

can be used for Aβ oligomer-specific detection and NIR imaging in vivo. Moreover, its 

high binding affinity for Aβ oligomers shows a selective recognition of Aβ42 monomers 

and fibrils. In addition, the results of in vivo and in vitro imaging experiments in mice 

confirmed that the probe can penetrate the BBB, bind to Aβ oligomers in the mouse brain, 

and effectively clear from the brain in a timely manner. In addition to its low toxicity, F-

SLOH also shows effective inhibition of Aβ self-aggregation, prevents the formation of 

toxic Aβ species, and has a highly effective neuroprotective effect on Aβ-induced toxicity, 

indicating that it is a potentially effective therapeutic agent in the simultaneous early 

diagnosis and treatment of AD (Figure. 1-11.) 
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Figure 1 - 11. (a) Chemical structure of F-SLOH (b) Fluorescence spectra of F-SLOH 

(1.0 mM) in the presence of 10.0 mM Aβ1–40 species (monomers, oligomers and fibrils), 

BSA and Tau. 

Over the past decade, a variety of fluorescent probes have been developed to label Aβ in 

vitro and in vivo. Most probes have been developed using models with traditional donor-

acceptor structures. In theory, such probes should show strong changes in fluorescence 

after binding to Aβ, enabling fluorescent probes to detect and label Aβ in vitro and in vivo. 

However, in fact, many studies have found that a probe with a strong Aβ fluorescence 

imaging ability in in vitro experiments does not necessarily give similar results in vivo, 

often finding that in vivo results are unsatisfactory. We think that one of the possible 

reasons is that the wavelength range of the emitted light is lower than the maximum 

emission range of NIR light (650–900 nm). In addition, probes such as Thioflavin T (ThT) 

have a non-neutral charge state and/or a large molecular weight, resulting in poor 

permeability to the BBB, restricting the use of the probes to in vitro imaging. In response 

to such defects, researchers have since modified the charge, molecular weight and polarity 

of their probes to afford them better BBB penetration. However, they found that the more 

non-polar the probe, the easier it is for it to cross the BBB, but this results in less specific 

Aβ plaque markers. Therefore, it is difficult to establish a balance between probe BBB 
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penetration and label specificity, further limiting the application of these probes in vivo. 

Although NIR Aβ fluorescent probes have made great progress in the past decade, they 

still have a long way to go before they can gain a place in the field of AD diagnostics. 

1.3.2 Positron Emission Tomography (PET) for Aβ amyloid detection 

PET imaging is a sensitive molecular imaging technology that enables in vivo detection 

and measurement of radiotracers in molar orders of magnitude. During the last decades of 

the 20th century, researchers developed several Aβ protein-targeting probes with potential 

PET imaging capabilities. These include autocorrelated Aβ fragments, anti-Aβ monoclonal 

antibody fragments, serum amyloid P and basic fibroblast growth factor, but these probes 

eventually failed for various reasons. 

After about 10 years of failed research, the first PET molecular probe that successfully 

targeted Aβ protein was successfully developed. The probe is a lipophilic radioactive 

probe, 18F-FDDNP, and was developed by Barrio.77 Studies have shown that 18F-FDDNP 

can selectively target Aβ plaques and neurofibrillary tangles in neurons.76 With the further 

development of Aβ tracers, histopathological dye-related derivatives of Congo red, 

Thioflavin S and Thioflavin T have appeared. Although 18F-FDDNP has a low affinity for 

Aβ plaques and Aβ oligomers, it is normally able to trace Aβ proteins, which have β-sheet 

folding. Since then, many studies have used 18F-FDDNP. to trace Aβ in the human body. 

Later, researchers further developed a second-generation tracer labelled with 18F, to solve 

the shortcomings of the short half-life of 11C. 

Although PET radioactive probes have been used for the diagnosis of AD and imaging of 
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Aβ protein for decades and are the only neuroimaging molecular probes that have been 

widely used clinically, the clinical diagnostic utility is still limited. So far, none of the 

clinical diagnostic criteria related to AD have defined PET as a confirmatory diagnostic 

criteria, but rather only as a supporting diagnostic criterion.77 In addition, since the 

production of these probes requires specialised facilities such as a radionuclide cyclotron, 

the clinical application is limited by high cost and narrow availability. Compared with PET, 

SPET has a wider availability and a lower cost as a conventional diagnostic method, but 

due to their high lipophilicity and non-specific protein binding these radionuclides often 

have poor BBB permeability and strong image artefacts. Therefore, PET and SPECT 

imaging modes employing radionuclides have been declining in clinical use and diagnostic 

value due to the limitations of high cost, high radiation exposure and single-signal image 

reading.78-80 

1.3.3 Magnetic resonance imaging (MRI) for Aβ amyloid detection 

MRI has always been an effective diagnostic method for central nervous system diseases 

in the clinic, as it has a high resolution of soft tissue and can achieve both functional 

imaging and anatomical imaging simultaneously. Therefore, researchers have been 

working on developing MRI methods that can detect the pathological changes 

characteristic of AD. Although ordinary MRI has high soft tissue resolution, its display of 

pathological tissues often lacks image contrast, requiring contrast agents to achieve 

differences in image contrast and highlight pathological changes. The MRI contrast agent 

shortens the spin-lattice (T1) and spin-spin (T2) relaxation times of the water protons 

transferred to the tissue or region to enhance the image contrast and realize the display of 
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pathological structures. T1-weighted images observe better the anatomy, and T2-weighted 

image show better tissue lesions. The contrast agents enhance the signal intensity of MRI 

T1-weighted images, so they are called positive contrast agents. Ferromagnetic resonance 

contrast agents usually make the MRI T2-weighted images transmitted to the area and show 

dark MR signals, so they are called negative contrast agents. However, clinical magnetic 

resonance contrast agents are non-targeted and cannot pass the BBB. Damage to the BBB 

during AD pathogenesis is minimal, and leakage of existing contrast agents cannot elicit 

changes in magnetic resonance signal, preventing their use in the detection of AD. Aβ-

targeted probes developed using nanotechnology can facilitate MRI if these Aβ-targeting 

nanomolecular probes are capable of passing through the BBB. The ideal MRI contrast 

agent for visualising and quantifying Aβ has high stability, permeability, specifically binds 

Aβ with high affinity and produces changes of MRI signals among local tissues. 

1.3.4  Nanoparticle fluorescent probe for Aβ amyloid detection 

Sillerud et al.81 synthesised antibody-conjugated superparamagnetic iron oxide 

nanoparticles (SPIONs), which can be used with MRI to screen in vivo for amyloid plaques 

in AD. Studies have shown that new anti-APP conjugated SPIONs penetrate the BBB as 

an MRI contrast agent for plaque imaging. MRI data indicated that the number of plaques 

detected in each brain increased from 347 ± 45 in the control group to 668 ± 86 in SPION-

treated mice. These results indicate that SPION’s amyloid detection method provides an 

effective, non-invasive, MRI-based detection method in transgenic mice (Figure. 1-12.). 
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Figure 1 - 12. (a) Surface coil MR images of AβPP/PS1 mouse brain at 9.4T (b) 

Distribution of plaque sizes (radii) in the AβPP/PS1 mouse brain. 

Manganese-based MRI probes have also been developed. Hollow manganese oxide 

nanoparticles conjugated with Aβ1-40 antibody peptides have been used to target the Aβ and 

image amyloid plaques in the brain of APP/PS1 transgenic mice using MRI. After injection 

of this probe, enhanced spots were observed on T1-weighted images of the prefrontal 

cortex region of transgenic mice82 (Figure. 1-13.) 

 

Figure 1 - 13. Detection of Aβ plaques with an HMON-Aβ40 contrast agent on T1-

weighted MRI and plaques detected by immunohistochemical staining in an APP/PS1 

transgenic mouse.  
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Chiu et al.83 used Aβ1-40 and Aβ1-42 antibody-modified iron oxide nanoparticles to achieve 

specific binding to Aβ1-40 and Aβ1-42, respectively, and exploited the intrinsic magnetic 

properties of iron oxide for MRI. Combined multi-modality imaging systems using both 

magnetic and fluorescence imaging also have great advantages in the diagnosis of AD. 

Margelet al.84 combined Congo red on the surface of γ-Fe2O3 nanoparticles to permit MRI 

and fluorescent multimodal imaging of Aβ plaques. Aβ imaging using magnetic resonance 

is a recent development, and research in recent years has mainly focused on the 

development of contrast agents using gadolinium, iron, manganese and fluorine as the core. 

The imaging strategy is based on the magnetic nanoparticles described above, with 

transformation and processing of the nanoparticles to achieve Aβ-specific targeting and 

high BBB permeability. 

Wong et al. 85 designed and synthesised a new non-toxic, BBB-permeable NIR/MR dual-

model infrared imaging probe targeting Aβ, which was chemically bonded to 

superparamagnetic. The NIR fluorophore NIR/MR iron oxide nanoparticles (Fe3O4 NPs) 

Fe3O4@SiO2@SLCONHR NPs can interact strongly with Aβ and generate large 

fluorescence enhancement and MR signals in the NIR region. The selective Aβ-targeting 

capability toward aggregates/fibrils was confirmed by ex vivo and in vivo fluorescence 

imaging and MRI in an AD mouse model (Figure. 1-14.) 
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Figure 1 - 14. (a) In vivo T2-weighted MR images (top) and its respective color mapped 

images (bottom) of Tg mice before and after injection of Fe3O4 @ SiO2 @ SLCONHR 

via tail vein. (b) The corresponding value of quantification of Aβ contrast collected over a 

period ranging from the untreated time to 12 h post-injection. (c) Ex vivo T2 weighted 

images of the brain of Tg mice after injection of Fe3O4@SiO2@SLCONHR for 4 h. 

1.4 Amyloid-β Inhibition 

Aβ aggregation to form senile plaques is one of the most important factors in the onset of 

AD. Although the pathogenesis is not very clear, the inhibition of Aβ aggregation is 

thought to alleviate the symptoms of AD. At present, inhibiting the accumulation of Aβ 

has become one of the most important means of treating AD. Aβ inhibitors with beneficial 

effects include acetylcholinesterase inhibitors and galantamine86. Studies have found that 

there are two main steps in Aβ aggregation: Aβ monomers form a β-sheet structure and 

then aggregate in the axial direction to form fibers.87 Therefore, to inhibit Aβ aggregation, 

it is necessary to inhibit at least one of these two steps. So far, most inhibitors of Aβ 

aggregation inhibit Aβ aggregation by preventing β-sheet formation, preventing fibril 
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formation, converting Aβ in a toxic state to a non-toxic state, or accelerating the conversion 

of oligomers to aggregates.88 At this stage, Aβ inhibitors include small molecule 

polyphenols, peptides and metal chelators. Their modes of action include a combination of 

hydrophobic interactions to change the molecular conformation of aggregates, the specific 

binding and clearance of antibodies to amyloid, and changes in the aggregation 

microenvironment, such as osmotic pressure and oxidative stress. 

1.4.1 Small molecules, polyphenol for Amyloid-β Inhibition 

So far, small molecule anti-aggregation inhibitors have not been shown to be effective in 

clinical trials. However, a variety of potential small molecule therapies have been 

developed and designed, leading to many potential therapeutic strategies. 

Congo red was synthesised by the young German chemist Paul Bottiger as an acid-base 

indicator in 1884. Because it was widely traded in the Congo Basin, it was later called 

‘Congo red’. Congo red has a therapeutic effect on many neurodegenerative diseases. 

Taking AD as an example, Congo red can reduce Aβ aggregation around hippocampal 

nerve cells in AD mice and reduce neurotoxicity induced by Aβ aggregation; these results 

are consistent with experimental results in human cell lines. In vitro experiments have 

shown that Congo red can reduce the formation of Aβ oligomers by stabilising Aβ 

monomers or partially misfolded aggregated intermediates. However, after the formation 

of aggregation nuclei, Congo red cannot play a role in inhibiting aggregation, but will 

instead promote the Aβ aggregation process.89 However, Congo red is not suitable as a 

direct drug as it cannot efficiently cross cell membranes or the BBB and is highly toxic. 
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Thus, Congo red analogues (FBS, X-34, BSB, etc.) were developed to overcome these 

limitations. It is hoped that through structural improvements, the ability to inhibit Aβ 

aggregation can be maintained or enhanced, while also increasing the ability to cross the 

BBB and reduce toxicity. (Figure. 1-15.) 

 

Figure 1 - 15. Chemical structure of Congo red analogs 

Polyphenols, such as tannins and catechins, are another known class of small molecules 

which can inhibit Aβ aggregation to form fibrous precipitates. Although these compounds 

cannot cross the BBB,90 they can reduce Aβ-induced cytotoxicity and degrade Aβ fibres. 

The inhibitory effects of polyphenols are significant. Central to these effects is the 

geometric structure of polyphenols, as they contain two or more benzene rings. When a 

polyphenol interacts with amyloid, the inhibitor can bind to the hydrophobic residues of 

the protein through a benzene ring structure, and the phenolic hydroxyl group can form a 

hydrogen bond with a polar group on the protein to form a catechol quinone. This complex 
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prevents fibrosis of amyloid.90-91 

Curcumin is a component of turmeric rhizomes. Turmeric root powder is a seasoning 

commonly used in India and Southeast Asian countries. It can also be found in curry. In 

addition to culinary uses, curcumin is used for medicinal purposes in India, such as helping 

wounds heal. In vivo and in vitro experiments have shown that curcumin helps to inhibit 

the development of AD. It has been shown to affect the accumulation of Aβ and the 

phosphorylation of tau protein, reduce the inflammatory response in neurons and eliminate 

oxidative stress. In addition, curcumin was found to cross the BBB, indicating a potential 

to function within the brain. However, in terms of medicinal properties, curcumin’s 

biocompatibility is not well suited for in vivo therapeutic applications because it is easily 

soluble in acetone, ethanol and acetic acid, but is not soluble in water, posing a challenge 

for the preparation of oral drugs. Therefore, we need to study potential alternative drug 

delivery strategies for curcumin, such as using nano-micelles to carry the drug, before it 

can be used in the treatment of AD92 (Figure. 1-16.) 

 

Figure 1 - 16. Chemical structure of Curcumin analogs 
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Resveratrol is widely found in more than 70 plants, including cereals, tea and fruits 

(including grape seeds, berries, mulberries, plums, pomegranates and pineapples). In plants, 

resveratrol acts as an antibiotic to resist environmental stresses, such as heavy metal ions 

or fungal infections. As resveratrol contains multiple phenolic hydroxyl groups, it is also 

very powerful as an antioxidant. Studies have shown that it can reduce the risk of AD. 

Resveratrol is thought to exert beneficial effects by both reducing Aβ aggregation and 

acting as a reducing agent to resist oxidative stress.93 Experiments have shown that 

resveratrol can convert three forms of Aβ aggregates (soluble oligomers, immature fibre 

aggregate precursors and mature fibre aggregates) associated with neurotoxicity into non-

cytotoxic molecular weight aggregates. Given that resveratrol has the potential to treat AD, 

its various derivatives have also been studied. The basic skeleton of resveratrol is stilbene, 

and its derivatives mainly change the position and number of phenolic hydroxyl groups in 

the skeleton structure.95 Among them, resveratrol and Piceid molecules have similar 

abilities to inhibit Aβ aggregation and are superior to curcumin in inhibiting aggregation 

(Figure. 1-17.) 

 

Figure 1 - 17. (a) Chemical structure of Resveratrol and Piceid (b) the potential 
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mechanisms of Resveratrol effects on neurons.  

A series of hydroxychalcone derivatives were designed and synthesised as potential Aβ 

inhibitors.96 Thioflavin T analysis showed that trihydroxychalcone inhibited the 

aggregation of antibodies best. In human neuroblastoma SH-SY5Y cells, chalcone 14a-c 

with three hydroxyl substituents showed a significant neuroprotective effect against Aβ1-42 

aggregation-induced toxicity. Trihydroxychalcone 14a can also destroy Aβ1-42 

aggregation-induced lipid peroxidation in SH-SY5Y cells, suggesting that they can reduce 

neurotoxicity related to oxidative stress. When tested using computer simulation software, 

compounds 14a-c showed good ADMET performance and BBB permeability. These data 

show that trihydroxychalcone is a potential drug candidate for treating AD via the 

inhibition of Aβ1-42 aggregation (Figure. 1-18.) 

 

(Figure 1 - 18.) (a) Chemical structure of 14 a and 14 a-c (b) Inhibition activities of 

compounds on self-mediated Aβ1-42 aggregation tested using ThT at 1:1 ratio with 

compounds. (c) Representative micrographs of cells incubated with Aβ1-42 alone or with 

both Aβ1-42 (10 mM) and selected compounds. 

In general, polyphenols combine with amyloid, oligomers, fibrils or mature fibres due to 

the combined effects of aromatic ring accumulation, hydrophobicity, hydrogen bonding 
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and static electricity. More generally, aggregation between protein molecules can be 

inhibited by either changing the conformation of the proteins or by causing steric hindrance 

between proteins. 

1.4.2 Peptide for Amyloid-β Inhibition 

Peptide drugs have a low molecular weight, no risk of immunity and strong specificity for 

their targets. As an inhibitor of Aβ aggregation, peptides are easy to synthesise, modify and 

have simple physicochemical properties.97 Therefore, peptide inhibitors with specific 

spatial structures can be obtained through rational drug design. Due to the homology of 

peptides and  Aβ, peptide inhibitors have been a topic of great interest in the field. Most 

of the peptides designed to target Aβ aggregates are designed against the regions of Aβ 

polypeptides that are known to be important for aggregation. The hydrophobic core region 

of Aβ spans from amino acid 16 to 20 (KLVFF) and is the key region required for the 

aggregation of Aβ into the β-sheet structure. Studies have shown that KLVFF can bind full-

length Aβ peptides and prevent them from aggregating into amyloid precipitates.98 

Therefore, peptides targeting the KLVFF region are a common strategy for inhibiting Aβ 

aggregation. However, the use of Aβ peptide inhibitors is limited by peptide self-

aggregation and the requirement of high effective concentrations. Therefore, many 

scientists often modify peptides to improve the function of the peptide inhibitors. 

Modification of peptide inhibitors can regulate the physicochemical properties of the 

peptide and its interaction with Aβ. For example, Loureiro et al.99 modified the highly 

negatively charged fluorine atom (LVFFD) on the side chain of the peptide, thereby 

enhancing the interaction between the peptide and Aβ and altering the effects of the peptide 
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inhibitor. In addition to rationally designed peptides, some self-assembling peptides have 

also been used as inhibitors of Aβ aggregation. For example, a hydrogel formed by the self-

assembly of the Aβ fragment amino acids FF can inhibit the aggregation of Aβ fibrosis.100 

Richman et al.101 designed a hexapeptide cyclic peptide ring. The barrel oligomer formed 

by the self-assembly of this peptide ring can regulate Aβ aggregation without leading to 

self-toxicity. 

In 2019, Loureiro et al.102 designed and synthesised a new anti-Aβ peptide inhibitor using 

a Salmonella BDS-1 toxin. There is growing evidence that the rapidly inactivating 

potassium current IA encoded by the KV3.4 channel plays an important role in AD 

pathogenesis, as the neurotoxic Aβ1-42 increases this current to trigger the apoptotic process. 

Marine toxins extracted from sea anemone can specifically inhibit Shulkata, a blood 

pressure-lowering substance-I (BDS-I), reduce Aβ peptide-induced cell death and offset 

Aβ1-42-induced KV3.4-enhancing activities, thus preventing caspase-3 activation, apoptosis 

and abnormal nuclear morphology in PC-12 cells induced by Aβ1-42 (Figure. 1-19.) 

 

Figure 1 - 19. (a) BDS-I[1-8scr] fragment on Kv3.4 currents in CHO cells transfected with 

Kv3.4 and MiRP2. (b) Representative western blot (top) and densitometric quantification 

(bottom) of caspase-3 protein expression in NGF-differentiated PC-12 cells under control 

condition and exposed to Aβ1−42 oligomers. (c) Statistical comparisons between groups 

were performed by one-way ANOVA followed by Newman-Keuls’ test. 
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1.4.3 Metal chelator for Amyloid-β Inhibition 

Metal chelators are a class of molecules that have a strong binding affinity to metal ions. 

They encapsulate metal ions inside them to form a stable compound, which prevents metal 

ions from exerting their own functions. Metal chelators are often used in printing and 

dyeing, detoxification and scale inhibition. The role of metal ions in Aβ aggregation has 

been widely reported, making the design of appropriate small molecule chelators for the 

treatment of metal ion disorders a current research focus. 

Among the various metal chelators, 5-chloro-7-iodo-8-hydroxyquinoline (CQ) is the most 

widely studied. Studies have shown that CQ can exert a significant therapeutic effect in 

Tg2576 transgenic mice. Additionally, CQ can penetrate the BBB and reduce 

approximately half of the Aβ plaques in the cerebral cortex of mice. At the same time, CQ 

has chelation effect on copper and zinc ions, and can draw metal ions from the surface of 

Aβ, allowing for detoxification.103 

In addition to metal-chelating agents, small molecule inhibitors with the dual function of 

metal chelation and Aβ recognition have been reported in recent years. The design rationale 

of such bifunctional molecules is to achieve dual effects by linking groups that have 

different functions, especially those that recognise Aβ, with metal chelators. Bifunctional 

molecules that have been reported so far include ThT-EDTA, Cyclen-KLVFF and Cylen-

Curcumin.104 These small molecules have been demonstrated to both chelate metal ions 

and specifically recognise Aβ, thereby better inhibiting metal ion-induced Aβ aggregation. 
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1.4.4 Nanoparticles for Amyloid-β Inhibition 

Nanoparticles (NPs), also known as ultrafine particles, are particles with a diameter 

between 1 and 100 nm. Although they are extremely small, their surface area is extremely 

large. The interaction between Aβ and NPs is affected by the surface properties of the NPs, 

such as hydrophobicity, charging properties and surface modification, in addition to the 

shape of the NPs. Some studies have suggested that there are two competing effects of Aβ 

on the surface of NPs: the effect of NPs on the concentration of the Aβ monomer and the 

nucleation effect mediated by the NP surface. The overall effect on aggregation depends 

on the balance of these two effects.105-106 In recent years, the biological and physiological 

value of nanomaterials have been widely reported, mainly in relation to the effects of 

nanomaterials on Aβ in terms of reduced cytotoxicity and AD therapies.107-110 Some studies 

have shown that combining small molecules with inhibitory effects on aggregation, such 

as EGCG and curcumin,111 with modified NP surfaces can improve their solubility and in 

vivo utilisation. In summary, nanomaterials have broad applications and are promising 

candidates in drug development for AD treatment.112 

Inorganic NPs are stable and resistant to degradation. At present, several typical inorganic 

NPs such as gold NPs (GNPs), magnetic NPs and quantum dot NPs have shown beneficial 

effects in AD treatment. GNPs refer to NPs with a diameter of 1–100 nm, composed 

entirely of gold atoms. It is generally believed that GNPs have a low cytotoxicity,113 unique 

optical properties making them easy to detect and image, 114 well-established synthesis 

methods 115 and can pass through the BBB.116 In the presence of GNPs, Aβ forms short, 

dispersed fibres and forms oligomers with lower toxicity. In addition, peptides can be 
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conjugated to the surface of GNPs via a cysteine residue to achieve functionalisation of 

GNPs. 117 Liao et al. studied the effect of differently charged GNPs on Aβ aggregation and 

found that the combination of negatively charged GNPs with Aβ can inhibit the formation 

of highly toxic aggregates and fibers.118 Functionalised NPs can modify both ligands and 

the NP matrix, circumventing the shortcomings of both. By forming a shell layer on the 

surface of NPs through functionalisation, the physical and chemical properties of NPs and 

the interaction between the NPs and Aβ can be adjusted.119 SPION can control its 

distribution under the action of an external magnetic field and are often used as contrast 

agent for MRI. 

Polymer NPs have relatively stable morphology and structure. They can be designed, 

synthesised and prepared through a variety of polymerisation methods and polymerised 

monomers, and the particle size and uniformity can be easily controlled. Therefore, 

polymer NPs can have specific predetermined properties such as temperature, pH, electric 

field and magnetic field response, while also having small size effects, surface effects and 

quantum tunnelling effects. The special surface properties of polymer NPs can allow them 

to interact with Aβ. Studies have shown that polymer NPs can prevent the aggregation of 

Aβ fibres and delay the aggregation of amyloid polypeptides, forming non-toxic or low-

toxicity oligomers to achieve the suppressive effects. Le Droumaguet et al.120 synthesised 

polyethylene glycol (PEG) biodegradable polyalkylcyanoacrylate (PACA) NPs. These 

NPs have a biodegradable PACA core and a stable hydrophilic PEG shell, and the surface 

can be conjugated to photochemical drugs or fluorescent biological ligands. Studies have 

shown that ligand-functionalised NPs have a higher affinity for Aβ42 and significant 
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inhibitory effect on the aggregation of Aβ42 at low concentrations. 
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Chapter Two                                   

Amyloid-β Aggregation Inhibitory and Neuroprotective Effects 

of Flavonoid Derivatives for Alzheimer’s Diseases 

2.1 Introduction 

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are first two important aged-

related neurodegenerative disorders.1, 2 Actually, AD affects 47 million of elderly and 

becomes a tremendous social and economic burden in many first world countries. 

According to World Health Organization (WHO), the number of AD patients will raise to 

131 million by 2050.3 Studies show that AD affects 20% of individuals over the age of 80 

and more than one-third of those over the age of 90. As the aging population is increasing, 

development of an effective therapy to treat and delay the onset of AD is urgently needed. 

Unfortunately, the pathogenesis of AD disease is not yet clear, so the current treatment 

methods such as acetylcholinesterase inhibitors and NMDA receptor antagonist drugs can 

only provide symptomatic relief, 4-5 but still have not been able to have disease-modifying 

drugs that prevent or reverse neurodegeneration. Although researchers have proposed 

several pathological mechanisms of AD, the exact sequences of events in the pathogenesis 

still remain unanswered. The most well-known amyloid cascade hypothesis suggested that 

the accumulation and deposition of Aβ enriched senile plaques in the brain is one of the 

key pathological hallmarks of AD;6 The imbalance between the production and clearance 

of Aβ peptide Aβ1-40 and Aβ1-42 results in the accumulation and self-aggregation of Aβ 

peptides. Then, Aβ plaques initiate a molecular cascade of toxic effects, leading to 
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neurodegeneration and clinical manifestations of dementia.7-9 The low concentration of Aβ 

in the brain tissue and cerebrospinal fluid of normal humans10 indicates that Aβ monomers 

may not be pathogenic, and neurotoxic substances are the oligomerization and aggregation 

form of Aβ.11 Oligomeric Aβ peptides induce oxidative stress, reduce the expression of 

neurotrophic factors, inhibit cholinergic transmission, promote tau pathology by affecting 

the signaling pathways that regulate tau phosphorylation and induce tau misfolding. The 

increase in ROS would oxidize lipids, proteins and DNA in the brain, leading to the 

production of large amounts of lipid peroxides and protein carbonylation, mitochondrial 

failure, and eventually Alzheimer's disease. The toxic form of tau can cause synaptic 

dysfunctions and neuronal death leading to neuronal loss and cognitive impairments in the 

early stages of AD.12-14 Therefore, inhibiting and preventing oligomerization and 

aggregation of Aβ peptides is considered to be one of the most direct targeted treatments. 

Apart from AD, PD was also caused by protein (Alpha synuclein (αS)) aggregation. αS 

undergoes nucleation aggregation through the N-terminus, forming beta-pleated sheets.15-

16 Studies found that the presence of αS rich intracellular inclusion, called Lewy body, is 

highly toxic especially undergoing oligomerization into soluble protofibrils.17-18 Small 

molecules are commonly used as inhibitors for this kind of aggregation. Therefore, many 

research groups have developed diverse classes of inhibitors to stop the production and 

deposition of Aβ and αS. Although many types of Aβ aggregation inhibitors and β-sheet 

blockers have been developed in recent years, few of them are non-toxic, neuroprotective, 

and the particularly important blood-brain barrier (BBB) permeability that can provide 

promise therapeutic potential. Therefore, there is an urgent need to develop an effective 
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and potent of BBB permeability Aβ aggregation inhibitors. Xanthohumol (Xn), a 

prenylated flavonoid that naturally presents in hop (Humulus lupulus L.) and beer. In 

various in vitro studies, its health-promoting benefits including anti-inflammatory, 

antioxidant, anti-lipid peroxidation, anti-angiogenesis, and anti-proliferative activities have 

been widely evaluated.19-21 Studies have shown that Xn can activate the transcription factor 

NF-E2 related factor 2 antioxidant response element (Nrf2-ARE) pathway in PC12 

neuronal cells, thereby causing cytoprotective effects and showing its potential to prevent 

neurodegeneration.22 In addition, Xn has been reported as a moderately active free radical 

scavenger. Since oxidative stress and neuroinflammation play important roles in the 

pathogenesis of AD, Xn can be a viable candidate for the treatment of AD. We show here 

that Xn not only shows effective inhibition of Aβ aggregation and fibril formation in vitro, 

but also has low neurotoxicity to human neuroblastoma (SHSY5Y) cells. It is important to 

find that it also shows good neuroprotective effect on SH-SY5Y cells against Aβ-induced 

toxicities in which the inhibition of Aβ-induced ROS generation and the inhibition of 

intracellular [Ca2+] influx are observed. However, the poor water solubility and 

biocompatibility limit the potential for further investigation. In addition, the lipophilicity 

(Log P) of Xn is estimated to be 3.53, which implies that the blood-brain barrier (BBB) 

permeability is seriously impeded, further limiting its application in the study of in vivo 

efficacy for AD. In order to overcome the inherent limitations of Xn, we have designed 

and synthesized a series of xanthohumol derivatives to explore and enhance the physical, 

biological and pharmacological properties, especially the blood brain barrier permeability 

for AD intervention. We investigated (i) the inhibition effect on the fibrillation and 

oligomerization of Aβ1-42, (ii) neuroprotection against ROS production and calcium ion 
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influxing, and (iii) BBB permeability of the Xn derivatives. Among the newly synthesized 

Xn derivatives, two derivatives have been identified to be biocompatible, non-toxic, 

neuroprotective against Aβ-induced toxicities and blood-brain barrier permeable 

highlighting their promising potential as AD drug candidates for future clinical use.  

