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(A) DLS size distribution profile of DTNPs. (B) UV absorbance 

spectra of DTNPs. (C) ATR-FTIR of DTNPs. (D) SEM images of 

DTNPs. (E) AFM image of DTNPs. (F) Fluorescence emission 

spectra of DTNPs taken at different excitation wavelengths ranging 

from 340 nm to 460 nm. (G-I) Confocal images of DTNPs. (J) 

Photostability of DTNPs, FITC and curcumin irradiated with 365 nm 

UV light at various time points. 

ThT assay showing concentration dependent aggregation of (A) FF; 

(B) Aβ; SEM images showing morphological changes of (C) FF fibrils 

after 24 h of incubation; (D) FF fibrils after 48 h of incubation; (E) FF 

fibrils after 72 h of incubation. Confocal microscopic images showing 
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morphological changes of (F) FF fibrils after 24 h of incubation; (G) 

FF fibrils after 48h of incubation; (H) FF fibrils after 72 h of 

incubation at the scale of 10 μm ;(I) TEM image of aggregated Aβ-

polypeptide fibrils after 3 day of incubation, Scale bar is 1 μm. 

Confocal and scanning electron microscopic images depicting the 

formation of FF fibrils and subsequent disaggregation of the fibrils by 

the DTNPs. (A and E) Pre-formed FF fibrils; (B and F) Pre-formed FF 

fibrils treated with DTNPs for a period of 24 h; (C and G) Pre-formed 

fibrils of FF treated with DTNPs for 48 h and (D and H) Pre formed 

fibrils of FF treated with DTNPs for 72 h. Scale bar is 10 μm. 

SEM and confocal microscopic images showing interaction of DTNPs 

with FF fibrils. (A) DTNPs interacting with FF fibrils (red arrow) 

shown by SEM analysis. Scale bar is 10 μm. (B) Brightfield image of 

DTNPs interacting with FF aggregates. (C) Fluorescent confocal 

image of DTNPs showing in vitro detection of FF aggregates by 

DTNPs; scale bar is 5 μm. (D) 3D image of fluorescent DTNPs 

interacting with FF aggregates. (E) CD spectra of FF fibrils alone and 

in presence of the DTNPs incubated for a period of 24 - 72 h. (F) 

Scheme showing interaction of DTNPs with FF fibrils and their 

subsequent disaggregation by the DTNPs. 

TEM images showing mature Aβ-polypeptide fibrils and the 

disaggregation potential of the DTNPs towards the Aβ-polypeptide 

fibrils. (A) pre-formed fibrils of Aβ-polypeptide; (B, C and D) 

inhibition of Aβ-peptide fibrillization when being incubated with 

DTNPs after 24, 48 and 72 h of incubation. Scale bar is 200 nm. 

Confocal fluorescence images depicting cellular uptake of DTNPs in 

SH-SY5Y cells. (A) DAPI stained SH-SY5Y cells imaged in green, 

red and blue channel without DTNPs (B) DAPI stained SH-SY5Y 

cells treated with DTNPs imaged in green, red, and blue channel; 

scale bar 5 μm. (C) Cytotoxicity of FF toward SH-SY5Y cells 

examined by MTT assay, results are presented as mean ±SD. *P < 

0.05; **P < 0.01; ***P<0.0001 when aggregated FF treated cells were 

compared with control groups;(D) Protective effects of DTNPs against 

FF-induced cytotoxicity in SH-SY5Y cells. Data are presented as 

mean ± SD.  (*P < 0.05; **P < 0.001: ***P<0.0001). 

Cytotoxicity of DTNPs and FF fibrils toward SH-SY5Y cells. (A) 

MTT data showing cytotoxicity of DTNPs; (B) cytotoxicity of FF was 

determined in SH-SY5Y cells and photographed by inverted light 

microscopy after 24, 48 and 72 h (A-F) at a scale of 200 μm. 

Dopamine Tryptophan nanoparticle treatment (5 mg/kg, i.v.) recovered 

learning and memory impairment in STZ lesioned animals and also 

subsided the expression of Aβ42 polypeptide in cortex and 

hippocampus region. Spatial learning and memory activities were 

evaluated by the MWZ test. (A) The bar graph shows escape latency 

time (in sec), i.e., time taken to reach the targeted hidden platform.; (B) 
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Representative track plot for the path traced by rat of each group; (C) 

The bar graph depicts mean path length (in cm). Data are represented as 

the mean ± SEM of n = 5 rats/group. Data were evaluated by repeated-

measures two-way ANOVA, followed by Newman keuls multiple 

comparison post hoc test. Values are Mean ±SEM, n=5. *p < 0.05, **p 

< 0.01, ***p < 0.001. #p < 0.05, ##p < 0.01, ###p < 0.001, 
$
p < 0.05, 

$$
p < 0.01, 

$$$
p < 0.001 * Session 1 vs Session 3, 

#
 Session 1 vs Session 

2. * control vs STZ, 
#
 STZ vs STZ+DTNP, 

$
 STZ vs DTNP. 

Representative photomicrograph shows immunostaining of Aβ42 

oligomers in the (D) cortex and (F) hippocampus regions. The bar 

graphs show quantification of the Aβ42 oligomers in (E) Cortex and 

(G) Hippocampus regions. Data were presented and analyzed by one-

way ANOVA, followed by Newman-keuls multiple comparison test (
*
P 

< 0.05, 
**

P < 0.01, 
***

P < 0.001; 
#
P < 0.05, 

##
P < 0.01, 

###
P < 0.001). 

*
Control vs STZ; 

#
STZ vs STZ+ DTNP. 

Fluorescent images of Cortex (A) and Hippocampal (B) brain region 

treated with DTNPs. Representative photomicrograph shows 

immunostaining of Nuclei (DAPI; stained in blue), Aβ (detect beta 

amyloid; red), and DTNPs (fluorescent nanoparticle; green), on day 

28 after STZ injection. scale bar 50 μm. 

Scheme showing synthesis process of RTNPs (A); SEM images of 

RSV and L-Trp solution before (B); scale bar is 10μm and after 

hydrothermal treatment (C); scale bar is 1μm; DLS of RTNPs (D); 

confocal images of fluorescent RTNPs in all green, blue and red 

channels (E-G); scale bar is 10μm; Fluorescence emission spectra of 

RTNPs (H). 

Scheme showing synthesis process of RTDNPs (A); SEM image of 

polydopamine core nanostructure (B); DLS of polydopamine core 

nanostructures (C); SEM image of RTNPs loaded polydopamine core 

nanostructures (RTDNPs) (D); scale bar is 5 and 2μm; confocal 

images of fluorescent RTDNPs in all green, blue and red channels (E-

G). scale bar is 10 μm. 

The mass spectrum of AcPHF6 peptide. 

SEM and confocal images showing in vitro aggregation of FF fibrils 

(A and B); scale bar is 10μm; TEM, AFM and confocal microscopic 

images showing in vitro aggregation of Ac-PHF6 fibrils (C-E); scale 

bar is 2μm.   

SEM images showing in vitro disaggregation of FF fibrils by RTNPs 

(A); scale bar is 10μm; Graph showing rise in temperature of NPs 

solutions after 808 nm laser irradiation (B); confocal images showing 

ThT stained in vitro disaggregation of FF (C) and Ac-PHF6 fibrils (D) 

by RTDNPs; scale bar is 5μm.  The laser irradiation wavelength used 

was at 808 nm. 
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MTT data showing RTDNPs cytotoxicity (A); confocal images 

showing cellular uptake of RTDNPs (B); scale bar is 10μm. 

Illustration showing in vitro evaluation of RTDNPs and fibril treated 

cells in neuronal cells (A); confocal images showing calcein AM 

stained viable cells in green channel and neuroprotective effect of 

different concentrations of RTDNPs against FF and Ac-PHF6 fibrils 

in neuronal cells after irradiation with 808 nm laser (B); scale bar is 

50μm. 

(A) Image showing the acoustic chamber used in the study for 

achieving acoustic stimulation-based activation of the nanospheres. 

(B) Equivalent circuit diagram consisting of (i) power supply, (ii) 

function generator, (iii) power amplifier and (iv) speaker for the 

mechanical stimulation to the acoustic chamber (iv) where the 

‘specimen of study’ was placed.  

(A) Images showing PVDF nanospheres before and after getting 

coated with polydopamine, (B) DLS data of PVDF nanospheres, (C) 

DLS data of DPVDF nanospheres, (D) brightfield, (E) merge, and (F) 

green channel confocal images of polydopamine-coated PVDF 

nanospheres (scale bar~10 μm), (G) UV-Vis absorbance spectra of 

DPVDF and PVDF nanospheres, (H) ATR-FTIR spectra of DPVDF 

and PVDF nanospheres. 

FESEM images of PVDF and DPVDF nanospheres (A and B), 

histogram showing the size distribution profile of PVDF (C) and 

DPVDF nanospheres (D) based on FESEM data (N=100).  

FESEM images showing spherical structure of (A) PVDF and (B) 

DPVDF (Scale bar is 1 μm). Surface potential characterization of 

nanospheres. Morphology and surface potential images of uncoated 

PVDF nanospheres as shown in (C), (D), and polydopamine coated 

nanospheres (DPVDF) as shown in (E), (F), respectively (Scale bar is 

1 μm). Chemical resemblance of PVDF and DPVDF nanospheres as 

represented by XPS spectra.  C 1s (G) and F 1s (H) XPS spectra of 

PVDF (upper panel)] nanospheres and (I) N 1s and (J) O 1s XPS 

spectra of DPVDF nanospheres (lower panel).  

(A) Schematic diagram of D-PNG. (B) Voltage response of D-PNG 

obtained at different bending strains. (C) Output response of D-PNG 

as a vibration sensor. Inset shows the schematic of the measurement 

and the fitted equation with a damping coefficient of 28.  

(A) Schematic demonstrating the input mechanical stimuli (shown by 

arrows) of 100 
  

  
 provided to the PVDF nanosphere. (B) Strain 

generation within the nanosphere (as per FEA analysis) as a result of 

the input mechanical agitation (double headed arrows indicate the 

mechanical deformation caused due to the stimuli). (C) Piezoelectric 

potential generated in PVDF nanospheres due to strain generation 
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under the mechanical stimuli. 

PFM (A) phase (hysteresis) and (B) amplitude (butterfly) response of 

neat PVDF nanospheres. PFM phase response (C) and amplitude 

response (D) of the DPVDF nanospheres. 

Brightfield microscopic images showing the structural and 

morphological transitions of FF fibrils [as shown in (A) and (E)] after 

being treated with different concentration of DPVDF nanospheres (2, 

4 and 6 mg/mL) in the presence [ as shown in (B-D)] and absence [as 

shown in (F-H)] of mechanical perturbations (ultra-sonication for 30 

min). Scale bar is 10 μm. 

Bis-ANS assay showing disaggregation of FF fibrils in presence of 

activated DPVDF nanospheres.   

Microscopic images showing the structural and morphological 

transitions occurring in FF fibrils [ as shown in (A) and (E)], after 

being treated with DPVDF nanospheres [ demonstrated in (B) and 

(F)], PVDF nanospheres [ as shown in (C) and (G)], and dopamine 

solution; [ as shown in (D) and (H)]. Experiments were done in the 

presence and absence of mechanical perturbations (Sonicating power; 

40 kHz for half an hour). Scale bar is 10 μm.  

TEM images showing the morphological changes occurring in Aβ42 

polypeptide fibrils in presence of the activated nanospheres. (A) Aβ42 

polypeptide fibrils and (B), Aβ42 polypeptide fibrils exposed to 

sonication. (C)Aβ42 polypeptide fibrils after being treated with 

sonication activated PVDF nanospheres. (D) Aβ42 polypeptide fibrils 

after being treated with sonication activated DPVDF nanospheres.  

Calcien AM/PI and MTT results showing biocompatibility of PVDF 

and DPVDF nanospheres determined in the presence (AS +) or 

absence (AS -) of acoustic stimulus. (A and B) Confocal microscopic 

images showing biocompatibility of activated and non-activated 

PVDF and DPVDF nanospheres towards L929 cells determined by 

live dead assay (Calcien AM/PI staining) at the scale of 100 μm; (C 

and D) Biocompatibility of PVDF and DPVDF nanospheres towards 

L929 cells determined by MTT assay (a = 0.4 mg/mL, b = 0.6 mg/mL, 

c = 0.8 mg/mL). (E and F) Confocal images showing biocompatibility 

of PVDF and DPVDF nanospheres towards SH-SY5Y cells examined 

by live-dead assay (Calcien AM/PI staining). Scale bar: 100 μm. (G 

and H) Biocompatibility of nanospheres towards SH-SY5Y cells 

determined by MTT assay (a = 0.4 mg/mL, b = 0.6 mg/mL, c = 0.8 

mg/mL). 

(A) Confocal microscopic images depicting cellular uptake of 

polydopamine coated nanospheres in SH-SY5Y cells (scale bar~10 

μm). (B) Schematic representation showing the neuroprotective 

effects exhibited by the coated nanospheres demonstrated in neural 

cells, on being activated by an acoustic stimulus. (C) MTT results 
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showing neuroprotective effects of non-activated (without exposure to 

acoustic stimulus) PVDF and DPVDF nanospheres (a = 0.4 mg/mL, b 

= 0.6 mg/mL, c = 0.8 mg/mL) against FF fibrils (12mM) induced 

toxicity in SH-SY5Y cells.  (D) MTT results showing neuroprotective 

effects of sono-activated (placed under acoustic stimulus) PVDF and 

DPVDF (a = 0.4 mg/mL, b = 0.6 mg/mL, c = 0.8 mg/mL) nanospheres 

against FF fibrils (12mM) induced toxicity in SH-SY5Y cells. One-

way analysis of variance (ANOVA) followed by Tukey’s multiple 

comparison test were used to analyse the significant difference 

between the mean values of controls and treated samples; results are 

presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p < 0.0001 when nanospheres treated cells were compared with 

control groups. 

(A) Data showing generation of ROS using NBT assay, where ‘a’ 

represents the ROS generated by non-activated nanospheres after 30 

min and 1 h and ‘b’ represents ROS generated by activated 

nanospheres after 30 min and 1 h of exposure to the acoustic stimuli. 

(B) TMB assay results, where ‘a’ represents ROS generated by TMB 

and H2O2 solution without nanospheres, ‘b’ represents ROS generated 

by only TMB solution and nanospheres, ‘c; represents ROS generated 

by TMB, H2O2 solution and nanospheres in the absence of acoustic 

stimulus, and ‘d’ represents ROS generated by TMB, H2O2 solution 

and nanospheres after 30 min and 1h exposure of the acoustic 

stimulus. (C) Confocal images showing ROS produced by different 

concentrations of PVDF nanospheres under acoustic stimulus and 

non-stimulus conditions (scale bar 50 μm). Two-way analysis of 

variance (ANOVA) followed by Tukey’s multiple comparisons were 

used to analyse the significant difference between the mean values of 

controls and treated samples; results are presented as mean ± SD. *p < 

0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 when treated 

samples were compared with control groups.  

In vivo fluorescence images of ICG-labeled DPVDF nanospheres 

obtained in Balb/c mice. (A) In-vivo fluorescence imaging of ICG- 

DPVDF nanospheres-treated mice demonstrated that the particles can 

reach and stay in the brain tissues from the nasal cavity after1,2, 3, 

and 4h of nanospheres administration. (B) In-vivo fluorescence 

imaging of PBS treated 
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ABSTRACT 

 

Brain, being the center of control for the body, is capable of causing major threat to life in 

case of any malfunctioning. Other than cardiovascular and pulmonary disorders/diseases, 

steep rise in global burden of neuronal disorders especially Alzheimer’s disease (AD) is one 

of the major public health concern in today’s world. The aggregation and accumulation of 

neurotoxic amyloid-β (Aβ) and hyper-phosphorylated tau proteins are the major 

neuropathological hallmarks of Alzheimer’s disease (AD). Inhibiting their aggregation is one 

of the most viable approaches for controlling the progression of this deadly disease. 

Currently available anti-AD drugs have many limitations such as their limited ability to pass 

through the blood−brain barrier (BBB), low bioavailability in the central nervous system 

(CNS). Their several physicochemical characteristics like low lipophilicity, high molecular 

weight (MW), and higher polar surface area, also hinder their successful brain delivery. 

Therefore, it becomes imperative to look for more efficient and disease modifying anti-AD 

drugs. New generation theranostic nanomedicines can serve as cutting-edge and safer 

solutions to overcome these existing limitations and improve current treatment stratagems for 

the disease with potential clinical success. 

In this regard, the present thesis is focused on the development of small molecule derived 

nanotheranostics for imaging and potential therapy of Alzheimer’s disease. In the very first 

study, we developed self-fluorescent solo tryptophan nanoparticles (TNPs) from a single 

amino acid, L-tryptophan by a simple hydrothermal reaction. We demonstrated that TNPs 

could significantly inhibit as well as disrupt the fibrils formed by Aβ42 peptide, and a 

reductionist   approach based amyloid model dipeptide, phenylalanine-phenylalanine (FF). 

More importantly, these nanoparticles were non-toxic to neuronal cells and could protect the 

neurons from Aβ42 peptide and FF aggregates induced cytotoxicity. In addition, efficacy 
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studies performed in animal models further revealed that the TNPs could rescue spatial and 

learning memory in intracerebroventricular (ICV) STZ administration induced AD phenotype 

in rats. Moreover, pharmacokinetics studies further established the BBB permeability and 

brain delivery potency of TNPs. Inherent excellent fluorescent properties of these 

nanoparticles could further be exploited to use them as imaging modalities for tagging and 

detecting FF and Aβ42 peptide fibrils. Thus, the biocompatible and utterly simple and 

fluorescent tryptophan nanoparticles synthesized here could serve as potent nanotheranostic 

agents for treating and diagnosing AD. 

Stepping forward, we next tried to explore the anti-amyloid propensity of theranostic 

tryptophan nanocomposite with another anti-amyloidogenic and neuroactive molecule, 

dopamine. The nanocomposite (DTNPs) was developed by following a simple hydrothermal 

reaction. Interestingly, the designed multimodal theranostic system carried triple 

advantages: (a) amyloid recognition and binding capacity owing to the presence of the 

aromatic moiety specifically tryptophan, (b) Aβ-polypeptide fibril disaggregation propensity 

contributed by the presence of both tryptophan and dopamine, and (c) inherent BBB 

permeability by means of tryptophan. Further, the DTNPs showed synergistic 

neuroprotective effects against both in neuroblastoma cells and in animal model (ICV-STZ) 

of dementia. In addition, DTNPs exhibited excellent fluorescent properties and light up the 

cytoplasm of neuroblastoma cells when being incubated with cells, confirming their ability to 

serve as an intracellular bioimaging agent. Thus, our overall results of this study signify the 

potency of the DTNPs as promising multifunctional theranostic agents for treating AD. 

Despite the promising anti-amyloid potency of both solo tryptophan and nanocomposite of 

tryptophan toward both FF-derived amyloid fibrils and preformed Aβ-peptide fibers, the anti- 

aggregation property of nanosystems against tau protein were not explored. Thus, in our next 

study we have tried to develop a dual functional fluorescent resveratrol and L-tryptophan 
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(Res- Trp) loaded dopamine (dopa) core nanotheranostic system as a dual anti-amyloid 

agent. The nanosystem demonstrated dual anti-amyloidogenic activity against both Aβ42 

peptide, and the hexapeptide Ac-PHF6 (VQIVYK) derived from tau protein. Additionally, 

Res-Trp loaded Dopa core showed remarkable neuroprotective effect in neuroblastoma cells 

against both FF amyloid fibrils and hexapeptide Ac-PHF6 fibrils induced toxicity under the 

NIR laser irradiation. Our dual functional nanosystems thus serve as new class of theranostic 

systems for combating the AD. 

In addition to simple small molecule based nanotheranostic systems for treating and 

diagnosing AD, we tried to explore dopamine coated piezoelectric polyvinylidene fluoride 

(DPVDF) nanospheres as acoustic stimulus (sonication) triggered anti-fibrillizing agents 

towards FF, as well as Aβ42-polypeptide fibrils. DPVDF nanospheres represent a class of 

biocompatible piezoelectric materials with piezo-catalytic property triggered in response to 

acoustic stimulus. The acoustic stimulus-activated DPVDF nanospheres produced piezo-

induced oxidative stress, under both in vitro and in cellular conditions, which successfully 

destabilized FF and Aβ42 fibrils. In vitro studies also revealed that the stimulus-activated 

DPVDF nanospheres could efficiently alleviate the neuro-toxicity of FF fibrils as exemplified 

in the neuroblastoma, SHSY5Y cells. Thus, these acoustic stimuli activated nanospheres 

could serve as novel class of disease modifying nanomaterials for non-invasive electro-

chemotherapy of AD. 

Overall, this thesis demonstrates the development of different small molecule derived 

nanotheranostic systems, capable of transversing the BBB to serve as simultaneous amyloid 

inhibitors and aggregate detecting agents under one roof. Such multifunctional 

nanosystem are not only interesting but also superior to many other reported anti-amyloid 

nanostructures in terms of their biocompatibility and ease of fabrication. 
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SYNOPSIS 

Chapter 1. Introduction 

Brain, being the centre of control for the body, can cause major threat to life in case of any 

malfunctioning. Other than cardiovascular and pulmonary disorders/diseases, steep rise in 

global burden of neuronal disorders especially Alzheimer’s disease (AD) is one of the major 

public health concern in today’s world. According to World Alzheimer’s reports, AD 

accounts for one of the leading causes of dementia and the 7
th

 leading cause of death globally 

affecting approximately 55 million people worldwide, and the number will gradually rise to 

about 139 million cases by 2050. There are approximately 10 million new cases of dementia 

rising per year globally (one new case in every 3 seconds) according to WHO (2019) and 

Alzheimer’s Disease International (ADI) reports, and most of the cases are rising in 

developing countries. Despite many years of intensive research, various clinical trials on 

available disease-modifying therapies for the treatment of AD have shown unsatisfactory 

results and suffer from several limitations. Current AD therapies though help to reduce the 

disease symptoms to some extent and improve the patient’s quality of life, but these 

medications neither slow the progression of the disease nor can cure it. Moreover, the 

available treatment strategies are not able to detect the disease at its earliest stage. 

Additionally, the major limitation of these therapies is the low bioavailability of these drugs 

in the central nervous system (CNS) due to their meagre access to the brain because of the 

blood-brain barrier (BBB).  Moreover, most of these medicines have various side effects and 

cause vomiting, allergic reactions, loss of appetite, and diarrhea to the person taking them. To 

overcome all these issues and to achieve effective therapy, there is a pressing need for the 

development of advanced methods which possess high sensitivity, high resolution, deep 

penetration power, and the ability to facilitate real-time monitoring of disease progression 

along with biosafety. These days nanotechnology-based drug delivery approaches have 

gained significant advantages over traditionally used strategies. Moreover, many recent 

advancements in the field of nanomedicine have led to the development of nanotheranostics, 
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a novel approach which integrates both diagnostic as well as therapeutic functions in one 

system.  This chapter introduces the fundamental concepts of nanotheranostics systems for 

the treatment of AD (Scheme 1). Currently, different multifunctional nanoparticles such as 

inorganic NPs, polymeric NPs, protein-based NPs, and carbonaceous nanostructures are 

widely used as nanotheranostics agents due to the inherent theranostic properties of these 

nanoparticles that can offer real-time, rapid and sensitive diagnostics as well as therapeutic 

platforms for AD. Among them, fluorescent nanostructures based on π-conjugated, self-

assembled oligomers have been rated to be suitable for theranostic applications based on their 

unique photo-physical properties and drug-loading capabilities. They possessed well-defined 

shapes and sizes, attained stable architectures in an aqueous environment, and sometimes 

boosted fluorescence quantum yield as well. Thus, these NPs carry inherent theranostic 

features that can offer rapid, real-time, and sensitive diagnosis, as well as therapeutic 

platforms for AD. In this regard, we ventured into developing small molecule-derived 

fluorescent nanotheranostics for AD. The designed auto-fluorescent nanoparticles could act 

as potential amyloid inhibitors and neuroprotective agents. In addition, owing to their 

inherent fluorescent and biocompatible nature as well as based on their ability to interact with 

amyloid aggregates, these NPs can also contribute towards AD imaging and diagnosis.  

 

Scheme 1. A schematic presentation showing multimodal nanotheranostics as an anti-

amyloid theranostic inhibitor and biocompatible neural cell imaging agent for early diagnosis 

and therapy of AD. 
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Chapter 2. Self-Fluorescent Lone Tryptophan Nanoparticles as Theranostic Agents for 

Alzheimer’s Disease 

Aggregation of β-amyloid (Aβ42) peptide in neural extracellular space leads to cellular 

dysfunction resulting in Alzheimer's disease (AD) pathology. The amyloidogenic Aβ42 

peptide contains aromatic amino acids in its hydrophobic core that play an important role in 

its self-assembly. Hence, targeting these hydrophobic aromatic core residues by potent small 

molecules may be a promising approach against amyloid aggregation. Herein in this chapter, 

we have developed self-fluorescent solo tryptophan nanoparticles (TNPs) as nanotheranostic 

systems against AD. We demonstrated that TNPs could significantly inhibit as well as disrupt 

the fibrils formed by Aβ42 peptide, and a reductionist approach based amyloid model 

dipeptide, phenylalanine-phenylalanine (FF). More importantly, these nanoparticles were 

non-toxic to neuronal cells and could protect the neurons from Aβ42 peptide and FF 

aggregates induced cytotoxicity. In addition, efficacy studies performed in animal models 

further revealed that the TNPs could rescue spatial and learning memory in 

intracerebroventricular (ICV) STZ induced AD phenotype in rats. Moreover, 

pharmacokinetics study further established the BBB permeability and brain delivery potency 

of TNPs. The inherent excellent fluorescent properties of these nanoparticles could further be 

exploited to practically use them as imaging modalities for tagging and detecting FF and 

Aβ42 peptide fibrils (Scheme 2). Overall, our results clearly illustrated that the solo TNPs 

could serve as promising nanotheranostic agents for AD therapy.  
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Scheme 2. A schematic presentation depicting self-fluorescent tryptophan nanoparticles 

synthesis along with their anti-amyloidogenic activity and amyloid aggregates detecting 

potential. 

Chapter 3. Fluorescent Dopamine-tryptophan nanocomposites as dual imaging and 

anti-aggregation agents: New generation of amyloid theranostics with trimeric effects 

Moving a step ahead in the direction of finding a potent anti-AD therapeutics, in this chapter, 

we developed inherently fluorescent theranostic dopamine tryptophan-nanocomposites 

(DTNPs) and investigated their amyloid inhibition propensity along with their ability to act as 

a cellular bioimaging agent in neuronal cells.  The anti-aggregation potency of the 

nanocomposites was further investigated against an in vitro established reductionist amyloid 

aggregation model consisting of a mere dipeptide, phenylalanine-phenylalanine (FF). As 

opposed to large peptide/protein derived robust and high molecular weight amyloid 

aggregation models of Alzheimer's disease, our dipeptide based amyloid model provides an 

edge over other systems in the row in terms of the ease of their handling, synthesis and cost-

effectiveness.  Results demonstrated positive anti-aggregation behaviour of the DTNPs 

towards both FF derived amyloid fibrils and preformed Aβ-peptide fibers by means of 

electron microscopic and circular dichroism-based studies. Our results further pointed 

towards the neuroprotective effects exhibited by the DTNPs in neuroblastoma cells against 

FF amyloid fibrils induced toxicity and also significantly suppressed the accumulation of 

Aβ42 oligomers in both cortex and hippocampus regions and improved cognitive impairment 
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in intracerebroventricular streptozotocin (ICV-STZ) induced animal model of dementia. 

Besides, DTNPs also exhibited excellent fluorescent properties and lit up the cytoplasm of 

neuroblastoma cells upon cellular uptake confirming their ability to serve as an-intracellular 

bioimaging agent (Scheme 3). Overall, these results signify the potency of the DTNPs as 

promising multifunctional theranostic agents for treating AD. 

 

Scheme 3: Overall scheme showing self-fluorescent dopamine tryptophan nanocomposites as 

anti-amyloid theranostic inhibitor and biocompatible neural cell imaging agent for early 

diagnosis and therapy of AD. 

Chapter 4. Dual functional resveratrol tryptophan nanoparticles loaded polydopamine 

core (RTDNPs) for Alzheimer’s treatment 

Inhibiting the aggregation of neurotoxic amyloid aggregates is one of the most viable 

approach to control the progression of Alzheimer’s disease (AD). Despite the promising anti-

amyloid potency of both solo tryptophan and nanocomposite of tryptophan toward both FF-

derived amyloid fibrils and preformed Aβ-peptide fibers as described in our previous 

chapters, the anti-aggregation property of nanosystems against tau protein were not explored. 

Tau pathology is also the common cause of neurodegeneration in Alzheimer's disease (AD) 

and prevention of aggregated form of hyperphosphorylated tau is one of the targets for AD 
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treatment. Thus, in this chapter, we have tried to develop a self–fluorescent dual functional 

resveratrol and L-tryptophan (Res-Trp) loaded polydopamine core (RTDNPs) 

nanotheranostic system as a dual anti-amyloid agent. The nanosystem demonstrated dual anti-

amyloidogenic activity against both FF amyloid fibrils, and the hexapeptide Ac-PHF6 

(VQIVYK) derived from the tau protein. Additionally, RTDNPs exhibited a significant 

neuroprotective effect in neuroblastoma cells against both FF and Ac-PHF6 fibrils-induced 

toxicity under the NIR laser irradiation (Scheme 4). Moreover, RTDNPs also demonstrated 

remarkable fluorescent properties and lit up the cytoplasm of neural cells confirming their 

capability to serve as bioimaging agent. Overall, the results of this work clearly illustrate that 

our dual functional nanosystems can serve as a new class of theranostic systems for 

combating AD.  

          

Scheme 4: Overall scheme showing the synthesis of self–fluorescent dual functional 

resveratrol and L-tryptophan (Res-Trp) loaded polydopamine core (RTDNPs) 

nanotheranostic nanoparticles and their neuroprotective effect in neuroblastoma cells against 

both FF amyloid fibrils and hexapeptide Ac-PHF6 fibrils-induced toxicity under the NIR 

laser irradiation. 
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Chapter 5. Anti-amyloidogenic potency of acoustic stimulus activated piezoelectric 

polydopamine-PVDF nanospheres, a futuristic approach towards Alzheimer’s therapy 

The degeneration of neurons due to the accumulation of misfolded amyloid aggregates in the 

central nervous system (CNS) is a fundamental neuropathology of Alzheimer’s disease (AD). 

Dislodging/clearing these amyloid aggregates from the neuronal tissues is considered a viable 

strategy for finding a potential cure for AD. In this chapter, we explored biocompatible 

polydopamine-coated piezoelectric polyvinylidene fluoride (DPVDF) nanospheres as 

acoustic stimulus-triggered anti-fibrillating agents against two model amyloidogenic 

peptides, which includes the reductionist model-based amyloidogenic 

dipeptide, diphenylalanine, and the amyloid polypeptide, Aβ42. Our results revealed 

that DPVDF nanospheres could effectively disassemble the model peptide-derived amyloid 

fibrils, under suitable acoustic stimulation. In vitro studies also revealed that stimulus-

activated DPVDF nanospheres could efficiently alleviate the neurotoxicity of FF fibrils as 

exemplified in neuroblastoma, SHSY5Y cells (Scheme 5). Thus, these acoustic stimuli-

activated nanospheres could serve as a novel class of disease-modifying nanomaterials for 

non-invasive electro-chemotherapy of Alzheimer’s disease. 
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Scheme 5: (a) Overall schematic representation showing the formation of polydopamine-

coated PVDF nanospheres. (b) Amyloid fibril disaggregation ability and neuroprotective 

effects exhibited by acoustic stimulus activated DPVDF nanospheres in neural cells. 
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INTRODUCTION 

1.1.Background: 

Brain, being the centre of control for the body, can cause major threat to life in case of any 

malfunctioning.
1
 Other than cardiovascular and pulmonary disorders/diseases, a steep rise in 

global burden of neuronal disorders especially Alzheimer‘s disease (AD) is one of the major 

public health concerns in today‘s world. 
2 

In 1906, AD is first described by Dr. Alois 

Alzheimer and is named after his name. He examined the brain of his patient named Auguste 

Deter after her death and found different types of abnormal plaques and tangles of fibers in 

the cerebral cortex of her brain.
3
 AD  is a lethal, irreversible and progressive degenerative 

brain disorder that deteriorates learning, memory and cognition in patients carrying the 

disorder.
4
 Patients with AD show several behavioural issues including anxiety, depression, 

agitation, and delusion.
5
 Pathological characteristics of AD include Aβ42 neuritic plaques, 

neurofibrillary tangles (NFTs), and neuronal, and synaptic loss.
6
 Aβ42 peptide is produced 

via enzymatic cleavage of the transmembrane amyloid precursor protein (APP) by β and γ-

secretase.
7
 Aβ42 peptide gets first deposited inside neurons and subsequently, gets released 

into the neuropil-forming neuritic plaques.
8
 The intraneuronal deposition of Aβ42 peptide 

could indicate a pathologically crucial event of the initiation of neurodegenerative process in 

AD.
9
 Thus, deposition of these intraneuronal Aβ plaques represent a predictive biomarker for 

the detection of AD pathology (Figure 1.1).  
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Figure 1.1: A comparison of a normal brain with Alzheimer‘s disease affected brain. 

