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Abstract 
 

As the world population is aging, the cases of Alzheimer’s Disease (AD) are increasing. AD is 

a disorder of the brain which is characterized by the aggregation of amyloid beta (Aβ) plaques. 

This leads to the death of numerous brain cells thus affecting the cognitive and motor functions 

of the individual. Till date, no cure for the disease is available. Aβ are peptides with 40/42 

amino acid residues but, their exact mechanism(s) of action in AD is under debate. Having 

different amino acid residues makes them susceptible to form hydrogen bonds. Dendrimers with 

sugar units are often referred to as glycopolymers and have been shown to have potential anti-

amyloidogenic activity. However, they also have drawbacks, the synthesis involves multiple 

tedious steps, and dendrimers themselves offer only a limited number of functional units. 

Pseudodendrimers are another class of branched polymers based on hyperbranched polymers. 

Unlike the dendrimers, they are easy to synthesize with a dense shell of functional units on the 

surface. One of the main goals in this dissertation is the synthesis and characterization of 

pseudodendrimers and dendrimers based on 2,2-bis(hydroxymethyl)-propionic acid (bis-MPA), 

an aliphatic polyester scaffold, as it offers biocompatibility and easy degradability. 

Furthermore, they are decorated with mannose units on the surface using a ‘click’ reaction 

forming glyco-pseudodendrimers and glyco-dendrimers. A detailed characterization of their 

structures and physical properties was undertaken using techniques such as size exclusion 

chromatography, asymmetric flow field flow fractionation (AF4), and dynamic light scattering. 

The second main focus of this work has been to investigate the interaction of synthesized glyco-

pseudodendrimers and glyco-dendrimers with Aβ 40 peptides. For this task, five different 

concentrations of the synthesized glycopolymers were tested with Aβ 40 using the Thioflavin 

T assay. The results of the synthesized polymers which produced the best results of showing 

maximum anti-aggregation behavior against Aβ 40 were confirmed with circular dichroism 

spectroscopy. AF4 was also used to investigate Aβ 40-glycopolymer aggregates, which has 

never been done before and constitutes the highlight of this dissertation. Atomic force 

microscopy was used to image Aβ 40-glycopseudodenrimer aggregates.  

A basic but important step in the development of drug delivery platforms is to evaluate the 

toxicity of the drugs synthesized. In this work, preliminary studies of the cytotoxicity of glyco-

pseudodendrimers were performed in two different cell lines. Thus, this study comprises a 

preliminary investigation of the anti-amyloidogenic activity of glyco-pseudodendrimers 

synthesized on an aliphatic polyester backbone. 
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1 Introduction 
 

A perfectly healthy brain has approximately 100 billion neurons, with multiple branching and 

extensions. They carry signals and messages to through the brain, which forms the basis for our 

memories, emotions, thoughts, sensations, movements and skills. Now, let us imagine not being 

able to perform any of these. Difficulty in recollecting recent conversations, names or events 

are often an early clinical symptoms of Alzheimer’s disease (AD). Symptoms which occur at 

the later stages can be impaired communication, confusion, behavioral changes, disorientation, 

ultimately difficulty in speaking, swallowing and walking. The hallmark pathology of AD is 

the accumulation of amyloid beta (Aβ) plaques covering the neurons in the brain. These Aβ 

plaque accumulations over many years lead to death of neurons as well as damage to other parts 

of brain tissue ultimately causing neurological deficit.[1]  

In the past decades, great progress has been achieved towards an improved understanding of 

the pathogenesis of AD along with its mitigation. Several strategies have been explored in the 

recent years to intervene with accumulation of Aβ plaques but are unable to go beyond clinical 

trials. Dendrimers[2] have been shown to have tremendous potential as anti-amyloidogenic 

agents but are yet to go into clinical trials. For example, PAMAM[3,4] and phosphorous 

dendrimers[5] have been shown to successively alter amyloid formation. However, they have 

inherent drawbacks with regards to cytotoxicity due to a high cationic charge density. which 

interacts strongly with the negative charges on the cell membrane.[6][7]As an alternative, use of 

glycopolymers and dendritic structures have been studied as they have neutral charges on the 

surface and have hydrogen bonding tendency.[8] Functionalization with sugar units on the outer 

shell of the polymer gives an opportunity for several different kinds of biological interactions 

due to their ability to form hydrogen bonds. As a result, glyco-dendrimers have been found to 

be effective as anti-prion protein aggregation agents.[9] Glyco-dendrimers based on poly-