Chalcones, containing benzylideneacetophenone scaffold, are the precursor of flavonoids 

and iso-flavonoids. It is a perfect inhibitor for different enzymes such as cruzain, fumarate 

reductase, trans-sialidase and so on. Besides that, it shows a promising anti-cancer effect 

in many in vivo studies, being considered as a natural, low cost but powerful medicine. To 

explore the potential neuroprotection effect of chalcones, a series of novel chalcones 

derivatives was synthesized. Their neuroprotection effect against Aβ and αS induced 

toxicities was investigated by measuring cell viability, reactive oxygen species (ROS) 

production and calcium influx into cells. Chalcone derivatives showed moderate to good 

neuroprotective effect against Aβ induced toxicities. These findings suggested the 

importance of the unique chalcone structure/skeleton for exhibiting desirable functional 

and biological properties. Figure 2-1 shows the chemical structure of flavonoid derivatives, 

Xn-n, where n = 1-9 and C-n, where n = 1-10. 
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Figure 2 - 1. Molecular structures of flavonoid derivatives 

2.2 Synthesis 

By adopting the improved protocol established, novel series of nine xanthohumol 

derivatives, Xn- n, n = 1-9 and ten chalcone derivatives, C-n, n = 1-10 have been designed 

and synthesized. Their chemical structures are illustrated in Figure 2- 1. The synthetic 

routes for the preparation of xanthohumol and its derivatives are outlined in Scheme 2-1. 

Protection of 2,4,6-trihydroxyacetophenone, 1 by MOM-Cl gave 2-hydroxy-4,6-

dimethoxymethoxyacetophenone, 2 in 60% yield. Prenylation of 2 at the hydroxyl 

functionality followed by Claisen-Cope rearrangement afforded the key intermediate 

prenyl-substituted ketone 4 in 31% yield. Facile base-catalyzed Claisen−Schmidt 

condensation of the prenylaryl methyl ketone 4 and the corresponding aromatic aldehyde 

in anhydrous methanol as a key step yielded the prenylchalcone skeleton. Deprotection of 

methoxymethyl groups under acidic conditions afforded the desirable xanthohumol 

derivatives, Xn-n, n = 1-9 in good yields.  
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On the other hand, the syntheses of chalcone derivatives, C-n, n = 1-10 are outlined in 

Scheme 2-2. The aldol condensation reaction of acetophenone 2 with the corresponding 

aromatic aldehyde followed by deprotection of methoxymethyl groups under acidic 

conditions afforded a series of chalcone derivatives, C-n, n = 1-10 in good yields. 

All the newly synthesized flavonoid derivatives were fully characterized by 1H NMR, 13C 

NMR and HRMS, which were in good agreement with the proposed structures. Xn and 

Xn-ns are highly soluble in common organic solvent but sparingly soluble or insoluble in 

an aqueous medium which significantly hampers most of biological studies.  

 



  

 

68 

Reagents and Conditions: a, DIPEA, MOMCl, DCM, rt; b, prenyl bromide, K2CO3, 

acetone, reflux; c, N,N-dimethylaniline, 220-240°C; d, MeI or MOMCl or 

TsO(CH2)2O(CH2)2OCH3 anhydrous THF, K2CO3, reflux; e, anhydrous methanol, KOH, 

substituted benzaldehyde, reflux; f, anhydrous methanol, 20% HCl, rt. 

Scheme 2 - 1. Synthetic routes of Xn-n, where n = 1-9. 

 

Reagents and Conditions: g, anhydrous methanol, KOH, substituted benzaldehyde, reflux; 

h, anhydrous methanol, 20% HCl, rt. 

Scheme 2 - 2. Synthetic routes of C-n, where n = 1-10. 
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2.3 Results and Discussion 

2.3.1 Cytotoxicity of Flavonoid Derivatives 

We initially evaluated the intrinsic cytotoxicity of the Xn-ns by MTT assay to determine 

lethal dose 50 (LC50) toward the human neuroblastoma (SH-SY5Y) cells. It was worth 

noting that the subtle modification of the Xn chemical structure significantly changed the 

cytotoxicity properties. In the presence of Xn-ns, some of the cell viabilities still remained 

at a high level and six of them showed significantly low cytotoxicity toward neuronal cells, 

as compared to Xn, with a LC50 value in the range of 80 to >200 M. (Table 2-1).  

Table 2 - 1. Log P value and LC50 toward the SH-SY5Y cells determined by MTT 

reduction assay of the Xn and its derivatives, Xn-ns. 

As shown in Table 2 - 2, most of Cn-ns are also non-toxic. The SH-SY5Y cells maintained 

at a high viability rate even under a long incubation (24 h) with a very high concentration 

in LC50 value up to 200 μM, especially for C-2, C-4 and C-9. The non-toxic chalcone 

derivatives including C-2, C-4, C-6 and C-9 were selected for further in vivo because of 

Compound Log P  LC50 (µM) 

Xn 3.53 40 

Xn-1 3.39 150 

Xn-2 3.54 200 

Xn-3 2.65 250 

Xn-4 3.48 4.6 

Xn-5 3.42 0.5 

Xn-6 3.40 50 

Xn-7 3.53 >200 

Xn-8 3.56 >200 

Xn-9 3.18 32 
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the desirable Log P value. 

Table 2 - 2. Log P value and LC50 toward the SH-SY5Y cells determined by MTT 

reduction assay of the Cn-n. 

2.3.2 Studies on Neuroprotection of Flavonoid Derivatives 

In addition to low toxicity, neuroprotection is one of the important properties for potential 

drugs for AD treatment. We probed the neuroprotective effect of the newly synthesized 

Xn-ns and C-ns against the Aβ1-42 induced toxicity towards the SH-SY5Ycells. The cell 

viability was compared with those cells treated with Aβ1-42 in the presence and absence of 

Xn-ns and C-ns. As shown in Fig. 2-3, the toxicity induced by Aβ1-42 were alleviated in 

the presence of Xn, Xn-3, Xn-8 and Xn-9. Among these four derivatives, Xn-3 gave the 

best neuroprotective effect, up to ~20% as compared to the control.  

Compound Log P  LC50 (µM) 

C-1 3.30 Poor solubility 

C-2 2.20 >200 

C-3 3.74 200 

C-4 2.69 >200 

C-5 3.26 100 

C-6 1.91 125 

C-7 3.40 0.5 

C-8 2.93 Poor solubility 

C-9 2.42 >200 

C-10 3.52 200 
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Figure 2 - 2. Results of (a) the neuroprotection effect shown by relative % of MTT = 24 h 

co-incubation with and without Xn, Xn-3 and Xn-9 on SH-SY5Y cells in the presence of 

10 µM of Aβ1-42. 

Chalcone derivatives also exhibited a promising neuroprotection effects against both Aβ 

and αS. The cell viability was greatly reduced after 24 h incubation with Aβ and αS. 

However, the induced toxic effects were highly alleviated by simply co-incubating with 

selected chalcones derivatives, C-2, C-4, C-6 and C-9 (Fig. 2-4). These derivatives 

protected 20% of SH-SY5Y cells from being killed by either of Aβ or αS. 

 

Figure 2 - 3. Neuroprotection results for chalcones derivatives, C-2, C-4, C-6 and C-9 in 

both Aβ monomer and αS oligomer on SH-SY5Y for 24 h co-incubation. 
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2.3.3 Studies on ROS Suppression of Flavonoid Derivatives 

Studies have shown that the production of reactive oxygen species (ROS) in cells is one of 

the toxicities caused by Aβ species. We investigated the effect of Xn and its derivatives on 

reactive oxygen species (ROS) levels in nerve cells. By using a ROS fluorescent dye 2', 7'-

dichlorofluorescein (DCF) to monitor the level of ROS in SH-SY5Y cells exposed to Aβ1-

42 monomers in the presence of Xn, Xn-3, Xn-8 and Xn-9. Unanimously, Xn and its 

derivatives also exhibited an attenuation of Aβ-induced ROS production (Figure 2-5). The 

ROS level reduction was similar among Xn, Xn-3, Xn-8 and Xn-9. 

 

Figure 2 - 4. Changes of ROS level presented by relative % ROS after 24 h co-incubation 

presence and absence of Xn, Xn-3 and Xn-9 on SH-SY5Y cells in the presence of 10 µM 

of Aβ1-42. 

It is believed that the αS oligomerization induced ROS production in mitochondria leads 

to its dysfunction. An obvious reduction in ROS level was found in the chalcones 

derivatives, C-2, C-4, C-6 and C-9 treated samples (Figure 2-6). Thus, these chalcones 

derivatives showed a promising effect on inhibiting αS oligomer in ROS production, 
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especially for C-2, which reduced 60% ROS generated. 

 

Figure 2 - 5. Results of ROS suppression of chalcones derivatives, C-2, C-4, C-6 and C-

9, in the presence of Aβ monomer and αS oligomer on SH-SY5Y cells for 24 h co-

incubation. 

2.3.4 Studies on Intracellular Calcium Level of Flavonoid Derivatives 

In addition, studies have shown that the neurotoxic Aβ1-42 species can induce intracellular 

Ca2+ overload leading to cell death. In order to investigate the effect of neuroprotective 

Xn-ns on Aβ1-42-induced Ca2+ influx, we conducted real-time monitoring of intercellular 

[Ca2+] in SH-SY5Y cells. Before adding Aβ1-42, the SH-SY5Y cells were pretreated with 

Xn-ns for 30 minutes. The intracellular calcium concentration was monitored by fluo-4 

AM. As shown in Figure 2-7, upon treating the SH-SY5Y cells directly with Aβ1-42, the 

intracellular Ca2+ was increased to a maximum level within 50-100 s. When cells were 

pretreated with Xn-9, the peak intensity of Ca2+ influx is reduced, which indicated that Xn-

9 strongly attenuated Aβ1-42-induced Ca2+ influx, which was significantly better than Xn, 

while the effects of Xn-3 and Xn were similar. 
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Figure 2 - 6. The traces representing the calcium (II) ion influx induced by Aβ1-42 monomer 

in the presence of Xn and Xn-9 was measured by confocal imaging (Left).The traces 

representing the calcium (II) ion influx induced by Aβ1-42 monomer in the absence and 

presence of Xn-3 (Right). 

The neuroprotection effect of some chalcone derivatives on αS oligomer was also proved 

useful in calcium (II) ion influx. For the untreated control sample, there was a rapid and 

large influx after the addition of αS oligomer. However, the inflowing level was greatly 

lower after introducing chalcone derivatives (Figure 2-8), in which C-2 and C-9 could 

effectively prevents αS oligomer-induced Ca2+ influx. 
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Figure 2 - 7. The intracellular calcium (II) ion level measured in SH-SY5Y cell line after 

the addition of neurotoxic αS oligomer and chalcone derivatives, C-2, C-4, C-6 and C-9. 

2.3.5 Studies on Blood-Brain Barrier Permeability of Flavonoid 

Derivatives 

As blood-brain barrier (BBB) permeability is an essential requirement for any in vivo 

cerebral applications. The lipophilicity (log P) of Xn-ns was first determined by using the 

ALOGPS 2.1 program and their values are listed in Table 1 in which the log P values spans 

from 2.65 to 3.60. Generally, molecules with Log P value between 2.0 and 3.5 has a high 

tendency for BBB penetration. Therefore, most of these newly synthesized Xn-ns would 

show potential to pass through BBB. The blood–brain barrier penetrability of 

neuroprotective Xn-ns was then studied. The mice were randomly divided into (I), (II), (III) 

and control groups, and injected with 10% chloral hydrate (0.1 mL /30 g) for anesthesia. 

Then, Xn-n (10 mg/kg) dissolved in PBS containing 10% methanol was injected into the 

tail vein of mice, and the mice were sacrificed after waiting for 0.5 hours, 1 hour, and 2 

hours respectively. After cardiac perfusion with phosphate buffered saline (PBS), brain 

samples were taken and dissected into the right and left frontal lobes. The right frontal lobe 

samples were homogenized in methanol (1 mL / 300 g) and centrifuged at 18000 rpm for 

20 min at 4 ℃ to collect the supernatant in which 100 μL of supernatant of each sample 

was then analyzed by LC-MS / MS. As shown in Figure 2-9, only Xn-3 and Xn-9 were 

detected in brain samples after tail vein injection and their mass peaks showed at m/z = 

487.2000 and 473.2000, respectively, corresponding to [M+ + H] ions of Xn-3 and Xn-9. 

It was found that the contents of Xn-3 and Xn-9 were the highest in the brains of the treated 
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mice after 30 min of the tail vein injection, and then gradually decreased with time. 
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Figure 2 - 8. Plots of content profile in mice brain over time after tail-vein injection of Xn-

3 and Xn-9 samples. 

2.3.6 Studies on Plasma Level of Flavonoid Derivatives 

We estimated that the solubility of Xn and its derivatives in the buffer and blood is very 

poor and low, the dose of 10 mg/kg will limit the permeability of the blood-brain barrier in 

mice. Therefore, we only studied Xn-3 and Xn-9 to show their content and metabolism in 

the blood. (Figure 2-10) Mice were processed according to the above BBB procedures. 

The mice were divided into four groups and then all the blood was collected into a 

commercially available anticoagulant treatment tube (EDTA treatment). Centrifuge with a 

refrigerated centrifuge at 1300 rpm for 10 minutes at 4 ° C to remove cells from plasma. 

Platelets in plasma samples were consumed by centrifugation at 2,000 rpm for 15 min. 

Platelets in plasma samples were consumed by centrifugation at 2,000 rpm for 15 minutes. 

The supernatant produced was designated as plasma. The 50 μL plasma containing 150 μL 

methanol was centrifuged at 3000 rpm for 15 minutes at 4 ℃. Then 100 μL supernatant of 
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each plasma sample was analyzed by LC-MS / MS.  
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Figure 2 - 9. Plots of content profile in mice plasma over time after tail-vein injection of 

Xn-3 and Xn-9 samples. 

2.3.7 Studies on Inhibitory Effect of Flavonoid Derivatives 

To evaluate the inhibitory effect of Xn and its analogs (Xn-ns) in vitro, we studied the 

growth of Aβ1-42 oligomer and fibrils in the presence and the absence of the compounds, 

including Xn, Xn-1, Xn-3, Xn-8 and Xn-9, by using SDS-PAGE and transmission electron 

microscopy (TEM), respectively. As shown in Figure 2-11, Xn, Xn-1, Xn-3, Xn-8 and 

Xn-9 were analyzed by transmission electron microscopy (TEM) and SDS-PAGE, 

respectively. It is worth noting that the emission spectra of Xn and Xn-ns are significantly 

overlapped with that of Thioflavin (THT), so it is not suitable for conventional ThT 

fluorescence assay determination of inhibition. Xn and Xn-8 partially inhibited the 

aggregation of Aβ1-42. In addition, the size and density of Aβ1-42 clusters observed from the 

TEM images are smaller and less than those of the control. Furthermore, because oligomers 

are the main form of neurotoxic Aβ species, the effect of these Xn-ns on Aβ1-42 
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oligomerization was studied by SDS-PAGE combined with light-induced crosslinking of 

unmodified protein (PICUP). It is clearly shown in Figure 2-11, Xn-ns exhibits different 

degrees of inhibition on the growth of the toxic oligomeric form of Aβ1-42. These results 

consistently demonstrate the ability of these compounds can effectively prevent the 

formation of toxic Aβ1-42 oligomers and aggregates. It should be noted that a subtle 

modification of the chemical structure of Xn could change the inhibitory ability of 

oligomerization and aggregation of Aβ 1-42. 

 

Figure 2 - 10. TEM images of A1-42 aggregates grown in the absence and presence Xn-ns 

after 48-hour incubation at 37 °C. Scale bar = 500 nm. (left) SDS-PAGE of the growth of 

the monomeric form of A1-42. (right) 

2.4 Conclusions 

In summary, a novel series of xanthohumol and chalcone derivatives were synthesized and 

designed to explore their potential therapeutic drugs in the treatment of AD and PD. We 

found that subtle modifications of the chemical structures of Xn and chalcone have greatly 

changed the physical, biological, and pharmacological properties, especially for Xn which 
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changed its biocompatibility and blood-brain barrier permeability. Among the nine newly 

synthesized Xn derivatives, six of them exhibited remarkably low cytotoxicity to SH-

SY5Y cells with LC50 value spanning from 80 to >200 μM. Five of xanthohumol 

derivatives and two of chalcone derivatives showed marked neuroprotective effect against 

Aβ and αS monomer-induced toxicity, such as suppression of ROS production and the 

increase of intracellular [Ca2+] induced by Aβ and αS oligomer. Two of the neuroprotective, 

Xn-3 and Xn-9 with lipophilicity (Log P) of 2.65 and 3.10, respectively, were found to be 

biocompatible BBB permeable and are expected to be useful as neuroprotective and 

therapeutic agents for AD. Several chalcone derivatives also showed promising inhibition 

efficiency in both Aβ and αS aggregations, showing a potential for further pre-clinical 

investigation for AD and PD treatment. We believe that the results of this research work 

can provide useful insights into the design of chemical structures of small molecules for 

future treatment of neurodegenerative diseases. 

2.5 Experimental 

General procedures All the solvents were dried by the standard methods wherever needed. 

1H NMR spectra were recorded using a Bruker-400 NMR spectrometer and referenced to 

the residue CHCl3 7.26 ppm or DMSO-d6 2.5 ppm. 13C NMR spectra were recorded using 

a Bruker-400 NMR spectrometer and referenced to the CDCl3 77 ppm or DMSO-d6 39.5 

ppm. Mass Spectroscopy (MS) measurements were carried out by using fast atom 

bombardment on the API ASTER Pulser I Hybrid Mass Spectrometer or matrix-assisted 

laser desorption ionization-time-of-flight (MALDI-TOF) technique. The silica gel used for 

column chromatography is 230-400 mesh type (with particle size of 38-63 μm) and for 
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TLC is TLC Silica gel 60 F254 (25 Aluminum sheets 20*20 cm). The quencher is generally 

used with saturated brine (greater than 36 g NaCl added per 100 mL of H2O). 

2-Hydroxy-4,6-dimethoxymethoxyacetophenone 2. To an ice-cooled suspension of 1 

(1.68 g, 10 mmol) in 20 mL of dichloromethane were added N, N-diisopropylethylamine 

(5.3 mL, 30 mmol) and MOMCl (2.3 mL, 30 mmol). The reaction was warmed to room 

temperature gradually and stirred for 6 h. The reaction mixture was then quenched with 

aqueous saturated ammonium chloride solution (20 mL) and extracted with 

dichloromethane. The combined organic layer was dried over anhydrous Na2SO4. After 

solvent removal, the crude product was purified by silica-gel column chromatography 

affording1.52 g of 2 (60%) as a white solid. 1H NMR (400 MHz, CDCl3) δ (ppm) 13.72 (s, 

1H), 6.27-6.24 (dd, J1 = 9.4 Hz, J2 = 2.4 Hz, 2H), 5.25 (s, 2H), 5.17 (s, 2H), 3.52 (s, 3H), 

3.50 (s, 3H), 2.65 (s, 3H); 13C NMR (100 MHz, CDCl3) δ (ppm) 203.2, 166.8, 163.4, 160.4, 

106.9, 97.1, 94.5, 94.0, 56.7, 56.4, 33.0. HRMS m/z Calcd for C12H16O6279.0845, found 

279.0839 [M+Na]+. 

4,6-Dimethoxymethoxy-2-prenyloxyacetophenone, 3. Prenyl bromide (2.2 mL, 19 

mmol), K2CO3 (6.99 g, 50 mmol), and 2(3.24 g, 12.6 mmol) were refluxed in 150 mL of 

acetone for 24 h with stirring. After cooling to room temperature, the reaction mixture was 

purified by silica-gel column chromatography to give 3.20 g of 3 (83%) as colorless oil. 

1H NMR (400 MHz, CDCl3) δ (ppm) 6.27 (d, J = 2 Hz, 1H), 6.16 (d, J = 2 Hz, 1H), 5.24-

5.21 (m, 1H), 4.96 (s, 2H),4.91 (s, 2H), 4.33 (d, J = 6.4Hz, 2H), 3.28 (s, 3H), 3.26 (s, 3H), 

2.28 (s, 3H), 1.58 (s,3H),1.54 (s,3H); 13C NMR (100 MHz, CDCl3) δ (ppm) 200.7, 159.0, 

156.6, 154.6, 137.2, 118.9, 115.6, 95.4, 94.4, 94.2, 93.8, 65.0, 55.6, 31.8, 28.7, 20.1, 17.6. 
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HRMS m/z Calcd for C17H24O6347.1471, found 347.1481 [M+Na]+. 

2,4-Dimethoxymethoxy-6-hydroxy-3-prenylacetophenone, 4. Compound 3 (0.32 g, 1 

mmol) was dissolved in 10 mL of dimethylaniline and heated to 220-240 ℃ for 2 h. After 

cooling to room temperature, ethyl acetate (50 mL) was added and the reaction mixture 

was washed with 1 M HCl (2 × 50 mL). The organic layer was dried over anhydrous 

Na2SO4, filtered and evaporated to dryness. The residue was chromatographed ona silica-

gel column to give yellow oil of 4 (99 mg, 31%).1H NMR (400 MHz, CDCl3) δ (ppm) 

12.93 (s, 1H), 6.46 (s, 1H), 5.21 (s, 2H), 5.16-5.13 (m, 1H), 4.95 (s, 2H), 3.51 (s, 3H), 3.45 

(s, 3H), 3.31-3.29 (d, J = 6.8 Hz, 2H) 2.70 (s, 3H), 1.77 (s, 3H), 1.68 (s, 3H);13C NMR 

(100 MHz, CDCl3) δ (ppm) 203.9, 163.5, 163.3, 161.6, 131.6, 123.0, 116.2, 111.0, 101.4, 

98.8, 93.4, 58.3, 56.3, 31.4.HRMS m/z Calcd for C17H24O6347.1471, found 347.1470 

[M+Na]+. 

2, 4-Dimethoxymethoxy-6-methoxy-3-prenylacetophenone, 5. To a solution of 4 (0.162 

g, 0.5 mmol) in 25 mL of DMF were added K2CO3 (0.138 g, 1 mmol) and CH3I (0.12 mL, 

2 mmol). The solution mixture was stirred at room temperature and the reaction monitored 

by TLC. After reaction completion, the reaction was quenched with aqueous saturated 

ammonium chloride solution (10 mL) and extracted with dichloromethane (50 mL). The 

organic layer was washed with H2O (3 × 50 mL) and dried over anhydrous Na2SO4. After 

solvent removal, the residue was chromatographed on a silica-gel column to give yellow 

oil of 5 (95 mg, 56%). 1HNMR (400 MHz, CDCl3) δ (ppm) 6.54 (s, 1H), 5.20 (s, 2H),5.16-

5.12 (m, 1H), 4.90 (s, 2H), 3.80 (s, 3H), 3.48 (s, 3H), 3.47 (s, 3H), 3.30-3.29 (d, J = 6.8 Hz, 

2H), 2.50 (s, 3H), 1.74 (s, 3H), 1.66 (s, 3H);13C NMR (100 MHz, CDCl3) δ (ppm) 203.5, 
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162.3, 161.6, 157.1, 131.6, 123.0, 118.6, 116.2, 101.4, 93.9, 93.9, 58.3, 56.3, 33.2, 25.7, 

23.1, 17.9. HRMS m/z Calcd for C18H26O6 361.1627, found 361.1628 [M + Na]+. 

2, 4-Dimethoxymethoxy-6-methoxy-3-prenylacetophenone, 6. To a solution of 4 (0.162 

g, 0.5 mmol) in 25 mL of DMF were added K2CO3 (0.138 g, 1 mmol) and 2-(2-

methoxyethoxy) ethyl p-tolyl sulfate (0.52 mL, 2 mmol). The solution mixture was stirred 

at room temperature and the reaction was monitored by TLC. After reaction completion, 

the reaction mixture was quenched with aqueous saturated ammonium chloride solution 

(10 mL) and extracted with dichloromethane (50 mL). The organic layer was washed with 

H2O (3 × 50 mL) and dried over anhydrous Na2SO4. After solvent removal, the residue was 

chromatographed on silica-gel column to give 100 mg of 6 (47%) as yellowish oil. 1HNMR 

(400 MHz, CDCl3) δ (ppm) 6.52 (s, 1H), 5.15 (s, 2H), 5.12 - 5.06 (m, 1H), 4.87 (s, 2H), 

4.18 - 3.97 (m, 2H), 3.80- 3.70 (m, 2H), 3.68 - 3.60 (m, 2H), 3.57 - 3.47 (m, 2H), 3.45 (s, 

3H), 3.42 (s, 3H), 3.34 (s, 3H), 3.26 (d, J = 6.8 Hz, 2H), 1.71 (s, 3H), 1.62 (s, 3H);13C NMR 

(100 MHz, CDCl3) δ 201.46, 157.1, 154.8, 153.2, 130.8, 122.9, 120.3, 117.2, 100.8, 95.7, 

94.0, 71.7, 70.4, 69.2, 68.1, 58.6, 57.0, 55.7, 32.3, 25.4, 22.8, 17.6. HRMS (MALDI-TOF) 

m/z Calcd forC22H34O8426.2254 Found 426.2329 [M + H]+. 

1-(2,4,6-Tris(methoxy methoxy)-3-(3-methylbut-2-en-1-yl) phenyl) ethanone, 7. To a 

solution of 4 (162 mg, 0.5 mmol) in 25 mL of DMF were added K2CO3 (0.138 g, 1 mmol) 

and chloromethyl methyl ether (0.2 mL, 2 mmol). The solution mixture was stirred at room 

temperature and the reaction was monitored by TLC. After reaction completion, the 

reaction was quenched with aqueous saturated ammonium chloride solution (10 mL) and 

extracted with dichloromethane (50 mL). The organic layer was washed with H2O (3 × 50 



  

 

83 

mL) and dried over anhydrous Na2SO4. After solvent removal, the residue was 

chromatographed on a silica-gel column to give yellowish oil of product 7 (114 mg, 

62%).1H NMR (400 MHz, CDCl3) δ (ppm) 12.93 (s, 1H), 6.46 (s, 1H), 5.21 (s, 2H), 5.19 

– 5.09 (m, 1H), 4.95 (s, 2H), 3.51 (s, 3H), 3.45 (s, 3H), 3.30 (d, J = 6.6 Hz, 2H), 2.69 (s, 

3H), 1.76 (s, 3H), 1.68 (s, 3H); 13C NMR (100 MHz, CDCl3) δ201.9,157.5, 155.8, 153.5, 

131.2, 123.1, 120.2, 117.1, 101.1, 94.7, 94.3, 58.63, 57.4, 56.1, 32.6, 25.7, 23.3, 17.8. 

HRMS (MALDI-TOF) m/z Calcd for C19H28O7 368.1837 Found 368.1829 [M]+. 

General procedure for the preparation of compound8-10. To a stirred solution of 6 (0.5 

mmol) and substituted benzaldehyde (0.5 mmol) in 20 mL of methanol was added 1 mL of 

10% aqueous KOH solution and then was refluxed for 4 h. After cooling to room 

temperature, the solution was extracted with ethyl acetate. The combined organic layer was 

dried over anhydrous Na2SO4, filtered and evaporated to dryness. The residue was 

chromatographed on a silica-gel column to give the desired product. 

1-(6-(2-(2-Methoxy ethoxy) ethoxy)-2,4-bis(methoxy methoxy)-3-(3-methylbut-2-en-

1-yl) phenyl)-3-(4-(methoxy methoxy) phenyl) prop-2-en-1-one, 8. The procedure 

above was followed using a stirred solution of 6 (0.3 mmol, 127 mg) and 2,4-

bis(methoxymethoxy)benzaldehyde (0.3 mmol, 49 mg). The same purification procedure 

gave 219 mg of 8 (72%) as yellowish oil.1HNMR (400 MHz, CDCl3) δ(ppm) 7.49 (d, J = 

8.7 Hz, 1H), 7.37 (d, J = 16.0 Hz, 1H), 7.03 (d, J = 8.8 Hz, 1H), 6.92 (d, J = 16.0 Hz, 1H), 

6.61 (s, 1H), 5.21 (d, J = 8.8 Hz, 4H), 5.19 - 5.11 (m, 1H), 4.92 (s, 2H), 4.11 (dd, J = 8.5, 

3.8 Hz, 2H), 3.77 - 3.70 (m, 4H), 3.59-3.53 (m, 2H), 3.48 (d, J = 7.1 Hz, 6H), 3.43 (s, 3H), 

3.35 (d, J = 4.6 Hz, 2H), 3.28 (s, 3H), 1.76 (s,3H), 1.68 (s, 3H);13C NMR (100 MHz, CDCl3) 



  

 

84 

δ (ppm) 193.9, 159.1, 157.6, 155.6, 154.2, 143.7, 131.3, 130.0, 128.8, 127.3, 123.3, 118.8, 

117.7, 116.5, 100.8, 96.2, 94.4, 94.2, 71.9, 70.9, 69.5, 68.9, 58.9, 57.5, 56.2, 56.1, 25.8, 

23.2, 17.9.HRMS (MALDI-TOF) m/z Calcd forC31H42O10620.2670 Found 620.2655 [M + 

Na]+. 