1.1.1. Alzheimer’s cases and global health:  

According to World Alzheimer‘s reports, AD accounts for one of the leading causes of 

dementia and the 7
th

 leading cause of death globally affecting approximately 55 million 

people worldwide, and the number will gradually rise to about 139 million cases by 2050. 
10 

There are approximately 10 million new cases of dementia rising per year globally (one new 

case in every 3 seconds) according to WHO (2019) report and most of the cases are rising in 

developing countries.
11,12

 According to the Alzheimer‘s and Related Disorders Society of 

India (ARDSI) 2020 report, approximately 5.3 million Indians aged >60 years had dementia, 

and the number will gradually rise to about 14 million cases by 2050. 
13 

Moreover, the 

statistics also disclose that > 122,000 people died in the year 2018 from AD, an increase in 

the number of deaths by ∼146% from the year 2000, as compared to other major diseases 
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such as cancer, HIV, and heart diseases.
14,15

 It is the fifth leading cause of mortality among 

adults aged >65 years.
16

 In 2020, the total estimated healthcare costs are accounted for around 

$305 billion for the treatment of AD and it will rise to more than $1 trillion by 2050.
17

  Thus, 

this neuropathology is ultimately turning out to be a terrible medical, economic, and social 

burden. 
18 

1.1.2. AD Pathogenesis Hypotheses: 

AD is a complex multifactorial disease.
19 

Thus, its pathogenesis is explained by various 

hypotheses such as amyloid cascade, tau hyperphosphorylation, cholinergic hypothesis, 

oxidative stress, genetic hypothesis, etc.
20

 But insoluble extracellular plaques of β-amyloid 

peptide (Aβ) and intraneuronal neurofibrillary tau tangles (NFT) are considered to be the 

main neuropathological hallmark of AD. Thus, the amyloid cascade hypothesis and tau 

hyperphosphorylation are two fundamental hypotheses of AD as described below.
21 

Amyloid cascade hypothesis 

The amyloid cascade hypothesis is considered to be the most commonly accepted AD 

etiology.
22 

According to this, amyloidogenic Aβ plaques form due to an imbalance of Aβ 

protein production and clearance in the brain and also act as a trigger for a cascade of events 

that involves neuritic injury, neurofibrillary tangles formations that ultimately leads to 

abnormal functioning of neurons and finally cell death.
7 

The pathogenic mutation of the 

amyloid precursor protein (APP) gene located on chromosome 21 leads to AD.
23

 Majorly, 

two important APP processing pathways are involved: a non-amyloidogenic, α-secretase 

mediated pathway and an amyloidogenic pathway.
24

 The Proteolytic cleavage of APP by the 

α-secretase enzyme at 16-17 residues of the Aβ domain generates a soluble large molecule, 

sAPPα, that has neuroprotective effects.
25 

An amyloidogenic pathway involved sequential 

cleavage of the amyloid-β protein precursor (AβPP) by β/γ secretase generates short amyloid-
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β (Aβ) peptides (Aβ 40 and Aβ 42), which further aggregate into insoluble self-aggregates, 

senile plaques, and neurotoxic oligomers.
26 

These neurotoxic oligomers interfere with 

cholinergic, dopaminergic, serotonergic, and noradrenergic neurons‘ functioning and also 

favour insoluble Aβ peptide accumulation.
27,28 

Furthermore,  Aβ aggregate deposition 

damage the plasma membrane of neurons and induces misfolded Aβ peptide internalization 

into the healthy neurons which cause axonal and dendritic atrophy.
29 

Moreover, this also 

leads to the activation of local microglial cells, release of cytokine, multi-protein 

inflammatory response, and reactive astrocytosis (Figure 1.2).
30-32 

 

Figure 1.2: Non-amyloidogenic and an amyloidogenic pathway of APP processing that leads 

to the generation of AD-associated Aβ peptides (APP-amyloid precursor protein, sAPPβ- 
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soluble APP beta, αCTF 83-alpha C-terminal fragment 83, AICD-APP intracellular domain, 

sAPPα-soluble APP alpha, βCTF 99-beta C-terminal fragment 99). 

Tau Hypothesis 

Tau pathology is also a common cause of neurodegeneration in AD. According to the tau 

hypothesis, excessive or abnormal phosphorylation of the tau protein results in its 

transformation into PHF-tau (paired helical filament) and NFTs.
33

 Tau protein, is a soluble 

microtubule-associated protein (MAP), majorly present in neurons, and constitute of six 

isoforms, ranging from 352 and 441 amino-acid residues, which are mainly derived through 

alternative splicing of a single gene situated on the long arm of chromosome 17.
34,35

 The 

longest isoform of tau protein contains four repeats (R1, R2, R3, and R4) whereas the shortest 

isoform contains three repeats (R1, R3, and R4).
36 

The most important characteristic of the 

tau protein is microtubule-binding domain (MTBD) which is comprised of extremely 

conserved three or four repeats of 18 amino acid residues placed in the carboxy-terminal (C-

terminal) half of the tau protein. 
37 

This MTBD is ultimately involved in polymerization and 

stabilization of microtubules.
38 

The amino terminus (N-terminal) (residues 172-251) 

comprises of mainly acidic amino acids followed by a basic proline-rich region which is 

usually referred to as the projection domain. The projection domain interacts with the 

cytoskeleton element and plasma membrane.
39 

The dysregulation of the kinase and 

phosphatase enzymes activities leads to hyperphosphorylation of the tau protein.
40

 The 

hyperphosphorylation of tau also decreases its affinity toward microtubules.
41 

The 

hyperphosphorylated tau proteins further polymerize into PHF and straight NFT in the 

cytosol of neurons that ultimately impair the axonal functions, degeneration of neuronal cells, 

and finally lead to cell death.
42,43 

In addition, Aβ peptide deposition also causes 

hyperphosphorylation of tau protein by the generation of proinflammatory cytokines that 

stimulate the phosphorylation of tau protein (Figure 1.3).
44 
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Figure 1.3: Progression of tau neuropathology in AD brain.
 

1.2. Conventional Treatment of AD: 

1.2.1. Acetylcholinesterase inhibitors:  

Acetylcholinesterase inhibitors (ACEIs) are the first USFDA-approved drugs for AD 

treatment. 
45 

These drugs enhance the levels of acetylcholine (a neurotransmitter in the brain) 

that helps establish communication of nerve cells with each other, and these are the only 

drugs currently prescribed by neurologists. 
46 

Rivastigmine, galantamine, tacrine, para-

aminobenzoic acid, coumarin, donepezil, xanthostigmine, and flavonoid have been developed 

for AD treatment. All these ACEIs promote higher levels of ACh and inhibit the enzyme 

acetylcholinesterase to degrade the ACh. 
47 

Memantine is an N-methyl D-aspartate (NMDA) 

glutamate receptor antagonist which blocks the NMDA glutamate receptors to regulate the 

glutamatergic system and improves cognitive and memory problems. It is approved by the 
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food and drug administration (FDA) in 2003 and is also recommended for moderate-to-severe 

treatment of AD when an ACEI doesn't work.
48

 

1.2.2 Secretase inhibitors for AD: 

Secretases inhibitors are a class of drugs that thwart the development of abnormal senile 

plaques.
49 

β-secretase inhibitors (BACEI) such as (atabecestat, BI1181181, elenbecestat, 

LY2886721, LY3202626, lanabecestat, PF-06751979, RG7129, umibecestat, verubecestat) 

and γ secretase inhibitors (GSI) such as avagacestat, EVP0015962, PF-06648671, 

semagacestat are in different phases of clinical trials for AD.
50

 Aduhelm is the first medicine 

approved by the USFDA to target and remove amyloid senile plaques in the brain for the 

treatment of AD (FDA,2021). 
51 

1.2.3 Aβ fibril inhibitors: 

Aβ plaques represent a promising and predictive amyloid biomarker for the early detection of 

amyloid pathology in AD and also serve as a viable therapeutic target. 
52

 Scylloinositol 

(phase II), tramiprosate (phase III), epigallocatechin-3-gallate (phase II/III), and clioquinol 

(phase II) are currently available small molecule inhibitors against aggregation of Aβ in 

clinical trials.
53

 Also, β-sulfonylproline, β-proline, 3-phenyl azetidine-2-carboxylic acid, 

and azetidine-2-carboxylic acid are synthetic β-sheet breaker peptides that prevent the fibril 

formation and modulate the cell damage due to the exposure of Aβ. 
54 

Similarly, Stemazole 

has been exhibited in vitro neuroprotective effect against Aβ induced cytotoxicity in SH-

SY5Y cells. 
55 

Likewise, SK-PC-B70M, curcumin, and T718MA are other compounds that 

protect neuronal cells from Aβ-mediated cytotoxicity.
56

  

1.2.4. Aβ therapeutic antibodies: 

Among anti- Aβ treatment strategies, passive immunization of anti-amyloid monoclonal 

antibodies (anti-Aβ mAbs) is the most extensively developed therapy for AD treatment.
57

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/monoclonal-antibody
https://www.sciencedirect.com/topics/medicine-and-dentistry/monoclonal-antibody
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Currently, exogenous monoclonal antibodies in different phases of clinical trials for the 

disease are solanezumab (LY2062430), a humanized monoclonal antibody (IgG1) that targets 

and removes neurotoxic Aβ aggregates in mild-to-moderate AD brains,
58

 aducanumab (BI-

IB037) is also human IgG1 monoclonal antibody that targets Aβ oligomers and insoluble 

plaques,
59

 Genentech and Roche‘s crenezumab (MABT5102A, RG7412) are humanized 

IgG4 monoclonal antibody that targets multiple forms of  Aβ aggregates such as oligomers, 

fibrils, and insoluble plaques,
60

 and gantenerumab (RO4909832, RG14502) is a type of  IgG1 

monoclonal antibody that targets and binds the fibrils of Aβ at subnanomolar scale.
61 

1.2.5. Tau Therapies: 

Tau pathology is also the common cause of neurodegeneration in Alzheimer's disease (AD) 

and prevention of aggregated form of hyperphosphorylated tau is one of the targets for AD 

treatment.
62

 Currently, humanized antibodies such as 8E12 and BIIB092 are being 

investigated at different phases of clinical trials for the treatment of AD.
63

 Like passive tau 

immunotherapy, two active tau vaccines that have been investigated in human clinical trials 

for AD are AADvac1(Axon Neuroscience SE), and ACI-35M, a liposomal-based vaccine. 
64 

Instead of immunotherapy and vaccines, various other molecules also act as potent inhibitors 

of tau aggregation and are being investigated in clinical trials. Among these drugs, azure A 

and azure B, metabolites of methylene blue (MB) and MB itself are able to inhibit the activity 

of caspase-1 and caspase-3 and promote degradation of protein.
65,66

 Similarly, 

methylthioninium chloride (MTC) (phase II clinical trial) and leucomethylthioninium 

(LMTX) (phase III clinical trial) have been found effective to reduce aggregation of tau and 

reverse behavioral ailments in the transgenic model of mice
 

and to slow the disease 

progression in AD patients.
67

 Other promising tau aggregation inhibitors are phenothiazines, 
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N-phenylamines, rhodanines, anthraquinones, benzothiazoles, and phenylthiazolyl-

hydrazides.
68 

In addition to all these therapies, different types of therapeutic agents in clinical trials for 

AD
69

 treatments are also represented in Figure 1.4.  

 

Figure 1.4: Therapeutic agents in clinical trials for treatment of AD. The inner ring 

represents agents in Phase 3, middle ring shows Phase 2 and outer ring comprises phase 1 

agents. [Reproduced with permission from (69) under creative commons licenses 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/)]
69

    

1.2.6. Limitations: 

Despite many years of intensive research, various clinical trials on available disease-

modifying therapies for the treatment of AD have shown unsatisfactory results and also have 
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several limitations. The current AD therapies help to reduce the symptoms and improve the 

patient‘s quality of life but these medications neither slow the progression of the disease nor 

cure it. Moreover, the available treatment strategies are not able to detect the disease at its 

earliest stage. 
70 

Additionally, the major limitation of these therapies is the low bioavailability 

of the potent CNS drugs in the central nervous system (CNS) due to their meagre access to 

the brain because of the blood-brain barrier (BBB).
71

 Moreover, most of these medicines 

have various side effects such as vomiting, allergic reactions, loss of appetite, and diarrhea. 

To overcome all these issues and to achieve effective therapy, there is a pressing need for the 

development of advanced methods which possess high sensitivity, high resolution, deep 

penetration power, and the ability to facilitate real-time monitoring of disease progression 

along with biosafety. In this context, ultrasmall multimodal nanotheranostics can show great 

potential for biomedical imaging and disease therapy. 

1.3. Nanotheranostics: 

The term ‗theranostics‘ defined as the combination of diagnosis and therapy, is an emerging 

and promising field of medicine believed to hold great potential to cure many difficult to treat 

diseases.
72 

The motive behind its development has hailed from the fact that all existing 

treatment modalities for fatal diseases are only capable of treating limited patient 

subpopulations and only at selective stages of disease development. Therefore, an integration 

of diagnosis and therapeutic approach could offer a superior therapeutic regimen which is not 

only specific to the subjects but at the same time offer improved prognosis. 
73 

Nanotheranostics is an advanced form of theranostic system which involves 

‗nanotechnology‘ for diagnosis and therapy of different diseases with gloomy prognosis.
74

 

Treatment of different dreaded diseases can be effective if diagnosed at a very early stage. 

Whereas, as a matter of concern, existing diagnosis approaches are usually incompetent in 
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diagnosing neural disorders at their primary stages. Therefore, nanotheranostics comprising 

of nanocarriers, carrying both therapeutic and/or diagnostic moieties can be game changing in 

revolutionizing and personalizing neuromedicine. 
75 

The diagnostic agents, which are often 

used in nanotheranostics, are quantum dots or fluorescent dyes for optical imaging, iron 

oxides for magnetic resonance imaging (MRI), radionuclides for nuclear imaging and heavy 

metals for computed tomography (CT).
73

 In addition to diagnostic agents, therapeutic agents 

can be hydrophobic organic drugs, proteins, peptides and genetic materials.
76

 Besides, the 

imaging or diagnostic agents, nanocarriers are the major components of a nanotheranostic 

system. Nanocarriers foster pharmacokinetics, enhance biodistribution of the loaded 

therapeutic and diagnostic moieties at the target tissues,
77

 and increase drug efficacy along 

with lessening toxicity due to reduced non-specific biodistribution.
78,79

 These nanocarriers 

have been discerned to be functionalized with biomarkers or other targeting ligands for 

achieving target-specific treatments and also to achieve diagnostic ability in real time. 

Further, therapeutic entities such as small sized hydrophobic molecules, peptide drugs as well 

as oligonucleotides have been shown to exhibit enhanced stability when being loaded into 

nanocarriers.
80 

1.3.1. Nanotheranostics for AD: 

Currently, different multifunctional nanoparticles such as inorganic NPs, polymeric NPs, 

protein-based NPs, and carbonaceous nanostructures are widely used as nanotheranostics 

agents due to the inherent theranostic properties of these nanoparticles that can offer real-

time, rapid and sensitive diagnostics as well as therapeutic platforms for AD.
81

 Zhang and 

group reported a nanotheranostics system (congo red/rutin-MNPs) based on magnetic iron 

oxide NPs (MNPs) with ultrasmall size to realize in vivo imaging of amyloid plaques along 

with targeted delivery and H2O2 triggered release of therapeutic agent rutin. congo red/ rutin-

MNPs theranostic system when co-administered with mannitol was able to breach and cross 
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BBB of the APPswe/PS1dE9 transgenic mouse and specifically bind to amyloid plaques, 

allowing the recognition of amyloid plaques by MRI along with targeted, and stimuli-

responsive delivery of rutin via the Aβ-induced production of H2O2. Rutin is a powerful 

antioxidant which prevents oxidative stress, interferes with Aβ aggregation, and reduces 

amyloid plaques and neuronal loss.
82

 In another report, researchers have developed a novel 

tau targeted multifunctional nanocomposite, ceria nanocrystals (CeNC) and iron oxide 

nanocrystals (IONCs) onto the surface of mesoporous silica nanoparticles (MSNs) 

functionalized with amino-T807 (PET tau tracer), an amino substituent of T807 and 

methylene blue (CeNC/IONC/MSNT807-MB) for AD theranostics. They focused on an 

alternative tau targeting approach for treating AD instead of amyloid-β (Aβ) targeted therapy. 

The CeNC/IONC/MSN-T807-MB nanocomposite was formed by the controlled assembly of 

ultrasmall ceria nanocrystals (CeNCs), as tau hyperphosphorylation inhibitor and iron oxide 

nanocrystals (IONCs), as MRI agent, on the surface of uniform mesoporous silica NPs 

(MSNPs). Further, the surface of MSN was functionalized with amino-T807, via 1,4,7-

triazacyclononane1,4,7-triacetic acid (NOTA), for active targeting of tau protein. Methylene 

blue (MB), a small inhibitor for tau aggregation was further loaded into the pores of MSNs. 

In vitro and in vivo studies of CeNC/IONC/MSN-T807-MB nanocomposite formulations 

using SH-SY5Y cells and AD rat models demonstrated significant suppression of tau 

hyperphosphorylation and protection of neural death.
83

 Similarly, Li et. al. have reported 

novel multifunctional peptide conjugated gold (Au) nanorods for diagnosis and treatment of 

AD. They combined unique high NIR absorption property of AuNRs with two Aβ inhibitors, 

Aβ15–20 (Aβ-targeted peptide inhibitor) and polyoxometalates (POMs) for effective 

inhibition of Aβ aggregation and also dissociation of amyloid deposits by NIR irradiation. 

Additionally, shape and size-dependent optical properties of gold nanorods were used as 

effective diagnostic probes for the detection of Aβ aggregates. Thus, this study exemplifies a 
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multifunctional theranostic nanosystem containing various components such as a targeting 

ligand, a reporter, and inhibitors in one system for treating AD.
84 

Cui et. al. have reported a 

novel smart UCNP based nanoprobe that can simultaneously serve the purpose for accurate 

diagnosis and effective therapy of AD. UCNPs nanoprobe consists of two major components: 

UCNPs for detection and imaging, the chelator 8-hydroxyquinoline-2-carboxylic acid (HQC) 

for capturing of Cu 
2+

, and therapy of AD. These multifunctional UCNPs were capable of 

detecting and capturing Cu 
2+

 both in vitro and in vivo. Fascinatingly, this system has also 

shown the unique ability to inhibit as well as transform toxic Aβ intermediates into nontoxic 

fibers.
85

 Recently, Pedro et. al. reported the synthesis of functionalized CNTs (f-CNTs) and 

used them as theranostic carriers for brain delivery of amyloid-targeting drugs/compounds 

that efficiently cross the BBB. Importantly, attractive intrinsic optical, thermal properties, and 

the ability to cross biological barriers by both energy-dependent and independent 

mechanisms of functionalized CNTs (f-CNTs), bestows them as useful tools towards brain 

targeting theranostic applications.
86

 Functionalized multi-walled carbon nanotubes (f-

MWNTs) capable of crossing an intact BBB have already been demonstrated by Kafa and 

group.
87-89

 They functionalized MWNTs with two PiB derivative Gd
3+

 complexes ,Gd (L2) 

and Gd(L3). PiB is an Aβ-binding molecule and used as a PET imaging agent. In vivo 

biodistribution results demonstrated considerable uptake and accumulation of f-MWNTs in 

the brain as compared to free metal complexes. Thus, this report claims that f-MWNTs could 

be used as carriers in theranostic applications involving brain delivery of BBB impermeable 

compounds.
90

 
 

1.3.2. Fluorescent Nanoparticles as AD Theranostic agents: 

Among different theranostics nanostructures, fluorescent nanostructures based on π-

conjugated, self-assembled oligomers have been rated to be suitable for theranostic 

applications based on their unique photo-physical properties and drug loading capabilities. 
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They possessed well-defined shape and sizes, attained stable architectures in an aqueous 

environment and sometimes boosted fluorescence quantum yield as well.
91

 Thus, these NPs 

carry inherent theranostic features that can offer rapid, real-time, and sensitive diagnosis, as 

well as therapeutic platforms for AD. 
92 

In recent years, a large amount of newly-developed 

fluorescent theranostic nanostructures have been designed and used for AD treatment. Zhi Du 

et. al. developed a ‗sense and treat system‘ to target amyloid aggregates related to AD, which 

is one of the best examples to illustrate ‗image-guided therapy‘ of Alzheimer‘s by 

simultaneous diagnosis and treatment. They used magnetic NPs (MNPs) whose surface was 

modified with two moieties, firstly, by napthalimide based fluorescent probe (NFP) which 

was an oligomer-specific fluorescent probe designed against the exposed hydrophobic 

regions on Aβ oligomer surface and secondly, by Aβ-target peptide, KLVFF. The complex 

(MNP@NFP-pep) monitored the changes in Aβ morphology resulting from the 

disaggregation of Aβ aggregates by the local heat generated by MNPs that could be sensed by 

the fluorescence probe. Therefore, it can be used as a real-time, ‗sense and treat‘ system for 

the treatment of AD.
93

 Li and group showed the theranostic effect of (E)-4-(4-

(dibutylamino)styryl)-1-(2-hydroxyethyl) quinolin-1-ium chloride (DBA-SLOH) NIR dye 

which accomplished AD diagnostics via NIR based in vivo imaging of Aβ plaques in 

APP/PS1 transgenic (Tg) mouse over-expressing Aβ. Concomitantly therapeutics were 

achieved by inhibiting Aβ monomers to self-aggregate. This group developed three cationic 

NIR dyes and confirmed their activity to inhibit Aβ peptide aggregation by ThT fluorescence 

assays, CD spectroscopy, in vitro fluorescence staining of Aβ plaques in brain slices, and in 

vivo NIR imaging in animal model. Among them, DBASLOH showed highest BBB 

permeability, excellent selectivity and binding affinity to Aβ peptides, and intense 

enhancement of fluorescence signal in the NIR window upon binding to Aβ aggregates. The 

developed theranostic design with excellent BBB permeability integrating both NIR imaging 
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of Aβ species and inhibition of Aβ aggregation in vivo for the diagnosis and therapy of AD 

may open up a new avenue in AD treatment.
94

 In another study, Zhang and group developed 

dual functional pegylated poly (lactic acid) NPs (PEG-PLA NPs) based targeted delivery 

system for the early diagnosis and treatment of AD. To achieve dual targeting, a 12-amino 

acid peptide, TGN (targeting ligand for BBB), D-enantiomeric peptide, QSH (targeting 

ligand for Aβ42 deposits in the brain), were surface functionalized over the NPs. Dual 

targeting of the designed system was confirmed via brain distribution studies of NPs using a 

near-infrared dye, DiR, as a probe and ex vivo imaging studies. T3Q3-NP showed precise 

and improved targeted delivery towards amyloid plaque in the brains of AD mice model 

pointing towards a valuable theranostic system for AD diagnosis and therapy.
95 

Likewise, we ventured into developing small molecule-derived fluorescent nanotheranostics 

for AD. Initially, we started with single amino acid based solo tryptophan nanoparticles 

(TNPs) and explored their antiamyloidogenic, neuroprotective and auto-fluorescent 

properties for AD diagnosis and treatment.  Next we tried to explore the anti-amyloid 

propensity of theranostic tryptophan nanocomposite with another anti-amyloidogenic and 

neuroactive molecule, dopamine (DTNPs). Both solo TNPs and DTNPs exhibited 

neuroprotective effect in neuroblastoma cells against FF amyloid fibrils induced toxicity and 

also significantly suppressed the accumulation of Aβ42 oligomers in both cortex and 

hippocampus regions and improved cognitive impairment in intracerebroventricular 

streptozotocin (ICV-STZ) induced animal model of dementia. Besides, they also exhibited 

excellent fluorescent properties and light up the cytoplasm of neuroblastoma cells when being 

co-incubated with cells confirming their ability to serve as an-intracellular bioimaging agent.  

Despite the promising anti-amyloid potency of both solo tryptophan and nanocomposite of 

tryptophan toward both FF-derived amyloid fibrils and preformed Aβ-peptide fibers, we have 

tried to explore anti-amyloidogenic property of a nanosystem against tau protein and 
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developed a dual functional fluorescent resveratrol and L-tryptophan (Res- Trp) loaded 

dopamine (dopa) core nanotheranostic system as a dual anti-amyloid agent. The nanosystem 

demonstrated dual anti-amyloidogenic activity against both FF peptide aggregates, and the 

hexapeptide Ac-PHF6 (VQIVYK) derived from tau protein. 

 In addition to simple small molecule based nanotheranostic systems for treating and 

diagnosing AD, we have also tried to explore dopamine coated piezoelectric polyvinylidene 

fluoride (DPVDF) nanospheres as acoustic stimulus (sonication) triggered anti-fibrillizing 

agents towards FF, as well as Aβ42-polypeptide fibrils. DPVDF nanospheres represent a 

class of biocompatible piezoelectric materials with piezo-catalytic properties triggered in 

response to acoustic stimulus. The acoustic stimulus-activated DPVDF nanospheres produced 

piezo-induced oxidative stress, under both in vitro and in cellular conditions, which 

successfully destabilized FF and Aβ42 fibrils. 

 Thus, these different auto-fluorescent small molecule-derived nanotheranostic systems, 

could act as potential amyloid inhibitors and neuroprotective agents. In addition, owing to 

their inherent fluorescent and biocompatible nature as well as based on their ability to interact 

with amyloid aggregates, these NPs can also contribute towards AD imaging and diagnosis 

(Scheme 1.1).  

 

Scheme 1.1: A schematic presentation showing multimodal nanotheranostics as an anti-

amyloid theranostic inhibitor and biocompatible neural cell imaging agent for early diagnosis 

and therapy of AD. 
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SELF-FLUORESCENT LONE TRYPTOPHAN NANOPARTICLES AS 

THERANOSTIC AGENTS FOR ALZHEIMER’S DISEASE 

Abstract 

Aggregation of β-amyloid (Aβ42) peptide in neural extracellular space leads to cellular 

dysfunction resulting in Alzheimer's disease (AD) pathology. The hydrophobic core of the 

amyloidogenic Aβ42 contains aromatic residues that play an important role in the 

aggregation and self-assembly of the peptide. Hence, targeting these hydrophobic core 

residues by potent low molecular agents can be a promising therapeutic approach towards 

AD. In the current work, we have developed self-fluorescent solo tryptophan nanoparticles 

(TNPs) as nanotheranostic systems against AD. We demonstrated that TNPs could 

significantly inhibit as well as disrupt the fibrils formed by Aβ42 peptide, and a reductionist 

approach based amyloid model dipeptide, phenylalanine-phenylalanine (FF). More 

importantly, these nanostructures were non-toxic to neural cells and could protect the 

neurons from Aβ42 peptide and FF aggregates induced cytotoxicity. In addition, efficacy 

studies performed in animal models further revealed that the TNPs could rescue spatial and 

learning memory in intracerebroventricular (ICV) STZ administration induced AD phenotype 

in rats. Moreover, pharmacokinetics study further established the BBB permeability and 

brain delivery potency of TNPs. The inherent excellent fluorescent properties of these 

nanoparticles could further be exploited to further use them as imaging modalities for 

tagging and detecting FF and Aβ42 peptide fibrils. Overall, our results described in this 

chapter, clearly illustrated that the solo TNPs could serve as promising nanotheranostic 

agents for AD therapy.  
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2.1. Introduction: 

Alzheimer‘s disease (AD) is a lethal neurodegenerative disorder that deteriorates learning, 

memory and cognition in patients carrying the disorder.
1
 Patients with AD show several 

behavioural issues including anxiety, depression, agitation, and delusion.
2
 Pathological 

characteristics of AD consist of Aβ42 neuritic plaques, neurofibrillary tangles (NFTs), and 

neuronal, and synaptic loss.
3
 Aβ42 peptide is produced via sequential proteolysis of amyloid 

precursor protein (APP).
4
 Aβ42 peptide gets first deposited inside neurons and subsequently, 

gets released into the neuropil-forming neuritic plaques.
5
 The intraneuronal deposition of 

Aβ42 peptide could indicate a pathologically crucial event of the initiation of 

neurodegenerative process in AD.
6
 Thus, deposition of these intraneuronal amyloid plaques 

serve as a promising target for achieving successful therapy and diagnosis of AD.
7,8 

Currently, various anti-AD drugs are being developed for the therapy of AD but these drugs 

could not gain much success because of  their inability to traverse the Blood-brain barrier 

(BBB).
9  

 These days nanotechnology- based drug delivery approaches have recently gained significant 

advantages over traditionally used strategies. Various nanoparticle (NP) formulations 

including protein-based NPs, inorganic NPs, polymeric NPs and carbonaceous nanostructures 

are widely used in the AD diagnosis and effective therapy.
10,11

 In this context, the application 

of tetrahedral DNA nanostructures (TDNs), a three‐ dimensional framework of nucleic acids 

(tFNA) have emerged as an effective treatment strategy for tackling neurodegenerative 

diseases. Notably, the TDNs can pass through the BBB partially and inhibit apoptosis in both 

cellular and animal model of AD.
12,13 

Additionally, carbon-based nanomaterials, especially carbon dots, have emerged as promising 

drug nanocarrier systems to treat various CNS diseases because of their capability to traverse 
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the BBB. For example, Y-CDs, GQDs, glycine-proline-glutamate loaded CDs and branched 

PEI-loaded CDs have been recently explored and investigated as amyloid inhibitors.
14 

The 

inhibitory mechanisms of amyloid proteins by various carbon-based nanostructures and 

carbon dots have also been investigated through different experimental and computational 

studies. Interestingly, it has been found that chirality, aromaticity and hydrophobicity of 

carbon dots played an important role in causing the inhibition of amyloid proteins.
15.16 

Malishev et al. demonstrated chiral modulation of Aβ fibrillation by enantiomeric carbon dots 

of L-Lys and D-Lys. It was observed that L-Lys carbon dots exhibited stronger inhibition of 

A 42 fibrils and mitigated their cytotoxicity.
16 

Likewise, Xie et al. also reported that the C180 

strongly inhibited formation of β-sheet by the peptide, due to robust aromatic and 

hydrophobic interactions taking place among the C180 and Phe rings of the Aβ42 peptide.
17

 

Moreover, many recent advancements in the area of nanomedicine have brought about the 

development of nanotheranostics, a novel approach which integrates both diagnostic as well 

as therapeutic functions in one system.  Currently, different multifunctional nanoparticles are 

widely used as nanotheranostics agents due to the inherent theranostic properties of these 

nanoparticles that may serve as real time, rapid and sensitive platforms for achieving 

effective diagnosis as well as therapy of AD.
18-20  

It is well known that AD is a very progressive neurodegenerative disorder and its progression 

affects various neurotransmitter systems including cholinergic,
21

 glutamatergic,
22

 and 

serotonergic (5-HT) systems.
23

 Among them, 5-HT neurotransmitter system is the focus of 

much scientific interest due to its important pathophysiological role in AD.
24

 5-HT neurons 

are located in the dorsal (DR) and medial raphe (MR) nuclei.
25

 The DR and MR raphe nuclei 

are comprised of  greater number of 5-HT neurons and therefore play an imperative role in 

memory and cognition.
26

 AD is the outcome of certain perturbations in 5-HT pathways and 

mainly the 5-HT raphe nuclei demonstrate initial pathological changes leading to AD.
27
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Patients with AD display lowered 5-HT neurotransmission, which can be directly associated 

with the disease severity.
28

 In this context, treatment with precise 5-HT reuptake inhibitors 

like SSRI enhances neurotransmission of 5-HT which ultimately ameliorates memory and 

cognition in AD affected people and mitigates behavioural ailments related to AD. 
29 

Furthermore, many cell based studies also reported that 5-HT activation enhances APP 

metabolite processing  (APPS) towards non-amyloidogenic mode.
30

 Similarly, SSRI 

treatment enhanced 5-HT neurotransmission, decreased APP translation and reduced 

pathogenic Aβ42 peptide secretion causing decreased Aβ42 deposition in AD.
31

 Likewise, 

SSRI treatment also retarded the development of both the Aβ and NFT neuropathology in 

3xTg-AD animals (a triple transgenic AD mouse model).
32

 Thus, targeting the serotonergic 

system by means of suitable molecules can be a suitable strategy to enhance cognitive 

performance in AD.  