(propylene imine) (PPI), after modification with maltose enables a high functionality with 

reduced cytotoxicity, which can successfully cross blood-brain-barrier (BBB),[10] but was not 

found to be effective towards AD in transgenic mice.[11] Another PPI dendrimer with maltose 

units along with further incorporation of histidine molecules[12,13], showed a significant 

improvement in biocompatibility and successfully crossed BBB along with prevention of 

memory decline in AD transgenic mice.[13] Despite several advantages, dendrimers suffer from 

certain limitations. First, they have multiple arduous steps in synthesis which costs a king’s 

ransom per ounce. Second, the achievable molar mass and the density of functional groups are 

limited. This likely affects the protein polymer interaction thereby requiring additional 

functionalization which further complicates the synthesis. Moreover, dendrimers have 

limitations with regards to applicability as well as are rather not economically viable. 

Pseudodendrimers are based on hyperbranched (statistically branched) polymers. Contrary to 

dendrimers, pseudodendrimers are rather simple to construct from synthetic point of view. 

Moreover, due to statistical branching, a significantly high molar mass can be achieved along 

with a dense shell of functional units on the surface. Furthermore, glycopolymers based on 

pseudodendrimers are more likely to show improved biological interactions owing to high 
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density of sugar units. A corresponding increase of neutral or negative charges is expected 

which is advantageous considering the cytotoxicity. Thus, this synthetic strategy could open a 

new window in the search for practical neuroprotective properties and anti-amyloidogenic 

agents, being effective yet easy to synthesize with low cost.  

The synthesis and functionalization of desired glyco-pseudodendrimers, as well as their bio-

activity necessitates a careful choice of the polymer backbone. Polyester scaffolds offer a 

number of advantages such as easy degradability and biocompatibility and do not display 

cytotoxicity or immunogenicity. An important class of dendrimers based on 2,2-

bis(hydroxymethyl)-propionic acid (bis-MPA) was introduced in early 1990s[14,15] but they 

were mainly used for coating applications. Recently, bis-MPA dendrimers and their derivatives 

have been employed in radiolabeling, bioimaging and catalysis.[16,17] However, due to their 

small size, even at higher generations they have limited potential in drug delivery platforms.[16]  

Several synthetic strategies have been proposed to attain large sized bis-MPA dendritic 

architecture, including the concept of pseudodendrimers, and to have sugar units using the 

synthetic strategy[18–22] of ‘click” reaction to obtain glyco-pseudodendrimers. A combination of 

these of synthetic strategies[23] can give rise to bis-MPA pseudodendritic architectures having 

potential anti-amyloidogenic property. The key point is to synthesize dendritic-like highly 

branched structure which mimics the properties of dendrimers, but at the same time is relatively 

easier as well as cheaper to synthesize and which also offers increased biocompatibility. 

 1.1 Objectives of the work 

The present work focuses on the synthesis and characterization of large-sized, high-

functionality glyco-pseudodendrimers with a polyester basis having mannose on the surface, as 

prospective anti-amyloidogenic agents. A combination of different analytical techniques was 

used to confirm their structure and as well as their ability to interact with synthetic Aβ 40. The 

main objectives of this work have been: 

1. To synthesize bis-MPA based mannose-decorated glycopolymers: glyco-pseudodendrimers 

along with glyco-dendrimers for comparison. 

2. To undertake a detailed characterization of their structures and physical properties using size 

exclusion chromatography (SEC) as well as asymmetric flow field flow fractionation (AF4) and 

dynamic light scattering (DLS). 

3. To investigate the interaction of synthesized glycopolymers with Aβ 40 peptide using 

different techniques: Thioflavin T (ThT) assay, circular dichroism (CD) spectroscopy, AF4 and 

atomic force microscopy (AFM). 