3-(3,4-Bis(methoxymethoxy)phenyl)-1-(6-(2-(2-methoxyethoxy)ethoxy)-2,4 

bis(methoxymethoxy)-3-(3-methylbut-2-en-1-yl)phenyl)prop-2-en-1-one, 9. The 

procedure above was followed using a stirred solution of 6 (0.5 mmol, 128 mg) and 3,4-

bis(methoxymethoxy)benzaldehyde (0.5 mmol, 113 mg). The same purification procedure 

gave 121 mg of 9 (64%) as yellowish oil.1H NMR (400 MHz, CDCl3) δ 7.33 (d, J = 9.1 

Hz, 1H), 7.27 (d, J = 8.7 Hz, 2H), 7.15 (d, J = 2.6 Hz, 1H), 6.89 (d, J = 16.0 Hz, 1H), 6.60 

(s, 1H), 5.26 (s, 2H), 5.24 (s, 2H), 5.21 (s, 2H), 5.18-5.16 (m, 1H), 4.90 (s, 2H), 4.12-4.07 

(m, 2H), 3.88-3.93 (m, 2H), 3.76-3.70 (m, 2H), 3.57-3.54 (m, 2H), 3.52 (s, 3H), 3.50 (s, 

3H), 3.48 (s, 3H), 3.43 (s, 3H), 3.34 (d, J = 8.1 Hz, 2H), 3.28 (s, 3H), 1.75 (s, 3H), 1.67 (s, 

3H);13C NMR (100 MHz, CDCl3) δ 194.1, 157.7, 155.6, 154.2, 149.3, 147.5, 144.0, 131.4, 

129.5, 127.8, 123.7, 123.3, 118.7, 117.8, 116.3, 116.2, 100.9, 96.3, 95.6, 95.2, 94.5, 71.9, 

70.9, 69.5, 69.0, 59.0, 57.6, 56.4, 56.2, 25.8, 23.2, 18.0. HRMS (MALDI-TOF) m/z Calcd 

for C33H46O12 657.2882 Found 657.2776 [M+ Na]+. 

1-(6-(2-(2-Methoxyethoxy)ethoxy)-2,4-bis(methoxymethoxy)-3-(3-methylbut-2-en-1-

yl) phenyl)-3-(3,4,5-tris(methoxymethoxy)phenyl)prop-2-en-1-one, 10. The procedure 

above was followed using a stirred solution of 2 (0.5 mmol, 128 mg) and 3,4,5-

tris(methoxymethoxy)benzaldehyde (0.5 mmol, 143 mg). The same purification procedure 

gave 215 mg of 10 (52%) as yellowish oil. 1H NMR (400 MHz, CDCl3) δ 7.34 (d, J = 1.4 
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Hz, 1H), 7.30 (d, J = 16.0 Hz, 1H), 7.15 (d, J = 2.7 Hz, 1H), 6.89 (d, J = 16.0 Hz, 1H), 6.56 

(d, J = 28.3 Hz, 1H), 5.26 (s, 2H), 5.24 (s, 2H), 5.21 (s, 2H), 5.20 - 5.15 (m, 1H), 4.99 (s, 

2H), 4.90 (s, 2H), 4.13-4.05 (m, 2H), 3.84 - 3.73 (m, 2H), 3.74-3.68 (m, 2H), 3.60 - 3.54 

(m, 2H), 3.52 (s, 3H), 3.50 (s, 3H), 3.48 (s, 3H), 3.43 (s, 3H), 3.38 (s, 3H), 3.28 (s, 3H), 

1.75 (s, 3H), 1.67 (s, 3H);13C NMR (100 MHz, CDCl3) δ194.4, 159.2, 157.8, 156.4, 154.2, 

144.3, 132.3, 131.5, 130.3, 128.8, 127.3, 123.4, 118.5, 117.4, 116.6, 100.9, 95.1, 94.6, 94.3, 

71.7, 70.6, 69.3, 68.7, 57.7, 56.4, 56.3, 56.2, 25.9, 23.3, 18.1. HRMS (MALDI-TOF) m/z 

Calcd for C35H50O14 694.3209 Found 694.3203 [M + H]+. 

General procedure for the preparation of compound 11. To a stirred solution of 2 (0.5 

mmol) and substituted benzaldehyde (0.5 mmol) in 20 mL of methanol was added 1 mL of 

10% aqueous KOH solution, the solution mixture was refluxed for 4 h. After cooling to 

room temperature, the solution was extracted with ethyl acetate. The combined organic 

layer was dried over anhydrous Na2SO4, filtered and evaporated to dryness. The residue 

was chromatographed ona silica-gel column to give the desired product. 

1-(6-Hydroxy-2,4-bis(methoxymethoxy)-3-(3-methylbut-2-en-1-yl)phenyl)-3-(4-

(methoxymethoxy)phenyl)prop-2-en-1-one, 11. The procedure above was followed 

using a stirred solution of 2 (0.5 mmol, 128 mg) and 4-(methoxy methoxy)benzaldehyde 

(0.5 mmol, 83 mg). The same purification procedure gave 141 mg of 11 (60%) as yellowish 

oil. 1H NMR (400 MHz, CDCl3) δ (ppm) 12.89 (s, 1H), 7.82 (d, J = 15.6 Hz, 1H), 7.72 (d, 

J = 15.6 Hz, 1H), 7.60 (d, J = 8.7 Hz, 2H), 7.07 (d, J = 8.7 Hz, 2H), 6.50 (s, 1H), 5.22 (d, 

J = 2.9 Hz, 5H), 5.21-5.15 (m, 2H), 4.89 (s, 2H), 3.49 (s, 3H), 3.48 (s, 3H), 3.46 (s, 3H), 

3.37 (d, J = 6.7 Hz, 2H), 1.79 (s, 3H), 1.70 (s, 3H);13C NMR (100 MHz, CDCl3) δ (ppm) 
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193.2, 163.9, 161.7, 159.4, 157.1, 143.1, 131.7, 130.4, 129.1, 124.9, 123.3, 116.8, 116.7, 

111.2, 101.9, 98.9, 94.4, 94.1, 58.6, 56.5, 56.4, 25.9, 23.2, 18.1.HRMS (MALDI-TOF) m/z 

Calcd for C26H32O8449.2152 Found 449.2135 [M + H]+. 

Synthesis of Xn-3. To a stirred solution of 5 (0.170 g, 0.5 mmol) and 4-(methoxy 

methoxy)benzaldehyde (0.5 mmol, 83 mg) in 20 mL of methanol was added 1 mL of 10% 

aqueous KOH solution. The solution mixture was refluxed for 4 h. After cooling to room 

temperature, there action mixture was extracted with ethyl acetate thrice. The combined 

organic layer was dried over anhydrous Na2SO4, filtered and evaporated to dryness. The 

residue was chromatographed on a silica-gel column to give 179 mg of Xn-3 (74%) as 

yellowish oil. 1H NMR (400 MHz, CDCl3) δ(ppm) 7.49-7.47 (d, J = 8.8 Hz, 2H), 7.39-7.35 

(d, J = 16 Hz, 1H), 7.04-7.02 (d, J = 8.4 Hz, 2H), 6.92-6.88 (d, J=16 Hz, 1H), 6.58 (s, 1H), 

5.24 (s, 2H), 5.20 (m, 3H), 4.90 (s, 2H), 3.75 (s, 3H), 3.50 (s, 3H),3.47 (s, 3H), 3.42 (s, 

3H), 3.35-3.34 (d, J = 6.8 Hz, 2H), 1.76 (s, 3H), 1.67 (s, 3H); 13C NMR (100 MHz, CDCl3) 

δ194.1, 158.9, 157.5, 156.2, 154.0, 144.0, 131.2, 130.0, 128.6, 127.0, 123.1, 118.3, 117.1, 

116.4, 100.7, 94.8, 94.3, 94.1, 57.5, 56.1, 56.1, 56.0, 25.7, 23.0.HRMS m/z Calcd for 

C27H34O8 509.2151 Found 509.2139 [M + Na]+. 

Synthesis of Xn-5. To a stirred solution of 7 (0.5 mmol, 184 mg) and 3,4-bis(methoxy-

methoxy)benzaldehyde (0.5 mmol, 113 mg) in 20 mL of methanol was added 1 mL of 10% 

aqueous KOH solution. The reaction mixture was refluxed for 4 h. After cooling to room 

temperature, the solution was extracted with ethyl acetate. The combined organic layer was 

dried over anhydrous Na2SO4, filtered, and evaporated to dryness. The residue was 

chromatographed on a silica-gel column to give 178 mg of Xn-5 (62%) as yellowish oil. 
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1H NMR (400 MHz, CDCl3) δ 7.35 (d, J = 10.6 Hz, 1H), 7.28 (d, J = 11.5 Hz, 1H), 7.16 

(d, J = 1.5 Hz, 2H), 6.91 (d, J = 16.0 Hz, 1H), 6.77 (s, 1H), 5.27 (s, 2H), 5.24 (s, 2H), 5.23 

(s, 2H), 5.22-5.17 (m, 1H), 5.10 (s, 2H), 4.91 (s, 2H), 3.52 (s, 3H), 3.51 (s, 3H), 3.50 (s, 

3H), 3.44 (s, 3H), 3.39 (s, 3H), 3.36 (d, J = 6.0 Hz, 2H), 1.76 (s, 3H), 1.67 (s, 3H); 13C 

NMR (100 MHz, CDCl3) δ 194.1, 157.4, 153.8, 153.6, 149.2, 147.3, 144.4, 131.3, 129.3, 

127.6, 123.7, 123.0, 119.3, 118.6, 116.1, 116.0, 100.7, 98.2, 95.4, 95.1, 94.9, 94.3, 57.5, 

56.3, 56.3, 56.3, 56.2, 25.7, 23.1, 17.9. HRMS (MALDI-TOF) m/z Calcd 

forC30H40O11599.2462 Found 599.2488 [M + Na]+. 

Synthesis of 1-(6-Hydroxy-2,4-bis(methoxymethoxy)-3-(3-methylbut-2-en-1-yl)-

phenyl)-3-(2-(methoxymethoxy)phenyl)prop-2-en-1-one, Xn-9. The procedure above 

was followed using a stirred solution of 2 (0.5 mmol, 128 mg) and 2-(methoxy 

methoxy)benzaldehyde (0.5 mmol, 83 mg). The same purification procedure gave 165 mg 

of Xn-9 (70%) as yellowish oil.1H NMR (400 MHz, CDCl3) δ (ppm) 12.87 (s, 1H), 8.24 

(d, J = 15.9 Hz, 1H), 7.87 (d, J = 15.9 Hz, 1H), 7.70 (dd, J = 7.8, 1.5 Hz, 1H), 7.41 - 7.30 

(m, 1H), 7.18 (d, J = 8.3 Hz, 1H), 7.04 (t, J = 7.3 Hz, 1H), 6.51 (s, 1H), 5.29 (s, 2H), 5.23 

(s, 2H), 5.24-5.19 (m, 1H), 4.90 (s, 2H), 3.52 (s, 3H), 3.47 (s, 3H), 3.46 (s, 3H), 3.37 (d, J 

= 6.7 Hz, 2H), 1.79 (s, 3H), 1.70 (s, 3H);13C NMR (100 MHz, CDCl3) δ (ppm) 193.5, 163.9, 

161.7, 157.2, 156.6, 138.2, 131.9, 131.6, 128.5, 127.1, 124.9, 123.3, 122.1, 116.8, 114.9, 

111.2, 102.0, 98.9, 94.7, 94.1, 58.5, 56.5, 56.5, 25.9, 23.1, 18.1.HRMS (MALDI-TOF) m/z 

Calcd for C26H32O8449.2145 Found 449.2130 [M + H]+. 

General procedure for the preparation of Xn-2, Xn, Xn-1, Xn-4, Xn-6, Xn-7, and Xn-

8.  
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1-(4-Hydroxy-6-methoxy-2-(methoxymethoxy)-3-(3-methylbut-2-en-1-yl)phenyl) -3-

(4-hydroxy phenyl) prop-2-en-1-one, Xn-2. To a stirred solution of Xn-3 (0.3 mmol, 145 

mg) in MeOH (5.0 mL) was added 10% HCl solution (2.0 mL) at r.t. for 20 min. The 

reaction progress was monitored by TLC. After completion, the reaction mixture was 

quenched and extracted with EtOAc/water [2 × 40 mL (1:1)]. The combined organic layer 

was dried over anhydrous sodium sulfate, filtered and evaporated to dryness. The residue 

was chromatographed on a silica-gel column to give 25 mg (18%) of Xn-2 as a yellowish 

solid. 1H NMR (400 MHz, CDCl3) δ (ppm) 14.10 (s, 1H), 7.77 (s, 1H), 7.56-7.53 (d, J = 

8.7 Hz, 2H), 7.07- 7.05 (d, J = 8.6 Hz, 2H), 6.23 (s, 1H), 5.26 (s, 2H), 5.21 (s, 2H), 3.92 (s, 

3H), 3.49 (s, 3H), 3.49 (s, 3H), 3.33-3.31 (d, J = 7.0 Hz, 2H), 1.79 (s, 3H), 1.67 (s, 3H); 

13C NMR (100 MHz, CDCl3) δ (ppm) 193.1, 164.2, 160.9, 160.8, 158.8, 141.9, 131.3, 

129.9, 129.4, 126.0, 122.7, 116.4, 109.9, 107.1, 94.2, 93.9, 89.1, 56.2, 56.1, 55.8, 25.8, 

21.7, 17.8.HRMS m/z Calcd for C25H30O7 442.1992 Found 465.1892 [M + Na]+. 

Xanthohumol, Xn. To a stirred solution of Xn-3 (0.3 mmol, 145 mg) in MeOH (5.0 mL) 

was added 20% HCl solution (2.0 mL) at r.t. for 5h. The reaction progress was monitored 

by TLC. After completion, the reaction mixture was quenched and extracted with 

EtOAc/water [2 × 40 mL (1:1)]. The combined organic layer was dried over anhydrous 

sodium sulfate, filtered, and evaporated to dryness. The residue was chromatographed on 

a silica-gel column to give 54 mg (51%) of Xn as a yellowish solid. 1H NMR (400 MHz, 

CDCl3) δ (ppm)14.69 (s, 1H), 7.77 (d, J = 15.6 Hz,2H), 7.50 (d, J = 15.6 Hz, 2H), 6.85 (d, 

J = 8.4 Hz, 2H), 6.27 (s, 1H), 5.94 (s, 1H), 5.30 (s, 2H), 3.90 (s, 3H), 3.40 (d, J = 6.8 Hz, 

2H), 1.83 (s, 3H), 1.77 (s, 3H); 13C NMR (100 MHz, CDCl3) δ (ppm) 192.8, 165.1, 161.9, 
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161.2, 157.4, 142.1, 136.0, 130.3, 128.5, 125.4, 121.7, 115.9, 106.2, 106.1, 91.1, 60.5, 55.8, 

29.7, 25.8, 21.6, 17.9. HRMS (MALDI-TOF) m/z Calcd for C21H22O5377.1365 Found 

377.1354 [M + Na]+. 

1-(2,4-Dihydroxy-6-(2-(methoxymethoxy)ethoxy)-3-(3-methylbut-2-en-1yl)phenyl) -

3-(4-hydroxy phenyl)prop-2-en-1-one, Xn-1. To a stirred solution of 8 (0.3mmol, 172 

mg) in MeOH (5.0 mL) was added 20% HCl solution (2.0 mL) at r.t. for 5 h. The reaction 

progress was monitored by TLC. After completion, the reaction mixture was quenched and 

extracted with EtOAc/water [2 × 40 mL (1:1)]. The combined organic layer was dried over 

anhydrous sodium sulfate, filtered, and evaporated to dryness. The residue was 

chromatographed on a silica-gel column to give 55 mg (42%) of Xn-1 as a yellowish solid. 

1H NMR (400 MHz, CDCl3) δ (ppm) 14.72 (s, 1H), 7.94 (d, J = 15.6 Hz, 1H), 7.71 (d, J = 

15.6 Hz, 2H), 7.56 (m, 2H), 6.86 (d, J = 8.4 Hz, 2H), 5.92 (s, 1H), 4.23-4.17 (m, 2H), 3.92-

3.89 (m, 2H), 3.67-3.65 (m, 2H), 3.53-3.51(m, 2H), 3.34 (s, 3H), 1.82 (s, 3H), 1.77 (s, 3H); 

13C NMR (100 MHz, acetone-d6) δ 192.5, 165.6, 161.8, 160.1, 159.6, 142.4, 130.6, 130.0, 

127.3, 124.8, 123.1, 115.8, 108.0, 105.3, 91.2, 71.7, 70.0, 69.1, 67.8, 57.9, 25.0, 21.2, 17.0. 

HRMS (MALDI-TOF) m/z Calcd for C25H30O7465. 1883 Found 465.1857 [M + Na]+. 

1-(2,4-Dihydroxy-6-(2-(methoxymethoxy)ethoxy)-3-(3-methylbut-2-en-1-yl)- 

phenyl)-3-(3,4-dihydroxy phenyl) prop-2-en-1-one, Xn-4. To a stirred solution of 9 (0.3 

mmol, 190 mg) in MeOH (6.0 mL) was added 20% HCl solution (3.0 mL) at r.t. for 5 h. 

The reaction progress was monitored by TLC. After completion, the reaction mixture was 

quenched and extracted with EtOAc/water [2 × 40 mL (1:1)]. The combined organic layer 

was dried over anhydrous sodium sulfate, filtered, and evaporated to dryness. The residue 
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was chromatographed on a silica-gel column to give 49 mg (36%) of Xn-4 as a yellowish 

solid.1H NMR (400 MHz, CDCl3) δ 14.85 (s, 1H), 7.88 (d, J = 15.4 Hz, 1H), 7.62 (d, J = 

15.5 Hz, 1H), 7.44 (d, J = 1.9 Hz, 1H), 6.91-6.75 (m, 2H), 5.81 (s, 1H), 5.38-5.07 (m, 1H), 

4.18-4.06 (m, 2H), 3.89-3.81 (m, 2H), 3.77-3.72 (m, 2H), 3.72-3.68 (m, 2H), 3.45 (s, 3H), 

3.33 (d, J = 9.4 Hz, 2H), 1.75 (s, 3H), 1.70 (s, 3H).13C NMR (100 MHz, acetone-d6) δ 

192.8, 165.1, 161.8, 161.2, 157.4, 142.1, 136.0, 130.2, 128.4, 125.4, 121.7, 115.8, 106.1, 

106.1, 91.1, 71.9, 70.8, 69.5, 68.9, 57.5, 25.8, 21.6,17.9. HRMS (MALDI-TOF) m/z Calcd 

for C25H30O8458.1937 Found 458.1929 [M]+. 

1-(2,4-Dihydroxy-6-(2-(methoxymethoxy)ethoxy)-3-(3-methylbut-2-en-1-yl)-phenyl)-

3-(3,4,5-trihydroxy phenyl) prop-2-en-1-one, Xn-6. To a stirred solution of 10 (0.3 mmol, 

208 mg) in MeOH (5.0 mL) was added 20% HCl solution (3.0 mL) at r.t. for 5 h. The 

reaction progress was monitored by TLC. After completion, the reaction mixture was 

quenched and extracted with EtOAc/water [2 × 40 mL (1:1)]. The combined organic layer 

was dried over anhydrous sodium sulfate, filtered, and evaporated to dryness. The residue 

was chromatographed on a silica-gel column to give 44 mg (51%) of Xn-6 as a yellowish 

solid. 1H NMR (400 MHz, CDCl3) δ 14.89 (s, 1H), 7.95 (d, J = 15.4 Hz, 1H), 7.60 (d, J = 

15.5 Hz,1H), 6.89 (s, 2H), 5.87 (s, 1H), 5.47-4.99 (m, 1H), 4.25-4.04 (m, 2H), 3.98-3.82 

(m, 2H), 3.85-3.78 (m, 2H), 3.78-3.73 (m, 2H), 3.52 (s,3H), 3.40 (d, J = 3.8 Hz, 2H), 1.82 

(s, 3H), 1.77 (s, 3H); 13C NMR (100 MHz, acetone-d6) δ 192.5, 165.5, 160.1, 145.7, 143.2, 

135.8, 130.0, 126.9, 125.1, 123.1, 108.0, 108.0, 91.2, 71.9, 69.8, 69.0, 67.9, 57.9, 54.1, 

48.9, 25.0, 22.4, 21.2, 17.0. HRMS (MALDI-TOF) m/z Calcd for C35H30O9474.1900 

Found 474.1909 [M]+. 
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1-(2,4-Dihydroxy-6-(2-(methoxymethoxy)ethoxy)-3-(3-methylbut-2-en-1-yl) phenyl)-

3-(2-hydroxy phenyl) prop-2-en-1-one, Xn-7. To a stirred solution of 11 (0.3 mmol, 141 

mg) in MeOH (5.0 mL) was added 20% HCl solution (1.0 mL) at r.t. for 5 h. The reaction 

progress was monitored by TLC. After completion, the reaction mixture was quenched and 

extracted with EtOAc/water [2 × 40 mL (1:1)]. The combined organic layer was dried over 

anhydrous sodium sulfate, filtered and evaporated to dryness. The residue was 

chromatographed on a silica-gel column to give 43 mg (43%) of Xn-7 as a yellowish solid. 

1H NMR (400 MHz, MeOD) δ (ppm) 8.07 (d, J = 15.6 Hz, 1H), 7.67 (d, J = 15.6 Hz, 1H), 

7.48 (d, J = 8.6 Hz, 2H), 6.81 (d, J = 8.6 Hz, 2H), 5.93 (s, 1H), 5.45- 5.11 (m, 1H), 3.19 (d, 

J = 7.1 Hz, 2H), 1.75 (s, 3H), 1.65 (s, 3H); 13C NMR (100 MHz, acetone-d6) δ 193.8, 165.8, 

162.9, 160.3, 157.6, 138.0, 132.2, 130.7, 129.0, 128.1, 124.2, 123.6, 120.8, 117.1, 108.0, 

105.8, 95.3, 25.9, 22.1, 17.9. HRMS (MALDI-TOF) m/z Calcd for C20H20O5 363.1203 

Found 263.1206 [M + Na]+. 

1-(2,4-Dihydroxy-6-(2-(methoxymethoxy)ethoxy)-3-(3-methylbut-2-en-1-yl)-phenyl)-

3-(4-hydroxy phenyl) prop-2-en-1-one, Xn-8. To a stirred solution of Xn-9 (0.3 mmol, 

141 mg) in MeOH (5.0 mL) was added 20% HCl solution (1.0 mL) at r.t. for 5 h. The 

reaction progress was monitored by TLC. After completion, the reaction mixture was 

quenched and extracted with EtOAc/water [2 × 40 mL (1:1)]. The combined organic layer 

was dried over anhydrous sodium sulfate, filtered, and evaporated to dryness. The residue 

was chromatographed on a silica-gel column to give 52 mg (51%) of Xn-8 as a yellowish 

solid. 1H NMR (400 MHz, CDCl3) δ (ppm) 8.07 (d, J = 5.5 Hz, 1H), 7.54 (dd, J = 7.7, 1.5 

Hz, 1H), 7.23-7.06 (m, 2H), 6.94-6.74 (m, 2H), 5.94 (s, 1H), 5.46-5.07 (m, 1H), 3.34 (d, J 
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= 7.1 Hz, 2H), 1.79 (s, 3H), 1.73 (s, 3H); 13C NMR (100 MHz, acetone-d6) δ 193.4, 165.9, 

162.8, 160.5, 160.2, 143.0, 131.1, 130.7, 130.2, 128.2, 125.5, 124.3, 116.8, 115.99, 108.09, 

105.6, 95.2, 25.9, 22.0, 17.8. HRMS (MALDI-TOF) m/z Calcd for C20H20O5363.1203 

Found 263.1212 [M + Na]+. 

3-[3,4-Bis(methoxymethoxy)phenyl]-1-[2,4,6-tris(methoxymethoxy)phenyl]-2-

propen-1-one (C-1). The procedure above was followed using a stirred solution of 2 (0.5 

mmol, 128 mg) and 3,4-bis(methoxymethoxy)benzaldehyde (0.5 mmol, 113 mg). The 

same purification procedure gave 197 mg of C-1 as a yellow solid (85%). 1H NMR (400 

MHz, CDCl3) δ (ppm) 12.30 (s, 1H), 7.51 (s, 2H), 7.26 (dd, J = 8.2, 7.7 Hz, 2H), 7.13 - 

6.84 (m, 1H), 6.30 (d, J = 14.2 Hz, 2H), 5.26 (d, J = 14.3 Hz, 8H), 3.42 (s, 12H); 13C NMR 

(100 MHz, CDCl3) δ 192.74, 162.39, 161.42, 157.99, 149.13, 146.91, 142.95, 128.73, 

126.26, 123.97, 117.18, 116.50, 115.88, 115.55, 108.89, 96.71, 94.71, 94.55, 94.45, 93.84, 

62.54, 56.25, 55.98, 55.86. HRMS (MALDI-TOF) m/z Calcd for C23H28O10 487.1575 

Found 487.1583 [M + Na]+. 

2',3,4,4',6'-Pentahydroxychalcone (C-2). To a stirred solution of C-1 (0.3 mmol, 139 mg) 

in MeOH (5.0 mL) was added 20% HCl solution (2.0 mL) at room temperature. The 

reaction progress was monitored by TLC. After completion, the reaction mixture was 

extracted with EtOAc (2 × 40 mL). The organic layers were combined, dried over sodium 

sulfate, filtered, and evaporated to dryness. The residue was chromatographed on a silica 

gel column to give 48 mg of C-2 as a yellow solid (56%). 1H NMR (400 MHz, acetone-d6) 

δ (ppm) 8.06 (d, J = 15.5 Hz, 1H), 7.69 (d, J = 15.5 Hz, 1H), 7.19 (d, J = 2.0 Hz, 1H), 7.07 

(dd, J = 8.2, 2.0 Hz, 2H), 6.88 (d, J = 8.2 Hz, 1H), 5.95 (s, 2H).; 13C NMR (100 MHz, 
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acetone-d6) δ 193.23, 148.80, 146.35, 143.75, 128.83, 125.36, 123.02, 116.50, 115.39, 

105.70, 96.05. HRMS (MALDI-TOF) m/z Calcd for C15H12O6 289.0707 Found 

289.0695[M + H]+. 

1-[2-Hydroxy-4,6-bis(methoxymethoxy)phenyl]-3-[4-(methoxymethoxy)phenyl]-2-

propen-1-one (C-3). The procedure above was followed using a stirred solution of 2 (0.5 

mmol, 128 mg) and 4-(methoxymethoxy)benzaldehyde (0.5 mmol, 83 mg). The same 

purification procedure gave 178 mg of C-3 as a yellow solid (88%). 1H NMR (400 MHz, 

DMSO-d6) δ (ppm) 12.30 (s, 1H), 7.69 (d, J = 8.8 Hz, 2H), 7.53 (q, J = 15.8 Hz, 2H), 7.10 

(d, J = 8.8 Hz, 2H), 6.29 (dd, J = 14.7, 2.2 Hz, 2H), 5.24 (dd, J = 29.5, 16.2 Hz, 6H), 3.43-

3.33 (m, 12H). 13C NMR (100 MHz, DMSO-d6) δ 192.79, 162.54, 161.47, 158.72, 158.06, 

142.92, 130.23, 128.21, 127.83, 125.82, 116.50, 115.83, 108.86, 96.72, 94.62, 93.84, 93.68, 

56.24, 55.99, 55.74. HRMS (MALDI-TOF) m/z Calcd for C21H24O8 427.1363 Found 

427.1359 [M + Na]+. 

3-(4-Hydroxyphenyl)-1-(2,4,6-trihydroxyphenyl)-2-propen-1-one (C-4). The 

procedure above was followed using a stirred solution of C-3 (0.3 mmol, 121 mg) in MeOH 

(5.0 mL) was added 20% HCl solution (1.0 mL) at room temperature. The same 

purification procedure gave 41 mg of C-4 as a yellow solid (50%). 1H NMR (400 MHz, 

DMSO-d6) δ (ppm) 12.56 (s, 1H), 10.19 (t, J = 7.2 Hz, 2H), 7.98 (d, J = 15.6 Hz, 1H), 

7.79-7.39 (m, 2H), 6.85 (dd, J = 8.7, 2.7 Hz, 2H), 5.85 (s, 1H); 13C NMR (100 MHz, 

acetone-d6) δ 193.69, 170.99, 165.78, 165.58, 157.75, 138.34, 132.25, 129.09, 127.88, 

123.57, 120.81, 117.12, 105.80, 96.04. HRMS (MALDI-TOF) m/z Calcd for C15H12O5 

273.0750 Found 273.0768 [M + H]+. 
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1-(2-Hydroxy-4,6-bis(methoxymethoxy)phenyl)-3-(3,4,5-tris(methoxymethoxy)-

phenyl)prop-2-en-1-one (C-5). The procedure above was followed using a stirred solution 

of 2 (0.5 mmol, 128 mg) and 3,4,5-tris(methoxymethoxy)benzaldehyde (0.5 mmol, 143 

mg). The same purification procedure gave 165 mg of C-5 as a yellow solid (63%). 1H 

NMR (400 MHz, acetone-d6) δ (ppm) 13.88 (s, 1H), 7.96 (dd, J = 15.5, 5.8 Hz, 1H), 7.69 

(dd, J = 15.5, 3.1 Hz, 1H), 7.32 (d, J = 57.8 Hz, 2H), 6.36-6.24 (m, 2H), 5.42 (s, 2H), 5.31 

(s, 2H), 5.28-5.23 (m, 2H), 5.15 (s, 2H), 3.58 (s, 3H), 3.57 (s, 3H), 3.49 (d, J = 10.2 Hz, 

6H), 3.45 (s, 3H). 13C NMR (100 MHz, acetone-d6) δ 193.51, 168.23, 164.71, 161.13, 

152.40, 143.15, 139.77, 132.03, 127.78, 111.06, 99.11, 97.77, 96.01, 95.97, 95.57, 94.93, 

57.19, 57.17, 56.60, 56.47. HRMS (MALDI-TOF) m/z Calcd for C25H32O12 427.1363 

Found 427.1359[M + Na]+. 