By now, it is well known that 5-HT synthesis as well as its availability are directly controlled 

by the intake of L-tryptophan (TrP), that acts as a precursor in the 5-HT synthesis. 
33 

Higher 

TrP intake has also been linked with enhanced memory and reduced accumulation of 

intraneuronal Aβ42 peptide in 3xTg-AD animals‘ brains.
34

 Moreover, an important 5-HT 

metabolite, 5-HIAA is also synthesized in the brain from TrP which ultimately induces 

neprilysin (NEP), a proteolytic enzyme that is able to disaggregate pathologic Aβ42 

peptide.
35 

Furthermore, change in alimentary TrP is often utilised as a non-invasive strategy to play 

with systemic concentrations of TrP  and ultimately with central 5-HT neurotransmission.
36

 

Likewise, it has been also reported that alteration in nutritive TrP amounts, changes the level 

of basal extra-cellular 5-HT in different regions of brains; lowers TrP intake ultimately 

alleviates learning and memory.
37

  Moreover, studies report that lowered TrP intake also 

worsens cognitive function in AD patients.
38

 Interestingly, the oral administration of TrP has 
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been shown to enhance 5-HT neurotransmission and also improves behavioural illnesses in 

rodents.
39 

Remarkably, daily 5-hydroxytryptophane (5-HTP) injections also improved spatial 

memory in aged rats.
40

 Furthermore, the beneficial effects of TrP have also been noticed 

against depression in an experimental model of AD.
41 

In addition to the potential role played by TrP as a 5-HT precursor and besides its 

involvement in other AD regulating metabolic pathways, the molecule has also been shown 

to inhibit /disrupt fibrillar aggregates of amyloidogenic proteins/peptides.
42

 It has been 

attributed that TrP caused disaggregation and inhibition of amyloid fibrils by intercalating 

between the fibrillar aggregates of the amyloid proteins and peptides that ultimately inhibited 

the process of aggregation. Several TrP conjugates have been explored and are investigated 

as anti-amyloid agents. For example, quinone-tryptophan hybrid, naphthoquinone–tryptophan 

hybrid, tryptophan-galactosylamine conjugates and fluorescent dopamine−tryptophan 

nanocomposites have been found to exhibit inhibitory effects towards amyloid aggregates of 

various peptides/proteins, including IAPP, α-Syn, Aβ42 peptide, Tau.
 42-45

 However, there is 

hardly any report that systematically studied the anti-amyloidogenic potential of solo TrP or 

its nanoformulation. Thus, in order to bridge this gap, here we have developed solo 

tryptophan nanoparticles (TNPs) and studied their capability to inhibit as well as disrupt the 

aggregation of two amyloidogenic peptides, Aβ42 peptide and the dipeptide FF. Moreover, 

TrP nanostructures can potentially cross the BBB via LAT1 transporters
 46,47

 and this would 

eliminate the necessity for any other surface conjugation of the nanostructures with potential 

molecules capable of targeting the BBB (Scheme 2.1). We further tried to decipher the ability 

of the TNPs as neuroprotective agents both under cellular conditions (neural cells) and in 

ICV STZ injection induced amyloid animal models. 
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Scheme 2.1: Schematic presentation depicting self-fluorescent tryptophan nanoparticles 

synthesis along with their anti-amyloidogenic activity and amyloid aggregates detecting 

potential. 

2.2. Materials and Methods: 

2.2.1. Materials: 

L-tryptophan (99%), D-tryptophan (99%), L-phenylalanine (99%), Boc-Phe-OH, isobutyl 

chloroformate (>99.8%), sodium chloride (99.9%), sodium sulfate (>99.0%), N-methyl 

morpholine (99%), tetrahydrofuran (>99.9%), sodium hydroxide, sodium acetate (>99%), 

acetic anhydride (98%), citric acid (>99.5%), sodium bicarbonate, and 3-(4,5-Dimethyl-2-

thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) (Sisco Research Laboratories, TCI 

Chemicals, and HiMedia Laboratories Pvt. Ltd., India). Thioflavin-T (ThT), 1,1,1,3,3,3-

Hexafluro-2-propanol (HFIP) (> 99%), Aβ42 peptide (>95%), Methanol (MeOH) (99.8%), 

4′,6-diamidino-2-phenylindole (DAPI)( >98%), and dichloromethane (DCM) (>99.8%), 4,4′-

Dianilino-1,1′-binaphthyl-5,5′-disulfonic acid dipotassium salt (Bis-ANS) (Sigma Aldrich 

Munich Germany), fetal bovine serum (FBS), Calcein AM, Propidium iodide (PI), dulbecco‘s 

modified eagle medium (DMEM/F12), Phosphate buffer saline (PBS), trypsin EDTA solution 

(1X), and antibiotic antimycotic solution (100×) were obtained from Gibco, Thermo Fisher 

Scientific Inc., NY, USA. 
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2.2.2. Synthesis of fluorescent TNPs: 

TNPs were synthesized by dissolving TrP in ultrapure water (at a concentration of 20 mM). 

Next, the solution was added into a hydrothermal container (made up of Teflon lined stainless 

steel hydrothermal reactor with 25 ml volume) and kept at 200 degrees Celsius (°C) in hot air 

oven for 2 h. After 2 h, the obtained light yellow coloured sample was centrifuged thrice (for 

25 min at 14000 rpm) and finally pure fluorescent nanoparticles (NPs) were obtained. 

2.2.3. Characterization of TNPs: 

Different biophysical characterization of the TNPs were done by using various techniques as 

detailed below. In brief, the NPs were characterised for their particle size by using a Malvern 

Zetasizer Nano ZSP Instrument.  

Next, the UV-vis spectral properties of TNPs were determined (using Shimadzu UV-2600 

spectrophotometer). The TNPs solution (1 mg mL
-1

) were taken in a quartz cell and diluted 

with ultrapure water for the spectral measurements.  

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra of solid NPs 

samples were obtained using a Bruker VERTEX70 instrument (32 scans). Scans were carried 

out from 4000− 400 cm
−1

.  

Scanning electron microscopic (SEM) studies were also performed to investigate the 

morphology and structure of TNPs. Samples were prepared by drop casting the NPs solution 

(100 μg mL
-1

) onto cleaned silicon wafers. They were then air-dried at 25 °C followed by 

gold coating for 90 s. The gold coated samples were analysed using SEM (JEOL JEM SEM, 

Tokyo, Japan).  
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Transmission electron microscopic (TEM) studies of the TNPs were also carried out to 

decipher their overall morphology. The sample was prepared following a previously reported 

protocol.
45

   

Atomic force microscopic (AFM) studies of TNPs were carried out by depositing the TNPs 

solution (100 μg mL
-1

) onto a cleaned silicon substrate. Tapping mode was used to capture 

AFM images of TNPs by an AFM instrument (Bruker Nanoscope-V). 

Thermal stability of L-Trp and TNPs were also analysed using a Mettler Toledo TGA/DSC 1 

instrument. Stability was determined between 25 °C and 500 °C with a heating rate of 10 

°C/min under N2 atmosphere.   

A confocal microscope was used to study the fluorescence properties of the TNPs and to 

determine the intracellular uptake of fluorescent TNPs. 

Further, structural integrity of the Trp in TNPs with reference to L- Trp was also determined 

by 
1
H and 

13
C NMR [NMR instrument (Bruker 400 MHz)]. Chemical shifts are represented 

in ppm relative to Residual Deuterium Oxide downfield from an internal standard.  

2.2.4. Formation of FF and Aβ42 peptide fibrillar aggregates in vitro: 

Synthesis of dipeptide (FF), was performed using solution phase peptide synthesis protocols 

as described earlier.
45,48

 Briefly, Boc-Phe-OH (5 mM) was dissolved in anhydrous 

tetrahydrofuran (THF), the solution was then stirred in an ice-salt mixture for 10 min and 

chilled to −20 °C. Next, IBCF (5 mM) was mixed to the solution followed by N-methyl 

morpholine (NMM) (5 mM) and stirred for 20 min. Afterwards, a pre chilled mixture of L-

phenylalanine (6 mM) and sodium hydroxide (6 mM) in distilled-water was added. Reaction 

mixture was stirred at room temperature overnight and was concentrated in a rotary 
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evaporator. Finally, the residual reactant solution was acidified with concentrated chilled 

citric acid solution.  The resultant oil was also extracted using ethyl acetate (3 × 15 ml) 

followed by washing with water (3 × 15 ml) and subsequent saturation with sodium chloride 

(1 × 10 ml). The extract was then dried on anhydrous sodium sulfate, and evaporated to 

obtain the compound Boc-Phe-Phe-COOH. Deprotection of the Boc group was achieved by 

treating Boc-Phe-Phe-COOH with anhydrous TFA and DCM at 1:1 ration v/v, on ice for 30 

min. Following deprotection, excess solvent was removed by air-drying and precipitated 

using cold diethyl ether, subsequently dried and lyophilised using freeze drier to obtain dry 

powder. After lyophilization, the dried dipeptide was purified using a preparatory reverse 

phase C18 column running on a linear gradient of 5-95% of acetonitrile to water and also 

analyzed by mass spectrometry (Waters Q-TOF Microma (Q-TOF). Mass spectrum showed 

the expected mass (313 Da) for FF. FF fibers were formed at a concentration of 4 mg/ml, 

following a protocol mentioned earlier with little modification.
 45

 Typically, 4 mg FF was 

dissolved in 50 μl of HFIP to remove any preformed aggregated fibrils before the initiation of 

self-assembly and the sample was diluted to 4 mg/ml in ddH2O to obtain the fibrils. 

Aβ42 peptide was procured from Sigma Aldrich Munich Germany. Aβ (1-42) peptide fibrils 

were prepared as detailed in the literature.
49,50

 In brief, powdered Aβ peptide was first 

monomerized by dissolving it in HFIP at a concentration of 1 mg/ml. Further, the prepared 

solution was mixed on a shaker for 2 h at 4 °C for proper dissolution of the polypeptide. 

Before the initiation of fibrillogenesis, HFIP was evaporated on a SpeedVac and a dried and 

thin clear film of Aβ peptide was obtained. The thin film of peptide was then dissolved in 

phosphate-buffered saline (PBS; 10 mM, pH 7.4) and briefly sonicated for 1 min. To induce 

aggregation and formation of fibrils, the Aβ polypeptide solution was kept in incubation at 37 

°C for 3 days to obtain higher fibril concentration. 
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2.2.5. Thioflavin T (ThT) fluorescence assay to monitor the fibrillization of FF and Aβ42 

peptides: 

ThT assay was performed to monitor the amyloidogenesis of dipeptide and Aβ42 peptide. In 

brief, preformed FF/Aβ42 peptide fibrils of various concentrations were added to ThT buffer 

solution (20 μM) and ThT fluorescence intensity spectra (Ex 420 and Em-450 nm) were 

taken using MPlex 200 pro, Tecan after suitable incubation. 

2.2.6. Inhibition and disaggregation studies of FF and Aβ42 peptide fibrils by TNPs: 

To examine the inhibitory potential of TNPs towards the formation of FF aggregates, the NPs 

(100 μg mL
-1

) were coincubated with the monomer solution of FF (12 mM) for 24 h and 48 

h. After incubations, samples (90 μL) were stained with 10 μL of ThT solution (1 mM). After 

ThT staining, samples were drop-casted on a glass slide, air-dried, and then imaged using a 

confocal microscope. Similarly, for determining the inhibitory potential of TNPs towards the 

formation of Aβ42 aggregates, the NPs (100 μg mL
-1

) were coincubated with the monomer 

solution of Aβ42 (20 μM) for 24, 48 and 72 h. After incubations, the ability of TNPs to cease 

or inhibit the formation of Aβ42 peptide aggregates was examined using TEM. Further, FF 

and Aβ42 peptide fibrils disaggregation by the TNPs was next determined by performing 

DLS, confocal, SEM, TEM and Bis-ANS assay. For disaggregation studies, FF fibrils (12 

mM) and Aβ42 peptide fibrils (20 μM) were incubated with TNPs (100 μg mL
-1

) for 24 and 

48 h. After incubation, the disaggregation of FF aggregates was analysed by DLS, confocal, 

and SEM analysis whereas, Aβ42 peptide aggregates were examined using TEM. The 

quantitative disaggregation analysis of both FF and Aβ42 peptide aggregates was also 

examined by Bis-ANS dye (50 μM). In brief, FF (12mM) and Aβ42 peptide aggregates (20 

μM) were incubated with TNPs (100 μg mL
-1

) for 24 and 48 h. After incubations, Bis-ANS 

solution (50 μM) were added to all treated and control samples and fluorescence intensity 
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spectra (Ex 405 and Em-440 nm) were taken using a multimode plate reader following half 

an hour incubation with Bis-ANS dye. 

2.2.7. Determination of in vitro disaggregation efficiency of TNPs: 

Next, the disaggregation efficiency of TNPs towards FF aggregates in comparison to L-Trp 

and D-Trp was also carried out using SEM and confocal microscopy. Briefly, FF fibrils (12 

mM) were incubated with similar concentrations of TNPs, L-Trp and D-Trp (100 μg mL
-1

) 

for a period of 48 h. After incubations, fibrils disaggregation was analysed by both SEM and 

confocal microscopy.   

2.2.8. Circular Dichroism (CD) analysis of TNPs-treated FF fibrils: 

CD analysis was performed to determine the secondary structure of dipeptide assemblies. FF 

fibrils (4 mg/mL) were prepared as described above and CD analysis was performed after 

suitable dilution at 0.04 mg/mL. For disaggregation studies, FF fibrils (4 mg/mL) were 

treated with TNPs (100 μg mL
-1

) on a rotary shaker for 24 and 48 h and CD measurements of 

the treated and neat FF samples were carried out (using JASCO J-1500 CD instrument). 

Scans were taken in a wavelength range from 190− 290 nm. 

2.2.9. Cellular uptake study of the TNPs carried out in Human neuroblastoma cell line 

(SH-SY5Y): 

Cellular uptake study of fluorescent TNPs (100 μg mL
-1

) in SH-SY5Y cells was determined 

using confocal microscopy as described earlier.
45 

Further quantification of fluorescent TNPs 

uptake in SH-SY5Y cells were carried out using fluorescence activated cell sorting analysis 

(FACS).  In brief, 50000 cells/well were seeded in 6 well plates. Next, cell media were 

changed with TNPs (100 μg mL
-1

) containing media and cells were incubated overnight. 

After treatment, cells were rinsed with PBS and trypsinized. Afterward, cells were 

centrifuged (1500 rpm for 5 min), pellet obtained was rinsed with PBS twice and finally 
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resuspended in PBS to be analysed by flow cytometry (BD, Aria Fusion) at corresponding 

wavelengths. 

2.2.10. Live/Dead assay to test the neuroprotective effect of TNPs against FF and Aβ42 

induced cytotoxicity:  

 The neuroprotective effect of different concentrations of TNPs (50 and 100 μg mL
-1

) against 

FF (12 mM) and Aβ42 fibrils (20 μM) for 48 h was tested by Live/dead assay as described 

previously.
51 

Briefly, for the live/dead assay, SH-SY5Y cells were plated in 6-well plates for 

24 h. After incubation, cells were exposed to TNPs (50 and 100 μg mL
-1

) and FF (12 mM) 

and Aβ42 fibrils (20 μM) for 48 h. After treatment, cells were gently rinsed with PBS twice 

and subsequently stained with live/dead viability assay reagents carrying 2 μL mL
-1 

of calcein 

AM (1mg mL
-1

) and 2 μL mL
-1 

of propidium iodide (1mg mL
-1

) for 15 min at 37 °C in the 

dark. Afterward, cells were then rinsed with PBS gently to remove extra stains and analyzed 

by a ZEISS LSM 880 confocal microscope with Airyscan. The viable cells were stained by 

calcein AM and emitted green light, whereas dead cells were stained by propidium iodide and 

emitted red light. Fluorescence intensity of calcein AM was also recorded after 48 h to 

measure the protective effect of TNPs using a multimode plate reader (MPlex 200 pro, 

Tecan).  

2.2.11. Intracellular Aβ42 peptide and FF aggregates detection and inhibition by TNPs: 

 To examine whether the TNPs could inhibit aggregation of FF and Aβ42 peptide fibrils 

inside SH-SY5Y cells, intracellular peptide aggregation inhibition assay was conducted. In 

brief, cells were grown on coverslips, and then treated with either Aβ42 peptide (20 μM) or 

FF aggregates (12 mM) for 24 h. Afterwards, treated cells were further incubated for 24 h 

with TNPs (100 μg mL
-1

) and later fixed in 4% (v/v) PFA for 15 min.  Finally, cells were 

labeled with ThT (0.05% solution) and DAPI (1 μg mL
-1

) and rinsed with PBS three times to 
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remove unnecessary stain. Samples were then observed by a ZEISS LSM 880 confocal 

microscope with Airyscan. 

2.2.12. Interaction of TNPs with intracellular Aβ42 peptide and FF Aggregates:  

Intracellular interaction of TNPs with amyloid fibrils was carried out by using confocal 

microscopy. Briefly, both FF and Aβ42 peptide fibrils were stained with ANS dye in 1:2 

peptide to dye ratio for half an hour. After staining, stained fibrils were incubated with TNPs 

in SH-SY5Y cells for 6 h. After treatment, cells were gently rinsed with PBS and then fixed 

in 4% PFA for 15 min. Following this, cells were next labeled with DAPI (1 μg mL
-1

) and 

analyzed by a ZEISS LSM 880 with Airyscan. 

2.2.13 Parallel artificial membrane permeability assay (PAMPA) to examine the BBB 

permeability of TNPs: 

 The BBB permeability of different concentrations of TNPs (500 μg and 1mg mL
-1

) was 

performed as previously described PAMPA assay with some modifications.
51

 In brief, 

PAMPA assay was performed to examine the BBB permeability of TNPs. The property of 

TNPs to diffuse from a donor (lower) plate into an acceptor (upper) plate carrying a 

sandwiched membrane coated with brain polar lipids was evaluated. To do so, the membrane 

filters on the bottom of acceptor wells were gently coated with BBB-1 lipid solution (5 μL; 

P/N 110672). After application of artificial BBB membrane, TNPs (500 μg and 1mg mL
-1

) 

were dissolved in prisma HT buffer (P/N 110151) (7.4 pH) and 180 μL of the prepared TNPs 

solutions were added in donor plate wells, and 200 μL of brain sink buffer (BSB) was added 

in the upper acceptor plate wells. Afterward, both the acceptor and donor plates were 

assembled carefully in a manner that the bottom of the filter membrane was in direct contact 

with the sample solution in the donor plate. The sandwich plate was next shaken for 18 h at 
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room temperature. After incubation, the sandwich was disassembled and the amount of TNPs 

in both the donor and acceptor wells was monitored by measuring fluorescence intensity (Ex 

420 and Em-450 nm), using MPlex 200 pro,Tecan. The percentage BBB permeation ability 

of TNPs was calculated from TNPs standard curve. 

2.2.14. Efficacy studies of TNPs performed in ICV-STZ induced rat model: 

2.2.14.1. Animals: 

Sprague-Dawley (SD) rats (adult males) were obtained from the in-house animal facility. 

Animals were housed under pathogen free and standard environment maintained at 23-25 ⁰ C 

and a relative humidity of 60-65%; with standard 12 h light-dark cycles with free access to 

standard diet and water. All interventions were carried out in accordance with the institutional 

animal ethics committee (IAEC) guidelines. 

2.2.14.2. Dosage regimen and treatment schedule: 

Stereotaxic injection of STZ 

Animals were administered with STZ following stereotaxic surgery as described in our 

previous reports.
45,52,53

 Briefly, Stereotaxic surgery was performed using intraperitoneal 

injection of pentobarbitone sodium at a dose of 40 mg kg
-1

 to anaesthetize the rats before 

surgery. The rats were fixed on the stereotaxic apparatus (Stoelting Co. USA). Afterwards, 

bregma was located carefully to make a small burr hole by a drill followed by infusing STZ 

(dissolved in artificial cerebrospinal fluid; aCSF) at a dose of 1 mg kg
-1

 (10 µl) in each lateral 

ventricle following specific coordinates [-0.8 mm anteroposterior (AP), ±1.5 mediolateral 

(ML), -3.6 mm dorsoventrally (DV)] from bregma with Hamilton syringes at a rate of 0.5 µl 

min
-1

. After injection, the syringe was left at the place of injection for complete diffusion and 

minimize backflow for 5 min. Control group animals were given an equal amount of aCSF in 

lateral ventricles. 
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TNPs treatment 

Animals were divided indiscriminately into 4 groups containing 6 rats in each group. 

(Scheme 2.2 depicts schematic representation of treatment schedule)  

Group I: 10 µl of aCSF was stereotaxically infused into both the lateral ventricles of rats, 

constituting the control group.  

Group II: STZ (10 µl; 1 mg kg
-1

) was administered in this group of rats within each ventricle 

via stereotaxic surgery and this group was designated as STZ toxin group.  

Group III: This group of rats were administered with STZ (10 µl; 1 mg kg
-1

) in each ventricle 

via stereotaxic surgery and TNPs [5 mg kg
-1

(i.v.)] were given to the animals every third day 

starting from 7-days post STZ injection and was continued till next 26 days.  

Group IV: This group of animals were administered with TNPs, 5 mg kg
-1

 (i.v.)  for 26 days 

on every alternate day. 

 

Scheme 2.2: Representing dosage regimen and treatment schedule of STZ and TNPs. 

2.2.14.3. Morris Water Maze test: 

Morris Water Maze (MWM) assay was performed to monitor spatial memory and learning 

functional alterations in the model rats, following a similar procedure as reported earlier.
45

 

Briefly, 3 weeks post STZ lesioning, animals were trained in MWM apparatus, thrice a day 

for consecutive three days/sessions to determine typical cognitive functions, and 
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subsequently a probe trial on the last day. MWM apparatus consists of a black water tank 

(1.32 m diameter/75 cm height) maintained at 25 ± 2°C temperature. Afterward, the tank was 

hypothetically divided into four similar quadrants with a large black platform submerged 1 

cm below the water surface at the centre of the pre-planned quadrant. The spatial memory 

and learning task were conducted with the rats performing three trials in one session (1, 2, 3 

& 4 day) of 2 min each duration. The trial was stopped when either rat finds the platform 

within 2 min or they are guided to the platform. Animals were allowed to rest for 20 s 

between each trial and each test trial was carried out to monitor the learning and memory 

alterations pre and post administration of the NPs. The behavioural activities of animals were 

recorded by a video camera fixed above the centre of the tank. The recordings were analysed 

in terms of latency time as well as mean path length using ANY-maze video tracking 

software (ver. 4.73; Stoelting, USA). After the last trial of training, rats were assessed for 

probe trials after removing the platform from the pool, for validation of memory retention. 

The time spent by rats in the target quadrant was measured using the same software. 

2.2.14.4. Immunohistochemical analysis: 

Immunohistochemical analysis was also performed to observe the expression of Aβ42 

oligomers in the cortex and hippocampal brain regions of model rats of different treatment 

groups, following a similar procedure as reported earlier.
45

 Animals were first euthanized 

using sodium pentobarbital (40 mg kg
-1

, i.p.) injection and then slowly perfused with cold 

PBS, and later fixed in 4% PFA. The perfusion fixed sections were processed as reported 

earlier. Sections were rinsed thrice with tris-buffered saline (TBS) followed by tissue 

penetration using TBST at room temperature. Brain slices were blocked with 5% BSA in 

TBST for a period of 2 h at 25 °C, following incubation with mouse anti-amyloid beta 

(1:500, Millipore, CA, USA) antibody and later rinsed with TBS. Afterwards, slices were 
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incubated with anti-mouse Alexa Fluor-594 (Invitrogen, Carlsbad, CA, USA) at 25 °C for a 

period of 2 h in dark. Finally, slices were mounted with DAPI flouroshield mounting medium 

(Sigma Aldrich, USA) and fluorescence intensity was visualized using Leica inverted 

fluorescent microscope (DMI 6000) and analysed by ImageJ software (NIH, USA). 

2.2.14.5. In vitro serum stability: 

The serum stability of TNPs was performed in duplicate. Blank rat serum samples (990 µl) 

taken in two test tubes were pre-incubated in a shaking water bath maintained at 37 ± 0.2°C 

for 10 min. Next the samples were spiked with 10 µl of TNPs (from 1 mg/ml stock solution) 

and kept for further incubation under the conditions mentioned above. Next, 80 µl of the 

sample mixture was taken at 0, 5, 15, 30, 60, 90, and 120 min. Afterwards, 160 μl of 

acetonitrile was added to precipitate the serum proteins and the samples were subsequently 

centrifuged for 10 min at 10,000 rpm. Supernatant was subjected to HPLC analysis. 

2.2.14.6. Blood brain barrier permeability study: 

A pharmacokinetic study was carried out to examine the BBB permeability of TNPs. The 

NPs (5 mg/kg) were administered intravenously into rats (n=3). The animals were next 

euthanized at different time intervals (at 0.08, 0.25, 0.5, 1, 2, 4, 6, 8, 12 and 24 h) post 

dosing.  Blood was withdrawn from the retro-orbital plexus of rats and collected into 

microfuge tubes and brains were isolated from the sacrificed animals. Blood samples were 

the centrifuged at 12,000 rpm for 10 min for harvesting serum and brain tissue homogenates 

were prepared in tris buffer (40 mM; pH 7.4) at a ratio of 5:1 (mL:g) and stored at −70±10 

°C.  
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Sample preparation 

To extract the TNPs, 100 µL each of serum/brain homogenates samples were taken and 300 

µL of cold methanol was added to them. Then the samples were vortexed for 10 min 

subsequently centrifugation at 10,000 rpm for next 10 min. After centrifugation, supernatants 

were subjected for further LC-MS/MS analysis.  

Instrumentation 

HPLC conditions 

Sample analysis was carried out by using Shimazdu prominence UPLC with Photodiode 

array (PDA) detector at 280 nm after separation through Phenomenex column (100 X 4.6 

mm, 5.0µm) with a mobile phase comprising of 0.1% acetonitrile and formic acid in 85:15 

(v/v) ratio at 0.5 ml/min flow rate.  

2.2.14.7. LC-MS/MS estimation of TNPs in rat serum and brain: 

LC-MS/MS (ABSciex 4000, Toronto, Canada) having with an API electro-spray ionization 

(ESI) source was used to estimate the levels of TNPs in tissues. The parameters of 

instrument: curtain gas (CUR), nebulizer gas (GS1), and heating gas (GS2) were set at 25, 15, 

and 10 respectively. The collision gas, ion spray voltage and temperature were set at medium, 

5500V and 500°C. Compounds parameters: collision energy (CE), collision exit potential 

(CXP), declustering potential (DP), and entrance potential (EP) were 13, 32 ,56, and 10 V for 

TNPs. For collision and curtain gas nitrogen was used while for source gas Zero air was used. 

The mass spectrometer was run at ESI positive ion mode and multiple reaction monitoring 

(MRM) mode was utilised for the detection of the ions and monitoring the transition of m/z 

204.95 precursor ion [M + H]
+
 to the m/z 187.98 product ion for TNPs. Separation was done 
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through Agilent Zorbax SB C18 column (150x4.6 mm, 5.0µm) with a mobile phase 

comprising of methanol: 0.1% formic acid in 75:25 (v/v) ratio at 0.6 ml/min flow rate. Data 

were analysed and quantified by using analyst software version 1.4.1 (Applied Biosystems, 

MDS Sciex Toronto, Canada).
55

 

2.2.15. Statistical analysis: 

Statistical analysis was performed to analyse the difference between the means of subgroups 

by GraphPad Prism software. One-way analysis of variance (ANOVA) and two way-

ANOVA followed by Bonferroni post hoc test, Tukey‘s multiple comparison and Sidak‘s 

multiple comparison test were used to evaluate significant difference. Behavioural 

significance was analysed by two way-ANOVA and p<0.05 was considered as statistically 

significant.  

2.3. Results and Discussion: 

2.3.1. Synthesis and characterization of TNPs: 

In this study, fluorescent Trp nanoparticles were generated through a simple hydrothermal 

method (Scheme 1) and were further characterized by harnessing different biophysical 

techniques (Figure 1).  As presented in Figure 1A, an average hydrodynamic diameter of 

around 210 nm ± 75 nm (SD) with a PDI of 0.324 was observed for the particles in DLS 

analysis. Figure 1B shows the UV-visible spectrum of the TNPs which demonstrated 

similarity with TrP spectrum (with absorption peaks at 220 nm and 280 nm). The maximum 

at 280 nm, clearly depicted the presence of TrP.
56 

Next, ATR-FTIR analysis was performed to examine the molecular structure of NPs. The 

ATR-FTIR spectrum of TNPs showed prominent IR peaks at 1085 cm
−1

, 1650 cm
−1

, 3037 
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cm
−1

, and 3400 cm
−1

 relating to C-N stretching, C=O stretching, C-H bending and NH 

stretching vibrations (Figure1C).
57 

The TNPs were also characterized using TEM, SEM and AFM. TEM, SEM and AFM 

pictures of the NPs clearly pointed towards spherical nature. The mean particle size of TNPs 

were observed to be around 96 nm in TEM, around 121 nm in SEM and around 82 nm in 

AFM (Figure 1D, E, F). Next, the TNPs were analysed using fluorescence spectroscopy. The 

emission fluorescence spectra of NPs were recorded from 340 to 500 nm after being excited 

at various wavelengths (Figure 1G). The fluorescence emission spectra of TNPs varied 

according to a change in the excitation wavelength of NPs (from 310 to 470 nm). In addition, 

it was also noticed that the NPs were capable of emitting blue and green fluorescence which 

was further verified by confocal microscopy, where bright blue- and green-colored 

fluorescent NPs were observed as shown in Figure 1 H and I.   

Next, NMR results of synthesised TNPs in comparison with Trp showed the structural 

integrity of Trp skeleton in the nanoparticles. Both 
1
H and 

13
C NMR spectra of TNPs and the 

control Trp were found to be similar, and this confirmed the synthesis of TNPs (Figure 2.2). 

Further, thermal analysis of Trp and TNPs were also carried out to estimate the thermal 

stability of both amino acid and its nanostructures. Thermogravimetric analysis (TGA) is 

widely used technique to confirm the thermal stability of various amino acids.
58

 From TGA 

curve, it was clearly observed that Trp was stable to heat for up to 270 ℃, after that its 

framework started to decompose gradually. Our results were well consistent with the reported 

literature.
59

 More importantly, our synthesized TNPs were also shown to possess good 

thermal stability and only 4.71% weight loss was found at 200 ℃ (Figure 2.3). 
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Figure 2.1: (A) DLS profile of TNPs. (B) UV-Vis absorbance spectrum of TNPs. (C) ATR-

FTIR spectra of TNPs. (D) TEM images of TNPs (scale bar~1 μm). (E) AFM images of 

TNPs, scale bar is 540 nm. (F) SEM images of TNPs (scale bar~5 μm) (G) Emission spectra 

of TNPs. (H and I) Confocal images of TNPs (scale bar~5 μm). 
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Figure 2.2: (A) Chemical structure of L-Trp. (B) NMR spectrum of Control:
1
H NMR (400 

MHz, D2O): δ 7.63 (d, J = 7.9 Hz, 1H), 7.44(d, J = 8.1 Hz, 1H), 7.21(s, 1H), 7.21-7.17 (m, 

1H), 7.12-7.08 (m, 1H), 3.95(dd, J = 8.1, 4.8 Hz, 1H), 3.38 (dd, J = 15.4, 4.8 Hz, 1H), 3.23-

3.17 (m, 1H). 
13

C NMR (100 MHz, D2O): δ 174.4, 136.2, 126.6, 124.9, 122.0, 119.4, 118.0, 

111.9, 107.4, 55.0, 26.3. (C) NMR spectrum of nanoparticles:
 1

H NMR (400 MHz, D2O): δ 

7.63 (d, J = 7.9 Hz, 1H), 7.44(d, J = 8.1 Hz, 1H), 7.21(s, 1H), 7.20-7.16 (m, 1H), 7.12-7.08 

(m, 1H), 3.95(dd, J = 8.0, 4.8 Hz, 1H), 3.38 (dd, J =15.35, 4.8 Hz, 1H), 3.23-3.17 (m, 1H). 
13

C NMR (100 MHz, D2O): δ 174.4, 136.2, 126.6, 124.9, 122.0, 119.4, 118.3, 111.8, 107.7, 

55.0, 26.3.  

1H of Nanoparticles

13C of control1H of Control

13C of Nanoparticles

(A)

(B)

(C)
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Figure 2.3: TGA plot of (A) L-Tryptophan and (B) TNPs. 

2.3.2. In vitro investigation of FF and Aβ42 peptide aggregation: 

The Mass spectrum showed the expected mass of synthesized FF was (313 Da) as shown in 

Figure 2.4. Next, the formation of amyloid-like fibrillar assemblies of both FF and Aβ42 

peptide was examined by ThT and electron microscopy. ThT is a well-known fluorescent 

probe and its extensively utilized for identifying and characterizing amyloid fibrils.
60

 

Therefore, ThT fluorescence assay was used to investigate the aggregation behaviour of FF. 

Interestingly, we observed a significant enhancement in the fluorescence intensity of ThT dye 

with the increasing concentrations of the dipeptide. (Figure 2.5A). Thus, ThT results 

evidently verified the amyloid-like fibrils formation capability of FF. Next, confocal 

microscopy of FF fibrils was performed to examine the structural and morphological changes 

of FF at different time points. As depicted in Figure 2.5A, the maximum fluorescence 

intensity of ThT was observed at 12 mM FF. Thus, subsequent characterization experiments 

for FF were conducted at a concentration of 12 mM. As presented in Figure 2.5 C and D, 

confocal microscopic results showed an enhancement in the amount of FF aggregates with 

the change in the incubation time of aggregation from 24 h to 48 h. A dense, plaque-like 
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aggregated mass was observed after incubating the peptide for 48 h (Figure 2.5 D), whereas 

only dense fibrillar structures were observed after an incubation of 24 h (Figure 2.5 C). 

After demonstrating the in-vitro fibril-forming and aggregation ability of FF, we next 

investigated the aggregation behaviour of the Aβ42 peptide. First, we formed Aβ42 fibrils as 

described above and then, their aggregation potential was monitored by carrying out ThT 

fluorescence assay. We clearly observed an upsurge in the ThT fluorescence intensity with an 

increase in the concentrations of Aβ42 peptide fibrils (Figure 2.5 B). Next, TEM was 

performed to establish and validate the formation of Aβ42 peptide fibrils. TEM images 

clearly pointed towards the formation of aggregated fibrils by Aβ42 peptide (Figure 2.5 E). 

 

Figure 2.4: Mass spectrum of dipeptide FF. 
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Figure 2.5: ThT fluorescence analysis representing aggregation of (A) FF and (B) Aβ42 

peptide in a concentration-dependent manner. Fluorescent images obtained through confocal 

microscopy representing the structural changes in FF fibrils after (C) 24 h, and (D) 48 h of 

incubations, respectively at room temperature. (E) TEM image showing Aβ42 peptide fibrils 

(scale bar~500 nm).  