4. To study the cytotoxicity of the synthesized glyco-pseudodendrimers.  

The synthesis of bis-MPA glyco-pseudodendrimers and investigation of their interaction with 

synthetic Aβ 40 are the two main aspects discussed in this thesis. Apart from ThT assay, CD 

spectroscopy and AFM, a highlight of this work is the first-time application of specialized AF4 

technique to investigate Aβ 40-glyco-pseudodendrimers aggregates. An extensive kinetics 

analysis undertaken based on ThT results shows that glyco-pseudodendrimers alter the amyloid 
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aggregation by interfering at secondary nucleation and elongation phases. Finally, the toxic 

behavior of glyco-pseudodendrimers was also studied in two different cell lines-human 

microvascular endothelial cells (HMEC) and cervical cancer cells (HeLa) showing relatively 

weak cytotoxicity because of the residual negative charges. Thus, higher generations of novel 

glyco-pseudodendrimers were successfully synthesized and characterized, and found to be 

promising as anti-amyloidogenic agents. Moreover, a better understanding of the anti-

amyloidogenic activity of such glyco-pseudodendrimers was developed which shall hopefully 

pave the way for further research and innovation towards an effective cure of AD.  

 

1.2 Thesis Overview 

This work primarily focuses on the development of a new subclass of dendrimers i.e. the 

pseudodendrimers, modification of their structures and decoration of their surface with 

mannose forming glyco-pseudodendrimers, along with development of their corresponding 

glyco-dendrimers for comparison. The second focus of this work was to study the interaction 

of these synthesized pseudodendrimers with amyloid peptide (Aβ 40), one of the culprits of 

Alzheimer’s. The thesis is divided into 5 chapters. The ongoing chapter, Chapter 1, introduces 

this work with its specific objectives and provides an overview of the thesis.  

Chapter 2 deals with the fundamentals and literature of the important topics involved. It focuses 

on the impact of Alzheimer disease (AD) in current day and age, its history and pathological 

role. It also discusses AD’s biology in brief, focusing more on the amyloid proteins. 

Understanding the mechanism of amyloid is important which can further help in the 

development of futuristic drug candidates. Briefly, it also discusses different current 

therapeutics research and dendrimers that have been under study recently. It also focuses on 

explaining the structural aspects of dendrimers and pseudodendrimers. 

Chapter 3 involves the different analytical techniques used. It deals with the analytical 

techniques utilized in this work and their basic principles. Techniques like NMR, SEC-MALS 

and DLS are used for the synthesis and characterization of polymers synthesized in this work. 

MDS provides a three-dimensional view of the samples. This work was performed by Dr. Peter 

Friedel at IPF Dresden. Techniques like ThT fluorescence, CD spectroscopy, AF4 and AFM 

were used to investigate the interaction of synthesized polymers with Aβ 40. CD spectroscopy 

was performed in close collaboration with Dr. Martin Müller and Birgit Urban at IPF Dresden. 

In AFM, the samples were measured by Dr. Andreas Janke at IPF Dresden.  It also, very briefly, 

discussed the different techniques involved in the cytotoxicity of synthesized 

pseudodendrimers. Cytotoxicity experiments were performed by Dr. Anna Janaszewska in 

Department of General Biophysics, Lodz, Poland. The Chapter 4 includes the general 

experimental details of all the techniques and procedures used in this work. 

Chapter 5 deals with the results and discussion in this work. The chapter opens up with a 

synthesis and characterization of the polymers, three generations of glyco-pseudodendrimers 

and glyco-dendrimers and intermediate stages using NMR and SEC-MALS. It discusses the 

results from its interaction with Aβ 40. ThT fluorescence assay confirms their interaction with 
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Aβ 40. AF4-MALS-dRI has been used for the first time to investigate it, which is a novelty to 

date. CD spectroscopy also confirms the similar behavior.  

In summary, three generations of glyco-pseudodendrimers and glyco-dendrimers were 

successfully synthesized and characterized. Their interaction with Aβ 40 was also confirmed, 

with AF4 being involved, for the first time in such study towards clinical application. 

This work was carried out under official principal supervision of Professor Brigitte Voit and 

co-supervision of Professor Albena Lederer. It was also supervised in part by Dr. Dietmar 

Appelhans. This work was carried out at the Leibniz Institute of Polymer Research Dresden 

e.V., Germany. This PhD work was funded by the Scholarship Program for the Promotion of 

Early-Career Female Scientists of TU Dresden. Cytotoxicity experiments were performed at 

the Department of General Biophysics, Lodz, Poland. 