1-(2,4,6-Trihydroxyphenyl)-3-(3,4,5-trihydroxyphenyl)prop-2-en-1-one (C-6). The 

procedure above was followed using a stirred solution of C-5 (0.3 mmol, 157 mg ) in 

MeOH (6.0 mL) was added 20% HCl solution (4.0 mL) at room temperature. The same 

purification procedure gave 33 mg of C-6 as a yellow solid (37%). 1H NMR (400 MHz, 

acetone-d6) δ (ppm) 8.06 (d, J = 15.4 Hz, 1H), 7.62 (d, J = 15.5 Hz, 1H), 6.68 (d, J = 79.8 

Hz, 2H), 5.96 (s, 2H); 13C NMR (100 MHz, DMSO-d6) δ 191.73, 164.43, 159.86, 142.35, 

130.38, 126.14, 123.83, 116.00, 104.25, 94.89. HRMS (MALDI-TOF) m/z Calcd for 

C15H12O7 327.0475 Found 327.0480 [M + Na]+. 

1-(2-Hydroxy-4,6-bis(methoxymethoxy)phenyl)-3-(2-(methoxymethoxy)phenyl)-

prop-2-en-1-one (C-7). The procedure above was followed using a stirred solution of 2 

(0.5 mmol, 128 mg) and 2-(methoxymethoxy)benzaldehyde (0.5 mmol, 83 mg). The same 
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purification procedure gave 157 mg of C-7 as a yellow solid (78%). 1H NMR (400 MHz, 

acetone-d6) δ (ppm) 13.88 (s, 1H), 8.19 (dd, J = 15.8, 2.8 Hz, 1H), 8.07 (dd, J = 15.8, 5.9 

Hz, 1H), 7.78 (dd, J = 7.8, 1.5 Hz, 1H), 7.45 - 7.35 (m, 1H), 7.24 (d, J = 8.4 Hz, 1H), 7.14- 

7.00 (m, 1H), 6.39 - 6.29 (m, 1H), 6.26 (t, J = 5.4 Hz, 1H), 5.42 (s, 2H), 5.36 (s, 2H), 5.27 

(s, J = 4.3 Hz, 2H), 3.53 (s, 3H), 3.49 (s, 3H), 3.47-3.41 (s, 3H). 13C NMR (100 MHz, 

acetone-d6) δ 194.01, 168.15, 164.62, 161.10, 157.33, 138.25, 138.15, 132.56, 128.99, 

128.55, 128.46, 125.71, 122.86, 116.01, 97.78, 97.71, 96.11, 95.73, 95.67, 95.53, 94.91, 

57.08, 56.60, 56.49. HRMS (MALDI-TOF) m/z Calcd for C21H24O8 427.1363 Found 

427.1359[M + Na]+. 

3-(2-Hydroxyphenyl)-1-(2,4,6-trihydroxyphenyl)prop-2-en-1-one (C-8). The 

procedure above was followed using a stirred solution of C-7(0.3 mmol, 121 mg) in MeOH 

(5.0 mL) was added 20% HCl solution (1.0 mL) at room temperature. The same 

purification procedure gave 42 mg of C-8 as a yellow solid (52%). 1H NMR (400 MHz, 

acetone-d6) δ (ppm) 12.10 (s, 1H), 9.31 (d, J = 89.1 Hz, 1H), 8.31 (t, J = 9.3 Hz, 1H), 8.21 

(d, J = 15.8 Hz, 1H), 7.64 (dd, J = 7.8, 1.5 Hz, 1H), 7.25 (ddd, J = 8.8, 7.3, 1.6 Hz, 1H), 

6.98 (dd, J = 8.2, 0.9 Hz, 1H), 6.90 (dd, J = 7.7, 7.3 Hz, 1H), 5.97 (s, 1H).; 13C NMR (100 

MHz, acetone-d6) δ 193.68, 170.98, 165.78, 165.57, 157.75, 138.33, 132.25, 129.08, 

127.87, 123.57, 120.81, 117.11, 105.80, 96.03. HRMS (MALDI-TOF) m/z Calcd for 

C15H12O5 273.0757 Found 273.0757 [M + H]+. 

3-(2,4-Bis(methoxymethoxy)phenyl)-1-(2-hydroxy-4,6-bis(methoxymethoxy)-

phenyl)prop-2-en-1-one (C-9). The procedure above was followed using a stirred solution 

of 2 (0.5 mmol, 128 mg) and 2,4-bis(methoxymethoxy)benzaldehyde (0.5 mmol, 113 mg). 
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The same purification procedure gave 162 mg of C-9 as a yellow solid (70%). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 14.00 (s, 1H), 8.17 (d, J = 15.7 Hz, 1H), 7.87 (d, J = 15.7 Hz, 

1H), 7.57 (d, J = 8.6 Hz, 1H), 6.80 (dd, J = 47.4, 4.9 Hz, 2H), 6.28 (d, J = 23.3 Hz, 2H), 

5.23 (dd, J = 30.8, 6.1 Hz, 8H), 3.50 (dd, J = 12.5, 4.9 Hz, 12H). 13C NMR (100 MHz, 

CDCl3) δ 193.33, 167.43, 163,35, 160.42, 160.02, 157.88, 137.90, 129.19, 125.70, 119.27, 

109.59, 107.86, 103.57, 97.70, 95.31, 94.46, 94.23, 77.55, 77.23, 76.91, 57.02, 56.67, 56.61, 

56.49. HRMS (MALDI-TOF) m/z Calcd for C23H28O10 487.1575 Found 487.1548 [M + 

Na]+. 

3-(2,4-Dihydroxyphenyl)-1-(2,4,6-trihydroxyphenyl)-2-propen-1-one (C-10). The 

procedure above was followed using a stirred solution of C-9 (0.3 mmol, 139 mg) in MeOH 

(6.0 mL) was added 20% HCl solution (2.0 mL) at room temperature. The same 

purification procedure gave 37 mg of C-10 as a yellow solid (43%). 1H NMR (400 MHz, 

acetone-d6) δ (ppm) 7.40 (d, J = 8.4 Hz, 1H), 6.71 (s, 1H), 6.58 (d, J = 8.3 Hz, 1H), 5.96 

(s, 1H), 5.73 (d, J = 13.2 Hz, 1H), 5.24 (d, J = 2.5 Hz, 2H); 13C NMR (100 MHz, acetone-

d6) δ 197.53, 167.80, 165.51, 164.67, 159.81, 139.01, 125.84, 129.11, 123.19, 119.58, 

116.80, 109.50, 102.90, 96.97. HRMS (MALDI-TOF) m/z Calcd for C15H12O6 289.0706 

Found 289.0695 [M + H]+. 

Aβ1-42 samples for TEM. The monomer Aβ1-42 was purchased from r-peptide (USA) and 

used without further purification. A stock solution was prepared by dissolving 1 mg of 

monomeric Aβ in 400 μL of 0.1% filtered NH4OH solution and stored at -20°C before use. 

In order to inhibit the growth of Aβ1-42, 50 μM Xn-ns and 50 μM Aβ1-42 monomer were 

incubated together at 37 °C for 72 hours. 5 μL of fibrils were coated on a carbon-coated 



  

 

97 

copper mesh (Electron Microscopy Science, USA) and dried at room temperature. The 

sample was then negatively stained with 0.2% uranyl acetate. TEM images of the dried 

samples were recorded by Tecnai G2 20 S-TWIN transmission electron microscope (FEI, 

USA) at an acceleration voltage of 200 kV. 

Oligomer preparation and SDS-PAGE. The characteristics of SDS-PAGE are related to 

Tricine protein gels. They can improve the resolution of proteins with molecular weights 

as low as 2 kDa and improve the compatibility of proteins with direct sequencing after 

being transferred to PVDF. And it can minimize protein modification due to the lower pH 

value for the tricine buffer system. The monomer Aβ1-42 was dissolved in 500 μL of 1 mM 

100% hexafluoroisopropanol and 500 μL of trifluoroacetic acid, and then removed under 

vacuum, and the peptide was stored at -20 °C. For oligomeric Aβ1-42 preparations, the Aβ1-

42 peptide was first resuspended in 5 mM dry DMSO. F-12 (no phenol red) medium was 

added to make the final peptide concentration 100 μM, and then incubated in the medium 

at 4°C for 24 h. On the other hand, the monomer Aβ1-42 and different concentrations of 

Xn and Xn derivatives (including Xn, Xn-1, Xn-3, Xn-8, and Xn-9) were taken as 1:1 and 

1: 6 Mix: Xn-n concentration ratio, and incubate in the medium at 4 ℃ for 24 h Then all 

samples were treated with photo-induced cross-linking (PICUP) of unmodified proteins, 

followed by SDS-PAGE and Coomassie brilliant blue staining to label the resulting 

peptides and oligomers. 

Cell viability assays. SH-SY5Y cells were seeded into the culture medium of 96-well 

plates at a density of 3 × 104 cells / well. For the cytotoxicity experiment of Xanthohumol 

and Chalcone derivatives, after stabling the cells for 24 hours, replace the medium with 
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0.2% serum DMEM / F12 containing Xn-ns and Cns at a final concentration ranging from 

1 nM to 200 μM and incubate for 24h. In a neuroprotection study, SH-SY5Ycells were 

incubated with 10 μM of different neurotoxic compounds (including Aβ1-42 monomers as 

controls) for 24 hours. The Xn and Chalcone derivatives together with Aβ1-42 monomer 

were seeded into the wells in a 1 to 1 ratio. The day after culture, replaced the medium with 

600 μM of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 

solution (Sigma-Aldrich) and then incubated at 37 ° C for 4 hours. Removed the MTT 

solution in each well with a pipette and added 75 μL of dimethyl sulfoxide (DMSO, Sigma-

Aldrich) to each well. After gently shaking for 15 minutes, the formazan crystals of each 

well were fully dissolved. Optical density (OD) was measured with a Universal Microplate 

Reader (Elx 800, Bio-TEK Instruments Inc., USA) at 540 nm at a reference wavelength of 

690 nm. All the data results of cytotoxicity were calculated as ((MTT control – MTT bg) 

– (MTT inhibitor – MTT bg)) / (MTT control – MTT bg) × 100%. Three independent 

experiments were analyzed, and the error bars exhibited the standard error of the mean of 

the three experiments. 

Measurement of ROS generation. SH-SY5Y cells were cultured in 96-well black plates 

(PerkinElmer), cells were incubated with the fluorescent dye DCFH-DA of 100 μM 

(Molecular Probes, life technologies, USA) and kept in dark at 37 °C humidified incubator 

under 5 % CO2 for 30 min. Cells were seeded into a 96-well black culture plate 

(PerkinElmer). The cells were incubated with 100 μM fluorescent dye DCFH-DA 

(Molecular Probes, life technologies, USA) and humidified at 37 °C with 5% CO2 

incubating in the dark for 30 minutes. Washed out all the DCFH-DA solution with 
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Phosphate buffer (PB, Gibco) and then treated the cells with Aβ1-42 monomer as a control, 

the final concentration is 10 μM, in HBSS as the control. At the same time, Xn-ns and 

chalcone derivatives were mixed with Aβ1-42 monomer in a 1:1 ratio, respectively. Incubate 

the cells for a further 24 hours. Measured the fluorescence intensity (I) at 530 nm of each 

well with a microplate reader (Tecan, Switzerland) under 485 nm excitation. The data was 

delivered as the average value of I Xn derivatives mixed with Aβ1-42 / IAβ1-42 and the error 

bars displayed the standard error of the average of the three tests. 

Laser confocal fluorescence imaging. The calcium II influx induced by Aβ1-42 monomer 

and αS oligomer was tracked with a confocal microscope with the labeled calcium indicator 

fluo-4 AM. Usually, Cells were cultured in a confocal culture dish at a density of 5000 

cells of each well. On the next day, 0.2% serum DMEM / F12 with a final concentration 

of Xn-ns or Cns in 10 μM was added respectably and the serum-free medium was used as 

a control and incubated in a humidified incubator for 30 minutes. Afterwards, the medium 

was changed to 3 μM fluo-4 AM, stored in the dark and incubated at 37 ° C. for 30 minutes. 

Washed off excess flu-4AM with FBS containing DMEM / F12 and incubated for 30 

minutes to stabilize. Before imaging, replaced the medium with HBSS. Indication of Ca 2+ 

flux induced by neurotoxic compounds on treated and control cells by fluo-4 AM, 

monitored by Leica confocal laser scanning microscope (TCS SP8) with 20X water-oil 

objective (HC PL APO20Χ / 0.75 immersion). The samples were excited at 488 nm while 

Leica Application Suite X (LAS X) collects the emitted light at 506 nm for 400 s at a speed 

of 1 frame / 3 s. 
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Chapter Three                                  

Amyloid-β Oligomer Targeted NIR Molecular Probes for In 

Vivo Imaging and Inhibition of Amyloid-β Aggregation  

3.1 Introduction 

AD is the most common type of dementia characterized by progressive cognitive decline 

and loss of ability to learn rationally and communicate. It is widely believed that the 

degeneration of brain tissue is caused by the aggregation of the misfolded proteins.1 Studies 

have shown that the formation of toxic Amyloid-β (Aβ) species is a key event leading to 

the pathogenesis of AD.2 These plaques appear early in patients with Alzheimer's disease. 

Therefore, people with Aβ accumulation have a high risk of developing the disease, 

especially the presence of soluble Aβ aggregates that can cause oxidative stress, cellular 

inflammation and then neurodegeneration.3 Thus, Aβ peptide / species are one of the 

widely studied biomarkers and drug targets of AD. It is worth mentioning that the timing 

of intervention is a key factor for the success of new AD drugs. Early intervention, 

especially before the onset of any disease symptoms, may provide a higher chance to treat 

the disease. Hence, development of sensitive probes to detect the presence and monitor the 

progression of these deposits is important for early diagnosis, so that the early intervention 

and delaying measures can be effectively carried out. 

Molecular therapeutics has become a promising treatment strategy, especially when used 

in conjunction with diagnosis to monitor treatment response and improve drug efficacy and 
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safety. With such a treatment ability, it can offer important pharmacokinetic information of 

the target drug throughout the medical treatment period, thereby providing many unique 

advantages.4 Therefore, Aβ-specific imaging probes with the ability to inhibit the formation 

of Aβ aggregates can be used to monitor the progression of disease, understand the 

mechanisms of complex disease and assess the efficacy of potential AD drugs.5-6 In recent 

years, diverse types of probes have been developed to adapt to various neuroimaging 

techniques for the diagnosis of AD, including radiation-based positron emission 

tomography (PET),7-8 single-photon emission computed tomography (SPECT),9-11 

magnetic resonance imaging (MRI) 12-14 and optical imaging.15-16 But, these imaging 

techniques have some shortcomings including insufficient sensitivity, high cost, use of 

radioactive compounds and low spatial resolution, which to some extent hinder their 

practical application. In contrast, fluorescence imaging can make up for their deficiencies, 

such as extremely high sensitivity, fast data acquisition and high resolution, making it an 

attractive and versatile tool for early detection of AD.17 Among fluorescent probes, the 

development of dyes with near-infrared (NIR) emission at around 650-900 nm has attracted 

considerable attention due to the unique and ideal properties of NIR dyes, including high 

tissue permeability, low photo-damage and minimal auto-fluorescence interference in 

complex biological samples. Therefore, NIR imaging has become a useful tool for 

evaluating the treatment efficacy of AD drugs in animal models.18-21 Recently, researchers 

have developed numerous fluorescent probes for in vivo imaging of Aβ plaques.22 Despite 

this, most fluorescent probes still cannot fully meet the strict requirements for real-time Aβ 

plaques imaging in brain, such as larger Stokes shifts, NIR emission (> 650 nm) after 

binding to Aβ, good BBB permeability, low toxicity and high strong binding affinity for 
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Aβ species.23 In addition, only a few of these probes are reported to have therapeutic 

properties that would be beneficial to AD. 

Over the years, we have reported several smart and BBB penetrable carbazole-based 

cyanines showing unique and excellent functional properties, such as enhanced 

fluorescence after binding with Aβ plagues, high selectivity for Aβ species, low toxicity 

and effective suppression of self-aggregation of Aβ monomers as fluorescence probes for 

imaging Aβ species in vivo.24-25 However, this series of probes usually experiences a 

hypsochromic shift in emission after binding to Aβ species resulting in non-near-infrared 

emission with max < 650 nm. To solve this issue, we have designed and synthesized three 

novel turn-on fluorophores based on the 2-naphthylamine structural framework, namely 

DBAN-SLM, DBAN-OSLM and DBAN-SLOH (Figure 3-1) for in vivo imaging of Aβ 

species in NIR regime. In addition to showing NIR emission after binding with Aβ species, 

DBAN-SLM exhibited the most ideal functional and biological characteristics required for 

real-time Aβ oligomers imaging in AD mouse models, including Aβ oligomer selectivity, 

strong fluorescence enhancement, low cytotoxicity, high stability and good lipophilicity 

for BBB penetrability. It is worth mentioning that it also shows effective inhibition of Aβ 

aggregation, neuroprotection against Aβ-induced toxicity, and inhibitory effect on ROS 

production, suggesting that it is a promising theranostic probe for AD. 
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Figure 3 - 1. Molecular Structure of DBA-SLM, DBAN-SLOH and DBAN-OSLM. 

3.2 Synthesis 

The three newly near-infrared dyes are designed based on a strong donor--acceptor motif 

for near-infrared emission, which is constructed by dibutyl-2-naphthylamine donating 

moiety -conjugated with the quinolinium acceptor via a double bond. Studies have shown 

that the alkyl substituent(s) can improve the lipophilicity of the resulting cyanine dyes 

facilitating the blood-brain barrier permeability and biocompatibility. Thus, we chose to 

incorporate dibutyl group into the amino functionality. Scheme 3-1 outlines the 

comprehensive route for preparing DBAN-SLOH, DBAN-SLM and DBAN-OSLM. 

Alkylation of lepidine or 1-methylisoquinoline with the corresponding alkyl halide gave 

quinolinium intermediates 1, 2 and 3, in moderate yields. Dibutylation of 6-bromo-2-

naphthylamine was carried out by lithium bromide exchange at low temperature, and then 

followed by formylation with N-formylmorpholine, affording the key intermediate 

aldehyde 5. Knoevenagel condensation of aldehyde 5 and the corresponding quinolinium 

compound 1, 2 or 3 in the presence of piperidine yielded the desired fluorophores, DBAN-

SLOH, DBAN-SLM, and DBAN-OSLM in 57%, 65% and 63%, respectively. The three 

novel NIR dyes were fully characterized by 1H NMR, 13C NMR, and HRMS and the 
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corresponding spectroscopic data were obtained in good agreement with the respective 

structures. 

 

 

Reagents and conditions: a) NaOC2H5, CH3I, MeOH, reflux; b) MeCN, Br(CH2)2OH, 

sealed tube, reflux; c) CH3I, MeOH, sealed tube; d) BrCH2CH2CH2CH3, K2CO3, DMF, 

75 °C; e) (i) n-BuLi, THF (ii) N-formylmorpholine, -78 °C to r.t; f) 1, piperidine, EtOH, 

reflux; g) 2, piperidine, EtOH, reflux; h) 3, piperidine, EtOH, reflux. 

Scheme 3 - 1. The synthetic route of DBAN-SLM, DBAN-SLOH and DBAN-OSLM. 
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3.3 Results and Discussion 

3.3.1 Photophysical Properties 

The novel NIR fluorophores, DBAN-SLM, DBAN-SLOH and DBAN-OSLM were 

characterized by UV-visible absorption, fluorescence emission and fluorescence quantum 

yield (ΦPL). Figure 3-2 shows the absorption and emission spectra of DBAN-SLM, 

DBAN-SLOH and DBAN-OSLM at pH 7.4 in 20 mM phosphate buffer (PB) solution. 

The absorption maximum (λabs
max), emission maximum (λem

max) in different solvents and 

quantum yield (ΦPL) in PB were summarized in Table 3-1 and Table 3-2. 

Table 3 - 1. The optical properties of the NIR dyes and Log P values. 

Cpmd λabs
max

a (nm) λem
max

b (nm) Φc(%) LogPd 

DBAN-SLM 486 615 0.02 3.44 

DBAN-SLOH 504 611 - 4.10 

DBAN-OSLM 521 604 0.01 3.46 

a Linear absorption maximum peak in PB (20 mM, pH 7.4). b Fluorescence maximum peak 

excited at the absorption maxima. c Fluorescence quantum yield using Rhodamine 6G (Φ488 

= 0.95) as the standard, ± 10%. d Log P values were calculated by using the online ALOGPS 

2.1 program. 
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Table 3 - 2. Absorption and emission maxima in nm of DBAN-SLM, DBAN-SLOH and 

DBAN-OSLM in different type of solvents. 

Cmpd 

 

PB DCM CHCl3 EtOH Acetone ACN MeOH DMSO 

DBAN-SLM 

λa
abs 486 621 613 564 557 547 556 553 

λb
em 615 754 719 742 810 816 770 812 

DBAN-

SLOH 

λa
abs 504 595 591 563 553 550 558 553 

λb
em 611 705 705 726 795 806 774 801 

DBAN-

OSLM 

λa
abs 521 602 603 554 539 539 548 540 

λb
em 604 752 697 745 725 796 777 808 

a Linear absorption maximum peak in PB (20 mM, pH 7.4) and different solvents. b 

Fluorescence maximum peak excited at the absorption maxima. 
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Figure 3 - 2. Absorption (dotted line) and fluorescence spectra (solid line) of DBAN-

SLOH (black line), DBAN-SLM (red line) and DBAN-OSLM (blue line) in PB (20 mM, 

pH 7.4). 

As shown in Figure 3-2 and Table 3-1 to Table 3-2, the strong donor-acceptor 

naphthylamine-based cyanine fluorophores, DBAN-SLOH, DBAN-SLM, and DBAN-

OSLM showed strong solvatochromic emission with emission maximum (λem
max) 

spanning from 615−816 nm upon excitation at their absorption maximum (λabs
max). 

Absorption and emission maxima of DBAN-SLM, DBAN-SLOH and DBAN-OSLM in 

different solvents indicated that their first excited state was highly stabilized by highly 

polar solvents.  

3.3.2 Fluorescence Properties with Aβ species 

Despite showing a large Stokes shift, the λem
max of DBAN-SLM, DBAN-SLOH, and 

DBAN-OSLM located around 604-615 nm in 0.2 M phosphate buffer solution with a very 
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low fluorescence quantum of 0.01-0.02 Yield (ΦPL). Interestingly, in stark contrast to 

hypsochromic shift observed in carbazole-based and phenylamine-based cyanine probes, 

these naphthylamine-based cyanine probes display an obvious bathochromic shift of an 

emission spectrum with λem
max ranging from 650 -685 nm upon binding with various Aβ 

species such as monomers, oligomers, and fibrils falling within the range of the NIR 

window. Furthermore, when interacting with different Aβ1-40 and Aβ1-42 species, it showed 

strong fluorescence enhancement. As shown in Figure 3-3, Figure 3-4 and Figure 3-5, 

this fluorescence enhancement effect is much stronger for Aβ oligomers or monomers than 

Aβ fibrils, indicating that these newly designed NIR fluorophores showed Aβ oligomers or 

monomers selectivity. 

 

Figure 3 - 3. Fluorescence spectra of DBAN-SLM (10 μM) in the presence of 150 μM 

Aβ1-40 and Aβ1-42 species (monomers, oligomers and fibrils), respectively. 
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Figure 3 - 4. Fluorescence spectra of DBAN-SLOH (10 μM) in the presence of 150 μM 

Aβ1-40 and Aβ1-42 species (monomers, oligomers and fibrils), respectively. 
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Figure 3 - 5. Fluorescence spectra of DBAN-OSLM (10 μM) in the presence of 150 μM 

Aβ1-40 and Aβ1-42 species (monomers, oligomers and fibrils), respectively. 

3.3.3 Binding studies of NIR fluorophores with Aβ species 

To investigate the binding affinity of these probes with various Aβ species, the fluorescence 

titrations were carried out and the dissociation constants (Kd) were estimated by using 

saturation assays. (Figure. 3-6 to Figure. 3-11) The results are summarized in Table 3-2. 

It is worth noting that the binding interactions of DBAN-SLM and DBAN-OSLM towards 

various Aβ species are much stronger than that of DBAN-SLOH. Generally, these NIR 
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fluorophores exhibited different extent of fluorescence enhancement when they interacted 

with various Aβ species. In agreement with the fluorescence enhancement findings, this 

class of NIR dyes exhibits significantly stronger binding affinities with the Aβ oligomers 

and monomers than Aβ fibrils ascertaining the targeting selectivity toward Aβ oligomers 

and monomers over fibrils.  

Table 3-2. The emission maximum and binding constants of the NIR dyes upon binding 

with Aβ species. 

Cpmd  λem
max (nm) with Aβ1-40 

e, f, g Kd (Aβ1-40) 
h,i,j (µM)  Kd(Aβ1-42) 

k, l. m (µM) 

DBAN-SLM 666e/680f/669g 71.1h/20.1i/39.3 j 280.8k/127.6l/246.3m 

DBAN-SLOH 667e/680f/669g 245925h/41.7 i/33.3j 1086k/489.8 l/847.5m 

DBAN-OSLM 650e/685f/662g 81.0h/36.4i/1109j  25.30k/20.8 l/97.9m 

e,f,gEmission maximum excited at the absorption maxima in PB upon binding with Aβ1-40 

monomer, oligomers, and fibrils, respectively.  h,i,jKd value of NIR dyes to Aβ1-40 monomer, 

oligomers, and fibrils, respectively.  k,l,mKd value of NIR dyes to Aβ1-42 monomer, 

oligomers, and fibrils, respectively. 
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Figure 3 - 6. The fluorescence titration spectra of DBAN-SLM with various concentrations 

of Aβ1-40 monomer, oligomer and fibril, as well as Aβ1-42 monomer, oligomer and fibril. 
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Figure 3 - 7. Saturation binding curves of DBAN-SLM to Aβ1-40 and Aβ1-42 species. 
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Figure 3 - 8. The fluorescence titration spectra of DBAN-OSLM with various 

concentrations of Aβ1-40 monomer, oligomer and fibril, as well as Aβ1-42 monomer, 

oligomer and fibril. 
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Figure 3 - 9. Saturation binding curves of DBAN-OSLM to Aβ1-40 and Aβ1-42 species. 
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Figure 3 - 10. The fluorescence titration spectra of DBAN-SLOH with various 

concentrations of Aβ1-40 monomer, oligomer and fibril, as well as Aβ1-42 monomer, 

oligomer and fibril. 
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Figure 3 - 11. Saturation binding curves of DBAN-SLOH to Aβ1-40 and Aβ1-42 species. 

3.3.4 Structure-affinity relationship analysis 

The most prominent forms of Aβ are Aβ1-40 and Aβ1-42, which differ by two amino acids (I 

and A) at the C-terminus. The sequences of Aβ1-40 and Aβ1-42 are 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV and 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA, respectively. To 

understand the binding motif and the specific binding interactions of DBAN-SLM with 

Aβ1-42 monomer, Aβ1-40 oligomers and Aβ1-42 fibril, we performed molecular dynamics 

simulations for the complexes of DBAN-SLM with Aβ1-42 monomer, Aβ1-40 oligomers and 

Aβ1-42 fibril, respectively. The optimized molecular structure of DBAN-SLM was first 

determined by ab initio calculations at the B3LYP/6-31G* level (Figure 3-12 A and D) 
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before carrying out molecular docking and simulation calculations. The S-shaped 

conformed Aβ1-42 monomer structure model (PDB ID: 5KK3) in the RCSB database was 

adopted in the monomer binding interaction study. In the complex structure of DBAN-

SLM and Aβ1-42 monomer (Figure 3-12 C), the quinolinium ring is in close contact with 

the Leu17 residue of Aβ1-42 monomer and the naphthyl ring also forms arene-H interactions 

with the phenylalanine residue (Phe 20) which give rise to  the binding adhesion between 

them. On the other hand, a widely adopted Aβ1-40 trimer model structure (PDB ID: 4NTR)26 

in the RCSB database was employed for the selective binding study to the Aβ oligomer. In 

such a model, the unique oligomer specific binding site/pocket is characterized by the 

hydrophobic F19/V36 residues of Aβ1-40 oligomers (Figure 3-12 E) and this site is only 

exposed to solvents in Aβ1-40 oligomers, but not to fibril.27-28 Therefore, it is generally used 

to identify specific oligomeric interactions. As shown in the optimized complex structure 

(Figure 3-12 F), DBAN-SLM molecule conforms a slightly twisted geometry with the 

quinolinium ring freely entrapping in the hydrophobic pocket, giving rise to a stable 

assembly. For the fibril binding study, the Aβ1-42 fibril structure model with PDB ID: 5KK3 

in the RCSB database was used.29 As seen in the optimized complex structure (Figure 3-

12 G and H), DBAN-SLM molecule does not entrap in the hydrophobic environment of 

the fibril but simplify binds on the side of S-shaped conformed monomer unit of the Aβ1-

42 fibril, similar to that of monomer and DBAN-SLM binding. Such binding motif is good 

agreement with the observed red-shift of the emission spectrum of DBAN-SLM upon fibril 

binding. In brief, the Aβ oligomer selectivity of DBAN-SLM could be attributed to the 

entrapment capability of the hydrophobic pocket in the oligomeric structure and relatively 

weak and non-specific binding mode of the Aβ fibril toward DBAN-SLM. 
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Figure 3 - 12. DBAN-SLM complex with Aβ1-42 monomer, Aβ1-40 oligomers, and Aβ1-42 

fibrils. Optimized DBAN-SLM structure at the B3LYP/6-31G* level (A, D). Aβ1-42 

monomer model (B) and Aβ1-40 trimer from X-ray (E). F19 and V36 residues display in 

yellow and green in the trimer model, respectively. Simulated complex structure of DBAN-

SLM with Aβ1-42 monomer (C), Aβ1-40 trimer model (F) and Aβ1-42 fibril (G, H). 
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3.3.5 Selectivity and stability of NIR fluorophore  

Furthermore, DBAN-SLM was found to be highly selective and specific toward Aβ1-42 

oligomers over other bioactive small molecules and metal ions. When various interference 

reagents were added into the DBAN-SLM solution, there were no significant changes in 

fluorescence intensity ratio of the DBAN-SLM observed except weakly increase in BSA 

(Figure 3-13).  