2.3.3. Both disaggregation and inhibition of FF and Aβ42 peptide fibrils by TNPs: 

Disaggregation and inhibition experiments in the presence of TNPs were performed using 

confocal, SEM, TEM and Bis-ANS assay. Firstly, the minimum disaggregating 

concentrations of TNPs was estimated by using the Bis-ANS assay and it was observed that 

100 μg mL
-1

 of TNPs showed optimal disaggregation of FF aggregates in a time dependent 

manner (Figure 2.6), hence we used 100 μg mL
-1

 TNPs for various anti- aggregation and 

inhibition studies of both FF and Aβ42 peptide.  
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Figure 2.6:  Bis-ANS fluorescence assay of FF (12 mM) incubated in the presence of 

different concentration of TNPs demonstrating a decline in bis-ANS fluorescence intensity 

after (A) 24h and (B) 48h treatment. 

Both confocal and SEM of aggregated FF fibrils indicated the presence of dense fibrillar 

assemblies (Figure 2.7 A, D, and G). However, upon incubating these fibrils with TNPs (100 

μg mL
-1

), time-dependent morphological changes of FF assemblies from aggregated bundle-

like fibrils to short unstructured assemblies were examined. Evidently, after an incubation 

period of 24 h, a few short fibrillar aggregates were evident (Figure 2.7 B and E), whereas, 

after 48 h of TNPs treatment, FF aggregates were almost invisible (Figure 2.7 C and F). 

Similarly, time-dependent decrease in fluorescence intensity of Bis-ANS was observed when 

FF aggregates were being treated for period of 24 and 48h (Figure 2.7 Q). Thus, our confocal 

microscopic, SEM and Bis-ANS studies results clearly showed that the TNPs could 

successfully disaggregate FF amyloid fibrils in a time dependent manner which directly 

confirmed the anti- amyloidogenic nature of these NPs. Likewise, Gazit and group also 

reported a similar and comparable disassembly of FF fibrils using various polyphenols.
50 

Interestingly, we also noticed time dependent inhibition of aggregation of FF fibrils (Figure 

2.7 H and I) by the TNPs. The time dependent inhibition studies revealed that TNPs 

remarkably inhibited the self-assembly and aggregation of FF when being treated for 24 and 
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48 h respectively. Moreover, as presented in Figure 2.7 S, TNPs also interacted and got 

tagged with FF fibrils and thus they could additionally serve as a system to identify and 

recognize FF fibrils.  

As the early aggregation intermediates and amyloid fiber-like assemblies of Aβ42 peptide are 

the major pathological signatures in AD.
61

 We therefore investigated the inhibition and 

disaggregation ability of our NPs toward the Aβ42 peptide assemblies. For this Aβ42 peptide 

fibrils (20 μM) shown in Figure 2.7 J, were incubated with the TNPs (100 μg mL
-1

) for 

varying time intervals of 24, and 48 h. As shown in Figure 2.7 K and L, after 24 h of 

incubation with TNPs, many long aggregated Aβ42 peptide fibrils were converted to small 

fibrillar structures, whereas after 48 h of incubation, degradative products of Aβ42 peptide 

fibrils were seen in the TEM micrograph. Similarly, we clearly observed time dependent 

decrease in the Bis-ANS fluorescence intensity when aggregated Aβ42 peptide fibrils were 

incubated in the presence of the TNPs (Figure 2.7 R). Interestingly, we also noticed time 

dependent inhibition of aggregation of Aβ42 peptide fibrils (Figure 2.7 M) by the TNPs. The 

time dependent inhibition studies revealed that TNPs remarkably inhibited the self-assembly 

of Aβ42 peptide to dense aggregated fibrils when being treated for periods of 24 (Figure 2.7 

N), and 72 h (Figure 2.7 O) respectively. 
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Figure 2.7: SEM images showing FF fibrils formation and their disaggregation, and 

inhibition by the TNPs. (A) Preformed fibril; (B) Preformed FF fibrils incubated with TNPs 

for 24 h; (C) Preformed FF fibrils incubated with TNPs for 48 h (Scale bar~10 μm). Confocal 

microscopic images displaying structural alterations of (D and G) FF fibrils after (E and H) 

24 h, (F and I) 48 h of incubation (scale bar~10 μm). TEM images showing inhibition and 

disaggregation of mature fibrils of Aβ42 by TNPs. (J) Preformed Aβ42 peptide fibrils, (K and 

L). Disaggregation of Aβ42 peptide fibrillization by TNPs after 24, and 48 h (scale bar~200 
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nm). (M)  Aβ42 peptide fibrils without treatment after 72 h, (N and O) Inhibition of Aβ42 

peptide fibrillization by TNPs after 24, and 72 h of incubation. (P) DLS plot showing 

diffusion coefficient versus time. [Data presented as the mean of three (n = 3) independent 

samples ± SE]. Data were measured by two-way ANOVA, followed by sidak‘s multiple 

comparison test (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). Bis-ANS 

fluorescence analysis showing time- dependent disaggregation of (Q) FF and (R) Aβ42 

peptide by TNPs. Confocal image of TNPs showing FF fibrils tagging and detection by TNPs 

(S) (scale bar~5 μm). 

Next, fibril dissociation/disaggregation propensity of the TNPs were also supported by both 

DLS and CD analysis. As shown in Figure 2.7 P, the kinetics of disaggregation were 

evaluated by DLS. DLS provides z-average and particles translational diffusion 

coefficient,
62

(D) that varies directly with the effective hydrodynamic radius of the particles 

based on the Stokes-Einstein equation 1.
63 

                                  
   

      
       (1)  

where, k B represents Boltzmann‘s constant, T represents the absolute temperature 

and η0 represents solution viscosity. From the equation, it can be concluded that D values 

indirectly correlate with the particle or aggregate size and hence an enhancement in the D 

value would indicate disaggregation of larger aggregates.
64

 Our results depicted an 

enhancement in the D values of the aggregates when being incubated with the TNPs, clearly 

pointing towards the dissociation of the aggregates into smaller particles. This further 

confirmed fibril disaggregating potency of the structures. Likewise, CD analysis showed a 

perturbation in the β-sheet like structure of FF fibrils in a time dependent manner when being 

treated with the TNPs (Figure 2.8).  
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Figure 2.8: CD spectrum of TNPs treated FF fibrils. 

2.3.4. Disaggregation potency of L-Trp, D-Trp and TNPs towards FF aggregates: 

Disaggregation studies were performed to check the potential disaggregation efficiency of L-

Trp, D-Trp and TNPs (100 μg mL
-1

) towards FF aggregates using confocal and SEM 

analysis. From confocal and SEM results it was observed that L-Trp showed better 

disaggregation efficiency towards FF aggregates as compared to D-Trp when being treated 

for 48 h. Likewise, Malishev et al. demonstrated chiral modulation of Aβ fibrillation by 

enantiomeric carbon dots of L-Lys and D-Lys, and L-Lys carbon dots exhibited stronger 

inhibition of A 42 fibrils and mitigated their cytotoxicity as compared to D-Lys .
16

 

However, upon incubating FF aggregates with TNPs (100 μg mL
-1

) for 48 h time interval, 

structural changes of FF aggregates from aggregated mesh-like fibrils to short unstructured 

remnants were observed. Thus, TNPs (100 μg mL
-1

) showed remarkable disaggregation 

potency towards FF aggregates (12mM) as compared to both L-Trp and D-Trp after 48 h of 

treatment (Figure 2.9). 
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Figure 2.9: SEM and confocal images representing FF fibrils disaggregation by L-Trp, D-Trp 

and TNPs (100 μg mL
-1

) after 48h of incubation (scale bar~10μM). 

2.3.5. BBB permeation of TNPs by PAMPA: 

PAMPA assay serves to be the gold standard to study permeability of molecules across 

various membranes and exhibits good correlation with the in vivo context. BBB-PAMPA is a 

non-cellular, fast, high throughput, and 96- well microplate-based assay to predict BBB 

permeation of molecules by passive diffusion.
65

 Though, PAMPA involves testing the 

permeability of molecules across a membrane coated with phospholipids, mimicking the 

target membrane and is based on passive diffusion lacking any active transport system,
66

 it 

can be used as the initial screen for determining the permeability of compounds across any 

biological membrane of interest. Herein, we performed BBB-PAMPA assay to determine the 

BBB penetrability of the TNPs.
67

 Interestingly, TrP can cross the BBB by means of LAT1 

transporters
 46,47 

and, thus, the nanostructures solely prepared from TrP would also show 

inherent property to traverse across the BBB.
  
Our results depicted a permeability of around 

32 % for 500 μg and 52 % for 1mg mL
-1

 of the TNPs when being incubated with PAMPA 

membrane coated with brain polar lipids for18 h (Figure 2.10). Thus, PAMPA results clearly 

demonstrated that TNPs were capable of traversing through the BBB by following passive 

diffusion. 
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Figure 2.10: Representative bar graph showing percentage permeability of TNPs across the 

BBB as determined through the BBB-PAMPA model (Data presented as the mean of three 

(n = 3) independent samples ± SE). 

2.3.6. Biocompatibility and cellular uptake studies of TNPs carried out in SH-SY5Y 

cells: 

To monitor the capability of TNPs as a potent imaging agent, we investigated their cellular 

penetration ability in SH-SY5Y cells by both confocal microscopy and FACS analysis. As 

shown in the Figure 2.11 A-C, the bright blue and green cellular fluorescence detected in the 

TNPs exposed cells indicated successful cellular intake of these self-fluorescent 

nanostructures. This exceptional fluorescent property of the TNPs in lighting up the cellular 

cytoplasm directly proved their ability to serve as a potent imaging and diagnosis agent.  
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Figure 2.11: Confocal fluorescence images showing the uptake of TNPs in green and blue 

channel: (A) DAPI stained cells, (B) DAPI stained cells incubated with TNPs, (C) TNPs 

treated without DAPI stained cells (scale bar~5 μm). Confocal images showing interaction of 

Aβ42 peptide fibrils (red) and TNPs (green) (D); FF fibrils (red) and TNPs (green) (E) in 

DAPI-stained SH-SY5Y cells (scale bar~10 μm). 
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Figure 2.12: Flow cytometric analysis of cellular uptake of TNPs in SH-SY5Y cells after 24 

h of incubation. (A) unstained control cells and (B) cells after treatment with TNPs. P1 area 

represents fluorescence in DAPI region where as P2 represents fluorescence in FITC region. 

Likewise, cellular quantitative penetration capability of TNPs was also analysed by FACS. 

Results demonstrated remarkable green and blue fluorescence in case of TNPs treated cells as 

compared to unstained cells (Figure 2.12). Next, prior to investigating the peripheral 

clearance of Aβ42 peptide in vivo, we assessed the biocompatibility of TNPs.  After 

incubating various concentrations of TNPs with SH-SY5Y cells for 24 h, cytotoxicity was 

calculated by standard MTT assay. As shown in Figure 2.13 B, the cell viability remained 

above 90 % even with TNPs concentrations being as high as 300 μg mL
−1

, suggesting 

excellent biocompatibility of our TNPs. Further, to check and confirm the potent imaging 

capability of TNPs, we next assessed intracellular interaction of FF and Aβ42 peptide fibrils 

by confocal microscopy. TNPs were capable of reaching, detecting and staining the amyloid 

fibrils of FF as well as Aβ42 peptide (Figure 2.11 D and E). Likewise, real time intracellular 

imaging of amyloid β aggregation was also reported by the Masahiro Kuragano group using 

quantum dots.
68

 Overall, cellular uptake, cell viability and interaction results showed that the 

TNPs could be utilized as a potential imaging modalities and therapeutic molecule carriers. 
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2.3.7. Inhibition of FF and Aβ42 peptide induced cytotoxicity by TNPs in SH-SY5Ycells 

determined by live dead assay: 

The neuro protective effect of TNPs against FF and Aβ42 peptide amyloid fibrils caused 

cytotoxicity in neuronal cells was determined by carrying out live dead assay. Cells were 

incubated with FF fibrils (12 mM), Aβ42 peptide fibrils (20 μM) and different concentrations 

of TNPs (50 μg mL
-1

 and 100 μg mL
-1

) and their viability was evaluated using live dead 

assay using ZEISS LSM 880 confocal microscope with Airyscan and high content imager. It 

was noticed that FF and Aβ42 peptide fibrils alone showed toxicity in neuronal cells; 

however, the cells co-incubated with TNPs and FF fibrils for an interval of 48 h, 

demonstrated a significantly reduced cell death rate (Figure 2.13 A, D). Parallelly, increased 

level of cell viability was noticed after the cells were treated with different concentrations of 

TNPs. Similarly, the cells co-incubated with TNPs and Aβ42 peptide fibrils for a period of 48 

h, demonstrated reduced cell death rate and dose-dependent enhancement in the cell viability 

was observed (Figure 2.13 B).  

2.3.8. Intracellular detection and inhibition of FF and Aβ42 peptide fibrils by TNPs: 

As previously described,
69

 Aβ42 peptide fibrils can be suitably stained by ThT, enabling the 

detection and intracellular FF and Aβ42 peptide fibrillations by evaluating the ThT 

fluorescence intensity. As depicted in Figure 2.13 F and H, significant intracellular ThT 

fluorescence was observed due to the presence of FF and Aβ42 fibrils, whereas a near-

complete depletion of ThT fluorescence intensity was examined, when these cells were co-

treated with TNPs (Figure 2.13 G and I). Likewise, similar and comparable reduction in 

intracellular ThT fluorescence intensity of Aβ42 peptide fibrillation was also reported 

earlier.
69,51

 Taken together, these results proved that TNPs could effectively inhibit both 

Aβ42 peptide and FF fibrillations inside the neuronal cells. In addition, we assumed that the 
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increased cellular uptake of TNPs contributed to its substantially enhanced inhibition of FF 

and Aβ42 peptide fibrillation in SH-SY5Y cells.  

 

Figure 2.13: Calcein AM/PI staining based confocal images showing neuroprotective effects 

of TNPs against FF and Aβ42 fibrils mediated cytotoxicity in SH-SY5Y cells after 48 h 

(scale bar ~100 μm) (A and B). (C) MTT data showing toxicity of TNPs [Data presented as 

the mean of three (n = 3) independent samples ± SE]. (D) Calcein AM assay demonstrating 

protective effect of TNPs determined using a multimode plate reader. Fluorescence intensity 

of calcein AM recorded after 48 h. Data were measured by one-way ANOVA and turkey 

multiple comparison test (* p < 0.05; ** p < 0.01; *** p < 0.001).  Confocal microscopic 

images aimed to detect FF and Aβ42 peptide fibrils in cells. (E) ThT and DAPI-stained 

control SH-SY5Y cells without treatment (scale bar ~10μm). The intracellular fibrils of FF 

were assessed by ThT staining in SH-SY5Y cells (F) and (G) in the presence of TNPs (scale 

bar ~5 μm). (H) The intracellular fibrils of Aβ42 peptide were assessed by ThT staining in 

SH-SY5Y cells and (I) in the presence of TNPs (scale bar ~10 μm). 
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2.3.9. TNPs rescued spatial learning and memory deficits in ICV-STZ induced rat 

model:  

To assess the long-term effect of TNPs on the behavioural illnesses (spatial learning/memory) 

in STZ induced rat amyloid model, we performed MWM assay and observations were 

analysed as escape latency period and path length between the sessions. Post hoc assessment 

revealed that the animals treated with ICV-STZ exhibited heightened escape latency time [F 

(6,60) = 21.38]. No comparable variations in the latency time in the subsequent two sessions 

were observed in case of these animals when being compared to the first one (Figure 2.14 A ; 

p>0.05). These results demonstrated the emergence of AD like phenotypes in these animals. 

The ICV-STZ and TNPs treated rats showed low escape latency time in the second (p<0.05) 

and third (p<0.05) sessions when being equated to the first session (Figure 2.14 A). This 

clearly indicated the considerable protective role played by TNPs towards recovery from the 

behavioural illnesses incurred in the animals due to ICV-STZ administration. Moreover, the 

TNPs per se group exhibited identical learning and memory retention behaviour as noticed in 

aCSF administered animals (Figure 2.14 A). Further, we examined the average path length 

travelled by rats to get the concealed platform [F (6,60) = 11.60]; and observed that ICV STZ 

treated animals exhibited no considerable variation (p>0.05) in path length covered from 

session 1 to 3 (Figure 2.14 B). However, when treated with TNPs, the path length covered by 

rats to stick out the platform was decreased significantly (p<0.001) when being equated to 

that of session 1 to session 3. On the other hand, we observed no prominent change in swim 

speed (Figure 2.14 C) of rats suggesting that the alteration in escape latency time and path 

length is solely dependent upon STZ triggered degeneration of neuronal cells. A notable 

decline in the target quadrant spent time was found in ICV STZ treated rats when being 

compared to control animals, proving lack in retention memory, which was significantly 

improved by TNPs treatment (Figure 2.14 D, p<0.001). ICV STZ treated rats required a 
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longer time to reach the hidden platform when being matched to aCSF group that could be 

depicted from Figure 2.14 E, which represents the path covered by animals in the 3rd 

session. Our data suggested that TNPs could have a significant influence in attenuating 

spatial learning and memory retention deficits in AD. 

2.3.10. Effect of TNPs on Aβ42 peptide load in ICV-STZ induced rat model of AD-like 

phenotype: 

We also explored the role of TNPs exerted on the reduction of Aβ42 peptide load in the 

cortex area (Figure 2.14 G) and hippocampus (Figure 2.14 H) area of rat brain. After ICV 

administration of STZ, the degree of expression of Aβ42 oligomers increased in both cortex 

(p<0.05) as well as hippocampal region (p<0.001) which was monitored by 

immunohistochemical analysis. Contrarily, on administration of TNPs along with STZ 

exposure, animals showed progressive downregulation of Aβ42 oligomers expression 

(p<0.05, p<0.01), suggesting decreased accretion of the peptide in both brain regions (Figure 

2.14 F). Interestingly, TNPs perse administration group showed the same behaviour as 

observed in the control group.  
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Figure 2.14: Effect of TNPs on behavioural performance of ICV-STZ induced rat 

model. TNPs treatment improved STZ induced memory and learning deficits in AD rats and 

also reduced the expression of Aβ42 peptide in both cortex and hippocampus area of rats‘ 
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brain. Spatial memory and learning behaviours were determined by using MWM study. (A) 

Bar graph representing escape latency time (in sec). (B) Bar graph showing average path 

length represented in cm. (C) Graph showing swim speed (in cm) of the animals after TNPs 

treatment. (D) Graph showing time spent by the animals in the target quadrant. (E) The track 

plot representing the path travelled by rat of each group. Data are plotted as the mean ± SE of 

n = 6 animals/group. Data were calculated by repeated-measures two-way ANOVA and 

bonferroni post hoc analysis [*p < 0.05, **p < 0.01, ***p < 0.001 (* Session 1 vs Session 2, 

and* control vs STZ); #p < 0.05, ##p < 0.01, ###p < 0.001 (
#
 Session 1 vs Session 3, and 

#
 

STZ vs STZ+TNPs)]. (F) Bar graph showing numbers of Aβ42 oligomers in both regions. 

Data were measured by two-way ANOVA and Bonferroni multiple comparison test [
*
P < 

0.05, 
**

P < 0.01, 
***

P < 0.001 (
*
Control vs STZ); 

#
P < 0.05, 

##
P < 0.01, 

###
P < 0.001 (

#
STZ vs 

STZ+ TNPs)]. (G and H) Immunostaining based photomicrographs displaying expression of 

Aβ42 oligomers in both cortex and hippocampus areas of the brain.  

2.3.11. Serum stability of the TNPs: 

The NPs were found to be stable in serum as 80.50±0.27% of the compound was found to be 

intact after 2 hours of incubation (Figure 2.15) depicting their high potential in vivo stability. 

 

Figure 2.15: In vitro serum stability of TNPs after 2 hours of incubation. Data are presented 

as the mean ± SE of n = 3. 



CHAPTER 2 

 

99 
 

2.3.12. Blood brain barrier permeability determined in animal model: 

As previously reported, the serum stability and BBB permeability of any new drug or NP 

targeting the AD can be determined by their pharmacokinetics pattern.
70 

Thus, we performed 

pharmacokinetic study of TNPs in animal models. The pharmacokinetic profile of TNPs in 

brain and serum of treated rats could be predicted from Figure 2.16 and Table 2.1. Table 2.2 

represents the brain-to-serum concentration ratio after intravenous injection of TNPs 

(assuming, 1 g of brain tissue is equivalent to 1 mL serum). The brain-to-serum amount ratio 

of more than 1.5 suggested decent BBB permeabilizing ability of the structures up to 4h, 

making TNPs a promising drug targeting candidate for brain tissues. 

 

Figure 2.16: The pharmacokinetic profile of TNPs determined in brain and serum after their 

intravenous administration to SD rats at a dose of 5mg/kg body weight of the animal. Data 

presented as the mean ± SE of n = 3. 
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Table 2.1: The pharmacokinetic parameters of TNPs in brain and serum after intravenous 

administration to SD rats at a dose of 5mg/kg body weight of the animal. Data presented as 

the mean ± SE of n = 3. 

Parameter  Unit Brain (Mean ± SEM) Serum (Mean ± SEM) 

AUC 0-t ng/ml*h 3835±159.65 1998±59.84 

AUC 0-inf_obs ng/ml*h 3858.87±159.82 2400.52±63.96 

t1/2 H 3.25±0.01 8.61±0.17 

Tmax H 0.08±0.0 0.08±0.0 

Cmax ng/ml 505.66±33.57 231.66±34.08 

 

Table 2.2: Brain-to-serum ratio of TNPs determined in SD rats after iv administration at a 

concentration of 5 mg/kg body weight of the animal (n=3) 

Time point (h) Mean (SEM) 

0.08 2.26 (0.28) 

0.25 2.43 (0.13) 

0.5 2.41 (0.36) 

1 2.45 (0.04) 

2 2.43 (0.11) 

4 2.40 (0.06) 
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2.4. Conclusion: 

In summary, the current work deals with the development of multimodal and solo tryptophan 

nanoparticles as an armamentarium for the simultaneous imaging, diagnosis and therapy of 

AD.  In this study, the synthesized fluorescent NPs were well capable of disaggregating 

dipeptide FF fibrils in a time-dependent manner. FF was used as an amyloid reductionist 

model to investigate anti-amyloidogenic behaviour of self-fluorescent tryptophan 

nanoparticles. In addition, in vitro assays with Aβ42 peptide further revealed that the 

nanoparticles could efficiently inhibit the aggregation of preformed Aβ42 peptide aggregates. 

Moreover, the outstanding neuroprotective effect of these nanoparticles was also tested and 

validated using live dead cell staining assay. Interestingly, it was noticed that the dipeptide 

fibrils alone generated toxic effects in neuronal cells; however, when the cells were incubated 

with tryptophan nanoparticles, the degree of cell death was significantly reduced. The 

designed tryptophan nanoparticles can further find potential application as bioimaging agents 

owing to their auto-fluorescent nature. In addition, our synthesized nanostructures have 

shown remarkable neuroprotective effects in lessening the cognitive deficits and supressing 

the Aβ42 oligomers accumulation in the brain of ICV-STZ induced AD rat model. Moreover, 

pharmacokinetics study of the NPs shows that these could breach the BBB to gain access to 

the neuronal tissues and subsequently serve as a brain delivery agent. Overall, the 

biocompatible and utterly simple and fluorescent tryptophan nanoparticles synthesized here 

could serve as potent nanotheranostic agents for treating and diagnosing AD. 
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FLUORESCENT DOPAMINE-TRYPTOPHAN NANOCOMPOSITES AS DUAL 

IMAGING AND ANTI-AGGREGATION AGENTS: NEW GENERATION OF 

AMYLOID THERANOSTICS WITH TRIMERIC EFFECTS 

  

Abstract: 

The aggregation of neurotoxic amyloid-β (Aβ) polypeptides into aberrant extracellular senile 

plaques is the major neuropathological hallmark of Alzheimer's disease (AD). Inhibiting 

aggregation of these peptides to control the progression of this deadly disease can serve as a 

viable therapeutic option. Moving a step ahead in the direction of finding a potent anti-AD 

therapeutics, in this chapter, we developed inherently fluorescent theranostic dopamine 

tryptophan-nanocomposites (DTNPs) and investigated their amyloid inhibition propensity 

along with their ability to act as a cellular bioimaging agent in neuronal cells. The anti-

aggregation potency of the nanocomposites was further investigated against an in vitro 

established reductionist amyloid aggregation model consisting of a mere dipeptide, 

phenylalanine-phenylalanine (FF). As opposed to large peptide/protein derived robust and 

high molecular weight amyloid aggregation models of Alzheimer's disease our dipeptide 

based amyloid model provides an edge over others in terms of the ease of handling, synthesis 

and cost-effectiveness.  Results demonstrated positive anti-aggregation behaviour of the 

DTNPs towards both FF derived amyloid fibrils and preformed Aβ-peptide fibers by means of 

electron microscopic and circular dichroism-based studies. Our results further pointed 

towards the neuroprotective effects of the DTNPs in neuroblastoma cells against FF amyloid 

fibrils induced toxicity and also significantly suppressed the accumulation of Aβ42 oligomers 

in both cortex and hippocampus regions and improved cognitive impairment in 

intracerebroventricular streptozotocin (ICV-STZ) induced animal model of dementia. 

Besides, DTNPs also exhibited excellent fluorescent properties and light up the cytoplasm of 

neuroblastoma cells when being co-incubated with cells confirming their ability to serve as 

an-intracellular bioimaging agent. Overall, these results signify the potency of the DTNPs as 

promising multifunctional theranostic agents for treating AD. 
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3.1. Introduction: 

Despite many years of intensive research, the available anti-AD drugs targeting in situ Aβ -

processing and subsequent aggregation have not gained much success due to their 

physicochemical nature, limited ability to pass across the blood-brain barrier (BBB), and low 

bioavailability in the central nervous system (CNS).
1 

Thus, there is an unmet need to unearth 

viable approaches capable of aiding the transport of potent anti-AD therapeutic molecules 

across the BBB, to treat and reduce the AD-associated features and morbidity. 

Nanotechnology-based approaches have recently gained considerable attention not only for 

ferrying potent molecules to the CNS across the BBB but also as efficient brain imaging 

agents.
2-5 

Various nanoparticle (NP) formulations which were commonly used in AD 

diagnosis and therapy include inorganic NPs, polymeric NPs, protein-based NPs, and 

carbonaceous nanostructures.
6
 Further, various fluorescent nanostructures based on π-

conjugated, self-assembled oligomers have been rated to be suitable for theranostic 

applications in many cases based on their unique photo-physical properties and drug loading 

capabilities. They possessed well-defined shape and sizes, attained stable architectures in an 

aqueous environment and sometimes boosted fluorescence quantum yield as well.
7
 Thus, NPs 

carrying inherent theranostic features can offer rapid, real-time and sensitive diagnosis, as 

well as therapeutic platforms for AD and of late, considerable efforts are being directed 

towards developing suitable nanotheranostics for AD.  

Stepping forward in this direction, in the current study, we tried to develop a multimodal 

nanotheranostic platform composed of dopamine (DA) and tryptophan by following simple 

hydrothermal reaction. Dopamine is a vital catecholamine and its secretion in brain plays 

important roles such as motor control, arousal, cognition, motivation and reward, L- 

tryptophan is an essential amino acid which has an indole framework and is a precursor of 5-

hydroxytryptamine (5-HT), an important neurotransmitter which has been reported to 
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regulate cognitive functions of body. Remarkably, neuroprotective role of tryptophan has 

been noticed in AD mouse model where intra-neuronal Aβ accumulation was reduced after 

increased dietary intake of tryptophan.
8
 Tryptophan further exhibited beneficial effects on 

reactive memory in an experimental AD animal model of depression.
9
 Dopamine has been 

shown to exhibit anti-amyloid and fibril disaggregation effects
10

 and L-tryptophan also 

exhibits Aβ-disaggregation properties.
11

 Though individually both the molecules exhibited 

anti-AD effect. However, no study explored their role in combination as an anti-AD drug. 

Moreover, the role of fluorescent DTNPs as imaging modalities relevant to AD is yet 

unexplored. Herein, DTNPs were further designed with the added notion of achieving 

inherent BBB penetration. Tryptophan is an essential amino acid, can pass across the BBB 

via LAT1 transporters and hence, presence of tryptophan in the nanostructure would impart 

the nanocomposite with the ability to traverse through the BBB
12,13

 This would confiscate the 

need for additional surface conjugations of the nanocarriers with BBB targeting ligands, 

which often possess low-yield reactions, and exhibit lesser efficacy in ferrying and delivering 

adequate quantities of the drugs to brain. Overall, our designed single smart nanocomposite 

system carrying triple advantages (a) amyloid recognition and binding capacity owing to the 

aromatic moieties specifically tryptophan and (b) Aβ-polypeptide fibril disaggregation 

propensity contributed by both the presence of tryptophan and dopamine, (c) inherent BBB 

permeability by means of tryptophan.  

By now, it is well-known that amyloid fibril like assemblies or the early aggregation 

intermediates of Aβ polypeptide (1-42) are the main pathological determinants in AD.
14,15

 

However, laborious isolation and purification process of these amyloid-β peptides many a 

times raise a concern on their role as an ideal in vitro model for performing various 

preliminary in vitro screening studies of the potential Aβ-aggregation inhibitors.
16

  Hence, 

identifying an alternative, easy to perform small peptide based, platform devoid of the 



CHAPTER 3 

 

114 
 

challenges of tedious protein expression and purification steps that could parallelly mimic 

amyloid aggregation mechanism and generate reproducible results is of utmost importance. 

Recently, short amyloidogenic peptide-based models have gained significant attention and 

have utterly revolutionized the understanding of amyloid formation mechanisms. These short 

peptide residues contain all the essential molecular and structural information needed for the 

formation of amyloid fibrils.
17 

 In 1990, Westermark and co-workers reported about the first 

short peptide based system, a decapeptide of islet amyloid polypeptide (IAPP) that can form 

similar kind of amyloid fibrils as generated by the typical full length polypeptide,
18

 Similarly, 

a six amino acid long human IAPP fragment was shown to form highly similar structural and 

functional amyloid fibrillar assemblies as generated by native 37 amino acid long, full length 

polypeptide.
19

 Later studies from Tycko group had also revealed that a seven amino acid long 

fragment (KLVFFAE) of Aβ polypeptide, formed discrete and well-ordered amyloid 

assemblies.
20

 Interestingly, Gazit and group reported about the smallest amyloidogenic 

dipeptide fragment phenylalanine-phenylalanine (FF), a core (F19-F20) motif of the 42 

amino acid long, Aβ polypeptide as a reductionist model of Aβ polypeptide aggregation 

which demonstrated excellent ability to form the characteristic amyloid fibrillar assemblies 

and eventually led to the formation of the plaques.
21 

Thus, in this chapter, we also tried to use FF dipeptide as a reductionist model for 

establishing Aβ polypeptide aggregation in vitro and further used it to test the potency of 

DTNPs as potential amyloid inhibitors (Scheme 3.1). Further, results obtained with the in 

vitro dipeptide amyloid model was escalated to the Aβ polypeptide aggregation model. The 

simplicity of the dipeptide, ease of synthesis and comparatively low cost provides it with 

many cutting edges over other protein and peptide-based AD models and would definitely 

make it a researcher's choice in near future. Moreover, the neuroprotective effect of DTNPs 

both in neuroblastoma cells and in intracerebroventricular streptozotocin (ICV-STZ) animal 
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model of dementia was also investigated. Our results demonstrate that the DTNPs could act 

as potential amyloid inhibitors and based on their inherent fluorescent and biocompatible 

nature as well as the ability to interact with FF tubes, DTNPs can contribute towards AD 

imaging and diagnosis.  

 

Scheme 3.1: Overall scheme showing self-fluorescent dopamine tryptophan nanocomposites 

as anti-amyloid theranostic inhibitor and biocompatible neural cell imaging agent for early 

diagnosis and therapy of AD. 

3.2. Materials and Methods: 

3.2.1. Materials: 

Boc-Phe-OH, L-phenylalanine, isobutyl chloroformate, N-methyl morpholine, sodium 

chloride, sodium hydroxide, tetrahydrofuran, sodium sulfate, sodium acetate, acetic 

anhydride, sodium bicarbonate, citric acid, L-tryptophan, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-

diphenyltetrazolium bromide (MTT), fluorescein-5-isothiocyanate and 3-hydroxytyramine 

hydrochloride (Dopamine Hydrochloride) were purchased from TCI Chemicals, Sisco 

Research Laboratories and HiMedia Laboratories Pvt. Ltd., India. Methanol (MeOH), 

dichloromethane (DCM), thioflavin-T (ThT), 4′,6-diamidino-2-phenylindole (DAPI), 
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1,1,1,3,3,3-Hexafluro-2-propanol, quinine hemisulfate salt monohydrate, curcumin and Aβ 

(1-42) were purchased from Sigma Aldrich Munich Germany. 

3.2.2. Synthesis of the dipeptide (FF): 

Synthesis of the dipeptide (FF), was performed by solution phase peptide synthesis methods 

as discussed earlier 
22,23

 and as also briefly described in the previous chapter.  

3.2.3. Synthesis of fluorescent dopamine tryptophan nanoparticles: 

The synthesis was initiated by dissolving equal molar ratio of both dopamine salt (20 mM) 

and L-tryptophan (20 mM) in 10 ml de-ionized (DI) water. The prepared clear solution was 

then poured into a 25 ml Teflon hydrothermal container and was heated for 2 h at 200 

degrees Celsius. After 2h, light orange coloured solution was formed which was then 

centrifuged for 30 minutes at 14000 rpm (three times) to get rid of debris and obtain pure 

fluorescent NPs. 