 



 

5 

 

  

2 Fundamentals and Literature 
 

2.1 Alzheimer’s Disease and its impact 

When I was a child I always wondered why my grandmother kept forgetting things. Over 

summer holidays visits, we had to remind her who we are, and on some occasions, she would 

even address us by her siblings’ name. She was able to recall things from her childhood but 

would forget things that happened a day before. When I was at the university, whenever I visited 

home I witnessed her condition deteriorate from not being able to recall who I was to forgetting 

what day it was to becoming completely quiet. During the later stages of her illness and death, 

I came to know about Alzheimer’s disease (AD). I always wondered how it feels when your 

brain which has stored data for many years starts to lose all the information gradually.  

Alois Alzheimer was the first scientist to observe and extensively study a presenile form of 

dementia in 1901 during his examinations of Auguste Deter. She was a 50-year old woman who 

showed a strong cognitive impairment. She was disoriented and also suffered from 

hallucinations. After her death, Alzheimer not only examined her brain histologically but also 

described several characteristic hallmarks, namely reduction of the cerebral cortex volume 

together with the presence of extracellular amyloid plaques and intercellular neurofibrillary 

tangles (NFTs) (Figure 2.1).[24,25] 

 

Figure 2.1: History of Alzheimer’s disease: a) The “first” AD-patient Auguste Deter. Reprinted with 

permission from ref.[26], Copyright (1997), from Elsevier, and b) neurofibrillary tangles, drawings by Dr. 

Alois Alzheimer. Reprinted with permission from ref.[27], Copyright (2006), from Elsevier. 
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According to World Health Organization (2020), AD and other dementias are the 7th leading 

cause of death worldwide. Worldwide over 55 million people have been diagnosed, while many 

others who are unaccounted due to lack of awareness about the disease, geographical or even 

cultural biases, inaccessible resources and lack of trained professionals. AD is one of the most 

common cause of dementia in population over the age of 65 or older,[28,29] and may contribute 

to 60-70% of all the dementia cases. As per the World Alzheimer Report 2021, the number of 

people diagnosed with dementia is expected to increase to 78 million in 2030 to 139 million in 

2050.[30] 

AD is understood to be developed as a result of multiple factors like genetic, environmental and 

lifestyle factors, rather than a single cause. Uncommon genetic changes also heavily increase 

the risk of AD especially the apolipoprotein e4 gene (APOE-e4).[31,32] Every individual inherits 

one of the three forms (alleles) of the APOE gene i.e., e2, e3 or e4, from each parent. Having 

the e4 form of APOE increase one’s risk of developing AD compared with having the e3 form, 

but does not guarantee it. Those possessing the e2 form may decrease the risk compared to those 

having the e3 form. Those who possess one copy of the e4 form are three times more susceptible 

to develop AD than those with 2 copies of e3 form, whereas those who come under the 

maximum risk are the ones with two copies of the e4 form with almost an 8-12 times risk.[33–35] 

Different racial and ethnic groups have different combinations of these genes.[36] Additionally, 

people with the e4 form are more likely to develop beta amyloid (Aβ) accumulation, a hallmark 

of the disease and AD early in life than those with the e2 or e3 forms.[37] Having a family history 

of AD is another risk factor, however, it is not requisite for a person to develop the disease.[38] 

The importance of any of these factors in risk assessment of development of AD can vary from 

person to person. 

It is important to mention that AD is not a normal part of aging.[39] People diagnosed with AD 

exhibit specific symptoms, including memory loss, disorientation, confrontational behavior, 

language and speech problems and an array of physical and sometimes mental issues altering 

vision and mobility. For each patient with AD, these symptoms can present in different ways. 

The development of AD can go through seven stages of cognitive and functional impairment.[40] 

Stage 1: No cognitive decline 

In this stage no memory deficit shows up in clinical interview and there are no complaints by 

the patient. 