 

Figure 3 - 13. Fluorescence intensity ratio (F/F0) of DBAN-SLM in PB in the presence of 

various metal ions (Ca2+, Ag+, Zn2+, K+, Mn2+, Mg2+, Gd2+, Cu2+/50×10−6 M) and bioactive 

molecules (Cys, GSH, BSA, Aβ42 oligomers/50×10−6 M) respectively. λex = 496 nm. 

It also showed excellent photostability as there were no significant changes in the 

fluorescence responses over a period of 2 h in the absence and presence of Aβ1-42 observed 

(Figure 3-14). 
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Figure 3 - 14. Photostability study of DBAN-SLM in the absence and presence of Aβ1-42 

monomers in PB. 

3.3.6 Cytotoxicity Analysis 

The cytotoxicity of these dyes was then determined by MTT assay on SH-SY5Y cells. As 

shown in Figure 3-15, they are non-toxic with lethal concentration 50 (LC50) in the range 

of 186 - >200 μM. It is worth noting that the LC50 value of these naphthylamine-based 

cyanines are much less toxic than those of phenylamine-based cyanines30 suggesting they 

are highly biocompatible and more desirable for bio-applications.  
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Figure 3 - 15. Cell viability values (%) estimated by MTT proliferation. Human 

neuroblastoma SH-SY5Y neuronal cells were treated with different concentrations of 

DBAN-SLM, DBAN-OSLM and DBAN-SLOH at 37 oC for 24 h. 

3.3.7 Studies on the Neuroprotective Effect of NIR dyes against Aβ1-42 

Besides the low cytotoxicity, the three naphthylamine-based cyanines showed a good 

neuroprotection effect against Aβ1-42 species-induced toxicity. The SH-SY5Y cell viability 

was highly reduced after being incubated with Aβ1-42 species for 24 h. However, the Aβ1-42 

species induced toxic effect was greatly reduced by co-incubating with these new cyanine 

dyes, DBAN-SLM, DBAN-SLOH and DBAN-OSLM (Figure 3-16).  
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Figure 3 - 16. Neuroprotective effect of the DBAN series compounds towards Aβ1-42 

species. 

3.3.8 Studies of NIR dyes for ROS Suppression 

It is well-documented that the Aβ aggregates/species involve reactive oxygen species (ROS) 

formation in Aβ-induced neurotoxicity. We have found that there were a dramatic 

reduction of 50-60 % of ROS generation induced by Aβ1-42 species when the SH-SY5Y 

cells were co-treated with the naphthylamine-based cyanines (Figure 3-16). Such excellent 

neuroprotection effect against Aβ1-42 species induced toxicity and ROS formation 

highlights the promising potential of these cyanines for therapeutics of AD. 
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Figure 3 - 17. Plots of the relative ROS level against Aβ1-42 monomer, oligomers and fibril-

induced cytotoxicity toward SH-SY5Y neuronal cells by DBAN-SLM, DBAN-SLOH, 

and DBAN-OSLM. 

3.3.9 Studies on the Inhibition of Aβ1-42 Aggregation 

The ThT fluorescence assay was carried out to evaluate the therapeutic potential of these 

naphthylamine-based cyanines as an Aβ aggregation inhibitor to suppress the formation of 

neurotoxic and pathogenic Aβ oligomers. The seed-mediated growth of more toxic isoform 

of Aβ, Aβ1-42 (100 µM) in the presence of the cyanine dye (100 µM) was monitored by the 

fluorescence of ThT label over time. As shown in Figure 3-17, all the naphthylamine-

based cyanines can effectively suppress the aggregation and fibrillation of the Aβ1-42 
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indicating that they are excellent Aβ aggregation inhibitor and signifying their therapuetic 

potential for AD. 

 

Figure 3 - 18. Inhibition of aggregation by DBAN-OSLM, DBAN-SLM and DBAN-

SLOH as demonstrated by ThT fluorescence assay. The plots of the fluorescence intensity 

of ThT recorded at 490 nm after incubation of Aβ1-42 monomer for different time points. 

3.3.10 Studies of NIR dyes for Blood-Brain Barrier (BBB) Permeability 

The blood-brain barrier (BBB) penetrability and Aβ targeting ability of these new 

fluorophores are essential for applications of in vivo Aβ imaging in animal model. The 

index of lipophilicity (log P) of these cyanines were calculated to be 3.44 - 4.10 (Table 3-

1) by using online ALOGPS 2.1 program. It has been shown that molecules with the log P 

value of 2.0 - 3.5 have a high tendency to be BBB-penetrable. Therefore, DBAN-SLM and 

DBAN-OSLM are more likely to pass BBB. Among the series, DBAN-SLM having the 

most desirable functional and biological properties for in vivo applications was selected for 
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BBB permeability investigation. Tail vein injection with DBAN-SLM was conducted in 

the 12-month-old 5XFAD-Tg mice overexpressing Aβ and age-matched WT mice at a 

dosage of 10.0 mg kg-1 in PEG-600. The fluorescence signals of the DBAN-SLM in the 

brains of the Tg and WT mice were recorded at different time points. It is clearly shown in 

Figure 3-19 that significantly higher and longer retention of the fluorescence signal was 

observed in the brain of 5XFAD-Tg mouse as compared to those of the WT mice at each 

time point. This could be due to the malfunctioning of BBB of the 5XFAD-Tg mouse as 

well as the strong fluorescence enhancement and high binding affinity of DBAN-SLM 

toward Aβ species that deposited in the brain of the 5XFAD-TG mouse. These results 

suggest that DBAN-SLM can penetrate BBB and targeting to Aβ in the 5XFAD Tg mice 

in vivo.  

 

Figure 3 - 19. In vivo imaging study of DBAN-SLM in mouse model. (A) Fluorescence 

images of the 12 months old Tg and WT mouse at selected time points before or after 

intravenous injection of DBAN-SLM (10 mg/kg) and λex = 500 nm, λem = 600−760 nm. 

(B) The relative fluorescence signal [F(t)/F(pre)] in the brain regions of Tg and WT mice 

after injection. 
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3.3.11 Studies on the Ex vivo staining of Aβ species in Tg brain slices. 

To further validate the targeting capability of DBAN-SLM to various Aβ species in the 

brain of AD mouse, colocalization studies on 12-month-old 5XFAD Tg mouse brain slices 

were performed. The Tg mouse was firstly tail-vein injected with DBAN-SLM for 30 min 

and the brain slices of the sacrificed mouse were ex vivo co-stained with the Aβ plaques 

specific staining dye, Thioflavin-S (ThS). As seen in Fig. 6, the red fluorescence clusters 

colocalized well with the green fluorescence of ThS in the brain slice, confirming the Aβ 

plaques targeting property of DBAN-SLM. To further verify DBAN-SLM can selectively 

recognize other forms of Aβ species in the brain, we also co-stained the brain slices using 

various Aβ antibodies including an Aβ oligomer-specific antibody (A11), and Aβ monomer 

antibodies (6E10 or 4G8). As shown in Figure 3-20, the DBAN-SLM staining overlapped 

well not only with the A11 antibody staining but also 6E10 and 4G8 antibodies, which 

detect all Aβ species and APP, indicating the versatility of DBAN-SLM for various Aβ 

species targeting. Furthermore, the lambda scanning measurement of DBAN-SLM upon 

staining onto Aβ plaques on the brain slice confirmed the emission indeed fell in the NIR 

window with emission peaked at 680 nm. (Figure 3-21) 
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Figure 3 - 20. Ex vivo images of DBAN-SLM in brain slices of Tg mouse (5XFAD 

transgenic mice) co-localized with ThS and a primary antibody (A11, 6E10, 4G8) and then 

a secondary antibody conjugated with Alexa 488. 
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Figure 3 - 21. (a) Confocal fluorescence image of TG mouse brain slice after intravenous 

injection of DBAN-SLM (10 mg/kg) was dissected. (b) The spectral measurement of the 

fluorescence region observed in the brain slice by confocal lambda scan. 

3.4 Conclusion 

In summary, a novel series of naphthylamine-based cyanines namely, DBAN-SLM, 

DBAN-OSLM and DBAN-SLOH as a NIR fluorescence turn-on probe for real-time 

imaging of Aβ in AD mouse model were designed and synthesized. Despite of the non-

NIR weak emission in aqueous medium, these cyanines showed strong solvatochromatic 

effect ( = 170 nm) and bathochromic shift upon binding with various Aβ species leading 

to a NIR emission. Interestingly, these fluorophores exhibited higher binding affinity and 

stronger fluorescence enhancement upon binding toward Aβ oligomers and monomers than 

Aβ fibrils, giving rise to the oligomeric Aβ selectivity. All these dyes were shown to be 

lowly cytotoxic. They exhibited not only an effective inhibition against Aβ self-

aggregation but also significant neuroprotection effect against the Aβ-induced toxicities 

and suppression on Aβ-induced ROS formation, underlying their promising potential for 

therapeutic treatment of AD. Among the series, DBAN-SLM possessing favourable 
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lipophilicity (Log P = 3.4) for BBB penetration was successfully used for in vivo and ex 

vivo imaging of Aβ species in AD mouse model. The colocalization experiment with Aβ 

oligomer-specific antibody, A11, further supported its selectivity toward oligomeric Aβ. 

Our results indicated that DBAN-SLM is a versatile theranostic agent for both NIR 

imaging of Aβ oligomers in vivo and therapeutic treatment of AD. In addition, our 

molecular design approach offers insights into the development of an effective NIR 

imaging probe to target Aβ oligomers for the early diagnose and treatment of AD. 

3.5 Experimental 

General procedures. All the solvents were dried by the standard methods wherever 

needed. 1H NMR spectra were recorded using a Bruker-400 NMR spectrometer and 

referenced to the residue CHCl3 7.26 ppm or DMSO-d6 2.5 ppm. 13C NMR spectra were 

recorded using a Bruker-400 NMR spectrometer and referenced to the CDCl3 77 ppm or 

DMSO-d6 39.5 ppm. Mass Spectroscopy (MS) measurements were carried out by using 

fast atom bombardment on the API ASTER Pulser I Hybrid Mass Spectrometer or matrix-

assisted laser desorption ionization-time-of-flight (MALDI-TOF) technique. The silica gel 

used for column chromatography is 230-400 mesh type (with particle size of 38-63 μm) 

and for TLC is TLC Silica gel 60 F254 (25 Aluminum sheets 20*20 cm). The quencher is 

generally used with saturated brine (greater than 36 g NaCl added per 100 mL of H2O). 

Compound 1 and 3 were synthesized according to previously reported procedures. 

1-(2-Hydroxyethyl)-4-methylquinolinium bromide (2). A solution mixture of lepidine 

(1.6 g, 10.2 mmol) and 2-bromoethanol (4.5 g, 56 mmol) in acetonitrile (30 mL) was heated 
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to reflux overnight. After cooling to room temperature, the solvent was removed. 

Recrystallization from methanol and ethyl acetate gave the desired product 2 (1.96 g) in 

78% yield.1H NMR (400 MHz, DMSO-d6) δ 9.24 (d, J = 6 Hz, 1H), 8.61 (d, J = 7.2 Hz, 

1H), 8.55 (d, J = 7.2 Hz, 1H), 8.25 (m, 1H), 8.06 (m, 2H), 5.15 (m, 1H), 5.08 (t, J = 4.8 

Hz, 2H), 3.91 (t, J = 4.8 Hz, 2H), 3.01 (s, 3H). 13C NMR (400 MHz, DMSO-d6) δ 159.0, 

150.1, 137.5, 136.1, 129.8, 129.6, 127.9, 122.6, 120.0, 60.0, 60.1, 20.3. HRMS (MALDI-

TOF) m/z Calcd for C12H14NO+ 188.1132 Found 188.1098 [M]+. 

6-Bromo-N,N-dibutyl-2-naphthylamine (4). To a solution of 6-bromo-2-naphthylamine 

(3.41 g, 15.5 mmol) in anhydrous DMF (40 mL) was added 1-bromobutane (6.32 g, 46.5 

mmol) and K2CO3 (1.38 g, 10.0 mmol). The mixture was stirred at 80°C for 20 h. The 

reaction mixture was allowed to warm to room temperature and stirred for 4 h, then 

quenched with ammonia chloride solution. The organic layer was separated, and the residue 

was purified by silica gel column chromatography to obtain yellow oily liquid 4 (3.5 g) in 

67% yield. 1H NMR (400 MHz, CDCl3) δ 7.97-7.39 (m, 2H), 7.35 (dd, J = 8.4, 1.7 Hz, 

1H), 7.10 (dd, J = 9.1, 2.6 Hz, 1H), 6.86 (d, J= 2.4 Hz, 1H), 3.66-3.10 (m, 4H), 1.78 -1.56 

(m, 4H), 1.43 (dd, J = 15.0, 7.5 Hz, 4H), 1.02 (t, J = 7.3 Hz, 6H).13C NMR (100 MHz, 

CDCl3) δ 145.3, 133.8, 132.7, 127.7, 125.3, 124.8, 124.5, 115.0, 104.1, 64.6, 49.9, 28.5, 

19.4, 13.0. HRMS (MALDI-TOF) m/z Calcd for C18H24BrN 333.1092, Found 333.1134 

[M]+. 

6-(Dibutylamino)-2-naphthaldehyde (5). To a solution of 4 (3.1 g, 9.3 mmol) in 

anhydrous THF (50 mL) was added n-butyllithium (1.6 M, 8.7 mL, 13.9 mmol) at -78 °C. 

The resulting mixture was stirred at -78 °C for 50 minutes, and then N-formylmorpholine 
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(1.86 mL, 18.6 mmol) was added. The reaction mixture was allowed to warm to room 

temperature and stirred for 2 h, then quenched with ammonia chloride solution. The organic 

layer was separated, dried over anhydrous sodium sulfate and evaporated under vacuum. 

The residue was purified by silica gel column chromatography to obtain compound 5 (2.0 

g) in a 78% yield. 1H NMR (400 MHz, CDCl3) δ 9.96 (s, 1H), 8.06 (d, J = 1.3 Hz, 1H), 

7.83-7.68 (m, 2H), 7.59 (d, J = 8.6 Hz, 1H), 7.06 (dd, J = 9.2, 2.6 Hz, 1H), 6.78 (d, J = 2.5 

Hz, 1H), 3.50-3.24 (m, 4H), 1.78-1.52 (m, 4H), 1.40 (dq, J = 14.6, 7.3 Hz, 4H), 0.99 (t, J 

= 7.4 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 190.5, 147.6, 137.9, 133.8, 129.8, 129.1, 

125.4, 123.4, 122.3, 114.8, 103.4, 49.7, 28.3, 19.3, 12.9. HRMS (MALDI-TOF) m/z Calcd 

for C19H25NO283.1936, Found 283.1904 [M]+. 

(E)-4-(2-(6-(Dibutylamino)naphthalen-2-yl)vinyl)-1-methylquinolin-1-ium iodide 

(DBAN-SLM). A mixture of a solution of 5 (0.23 g, 0.8 mmol), 1 (0.27 g, 1.1 mmol) and 

piperidine (0.1 mL) in ethanol (15 mL) at room temperature for 8 hours. After solvent 

removal, DBAN-SLM was obtained by purification from methanol and ethyl acetate 

affording 0.28 g of product in 65% yield. 1H NMR (400 MHz, DMSO-d6) δ 0.94-0.97 (m, 

6H, CH3), 1.36-1.41 (m, 4H, CH2), 1.55-1.62 (m, 4H, CH2), 3.42-3.45 (m, 4H, CH2), 4.51 

(s, 3H, CH3), 6.93 (d, J = 1.6 Hz, 1H, CH=CH), 7.17-7.20 (m, 1H, CH=CH), 7.73 (d, J = 

8.8 Hz, 1H, ArH), 7.80 (d, J = 9.2 Hz, 1H, ArH), 8.02-8.06 (m, 1H, ArH), 8.10 (d, J = 8.8 

Hz, 1H, ArH), 8.15 (s, 1H, ArH), 8.24-8.29 (m, 3H, ArH), 8.41 (d, J = 8.8 Hz, 1H), 8.48 

(d, J = 6.8 Hz, 1H, ArH), 9.11 (d, J = 8.0 Hz, 1H, ArH), 9.26 (d, J = 6.4 Hz, 1H, ArH) ppm; 

13C NMR (100 MHz, DMSO-d6) δ 14.0, 19.8, 29.2, 44.5, 50.1, 59.8, 104.5, 115.2, 116.1, 

116.6, 119.3, 124.8, 125.0, 126.2, 126.6, 128.5, 129.0, 130.2, 131.4, 134.9, 136.7, 138.9, 
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144.3, 147.5, 147.6, 152.9 ppm. HRMS (MALDI-TOF) m/z calcd for C30H35IN2 [M]+ 

423.2795, found 423.2787. 

(E)-4-(2-(6-(Dibutylamino)naphthalen-2-yl)vinyl)-1-(2-hydroxyethyl)quinolin-1-ium 

bromide (DBAN-SLOH). A mixture of a solution of 5 (0.23 g, 0.8 mmol), 1 (0.27 g, 1.1 

mmol) and piperidine (0.1 mL) in ethanol (15 mL) at room temperature for 8 hours. After 

solvent removal, DBAN-SLOH was obtained by purification from methanol and ethyl 

acetate affording 0.24 g of product in 65% yield. 1H NMR (400 MHz, DMSO-d6) δ 0.92-

0.96 (m, 6H, CH3), 1.53-1.57 (m, 4H, CH2), 1.65-1.68 (m, 4H, CH2), 2.95-2.98 (m, 4H, 

CH2), 3.91-3.93 (m, 2H, CH2), 5.04 (t, J = 4.8 Hz, 2H, CH2), 5.37 (t, J = 5.6 Hz, 1H, OH), 

6.91 (d, J = 2.0 Hz, 1H, CH=CH), 7.15-7.18 (m, 1H, CH=CH), 7.71 (d, J = 8.8 Hz, 1H, 

ArH), 7.79 (d, J = 9.2 Hz, 1H, ArH), 7.99-8.02 (m, 1H, ArH), 8.07-8.10 (m, 1H, ArH), 8.15 

(s, 1H, ArH), 8.18-8.20 (m, 1H, ArH), 8.28-8.29 (m, 2H, ArH), 8.48 (d, J = 6.4 Hz, 1H, 

ArH), 8.54 (d, J = 9.2 Hz, 1H, ArH), 9.10 (d, J = 8.8 Hz, 1H, ArH), 9.17 (d, J = 6.8 Hz, 

1H, ArH) ppm; 13C NMR (100 MHz, DMSO-d6) δ 14.1, 19.9, 29.3, 43.7, 50.1, 55.7, 60.0, 

104.6, 115.0, 116.2, 116.8, 119.4, 124.9, 125.1, 126.7, 126.9, 128.6, 128.9, 130.3, 131.5, 

134.9, 136.8, 138.3, 144.5, 147.7, 147.9, 153.2, 170.6 ppm. HRMS (MALDI-TOF) m/z 

calcd for C31H37IN2O [M]+ 453.2900, found 453.2935. 

(E)-1-(2-(6-(Dibutylamino)naphthalen-2-yl)vinyl)-2-methylisoquinolin-2-ium iodide 

(DBAN-OSLM). A mixture of a solution of 5 (0.23 g, 0.8 mmol), 1 (0.27 g, 1.1 mmol) and 

piperidine (0.1 mL) in ethanol (15 mL) at room temperature for 8 hours. After solvent 

removal, DBAN-OSLM was obtained by purification from methanol and ethyl acetate 

affording 0.27 g of product in 63% yield. 1H NMR (400 MHz, DMSO-d6) δ 0.94-0.97 (m, 
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6H, CH3), 1.36-1.41 (m, 4H, CH2), 1.55-1.62 (m, 4H, CH2), 3.42-3.45 (m, 4H, CH2), 4.51 

(s, 3H, CH3), 6.93 (d, J = 1.6 Hz, 1H, CH=CH), 7.17-7.20 (m, 1H, CH=CH), 7.73 (d, J = 

8.8 Hz, 1H, ArH), 7.80 (d, J = 9.2 Hz, 1H, ArH), 8.02-8.06 (m, 1H, ArH), 8.10 (d, J = 8.8 

Hz, 1H, ArH), 8.15 (s, 1H, ArH), 8.24-8.29 (m, 3H, ArH), 8.41 (d, J = 8.8 Hz, 1H), 8.48 

(d, J = 6.8 Hz, 1H, ArH), 9.11 (d, J = 8.0 Hz, 1H, ArH), 9.26 (d, J = 6.4 Hz, 1H, ArH) ppm; 

13C NMR (100 MHz, DMSO-d6) δ 156.14, 148.28, 147.86, 142.93, 139.18, 136.96, 134.49, 

132.27, 130.39, 129.90, 128.48, 127.76, 127.30, 126.53, 124.71, 124.63, 120.59, 119.09, 

116.05, 115.54, 104.35, 49.96, 43.74, 29.14, 22.19, 19.68, 13.91 ppm. HRMS (MALDI-

TOF) m/z calcd for C30H35IN2 [M]+ 423.2795, found 423.2835. 

Preparation of Aβ monomer, oligomer and fibril. Aβ1-40 and Aβ1-42 were purchased from 

r-Peptide (USA). Stock solutions of Aβ1-40 and Aβ1-42 were prepared by dissolving 1 mg 

peptide powder in 400 µL of 0.02 % ammonia solution without any purification and stored 

at -20 °C prior to use. Oligomeric and fibrillar form of Aβ1-40 were prepared by diluting the 

stock solution to 50 µM with 25 mM phosphate buffer and incubating at 37 °C for 3 h and 

24 h respectively. To prepare Aβ1-42 oligomer, monomeric Aβ1-42 was diluted to 100 µM 

with 10 mM hydrochloric acid and incubated at 37 °C for 24 h. Aβ1-42 fibril was prepared 

by incubating 100 µM monomeric Aβ1-42 at 37 °C for 3 day. 

In-Vitro Binding Assays. To study the dissociation constants of fluorophores, a solution 

of 10 µM fluorophores was mixed with different concentrations of Aβ monomer or pre-

formed oligomer and fibril (a final volume of 15 µL) and incubated in 25 mM phosphate 

buffer at room temperature for 15 min. Emission spectra of the mixture were measured by 

HORIBA FluoroMax-4 Spectro Fluorometer using excitation wavelength of 497, 524 and 
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548 nm with emission ranges of 517-800, 544-800 and 568-800 nm for DBAN-SLM, 

DBAN-OSLM and DBAN-SLOH, respectively. 

Inhibition effect of DBAN-SLM, DBAN-OSLM and DBAN-SLOH on Aβ1-40 

fibrillation. To examine the inhibitory effect of the fluorophores on both Aβ1-40 and Aβ1-

42, 100 µM fluorophores were co-incubated with 100 µM monomeric form of Aβ1-42 at 

37 °C for 0, 2, 6, 9, 15, 18, 21, 24, 27, 30, 33, 39, 42, 45 and 48 h. The resultant mixtures 

were labeled with ThT (molar ratio of ThT:Aβ = 2:1) and the emission measurement was 

measured by HORIBA FluoroMax-4 Spectro Fluorometer. 

Cell viability assays. SH-SY5Y cells were seeded into the culture medium of 96-well 

plates at a density of 3 × 104 cells / well. For the cytotoxicity experiment of DBAN-SLM, 

DBAN-OSLM and DBAN-SLOH, after stabling the cells for 24 hours, replace the 

medium with 0.2% serum DMEM / F12 containing DBAN-SLM, DBAN-OSLM and 

DBAN-SLOH at a final concentration ranging from 1 nM to 200 μM and incubate for 24h. 

In a neuroprotection study, SH-SY5Ycells were incubated with 10 μM of different 

neurotoxic compounds (including Aβ1-42 monomers as controls) for 24 hours. The DBAN-

SLM, DBAN-OSLM and DBAN-SLOH together with Aβ1-42 monomer were seeded into 

the wells in a 1:1 ratio. The day after culture, replaced the medium with 600 μM of 3-(4,5-

dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) solution (Sigma-

Aldrich) and then incubated at 37 °C for 4 hours. Removed the MTT solution in each well 

with a pipette and added 75 μL of dimethyl sulfoxide (DMSO, Sigma-Aldrich) to each well. 

After gently shaking for 15 minutes, the formazan crystals of each well were fully dissolved. 

Optical density (OD) was measured with a Universal Microplate Reader (Elx 800, Bio-
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TEK Instruments Inc., USA) at 540 nm at a reference wavelength of 690 nm. All the data 

results of cytotoxicity were calculated as ((MTT control – MTT bg) – (MTT inhibitor – 

MTT bg)) / (MTT control – MTT bg) × 100%. Three independent experiments were 

analyzed, and the error bars exhibited the standard error of the mean of the three 

experiments. 

Measurement of ROS generation. SH-SY5Y cells were cultured in 96-well black plates 

(PerkinElmer), cells were incubated with the fluorescent dye DCFH-DA of 100 μM 

(Molecular Probes, life technologies, USA) and kept in dark at 37 °C humidified incubator 

under 5 % CO2 for 30 min. Cells were seeded into a 96-well black culture plate 

(PerkinElmer). The cells were incubated with 100 μM fluorescent dye DCFH-DA 

(Molecular Probes, life technologies, USA) and humidified at 37 °C with 5% CO2 

incubating in the dark for 30 minutes. Washed out all the DCFH-DA solution with 

Phosphate buffer (PB, Gibco) and then treated the cells with Aβ1-42 monomer as a control, 

the final concentration is 10 μM, in HBSS as the control. At the same time, DBAN-SLM, 

DBAN-OSLM and DBAN-SLOH were mixed with Aβ1-42 monomer in a 1:1 ratio, 

respectively. Incubated the cells for a further 24 hours. Measured the fluorescence intensity 

(I) at 530 nm of each well with a microplate reader (Tecan, Switzerland) under 485 nm 

excitation. The data was delivered as the average value of DBAN-SLM, DBAN-OSLM 

and DBAN-SLOH mixed with Aβ1-42 / IAβ1-42 and the error bars displayed the standard 

error of the average of the three tests. 

Animal. The Committee on the Use of Human and Animal Subjects in Teaching and 

Research (HASC), Hong Kong Baptist University, prior approval for all animal related 
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experiments were obtained. Animal license to conduct the experiments were approved by 

the Department of Health, Hong Kong under the animal license no. (17-77) in 

DH/SHS/8/2/6 Pt.1. All methods and experiments were performed in accordance with the 

approved guidelines and regulations. The 5XFAD transgenic mice were purchased from 

the Jackson Laboratory (Bar Harbor, ME, USA) and housed in the animal unit, School of 

Chinese medicine, HKBU. 5XFAD transgenic mice possessing overexpression of both 

mutant human PS1 harboring L286V, M146L mutations and human APP (695) with the 

Florida (I716V), Swedish (K670N, M671L) and London (V717I) with Familial 

Alzheimer’s disease (FAD) mutations were also used in this study. 5XFAD transgenic male 

mice were crossed with C57 female mice and the resulting transgenic offspring were used 

after confirming transgene by PCR according to the supplier’s protocol [2]. The colony of 

animals was maintained in our animal unit, School of Chinese medicine, HKBU. 

In vivo NIRF imaging of DBAN-SLM. Before background imaging, 5XFAD transgenic 

mice (12 months old) and age-matched wild-type mouse were shaved as controls. Before 

imaging, oxygen (1.0 mL) was supplemented with oxygen flux (2.0 mL min-1) min-1) 

Anesthetize the mouse under the condition of), make it stand still, and then inject DBAN-

SLM (10 mg/kg) in 100 µL of PEG-600 solution through the tail vein. The IVIS imaging 

system was used to collect fluorescence images from the brain at different time points. A 

filter set (excitation at 496 nm and emission at 690-700 nm) was used to obtain a 

fluorescent image with an exposure time of 1 s. Use Living Image software to analyze the 

image and select the ROI in the brain area. Brain fluorescence intensity was obtained from 

photon counting. Analyze the data by normalizing the fluorescence intensity to the 



  

 

143 

background fluorescence of each mouse [ie F(t)/F(pre)], where F(t) is the fluorescence 

intensity at the time point of interest and F(pre) is the background fluorescence signal. 