3.2.4. UV-Vis spectroscopy of DTNPs: 

UV-Visible spectrophotometry was performed to investigate the spectral properties of 

DTNPs, using a double beam Shimadzu UV-2600 Spectrophotometer. The aqueous solution 

of DTNPs (1mg/ml) were taken in a cuvette and diluted according to the requirement before 

carrying out the measurements.  

3.2.5. Dynamic light scattering (DLS) analysis of DTNPs: 

Hydrodynamic size distribution and the polydispersity index (PDI) of the synthesized 

nanoparticles were evaluated using dynamic light scattering (DLS) technique which is also 

called Quasi Elastic Light Scattering (Zetasizer Nano ZSP; Model-ZEN5600; Malvern 

Instruments Ltd, Worcestershire, UK). The samples were taken in disposable polystyrene 

cuvettes (Model-DTS0012; Malvern) for measurements. All readings were recorded at an 

angle of 173º, at room temperature. 
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3.2.6. Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopic 

analysis of DTNPs: 

ATR-FTIR spectra of liquid sample of DTNPs (1mg/ml) were recorded on a Bruker 

VERTEX70 instrument with 20 scans over a range of 4000 − 400 cm
−1

. Milli Q water was 

taken for background subtraction. 

3.2.7. Atomic force microscopy (AFM) analysis of DTNPs:  

The surface morphology of DTNPs were determined by using atomic force microscopy. 

DTNPs solution (100 μg/ml) was drop casted on to freshly cleaved silicon chip and then kept 

for 4-5 min at room temperature. Afterward, the silicon chip was rinsed with Milli Q water 

(50 μl, Millipore) and air-dried before imaging. AFM images were taken with a Bruker 

Nanoscope-V in tapping mode under ambient conditions. 

3.2.8. Determination of photostability of DTNPs: 

The photostability of DTNPs suspension in water was tested by exposing them to UV light at 

365 nm 
24-26 

for 30 minutes at room temperature and their fluorescence emission spectra was 

recorded (390-600 nm) after every 5 minutes using a fluorimeter (FS5 Spectrofluorometer). 

Photostability of other commercial dyes like fluorescein isothiocyanate (FITC) and 

biometabolite like curcumin were also determined for drawing a comparison between DTNPs 

and these fluorophores. For photostability experiments FITC and curcumin were also exposed 

with 365 nm UV light for 30 minutes and their fluorescence spectra were recorded (390-600 

nm) after every 5 minutes. 

3.2.9. Determination of the quantum yield (QY) of the DTNPs: 

Quantum yield (QY) of DTNPs was determined as per earlier reported method.
24 

Quinine 

sulfate (in 0.1 M H2SO4) was chosen as the standard sample (with the reported QY of 54%) 

as this has been used as a standard for determining the QY of other polydopamine 
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nanoparticles.
24,25

 The optical densities of both standard and sample (OD value between 0.01 

and 0.1 nm) were measured at an excitation wavelength 350 nm by using a double beam 

Shimadzu UV-2600 spectrophotometer and their photoluminescence (PL) emission spectra 

(380-700 nm) were also recorded at an excitation of 350 nm by using a fluorimeter. Absolute 

value of QY of the DTNPs was calculated as per following equation: 

       
   
  

  

  

  
 

  
  

Where subscripts S and R represent sample and reference, QY denotes the quantum yield, I 

represent the integrated fluorescence intensity, A is the optical density of the fluorophore at 

λex, n denotes the solvent refractive index. 

3.2.10. Formation of fibrillar aggregates of the dipeptide FF: 

FF fibres were formed at a concentration of 4 mg/ml, following a protocol mentioned earlier 

with little modification.
27,21

 Typically, 4 mg FF was dissolved in 50 μl of HFIP to remove any 

preformed aggregated fibrils before the initiation of self-assembly and the sample was diluted 

to 4 mg/ml in ddH2O to obtain the fibrils. 

3.2.11. Establishment of amyloid-β polypeptide 1-42 (Aβ) aggregation in vitro: 

Aβ (1-42) peptide fibrils were prepared as detailed in the literature.
28,29

 In brief, powdered Aβ 

peptide was first monomerized by dissolving it in HFIP at a concentration of 1 mg/ml. 

Further, the prepared solution was mixed on a shaker for 2 h at 4 °C for proper dissolution of 

the polypeptide. Before the initiation of fibrillogenesis, HFIP was evaporated on a SpeedVac 

and a dried and thin clear film of Aβ peptide was obtained. The thin film of peptide was then 

dissolved in phosphate-buffered saline (PBS; 10 mM, pH 7.4) and briefly sonicated for 1 

min. To induce aggregation and formation of fibrils, the Aβ polypeptide solution was kept in 

incubation at 37 °C for 3 days to obtain higher fibril concentration. 
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3.2.12. Thioflavin T (ThT) assay to confirm the aggregation and the fibrillization 

potential of the dipeptide and Aβ-polypeptide: 

Thioflavin T dye can selectively bind to matured aggregated protein/peptide fibrils to exhibit 

an enhancement in its fluorescence intensity and can be used to confirm amyloidogenesis of 

proteins or peptides.
30

 ThT assay was thus performed to check and confirm FF and Aβ-

peptide aggregation. FF and Aβ-polypeptide fibrils of different concentrations were prepared 

as described above. Preformed FF fibrils/ Aβ fibrils were incubated with 20 µM ThT at 

varying concentrations to monitor their aggregation behaviour. ThT fluorescence excitation at 

450 nm and emission at 490 nm was recorded via a multimode plate reader (MPlex 200 pro, 

Tecan) to study the peptide aggregation. 

3.2.13. Scanning electron microscopic (SEM) studies: 

Scanning electron microscopy was used to examine morphological details of DTNPs, 

aggregated amyloid assemblies of FF and subsequent disaggregation of the FF amyloid 

assemblies by DTNPs. Neat FF fibrils were formed as described above. For disaggregation 

studies, 100 μl (400 μg) of preformed fibrils of FF (4mg/ml) were incubated with 100 μl of 

DTNPs solution (100 μg/ml) for different incubation periods (24, 48 and 72 h) at room 

temperature on a rotary shaker. After incubation, aliquots of 50 µl of each sample were drop 

casted on cleaned silicon wafers and then air-dried overnight at room temperature following 

which they were coated with gold before carrying out SEM imaging on a scanning electron 

microscope (JEOL JEM SEM, Tokyo, Japan).   

3.2.14. Laser scanning confocal microscopic studies: 

A Zeiss confocal microscope (ZEISS LSM 880 with Airyscan) was employed to further 

examine FF fibrilization and to ascertain disaggregation potency of DTNPs towards FF 

fibrils. In order to aid visualization, FF fibrils were first stained with FITC by incubating 

preformed fibrils (4mg/ml) with 200 μl of FITC (2.5 mg/ml in DMSO) for 1h at room 
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temperature. After incubation, fibrils were centrifuged and dispersed in water. After FITC 

staining, 100 μl (400 μg) of prestained fibrils of FF (4mg/ml) were incubated with 100 μl of 

DTNPs solution (100 μl/ml) for 24, 48 and 72 h at room temperature on a rotary shaker. After 

24-72 h of incubation, confocal microscopic images of samples were obtained in the green 

channel under a laser scanning confocal microscope. 

3.2.15. Circular dichroism (CD) of DTNPs treated FF samples: 

The secondary structure of FF peptide aggregates was also investigated using CD. FF fibrils 

were first formed as described above and CD spectra were taken after a dilution of FF stock 

solution (4mg/ml) to final concentration of 0.04 mg/ml in ddH2O. For fibril disaggregation 

assay, preformed peptide aggregates of FF (4 mg/ml) were incubated with DTNPs (100 

μg/ml) for 24 h, 48 and 72 h. CD spectra were recorded after diluting all incubated samples to 

a final concentration of 0.04 mg/ml in the range of 190-290 nm on a JASCO J-1500 CD 

spectropolarimeter.    

3.2.16. Cellular uptake study of DTNPs in SH-SY5Y cells: 

SH-SY5Y cells were cultured using DMEM/F12 media supplemented with 10% heat-

inactivated fetal bovine serum (FBS), and 1% antibiotics (penicillin/streptomycin) in a 5% 

CO2 humidified incubator maintained at 37 °C. Cells were trypsinized at 80% confluency and 

seeded (20,000 cells) onto 35 mm confocal dishes. Thereafter, cells were incubated for 24 h 

for spreading and adherence. After incubation, cell culture media were exchanged with serum 

excluded media containing DTNPs (100 μg/mL) and kept overnight at 37ºC in a 5% CO2 

humidified incubator. After treatment, cells were washed with PBS (three times) and 

subsequently fixed using 4% (v/v) paraformaldehyde for 10-20 min. Following PBS washes, 

cells were stained with DAPI (1 μg/ml) for 5 min and washed with chilled PBS (4 °C) 

thoroughly to remove extra stains. Afterward, confocal dishes were observed under Zeiss 
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confocal microscope (ZEISS LSM 880 with Airyscan). Cellular uptake images of DTNPs in 

SH-SY5Y cells were captured and processed using ZEN software. 

3.2.17. Cytotoxicity assay of FF aggregates in SH-SY5Y cells: 

SH-SY5Y cells (8× 10
3 

cells/well) were plated in microtiter plates and grown overnight for 

proper cell adhesion. Cells were then exposed to different concentrations of FF fibrils (4 mM 

to 12 mM) dispersed in serum free DMEM/F12 media for 24, 48 and 72 h at 37°C. Wells 

carrying untreated cells were taken as control. After treatment, cell viability was tested by 

MTT (3-[4,5-dimethylthiazol-3-yl]-2,5-diphenyltetrazolium bromide) assay. For the assay, 20 

µl of MTT (from 5 mg/ml solution in PBS) and 180 μl of fresh media was added to each well 

and kept for 4 h 37°C. Afterward, the medium was discarded and replaced by 100 µl of 

DMSO. Finally, formazan crystals were dissolved in DMSO and color intensity of the 

solution was measured using a microplate reader (MPlex Pro 200, Tecan. Ltd.) at 570 nm.  

3.2.18. Evaluation of cytotoxicity of FF aggregates towards SH-SY5Y cells when being 

co-incubated with DTNPs: 

SH-SY5Y cells were cultured in 96-well sterile microtiter plates at a density of 8×10
3
 

cells/ml in complete media and incubated overnight at 37°C. After incubation, cells were 

incubated with FF aggregates (12 mM dissolved in serum free media) in the presence and 

absence of various concentrations of DTNPs (100 μg/ml, 300 μg/ml and 500 μg/ml) for 

different time points (24 h, 48 h, 72 h). Wells carrying untreated cells and incubated with neat 

media were taken as control. After appropriate incubation time, media were discarded and 

replaced by 180 µl of fresh media along with 20 µl of MTT (5 mg/ml solution in PBS), and 

cells were further kept for 4 h incubation at 37 ◦C. Afterward, the media were discarded and 

100 µl of DMSO was added to each well to dissolve the formazan crystals. Later, the 

absorbance was taken at 570 nm using a microplate reader (MPlex Pro 200, Tecan. Ltd.). 
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3.2.19. Aβ-polypeptide fibril disaggregation assay: 

For carrying out Aβ-polypeptide fibril disaggregation study, prepared Aβ-peptide solution in 

PBS (10 mM, pH 7.4) was kept in incubation at 37 °C for 3 days to obtain enough quantity of 

amyloid fibrils. DTNPs (50 µg/ml) were added to the preformed Aβ-peptide fibril solutions 

(20 µM) and incubated for 24, 48 and 72 h. After 24−72 h of incubation periods, samples 

were drop casted on 200 nm mesh sized carbon coated copper grids and analysed by TEM. 

3.2.20. Transmission electron microscopic (TEM) studies: 

Transmission electron microscopic analysis was carried out to image the preformed Aβ- 

peptide fibrils and to investigate the disaggregation process of preformed Aβ fibrils (20 µM) 

by DTNPs (50 µg/ml). Samples were kept for 24, 48 and 72 h incubations and aliquots of 10 

μl were drop casted on 200 nm mesh sized carbon-coated copper grids for 5 min. After 5 min. 

excess samples were removed followed by rinsing the grids with Milli Q water and 

subsequent negative staining was carried out with 2% w/v aqueous uranyl acetate solution. 

Overnight air -dried samples were next examined using JEOL JEM-2100 transmission 

electron microscope with a tungsten filament at 120 kV (Tokyo, Japan). 

3.2.21. In vivo assessment of DTNPs efficacy in rat model with ICV-STZ administration 

induced memory deficits: 

3.2.21.1. Stereotaxic injection of streptozotocin (STZ): 

Adult male SD rats were anaesthetized using pentobarbitone sodium (40 mg/kg, i.p.) obtained 

from Sigma-Aldrich USA, followed by fixation in a stereotaxic apparatus (Stoelting Co. 

USA). Bregma was carefully located, a small burr hole was made using a drill and 10 µl of 

STZ (1 mg/kg solubilized in artificial cerebrospinal fluid; aCSF) was infused in each lateral 

ventricle following the coordinates -0.8 mm anteroposterior (AP), ±1.5 mediolateral (ML), -

3.6mm dorsoventrally (DV) from bregma using Hamilton syringe (Hamilton company, 

Switzerland) at a rate of 0.5 µl/min.
31,32

 Post-injection, needle was kept at the same place for 
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5 min to minimize backflow and for complete diffusion. Control group received equal 

volume of aCSF in lateral ventricles.  

3.2.21.2. DTNPs nanocomposite treatment: 

Rats were divided into 4 groups randomly each consisting of 5 rats and the time schedule of 

STZ and DTNPs treatments in rats were represented in Scheme 3.2. 

Group I: Rats were stereotaxically administered with 10 µl of aCSF in both the lateral 

ventricle and served as vehicle control group.  

Group II: Rats were stereotaxically administered with 10 µl of STZ in each ventricle (1 

mg/kg) and assigned as STZ toxin treated rats.  

Group III: Rats were stereotaxically administered with 10 µl of STZ in each ventricle (1 

mg/kg) and infused with 5 mg/kg (i.v.) of DTNPs 7-day post STZ administration till 21 days 

on every alternate day.  

Group IV: Rats were injected with 5 mg/kg (i.v.) of DTNPs for 21 days on every alternate 

day and treatment was done parallely with Group III.  

 

Scheme 3.2: Schematic depiction of study design of in-vivo experiments in rats. 

3.2.21.3. Morris Water maze test: 

Morris Water Maze (MWM) test was carried out to assess the spatial learning and memory 

functional alterations, following the method described previously with few minor 

modifications.
31,32

 Briefly, after 3 weeks of STZ lesioning, the rats were trained three times a 

day in MWM apparatus for three consecutive days/sessions to evaluate the normal cognitive 
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functions, followed by the probe trial after the last session of training. MWM apparatus 

contains a black pool (1.32 m diameter and 75 cm height) filled with water maintained at 25 

±2°C temperature. Thereafter, the pool was hypothetically separated into four equal 

quadrants with a black platform inundated 1 cm below the surface of water at the center of 

the pre-decided quadrant. Normal learning and memory activities were performed with the 

rats by carrying out three trials in one session (1, 2, 3 & 4 day), 2 min each. Each trial 

performed was supposed to be completed when either the animal reached the submerged 

black platform within 2 min or animals were directed to the platform and allowed to rest for 

20 s between each trial. Each test trial was performed to examine learning and memory 

deficits pre and post exposure to the nanoparticle administration. Behavioral activities of 

treated rats were captured by a video camera placed above the centre position of the pool and 

the data was accordingly plotted. The time and distance required to reach the platform 

position was drawn and calculated in the form of latency time period and the mean path 

length using ANY-maze video tracking software (ver. 4.73; Stoelting, USA). After carrying 

out the last session of the training, the platform was taken out from the pool and the probe 

trial was performed for confirmation of memory retention of animals. The time spent by 

animals in the target quadrant was calculated using the same software. 

3.2.21.4. Immunohistochemical Analysis: 

Animals were euthanized by administering sodium pentobarbital (50 mg/kg, i.p.) injection 

and slowly perfused with chilled PBS followed by 4% paraformaldehyde (PFA). Whole brain 

was extracted and preserved in PFA overnight at 4⁰ C, followed by serial dehydration in 

different concentrations of sucrose (10%, 20%, 30%) for next 3 days. Sections (30 µm thick) 

encompassing pre-frontal cortex and hippocampus were cut by using cryostat (Thermo 

Scientific, USA) and free-floating sections were processed for immunohistochemical analysis 

as described previously.
33

 In brief, sections were rinsed with tris buffered saline (TBS) and 

permeabilization was done by tris buffered saline-Tween 20 (TBST) at normal room 

temperature and subsequently washing with TBS. Further, to block the nonspecific sites, 
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sections were blocked with 5% bovine serum albumin (BSA) in TBST for 2 h at room 

temperature and then incubated with primary antibodies, mouse anti-Aβ (1:500, Millipore, 

CA, USA). After incubation with primary antibody, sections were rinsed thrice with TBS 

followed by incubation with anti-mouse Alexa Fluor-594 (Invitrogen, Carlsbad, CA, USA) 

for 2 h in dark at room temperature. Sections were put on glass slides and incubated with 

DAPI mounting medium (Sigma Aldrich, USA). An unbiased oligomer quantification 

method was performed using a 20X objective (total magnification X200) in every third 

section approximately apart by 120 μm in 1/4 series with a total of four to five sections per 

rat. Total images for number of Aβ oligomers present were taken by using 20X objective and 

were analysed by using ImageJ software (NIH). Immunofluorescence was determined 

separately for each section and averaged for each rat in the cortex or hippocampus region. For 

quantitative evaluation of immunofluorescence of Aβ oligomers in both cortex and 

hippocampus region, images of sections were taken in similar settings using 20X objective 

and analyzed with ImageJ software (NIH) by using a rectangular region of interest (ROI) 

across the whole image. Mean fluorescence intensity (MFI) was calculated across the ROI. 

Next, net fluorescent intensity was calculated by subtracting the background intensity from 

the mean intensity of the selected area, and the the result was represented in terms of arbitrary 

unit (AU). 

3.2.21.5. Statistical analysis:  

Statistical analysis was done by using GraphPad Prism software and the data is presented as 

mean ± SD. One-way analysis of variance (ANOVA) followed by Bonferroni post hoc test 

and Tukey's multiple comparison was used to compare and calculate the significant 

difference between the mean values of subgroups. Behavioural significance was measured by 

two way-ANOVA considering training session as repeated measures of experimentation. 

p<0.05 was considered to be statistically significant. 
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3.3. Results and Discussion: 

3.3.1. Synthesis and characterization of DTNPs: 

The fluorescent dopamine tryptophan nanostructures were synthesized via simple 

hydrothermal method as shown in Scheme 3.3 and characterized using various biophysical 

techniques as shown in Figure 3.1. DLS results exhibited the mean particle diameter of the 

NPs to be around 141.7 nm ± 46 nm (SD) with a PDI of 0.09 (Figure 3.1 A). Next, the UV-

visible absorption spectrum of the DTNPs exhibited two absorption peaks, one at 220 nm 

corresponding to π- π* transitions due to aromatic groups and another at 280 nm 

corresponding to n- π* transitions for C=O (Figure 3.1 B). The major peak at 280 nm 

directly indicates the presence of tryptophan in the nanocomposite.
34 

Further, ATR-FTIR spectroscopy was carried out to investigate the possible molecular 

structure of the DTNPs. The ATR-FTIR spectra of DTNPs exhibited two characteristic major 

IR peaks, one at 1625 cm
−1

 was due to C=C stretching vibrations and another broad IR band 

spanning from 3100-3500 cm
−1

 was attributed to O–H stretching vibrations (Figure 3.1C). 

Our ATR-FTIR result of DTNPs was well consistent with earlier reported literature.
35-38

  

The morphological and topological analysis of prepared DTNPs were next evaluated by using 

both SEM and AFM studies. SEM images of the DTNPs clearly demonstrated the formation 

of uniform sized monodispersed spherical structures with average particle size of 118 nm 

(Figure 3.1D). Further, surface topological analysis of DTNPs was also investigated by using 

AFM. Similar sphere shaped and densely populated nanoparticles of an average particle size 

of 73 nm were observed in AFM. (Figure 3.1 E). Furthermore, fluorescence spectroscopy 

was also carried out for the synthesized DTNPs. To do so, particles were excited at different 

wavelengths and the emission fluorescence spectra of DTNPs were obtained. It was noticed 

that the fluorescent DTNPs showed diversity in emitted fluorescence intensities when the 

excitation wavelength of DTNPs changed from 340 to 460 nm, showing its maximum 

fluorescence intensity when the particles were excited by light with a wavelength of 360 nm 

(Figure 3.1F). Shifts in the emission wavelengths were also observed depending on the 
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excitation wavelengths. It was observed that the particles were capable of generating 

fluorescence falling in different regions of the visible spectrum, the most prominent being in 

the blue, red and green region. The tremendous diversity of red, green and blue fluorescence 

of DTNPs were also observed by drop casting them on a glass slide followed by imaging on a 

confocal microscope. Brightly colored particles with blue, green and red fluorescence were 

observed (Figures 3.1 G to I).  

The photostability of any nanocomposite can be a major concern in realizing its potential 

application in the field of bioimaging. Herein, we compared the photostability of DTNPs with a 

popular commercial fluorophore, FITC and a fluorescent biometabolite, curcumin. We exposed 

DTNPs, FITC and curcumin with 365 nm excitation light continuously at room temperature for 

30 min and their fluorescence emission spectra were recorded after every 5 min. As shown in 

Figure 3.1 J, curcumin showed significant photobleaching within 5 min of excitation and 

retained only 50% of the initial fluorescence intensity. Fluorescence intensity of FITC also 

demonstrated a sharp decline within 15 min after being continuously irradiated at 365 nm and 

retained only 60 % of its initial fluorescence intensity. In contrast, DTNPs showed no 

significant change in the fluorescence behaviour and preserved more than 90% of their initial 

fluorescence intensity over a period of 20 min under continuous irradiation at 365 nm which 

clearly depicts their outstanding photoluminescence nature. Quantum yield, which is a measure 

of a molecule's photon emission efficiency, is an important fluorophore property.
39,40

 Thus, we 

tried to determine the QY of the DTNPs and compared it with other biometabolite like 

curcumin. The quantum yields of DTNPs and curcumin were found to be 23.7% and 2.5% 

using quinine sulphate as a standard respectively. Thus, DTNPs exhibited around 9 fold higher 

QY than curcumin. Notably, DTNPs also showed higher QY as compared to other reported 

fluorescent polydopamine based nanoparticles,
24,41,42

 organic carbon dots,
43,44

 and their QY is 

even comparable to many other fluorescent biometabolites.
45-47
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Scheme 3.3: Overall scheme showing hydrothermal synthesis of self-fluorescent dopamine 

tryptophan nanocomposites (DTNPs). 

 

Figure 3.1: (A) DLS size distribution profile of DTNPs. (B) UV absorbance spectra of 

DTNPs. (C) ATR-FTIR of DTNPs. (D) SEM images of DTNPs. (E) AFM image of DTNPs. 

(F) Fluorescence emission spectra of DTNPs taken at different excitation wavelengths 

ranging from 340 nm to 460 nm. (G-I) Confocal images of DTNPs. (J) Photostability of 

DTNPs, FITC and curcumin irradiated with 365 nm UV light at various time points. 
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3.3.2. Demonstration of FF and Aβ aggregation in vitro: 

The dipeptide, FF was synthesized by using solution phase peptide synthesis method, purified 

using HPLC and was further analyzed by using mass spectrometric analysis similarly as 

described in previous chapter. The peptide was allowed to form amyloid-like fibrillar 

aggregates by adopting the process of molecular self-assembly and was then examined for its 

aggregation potential by using ThT and electron microscopic assay. ThT is a known protein 

fibril formation marker and its fluorescence directly correlates with the amount of the 

presence of proteins or peptide-based aggregates in its vicinity.
48,49

 Thus, the aggregation 

behavior of FF was confirmed by performing ThT fluorescence assay. Interestingly, an 

enhancement of ThT fluorescence intensity was detected when the dye was being incubated 

with an increasing concentration of FF (4, 6, 8, 10, and 12 mM) (Figure 3.2A). ThT assay 

clearly demonstrated that the dipeptide FF was capable of forming amyloid-like fibrillar 

assemblies. 

Next, we carried out structural and morphological analysis of FF aggregates by using SEM 

and confocal microscopy. As ThT fluorescence assay exhibited maximum aggregation of FF 

at 12 mM concentration, other characterization studies for the dipeptide was also carried out 

at a concentration of 12 mM. Both SEM and confocal microscopic studies demonstrated an 

increase in the extent of FF aggregation with an increase in incubation time (Figures 3.2 C-

H). A densely aggregated or plaque-like mass was detected after 72 h of incubation (Figures 

3.2 E and H), whereas dense fibrillar structures were seen after 24 and 48 h of incubation 

(Figures 3.2 C, D, F, and G). 

After establishing the aggregation and fibril forming ability of FF in vitro, we next embarked 

onto establishing the aggregation behavior of the amyloidogenic Aβ-polypeptide (Aβ 1-42). 

To do so, Aβ fibrils were first formed by dissolving thin clear film of the Aβ-polypeptide in 

PBS (10 mM, pH 7.4) and then the prepared solution of Aβ-polypeptide was incubated at 37 
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°C for 3 days to obtain higher concentrations of fibrils. The aggregating potential of the Aβ-

polypeptide fibrils was also detected by performing ThT fluorescence assay. ThT assay 

showed an enhancement of ThT fluorescence intensity with a rise in the concentrations of 

Aβ-polypeptide fibrils (5, 10, 15, 20, and 25 µM) (Figure 3.2 B). After ThT analysis, the 

formation of fibril like aggregates was also confirmed by TEM analysis which clearly 

revealed the formation of dense fiber like assemblies by the polypeptide. (Figure 3.2 I). 

 

Figure 3.2: ThT assay showing concentration dependent aggregation of (A) FF; (B) Aβ; 

SEM images showing morphological changes of (C) FF fibrils after 24 h of incubation; (D) 

FF fibrils after 48 h of incubation; (E) FF fibrils after 72 h of incubation. Confocal 

microscopic images showing morphological changes of (F) FF fibrils after 24 h of 

incubation; (G) FF fibrils after 48h of incubation; (H) FF fibrils after 72 h of incubation at the 

scale of 10 μm ;(I) TEM image of aggregated Aβ-polypeptide fibrils after 3 day of 

incubation, Scale bar is 1 μm. 



CHAPTER 3 

131 
 

3.3.3. Disaggregation of FF dipeptide and Aβ-polypeptide fibrils by DTNPs: 

After establishing FF aggregation into fibrillar structures, disaggregation studies in the 

presence of DTNPs were carried out using microscopic techniques. Confocal microscopy of 

aggregated FITC-stained FF fibrils (4 mg/ml) demonstrated the existence of dense fibrillar 

aggregates (Figure 3.3A). However, after being treated with DTNPs (100 µg/ml) for 

different time intervals (24 h, 48 h and 72 h), a time-dependent structural transition of the 

dipeptide aggregates from dense bundle like aggregated fibrils to small unstructured 

aggregates were observed. Clearly, after 24 and 48 h of incubations, short fibrillar structures 

were observed (Figures 3.3 B and 3.3 C). Whereas, after 72 h of incubation, a complete 

inhibition and disappearance of the aggregates were evident (Figure 3.3 D). The untreated 

control FF fibers retained their fibrillar structure and even got thicker and denser with time 

during the period of the study (Figures 3.2 F, G, H). Further, we also validated our confocal 

results by SEM analysis that showed a similar time dependent disaggregation of FF amyloid 

fibrils as observed in the confocal studies (Figures 3.3 E-H). Additionally, FF fibril 

recognition and interaction ability of the DTNPs is presented in Figures 3.4 A-D and F 

where the DTNPs can be found recognizing and interacting with the FF fibril, clearly 

demonstrating that attachment of DTNPs to the fibrils was a crucial step towards initiating 

the fibril disaggregation process.  
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Figure 3.3: Confocal and scanning electron microscopic images depicting the formation of 

FF fibrils and subsequent disaggregation of the fibrils by the DTNPs. (A and E) Pre-formed 

FF fibrils; (B and F) Pre-formed FF fibrils treated with DTNPs for a period of 24 h; (C and 

G) Pre-formed fibrils of FF treated with DTNPs for 48 h and (D and H) Pre formed fibrils of 

FF treated with DTNPs for 72 h. Scale bar is 10 μm. 

Next, CD analysis was done to investigate the conformational transitions in the secondary 

structure of FF fibrils (12 mM) if any, brought about by the DTNPs. CD spectra of the 

control dipeptide exhibited two maxima, one at 200 nm corresponding to π- π* transitions 

and another at 217 nm corresponding to n- π* transitions. The CD signature of the dipeptide 

resembles that of a β sheet like structure.
50,51

After being treated with the DTNPs the peptide 

demonstrated a significant loss in its secondary structure. As shown in Figure 3.4 E, the 

peptide plus DTNPs CD spectra showed time dependent decline in both the peaks and a 

complete loss of peaks was observed after the dipeptide fibrils were incubated with the 

DTNPs for a period of 72 h. 
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Figure 3.4: SEM and confocal microscopic images showing interaction of DTNPs with FF 

fibrils. (A) DTNPs interacting with FF fibrils (red arrow) shown by SEM analysis. Scale bar is 10 

μm. (B) Brightfield image of DTNPs interacting with FF aggregates. (C) Fluorescent confocal 

image of DTNPs showing in vitro detection of FF aggregates by DTNPs; scale bar is 5 μm. (D) 

3D image of fluorescent DTNPs interacting with FF aggregates. (E) CD spectra of FF fibrils 

alone and in presence of the DTNPs incubated for a period of 24 - 72 h. (F) Scheme showing 

interaction of DTNPs with FF fibrils and their subsequent disaggregation by the DTNPs. 

We next tried to study the disaggregation potency of the DTNPs towards the Aβ-peptide 

aggregates. To do so, Aβ-polypeptide fibrils (20 µM) were treated with the DTNPs (50 

µg/ml) in PBS (10 mM, pH 7.4) at 37 °C for different time periods (24, 48, and 72 h) and 

small aliquots of the reaction sample were withdrawn after 24, 48, and 72 h to check the 

disaggregation of fibrils. As shown in Figure 3.5, DTNPs clearly disaggregate many long 
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Aβ-peptide fibrils to short fibrillar structures after an incubation period of 24 h. After a 

treatment period of 48 h, we observed degradative products of Aβ-peptide fibrils and only 

some spherical aggregates were observed in the TEM micrograph. It was interesting to note 

that, almost all fibrillar Aβ structures were disaggregated and the TEM micrograph did not 

even show any remnants of the protein aggregates or oligomers after a treatment period of 72 

h with the DTNPs. Thus, we observed that the DTNPs were equally effective in 

disaggregating fibrils formed of either Aβ or FF and considering the ease of synthesis, cost 

effectiveness and a mere dipeptidic nature, we carried out in vitro cytotoxicity and inhibition 

studies with FF fibrils only.  

 

Figure 3.5: TEM images showing mature Aβ-polypeptide fibrils and the disaggregation 

potential of the DTNPs towards the Aβ-polypeptide fibrils. (A) pre-formed fibrils of Aβ-

polypeptide; (B, C and D) inhibition of Aβ-peptide fibrillization when being incubated with 

DTNPs after 24, 48 and 72 h of incubation. Scale bar is 200 nm. 

3.3.4. In vitro cell viability and cellular uptake of DTNPs in neuroblastoma cells: 

To evaluate the efficacy of DTNPs as a potential biomolecular imaging agent, we first 

determined the cellular uptake ability of DTNPs in SH-SY5Y cells using a confocal 

microscope.  The red and green fluorescence observed in the cytoplasm of DTNPs treated 

cells confirmed successful intracellular uptake and accumulation of self-fluorescent NPs 

inside them (Figure 3.6). This unique ability of the DTNPs in glowing up the cell cytoplasm 

further confirmed their ability as a biomolecular imaging agent. Cytotoxicity studies based on 

MTT assay were next carried out to assess the biocompatibility of the DTNPs. Results 

showed that the cells-maintained viability in the presence of varied concentrations of the NPs 

even after 24 h of treatment, demonstrating that DTNPs exhibited no cytotoxicity towards the 
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cultured neural cells (Figure 3.7).  Thus, cellular uptake and cell viability studies in 

neuroblastoma cells indicated that the inherently fluorescent nanoparticles could be used as 

potent imaging and drug delivery vehicles. 

 

Figure 3.6: Confocal fluorescence images depicting cellular uptake of DTNPs in SH-SY5Y 

cells. (A) DAPI stained SH-SY5Y cells imaged in green, red and blue channel without 

DTNPs (B) DAPI stained SH-SY5Y cells treated with DTNPs imaged in green, red, and blue 

channel; scale bar 5 μm. (C) Cytotoxicity of FF toward SH-SY5Y cells examined by MTT 

assay, results are presented as mean ±SD. *P < 0.05; **P < 0.01; ***P<0.0001 when 

aggregated FF treated cells were compared with control groups;(D) Protective effects of 

DTNPs against FF-induced cytotoxicity in SH-SY5Y cells. Data are presented as mean ± SD.  

(*P < 0.05; **P < 0.001: ***P<0.0001). 