Stage 2: Age associated memory impairment 

In this early stage, patient behaves rather normally and carries out all his/her/their conceptual 

daily activities, viz., housekeeping, paying bills, etc., but he/she/they develops recent recalls or 

loss of short-term memory such as difficulty in remembering activities done or event(s) 

occurred a few days ago or even a few minutes ago and tend to repeat it. 
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Stage 3: Mild cognitive impairment 

In the 3rd stage of AD, cognitive dysfunction is mild in nature. Although patient appears normal, 

but his/her/their executive functions tend to deteriorate. For example, he/she/they may tend to 

get lost during driving and shows poor performance at work. These patients become aware of 

their symptoms and get frustrated but are often reluctant to take help from the family or friends, 

even when offered.  

Stage 4: Mild dementia 

In the 4th stage, cognitive dysfunction becomes significant. Patient may forget their own 

personal history sometimes, are not able to travel or handle finances, and become unable to deal 

with challenging situations. Again, denial becomes a dominant mechanism in their behavior. 

Stage 5: Moderate dementia 

In the 5th stage, cognitive dysfunction is severe. Patient cannot take care of themselves without 

some assistance. They may forget the phone numbers, names of grandchildren, or the name of 

their high school. 

Stage 6: Moderately severe dementia 

The patient forgets the name of their caregiver (spouse/children) and remains unaware of the 

recent events. They still have some sketchy knowledge of their childhood. Sleep pattern is 

changed along with personality and emotional changes. Patient becomes delusional, and shows 

anxiety, agitation, and in some cases a violent behavior can also occur, as well as loses 

willpower. 

Stage 7: Severe dementia 

In this stage the patient becomes quiet, requires assistance for eating, as well as suffers from 

incontinence and irregular bowel movements. Motor skills are lost and the brain can no longer 

function properly. 

After an AD diagnosis, the average life expectancy is about seven years (National Institute on 

Aging, USA).[41]  

2.1.1 Neurological diagnosis of AD 

The diagnosis of AD and its differentiation from other forms of dementias is quite challenging 

because it shows symptoms of general decline of cognitive functions of the brain due to 

aging.[42,43] Ante mortem, there are different methods or approaches and tools which physicians 

use to make a diagnosis. Approaches include recording a thorough medical and family history 

of cognitive and behavioral changes, carrying out problem-solving tests, memory and other 

cognitive tests (AD Assessment Scale-Cognitive, ADAS), as well as physical and neurologic 

examinations (“mini-mental state examination”, MMSE).[44] The physicians  also conduct blood 

tests and brain imaging tests to exclude other potential causes of dementia symptoms, such as 

a brain tumor or certain vitamin deficiencies. In some circumstances, Positron Emission 

Tomography (PET) of the brain has been used to determine if the patients have high percentage 
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of Aβ.[45] With the use of a lumbar puncture, the levels of Aβ and certain types of tau (protein 

responsible for neurofibrillary tangles) in cerebrospinal fluid (CSF) can be determined.[46] 

Computed tomography (CT) and/or magnetic resolution imaging (MRI) can be used to rule out 

other treatable causes for cognitive decline. Post mortem diagnosis is briefly discussed in the 

following section.  

Lack of knowledge and awareness about the disease by general public are the two most 

significant roadblocks in obtaining a diagnosis of dementia. There are very few countries who 

have a public awareness campaigns for AD. Nevertheless, there has been an increasing media 

attention in the recent years.  

2.1.2 Histopathology of AD 

 A histological examination post mortem, is the only way to confirm AD. In this method, the 

brain is examined for the presence of intercellular NFT and extracellular amyloid plaques. Both 

are lesions comprising of protein fibrils with a high amount of β-pleated sheet structures, which 

have the predisposition to further aggregate, resulting in microscopic amorphous protein 

deposits. These protein deposits can be identified histologically using β-sheet-sensitive stains 

such as Congo Red or Thioflavin S/T.[47–49] These extracellular deposits of amyloid plaques are 

mainly made up of short peptide of ~40 amino acids amyloid beta (Aβ), whereas the 

intracellular deposits are paired helical filaments (PHFs) which later grow to form intracellular 

NFTs, comprising of tau (τ) proteins.[1,50] The occurrence and the density of these lesions serves 

to assess the different forms of cognitive decline as well as the severity of the disease.  