Co-staining brain tissues of 5XFAD-Tg mice ex vivo. 5XFAD transgenic mice were 

injected with DBAN-SLM via tail vein. After 30 minutes, it was deeply anesthetized and 

perfused through the heart with PBS, and then 8% formaldehyde was added to PBS (pH 

7.4). After excision, the brain slices were embedded in the optimal cutting temperature 

compound (OCT), and then frozen with a cryostat (thickness 10 μm). Next, 0.4% Triton 

X-100 was used to infiltrate the free-floating portion and block in a blocking solution 

containing 2% BSA. For staining with Thioflavin-T (ThT), the sections were incubated 

with 1.0 μM ThT solution for 5-8 minutes, then washed with 25% ethanol for 4 minutes, 

then rinsed with PBS for 5 minutes, and then washed in water for 5 minutes. For co-staining 

studies, the free-floating fractions were further incubated with primary antibodies (ie 4G8, 

6E10, and A11 (1:200)) at 4°C overnight. Collect the primary antibody the next day. The 

sections were washed in PBS and incubated in a 2% BSA solution containing goat anti-

mouse or goat anti-rabbit secondary antibodies conjugated with Alexa Fluor 488 (1:500) at 

room temperature for 2 h. A confocal laser scanning microscope (Leica TCS SP8) of the 

Hong Kong Baptist University School of Traditional Chinese Medicine was used to 

sequentially capture Aβ immunofluorescence reactive images and DBAN-SLM to Aβ 

oligomer images. 
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Chapter Four                                   

Amyloid-β Targeted Gadolinium-Based NIR/MR Dual-Modal 

Theranostic Nanoparticles for Alzheimer’s Disease 

4.1 Introduction 

Alzheimer’s disease (AD) is the most common cause of dementia, and accounts for 60%–

80% of neurodegenerative diseases.1 With the rapid growth of the aging population in 

recent decades, AD has brought serious social and economic burdens to society.2 Amyloid-

β (Aβ) aggregation into neurotoxic oligomers, particularly soluble dimers, can lead to 

memory loss and progressive cognitive impairment, and is considered a key pathogenic 

event in the early stages of AD.3 The Aβ1-40 and Aβ1-42 peptides produced by proteolysis of 

the transmembrane glycoprotein amyloid precursor protein (APP) are the two main 

components of senile plaque structures in the brain tissue of AD patients.4 Therefore, Aβ 

aggregates in the brain may be a promising predictive biomarker for AD.5-7 Powerful 

molecular imaging techniques are essential for diagnosing AD, monitoring disease 

progression, understanding the complex disease processes and evaluating the effectiveness 

of potential AD drugs. However, the low penetration depth of light severely hinders the 

application of optical imaging, especially in deep tissues, and requires the use of invasive 

radioactive tracers.8-9 Magnetic resonance imaging (MRI) is a powerful imaging tool. Due 

to its high spatial resolution, excellent penetration depth and minimally invasive 

technology without the need for radioactive tracers, it has been widely used in clinical 

diagnosis.10 However, the disadvantage of MRI is its low sensitivity, which usually 
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requires targeted contrast agents to enhance the image contrast of the region of interest to 

distinguish small lesions in the surrounding normal tissue.11 There are some reports of 

successful development of effective and sensitive MRI contrast agents for use in AD 

biomarker imaging in animal models, indicating potential application in humans.6 

Gadolinium (Gd3+)-based contrast agents have good stability and high inertness, making 

them an ideal MRI contrast agent.12 Compared with Gd complexes, using Gd3+-based 

nanoparticles (NPs) as an MRI contrast agent for disease diagnosis provides many 

advantages including (1) tuneable functional and imaging properties, (2) superior 

biocompatibility and biostability, (3) ease of incorporation of targeting ligands for site 

specificity, and (4) multimodal imaging capabilities.13-15 We believe that Aβ-specific Gd3+-

based NPs have potential for use as MRI contrast agents in Aβ imaging, and are the subject 

of great interest in the fields of disease state monitoring, complex disease process research 

and AD drug efficacy evaluation. Dual-modality imaging using a combination of MRI and 

fluorescence imaging has the potential to largely overcome the shortcomings of the current 

imaging technologies available for AD diagnosis. Herein, we designed and synthesised 

Gd3+-based NIR/MR dual-modality theranostic nanaoparticle/agent for AD, namely 

NP@SiO2@F-SLOH (Figure 4-1). The Aβ-targeting ability of Gd3+-based NPs due to 

the Aβ oligomer-selective fluorescent probe F-SLOH, in addition to its selectivity for 

targeting oligomers and monomers, is higher than that of fibrils.16 Furthermore, the dual-

modality probe combining F-SLOH with a Gd3+-based NP has good biocompatibility, 

biostability and cell membrane permeability, is non-toxic, can cross the blood-brain barrier 

(BBB), and can be quickly cleared by the kidneys. The probe also has high NIR and MRI 

sensitivity. In addition to diagnostic abilities, NP@SiO2@F-SLOH also showed an ability 
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to effectively inhibit Aβ aggregation, affording effective neuroprotection against Aβ-

induced toxicity due to reactive oxygen species generation and thus providing potential as 

a therapeutic drug. 

 

Figure 4 - 1. Schematic representation of Gd3+-based theranostic nanaoparticle 

NP@SiO2@F-SLOH. 

4.2 Preparation of NP@SiO2@F-SLOH 

The design and route of synthesis of NaGdF4-based nanoparticles as effective multimodal 

(MR / NIR) contrast agents was shown in Scheme 4-1. Compared with NaGdF4, NaGdF4 

NP doped with Yb3+ / Tm3+ has a higher ability to tune the unique function and magnetic 

properties of nanomaterials. Therefore, the conventional solvothermal method we used to 

synthesize core-shell NaGdF4:Yb3+, Tm3+@NaGdF4 nanoparticles. In order to stabilize and 

improve the biocompatibility of the prepared NaGdF4:Yb3+, Tm3+@NaGdF4 core–shell 

NPs, the prepared nanoparticles were further protected and covered with a layer of 

mesoporous silica (SiO2), which also offers a loading ability for surface functionalization.24 
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Scheme 4 - 1. The schematic illustration of the synthesis of NP@SiO2@F-SLOH. 

4.3 Results and Discussion  

4.3.1 Characterization of NP@SiO2@F-SLOH 

Various spectroscopic techniques were used to characterize the newly synthesized Gd3+-

based nanoparticles. As shown in Figure 4-2, the TEM pictures of the as-prepared 

NP@SiO2 and NP@SiO2@F-SLOH have a similar diameter of ~50 nm in which the 

mesoporous nature of SiO2 layer is distinctly seen. Consistently, through dynamic light 

scattering (DLS) analysis, the average hydrodynamic diameters of NP@SiO2 and 

NP@SiO2@F-SLOH were ~ 55.58  9.28 and 57.94  10.27 nm and the Zeta potential 

was -12.5 and 1.52 mV, respectively (Table 4-1). As shown in Figure 4-3, the UV-visible 

spectroscopic measurements showed that F-SLOH was loaded and coated on the 

mesoporous SiO2 layer of naoparticles, evidenced by the absorption of F-SLOH at 460 nm, 

and the loading efficiency was about 52.5%.17 To prove the existence of porous structure 

of SiO2 layer, the nitrogen adsorption–desorption analysis was also performed on 

NP@SiO2 and NP@SiO2@F-SLOH and the Brunauer-Emmett-Teller and density the 

functional theory methods were used to determine the specific surface area and the pore 

volume, respectively. Their results are summarized in Figure 4-4. It is clearly confirmed 
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that the porous structure of the NP@SiO2. Furthermore, the TGA analysis supported for 

the presence of the F-SLOH coating which decomposed at ~ 400 ℃ (Figure 4-5). 

 

Figure 4 - 2. TEM images of NP@SiO2 (A and B) and NP@SiO2@F-SLOH (C and D), 

respectively. 

Table 4 - 1. Results of dynamic light scattering (DLS) measurements of NP@SiO2 and 

NP@SiO2@F-SLOH. 

 Intensity 

Mean (d. nm) 

Polydispersity index  

(PDI) 

Zeta Potential  

(mV) 

NP@SiO2 54.58  9.28 0.306  0.039 -12.5  0.12 

NP@SiO2@F-SLOH 57.94  10.27 0.312  0.032 1.52  0.19 

The data represent the average of three experimental results. 
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Figure 4 - 3. The absorption spectra of 0.1 mg/mL F-SLOH, 4 mg/mL NP@SiO2 and 4 

mg/mL NP@SiO2@F-SLOH, respectively. 

 

Figure 4 - 4. Pore size distributions and the surface areas of NP@SiO2 and NP@SiO2@F-

SLOH analyzed using DFT and BET methods, respectively. 
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Figure 4 - 5. The TGA traces of NP@SiO2 and NP@SiO2@F-SLOH, respectively. 

Due to co-doping with Yb3+ and Tm3+ in the core of NaGdF4 nanoparticles, these NPs also 

displayed up-conversion fluorescence when excited at 980 nm, and a strong blue emission 

peak appears at 485 nm (Figure 4-6). It is important to find that the F-SLOH encapsulation 

layer is stable in common biological solvents / mediums including H2O, PB buffer, cell 

culture medium, cell culture fluid, serum maintained at 37 ℃ and brain homogenate over 

time (Figure 4-7) which was due to the strong capture and adhesion of F-SLOH dye 

through electrostatic interaction and hydrogen bonding with silanol groups of silica inside 

the porous cavity of the mesoporous silica layer. 
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Figure 4 - 6. The upconversion fluorescence spectra of NaGdF4:Yb3+, Tm3+ (core), 

NaGdF4: Yb3+, Tm3+@NaGdF4 (core@shell), NP@SiO2, NP@SiO2@F-SLOH and F-

SLOH with the excitation wavelength = 980 nm. 

 

Figure 4 - 7. The percentage of dissolved F-SLOH from NP@SiO2@F-SLOH in the 
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different solutions at different time point. The error bars represent the relative standard 

deviation of three experimental results. 

Contrary to the weakly fluorescent F-SLOH solution, the captured F-SLOH showed 

moderate fluorescence at ~ 650 nm. Nevertheless, the F-SLOH coating on NP@SiO2@F-

SLOH can still respond to the presence and quantity of Aβ species, in which strong 

fluorescence enhancement was observed when bound with Aβ oligomers, while moderate 

with Aβ monomers and fibrils (i.e. 2.4 times of enhancement with Aβ42 oligomers and 1.3-

1.4 times with monomers and fibrils) concomitant with the blue spectral shift (Figure 4-8 

to Figure 4-9). As a result, this easy-to-manufacture surface modification layer provides 

the Aβ sensing and targeting capabilities of these Gd3+-based NPs. 

 

Figure 4 - 8. The fluorescence titration spectra of 2 mg/mL of NP@SiO2@F-SLOH with 

various concentrations of Aβ42 monomer (A), oligomer (B) and fibril (C), as well as Aβ40 

monomer (D), oligomer (E) and fibril (F), respectively. 
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Figure 4 - 9. Fluorescence spectra of 2 mg/mL of NP@SiO2@F-SLOH in the presence of 

500 μM of Aβ42 and Aβ40 species including monomers, oligomers and fibrils, respectively. 

4.3.2 Cytotoxicity and Biodistribution of NP@SiO2@F-SLOH 

To be used in biological applications, the biocompatibility of NP@SiO2@F-SLOH is 

essential. The results of MTT analysis (Figure 4-10) showed that even at a concentration 

of 0.63 mg / mL NP@SiO2@F-SLOH, the viability of SH-SY5Y cells remained high, and 

the estimated LC50 value was 0.73 mg / mL, indicating that the F-SLOH encapsulated Gd3+-

based NP was not cytotoxic to SH-SY5Y cells 

 

Figure 4 - 10. The cell viability of SH-SY5Y cells in the presence of different 
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concentrations of (A) NP@SiO2 and (B) NP@SiO2@F-SLOH. 

In stark contrast to the silica-coated Gd3+-based nanoparticles NP@SiO2, the SH-SY5Y 

cells easily absorbed F-SLOH dye and surface-functionalized NP@SiO2@F-SLOH. 

Those with NP@SiO2@F-SLOH showed strong red fluorescence when excited at 488 nm, 

but up-conversion to blue fluorescence when excited at 980 nm, as shown in Figure 4-11, 

further indicating the important function of F-SLOH encapsulation layer in the biological 

applications of Gd3+-based NPs. 

 

Figure 4 - 11. The fluorescent images of SH-SY5Y neural cells incubated with 0.01 mg/mL 

of F-SLOH (first row), 1 mg/mL of NP@SiO2 (second row), and 1 mg/mL of 

NP@SiO2@F-SLOH (third row) for 6 h, respectively. The bright field images (A); the 

fluorescent images obtained from red channel (λex = 488 nm, λem = 620-660 nm) (B) and 
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blue channel (λex = 980 nm, λem = 420-495 nm) (C); the merged images of A, B and C (D), 

respectively. The scale bar indicates 20 m. 

The biodistribution study of NP@SiO2@F-SLOH was also conducted by measuring the 

fluorescence emission of nanoparticles in different organs of mice over a period of 2-72 h 

of post-injection via a tail-vein. Figure 4-12 showed that the NP@SiO2@F-SLOH mainly 

distributed in the brain, liver and kidney after 2 h post-injection, indicating that these NPs 

easily penetrate the BBB and may be metabolized by the liver and kidney. At 12 h after 

injection, the fluorescence signal was mainly found in the kidneys, indicating that kidney 

metabolism was an important way to remove NPs from mice.18 In the brain, the 

fluorescence signal almost completely vanished after 24 h post-injection while the 

fluorescence signals progressively downed to a negligible level 72 h post-injection in the 

kidneys and liver (Figure 4-13) indicating that the NPs can be completely eliminated from 

the body; this may contribute to its practical biological applications. 
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Figure 4 - 12. Bright field images of different organs of WT mouse after 2 (A) and 12 h 

(C) post-injection of NP@SiO2@F-SLOH via tail vein, respectively. The corresponding 

fluorescence images (pseudo-color)) of NP@SiO2@F-SLOH in the different organs after 

2 (B) and 12 h (D) post-injection of 40 mg/kg NP@SiO2@F-SLOH, respectively. 

 

Figure 4 - 13. The mean signal intensity of fluorescence images of different organs of WT 

mice after 2, 12, 24, 48 and 72 h post-injection of 40 mg/kg NP@SiO2@F-SLOH via tail 

vein, respectively. 

4.3.3 NIR Imaging Application of NP@SiO2@F-SLOH 

Further confirmation of the BBB permeability of NP@SiO2@F-SLOH, a 9 months aged 

APP / PS1 Tg mouse over-expressing Aβ species and age-matched wild-type (WT) mouse 

were administrated with NP@SiO2@F-SLOH via a tail-vein, and the fluorescence 

intensity signals of the F-SLOH layer of nanoparticles in the brain were monitored and 

compared in real time. Figure 4-14 shows that, after 30 minutes of post-injection, the 
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fluorescence signal intensity of Tg mice is generally higher than that of WT mice. The 

strong initial fluorescent signal in Tg mice may be due to the abnormal function of BBB in 

AD mice.19-20 

 

Figure 4 - 14. NIR fluorescence images of WT mouse (top) and 9 months old Tg mouse 

(bottom) at different time points (0.5, 1, 2.5, 4 and 6 h) before (background) and after 

injection of NP@SiO2@F-SLOH (40 mg/kg). λex = 488 nm, λem = 650-700 nm (A). The 

relative mean signal intensity plot of NIR fluorescence images of brain section of Tg and 

WT mice shown in A, respectively (B). 

Furthermore, the synergistic effect of the enhanced fluorescence of F-SLOH coating 

induced by the strong Aβ binding in Tg mouse and the strong binding interaction of F-

SLOH with brain Aβ species also led to a longer NP retention time and washing out which 
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would enhance the fluorescence intensity in Tg mouse. Furthermore, the in vivo up-

conversion fluorescence images of the NPs in the brain section of WT mouse demonstrated 

the same intensity evolution when excited by NIR excitation at different time points 

(Figure 4-15).  

 

Figure 4 - 15. The up-conversion fluorescence images of WT mouse brain at different time 

points after injection of NP@SiO2@F-SLOH (40 mg/kg). From top to bottom: (A) bright 

field, (B) fluorescence (ex = 980 nm, em = 400-700 nm) image and (C) merge of bright 

field and fluorescence images. The relative mean signal intensity plot of up-conversion 

fluorescence images of brain section of WT mouse shown in (B).  

All these results clearly demonstrate that these new F-SLOH surface-functionalized Gd3+-

based nanoparticles have good BBB penetrability. To evaluate the sensitivity and 
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effectiveness of this nanoparticle probe for Aβ imaging and targeting in vivo, Three 

different ages group (7, 9 and 11 months old) of Tg mice were selected for real-time brain 

fluorescence signal comparison. After 6 h post-injection of NP@SiO2@F-SLOH, the 

brain fluorescence signal of Tg mice showed a clear age-dependent intensity difference, as 

shown in Figure 4-16 A, B, C, and D. The higher Aβ content in the brain produced a 

stronger fluorescence intensity signal than the younger one with smaller content of Aβ 

species.  

 

Figure 4 - 16. NIR fluorescence images (A-D) and ex vivo fluorescence staining of the 

brain slices acquired from the WT mouse (A and E) and Tg mice of different ages (7 months 

(B and F), 9 months (C and G) and 11 months (D and H)) after injection of UP@SiO2@ 

F-SLOH (40 mg/kg) for 6 h. ex = 488 nm, em = 650-700 nm for in vivo images and 620-

660 nm for ex vivo images. The ex vivo fluorescence staining of the brain slices from 11 
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months old Tg mouse with NP@SiO2@ F-SLOH, λex = 488 nm, λem = 620-660 nm (I), 

and ThT, λex = 450 nm, λem = 460-500 nm (J). The merged image of I and J (K). The scale 

bars indicated 25 µm. The relative mean signal intensity plot of NIR fluorescence images 

in A, B, C, and D, respectively (L). 

For further verification, ex vivo fluorescence imaging of Tg and WT brain slices with ThT 

co-staining were conducted. Compared with the brain slice of WT mice, the brain slices of 

the three age groups of Tg mice displayed a unique and strong NIR / up-conversion 

fluorescence cluster of NP@SiO2@F-SLOH as shown in Figure 4-16 and Figure 4-17. 

The older the Tg mice, the greater the number and the larger the size of the fluorescence 

clusters are, which was consistent with the observation that the fluorescence signals of 

older mice observed in vivo imaging was stronger. In addition, the fluorescence clusters 

co-localized well with the Aβ plaques-specific ThT staining comfirming the Aβ targeting 

ability of NP@SiO2@F-SLOH. It is worth noting that compared with ThT staining, the 

Aβ oligomer-selective nanoparticles label not only the dense core part, but also the loose 

peripheral parts of the cluster, thereby making Aβ plaques and oligomers staining more 

extensive. These results indicate that the F-SLOH surface-functionalized Gd3+-based 

nanoparticles can be used as a sensitive and effective probe to detect and image Aβ 

oligomers and plaques in AD mouse model. 
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Figure 4 - 17. The fluorescence images of brain slices of WT and Tg mice at different age 

groups (7, 9, and 11 months) after injection of the NP@SiO2@F-SLOH (40 mg/kg) for 6 

h. First column: The fluorescence images obtained from red channel at 620-660 nm (λex = 

488 nm). Second column: images obtained from green channel after slices were stained 

with ThT (λex = 450 nm, λem = 460-500 nm). Third column: the upconversion fluorescence 

images from blue channel at 420-495 nm (λex = 980 nm). Fourth column: the merged 

images of red and green channels. Fifth column: the merged images of red and blue 

channels. The scale bar indicates 20 m. 

4.3.4 T1-Weighted MR Imaging Application of NP@SiO2@F-SLOH 

In order to investigate the feasibility of NP@SiO2@F-SLOH for MRI applications, the 

proton spin lattice relaxation rate (1/T1) and the T1-weighted MR signal intensity of 
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NP@SiO2@F-SLOH against its concentration were firstly determined by a 3T MR 

scanner. As shown in Figure 4-18, The plot of 1/T1 against different Gd concentrations of 

NP@SiO2@ F-SLOH gives a good linear relationship with the longitudinal relaxivity (r1) 

of 5.56 mM-1 s-1 that was higher than the commercially available Gd-DTPA contrast agent, 

r1(Gd-DTPA) = 3.15 mM-1s-1 (DTPA = diethylenetriaminepenta-acetate).[5, 6b] This finding 

highlighted that the NP@SiO2@F-SLOH showed promising potential for T1-weighted 

MRI applications. 

 

 

Figure 4 - 18. Plot of 1/T1 as a function of different Gd concentrations of NP@SiO2@ F-

SLOH, inset shows the corresponding T1 weighted MR images, from left to right indicated 

the Gd concentrations are 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 mM, respectively.\ 

To study the capability of NP@SiO2@F-SLOH serving as a T1-weighted MRI contrast 

agent for in vivo Aβ species imaging, the NPs was injected into the 9 months old Tg and 

the age-matched WT mice via the tail vein. Obviously, after 2 hours post-injection, the MR 

images signal of the brain slices of Tg mice (Figure 4-19 B) was stronger than the pre-
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injected mice (Figure 4-19 A) with the corresponding pseudo-color changed from green-

yellow for the pre-injected image (Figure 4-19 C) to red for the post-injected one (Figure 

4-19 D). As shown in Figure 4-20, the brain slices images of Tg and WT evolved before 

and after the injection of NP@SiO2@F-SLOH within 9 hours. In Tg mice, the MR signal 

is usually stronger than WT mice (Figure 4-19 E). After 2 h after injection, the enhanced 

MR signal reached the maximum value, and then gradually decreased due to the 

elimination of NPs. After 2 h post-injection, the average signal intensity of Tg mice 

increased by ~ 60%, while the average signal intensity of WT mice increased by only 20%. 

After 9 h post-injection, the mean signal intensity of Tg mice remained at 15% 

enhancement, while in WT mice, it returned to the level before injection. The stronger and 

longer signal enhancement in Tg mice was because of the strong binding interaction of 

NP@SiO2@F-SLOH with the Aβ species, thus providing a longer retention time of NPs, 

which is consistent with the results observed in fluorescence imaging. These results 

advantageously indicate that NP@SiO2@F-SLOH is an effective T1-weighted MRI 

contrast agent for real-time brain Aβ imaging. 
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Figure 4 - 19. In vivo T1-weighted MR images (top) and the respective pseudo-color 

mapped images (bottom) of Tg mice before (A and C) and after (B and D) 2 h post-injection 

of 40 mg/kg NP@SiO2@F-SLOH via tail vein. The relative mean signal intensity plot of 

T1-weighted MR images (Tg and WT mice brain section) over a period of 9 h after 

administration of 40 mg/kg NP@SiO2@F-SLOH via tail vein (the pre-injection mice were 

referred as 1.0) (E). 

 

Figure 4 - 20. In vivo MR images (first and third lines), the respective pseudo-color 

mapped MR images (second and fourth lines) of the 9 months old WT (the top two lines) 

and Tg mice (the bottom two lines) before and after injection of NP@SiO2@ F-SLOH (40 

mg/kg) via tail vein over a period of 9 h. 

Furthermore, Tg mice were subjected to age-dependent MRI investigation after 6 h post-

injection to determine the sensitivity of the nanoparticle-based contrast agent to Aβ 

contents. Figure 4-21 shows that the brightness of the brain area increases with the age of 

Tg mouse, and the signal intensity of Tg mice is usually stronger than that of corresponding 

WT mouse, indicating that this cyanine surface-functionalized Gd-based nanoparticle is 
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high applicability and can distinguish the existence and number of Aβ species through in 

vivo MRI measurements. Subsequently, high-resolution ex vivo MRI images of brain slices 

of three age groups were obtained. The images clearly showed that brighter spots were 

found in older Tg mice, especially in 9 and 11 months old Tg mice. (Figure 4-22) In stark 

contrast, the bright spots are hardly found in the WT mice, which further demonstrated that 

the MR signal enhancement was due to the existence of the BBB permeability Gd3+-based 

nanoparticle contrast agent that binds to the Aβ species in the brain of Tg mice. 

 

Figure 4 - 21. In vivo MR images (up) and the respective pseudo-color mapped images 

(bottom) of the brains of WT and Tg mice at different ages before injection of 

NP@SiO2@F-SLOH, respectively. 
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Figure 4 - 22. In vivo MR images (up), the respective pseudo-color mapped images (middle) 

and ex vivo images of the brains of WT (I) and Tg (J, K and L) mice at different ages after 

6 h post-injection of 40 mg/kg NP@SiO2@F-SLOH via tail vein. The ages of Tg mice are 

7 (B, F, and J), 9 (C, G, and K) and 11 months old (D, H, and L), respectively. The red 

arrows indicated the bright spots stained by NP@SiO2@F-SLOH. The relative mean signal 

intensity plot of T1-weighted MR images recorded in A to H, respectively (M). 

4.3.5 Inhibition of Aβ Aggregation and ROS Attenuation by 

NP@SiO2@F-SLOH 

Since the NP@SiO2@F-SLOH can bind strongly with Aβ species, this NP should 

effectively suppress the Aβ aggregation process. Indeed, the ThT fluorescence assay 

(Figure 4-23) confirmed its inhibition ability which may be able to use for AD intervention. 

Furthermore, the toxicity induced by Aβ species was well inhibited upon addition of these 

F-SLOH surface-functionalized NPs (Figure 4-24). Besides, one of the pathogenic 

mechanisms being the ROS production induced by Aβ species is effectively inhibited 

(Figure 4-25), which provides a practical means to treat AD. 
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Figure 4 - 23. The inhibition of aggregation by NP@SiO2@F-SLOH as demonstrated by 

ThT fluorescence assay. The plots of the fluorescence intensity of ThT recorded at 490 nm 

after incubation of Aβ42 (A) and Aβ40 (B) monomers at different time point in the absence 

and the presence of 2 mg/mL NP@SiO2@F-SLOH, respectively. 

 

 

Figure 4 - 24. The neuroprotective effect of NP@SiO2@F-SLOH against A42 monomer, 

oligomer and fibrils, respectively. The relative cytotoxicity was calculated by the equation: 

(cytotoxicity in the presence of NP@SiO2@F-SLOH and A42)/ (cytotoxicity in the 

presence of A42 alone). 
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Figure 4 - 25. The relative ROS levels for SH-SY5Y cells in the presence of 

NP@SiO2@F-SLOH and A42 monomer, oligomer and fibrils, respectively. The relative 

ROS level was calculated by the equation: (ROS level in the presence of NP@SiO2@F-

SLOH and A42)/ (ROS level in the presence of A42 alone). 

4.4 Conclusion 

In conclusion, the Aβ oligomer-selective NaGdF4:Yb3+, Tm3+@NaGdF4 nanoparticles 

serving as a sensitive multimodal (MR / NIR / UCL) contrast agent for in vivo and in vitro 

detection and imaging of Aβ content in transgenic AD mouse models have been 

successfully developed for the first time. This nanoprobe was shown to be biocompatible, 

cell membrane permeable, non-cytotoxic, Aβ targeting and BBB penetrable, and can be 

quickly washed away by the kidneys. This Gd3+-based NP nanoprobe displayed very high 

NIR and MR imaging sensitivity, which could distinguish the pathological Aβ content of 

AD mouse models in different age groups. The up-conversion luminescence capability of 

the nanoprobe was also demonstrated by in vivo and in vitro imaging of WT mouse brain 

slices. It is worth mentioning that this F-SLOH surface-functionalized Gd3+-based NP 

shows effective inhibition of Aβ aggregation and fibrillation, as well as effective 

neuroprotection against Aβ-induced toxicity and ROS generation offering great treatment 
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potential for AD. All these results indicate that NP@SiO2@F-SLOH is an effective and 

sensitive theranostic multimodal NIR / MRI / UCL contrast agent for imaging of Aβ 

oligomers and plaques in AD mouse models. Our novel design approach also offers a new 

way to develop effective and potentially clinically useful therapeutic MRI probes for 

humans. 

4.5 Experimental 

General Procedures All chemicals used to synthesize probes were purchased from 

commercial suppliers and used without further purification. Aβ40 and Aβ42 were purchased 

from r-Peptide (GA, USA). Stock Aβ40, Aβ42 solution and the fibrillary form of Aβ were 

prepared as described in our previous reports. The double transgenic (APP/PS1) model 

mice were purchased from Beijing HFK Bioscience CO. INC. Unless otherwise mentioned, 

all working solutions were prepared by serially diluting stock solutions with PBS (20 mM, 

pH 7.4). The silica gel used for column chromatography is 230-400 mesh type (with 

particle size of 38-63 μm) and for TLC is TLC Silica gel 60 F254 (25 Aluminum sheets 

20*20 cm). The quencher is generally used with saturated brine (greater than 36 g NaCl 

added per 100 mL of H2O). 

Synthesis of the NaGdF4: Yb3+, Tm3+@NaGdF4 Nanoparticles (NPs). Firstly, the oleic 

acid stabilized nanoparticles were synthesized according to the previously reported 

method.17 Briefly, 0.745 mmol of GdCl3, 0.25 mmol of YbCl3 and 0.005 mmol of TmCl3 

were mixed in a 100 mL flask in 6 mL of oleic acid and 15 mL of 1-octadecene. The mixture 

was heated to 150 oC under Ar atmosphere to yield a homogeneous solution. After cooling 
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to room temperature, 10 mL of methanol solution containing 4 mmol of NH4F and 2.5 

mmol of NaOH was slowly added into the mixture. After stirring for 60 min, the solution 

was slowly heated to 70 °C to evaporate the methanol, and degassed at 100 °C for 10 min. 

Subsequently, the temperature was increased to 300 °C for 90 min. After cooling to room 

temperature, the solution was centrifuged at 10,000 rpm for 10 min and washed with 5 mL 

of cyclohexane and 5 mL of ethanol (x 3 times). The as-prepared NaGdF4: Yb3+, Tm3+ 

nanoparticles were dispersed in 10 mL of cyclohexane. 

The NaGdF4 shell was coated onto the as-prepared NaGdF4: Yb3+, Tm3+ nanoparticles 

according to the previously reported protocols with a few modifications.21 In brief, 1 mmol 

of GdCl3 was mixed with 6 mL of oleic acid and 15 mL of 1-octadecene. The mixture was 

heated to 150 ℃ under Ar atmosphere to yield a homogeneous solution. After cooling to 

room temperature, the as-prepared NaGdF4: Yb3+, Tm3+ nanoparticles and 10 mL methanol 

solution containing 4 mmol of NH4F and 2.5 mmol of NaOH were slowly added into the 

GdCl3 solution. The subsequent steps were the same as the procedures. The final products 

(NaGdF4: Yb3+, Tm3+@NaGdF4) were dispersed in 10 mL of cyclohexane. 