3.3.5. Cytotoxicity of FF fibrils towards SH-SY5Y cells: 

To check the neurotoxicity of the amyloid aggregates of FF, we next assessed the cytotoxicity 

of FF fibrils towards neuroblastoma cells. Elevated concentrations of FF fibrils ranging from 
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4 to 12 mM were added to cultured SH-SY5Y cells followed by determining their cell 

viability using MTT assay after different incubation periods. FF fibrils exhibited toxic effects 

on the SH -SY5Y cells at millimolar concentrations as evaluated by the MTT assay. It was 

observed that the cell viability of SH-SY5Y cells decreased to 82%, when being treated with 

4 mM FF fibrils for a period of 24 h. Further, it was also observed that the cell viability of 

SH-SY5Y cells declined to approximately 67%, when being treated with 12 mM FF fibrils 

for a period of 24 h, suggesting a dose-dependent response. Similarly, we also noticed both 

time and concentration-dependent cytotoxicity in SH-SY5Y cells treated with various 

concentrations of FF after 48 and 72 h of the treatment period (Figure 3.6 C). Furthermore, 

altered morphology of SH-SY5Y cells due to extracellular deposition of FF fibrillar 

aggregates was also observed using inverted light microscopy, that clearly indicated towards 

the cytotoxic effect of these fibrils (Figure 3.7). 

 

Figure 3.7: Cytotoxicity of DTNPs and FF fibrils toward SH-SY5Y cells. (A) MTT data 

showing cytotoxicity of DTNPs; (B) cytotoxicity of FF was determined in SH-SY5Y cells 

and photographed by inverted light microscopy after 24, 48 and 72 h (A-F) at a scale of 200 

μm. 
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3.3.6. Inhibition of FF-Induced Cytotoxicity by DTNPs in neuroblastoma Cells: 

After establishing the toxic potential of FF fibers towards the neuroblastoma cells, we next 

carried out cytotoxicity assay to determine the protective effect of DTNPs towards amyloid 

FF fibrils mediated cytotoxicity in SH-SY5Y cells. SH-SY5Y cells were treated with amyloid 

FF aggregates (12 mM) either in the absence of DTNPS or in the presence of increasing 

concentrations of DTNPs (100 μg/ml, 300 μg/ml and 500 μg/ml) and their viability was 

evaluated using MTT assay. It was observed that, FF alone caused toxicity towards the 

human neuroblastoma SH-SY5Y cells, however when these cells were co-treated with 

DTNPs and FF for a period of 24, 48 and 72 h, the cell death rate was significantly abrogated 

(Figure 3.6 D) and parallelly elevated levels of cell viability was observed in a dose and 

time-dependent manner. Cell viability results clearly demonstrated that the DTNPs (300 

µg/ml) significantly rescued neuroblastoma cells from FF fibril induced cytotoxicity. 

3.3.7. In vivo evaluation of DTNPs efficacy in rat model with ICV-STZ induced memory 

deficits: 

3.3.7.1. Spatial learning and memory retention: 

As memory deficit is a pathognomonic symptom of AD, MWM assay was performed to 

examine the potential effect of DTNPs on spatial learning and memory functions in ICV-STZ 

exposed animals and the observations were recorded in terms of path length and escape 

latency period between the sessions (Figure 3.8 A to C). The statistical analysis of the data 

set was analyzed using a Two-way ANOVA test followed by Bonferroni multiple comparison 

test. Post hoc analysis unveiled that the rats exposed to ICV-STZ showed higher escape 

latency time [F (2,48) = 21.14] without any significant differences during the next two 

sessions when compared to the first session (Figure 3.8A; p>0.05) indicating the appearance 
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of AD like phenotypes in rats. Further, DTNPs treatment in ICV-STZ exposed rats reduced 

the escape latency time by the rats during the second session (p<0.05) and third session 

(p<0.05) as compared to the first session (Figure 3.8A). This further proved the plausible 

protective role of DTNPs towards improvement in memory and learning deficits caused by 

ICV-STZ administration. Further the DTNPs perse showed similar learning and memory 

retention results as that of control group in animals without STZ exposure. Next, we 

measured the mean path length travelled by the animals to reach the targeted hidden platform 

[F (2,48) = 29.52]; we found that ICV-STZ treated rats showed no significant difference 

(p>0.05) in mean path length travelled from session 1 to session 3. However, DTNPs 

treatment significantly reduced (p<0.001) the path length travelled by the animals to reach the 

platform when compared to session 1 to session 3.  

3.3.7.2. Effect of DTNPs on Aβ burden in ICV-STZ induced rat model: 

One of the major hallmark of AD is the aggregation of Aβ42 senile plaques formed due to 

aberrant processing of amyloidogenic proteins. Protein expression was performed on day 24 

after ICV-STZ (1 mg/kg) administration in the cortex (Figure 3.8 D) and hippocampus 

(Figure 3.8 F) region of the brain. A remarkable increase in the expression of Aβ42 

oligomers was observed in both cortex (p<0.001) and hippocampus (p<0.001) after ICV-STZ 

injection as compared to the control group. In contrast, the administration of DTNPs to the 

STZ injected rats resulted in pronounced curtailment in the deposition of Aβ42 oligomers in 

cortex (Figures 3.8 D and E; p<0.001) and hippocampal (Figures 3.8 F and G; p<0.01) 

regions. Interestingly, rats administered with DTNPs per se exhibited similar behavior as the 

vehicle control group.  
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Figure 3.8: Dopamine Tryptophan nanoparticle treatment (5 mg/kg, i.v.) recovered learning 

and memory impairment in STZ lesioned animals and also subsided the expression of Aβ42 

polypeptide in cortex and hippocampus region. Spatial learning and memory activities were 

evaluated by the MWZ test. (A) The bar graph shows escape latency time (in sec), i.e., time 

taken to reach the targeted hidden platform.; (B) Representative track plot for the path traced 
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by rat of each group; (C) The bar graph depicts mean path length (in cm). Data are 

represented as the mean ± SEM of n = 5 rats/group. Data were evaluated by repeated-

measures two-way ANOVA, followed by Newman keuls multiple comparison post hoc test. 

Values are Mean ±SEM, n=5. *p < 0.05, **p < 0.01, ***p < 0.001. #p < 0.05, ##p < 0.01, 

###p < 0.001, 
$
p < 0.05, 

$$
p < 0.01, 

$$$
p < 0.001 * Session 1 vs Session 3, 

#
 Session 1 vs 

Session 2. * control vs STZ, 
#
 STZ vs STZ+DTNP, 

$
 STZ vs DTNP. Representative 

photomicrograph shows immunostaining of Aβ42 oligomers in the (D) cortex and (F) 

hippocampus regions. The bar graphs show quantification of the Aβ42 oligomers in (E) 

Cortex and (G) Hippocampus regions. Data were presented and analyzed by one-way 

ANOVA, followed by Newman-keuls multiple comparison test (
*
P < 0.05, 

**
P < 0.01, 

***
P < 

0.001; 
#
P < 0.05, 

##
P < 0.01, 

###
P < 0.001). 

*
Control vs STZ; 

#
STZ vs STZ+ DTNP. 

Immunohistochemical and DTNPs fluorescence analysis (Figure 3.9) further showed that 

DTNPs were capable of reaching and staining the brain tissues and also co-stained the Aβ42 

oligomers in neural tissues (evident from circled merged images). 
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Figure 3.9: Fluorescent images of Cortex (A) and Hippocampal (B) brain region treated with 

DTNPs. Representative photomicrograph shows immunostaining of Nuclei (DAPI; stained in 

blue), Aβ (detect beta amyloid; red), and DTNPs (fluorescent nanoparticle; green), on day 28 

after STZ injection. scale bar 50 μm. 

3.4. Conclusion: 

Aggregation of neurotoxic amyloid-beta (Aβ) polypeptide into insoluble self-aggregates is 

considered to be a crucial event in Alzheimer's disease (AD) and hence amyloid aggregates 



CHAPTER 3 

 

142 
 

constitute to be one of the major viable targets for developing novel therapeutic molecule(s) 

for early diagnosis, therapy and prevention of AD. As per a disease perspective, it is 

important to stop amyloid protein accumulation for attenuating the progression rate of AD, as 

well as to disaggregate the preformed abnormal assemblies thus diminishing the existing 

amyloid load as well as neurotoxicity. In the present work, using FF dipeptide as an amyloid 

reductionist model, we tried to examine fibril inhibition properties of self-fluorescent 

dopamine tryptophan nanocomposites. Our results depicted that; the nanocomposites were 

well capable of causing disaggregation of preformed fibrils of FF in a time-dependent 

manner. Moreover, in vitro assays with Aβ polypeptide further depicted that the 

nanocomposites can also effectively inhibit aggregation of pre-formed Aβ-polypeptide 

aggregates. 

As neuronal cell death caused by insoluble amyloid deposits happens to be a crucial 

determinant of AD onset and progression, we further tested and validated the cytotoxicity 

potential of FF-fibrils in neuroblastoma cell line.  We observed that FF fibrils alone could 

induce neuronal cell death in human neuroblastoma cells; however, when these cells were 

cotreated with the DTNPs for different time periods, the cell death rate was significantly 

abrogated. Moreover, we also observed the beneficial neuroprotective effect of DTNPs in 

improving cognitive deficits and suppressing the accumulation of Aβ42 in both cortex and 

hippocampus regions of the brain in the ICV-STZ rat model of dementia. The designed 

DTNPs also can be used as efficient bio imaging agents due to their excellent fluorescent 

properties.  

Thus, our results clearly validated and established the dipeptide FF as a reductionist model 

for amyloid aggregation and neuronal toxicity and proved that multimodal dopamine 

tryptophan nanocomposite could serve as a potent theranostic agent for drug development 

towards AD therapy. 
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DUAL FUNCTIONAL RESVERATROL TRYPTOPHAN 

NANOPARTICLES LOADED POLYDOPAMINE CORE (RTDNPS) FOR 

ALZHEIMER’S TREATMENT 

 

Abstract 

Inhibiting the aggregation of neurotoxic amyloid aggregates is one of the most viable 

approaches to control the progression of Alzheimer’s disease (AD). Despite the promising 

anti-amyloid potency of both solo tryptophan and nanocomposite of tryptophan toward both 

FF-derived amyloid fibrils and preformed Aβ-peptide fibers as described in our previous 

chapters, the anti-aggregation property of nanosystems against tau protein were not 

explored. Tau pathology is also the common cause of neurodegeneration in Alzheimer's 

disease (AD) and prevention of aggregated form of hyperphosphorylated tau is one of the 

targets for AD treatment. Thus, in this chapter, we have tried to develop a self–fluorescent 

dual functional resveratrol and L-tryptophan (Res-Trp) loaded polydopamine core (RTDNPs) 

nanotheranostic system as a dual targeting anti-amyloid agent. The nanosystem 

demonstrated dual anti-amyloidogenic activity against both FF amyloid fibrils, and the 

hexapeptide Ac-PHF6 (VQIVYK) derived from the tau protein. Additionally, RTDNPs 

exhibited a significant neuroprotective effect in neuroblastoma cells against both FF and Ac-

PHF6 fibrils-induced toxicity under the NIR laser irradiation. Moreover, RTDNPs also 

demonstrated remarkable fluorescent properties and lit up the cytoplasm of neural cells, 

confirming their capability to serve as bioimaging agents. Overall, the results of this work 

clearly illustrate that our dual functional nanosystems can serve as a new class of theranostic 

systems for combating AD.  
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4.1. Introduction: 

Alzheimer‘s disease (AD), a progressive neurodegenerative disease, is identified as a protein 

misfolding disorder (proteopathy) taking place due to the abnormal aggregation and 

accumulation of amyloid beta (Aβ) and tau protein in the brain tissues.
1 

The accumulated 

abnormal extracellular Aβ and intracellular tau protein cause impairment and loss of synapses 

and neurons which ultimately leads to memory loss, cognitive impairment, and behavioural 

abnormalities.
2
 Thus, both amyloid plaques and tau tangles are two crucial neuropathological 

hallmarks of AD, and targeting and abrogating their aggregation may be a viable approach for 

AD treatment.
3
  

Resveratrol (RSV) (trans-3,4,5-trihydroxystilbene) is a natural polyphenolic plant compound 

that is present in grapes, red wine, peanuts, and some berries.
4
 RSV exhibits antioxidative, anti-

neurodegenerative, and anti-inflammatory properties.
5,6

 In recent years, researchers have found 

that drinking red wine in a moderate amount can help slow down age-related cognitive decline 

and also lowers the risk of dementia.
7
 In addition, there are several studies that claim the 

inhibitory proficiency of resveratrol against amyloid β-42 peptide aggregates.
8–11

. However, the 

lower solubility and bioavailability of RSV in water lessen its therapeutic potential.
12

 Thus; 

nano-formulations of RSV with L-tryptophan noticeably improve its absorption, distribution, 

and bioavailability. Moreover, the synergism between RSV and L-tryptophan (an essential 

amino-acid that acts as a precursor in the 5-HT synthesis, improves spatial memory and 

cognition, and also has the ability to disaggregate Aβ aggregates) has a potent neuroprotective 

effect. In this regard, here we have developed fluorescent resveratrol tryptophan nanocomposite 

(RTNPs) through a simple hydrothermal synthesis method and tested its ability to 

inhibit/disrupt the aggregation of amyloid aggregates of FF. Moreover, these nanocomposites 

can possibly cross the BBB via LAT1 transporters due to the presence of L-tryptophan. 

https://en.wikipedia.org/wiki/Amyloid_beta
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Currently, photothermal therapy has been used to block and regulate Aβ aggregation for the 

treatment of AD. 
13–15

 Near-infrared (NIR) light exhibits remarkable deep tissue penetrability 

and the penetrability of 808 nm NIR light has been verified to reach 10.9 mm across brain 

tissue.
16,17

 Under the irradiation of NIR light, NIR- responsive photothermal nanoparticles 

convert light energy into heat for enabling inhibitions and disaggregation of amyloid 

aggregates.
18,19

.It is well-studied that inhibiting the aggregation of neurotoxic amyloid 

aggregates is one of the most viable approach to control the progression of Alzheimer‘s 

disease (AD).
20

  However, molecules that target a single protein are unable to considerably 

alter the progression of AD due to the complex multifactorial nature of this disease.
21

 Thus, 

like Aβ aggregates, inhibition, and prevention of aggregated form of hyperphosphorylated tau 

protein is also one of the therapeutic targets for AD treatment.
22

  In this regard, to achieve 

this goal, herein we fabricated a dual functional fluorescent resveratrol tryptophan 

nanoparticles loaded polydopamine Core (RTDNPs) nanostructure that consists of NIR light-

responsive photothermal polydopamine core for disaggregating tau fibrils because of 

photothermal conversion ability of polydopamine
23–26

, and RTNPs for recognizing, binding 

and disaggregating amyloid aggregates. 

 In addition, short amyloidogenic peptide-based models have been widely used to screen the 

potent anti-amyloid therapeutics as compared to large polypeptides or full-length proteins 

because of their tedious preparation, isolation, purification and self-assembly processes that 

are generally associated with many errors and often yields inconsistent and irreproducible 

results.
27

 Moreover, various small fragments of peptides such as pentapeptide of calcitonin, 

hexapeptide of the islet amyloid polypeptide,
28,29

 and heptapeptide of amyloid beta
30

 have 

been exemplified to encompass all the crucial molecular and structural information necessary 

for the formation of amyloid fibrils.
31

 Likewise, Gazit et al. reported a very short sequence of 

only two amino acidsm the diphenylalanine, FF, a core residue placed at positions 19 and 20 
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of the Aβ polypeptide to carry characteristics features of Aβ42 polypeptide aggregates.
32

 In 

our previous reports, we have validated and used FF as in vitro model for screening potent 

anti-amyloidogenic nanostructures.
33,34

  

Similarly, hexapeptide 
306

VQIVYK
311

 (PHF6), located in the third repeat of the microtubule 

binding region of tau protein mediates the aggregation of tau protein and is also responsible 

for the oligomerization of neurotoxic tau. 
35,36

 Additionally, it is widely used as an in vitro 

model system for studying aggregation process of tau and to screen various anti-

amyloidogenic molecules.
37,38

 Thus, considering this, we tried to explore the dual anti-

amyloidogenic activity of fluorescent RTDNPs towards both FF and Ac-PHF6 based amyloid 

aggregation models (Scheme 4.1). 

 

Scheme 4.1: Overall scheme showing the synthesis of self–fluorescent dual functional 

resveratrol and L-tryptophan (Res-Trp) loaded polydopamine core (RTDNPs) theranostic 

nanoparticles and their neuroprotective effect in neuroblastoma cells against both FF amyloid 

fibrils and hexapeptide Ac-PHF6 fibrils-induced toxicity under the NIR laser irradiation. 
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4.2. Materials and Methods: 

4.2.1. Materials: 

L-tryptophan (99%), D-tryptophan (99%), L-phenylalanine (99%), Boc-Phe-OH, isobutyl 

chloroformate (>99.8%), sodium chloride (99.9%), sodium sulfate (>99.0%), N-methyl 

morpholine (99%), tetrahydrofuran (>99.9%), sodium hydroxide, sodium acetate (>99%), 

acetic anhydride (98%), citric acid (>99.5%), sodium bicarbonate, and 3-(4,5-Dimethyl-2-

thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from Sisco Research 

Laboratories, TCI Chemicals, and HiMedia Laboratories Pvt. Ltd., India. Thioflavin-T (ThT), 

1,1,1,3,3,3-Hexafluro-2-propanol (HFIP) (> 99%), Aβ42 peptide (>95%), Methanol (MeOH) 

(99.8%), 4′,6-diamidino-2-phenylindole (DAPI)( >98%), and dichloromethane (DCM) 

(>99.8%), 4,4′-Dianilino-1,1′-binaphthyl-5,5′-disulfonic acid dipotassium salt (Bis-ANS), 

resveratrol (Sigma Aldrich Munich Germany), fetal bovine serum (FBS), Calcein AM, 

dulbecco‘s modified eagle medium (DMEM/F12), Phosphate buffer saline (PBS), trypsin 

EDTA solution (1X), and antibiotic antimycotic solution (100×) were obtained from Gibco, 

Thermo Fisher Scientific Inc., NY, USA. 

4.2.2. Synthesis of fluorescent RTDNPs:  

RTNPs were prepared by first dissolving 5mM of RSV and L-Trp in ethanol: water solvent 

mixture in 1:20 ratios. Next, the prepared mixture was added into a hydrothermal container 

and kept for 2 h at 200 degrees Celsius (°C). After 2 h, the obtained light orange coloured 

crude solution was obtained and to obtain pure solution of only RTNPs, the crude solution 

was centrifuged for 25 min at 14000 rpm (thrice) to eliminate large nanoparticles and other 

debris. 

For fabricating a NIR responsive photothermal nanostructure, polydopamine-core 

nanostructures were formed following a similar protocol mentioned earlier.
39 

Next, the 
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Fluorescent RTNPs nanoparticles and hollow core nanostructure of polydopamine were 

mixed in 1:1 ratio and were incubated for 24 h for the formation of RTDNPs loaded 

nanoparticles. 

4.2.3. Characterization of RTDNPs: 

The RTDNPs were characterized by using different spectroscopic and microscopic 

techniques. Briefly, the size of RTNPs, Polydopamine core nanostructures, and RTDNPs 

were measured by using a Malvern Zetasizer Nano ZSP Instrument. For measurement, 

sample solutions (1 mg mL
-1

) were diluted with ultrapure water.  

Further, UV-vis spectral properties of NPs were monitored by a double beam Shimadzu UV-

2600 Spectrophotometer. For spectral measurement, sample solution of 1 mg mL
-1

 was 

diluted with ultrapure water.  

Next, morphological details of RTDNPs were determined by using Scanning electron 

microscopic (SEM) studies. For SEM samples, 10 µL of sample solution (100 μg mL
-1

) was 

drop casted onto silicon wafers. Afterwards, wafers were air-dried until sample analysis.  

Moreover, intracellular uptake of the prepared fluorescent nanostructures was determined by 

using a confocal microscope (ZEISS LSM 880 with Airyscan). 

4.2.4. Measurement of Photothermal Effect: 

To determine the photothermal effect, prepared RTDNPs were exposed to an 808 nm NIR 

laser (2 W cm
-2

, 10 min.). The rise in temperature of the NPs solutions was measured by a 

thermometer.  

4.2.5. Demonstration of FF and tau-derived peptide aggregation in vitro: 

The dipeptide (FF) was synthesized following a similar protocol mentioned earlier.
33,34

 Ac-

PHF6 (Ac-VQIVYK-amide) was synthesized using a Liberty Blue CEM Microwave 
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Automated Peptide Synthesizer (Matthews, NC, USA) by a similar protocol reported 

earlier.
40

After synthesis, the peptide was characterized by using HPLC and mass 

spectrometry. 

FF fibrils were formed as described in our previous reports. Ac-PHF6 fibrils were formed as 

previously described in the literature. 
41 

Briefly, fibrils were generated by incubating 3 

mg/mL of peptides at 70°C for 3 days. Both the fibrils were assessed for their aggregation by 

using SEM, TEM, AFM and confocal microscopy. 

4.2.6. Disaggregation studies of FF and Ac-PHF6 fibrils by RTDNPs: 

In order to investigate the anti amyloidogenic potential of RTDNPs against FF and Ac-PHF6 

fibrils, the NPs were coincubated with FF fibrils (12 mM) in 1:1 ratio and were irradiated 

with NIR 808 laser for 10 min.  After treatments, samples (90 μL) were incubated with 10 μL 

of ThT solution (1 mM ) for 30 min. After incubation, disaggregation of fibrils was 

determined by ThT assay and morphological changes were visualized under confocal 

microscope. 

4.2.7. Biocompatibility and cellular uptake study of RTDNPs carried out in SH-SY5Y 

cells: 

For biocompatibility and cellular uptake assay, SH-SY5Y cells at a density of 1 × 10
4
 cells 

were plated in 5% CO2 incubator maintained at 37 °C with DMEM/F12 media (with 10% 

FBS, and 1% Pen-Strep) for 24 h. For biocompatibility studies, different concentrations of 

NPs (50, 100, 200 μg mL
-1

) were incubated for 24 h in serum free cell culture media and 

cellular viability was measured by standard MTT assay by following similar protocols 

reported earlier.
33,34

 For cellular uptake assay, NPs (100 μg mL
-1

) were incubated overnight in 

serum free cell culture media. After incubation, cells were fixed with 4% (v/v) 

paraformaldehyde (PFA) for few minutes. Afterward, cells were stained with DAPI (1 μg 
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mL
-1

) for 6 min and washed with cold PBS (3 times) to eliminate extra stain.  Next, cellular 

uptake of NPs were observed under ZEISS LSM 880.  

4.2.8. Calcein AM assay to determine the neuroprotective effect of RTDNPs against FF 

and Ac-PHF6 induced cytotoxicity:  

SH-SY5Y cells at a density of 1 × 10
4
 cells were plated for 24 h. After incubation, cells were 

cotreated with RTDNPs (50, 100 and 200 μg mL
-1

) and FF (12 mM) and Ac-PHF6 (100 μM) 

fibrils for 48 h. After treatment, cells were irradiated with 808 NIR laser (1 W cm-2, 5 min) 

and incubated for next 24 h. After incubation, cells were carefully washed with PBS two 

times and stained with 2 μL mL
-1 

of calcein AM (1mg mL
-1

) for 15 min at 37 °C in the dark. 

Afterward, extra stain was removed by PBS washing and calcein AM stained viable cells 

were analyzed by a ZEISS LSM 880 confocal microscope with Airyscan to determine the 

neuroprotective effect of RTDNPs. 

4.3. Results and Discussion: 

4.3.1. Synthesis and characterization of RTDNPs: 

RTNPs synthesis process is shown in Figure 4.1 A. The Fluorescent RTNPs were prepared 

through a simple hydrothermal process by heating an aqueous solution of RSV and L Trp at 

200 °C for 2h. The morphology and fluorescence of the prepared NPs were further 

characterized via SEM and confocal microscopy. Before hydrothermal treatment, the SEM 

images of an aqueous solution of RSV and L Trp showed fibrillar-like structure as shown in 

Figure 4.1B whereas the spherical structure of RTNPs was formed after hydrothermal 

treatment (Figure 4.1C). The DLS graph showed an average diameter of ≈400 nm and 0.2 

PDI (Figure 4.1D). Further, confocal microscopy of the prepared NPs displayed the 

formation of blue, green, and red color fluorescent NPs as shown in Figure 4.1(E-G). The 

NPs were also excited at different wavelengths and varied fluorescence emission spectra were 

observed according to change in the excitation wavelength of NPs (Figure 4.1H) 
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Figure 4.1: Scheme showing synthesis process of RTNPs (A); SEM images of RSV and L-

Trp solution before (B); scale bar is 10μm and after hydrothermal treatment (C); scale bar is 

1μm; DLS of RTNPs (D); confocal images of fluorescent RTNPs in all green, blue and red 

channels (E-G); scale bar is 10μm; Fluorescence emission spectra of RTNPs (H). 

Next, polydopamine core nanoparticles were formed by a similar method as reported earlier 

39 
as shown in Figure 4.2(A). The DLS results showed an average diameter of ≈800nm with a 

PDI of 0.2 (Figure 4.2 B) and SEM images revealed the core-like structure of prepared 

nanostructures (Figure 4.2 C). The hollow core of the prepared nanostructures was employed 

for the high-loading of fluorescent RTNPs. The morphology and fluorescence of loaded 

nanostructures (RTDNPs) were further characterized by SEM and confocal microscopy.  

SEM images depicted the successful loading of RTNPs on polydopamine core structures 

(Figure 4.2 D). and their fluorescence was further monitored by confocal microscopy. The 

loaded nanoparticles also displayed blue, green, and red fluorescence in confocal microscopy 

(Figure 4.2 E-G). 
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Figure 4.2:  Scheme showing synthesis process of RTDNPs (A); SEM image of 

polydopamine core nanostructure (B); DLS of polydopamine core nanostructures (C); SEM 

image of RTNPs loaded polydopamine core nanostructures (RTDNPs) (D); scale bar is 5 and 

2μm; confocal images of fluorescent RTDNPs in all green, blue and red channels (E-G). scale 

bar is 10 μm. 
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4.3.2. In vitro aggregation of FF and Ac-PHF6 (VQIVYK): 

The in vitro fibril formation and aggregation potential of both FF and Ac-PHF6 peptide was 

examined by SEM, TEM, AFM, and confocal microscopy. The mass spectrum showed an 

expected mass of 790 Da for AcPHF6 (Ac-VQIVYK-NH2) (Figure 4.3). 

 

Figure 4.3: The mass spectrum of AcPHF6 peptide. 

As shown in Figure 4.4 A, the SEM image revealed that dense aggregated forms of fibril-like 

structures were formed by the dipeptide. As it is well studied that ThT is a very sensitive 

fluorescent marker of amyloid fibrils and is widely used for in vitro aggregation detection 

assay.
42 

Thus, we further used ThT dye to detect the aggregation of FF by using confocal 

microscopy.   Confocal microscopic images also depicted the presence of bundles of FF fibrils 

(Figure 4.4 B). Similarly, aggregation and fibril formation potential of Ac-PHF6, tau peptide 

was also monitored by TEM, AFM, and confocal microscopy.  Both AFM and TEM images 

revealed the formation of densely aggregated fibrils by tau peptide (Figure 4.4 C and D). ThT-

stained tau aggregates were also visualized using confocal microscopy which further confirmed 

the in vitro aggregation potential of Ac-PHF6, tau peptide (Figure 4.4E).  Thus, the in vitro 

fibrillation capability of tau-derived Ac-PHF6 peptide was observed to be similar to the full-

length tau protein signifying its utility as a promising in vitro tau aggregation model. 
43,44
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Figure 4.4:  SEM and confocal images showing in vitro aggregation of FF fibrils (A and B); 

scale bar is 10μm; TEM, AFM and confocal microscopic images showing in vitro 

aggregation of Ac-PHF6 fibrils (C-E); scale bar is 2μm.   

4.3.3. FF and Ac-PHF6 fibrils disaggregation studies: 

To examine the effect of NPs on the disaggregation of FF and Ac-PHF6 fibrils, microscopic 

analysis was carried out to investigate the changes in the morphology of FF and Ac-PHF6 

aggregates after disaggregation. Firstly, we have examined the disaggregation potency of 

lone RTNPs against FF aggregates by using SEM. As shown in Figure 4.5A, FF exhibited 

the formation of a large number of aggregated fibrils at 0 h. When these fibrils were 

incubated with RTNPs, their number and length gradually decreased after 24 h of the 

incubation period. However, when FF fibrils were incubated with RTDNPs (Figure 4.5B) 

and irradiated with an 808 nm laser for 10 minutes, the number and length of fibrils 

decreased significantly which clearly demonstrated that RTDNPs were more effective as 

compared to RTNPs in the disaggregation of FF fibrils to smaller fragments in lesser time 

due to the synergistic effect of NIR light-responsive photothermal polydopamine (Figure 4.5 

C) and antiamyloidogenic activity of RSV and L-Trp. In addition, RTDNPs also showed 
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remarkable disaggregation efficiency against Ac-PHF6 peptide (Figure 4.5 D) and can be 

used as a dual anti-amyloid agent. The nanosystem demonstrated dual anti-amyloidogenic 

activity against both FF amyloid fibrils, and the hexapeptide Ac-PHF6 (VQIVYK) derived 

from the tau protein. 

 

Figure 4.5:  SEM images showing in vitro disaggregation of FF fibrils by RTNPs (A); scale 

bar is 10μm; Graph showing rise in temperature of NPs solutions after 808 nm laser 

irradiation (B); confocal images showing ThT stained in vitro disaggregation of FF (C) and 

Ac-PHF6 fibrils (D) by RTDNPs; scale bar is 5μm.  The laser irradiation wavelength used 

was at 808 nm. 
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4.3.4. Biocompatibility and cellular uptake studies of RTDNPs: 

To be used as a potent neurotherapeutic agent, we investigated the biocompatibility of 

RTDNPs in SH-SY5Y cells by MTT assay. As shown in Figure 4.6 A, after incubating 

different concentrations of RTDNPs (50, 100, 200, and 400 µg/ mL) with SH-SY5Y cells for 

24 h, it was observed that the cell viability remained above 80 % even with RTDNPs 

concentrations being as high as 400 μg mL
−1

, confirming their biocompatible and non-

cytotoxic nature towards the neuronal cells. Next, potent bioimaging property of fluorescent 

RTDNPs was investigated in neuronal cells. The green and red fluorescence observed in the 

cytoplasm of RTDNPs treated cells directly confirmed the successful uptake of these 

fluorescent nanostructures inside the neuronal cells (Figure 4.6 B). Thus, cell viability and 

cellular uptake results showed that our inherently fluorescent NPs could be used as potent 

neurotherapeutic and bioimaging agent. 

 

 

Figure 4.6:  MTT data showing RTDNPs cytotoxicity (A); confocal images showing cellular 

uptake of RTDNPs (B); scale bar is 10μm. 
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4.3.5. Neuroprotective effect of RTDNPs: 

As previously reported, accumulation and aggregation of β-amyloid (Aβ) peptides and 

microtubule-associated tau protein results in neuron cell death, leading to cognitive dysfunction 

in Alzheimer's disease.
45 

Thus, we also tried to determine the neuroprotective effect of 

RTDNPs against FF and Ac-PHF6 fibrils-induced cytotoxicity by calcein AM assay. SH-SY5Y 

cells were incubated with FF fibrils (12 mM) and Ac-PHF6 fibrils (100 μM), and various 

concentrations of RTDNPs (50 μg mL
-1
, 100 μg mL

-1,
 and 200 μg mL

-1
) for 24 h. It was 

observed that upon irradiation with laser, FF and Ac-PHF6 fibrils alone exhibited cytotoxic 

effects in SH-SY5Y cells as compared to control non-treated cells.  However, when these cells 

co-incubated with RTDNPs and FF fibrils and were irradiated with laser showed evidently 

fewer cell death. Moreover, dose-dependent enhancement was observed in the cell viability of 

RTDNPs treated cells. Similarly, irradiation of Ac-PHF6 fibrils (100 μM) and RTDNPs co-

incubated cells, a substantial decline in cell death rate and a dose dependent enhancement in the 

7cell viability were observed (Figure 4.7). Thus, our results demonstrated that RTDNPs were 

able to protect the cells from both toxic peptide aggregates of FF and Ac-PHF6 fibrils. 

 

Figure 4.7: Illustration showing in vitro evaluation of RTDNPs and fibril treated cells in 

neuronal cells (A); confocal images showing calcein AM stained viable cells in green channel 

and neuroprotective effect of different concentrations of RTDNPs against FF and Ac-PHF6 

fibrils in neuronal cells after irradiation with 808 nm laser (B); scale bar is 50μm. 
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 4.4. Conclusion: 

 In summary, we fabricated RTNPs with NIR- responsive photothermal polyddopamine core 

structures to bind, and disaggregate both FF and Ac-PHF6 fibrils. More importantly, FF and 

Ac-PHF6 were used as in vitro aggregation model to examine anti-amyloidogenic behaviour 

of self-fluorescent NPs. The NPs showed significant disaggregation of both aggregated fibrils 

of FF and Ac-PHF6 peptides after irradiation with 808 nm laser due to the potent 

antiamyloidogenic and photothermal property of RTDNPs. Moreover, the designed NPs can 

also use as potent bioimaging agents because of tremendous auto-fluorescent nature of these 

nanoparticles. Furthermore, the RTDNPs efficiently eased both FF and Ac-PHF6 fibrils-

induced neurotoxicity in SH-SY5Y cells after NIR light irradiation. Hence, the NIR light-

responsive RTDNPs provide a novel disease modifying material and approach for the 

treatment of AD. 
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ANTI-AMYLOIDOGENIC POTENCY OF ACOUSTIC STIMULUS 

ACTIVATED PIEZOELECTRIC POLYDOPAMINE-PVDF NANOSPHERES, 

A FUTURISTIC APPROACH TOWARDS ALZHEIMER’S THERAPY 

Abstract 

The degeneration of neurons due to the accumulation of misfolded amyloid aggregates in the 

central nervous system (CNS) is a fundamental neuropathology of Alzheimer’s disease (AD). 

Dislodging/clearing these amyloid aggregates from the neuronal tissues is considered a 

viable strategy for finding a potential cure for AD. In the present chapter, we explored 

biocompatible polydopamine-coated piezoelectric polyvinylidene fluoride (DPVDF) 

nanospheres as acoustic stimulus-triggered anti-fibrillating agents against two model 

amyloidogenic peptides, which includes the reductionist model-based amyloidogenic 

dipeptide, diphenylalanine, and the amyloid polypeptide, Aβ42. Our results revealed 

that DPVDF nanospheres could effectively disassemble the model peptide-derived amyloid 

fibrils, under suitable acoustic stimulation. In vitro studies also revealed that the stimulus-

activated DPVDF nanospheres could efficiently alleviate the neurotoxicity of FF fibrils as 

exemplified in neuroblastoma, SHSY5Y cells. Thus, these acoustic stimuli-activated 

nanospheres could serve as a novel class of disease-modifying nanomaterials for non-

invasive electro-chemotherapy of Alzheimer’s disease. 

5.1. Introduction: 

Alzheimer's disease (AD) is a neurological  disorder, majorly characterized by an irreversible 

decline in cognitive ability and memory-related functions in older adults.
1 

Numerous studies 

have shown that abnormal extracellular deposition of self-assembled Aβ assemblies (i.e., Aβ 

oligomers, fibrils, and plaques) is the main pathological hallmark of AD.
2-4

 According to the 

amyloid hypothesis,
2
 the extracellular accumulation of these neurotoxic amyloid assemblies 
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activates inflammatory responses towards neurons and synapses, eventually causing their 

improper functioning during neuronal ionic homeostasis, ultimately leading to cognitive 

decline and other associated AD symptoms.
5,6

 It is well known that Aβ42 polypeptide 

aggregates are the critical pathological determinant of AD and these widely serve as in vitro 

models for the screening of potent anti-amyloid drugs.
7,8

 As we have already discussed in our 

previous chapters that purification, isolation, and self-assembly of the amyloid-β peptides 

generally involve arduous processes, and are often associated with several errors, which 

ultimately raise a concern about using these peptides as ideal in vitro amyloid models.
9 

Hence, it is important to find an alternative, promising, convenient, short peptide-based 

model, which could mimic amyloid aggregation under in vitro conditions. It is further 

desirable that the model should not contain tedious protein isolation and purification 

procedures and can yield consistent and reproducible results is of paramount importance. 

Recently, amyloid aggregates generated by small amyloidogenic peptides such as a 

hexapeptide (NFGAIL) of human islet amyloid polypeptide (hIAPP), 
10 

heptapeptide 

(KLVFFAE) derived from Aβ42 polypeptide,
11

and the dipeptide, diphenylalanine (FF),
12 

a 

core residue (F19-F20) of Aβ42 polypeptide have revolutionized the understanding of 

amyloid formation mechanisms. Among these peptides,  the dipeptide FF, a fragment derived 

from the Aβ42 polypeptide, as reported by Gazit and group, is labeled as the smallest 

amyloidogenic peptide fragment endowed with many characteristics features of Aβ42 

polypeptide  aggregates, which include mechanical rigidity, photoluminescence and typical 

amyloid like structural and conformational features such as  β-sheet like organization.
12

 Thus, 

FF, a short and much simpler dipeptide, can be used as a surrogate amyloid model to mimic 

Aβ42 polypeptide aggregation,
 13,14

 and in the current study, we have tried to utilize FF fibrils 

as a reductionist model for exploring and establishing the potential amyloid inhibition 

propensity of DPVDF nanospheres. 
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Up to now, many anti-amyloidogenic agents have been reported to efficiently clear Aβ42 

aggregates
 
and also to destabilize their fibrils.

15 
However, most of these agents exhibit weak 

disaggregation propensity against the Aβ42 aggregates. This happens due to the presence of 

strong intermolecular interactions between the Aβ42 monomers,
16 

which promote the 

formation of robust fibrillar peptide aggregates under various physical,
17,18

 chemical,
19,20

 and 

biochemical conditions.
21

 Thus, to dissolve/dislodge these comparatively robust fibrillar 

aggregates, it is highly desirable to look for more promising and innovative approaches for 

finding potential and viable therapeutic solutions for AD.  

Piezoelectric materials can stimulate electrochemical reactions by enabling charge transfer to 

reactants under the influence of mechanical stimulus and are abundant in nature including 

live bio-physiological systems.
22

 These carry significant utility in the field of material 

fabrication and in the field of the development of intelligent self-powered devices.
23,24 

Several 

studies have demonstrated that piezoelectric materials are effective in generating electric 

stimulation-induced bio-effects with broad application potential.
25

 In this regard, a 

biodegradable triboelectric nanogenerator (BD-TENG) has been designed by Zheng et al, 

which was capable of converting biomechanical energy into electric power that could be used 

to power implantable medical devices under in vivo conditions. The nanogenerator was found 

to be biocompatible and did not exhibit any adverse effects.
26

 Furthermore, Liu et al. 

developed an implantable self-powered optogenetic system (SOS) for blood glucose control. 

The SOS system harvested energy from body movement and power from the far-red light 

(FRL) source.
27

 Zhang et al. developed a biomechanical-energy-driven shape memory 

piezoelectric nanogenerator (sm-PENG) that was integrated with a fixation splint to 

promote osteogenic differentiation. The pulsed direct current (DC) generated from the sm-

PENG effectively promoted MC3T3-E1 preosteoblast cell proliferation,  orientation and 

increased the level of intracellular calcium ions.
28 

https://www.sciencedirect.com/topics/engineering/osteogenic-differentiation
https://www.sciencedirect.com/topics/materials-science/cell-proliferation
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PVDF is a piezoelectric polymer extensively used in electro-optical, electromechanical, and 

biomedical applications. It is biocompatible in nature, exhibit high piezoelectric coefficient, 

and is cost-effective.
29

 It is a semicrystalline polymer consisting of mainly four different 

polymorphic phases such as α, β, γ and δ.
30 
Among them, α-phase is non-electroactive, β is 

the most electroactive phase, and γ is semi-electroactive. It is notable to mention that the δ 

phase remains less explored since its theoretical prediction.  At the same time there are sparse 

reports which indicate that the δ phase has nearly comparable electroactive properties as that 

of the β phase.
31,32 

Many fundamental properties of the piezoelectric δ-phase of PVDF 

nanospheres have been recently studied and reported by Mandal and co-workers.
33 

So far, various processing techniques are being harnessed to obtain different morphologies 

and electroactive phases of PVDF.
34 

Micro/ nanosphere of PVDF can be synthesized by 

adopting various approaches, which include versatile techniques such as electrospraying, 

non-solvent induced phase separation, microdroplets formation, emulsion, and dispersion 

polymerization, gas atomization, oil-water emulsion and coacervation techniques.
35-41

 In 

these reported studies, the fabrication of micro/nanospheres was primarily done using β, γ, 

and mixed electroactive phases, depending on the processing conditions and methodology. 

However, it is noteworthy that in this work, we have reported on the fabrication of PVDF 

nanospheres from pure δ-phase of the polymer, using a single-step processing technique. The 

obtained δ-PVDF nanospheres were demonstrated to exhibit piezo and ferro-electric 

properties as expected for the δ-phase of PVDF.  

In the recent past, PVDF micro/nanostructures have been explored for various applications 

that include tissue engineering, in vivo implantable nanogenerators, etc.
42,43 

We, thus in the 

current work, present a polydopamine coated piezoelectric PVDF (DPVDF) nanosphere-

based system that is capable of disrupting amyloid fibrils merely under the influence of 

acoustic stimulus. Herein, due to the polar electroactive nature of the nanospheres, their 
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activation under acoustic stimulus led to the generation of electro-chemical and ROS 

mediated anti-amyloid effect (Scheme 5.1).
44-48

 The potency of DPVDF nanospheres as anti-

amyloidogenic agents was established by testing and validating their fibril dissociating ability 

towards the reductionist model-based amyloidogenic FF and Aβ42 polypeptide aggregates. It 

is interesting to note here that dopamine was used as a coating agent for PVDF nanospheres 

because under alkaline conditions, dopamine can self-polymerize (due to the oxidation of 

catechol) and generate polydopamine (PDA).
49,50 

It can form a hydrophilic coating that firmly 

attaches to bulk materials of different surface properties and shapes.
51

 Dopamine additionally 

has high adhesive properties 
52 

and hence it can strongly adsorb onto the spheres. 

Furthermore, the remarkable physicochemical, biocompatible and fluorescent properties of 

PDA render it suitable to be used as bioimaging agent, besides being used as a coating 

material.
53,54

 In addition, we hypothesized that as dopamine has inherent anti-amyloid 

activity, 
55 

its presence would ultimately impart higher anti-fibrillating properties to the 

coated PVDF nanospheres. 

The arena of piezoelectric-based disruption of AD is an emerging and pressing field with just 

one report showcasing the anti-amyloidogenic propensity of piezoelectric materials based on 

bismuth oxychloride (BiOCl) nanosheets.
44 

We believe that the piezoelectric material 

triggered disruption of amyloid fibrils can be a potential and practical approach towards 

tackling the debilitating neurodegenerative disorder, AD. The process would open a huge 

possibility to be explored further to generate new and potent anti-amyloid and disease 

modifying therapeutics for AD. 



CHAPTER 5 

 

178 
 

 

Scheme 5.1: (A) Overall schematic representation showing the formation of dopamine coated 

PVDF nanospheres. (B) Amyloid fibril disaggregation ability and neuroprotective effects 

exhibited by the coated nanospheres demonstrated in neural cells, on being activated by an 

acoustic stimulus. 

5.2. Methods: 

5.2.1. Preparation of PVDF nanospheres and their surface coating with polydopamine: 

PVDF pellets (Mw~1,80,000) were procured from Sigma-Aldrich. Dimethylformamide 

(DMF) and acetone were procured from Merck chemicals. All the chemicals were used 

without any purification. PVDF pellets were dissolved in DMF: acetone solvent mixture in 

6:4 ratios and a transparent solution was obtained after stirring the sample at 60 °C. 
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Electrospraying of the polymeric solution was carried out at 14 kV, keeping the constant ‗tip 

to collector‘ distance as 12 cm. A 0.3 ml/h flow rate was employed for the synthesis of the 

nanospheres at an ambient temperature of 25 °C. 45 % humidity was maintained throughout 

the experiment. The produced δ-PVDF nanospheres were collected on an aluminium foil 

wrapped over the plate collector.  

For fabricating a piezoelectric nanogenerator (PNG), 0.1 % (w/v) polydopamine-coated δ-

PVDF nanospheres were blended in polydimethylsiloxane (PDMS) solution. The composite 

solution was cast on a clean glass slide (3 x 2.5 cm
2
) and the slide was heated to 70 °C for 

three h. After heating, the composite film was peeled off from the glass slide and copper 

electrodes were adhered in a planar geometry on the composite film (Figure 5.3) named D-

PNG (device-based PNG). 

The PVDF nanospheres were coated with different concentrations of dopamine solutions (2, 

4 and, 6 mg/mL), following a protocol mentioned earlier wherein, PVDF membrane was 

coated with dopamine.
56

 The dopamine solution was formed by dissolving dopamine 

hydrochloride in tris-HCl buffer (15 mM, pH 8.8). The nanospheres (1mg) were then added 

to the prepared solution of dopamine and were incubated for 24 h on a rotary shaker. After 24 

h, the mixture was centrifuged and rinsed with Milli-Q water several times at 14000 rpm to 

get rid of the loosely attached polydopamine particles and to obtain polydopamine coated 

PVDF nanospheres (DPVDF). The sample was subsequently dried and lyophilised using 

freeze drier to obtain dry powder. After rinsing, the nanospheres were probe sonicated for 10 

min to get uniform PVDF nanosphere dispersion. As the coating was carried out under 

alkaline conditions, the self-polymerization of dopamine into polydopamine could not be 

overruled here and what we obtained finally could be the polydopamine coated PVDF 

nanospheres, henceforth named as DPVDF nanospheres.
57-60 
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5.2.2. Characterization of PVDF and DPVDF nanospheres: 

PVDF and DPVDF nanospheres were characterized by using different spectroscopic and 

microscopic techniques. The size and shape of δ-PVDF and DPVDF nanospheres were 

characterized by using Dynamic light scattering (DLS) and field emission scanning electron 

microscopy (FESEM). For DLS analysis, samples (1 mg mL
-1

) were dispersed in milli Q 

water and their particle size were characterized by using a Malvern Zetasizer Nano ZSP 

Instrument.  

For FESEM, samples (100 μg mL
-1

) were drop casted onto silicon wafers and were air dried 

at 25 °C (RT). Thereafter, samples were gold coated for 90 s and were analysed by using 

FESEM (JSM-7610FPlus).    

The polydopamine coating on the nanospheres was confirmed by using UV−visible (UV-Vis) 

spectroscopy, attenuated total reflection-fourier transform infrared (ATR-FTIR) spectroscopy 

and confocal microscopic, based studies.  

A confocal microscope (ZEISS LSM 880) was also used to examine the fluorescent nature of 

the DPVDF nanospheres and also to monitor their intracellular uptake in SH-SY5Y cells. 

Further, spectral properties of nanospheres were determined by a double beam Shimadzu 

UV-2600 spectrophotometer. Spectral measurements were carried out after suitably diluting 

the nanospheres dispersion (1 mg mL
-1

) with milli Q water. ATR-FTIR (Attenuated total 

reflection-Fourier transform infrared) spectra of both PVDF and DPVDF nanospheres were 

also recorded using a Bruker VERTEX70 instrument (32 scans, from 4000− 400 cm
−1

).  

Surface potential determination and piezoelectric characterization of the nanospheres were 

done using kelvin probe force microscopy (KPFM) and piezo-response force microscopy 

(PFM) respectively. KPFM and PFM were performed using an AFM instrument, Nanosurf 

and Bruker Multimode-8 system, using Pt/Ir coated conducting probe, with spring constant of 
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3 Nm
−1

 and resonance frequency of 75 kHz. The KPFM measurements were performed in 

non-contact mode, while the PFM measurements were performed in contact mode. Samples 

for these measurements were prepared by using spin coating technique, in which uncoated 

and polydopamine coated PVDF nanospheres were drop casted on ITO coated glass 

substrates (5 mm × 5 mm) at 1500 rpm for 30 s. Furthermore, Finite element analysis-based 

simulation of PVDF nanospheres was performed by applying uniform external mechanical 

stimuli to the nanospheres assumed to be fixed at the base.  

Moreover, the chemical similarity between PVDF and polydopamine coated PVDF 

nanospheres was examined using X-ray photoelectron spectroscopy (XPS). For the study, 

samples were drop cast on silicon wafers and loaded in UHV equipped X-ray photoelectron 

spectroscopy (XPS) (Kα, Thermo Fisher Scientific, USA) system, having Al-Kα energy 

source of 1486.5 eV. The XPS spectra for PVDF and DPVDF samples were recorded under 

the similar conditions.  

5.2.3. Synthesis of FF and optimization of fibril formation by Aβ42 polypeptide and FF 

in vitro: 

Boc-Phe-OH and L-phenylalanine were used for the synthesis of the dipeptide, FF, by using 

solution-phase peptide synthesis method as described in previous reports and thoroughly 

discussed in our previous chapters.
53,61,62

  

In vitro fibrils formation by both FF and Aβ42 polypeptide was achieved by adopting similar 

protocols as reported earlier.
53,63

 In brief, fibrils formation by FF was achieved by first 

dissolving 4 mg of the dipeptide in 50 μL of HFIP. The solution was then diluted in 950 μL 

of milli Q water to obtain fibrils. Aβ42 polypeptide fibrils were formed by dissolving 100 μg 

of Aβ42 polypeptide powder in 100 μL of HFIP solution to obtain monomeric form of Aβ42 

polypeptide. For fibrillization initiation, HFIP was evaporated from the peptide solution to 
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attain a thin clear film of Aβ42 polypeptide and then the sample was resuspended in 100 μL 

of 10 mM phosphate-buffered saline (PBS, pH 7.4) and incubated for 3 days at 37 °C to 

obtain the fibrils. 
 

5.2.4. Determination of the disaggregation propensity of PVDF nanospheres, DPVDF 

nanospheres and dopamine solution towards FF fibrils: 

 Light microscopy (ZEISS LSM 880) was used to establish and confirm FF fibrils formation 

and to determine the disaggregation potency of PVDF nanospheres, DPVDF nanospheres and 

dopamine solution towards FF fibrils. For disaggregation studies, FF fibrils (12 mM) were 

ultra-sonicated (at 40 kHz) for half an hour in the presence of PVDF nanospheres (1mg/mL), 

DPVDF nanospheres (2, 4 and 6 mg/mL) and dopamine solution (2, 4 and 6 mg/mL). After 

incubation, 50 μL dispersions from each sample (both control and treated) were drop casted 

onto cleaned glass slides and the samples were air dried at 25 °C (RT). Subsequently, 

coverslips were mounted onto glass slides and then analyzed using bright field microscopy. 

5.2.5. Performing Bis-ANS assay to monitor fibril disaggregation propensity of DPVDF 

nanospheres: 

The disaggregation potency of DPVDF nanospheres was also determined by Bis-ANS assay 

(50 μM). In brief, FF fibrils (12 mM) were ultrasonicated (at 40 kHz) with DPVDF 

nanospheres for half an hour. After treatment, 50 μM of Bis-ANS solution was added to all 

the control and treated samples and the samples were further incubated for the next 30 min at 

RT. After incubation, fluorescence intensity of the samples (Ex 405 and Em-440 nm) was 

determined using a Tecan, multimode plate reader. 
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5.2.6. Determination of disaggregation potency of PVDF and DPVDF nanospheres towards 

Aβ42 polypeptide fibrils  

To evaluate the disaggregation potency of PVDF and DPVDF nanospheres towards Aβ42 

polypeptide fibrils, Aβ42 polypeptide fibrils (20 μM) were prepared by adopting a similar 

protocol as mentioned earlier.
13

 In disaggregation studies, PVDF and DPVDF nanospheres (800 

μg/mL) were added to the prepared Aβ42 polypeptide fibrils. Samples were then ultra-sonicated 

(at 40 kHz) for half an hour. After treatment, samples were cast on carbon-coated copper grids 

(200 nm mesh size) and observed under the TEM, JEOL JEM-2100 transmission electron 

microscope at 120 kV (Tokyo, Japan). 

5.2.7. Biocompatibility studies of PVDF and DPVDF nanospheres performed in L929 and 

SH-SY5Y cells both in the presence and absence of the acoustic stimulus:  

Our in vitro disaggregation studies involved activation of the nanospheres by using a sonication 

frequency of around 40 kHz. However, in the case of cellular studies it is not practically feasible 

to use sonication as the medium for nanosphere activation. Hence, for cellular studies we used 

acoustic stimulus of similar frequency (40 kHz) to activate the nanospheres. A customised 

acoustic chamber of dimensions 16×27×24 cm
3 

(capable of providing 2 W of acoustic power at 

40 kHz frequency) was used for the studies (Figure 5.1). The biocompatibility of both acoustic 

stimuli activated and non-activated nanospheres of DPVDF and PVDF were determined in 

mouse L929 fibroblastic cell line (L929) and human neuroblastoma cell line (SH-SY5Y). For the 

study, L929 cells were cultured in fresh Dulbecco‘s modified Eagle‘s medium (DMEM) whereas 

SH-SY5Y cells were cultured in (DMEM)/F12 containing 10% fetal bovine serum (FBS), and 

100 U/mL Pen-Strep at 37 °C with 5% CO2 in a humidified incubator. Cells were trypsinized 

after achieving 80% confluency and then seeded in 96 well plates at a density of 10000 cells/well. 

After seeding, cells were incubated for 24 h for proper adherence and spreading. Thereafter, cells 

were treated with various concentrations of both PVDF and DPVDF nanospheres (0.4, 0.6 and 

0.8 mg/mL) overnight. A customised acoustic chamber of dimensions 16×27×24 cm
3 
(capable of 
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providing 2 W of acoustic power at 40 kHz frequency) was used to apply acoustic stimulus to the 

cells for a duration of 5 min after every one hour till 8 h to activate the nanospheres. Cells 

incubated with the nanospheres under identical cell culture conditions but without any stimulation 

were taken as non-activated control. Later on, both activated (exposed to acoustic stimulus) and 

non-activated (without stimulus) PVDF and DPVDF nanospheres treated cells were kept 

overnight in a humidified incubator and their viability was evaluated using MTT as well as live 

dead cell viability assay.  For MTT assay, exhausted cell culture media (after treatment) were 

replaced by fresh culture media (180 μL) supplemented with 20 μL of MTT (5 mg/mL) and the 

sample was incubated further for 4 h. Afterwards, media were removed followed by DMSO (100 

μL) addition to solubilize the formazan crystals. Sample absorbance was recorded using a 

multimode plate reader at a wavelength of 570 nm (MPlex Pro 200, Tecan Ltd.).  

For the live/dead assay, cells were gently rinsed with PBS twice following treatment and subsequently 

stained with 2 μL mL
-1 

of calcein AM and PI (1 mg mL
-1
) for 15 min. Afterwards, cells were rinsed 

with PBS gently to remove extra stains and were analyzed by confocal microscopy. 

 

Figure 5.1: (A) Image showing the acoustic chamber used in the study for achieving acoustic 

stimulation-based activation of the nanospheres. (B) Equivalent circuit diagram consisting of (i) 

power supply, (ii) function generator, (iii) power amplifier and (iv) speaker for the mechanical 

stimulation to the acoustic chamber (iv) where the ‗specimen of study‘ was placed.  
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5.2.8. Cellular uptake studies of DPVDF nanospheres performed in SH-SY5Y cells: 

Cellular uptake studies of DPVDF nanospheres in SH-SY5Y cells were performed following 

protocol as reported in one of our earlier study.
53

 In brief, SH-SY5Y cells were cultured in 

fresh DMEM/F12 containing 10% FBS, and 100 U/mL Pen-Strep at 37 °C with 5% CO2 in a 

humidified incubator. Cells were then trypsinized after achieving 80% confluency followed 

by seeding in cell culture dishes (35 mm) at a density of 20000 cells/dish. After seeding, cells 

were incubated for 24 h for adherence and spreading. Next, cells were treated with DPVDF 

nanospheres (0.8 mg /mL) overnight. Afterward, treated cells were rinsed with PBS and fixed 

with 4% (v/v) paraformaldehyde (PFA) for 15 min. Fixed cells were stained with 1 μg/mL 

solution of 4',6-diamidino-2-phenylindole (DAPI) for 5 min, followed by rinsing with PBS to 

remove extra stains. Following this, cells were visualised under a confocal microscope 

(ZEISS LSM 880).
13 

5.2.9. Determination of cytotoxic effect of FF fibrils toward SH-SY5Y cells observed in 

the presence of acoustic stimulus activated or non-activated PVDF and DPVDF 

nanospheres: 

The cytotoxicity of FF fibrils towards SH-SY5Y cells was determined using MTT assay. The 

protective effects exerted by different concentrations of PVDF and DPVDF nanospheres (0.4, 

0.6 and 0.8 mg/mL) on neural cells against FF fibrils induced cytotoxicity, under both 

intermittent acoustic stimulus (5 min. after every one hour till 8h) and non-stimulus 

conditions, was also evaluated by MTT assay.
13 

Briefly, 10 × 10
3
 cells per well were plated in 

sterile 96-well microtiter plates in (DMEM)/F12 complete media and maintained overnight at 

37 °C. Thereafter, cells were treated with fibrillar aggregates of FF (12 mM) in the presence 

as well as absence of different concentrations of PVDF and DPVDF nanospheres (0.4, 0.6 

and 0.8 mg/mL) under both intermittent acoustic stimulus and non-stimulus conditions. After 

treatments, the exhausted culture media were replaced by fresh culture media (180 μL) 

supplemented with 20 μL of MTT (5 mg/mL) and the plate was further incubated for 4 h. 



CHAPTER 5 

 

186 
 

Afterward, media were removed followed by DMSO (100 μL) addition. Sample absorbance 

was recorded using a multimode plate reader at 570 nm (MPlex Pro 200, Tecan Ltd.). 

5.2.10. Detection of the intracellular reactive oxygen species (ROS) generated by the 

PVDF nanospheres inside cells, both in the presence and absence of the acoustic 

stimulus:  

To determine the ROS generating ability of the nanospheres, dichlorodihydrofluorescein 

diacetate (DCFH-DA) dye, was used as a fluorescent probe to measure the redox state of the 

cells exposed to the spheres both under activating and non-activating conditions.
64

 Briefly, 

SH-SY5Y cells were incubated with various concentrations of PVDF nanospheres (0.4, 0.6 

and 0.8 mg/mL) under both intermittent acoustic stimulus and non-stimulus conditions. 

Afterward, cells were treated with DCFH-DA (30 μM) for 45 min. After incubation, cells 

were gently washed with phenol free medium and were observed under a confocal 

microscope. 

5.2.11. Determination of ROS generating ability of the nanospheres under non-cellular 

conditions: 

To detect the ROS species generating ability of the nanospheres, Nitroblue tetrazolium test 

(NBT) and 3,3',5,5'-tetramethylbenzidine (TMB) assays were performed. NBT assay is 

generally used to detect the generation of superoxide ion in various samples.
65

 NBT solution 

gets reduced by free oxygen radicals and blue color formazan product is formed.  To monitor 

the generation of superoxide ion by the PVDF nanospheres, NBT solution (500 μM) carrying 

PVDF nanospheres (1mg/mL) was stimulated by acoustic stimuli for 30 min and 1 h. The 

relative amount of superoxide ion produced was further monitored by measuring sample 

absorbance at 560 nm. Furthermore, TMB assay was performed to detect the generation of 

hydroxyl radicals (•OH) by the decomposition of hydrogen peroxide (H2O2), by the 

nanospheres. 
66,67 

For •OH detection, PVDF nanospheres (1mg/mL) were treated with 1:1 

ratio of TMB (20 mg/ml) and H2O2 (3%) for 30 min and 1h under both acoustic stimuli and 
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non-acoustic stimuli conditions. The relative amount of •OH radical produced in each sample 

was evaluated by measuring the sample absorbance at 655 nm using a spectrophotometer. 

5.2.12. Biodistribution of DPVDF nanospheres in mice: 

In order to examine the biodistribution of the DPVDF nanospheres in mice, the particles were 

first labelled with the near infrared active dye, indocysanine green and fluorescence imaging 

of the dosed animals was performed by using an in vivo fluorescence imaging system (IVIS 

Spectrum, PerkinElmer, U.S.) carrying IVIS live imaging 3.0 software at λex = 780 nm, λem 

= 850 nm. For in-vivo imaging, 50 μL of ICG-labeled nanospheres were administered 

through the intranasal route to mice, and fluorescent images of whole mice were taken at 1, 

2,3, and 4 h, and isoflurane anesthetization (3% for induction and 1% for maintenance). 

Animal experiments were carried out ethically and humanely. 

5.2.13. Statistical analysis:  

Statistical analysis was performed using GraphPad Prism software and the data was plotted as 

mean ± standard deviation (SD). One-way and two-way analysis of variance (ANOVA) 

followed by Tukey‘s multiple comparison test were used to analyse the significant difference 

between the mean values of controls and nanospheres treated samples. Data were plotted as 

the mean of three (n = 3) independent samples ± SE and p<0.05 was considered to be 

statistically significant.  

5.3. Results and discussion: 

5.3.1. Polydopamine coating on PVDF nanospheres: 

Dopamine coating on the nanospheres was achieved by dispersing PVDF nanospheres in 

dopamine solution (6 mg/mL) overnight as described above (methods).  The biomolecule 

coating on the surface of PVDF nanospheres was confirmed through various biophysical 

techniques as shown in Figure 5.2. Figure 5.2 (A) shows PVDF nanospheres before (left 

side) and after 6 mg/mL of dopamine coating (right side). The coated nanospheres were black 

in color compared to the white color of the uncoated nanospheres. DPVDF nanospheres were 
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further probe sonicated to obtain a better dispersed sample. DLS results showed that the 

PVDF nanostructures exhibited a mean hydrodynamic diameter of around 601 nm with a 

high polydispersity index (PDI) of 0.52. The high PDI of PVDF nanospheres could be 

attributed to the hydrophobic nature of non-dispersed nanospheres in water. DPVDF 

nanospheres however exhibited a mean hydrodynamic diameter of 941 nm with the PDI of 

0.039 nm. Such a small PDI of the nanospheres reveal their monodisperse nature (Figure 5.2 

B, and C). Further, the fluorescence property of polydopamine coated nanospheres was also 

determined by confocal microscopy. Images demonstrated green-colored fluorescence on the 

particles after coating [Figure 5.2 (D-F)]. As several earlier studies have reported that in  an 

alkaline environment or oxidative stress, catechol group of dopamine gets oxidized to form 

quinone derivatives, and then the molecule auto polymerizes into fluorescent 

polydopamine structures at room temperature.
57-60

 Therefore, it could be hypothesized here 

that under alkaline conditions or oxidative stress, dopamine polymerised on the nanospheres 

forming poly-dopamine layers which have been shown to carry fluorescence properties. The 

UV−Vis absorption spectrum of DPVDF exhibited strong absorption in the UV region, with 

an extending tail in the visible range. DPVDF nanospheres were also studied using 

fluorescence spectroscopy. The broad emission spectrum obtained for DPVDF in the visible 

range directly indicated the presence of fluorescent polydopamine coating (Figure 5.2 G).
54 

However, it was observed that bare PVDF was non-emissive in the visible range. 

Furthermore, ATR-FTIR spectra also confirmed polydopamine coating on PVDF 

nanospheres. The IR absorption spectra of polydopamine coated PVDF nanospheres showed 

the presence of peaks that could be attributed to various functional groups present on 

dopamine. A broad absorption peak from 3100 to 3600 cm
-1

 can be assigned to the stretching 

vibration of -NH and -OH groups of dopamine catechol. In addition, the new absorption band 

at 1508 cm
-1

 corresponded to the vibrational bending of N-H bond in the indole group and 

1595 cm
-1

 band corresponded to the C=C stretching vibrations of the aromatic ring 

respectively (Figure 5.2 H).  

https://www.sciencedirect.com/topics/engineering/alkaline-environment
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Figure 5.2: (A) Images showing PVDF nanospheres before and after getting coated with 

polydopamine, (B) DLS data of PVDF nanospheres, (C) DLS data of DPVDF nanospheres, 

(D) brightfield, (E) merge, and (F) green channel confocal images of polydopamine-coated 

PVDF nanospheres (scale bar~10 μm), (G) UV-Vis absorbance spectra of DPVDF and PVDF 

nanospheres, (H) ATR-FTIR spectra of DPVDF and PVDF nanospheres. 
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Furthermore, nanospheres were also characterised by using FESEM, KPFM, and XPS 

analysis (Figure 5.3 and 5.4). The FE-SEM images [Figure 5.3 and 5.4 (A and B)] of the 

PVDF and DPVDF nanospheres demonstrated a particle size of approx.  912 nm for PVDF 

nanospheres and approx. 963 nm for DPVDF nanospheres.  

 

Figure 5.3: FESEM images of PVDF and DPVDF nanospheres (A and B), histogram 

showing the size distribution profile of PVDF (C) and DPVDF nanospheres (D) based on 

FESEM data (N=100).  

Further, AFM topography and kelvin probe force microscopy (KPFM) were also performed 

to determine the surface potential of the nanospheres.  Figure 5.4 C and E shows topography 

of nanospheres whereas, Figure 5.4 D and F shows surface potential of the nanospheres. 
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From KPFM images, the surface potential of PVDF nanospheres was found to be ~-25 mV 

(Figure 5.4 D), while after the polydopamine coating it changed to ~45 mV (Figure 5.4 F). 

This also confirmed positive surface modification of PVDF nanospheres with polydopamine. 

Moreover, to study the chemical composition and to strike any resemblance between PVDF 

and DPVDF nanospheres, X-ray photoelectron spectroscopy (XPS) was performed. In case of 

neat PVDF nanospheres [Figure 5.4 G, (upper panel)], for C 1s window, the two peaks at 

286.6 eV and 291 eV, were attributed to -CH2- and -CF2- moieties of PVDF, respectively. 

These two peaks of C 1s, that could be ascribed as characteristic peaks of PVDF, had similar 

intensity (1:1), due to equal contributions emanating from both the groups. The XPS 

spectrum of DPVDF nanospheres (Figure 5.4 G), (lower panel) as shown in the 

deconvoluted C 1s window, could be attributed to contributions emanating from carbon 

species of polydopamine. For instances, the presence of peaks corresponding to -C=O, -C-N, 

C-NH2 groups (the signature peaks of dopamine) and the existence of low intensity peaks of -

CH2 and -CF2 groups gave a clear indication of polydopamine coating on the PVDF 

nanospheres. 
68,69 

XPS spectrum of F 1s was also recorded for neat PVDF [Figure 5.4 H, 

(upper panel)] and for DPVDF [Figure 5.4 H, (lower panel)] at ~ 688.2 eV. The spectra 

showed that fluorine atoms were not affected by the presence of polydopamine. Further, we 

also obtained N 1s (Figure 5.4 I), and O 1s (Figure 5.4 J), spectra for DPVDF nanospheres, 

which verified uniform coating of polydopamine on PVDF nanospheres. Deconvoluted peaks 

of N 1s and O 1s demonstrated the existence of possible contributions from the polydopamine 

coating present over PVDF. 
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Figure 5.4: FESEM images showing spherical structure of (A) PVDF and (B) DPVDF (Scale 

bar is 1 μm). Surface potential characterization of nanospheres. Morphology and surface 

potential images of uncoated PVDF nanospheres as shown in (C), (D), and polydopamine 

coated nanospheres (DPVDF) as shown in (E), (F), respectively (Scale bar is 1 μm). 