Synthesis of mesoporous SiO2 coated NaGdF4: Yb3+, Tm3+@NaGdF4 nanoparticles 

(NP@SiO2). The mesoporous SiO2 coated NP was synthesized according to the previously 

reported protocols.22 In brief, 10 mg of NaGdF4: Yb3+, Tm3+@NaGdF4 was mixed with 2 

mL of cyclohexane, 0.1 g of cetyltrimethyl ammonium bromide (CTAB) and 20 mL of 

water. The solutions were stirred overnight. After adding 40 mL of water, 6 mL of ethanol 

and 300 L of 2 M NaOH, the mixture was heated to 70 °C under stirring and followed by 

dropwise addition of 400 L of tetraethylorthosilicate (TEOS). After 10 min of stirring, the 
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solution was centrifuged and washed with ethanol for three times. The as-prepared 

NP@SiO2 (20 mg) was mixed with 50 mL of ethanol containing 0.3 g of NH4NO3 at 60 °C 

for 2 h. Then, the solution was centrifuged and washed with ethanol for 3 times. 

Synthesis of F-SLOH coated NP@SiO2 (NP@SiO2@F-SLOH) F-SLOH was 

synthesized according to the literature procedure,16 and its structure was shown in Scheme 

4-1. To a 10 mg of NP@SiO2 dispersed in 1 mL of water was added 1 mg of F-SLOH. 

After stirring for 24 h, the solution mixture was centrifuged and washed with 30 % (v/v) of 

ethanol to remove the excess F-SLOH. The resulting NP product was stored at 4 °C before 

use. The TEM images were acquired using a Technai G2 transmission electron microscopy 

(FEI, USA) with an acceleration voltage of 200 kV for the characterization. 

The loading efficiency of the F-SLOH. The loading efficiency refers to the percentage of 

F-SLOH entrapped in the mesoporous cavity and coated on the surface of NP@SiO2 after 

mixing with F-SLOH solution for 24 h relative to the total amount of dye used. To evaluate 

the F-SLOH loading efficiency, the supernatant and washing solutions of NP@SiO2 and 

F-SLOH mixtures were collected, and the residual F-SLOH content (RF-SLOH) was obtained 

by UV-vis measurement at a wavelength of 462 nm using a Varian Cary 100-UV-Vis 

spectrophotometer. The loading efficiency of F-SLOH was calculated as follows: [(OF-SLOH 

− RF-SLOH)/OF-SLOH] × 100 %, in which OF-SLOH is the original F-SLOH content, the number 

of F-SLOH on each NP@SiO2@F-SLOH was also calculated based on previous reports, 

the detailed calculation process was provided in the following calculation section. 

The DLS and Zeta Potential measurements. A Malvern Zetasizer Nano ZS system 

(Malvern Instrument Ltd., UK) was used for dynamic light scattering (DLS) and zeta 
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potential (ZP) measurements. The sample cell was equilibrated to 25 °C for 120 s prior to 

measurement. The Z-averaged hydrodynamic mean diameters were calculated using the 

software provided by Malvern. 

TGA measurement. TGA measurement was conducted on a STA 449C TGA instrument 

(NETZSCH, Germany) with a heating rate of 10 °C /min. A sample of 10 mg was heated 

from 25 °C to 800 °C in air flow (20 mL/min), and Ar as the balance gas (20 mL/min). 

Fluorescence assays in-vitro. Different amounts of Aβ species were mixed with 

NP@SiO2@F-SLOH. Then the fluorescence spectra were acquired by a PTI QM4 

fluorescence spectrometer (Photo Technology International, Birmingham, NJ) after 

incubation for 3 min at room temperature. 

Cytotoxicity study. SH-SY5Y cells (catalog number CRL2266, ATCC, USA) were 

cultured in DMEM/F12 medium containing 10% FBS and 0.25% PSN, and incubated with 

5% CO2 in a humid incubator at 37°C. The viability of SH-SY5Y cells was determined by 

[3-(4,5)-dimethylthiazol-2-yl]-2,5-diphenyltetrazole bromide, (MTT) assay. Briefly, cells 

were seeded in 96-well plates at a density of 5×104 cells/well, 1 day before treatment. The 

medium was then replaced with fresh medium containing different concentrations of 

NP@SiO2@F-SLOH for 24 hours. After that, the NP@SiO2@ F-SLOH solution was 

replaced with fresh medium containing 0.5 mg/mL MTT, and left at 37°C, 5% CO2 for 3 

hours. Then remove the medium, then add dimethyl sulfoxide (DMSO), and gently shake 

to dissolve the formazan crystals. The optical density (OD) was measured with a Universal 

Microplate Reader (Elx 800, Bio-TEK Instruments Inc., USA) at 540 nm with a reference 

of 690 nm. The average value of the OD NP@SiO2@F-SLOH / OD control of the three 
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experiments was used to calculate the viability value, and the error bar showed the standard 

deviation. 

Dissolution study of F-SLOH from NP@SiO2@F-SLOH. To evaluate the 

binding/adhesion stability of F-SLOH on the NP@SiO2, 1 mg/mL NP@SiO2@F-SLOH 

was dissolved in H2O, PB and cell culturing medium (i.e., 90 % DMEM and 10 % FBS) 

keeping at room temperature or dissolved in blood serum (from fetal bovine) keeping at 

37 °C for 0, 1, 6, and 24 h, respectively. Then the solutions were centrifuged at 13,000 rpm 

for 15 min. The absorption spectra of the supernatant were acquired in which the solution 

without NP@SiO2@F-SLOH were used as a reference. The binding stability of F-SLOH 

on the NP@SiO2 was also evaluated in SH-SY5Y cell cultured solution and brain 

homogenates. The SH-SY5Y cells were seeded in 96-well plates at 5 × 104 cells/well for 1 

day and then the medium was replaced by fresh medium containing 1 mg/mL 

NP@SiO2@F-SLOH for 0, 1, 6 and 24 h, respectively. The cell co-incubation solutions 

were carefully pipetted and centrifuged at 13,000 rpm for 15 min. The absorption spectra 

of the supernatant were acquired using the SH-SY5Y cells alone as a reference. The 

homogenization of WT mouse brain was conducted using JY88-II N ultrasonic cell 

disruptor (Scientz Biotechnology Co., Ltd., Ningbo, China), then NP@SiO2@F-SLOH 

was added into the brain homogenates with the final concentration as 1 mg/ mL. After 

incubated for 0, 1, 6, and 24 h, respectively, the mixtures were centrifuged at 13,000 rpm 

for 15 min, the absorption spectra of the supernatant were acquired and the brain 

homogenate without NP@SiO2@F-SLOH was used as a reference. 

Animal experiments. 
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In this study, animal experiments conformed to the guidelines of the animal ethics 

committee established by Jilin University for institutional animal care and use. We have 

made great efforts to reduce the number of animals used and minimize the suffering of 

animals. 

In vivo NIR fluorescent imaging of NP@SiO2@F-SLOH. The mice were anesthetized 

to be motionless under isoflurane gas (2.0 mL min-1) supplemented with oxygen (1.0 mL 

min-1), then 100 L of NP@SiO2@F-SLOH (40 mg/kg) was injected via the tail vein. 

Fluorescence imaging from the brain section were acquired using an INV-9M12 Davinch 

In-vivo Imaging System (Davinch-K, Korean) at different time points. The images were 

obtained using a filter set (excitation wavelength around 488 nm and emission wavelength 

between 650-700 nm) with an exposure time of 2.5 s. 

Ex vivo co-staining of brain tissues of mice. The wild type (WT) and APP/PS1 transgenic 

(Tg) mice were firstly injected with NP@SiO2@F-SLOH (100 μL, 40 mg/kg) via tail vein. 

The mice were dissected after six hours. Then the brain sections were fixed in 4 % 

formaldehyde for 24-36 h, and soaked in different concentrations of ethanol (30, 50, 75, 

85, 95 and 100 %), then paraffin-embedded, and sagittal paraffin sections were obtained 

(20 μm thickness) with a microtome. Next, the obtained sections were treated with fetal 

calf serum and 0.4 % Triton X-100 for 15 min at room temperature and washed with PBS 

for three times. For staining with thioflavin T (ThT), sections were incubated with 10 μM 

ThT solution for 5 min, after washing with 40 % ethanol for 2 min and rinsing with PBS 

for 3 min (x 3 times), the co-localization images were obtained using a reconstructive 

Nikon Ti-S fluorescent microscope (Nikon, Tokyo, Japan), The excitation wavelengths for 
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NP@SiO2@F-SLOH and ThT were 488 and 450 nm, respectively, and the emission 

wavelengths collected were 620-660 and 460-500 nm, respectively.15  

In-vivo up-conversion fluorescence imaging of NP@SiO2@F-SLOH. The WT mouse 

was anesthetized to be motionless under isoflurane gas (2.0 mL min-1) supplemented with 

oxygen (1.0 mL min-1), and then 100 L of NP@SiO2@F-SLOH (40 mg/kg) was injected 

via the tail vein. Fluorescence images of the brain section were acquired using a home-

built imaging system at different time points with 14 s of the exposure time for the 

fluorescent image. The home-built imaging system contained a 980 nm laser (MDL-980, 

CNI optoelectronics technology Co., Ltd. Changchun, China) with a beam expander (light 

width as 2 cm) as the excitation light resource, an SP560 optical filter (400-700 nm, NMOT 

optoelectronics technology Co., Ltd., Shenzhen, China) to eliminate the interference of 

excitation light, a M2590 digital camera (GenieTM Nano Cameras, Japan) to capture the 

fluorescent signals, and a CamExpertTM software (Teledyne Dalsa Co., Ltd., Waterloo, 

Canada) for the data processing. 

Measurement of T1 relaxation rates of NP@SiO2@F-SLOH NPs. Different 

NP@SiO2@F-SLOH aqueous solutions with various Gd concentrations were prepared, 

and the T1 relaxation rates were measured on a Siemens Prisma 3.0 T MR scanner 

(Erlangen, Germany). T1 values were obtained using inversion recovery pulse sequence 

with inversion time point at 40, 80, 160, 320, 640 and 1280 ms, respectively. 

Magnetic resonance imaging of NP@SiO2@F-SLOH in vivo and ex vivo. 

In vivo MRI Studies. In vivo MRI was performed after injecting 100 L of NP@SiO2@F-
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SLOH (40 mg/kg) to WT and Tg mice via tail vein, and the images were acquired at 

different time points. The MRI was performed on a Siemens Prisma 3.0 T MR scanner 

(Erlangen, Germany) with a small animal surface coil. The MRI scan parameters were TR 

= 490 ms, TE = 44 ms, FOV = 60 mm, in-plane resolution = 0.8 mm, thickness = 1 mm. 

MRI of NP@SiO2@F-SLOH ex vivo. Ex-vivo T1 weighted images were obtained from 

the sacrificed APP/PS1 Tg and WT mice, which were supplied with an overdose of 

anesthetics after injection of 100 L of NP@SiO2@F-SLOH (40 mg/kg) for 6 h. The MRI 

scan parameters were TR = 400 ms, TE = 50 ms, matrix = 512×512, FOV = 60 mm, 

thickness = 3 mm. 
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 Chapter Five                                

Theranostic Multi-Modal Contrast Agent for Alzheimer ’s 

Disease Mouse Model: Gadolinium (III) Complex-Cyanine 

Dyad 

5.1 Introduction 

Alzheimer was termed ‘senile dementia’ more than a century ago, with remarkable 

accuracy.1-2 It is now known as Alzheimer’s disease (AD) and is the main cause of 

dementia.3 The incidence and prevalence of AD increases with age. As the elderly 

population is growing worldwide, AD is quickly becoming one of the largest universal 

healthcare problems.4 The presence of extracellular amyloid-β (Aβ) plaques in the brain of 

patients is one of the most important pathological hallmarks of AD,5 which are 

predominantly composed of Aβ1-42 and Aβ1-40.
6 The aggregation of these Aβ peptides is 

thus a key event in the pathogenesis of AD,7 and is believed to occur much earlier in the 

disease course than any identifiable clinical symptoms. Therefore, Aβ aggregates in the 

brain may be a promising predictive biomarker for the development of AD, and it is 

important to be able to accurately detect them using imaging techniques to enable the 

diagnosis of AD.8 Aβ aggregation inhibitors that can prevent Aβ monomers from forming 

neurotoxic soluble oligomers may be useful in the treatment of AD.9 Multi-modal imaging 

is an indispensable means to overcome the limitations of single-modal imaging 

technologies in disease diagnosis.10-13 Although near-infrared fluorescence (NIRF) 

imaging technology has been widely used for histological examination of cells to detect 
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the deposition of Aβ aggregates in the brain with high sensitivity and accuracy, compared 

with nuclear imaging technology, fluorescence imaging has limited penetration depth and 

is sensitive to photobleaching of fluorophore. Magnetic resonance imaging (MRI) has 

proven to be a powerful non-invasive technique. The significant advantages of MRI are the 

high spatial resolution and the ability to distinguish between soft tissues.14-16 Therefore, by 

combining fluorescence imaging with MRI, dual-modality imaging can overcome the 

limitations of fluorescence imaging and achieve high spatial and temporal resolution. The 

use of single contrast agents is helpful in many applications of MRI, but effective and 

sensitive low-molecular weight contrast agents for Aβ imaging have rarely been 

proposed.17-22 

Gadolinium (Gd3+)-based contrast agents have powerful paramagnetic properties and an 

ability to reduce the longitudinal (T1) relaxation time of the neighbouring water protons, 

giving rise to T1-weighted images,16 however the clinical applications of free Gd3+ ion is 

severely restricted due to their high toxicity as Ca2+ channels blockers. Thus, low-

molecular weight Gd3+ chelates and nanoscale Gd-based agents are mainly developed and 

used as MR contrast agents. The use of nanoscale Gd-based MR contrast agents has some 

limitations for Aβ targeting. For example, when injected into the blood through the tail vein 

(IV), most of the nanoparticles will accumulate in the main organs of the 

reticuloendothelial system (RES), and only a small proportion of the nanoparticles can be 

available to target Aβ. Additionally, although several attempts have been made to modify 

nanoparticles to minimise these limitations, only limited success has been achieved so far.23 

Compared with Gd-based nanoparticles, low-molecular weight Gd3+ chelates can make up 
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for the shortcomings of nanoparticles. Importantly, low-molecular weight Gd3+ chelates 

have good biocompatibility, good biostability, good cell membrane permeability, low 

toxicity, high target specificity, and multimodal imaging capabilities. At present, there are 

few reports of the use of low-molecular weight Gd3+-based MRI contrast agents to image 

neuronal Aβ and effectively inhibit Aβ aggregation. In addition to MRI, cyanine 

derivatives can also be used for near-infrared (NIR) imaging. Studies have shown that 

cyanine derivatives have significant binding affinity for Aβ aggregates and can cross the 

blood-brain barrier (BBB) due to their high lipophilicity.24-25 We posit that imaging of Aβ 

species with a dual-modality NIR/MR imaging technique using low-molecular weight Gd3+ 

complexes as a multifunctional MRI contrast agent is of great practical significance for 

disease monitoring, research of complex disease processes and evaluation of AD drug 

efficacy. In this work, we designed and synthesised novel Aβ-targeted low-molecular 

weight Gd3+-based MRI contrast agents, namely Dyad-1, Dyad-2 and Dyad-3, for 

NIR/MR dual-modality imaging in an AD mouse model (Figure 5-1). We found that these 

new Gd3+ chelates conjugated with cyanine dyes displayed high specificity and selectivity 

for Aβ species, low toxicity and high BBB permeability and can be quickly metabolised 

by the liver and kidney. Outstandingly, the dual-modality Gd3+-based low-molecular 

weight contrast agent Dyad-3 showed a remarkable inhibitory effect on Aβ fibrillation, 

potent neuroprotection against Aβ-induced toxicity, and suppression of Aβ-induced 

reactive oxygen species (ROS) generation. In addition to these biological properties, Dyad-

3 has high NIR and MRI sensitivity after binding to Aβ, making it an excellent example of 

the therapeutic and diagnostic potential of dual-modality probes for AD. 
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Figure 5 - 1. Molecular structures of SLN3 and Dyad series.  

5.2 Synthesis 

A facile approach using Huisgen 1,3-dipolar cycloaddition, commonly known as “click 

chemistry” was adapted for conjugation of cyanine to DOTA macrocycle. To introduce the 

azido functionality into the cyanine skeleton for the click reaction with the alkyne, 2-

azidoethylamine 6, was first reacted with SLCOOH using peptide coupling reagent, 

PyBOP affording the desired product, (Scheme 5-1) which was then undergone Cl- 

counterion exchange via ion exchange resin, Dowex 1X8 (Cl- form). The pure Cl- 
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counterion product, 7 was isolated in low yield (15%). Furthermore, the chemistry failed 

to provide practical quantities of the azido compound 7 with poor batch-to-batch 

reproducibly. For example, as soon as we started to heat it slightly, we could not isolate 

the pure compound 7. Alternatively, SL-N3 was designed and prepared as shown in 

Scheme 5-1.  

DOTA-Gd-alkyne was prepared according to a literature procedure starting from 

commercially available propargyl-DOTA-tris(tBu)ester. To synthesize the dyad, SL-N3 

was further reacted with DOTA-Gd-alkyne (Scheme 5-1) using click chemistry in the 

presence of Cu(OAc)2 and sodium ascorbate in DMF and water. The desired product was 

not soluble in organic solvents and the excess SL-N3 was easily removed by washing with 

CH2Cl2. The resulting crude product was purified by size exclusion chromatography to 

give Dyad-2. Its purity (97%) was confirmed by HPLC analysis. By conducting a flash 

column chromatography with water and 0.1% of TFA, Dyad-3 was obtained in 22% yield. 

Its good purity (98%) was confirmed by HPLC analysis and the mass percentage of TFA 

(11.6 %) in sample was determined by ion chromatography. 



  

 

191 

 

 

 



  

 

192 

 

Reagents and conditions: a, MeCN, Br(CH2)4N3, r.t.; b, BrCH2COOH c, 

ClCH2CH2OCH2CH2OCH3, NaH, DMF, 75 °C; d, NBS, DCM, 0 °C to r.t.; e, n-BuLi, 

DMF, THF, -78 °C to r.t.; f, piperidine, 1, EtOH, reflux; g, piperidine, 2, EtOH, reflux; h, 

1) PyBOP, DIPEA, DMF, r.t. 2) DOWEX 1X8 chloride; i, Cu(OAc)2, Na Ascorbate, 

DMF/H2O, 50°C; j, DMF/H2O, Na Ascorbate, Cu(OAc)2, 50°C. 

Scheme 5 - 1. Synthetic route of Dyad-1, Dyad-2 and Dyad-3. 

5.3 Results and Discussion 

5.3.1 Photophysical Properties 

As shown in Figure 5-2 and Figure 5-3, the newly synthesised dual-modality Gd3+-based 

low-molecular weight contrast agent Dyad-3 and the SLN3 fluorophore showed emission 
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maxima (λem
max) at 641−650 nm upon excitation at their absorption maxima (λabs

max), with 

low fluorescence quantum yields (ΦPL) ranging from 0.3 to 0.96% in phosphate buffer (PB) 

and dimethyl sulfoxide (DMSO) (Table 5-1). Dyad-3 and the SLN3 fluorophore showed 

large Stokes shifts in both PB and DMSO. A large Stokes shift and long emission 

wavelength indicate that the dual-modality dyad has good potential in biosensing 

applications and high-resolution NIR imaging. 

Table 5 - 1. Summaries of optical properties of Dyad-3 and SLN3 in different solvents. 

Cpmd Solventa λabs
max

b /nm 

(εmax× 104 / M-1cm-1) 

λem
max

c 

(Stokes shift) 

/nm 

Φd(%) 

Dyad-3 PB 463 641 (178) 0.57 

DMSO 490 642 (152) 0.44 

SLN3 PB 468 646 (178) 0.30 

DMSO 474 650 (176) 0.96 

aDMSO is dimethyl sulfoxide bLinear absorption maximum peak in PBS (20 mM, pH 7.4). 

cFluorescence maximum peak excited at the absorption maxima. dFluorescence quantum 

yield using Rhodamine 6G (Φ488 = 0.95) as the standard, ± 10%.  
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Figure 5 - 2. UV-vis absorption and emission spectra of Dyad-3. 
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Figure 5 - 3. UV-vis absorption and emission spectra of SLN3. 
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5.3.2 Fluorescence Properties with Aβ Species 

Although the newly synthesised low-molecular weight Dyad-3 and the SLN3 fluorophore 

exhibited a low fluorescence quantum yield (<1%) in PB, the fluorescence of the dual-

modality cyanine-conjugated Gd3+ chelate enhanced remarkably upon binding to different 

Aβ1-40 or Aβ1-42 species, with a blue shift of ~20 nm (Figure 5-4 and Figure 5-5). In 

contrast to SLN3, Dyad-3 exhibited different extents of fluorescence enhancement 

(16−127-fold) upon binding to various Aβ species. The fluorescence enhancement upon 

binding was the strongest with Aβ1-42 fibrils and the weakest with Aβ1-42 monomers (i.e., 

Foligomer > Ffibril > Fmonomer).  
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Figure 5 - 4. Fluorescence spectra of SLN3 (10 μM) in the presence of 200 μM Aβ1-40 and 

Aβ1-42 species (monomers, oligomers and fibrils), respectively. 
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Figure 5-4. Fluorescence spectra of Dyad-3 (10 μM) in the presence of 200 μM Aβ1-40 and 

Aβ1-42 species (monomers, oligomers and fibrils), respectively. 

To investigate the binding affinity of these probes toward various Aβ species, fluorescence 

titrations were conducted and the dissociation constants (Kd) were estimated using 

saturation binding curve fitting (Figure 5-5 and Figure 5-6). The results are summarised 

in Table 5-2. 

Table 5 - 2. Kd value of SLN3 and Dyad-3 to Aβ1-40 and Aβ1-42, respectively. 

Cmpd Kd mAβ1-40 

（μM） 

Kd oAβ1-40 

（μM） 

Kd fAβ1-40 

（μM） 

Kd mAβ1-42 

（μM） 

Kd oAβ1-42 

（μM） 

Kd fAβ1-42 

（μM） 

SLN3 570.4 80.7 45.5 286.1 61.9 32.5 

Dyad-3 217.8 203.2 89.43 438.9 422.7 309.2 
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Figure 5 - 5. Fluorescence titration plots and the corresponding saturation binding curves 

of SLN3 to Aβ1-40 and Aβ1-42 species, respectively. 
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Figure 5 - 6. Fluorescence titration plots and the corresponding saturation binding curves 

of Dyad-3 to Aβ1-40 and Aβ1-42 species, respectively. 

In addition, the dual-modality NIR/MR probe, Dyad-3 exhibited desirable selectivity for 
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Aβ species over other small molecules, metal ions and bovine serum albumin (BSA), 

except for a slight affinity for BSA (Figure 5-7). Furthermore, it demonstrated excellent 

photostability, with no significant changes in the fluorescence response seen over a wide 

range of pH 4−9 values in the absence or presence of Aβ1-42 fibrils (Figure 5-8). 
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Figure 5 - 7. Fluorescence intensity ratio (F/F0) of Dyad-3 in PB in the presence of various 

metal ions (Ca2+, Ag+, Zn2+, K+, Mn2+, Mg2+, Gd2+, Cu2+/50×10−6 M) and bioactive 

molecules (Cys, GSH, BSA, Aβ1-42 fibrils/50×10−6 M) respectively. λex = 465 nm. 
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Figure 5 - 8. Plot of photostability responses of Dyad-3 at different pH values in the 

absence and presence of Aβ1-42 fibrils in PB. 

5.3.3 Cytotoxicity Analysis 

The cytotoxicity of both SLN3 and Dyad-3 was evaluated on SH-SY5Y cells using an MTT 

viability assay to determine their suitability for biological applications. As shown in Figure 

5-9, both SLN3 and Dyad-3 are non-toxic, with lethal concentration 50% (LC50) 

values >200 μM. The conjugation of SLN3 with the Gd3+ ligand did not increase the toxicity 

of Dyad-3, indicating that the dual-modality fluorescent probe Dyad-3 is highly 

biocompatible and desirable for biological applications.  
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Figure 5 - 9. Cell viability values (%) estimated by MTT proliferation. Human 

neuroblastoma SH-SY5Y neuronal cells were treated with different concentrations of 

SLN3 and Dyad-3 at 37 ℃ for 24 h. 

5.3.4 Studies on the Inhibition of Aβ Aggregation 

To explore whether Dyad-3 has therapeutic potential to suppress the formation of 

neurotoxic and pathogenic Aβ oligomers, a Thioflavin T (ThT) fluorescence assay was 

conducted to determine the inhibitory effects of SLN3 and Dyad-3 on seed-mediated 

growth of toxic Aβ aggregates. Aβ1-40 or Aβ1-42 (100 µM) was incubated with SLN3 and 

Dyad-3 (100 µM), and aggregation was monitored by the fluorescence of the ThT label. 

As shown in Figure 5-10, SLN3 and Dyad-3 effectively inhibited the aggregation and 

fibrillation of both Aβ1-40 and Aβ1-42. Furthermore, Figure 5-11 shows the plots of the 

fluorescence intensity obtained in the ThT fluorescence assay in the presence of Dyad-3 

after incubation with Aβ1-42 at difference time points, consistently indicating that Dyad-3 

is an excellent Aβ aggregation inhibitor and highlighting its potential as a therapeutic 

agent for AD. 



  

 

204 

4 6 0 4 8 0 5 0 0 5 2 0 5 4 0

0

5 .01 04

1 .01 05

1 .51 05

2 .01 05

2 .51 05

W a v e le n g th  (n m )

F
lu

o
r
e

s
c

e
 i

n
te

n
s

it
y

C o n tro l

D y a d -3

S L -N 3

(a)

  

4 6 0 4 8 0 5 0 0 5 2 0 5 4 0

0

5 .01 05

1 .01 06

1 .51 06

2 .01 06

W a v e le n g th  (n m )

F
lu

o
r
e

s
c

e
 i

n
te

n
s

it
y

C o n tro l

D y a d -3

S L -N 3

(b )

 

Figure 5 - 10. The fluorescence intensity of ThT at 490 nm in the absence and presence of 

Dyad-3 after incubation with (a) Aβ1-40 or (b) Aβ1-42. 
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Figure 5 - 11. The fluorescence intensity of ThT at 490 nm in the absence and presence of 

Dyad-3 after incubation with Aβ1-42 at different time points. 

5.3.5 Studies on the Neuroprotective Effect of SLN3 and Dyad-3 against 

Aβ1-42 

It is well known that soluble oligomers of Aβ1-42 peptide are neurotoxic and form during 

the progression of AD. As such, it is very important to explore the neuroprotective effects 
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of Dyad-3 with respect to Aβ1-42 peptides. As shown in Figure 5-12, it can be observed 

that SLN3 and Dyad-3 have significant neuroprotective effects on human neuroblastoma 

cells SH-SY5Y in vitro. It is worth noting that after a long 24-h incubation, an effective 

neuroprotective effect on SH-SY5Y cells can be observed at a concentration ratio of 1. 

Dyad-3 was effective at preventing the cytotoxicity induced by Aβ1-42 oligomers after 24-

h incubation, highlighting the potential therapeutic application of Dyad-3 in AD 

treatment. 
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Figure 5 - 12. Neuroprotective effect results of SLN3 and Dyad-3. The relative cytotoxicity 

was calculated by the equation: (cytotoxicity in the presence of SLN3 or Dyad-3 and A42)/ 

(cytotoxicity in the presence of A42 alone). 

5.3.6 Studies of SLN3 and Dyad-3 for ROS Suppression 

Studies have found that Aβ aggregates involve the production of ROS, which play a role 

in Aβ-induced neurotoxicity. We used a ROS fluorescent dye carboxyl-DCFDA to 
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investigate the effect of SLN3 and Dyad-3 on the ROS levels in SHSY-5Y cells. We 

found that the fluorescent intensity, reflecting ROS levels, reduced by 10 – 30% (Figure 

5-13), suggesting that Dyad-3 can reduce ROS generation in neuronal cells and indicating 

its great potential as a therapeutic agent in AD treatment.  
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Figure 5 - 13. Plots of the relative ROS level against Aβ1-42 monomer, oligomers and 

fibril-induced cytotoxicity toward SH-SY5Y neuronal cells by SLN3 and Dyad-3. 

5.3.7 Biodistribution of Dyad-3 

The biodistribution of Dyad-3 was studied by evaluating its fluorescence emission 

intensity in different organs of mice at 2, 12, 24 and 48 h after Dyad-3 injection via the tail 

vein. Two hours post-injection, Dyad-3 had mainly accumulated in the brain, liver and 

kidney, while some remained in the heart, indicating that Dyad-3 can penetrate the BBB 

and is likely metabolised by both the liver and kidney. The fluorescence signal was 
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predominantly seen in the liver and kidney 12 h post-injection, indicating that both hepatic 

and renal metabolism are important routes for Dyad-3 elimination in mice (Figure 5-14). 

The fluorescent signal gradually decreased to undetectable levels in the liver and kidney 

24 h post-injection (Figure 5-15) indicating that Dyad-3 can be eliminated from the body. 

After 48 h, the absence of a fluorescent signal confirmed that Dyad-3 was eliminated from 

the body. These results are conducive to the practical biological application of Dyad-3. 

 

Figure 5 - 14. Bright field images of different organs of WT mouse after 2, 12, 24 and 48 

h post-injection of 10 mg/kg Dyad-3 via tail vein, respectively. The corresponding 

fluorescence images of Dyad-3 in the different organs after 2, 12, 24 and 48 h post-
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injection of 10 mg/kg Dyad-3, respectively.
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Figure 5 - 15. The mean signal intensity of fluorescence images of different organs of WT 

mice after 2, 12, 24, and 48 h post-injection of 10 mg/kg Dyad-3 via tail vein, respectively. 

5.3.8 Blood-Brain Barrier Permeability 

The BBB permeability of Dyad-3 is a prerequisite for any in vivo applications. Here, 12-

month-old 5X-FAD transgenic (Tg) mice and age-matched wild-type (WT) mice were 

used for comparisons. A wild-type mouse was injected with Dyad-3 at a dose of 10.0 

mg/kg in phosphate-buffered saline containing 10% DMSO via the tail vein (IV) and the 

fluorescence signal was recorded in real-time within the brain. As shown in the Figure 

5-16, 2 h post-injection, the fluorescence signal intensity reached its maximum value, 

with the fluorescence signal in the brain of Tg mice being significantly higher than that 

in the brain of WT mice throughout this time period. However, this may be due to 
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abnormal permeability of the BBB in Tg mice. Despite this, the rate of decline of the 

fluorescent signal in Tg mice was much slower than that in WT mice. The retention time 

of Dyad-3 in the brain of Tg mice was longer, likely due to the strong binding of Dyad-

3 with the Aβ species found in Tg mice, leading to a decreased clearance rate. 

 

 

Figure 5 - 16. In vivo imaging study of Dyad-3 in mouse model. (a) Fluorescence images 

of the 12 months old 5X-FAD Tg and WT mouse at selected time points before or after 

intravenous injection of Dyad-3 (10 mg/kg) and λex = 465 nm, λem = 600−760 nm. (b) The 

relative fluorescence signal [F(t)/F(pre)] in the brain regions of Tg and WT mice after 

injection. 
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5.3.9 Ex vivo staining of Aβ species in Tg brain slices 

To further investigate the selective targeting capabilities of Dyad-3 for Aβ species in the 

brain of Tg mice, the brain slices of the 12-month-old 5X-FAD Tg mouse used in the 

previously described in vivo study (Section 5.3.8) were examined ex vivo. Two hours 

post-injection of Dyad-3 via the tail vein, the brain slices of the Tg mouse were co-stained 

with Thio-S and various antibodies, such as Aβ monomer antibodies (6E10 or 4G8). As 

shown in the Figure 5-17, although Thio-S staining shows high colocalisation with 

Dyad-3, Thio-S staining is seen only in the centre of the plaque, while Dyad-3 can not 

only mark the core but also the peripheral area of the plaque. To further verify whether 

Dyad-3 can selectively recognise other Aβ species in the brain, we stained brain slices 

with Aβ monomer antibodies targeting different isoforms of Aβ (6E10 or 4G8). As shown 

in Figure 4, Dyad-3 staining overlaps with both the 6E10 and 4G8 antibodies, indicating 

the versatility of Dyad-3 in identifying multiple Aβ species.  
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Figure 5 - 17. Ex vivo images of Dyad-3 in brain slices of Tg mouse (5XFAD transgenic 

mice) co-localized with ThS and a primary antibody (6E10, 4G8) and then a secondary 

antibody conjugated with Alexa 488. Scale bar: 100 μm. 

5.3.10 T1-Weighted MR Imaging Application of Dyad-3 

Due to the excellent fluorescence imaging in vivo, we explored the potential use of Dyad-

3 in the MRI of AD mouse models. We first evaluated the concentration dependence, 

proton spin lattice relaxation rate (1/T1) and T1-weighted MR signal strength of Dyad-3 

on the 3T MR scanner. As shown in Figure 5-18, the proton spin lattice relaxation rate 

has a good linear correlation with the Gd3+ in Dyad-3 at different concentrations, with an 
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estimated longitudinal relaxation (r1) of 4.42 mM−1s−1 and a horizontal relaxation rate (r2) 

of 0.61 mM−1s−1, indicating that Dyad-3 is an ideal T1 contrast agent for MRI applications. 

        

Figure 5 - 18.  Plots of 1/T1 and 1/T2 as a function of different probe concentrations 

measured on a 3T magnetic resonance scanner and the corresponding T1- and T2-weighted 

MR images of probe in aqueous solution at various concentrations. 

To investigate the feasibility of Dyad-3 as a T1-weighted contrast agent for imaging Aβ 

species in vivo, we injected Dyad-3 into 6-month-old Tg and age-matched WT mice via 

the tail vein (IV). When these two groups of mice were compared, many bright spots were 

found at different depth regions of the Tg brain, providing disease-specific MRI signals, 

while almost no bright spots were found in the WT brain (Figure 5-19). These results 

further provide strong evidence that Dyad-3 specifically binds to Aβ species in Tg mice 

and thus can be used for both in vivo and in vitro Aβ species detection and MRI monitoring. 

This is an excellent proof of the ability of this NIR/MR bimodal imaging agent to detect 

Aβ species in vivo.  



  

 

213 

 

Figure 5 - 19. In vivo T1-weighted MR images of Tg mice before and after injection of 

probe via tail vein both in 6-month old AD mice and WT mice. The images were recorded 

after injection of probe 30 min at different depths. The MRI was performed on a Siemens 

Prisma 7.0 T MR scanner, and The MRI scan parameters were: TR = 1000 ms TE = 11 ms, 

NEX = 8, FOV = 20*20 mm, Matrxi = 256*256. 

5.4 Conclusions 

In summary, we have designed and synthesised the first NIR/MR dual-modality low-

molecular weight Gd3+- based contrast agent, Dyad-3, for real-time in vitro and in vivo 

imaging of Aβ aggregates in an AD mouse model. Upon binding with Aβ species, the NIR 

fluorescence intensity and local MR signal of Dyad-3 were found to be greatly enhanced, 

indicating that Dyad-3 is a sensitive and efficient NIR/MR dual-modality probe, which can 

detect and monitor Aβ species in AD mouse models in real time. Dyad-3 was also found to 

be non-cytotoxic, highly biocompatible, and capable of penetrating the BBB and targeting 
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Aβ, with timely clearance via both the liver and kidneys. Importantly, it also exhibited an 

effective inhibition of Aβ self-aggregation, significant neuroprotective effects against Aβ-

induced toxicity, and suppression of Aβ-induced ROS formation, signifying promising 

potential for its use as a therapeutic agent in AD treatment. Our results suggest that the 

NIR/MR dual-modality low-molecular weight Gd3+ contrast agent, Dyad-3 is a potentially 

useful theranostic agent for imaging of Aβ species in vivo and therapeutic treatment of AD. 

In addition, our design strategy provides insights into the design and development of an 

effective NIR/MR dual-modality imaging probe to target Aβ species for the early diagnosis 

and treatment of AD. 

5.5 Experimental 

General procedures All the solvents were dried by the standard methods wherever needed. 

1H NMR spectra were recorded using a Bruker-400 NMR spectrometer and referenced to 

the residue CHCl3 7.26 ppm or DMSO-d6 2.5 ppm. 13C NMR spectra were recorded using 

a Bruker-400 NMR spectrometer and referenced to the CDCl3 77 ppm or DMSO-d6 39.5 

ppm. Mass Spectroscopy (MS) measurements were carried out by using fast atom 

bombardment on the API ASTER Pulser I Hybrid Mass Spectrometer or matrix-assisted 

laser desorption ionization-time-of-flight (MALDI-TOF) technique. The silica gel used for 

column chromatography is 230-400 mesh type (with particle size of 38-63 μm) and for 

TLC is TLC Silica gel 60 F254 (25 Aluminum sheets 20*20 cm). The quencher is generally 

used with saturated brine (greater than 36 g NaCl added per 100 mL of H2O). 

Compound 1, 2, 3, 4 and SLCOOH were synthesized according to previously reported 
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procedures. 26,29 

(E)-1-(4-Azidobutyl)-4-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3yl)vinyl)-

quinolin-1-ium bromide (SLN3). A mixture of a solution of 5 (0.23 g, 0.8 mmol), 1 (0.27 

g, 1.1 mmol) and piperidine (0.1 mL) in ethanol (15 mL) was stirred at room temperature 

for 8 h. After solvent removal, SLN3 was obtained by purification from methanol and ethyl 

acetate (0.37) in 64% yield. 1H NMR (400 MHz, CDCl3) δ 9.71 – 9.22 (m, 1H), 9.00 (s, 

2H), 8.63 (d, J = 8.1 Hz, 1H), 8.45 – 8.15 (m, 2H), 8.18 – 7.89 (m, 2H), 7.74 (dd, J = 22.9, 

12.2 Hz, 3H), 7.47 – 7.31 (m, 2H), 7.16 (t, J = 6.9 Hz, 1H), 5.06 – 4.45 (m, 1H), 4.60 – 

4.17 (m, 1H), 3.79 (dd, J = 14.3, 9.2 Hz, 1H), 3.45 (d, J = 4.3 Hz, 1H), 3.39 – 3.28 (m, 1H), 

3.19 (s, 1H), 3.14 (s, 3H), 1.89 (s, 2H), 1.69 (s, 2H) ppm; 13C NMR (100 MHz, CDCl3) δ 

171.02, 153.37, 146.32, 145.63, 142.29, 140.84, 137.45, 134.85, 128.84, 127.02, 126.58, 

126.43, 122.49, 122.27, 120.79, 120.14, 117.92, 115.63, 115.12, 109.79, 109.45, 58.88, 

53.58, 50.60, 27.01, 25.71 ppm. HRMS (MALDI-TOF) m/z calcd for C32H34BrN5O2 [M]+ 

520.2703, found 520.2699. 

 

(E)-1-(2-((2-Azidoethyl)amino)-2-oxoethyl)-4-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-

carbazol-3-yl)vinyl)quinolin-1-ium chloride (7). To a solution of SLCOOH (49.2 mg, 

0.087 mmol), PyBOP (75.3 mg, 0.145 mmol), DIPEA (20 μL, 0.115 mmol) and 2-

azidoethylamine 6 (11.5 mg, 0.134 mmol) in dichloromethane (6 mL) was stirred at room 

temperature under argon for 3 days. After solvent evaporation, the residue was filtered 

through a small silica gel column with an eluent of dichloromethane/MeOH, 90/10, (v/v). 

Compound 7 was obtained after a silica-gel column chromatography using 
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dichloromethane, 100% then dichloromethane/MeOH, 95/5 and 90/10, (v/v) as eluent. The 

residue was filtered through a small column of Dowex 1X8 (chloride form, 50-100 mesh, 

MeOH) affording the desired product in 15% yield (7.60 mg, 0.013 mmol). UV-Vis 

(CH2Cl2): λmax (nm) (ε × 10-2 L mol-1 cm-1) 322 (46), 507 (36). 1H NMR (CD3OD, 300 K, 

500 MHz): δ (ppm) 8.81 (m, 2H), 8.50 (m, 1H), 7.87-8.50 (m, 8H), 7.58 (m, 1H), 7.53 (m, 

1H), 7.48 (m, 1H), 7.25 (m, 1H), 5.56 (s, 2H), 4.47 (m, 2H), 3.89 (m, 2H), 3.50 (m, 2H), 

3.49 (M, 4H), 3.38 (m, 2H), 3.19 (s, 3H). MS (ESI): m/z 549.3 [M-Cl]+, 549.3 calcd for 

C32H33N6O3. HRMS (ESI): m/z 549.2627 [M-Cl]+, 549.2609 calcd for C32H33N6O3. 

General procedure for the Huisgen cycloaddition reaction. To a suspension of azido 

compound (1 equiv.), DOTA-Gd-alkyne (0.9 equiv, bought from CheMatech, Dijon, 

France), sodium ascorbate (0.29 equiv.) and Cu(OAc)2
.H2O (0.53 equiv.) in DMF/H2O (5.0 

mL, 1/1, v/v) was heated at 50 °C for 24 h. After the end of reaction, the reaction mixture 

was allowed to cool to room temperature and the solvent was then removed. Purification 

and characterization details for each compound are described below. 

Synthesis of Gd3+-based small-molecule Dyad-1. The protocol described above was 

followed. The resulting product was precipitated in dichloromethane. The mixture was 

filtered and washed with dichloromethane. The resulting crude product was purified over 

BioBeads® S-X3 stationary phase and using DMF as eluent affording 59% yield (6.1 mg, 

5.1 μmol). UV-Vis (MeOH): λmax (nm) (ε × 10-2 L mol-1 cm-1) 470 (90). MS (ESI): m/z 

1145.45 [M-Cl-H2O]+, 1116.39 calcd for C51H62GdN10O10. HRMS (ESI): m/z 1145.38574 

[M-Cl-H2O]+, 1145.38384 calcd for C51H61GdN11O10. 

Synthesis of Gd3+-based small-molecule Dyad-2. The protocol described above was 
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followed. The resulting product was precipitated in dichloromethane. The mixture was 

filtered and washed with dichloromethane. The resulting crude product was purified over 

Bio-Beads® S-X3 stationary phase and using DMF as eluent affording 36% yield (37.3 

mg, 30.6 μmol). UV-Vis (MeOH/H2O, 10/90, v/v): λmax (nm) (ε × 10-2 L mol-1 cm-1) 470 

(36). MS (ESI): m/z 1116.61 [M-Br-H2O]+, 1116.39 calcd for C51H62GdN10O10. HRMS 

(ESI): m/z 1116.38947 [M-Br-H2O]+, 1116.39368 calcd for C51H62GdN10O10. HPLC: tR = 

3.9 min (purity 97% at 440 nm). 

Synthesis of Gd3+-based small-molecule Dyad-3. The protocol described above was 

followed. The compound Dyad-3 was obtained after a flash chromatography (C-18) eluting 

with H2O containing 0.1% TFA, 100% and then MeOH containing 0.1% TFA, 100%, 

affording the product with 22% yield (46.4 mg, 37.2 μmol). Overall yield of 22% was based 

on mass percentage of TFA = 11.6% (1.3 TFA) determined by ion chromatography. MS 

(ESI): m/z 1116.49 [M-CF3CO2-H2O]+, 1116.39 calcd for C51H62GdN10O9. HRMS (ESI): 

m/z 1116.40178 [M CF3CO2-H2O]+, 1116.39368 calcd for C51H62GdN10O9, m/z 569.69129 

[M- CF3CO2-H2O +Na]2+, 569.69145 calcd for C51H62NaGdN10O9, HPLC : tR = 3.9 min 

(purity 98% at 440 nm). 

Preparation of Aβ monomer, oligomer and fibril. Aβ1-40 and Aβ1-42 were purchased from 

r-Peptide (USA). Stock solutions of Aβ1-40 and Aβ1-42 were prepared by dissolving 1 mg 

peptide powder in 400 µL of 0.02 % ammonia solution without any purification and stored 

at -20°C prior to use. Oligomeric and fibrillar form of Aβ1-40 were prepared by diluting the 

stock solution to 50 µM with 25 mM phosphate buffer and incubating at 37°C for 3 h and 

24 h respectively. To prepare Aβ1-42 oligomer, monomeric Aβ1-42 was diluted to 100 µM 
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with 10 mM hydrochloric acid and incubated at 37°C for 24 h. Aβ1-42 fibril was prepared 

by incubating 100 µM monomeric Aβ1-42 at 37°C for 3 day. 

In-Vitro Binding Assays. To study the dissociation constants of fluorophores, a solution 

of 10 µM fluorophores was mixed with different concentrations of Aβ monomer or pre-

formed oligomer and fibril (a final volume of 15 µL) and incubated in 25 mM phosphate 

buffer at room temperature for 15 min. Emission spectra of the mixture were measured by 

HORIBA FluoroMax-4 Spectro Fluorometer using excitation wavelength of 497, 524 and 

548 nm with emission ranges of 517-800, 544-800 and 568-800 nm for SLN3 and Dyad-3, 

respectively. 

Inhibition effect of SLN3 and Dyad-3 on Aβ1-40 and Aβ1-42fibrillation. To examine the 

inhibitory effect of the fluorophores on both Aβ1-40 and Aβ1-42, 100 µM fluorophores were 

co-incubated with 100 µM monomeric form of Aβ1-42 at 37°C for 0, 2, 6, 9, 15, 18, 21, 24, 

27, 30, 33, 39, 42, 45 and 48 h. The resultant mixtures were labeled with ThT (molar ratio 

of ThT:Aβ = 2:1) and the emission measurement was measured by HORIBA FluoroMax-

4 Spectro Fluorometer. 

Cell viability assays. SH-SY5Y cells were seeded into the culture medium of 96-well 

plates at a density of 3 × 104 cells / well. For the cytotoxicity experiment of SLN3 and 

Dyad-3, after stabling the cells for 24 hours, replace the medium with 0.2% serum DMEM 

/ F12 containing SLN3 and Dyad-3at a final concentration ranging from 1 nM to 200 μM 

and incubate for 24h. In a neuroprotection study, SH-SY5Ycells were incubated with 10 

μM of different neurotoxic compounds (including Aβ1-42 monomers as controls) for 24 

hours. The SLN3 and Dyad-3 together with Aβ1-42 monomer were seeded into the wells in 
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a 1 to 1 ratio. The day after culture, replaced the medium with 600 μM of 3-(4,5-dimethyl-

2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) solution (Sigma-Aldrich) and 

then incubated at 37 ° C for 4 hours. Removed the MTT solution in each well with a pipette 

and added 75 μL of dimethyl sulfoxide (DMSO, Sigma-Aldrich) to each well. After gently 

shaking for 15 minutes, the formazan crystals of each well were fully dissolved. Optical 

density (OD) was measured with a Universal Microplate Reader (Elx 800, Bio-TEK 

Instruments Inc., USA) at 540 nm at a reference wavelength of 690 nm. All the data results 

of cytotoxicity were calculated as ((MTT control – MTT bg) – (MTT inhibitor – MTT bg)) 

/ (MTT control – MTT bg) × 100%. Three independent experiments were analyzed, and 

the error bars exhibited the standard error of the mean of the three experiments. 

Reactive oxygen species (ROS) measurement. SH-SY5Y cells were cultured in 96-well 

black plates (PerkinElmer), cells were incubated with the fluorescent dye DCFH-DA of 

100 μM (Molecular Probes, life technologies, USA) and kept in dark at 37 °C humidified 

incubator under 5 % CO2 for 30 min. Cells were seeded into a 96-well black culture plate 

(PerkinElmer). The cells were incubated with 100 μM fluorescent dye DCFH-DA 

(Molecular Probes, life technologies, USA) and humidified at 37 °C with 5% CO2 

incubating in the dark for 30 minutes. Washed out all the DCFH-DA solution with 

Phosphate buffer (PB, Gibco) and then treated the cells with Aβ1-42 monomer as a control, 

the final concentration is 10 μM, in HBSS as the control. At the same time, SLN3 and 

Dyad-3 were mixed with Aβ1-42 monomer in a 1 to 1 ratio respectively. Incubate the cells 

for a further 24 hours. Measured the fluorescence intensity (I) at 530 nm of each well with 

a microplate reader (Tecan, Switzerland) under 485 nm excitation. The data was delivered 
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as the average value of SLN3 and Dyad-3 mixed with Aβ1-42 / IAβ1-42 and the error bars 

displayed the standard error of the average of the three tests. 

Animal. The Committee on the Use of Human and Animal Subjects in Teaching and 

Research (HASC), Hong Kong Baptist University, prior approval for all animal related 

experiments were obtained. Animal license to conduct the experiments were approved by 

the Department of Health, Hong Kong under the animal license no. (17-77) in 

DH/SHS/8/2/6 Pt.1. All methods and experiments were performed in accordance with the 

approved guidelines and regulations. The 5XFAD transgenic mice were purchased from 

the Jackson Laboratory (Bar Harbor, ME, USA) and housed in the animal unit, School of 

Chinese medicine, HKBU. 5XFAD transgenic mice possessing overexpression of both 

mutant human PS1 harboring L286V, M146L mutations and human APP (695) with the 

Florida (I716V), Swedish (K670N, M671L) and London (V717I) with Familial 

Alzheimer’s disease (FAD) mutations were also used in this study. 5XFAD transgenic male 

mice were crossed with C57 female mice and the resulting transgenic offspring were used 

after confirming transgene by PCR according to the supplier’s protocol . The colony of 

animals was maintained in our animal unit, School of Chinese medicine, HKBU. 

In vivo NIRF imaging of Dyad. Before background imaging, 5XFAD transgenic mice (12 

months old) and age-matched wild-type mice were shaved as controls. Before imaging, 

oxygen (1.0 mL) was supplemented with isoflurane gas (2.0 mL min-1) min-1. The mice 

were qnesthetized under theses condition, keept still, and then injected with 100 µL of 

Dyad-3 (10 mg/kg) through the tail vein. Living imaging software was used to collect 

fluorescence images from the brain at different time points. A filter set (excitation at 496 
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nm and emission at 690-700 nm) was used to obtain a fluorescent image with an exposure 

time of 1 s. Use Living Image software to analyze the image and select the ROI in the brain 

area. Brain fluorescence intensity was obtained from photon counting. The data were 

analyzed the data by normalizing the fluorescence intensity to the background fluorescence 

of each mouse [ie F(t)/F(pre)], where F(t) is the fluorescence intensity at the time point of 

interest and F(pre) is the background fluorescence signal. 

Co-staining brain tissues of 5XFAD-Tg mice ex vivo. 5XFAD transgenic mice were 

injected with Dyad-3 via tail vein. After 30 minutes, it was deeply anesthetized and 

perfused intracranially with PBS, and then perfused with 8% formaldehyde in PBS (pH 

7.4). After excision, the brain is buried in the optimal cutting temperature compound (OCT), 

and then the slice is frozen with a cryostat (thickness 10 μM). Next, 0.4% Triton X-100 

was used to infiltrate the free-floating portion and block in a blocking solution containing 

2% BSA. For staining by Thio-S, the sections were incubated with 1.0 μM Thio-S solution 

for 5-8 minutes, then washed with 25% ethanol for 4 minutes, then washed with PBS for 5 

minutes, and then washed in water for 5 minutes. For co-staining studies, free-floating 

sections were further incubated with primary antibodies, namely 4G8, 6E10 (1:200) at 4°C 

overnight. Collect the primary antibody the next day. The sections were washed in PBS 

and incubated in a 2% BSA solution containing goat anti-mouse or goat anti-rabbit 

secondary antibodies conjugated with Alexa Fluor 488 (1:500) at room temperature for 2 

h. A confocal laser scanning microscope (Leica TCS SP8) of the Hong Kong Baptist 

University School of Traditional Chinese Medicine was used to sequentially capture 

images of Aβ immunofluorescence reactivity, followed by images of Dyad-3 on Aβ species. 
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Measurement of relaxation rates of Dyad-3. Various Dyad-3 concentrations in aqueous 

solution were prepared firstly, and then T1 and T2 relaxation rates (R1 and R2) were 

measured on the same Siemens Prisma 3.0 T MR scanner. T1 values was obtained using 

inversion recovery (IR) pulse sequence with inversion time point at 25, 50, 100, 200, 400, 

800, 1600 and 3200 ms. T1 values was obtained using Carr-Purcell-Meiboom-Gill 

sequence (CPMG) pulse sequence with different echo times. 

Two-photon absorption. The two-photon excitation spectra were measured by the 

fluorescence method by using a Ti:sapphire femtosecond laser Insight DS (680-1300 nm) 

with pulse width < 120 fs and a repetition rate of 80 MHz (Spectra-Physics) The excitation 

beam was collimated over the cell length (Helma fluorescence semi-micro 10x4 mm) and 

the fluorescence, collected at 90° of the excitation beam, was focused into an optical fibre 

connected to a spectrometer (AvaSpec ULS from Avantes). The incident beam intensity 

was adjusted to ensure an intensity-squared dependence of the fluorescence over the whole 

spectral range reported. Calibration of the spectra was performed by comparison with the 

published Rhodamine B in MeOH [ref Xu C, Webb WW. Measurement of two-photon 

excitation cross sections of molecular fluorophores with data from 690 to 1050 nm. J Opt 

Soc Am B. 1996;13:481-91, Makarov, N. S.; Drobizhev, M.; Rebane, A. Opt. Express 2008, 

16, 4029-4047] in the 750-880 and 930-1000 nm rangen Fluorescein in 0.1N NaOH 

solution in the 880-930 nm range.30 

Magnetic Resonance Imaging of Dyad-3 ex vivo. Ex-vivo T1 weighted images were 

obtained from the sacrificed AD and WT mice, which were killed with an overdose of 

anesthetics after 4h injection of Dyad-3. To obtain higher SNR, spin echo pulse was 
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employed, and the parameters were, TR = 1000 ms, TE =11 ms, NEX = 8, matrix = 

256×256, FOV = 20*20 mm, thickness = 0.6 mm. 
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Chapter Six                                  

Concluding Remarks 

In this thesis, novel series of xanthohumol derivatives, namely, Xn-n, (n = 1-9) and its 

chalcone derivatives C-n, (n = 1-10) were designed and synthesized to explore their 

desirable physical, biological and pharmacological properties, especially the blood-brain 

barrier permeability for intervention of neurodegenerative diseases. Three novel 

oligomeric Aβ targeted near infrared (NIR) fluorescent probes based on 2-naphthylamine 

skeleton, namely DBAN-SLM, DBAN-SLOH, and DBAN-OSLM were designed, 

synthesized and studied for the diagnosis and therapeutics of Alzheimer's disease. A 

NIR/MR dual-modal Gd-based nanoparticle, namely NP@SiO2@F-SLOH was first 

designed, fabricated and characterized for imaging of Aβ species and inhibition Aβ 

aggregation in AD mouse model. Furthermore, a novel of series of small-molecule Gd3+ 

chelate-based dyad, namely Dyad-1, Dyad-2 and Dyad-3 were designed, synthesized and 

investigated as a NIR/ MR dual-modal probe for early diagnosis and therapy of AD. 

(1) Novel xanthohumol derivatives, namely, Xn-n, (n = 1-9) and its chalcone 

derivatives C-n, (n = 1-10) were designed and synthesized to explore them as 

potential therapeutic drugs in the treatment of AD and PD, which have good 

biocompatibility and blood-brain barrier permeability and also showed good 

neuroprotective effect on Aβ and αS monomer-induced toxicity, such as 

inhibiting ROS production and an increase of intracellular [Ca2+] induced by Aβ 

or αS oligomer. For those flavonoid derivatives with low cytotoxicity, good 
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neuroprotective effect and effective inhibitory effect, we can further study the in 

vivo efficacy and pharmacokinetic effects of the flavonoid derivatives in the AD 

animal models. 

(2) Three oligomeric Aβ targeted near infrared (NIR) probes, namely, DBAN-SLM, 

DBAN-OSLM and DBAN-SLOH for in vivo and ex vivo imaging of Aβ in AD 

mouse model were designed and synthesized. Remarkably, DBAN-SLM was 

found to exhibit effective inhibitory effect on Aβ self-aggregation, potent 

neuroprotection effect against the Aβ-induced toxicity, and inhibition on Aβ-

induced ROS generation. Because of its excellent blood-brain barrier (BBB) 

permeability, good biocompatibility and stability, high binding selectivity towards 

Aβ oligomers, and intense fluorescence enhancement upon binding with Aβ, 

DBAN-SLM was proved to be useful for in vivo and ex vivo imaging of Aβ in AD 

mouse model. 

(3) Aβ oligomer-specific F-SLOH surface-functionalized Gd3+-derived 

nanoparticles (NP), NP@SiO2@F-SLOH as a multimodal near-infrared (NIR) 

imaging/T1-weighted magnetic resonance imaging (MRI) contrast agent for in 

vivo and ex vivo detection and imaging of Aβ contents in AD mouse model were 

designed and fabricated. Outstandingly, the NP@SiO2@F-SLOH was shown to 

be practically useful for in vivo and ex vivo NIR imaging of Aβ with high 

sensitivity and selectivity, and MRI with good spatial resolution in different age 

groups of APP/PS1 transgenic mice. This nanoprobe also exhibited excellent 

inhibitory effect on Aβ fibrillation and neuroprotection against Aβ-induced 
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toxicities including ROS generation, signifying the promising treatment potential 

for AD. 

(4) Small-molecule Gd3+ chelate-based dyads, namely Dyad-1, Dyad-2 and Dyad-3 

were designed and synthesized as a NIR/MR dual-modal contrast agent for in 

vivo and ex vivo imaging of Aβ species in AD mouse model. Among the series, 

Dyad-3 exhibited strong and highly selective binding with Aβ species, enhanced 

fluorescence signal upon binding with Aβ species, non-cytotoxic, highly 

biocompatible, and BBB permeable with timely clearance via the kidneys, which 

was successfully applied to image Aβ species in AD mouse models in real time 

by NIR and MR imaging. Dyad-3 also exhibited an effective inhibition on Aβ 

self-aggregation, significant neuroprotection effect against the Aβ-induced 

toxicities and suppression on Aβ-induced ROS formation, highlighting its 

promise as a theragnostic agent for diagnostics and therapeutic treatment of AD. 

In summary, based on the selectivity of oligomeric Aβ targeting near infrared (NIR) probes 

and the advantages of dual-modal probes, we can make the subtle modifications of the NIR 

probe structures to covalently conjugation with new Mn based nanoparticles to form a new 

dual-modal probe to achieve the theranositic of Alzheimer’s disease in the future work. 
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Appendix Ⅰ 1H NMR Spectra of Selected Novel Synthesized 

Compounds 

 

 



  

 

233 

 

 



  

 

234 

 

 



  

 

235 

 

 



  

 

236 

 

 



  

 

237 

 

 



  

 

238 

 

 



  

 

239 

 

 



  

 

240 

 

 



  

 

241 

 

 



  

 

242 

 

 



  

 

243 

 

 



  

 

244 

Appendix Ⅱ 13C NMR Spectra of Selected Novel Synthesized 

Compounds 
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Appendix Ⅲ HRMS Spectra of Selected Novel Synthesized 

Compounds 
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