Chemical resemblance of PVDF and DPVDF nanospheres as represented by XPS spectra.  C 

1s (G) and F 1s (H) XPS spectra of PVDF (upper panel)] nanospheres and (I) N 1s and (J) O 

1s XPS spectra of DPVDF nanospheres (lower panel).  
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5.3.2. Determination of the Piezoelectric behaviour of DPVDF nanospheres:  

To further ensure the piezoelectric nature of the DPVDF nanospheres, we fabricated a 

piezoelectric nanogenerator device (D-PNG) and successively studied the piezoelectric 

response of the coated nanospheres. The schematic of D-PNG fabrication is illustrated in 

Figure 5.5 A. Different periodic uniaxial bending strains were employed to determine the 

piezoelectric behaviour of D-PNG. It is evident from Figure 5.5 B that as the bending strain 

was increased, the voltage response of D-PNG also increased and reached up to 50 mV at 12 

% of the bending strain.  

 

Figure 5.5: (A) Schematic diagram of D-PNG. (B) Voltage response of D-PNG obtained at 

different bending strains. (C) Output response of D-PNG as a vibration sensor. Inset shows 

the schematic of the measurement and the fitted equation with a damping coefficient of 28.  

The exerted bending strain was calculated by following the given Equation ( 1).
70 

  
 

  

                                                                                                  
(1) 

Where, h is the thickness of the D-PNG and r is the bending radius. 

Further, we investigated the ultrasensitive nature of D-PNG. It acted like a vibrational sensor 

71,72 
(Figure 5.5 C), after being mounted in a cantilever arrangement. It allowed the D-PNG 

to move freely under finger striking from 2 cm height. The damping behaviour of D-PNG 
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under finger imparting further confirmed its piezoelectric behaviour.
73 

The D-PNG produced 

up to 100 mV of voltage response. After fitting, the equation to exponential function       , 

a damping factor of 28 was obtained.  

Next, finite element analysis (FEA) based simulation study was carried out for gaining a 

detailed insight into the piezoelectric nature of the PVDF nanospheres. Here, PVDF 

nanosphere was considered to be hinged at the base, and input mechanical stimuli of     
  

  
 

was applied (kindly note that here the nanosphere was considered to be hinged at the base to 

strike an analogy with the cellular experimentation studies) as shown in Figure 5.6 (A), 

which gave rise to the internal strain within the PVDF nanosphere [Figure 5.6 (B)]. Due to 

the electroactive nature of PVDF nanosphere mechanical agitation led to the generation of 

piezoelectric potential as illustrated in Figure 5.6 (C).  

 

Figure 5.6: (A) Schematic demonstrating the input mechanical stimuli (shown by arrows) of 

100 
  

   provided to the PVDF nanosphere. (B) Strain generation within the nanosphere (as 

per FEA analysis) as a result of the input mechanical agitation (double headed arrows 

indicate the mechanical deformation caused due to the stimuli). (C) Piezoelectric potential 

generated in PVDF nanospheres due to strain generation under the mechanical stimuli. 

Moreover, piezoelectric behaviour of the PVDF nanospheres was also demonstrated by using 

PFM. The butterfly (amplitude) loop and hysteresis (phase) loop from as prepared PVDF 

(Figure 5.7 A and B) and DPVDF (Figure 5.7 C and D) nanospheres were obtained. 

Butterfly (amplitude) loops in piezoelectric materials arise due the converse piezoelectric 

effect. In this case, when we applied the external electrical bias between the sample and the 
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AFM probe, we obtained an amplitude change as a local piezoelectric response manifested in 

terms of compression/expansion of the PVDF nanospheres.
74 

Further, the obtained hysteresis 

loops response as shown in Figure 5.7 A and C were related to the ferroelectric response of 

the nanospheres for PVDF and DPVDF, respectively. As an external bias of -18 V to +18 V 

was applied, dipoles switching took place within the PVDF nanospheres, as 180⸰ phase shift, 

for both forward and reverse bias, resulting in the phase change under the electric field 

(Figure 5.7 A and C) as expected from a ferroelectric sample. Hence, from PFM results, it 

can be concluded that PVDF nanospheres were piezoelectric and ferroelectric in nature.   

 

Figure 5.7: PFM (A) phase (hysteresis) and (B) amplitude (butterfly) response of neat PVDF 

nanospheres. PFM phase response (C) and amplitude response (D) of the DPVDF 

nanospheres. 
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5.3.3. Disaggregation of FF fibrils mediated by the polydopamine coated PVDF 

nanospheres: 

We first synthesized the dipeptide, FF, using solution phase peptide synthesis methods.
53 

Then, FF fibrils were formed by following a similar protocol as described earlier.
13

 To 

examine the structure and morphology of FF fibrils, we performed bright field microscopic 

analysis (Figure 5.8). As depicted in Figure 5.8 A, fibril-like structures were observed for 

the peptide aggregates. After confirming the aggregation of FF fibrils, disaggregation studies 

were performed in the presence of DPVDF nanospheres by using bright-field microscopy. 

FF, an aromatic dipeptide derived from Aβ-polypeptide self-assembles to form amyloid 

aggregates. The dipeptide self-assembly is being propelled by various non-covalent 

interactions, that includes electrostatic, hydrophobic, hydrogen bonding, van der Waals and 

π-π stacking interactions.
75

 The peptide assemblies carry specific alignment of dipoles based 

on their directional hydrogen-bonding and aromatic interaction-networks which may produce 

directed electrical polarization.
76,77

 We would like to hypothesize here that the internal 

electric potential produced by activated piezoelectric DPVDF nanospheres upon mechanical 

perturbation such as ultrasonication 
44 

may interact with the polarised peptide assemblies and 

would interfere with their aggregating behaviour, thus serving as potential anti-amyloids.  

Hence, effects of activated nanospheres on the morphology of FF fibrils were examined using 

bright-field microscopy.  Microscopic images of FF fibrils (1 mg/mL) confirmed the presence 

of dense fibrillar aggregates (Figure 5.8 A and E). However, a morphological and structural 

transition of these aggregates from dense aggregated fibrils to unstructured small aggregates 

was evident, when the fibrils were treated with different concentrations of polydopamine 

coated activated nanospheres (2, 4 and 6 mg/mL for half an hour) [Figure 5.8 (B-D)]. 



CHAPTER 5 

197 
 

Whereas, these nanospheres did not show significant disaggregation of the fibrils in the 

absence of the mechanical perturbations [Figure 5.8 (F-H)]. Maximum disaggregation was 

observed in the case of 6 mg/mL polydopamine coated (DPVDF) and activated nanospheres 

as compared to 2 and 4 mg/mL samples.  

 

Figure 5.8:  Brightfield microscopic images showing the structural and morphological 

transitions of FF fibrils [as shown in (A) and (E)] after being treated with different 

concentration of DPVDF nanospheres (2, 4 and 6 mg/mL) in the presence [ as shown in (B-

D)] and absence [as shown in (F-H)] of mechanical perturbations (ultra-sonication for 30 

min). Scale bar is 10 μm.  

Next, we also studied the quantitative disaggregation potential of DPVDF (6 mg/mL) 

nanospheres towards FF fibrils by Bis-ANS assay and a decline in the fluorescence intensity 

of the dye was detected when the fibrils were treated with the nanospheres (Figure 5.9). 

Thus, light microscopic and Bis-ANS results revealed that DPVDF nanospheres could 

effectively disaggregate FF amyloid fibrils which ultimately indicated the anti-amyloidogenic 

property of these nanospheres. 
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Figure 5.9:  Bis-ANS assay showing disaggregation of FF fibrils in presence of activated 

DPVDF nanospheres.   

5.3.4. Disaggregation of FF fibrils by DPVDF nanospheres, dopamine solution and 

PVDF nanospheres: 

Disaggregation studies were carried out to determine the FF fibril dislodging behaviour of the 

coated and non-coated nanospheres towards FF fibrils. Maximum disaggregation was 

observed in case of activated DPVDF nanospheres, whereas only activated PVDF 

nanospheres and dopamine solution (6 mg/mL) under similar conditions did not show much 

disaggregation propensity [Figure 5.10 (B-D)].  Moreover, it was observed that DPVDF 

nanospheres without mechanical perturbation showed very limited disaggregation potency 

towards FF fibrils (Figure 5.10 F). The potential anti-fibrillizing effect of the DPVDF 

nanospheres observed here could be attributed to the summation of inherent anti-amyloid 

activity of dopamine 
55 

along with the peizocatalysis triggered anti-amyloid effect presented 

by the PVDF nanospheres.  It was further worth noticing that uncoated nanospheres (Figure 

5.10 C and D) and only dopamine solution (Figure 5.10 G and H) did not show any 

significant disaggregation of the peptide-fibrils in the presence or absence of the mechanical 

perturbations (ultra-sonication).  
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Figure 510: Microscopic images showing the structural and morphological transitions 

occurring in FF fibrils [ as shown in (A) and (E)], after being treated with DPVDF 

nanospheres [ demonstrated in (B) and (F)], PVDF nanospheres [ as shown in (C) and (G)], 

and dopamine solution; [ as shown in (D) and (H)]. Experiments were done in the presence 

and absence of mechanical perturbations (Sonicating power; 40 kHz for half an hour). Scale 

bar is 10 μm.  

We next explored the disaggregating potency of the nanospheres towards Aβ42 polypeptide 

fibrils. For the study, Aβ42 polypeptide fibrils (20 μM) were incubated with activated 

DPVDF nanospheres (0.8 mg/mL) and PVDF nanospheres (0.8 mg/mL) for a period of half 

an hour. As shown in Figure 5.11 A, structural transition of Aβ42 polypeptide fibrils from 

dense aggregates (Figure 5.11 A and B) to small unstructured morphologies was observed in 

the presence of PVDF nanospheres (Figure 5.11 C). However, interestingly almost all Aβ42 

polypeptide fibrils got disaggregated (Figure 5.11 D) in the presence of DPVDF nanospheres 

under activating conditions. Hence, it can be assumed here that the piezoelectric properties of 

the nanospheres also contributed to the anti-amyloidogenic activities of dopamine. Similar 

anti-fibrillation activities have also been earlier obtained in case of piezoelectric bismuth 

oxychloride nanosheets, where they have been shown to disaggregate Aβ42 polypeptide 

fibrils.
44

 The anti-fibrillation effect of these piezo-active nanostructures could be attributed to 

their ability to generate ROS response. Such observation can be supported by earlier studies 
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which demonstrated that oxidation of methionine (Met-35) in Aβ polypeptide not only altered 

the morphology of amyloid fibrils but also prevented their formation.
45-47

 ROS species 

generated disaggregation of Aβ aggregates has also been earlier observed in case of 

photoactivated bPEI@CDs.
48 

 

Figure 5.11: TEM images showing the morphological changes occurring in Aβ42 

polypeptide fibrils in presence of the activated nanospheres. (A) Aβ42 polypeptide fibrils and 

(B), Aβ42 polypeptide fibrils exposed to sonication. (C)Aβ42 polypeptide fibrils after being 

treated with sonication activated PVDF nanospheres. (D) Aβ42 polypeptide fibrils after being 

treated with sonication activated DPVDF nanospheres.  

5.3.5. Biocompatibility studies of PVDF and DPVDF nanospheres performed in L929 

and SH-SY5Y cells in both the presence and absence of acoustic stimulus:  

 Biocompatibility of both the coated and uncoated nanospheres under acoustic stimulus and 

non-stimulus conditions were performed in fibroblast (L929) and neuroblastoma (SH-SY5Y) 

cells and their cellular viability was determined by MTT and live dead assays. As shown in 

Figure 5.12 (A-H), the nanospheres were found to be non-cytotoxic in nature under both 

activating and non-activating conditions. Moreover, it has been observed that DPVDF 

nanospheres exhibited higher biocompatibility when being compared to activated PVDF 

nanospheres in both cell lines. This could be attributed towards their higher water 

dispersibility and the presence of the more biocompatible polydopamine coating. Thus, these 

nanoparticles were safe to be used for further biomedical applications. 
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Figure 5.12: Calcien AM/PI and MTT results showing biocompatibility of PVDF and DPVDF 

nanospheres determined in the presence (AS +) or absence (AS -) of acoustic stimulus. (A and B) 

Confocal microscopic images showing biocompatibility of activated and non-activated PVDF 

and DPVDF nanospheres towards L929 cells determined by live dead assay (Calcien AM/PI 

staining) at the scale of 100 μm; (C and D) Biocompatibility of PVDF and DPVDF nanospheres 

towards L929 cells determined by MTT assay (a = 0.4 mg/mL, b = 0.6 mg/mL, c = 0.8 mg/mL). 

(E and F) Confocal images showing biocompatibility of PVDF and DPVDF nanospheres towards 

SH-SY5Y cells examined by live-dead assay (Calcien AM/PI staining). Scale bar: 100 μm. (G 

and H) Biocompatibility of nanospheres towards SH-SY5Y cells determined by MTT assay (a = 

0.4 mg/mL, b = 0.6 mg/mL, c = 0.8 mg/mL). 

5.3.6. Cellular uptake studies of DPVDF nanospheres performed in SH-SY5Y cells: 

In order to target the cellular amyloids, it is expected that the nanospheres should possess a 

decent ability to enter the neural cells. Thus, we next tried to determine the intracellular uptake of 

DPVDF nanospheres in SH-SY5Y cells using confocal microscopy. The inherent fluorescence 

imparted to the structures by the polydopamine coating aided in tracking the particles inside the 

cells without any further labelling.
78,79

 The green fluorescence detected in the cytoplasm of 

DPVDF nanospheres treated cells confirmed successful uptake of these nanospheres and 

accumulation of the self-fluorescent DPVDF nanospheres inside them (Figure 5.13 A).  

5.3.7. Neuroprotective effect exhibited by DPVDF nanospheres against FF-induced 

cytotoxicity in SH-SY5Y cells: 

 To examine whether PVDF and DPVDF nanospheres could alleviate the neurotoxicity of FF 

fibrils towards SH-SY5Y cells, we incubated the cells with amyloid aggregates of FF (12 mM) in 

the presence of different concentrations of PVDF and DPVDF nanospheres (0.4, 0.6 and 0.8 

mg/mL) under both intermittent acoustic stimulus (5 min. after every one hour till 8 h) and non-

stimulus conditions. Cellular viability was next determined by using MTT assay. Cells incubated 

with only FF aggregates were taken as control. The mechanical perturbations experienced by the 

polydopamine-coated spheres under acoustic stimulus triggered their piezoelectric properties 
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generate heightened anti-amyloid activities. This led to enhanced protection of the neuronal cells 

from the FF fiber mediated toxicity as compared to PVDF nanospheres. It was further detected 

that FF fibrils alone caused toxicity to the cells; however, when these cells were simultaneously 

treated with DPVDF nanospheres and FF fibrils, the cell death rate and death percentage was 

significantly abrogated (Figure 5.13 C and D). A parallel elevation in the levels of cell viability 

was also noticed when the neural cells were treated with an increasing concentration of 

polydopamine coated nanospheres (DPVDF) vs similar concentrations of PVDF nanospheres 

under both acoustic stimulus as well as non-acoustic stimulus conditions.  

 

Figure 5.13: (A) Confocal microscopic images depicting cellular uptake of polydopamine 

coated nanospheres in SH-SY5Y cells (scale bar~10 μm). (B) Schematic representation 
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showing the neuroprotective effects exhibited by the coated nanospheres demonstrated in 

neural cells, on being activated by an acoustic stimulus. (C) MTT results showing 

neuroprotective effects of non-activated (without exposure to acoustic stimulus) PVDF and 

DPVDF nanospheres (a = 0.4 mg/mL, b = 0.6 mg/mL, c = 0.8 mg/mL) against FF fibrils 

(12mM) induced toxicity in SH-SY5Y cells.  (D) MTT results showing neuroprotective 

effects of sono-activated (placed under acoustic stimulus) PVDF and DPVDF (a = 0.4 

mg/mL, b = 0.6 mg/mL, c = 0.8 mg/mL) nanospheres against FF fibrils (12mM) induced 

toxicity in SH-SY5Y cells. One-way analysis of variance (ANOVA) followed by Tukey‘s 

multiple comparison test were used to analyse the significant difference between the mean 

values of controls and treated samples; results are presented as mean ± SD. *p < 0.05, **p < 

0.01, ***p < 0.001, and ****p < 0.0001 when nanospheres treated cells were compared with 

control groups. 

5.3.8. Determination of ROS generation ability of piezoelectric PVDF nanospheres 

under in vitro conditions and in SH-SY5Y cells: 

Piezoelectric materials create a built-in electric field that can separate electrons and holes.
22

 

In an aqueous medium, these charge carriers promote the generation of reactive oxygen 

species (ROS) like superoxide radicals (•O2−), and hydroxyl radicals (•OH). Though ROS 

generate harmful effects on cellular components like proteins, nucleic acids, lipids,
80

 these 

can have numerous applications in the field of medical science, pollution control etc.
81

 

Additionally, various studies have reported that at low or moderate concentrations, free 

radicals play several beneficial roles in living organisms. For example, they are required to 

synthesize many cellular structures and are used by the host defence system to fight 

pathogens. Newer models describing the role of ROS in cell, suggest that a moderate 

elevation in ROS can be favourable to an organism, conceivably through the activation of 

cellular stress response signalling pathways.
82,83

 In fact, phagocytes synthesize and store free 

radicals, in order to be able to release them when they aim towards destroying invading 

pathogenic microbes.
84,85 

Free radicals are also involved in a number of cellular signaling 
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pathways.
86-88

 Additionally, in one report by Chung et. al, branched polyethylenimine coated 

carbon nanodots (bPEI@CDs), have been shown to disintegrate Aβ aggregates by ROS-

mediated photooxidation of Aβ peptides.
48

 Thus, the ability of peizoelectric materials to 

generate ROS species, may in turn cause oxidation of the Aβ residues, thus lessening the 

peptide aggregation and fibril formation propensity.  A report by Jang et al, suggested that 

piezoelectric materials like bismuth oxychloride (BiOCl) nanosheets were capable of 

dissociating Aβ fibrils due to the piezocatalytic induced generation of reactive oxidative 

species mediated by the sono-activated nanosheets.
44

 Thus, we further investigated the ROS 

generation ability of the PVDF nanospheres by using NBT, TMB dye under in vitro 

conditions and by using the fluorescence probe, DCFH-DA, in neuroblastoma cells. NBT 

assay, is being used to detect the generation of superoxide ions in different samples.
65 

As 

shown in Figure 5.14 A, the generation of superoxide ion was evident when NBT solution 

was treated with activated PVDF nanospheres as compared to non-activated nanospheres. 

Furthermore, TMB assay was performed to detect the generation of hydroxyl radicals (•OH), 

by the decomposition of H2O2, by the nanospheres. TMB, a chromophoric substrate usually 

chosen in nano-peroxidase mimetic experiments, was selected as a substrate to be oxidized 

and to detect ROS radicals (•OH) in the present study.
66,67

 In presence of H2O2, the 

nanospheres catalyzed H2O2 to generate hydroxyl radicals. For •OH detection, each sample 

containing PVDF nanospheres, TMB and hydrogen peroxide was incubated for a period of 

either 30 min or 1 h under both acoustic stimulus activation and non-stimulus conditions. It 

was clearly observed that the activated PVDF nanospheres catalysed the oxidation of TMB 

and produced blue color in the presence of •OH as compared to non-activated PVDF 

nanospheres. Control reactions performed in the absence of PVDF nanospheres displayed 

negligible color changes over similar time duration as the nanosphere groups, indicating that 

our nanospheres, like natural oxidase and peroxidase, were responsible for TMB oxidation 

(Figure 5.14 B). In addition, we further explored the ROS generating ability of the PVDF 

nanospheres by using a fluorescence probe, DCFH-DA, in neuroblastoma cells. As shown in 

https://www.sciencedirect.com/topics/chemistry/hydroxyl
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Figure 5.14 C, we observed that the cells treated with PVDF nanospheres under acoustic 

stimulus conditions, generated a strong green colored fluorescence which directly correlated 

with the generation of efficient ROS whereas, those treated with PVDF nanospheres under 

non acoustic stimulus conditions showed no fluorescence indicating that the absence of the 

production of any ROS species.  Thus, our in vitro results clearly confirmed that the 

nanospheres were capable of generating reactive oxygen species under activating conditions 

which ultimately caused the ROS mediated disaggregation of amyloid polypeptide fibrils as 

reported earlier.
45-48 

 

Figure 5.14: (A) Data showing generation of ROS using NBT assay, where ‗a‘ represents the 

ROS generated by non-activated nanospheres after 30 min and 1 h and ‗b‘ represents ROS 

generated by activated nanospheres after 30 min and 1 h of exposure to the acoustic stimuli. (B) 

TMB assay results, where ‗a‘ represents ROS generated by TMB and H2O2 solution without 

nanospheres, ‗b‘ represents ROS generated by only TMB solution and nanospheres, ‗c; represents 
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ROS generated by TMB, H2O2 solution and nanospheres in the absence of acoustic stimulus, and 

‗d‘ represents ROS generated by TMB, H2O2 solution and nanospheres after 30 min and 1h 

exposure of the acoustic stimulus. (C) Confocal images showing ROS produced by different 

concentrations of PVDF nanospheres under acoustic stimulus and non-stimulus conditions (scale 

bar 50 μm). Two-way analysis of variance (ANOVA) followed by Tukey‘s multiple comparisons 

were used to analyse the significant difference between the mean values of controls and treated 

samples; results are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 

0.0001 when treated samples were compared with control groups.  

Overall, our current work embodies the potential disaggregation of amyloid peptide fibrils by 

means of mechanically activated DPVDF nanospheres. These mechanical stimulus-activated 

DPVDF nanospheres exhibited piezocatalysis properties upon being stimulated by sonication 

power (40 kHz). The nanospheres effectively dissociated fibrils formed by the model amyloid 

peptides, FF and Aβ42, into very short globular debris. We propose the probable mechanism of 

the disaggregation of these fibrils to involve piezocatalysis induced electrochemical interactions, 

ROS generation (by the mechanical stimulus-activated peizo-active nanospheres) along with the 

fibril disaggregating effect mediated by the coated polydopamine molecule. Based on the in vitro 

results we expect a fruitful translation of these systems as anti-amyloid agents under in vivo 

conditions. For in vivo applications, the piezoelectric materials could be activated by various 

mechanical stimulation sources, including vibration plates, sounds, and ultrasounds (USs) as well 

as by the mechanical energy produced by our body movements.
89-91

 Using mechanical energy 

scavenging, sufficient power can be provided to ensure long-term autonomy for self-powered 

systems.
92,93 

For example, around 10 mW power can be harvested from the motion of the upper 

limbs, 1 mW can be obtained from a typing motion, breathing generates around 100 mW power 

and, by walking, we generate a power of up to 1W.
94 
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 In the current work, we have demonstrated the generation of piezoelectric response by the 

polydopamine-coated nanospheres under acoustic stimuli. We can very well assume that the 

appropriate activating frequency generated from various bodily motions would trigger the 

initiation of a desirable piezoelectric effect by the nanospheres inside our body. Additionally, the 

subjects can also be exposed to specific acoustic stimulus to generate the desirable response. This 

will enable the purposeful utility of our systems as potential therapeutic modalities specially in 

combating Alzheimer‘s disease as exemplified by us in the current work. 

5.3.9. Determination of in vivo biodistribution of DPVDF nanospheres in mice brain: 

As previously reported that the intranasal route of drug administration offers numerous 

advantages, such as bypassing the blood-brain barrier and providing a direct entrance to the 

brain through the olfactory and trigeminal neurons and the route can be used for the delivery 

of different micro- and nanoscale nose-to-brain drug-delivery systems for the treatment of 

Alzheimer's and Parkinson's disease.
95 

Thus, we used the intranasal route for the 

administration of the near active dye, indocyanine green loaded particles (ICG-labeled 

DPVDF nanospheres) in mice and performed fluorescence in-vivo imaging analysis to 

determine their ability to reach the brain tissues. Fluorescence images of the animals 

administered with ICG-labeled DPVDF nanospheres were taken at different time points 

utilizing IVIS. As shown in Figure 5.15, we got positive fluorescent signals captured in the 

brain areas of treated mice which were retained in the brain tissues for the tested duration, 

confirming the successful penetration of ICG-labeled DPVDF nanospheres in the brain 

tissues. Thus, the nanospheres showed significant delivery and retention in brain tissues as 

directly evident from the IVIS images of the animals. 
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Figure 5.15: In vivo fluorescence images of ICG-labeled DPVDF nanospheres obtained in 

Balb/c mice. (A) In-vivo fluorescence imaging of ICG- DPVDF nanospheres-treated mice 

demonstrated that the particles can reach and stay in the brain tissues from the nasal cavity 

after 1,2, 3, and 4h of nanospheres administration. (B) In-vivo fluorescence imaging of PBS 

treated mice. 

5.4. Conclusion 

The current work embodies the potential disaggregation of amyloid peptide fibrils by using 

mechanically activated DPVDF nanospheres and presents the nanospheres as potential anti-

amyloid agents. According to our studies, mechanical stimulus-activated DPVDF 

nanospheres exhibit piezocatalysis properties upon being stimulated by sonication power (40 

kHz). The nanospheres effectively dissociated fibrils formed by the model amyloid peptides, 

FF and Aβ42, into very short globular debris. We propose the probable mechanism of the 

disaggregation of these fibrils to involve piezocatalysis induced electrochemical interactions, 

ROS generation (by the mechanical stimulus-activated peizo-active nanospheres) along with 
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the fibril disaggregating effect mediated by the polydopamine coating. We also observed that 

the acoustic stimulus activated DPVDF nanospheres were not only biocompatible but also 

displayed excellent fluorescent properties and can be used as potent bioimaging agents. 

Moreover, we further observed that the activated and polydopamine coated nanospheres 

generated significant and effective neuroprotective effects towards the neural cells and 

guarded them against the cytotoxic effects exhibited by FF fibrils. Thus, this study directly 

hints at the potential use of these biocompatible and self-fluorescent simple mechanical 

stimulus-activated DPVDF nanospheres for future drug development and for electro-chemo-

therapy of AD. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 

6.1. Conclusions: 

Use of new-generation theranostic nanomedicines, a modern treatment approach indulging 

the applicability of nanotechnology in healthcare have provided safer solutions by opening 

cutting-edge platforms in terms of real-time, rapid, and sensitive diagnosis as well as 

treatment for AD. Researchers are continuously working for improving the sensitivity and 

precision in screening/diagnosis as well as in achieving effective treatment strategies for AD, 

an approach to develop a drug delivery system, carrying both imaging and therapeutic 

function within a single nanomedicine platform. Hence, developing an ultrasmall multimodal 

nanotheranostics system that can precisely diagnose as well as treat AD is the dire need of the 

hour. 

Moving in this direction, the present thesis work provides a set of contributions to the field of 

nanomedicine which are based on the potential of different small molecule-derived 

nanotheranostic systems for simultaneous detection and treatment of AD. Small molecule-

derived nanotheranostic systems that carry both therapeutic and diagnostic moieties in a 

single nanosystem have garnered notable research interest with tremendous focus because of 

the real-time monitoring of disease progression as well as enhanced biodistribution of the 

loaded therapeutic and diagnostic moieties at the target tissues. This has increased drug 

efficacy along with lessening toxicity due to reduced non-specific biodistribution. Overall, 

this thesis consists of mainly six chapters. 

The introductory chapter gives an overview of AD, its global health impact, fundamental 

pathogenesis hypotheses, currently available treatments with their drawbacks, importance of 

nanotheranostic systems for realizing solutions for diagnosis as well as therapy of AD. 
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Salient features of fluorescent nanostructures and their utility for rapid, real-time, and 

sensitive diagnosis, as well as treatment of AD, are also being discussed. 

Overall, exploiting a minimalistic approach, we demonstrated the development of different 

small molecule-derived nanotheranostic systems, capable of transversing the BBB to serve as 

simultaneous amyloid inhibitors and aggregate detecting agents under one roof. 

The second chapter focuses on the development of self-fluorescent solo tryptophan 

nanoparticles (TNPs) from a single amino acid, L-tryptophan, and explores and investigates 

their efficacies as anti-amyloid and aggregate detecting agents in in-vitro and in-vivo studies. 

The self-fluorescent solo tryptophan nanoparticles showed anti-amyloid activity against both 

FF and Aβ42 aggregates in vitro as well as also protected the neurons from Aβ42 peptide and 

FF aggregates-induced cytotoxicity. Additionally, these nanostructures exhibited remarkable 

neuroprotective effects in lessening the cognitive deficits and suppressing the Aβ42 

oligomers accumulation in the brain of ICV-STZ induced AD rat model. Moreover, the 

pharmacokinetics study of the nanoparticles further demonstrated that these could breach the 

BBB to gain access to the neuronal tissues and subsequently serve as a brain delivery agent. 

The Inherent excellent fluorescent properties of these nanoparticles were also exploited to use 

them as imaging modalities for tagging and detecting FF and Aβ42 peptide fibrils. Thus, 

overall the biocompatible and utterly simple fluorescent tryptophan nanoparticles synthesized 

here could serve as potent nanotheranostic agents for treating and diagnosing AD. 

In the third chapter, we have discussed about the synthesis of autofluorescent nanocomposite 

of tryptophan and the neuroactive molecule, dopamine and explored their anti-amyloidogenic 

and neuroprotective properties. The designed multimodal theranostic system exhibited triple 

advantages: (a) amyloid recognition and binding capacity owing to the presence of the 

aromatic moiety specifically tryptophan, (b) Aβ-polypeptide fibril disaggregation propensity 
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contributed by the presence of both tryptophan and dopamine, and (c) inherent BBB 

permeability by means of tryptophan. The nanocomposite showed synergistic neuroprotective 

effects against fibril induced toxicity in both neuroblastoma cells and in animal model (ICV-

STZ) of dementia. In addition, nanocomposite exhibited excellent fluorescent properties and 

light up the cytoplasm of neuroblastoma cells when being incubated with cells, confirming 

their ability to serve as an intracellular bioimaging agent.  

In the fourth chapter, we have described the synthesis of a dual functional fluorescent 

resveratrol and L-tryptophan (ResTrp) loaded dopamine (dopa) core nanotheranostic system 

(RTDNPs) as a dual functional anti-amyloid agent. The nanosystem demonstrated dual anti-

amyloidogenic activity against both aggregated fibrils of FF and hexapeptide Ac-PHF6 

(VQIVYK) derived from tau protein after irradiation with 808 nm laser due to the potent anti-

amyloidogenic and photothermal property of nanosystem. Additionally, Res-Trp loaded 

Dopamine core showed a remarkable neuroprotective effect in neuroblastoma cells against 

both FF amyloid fibrils and hexapeptide Ac-PHF6 fibrils induced toxicity under the NIR 

laser irradiation. Moreover, the designed dual-functional nanosystem exhibited auto-

fluorescent property and can also be used as a potent bioimaging agents.   

 

 The last chapter reports the synthesis and application of dopamine-coated piezoelectric 

polyvinylidene fluoride nanospheres as acoustic stimulus (sonication) triggered anti-

fibrillizing agents towards FF, as well as Aβ42-polypeptide fibrils. In addition to simple 

small molecule-based nanotheranostic systems for treating and diagnosing AD, the 

dopamine-coated piezoelectric polyvinylidene fluoride nanospheres represent a class of 

biocompatible piezoelectric materials with piezo-catalytic property triggered in response to 

an acoustic stimulus. The acoustic stimulus-activated DPVDF nanospheres produced piezo-

induced oxidative stress, under both in vitro and in cellular conditions, which successfully 
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destabilized FF and Aβ42 fibrils. The stimulus-activated coated nanospheres also exhibited 

neuroprotective properties and efficiently alleviated the neuro-toxicity of FF fibrils as 

exemplified in the neuroblastoma, SHSY5Y cells. Thus, these acoustic stimuli-activated 

nanospheres can serve as a novel class of disease-modifying nanomaterials for non-invasive 

electro-chemotherapy of AD. 

6.2. Future Perspectives: 

The work presented in this thesis provides comprehensive information about how small 

molecules can be utilized for designing novel fluorescent nanotheranostic agents which can 

be utilized further for the simultaneous diagnosis and treatment of AD. However, 

multidisciplinary efforts are further essential for the fruitful translation of these research 

outcomes into medical practices to benefit humanity. 

The designed auto-fluorescent multifunctional nanosystems can be helpful to understand the 

utilization and importance of an efficacious single nanomedicine platform for biomedical 

imaging and disease therapy. Further, the results will help in designing cost-effective, 

sensitive, biocompatible, and affordable nanotheranostics to facilitate inexpensive diagnostic 

tests and increase therapeutic efficacy for AD therapy.  

Moreover, dual anti-amyloid nanostructures will also help in fabricating a newer generation 

of amyloid inhibitors that have the dual anti-amyloidogenic capability for treating complex 

multifactorial diseases. Additionally, the acoustic stimulus-activated nanostructures will 

definitely open the window to a new class of disease-modifying nanomaterials with enhanced 

therapeutic efficacy for the non-invasive electro-chemotherapy of AD.   
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