As mentioned earlier the definite diagnosis of AD is only possible post mortem. The most 

common tests are the Braak stages and CERAD-diagnosis (“Consortium to Establish a Registry 

for AD”).[51] The resemblance in these diagnostic methods is their dependence on semi-

quantitative estimation of the relative content of neuritic plaques and tangles compared to age-

matched controls.[51–53] 

2.1.3 Amyloid precursor protein (APP) and its role in AD 

Over the last few decades, molecular biological research has enriched our understanding of the 

pathological basis of AD. Although different genetic origins of the disease have been identified 

as discussed earlier, all findings point to a common culprit - an increased production and 

accumulation of Aβ peptide. This accumulation of Aβ peptide is derived from proteolytic 

cleavage of a larger glycoprotein named amyloid precursor protein (APP). [54,55] Aβ is formed 

via post-translational proteolysis from APP[56] in a process, which is known as ‘regulated 

intramembrane proteolysis’ (RIP).[57] The APP gene is found on chromosome 21 that encodes 

a glycosylated type 1 transmembrane protein with a large N-terminal ectodomain and a short-

terminal cytoplasmic domain.[56] Furthermore, by alternative splicing, the three isoforms of this 

transmembrane protein are formed with lengths of 695, 751 and 770 amino acids[58,59] of which 

the shortest form APP695 is expressed in neurons (Figure 2.2).[60]  
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Figure 2.2: Molecular design of APP (amyloid precursor protein). Schematic representation of human 

APP isoforms and the APP-like proteins (APLP), APLP1 and APLP2. APP695 is the most abundant 

form in human brain, it does not contain KPI domain (Kunitz type serine protease inhibitory). Adapted 

with permission from ref.[1], Copyright (2017) Springer Nature. 

Aβ peptides are the product of regulated intramembrane proteolysis. There are two alternative 

pathways that exist for this: firstly, the non-amyloidogenic pathway, which produces harmless 

or even neuroprotective peptides[61] and secondly the amyloidogenic pathway, which produces 

the aggregation prone Aβ peptides, the neurotoxic species.[62] APP is cleaved by at least three 

enzymes, secretases, in two consecutive steps.[63] In RIP, a type 1 transmembrane protein is first 

cleaved at the ectodomain (outside the cell-neuron) and released into the extracellular fluids. 

The remaining membrane part is then further cleaved into two, forming a second extracellular 

and a third intracellular fragment. 

Firstly, APP is cleaved either by α-secretase (non-amyloidogenic[64]) between amino acids 16-

17 or by sequential cleavages by β- and γ-secretase (amyloidogenic[65]) at two different sites, 

which generate α- or β-C-terminal fragments (CTFs), respectively as shown in Figure 2.3. The 

α-secretase cleaves APP and releases sAPPα from cell surface and leaves behind an 83 amino 

acid CTF APP fragment (C83). Next, the γ-secretase cleaves C83 by forming P3 and the APP 

intracellular domain (AICD). The amyloidogenic cleavage of APP by β-secretase releases 

sAPPβ and leaves behind a 99 amino acid CTF (C99). The remnant membrane part C99, is later 

cleaved by the same enzyme (the γ-secretase complex) at multiple sites to generate different 

fragments of amino acids that are further cleaved to the main Aβ forms, the 40- amino acid (Aβ 

40) and the 42-amino acid (Aβ 42) residues in endocytic part.[66,67] Several researches have been 

done on α, β and γ- secretases involved in this proteolysis of APP which lead to the development 

of different therapeutics as it gives unique targets. [68] 
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Figure 2.3: Human APP proteolytic pathways displaying amyloidogenic and non-amyloidogenic 

pathways. Adapted with permission from ref.[1], Copyright (2017), Springer Nature. 

 

2.2 Amyloid Beta (Aβ) peptide 

2.2.1 Aβ peptide 

Aforementioned Aβ peptide is a fragment of the protein which is snipped from the APP by 

different enzymes in the brain. Extracellular amyloid plaques and intracellular NFTs are the 

two fundamental features of brain afflicted with AD. Almost 90% of the amyloid plaques 

consist of the aggregated form of Aβ and is the hallmark of AD.[69] The amyloid peptides Aβ 

40 and Aβ 42 are the two main abundant isoforms of Aβ. The Aβ 40 is more abundant; however, 

Aβ 42 forms fibrils more rapidly and hence its toxicity is much greater than Aβ 40. Studies of 

the kinetics aggregation indicate that Aβ 42 nucleates more rapidly. Despite its lower toxicity, 

the γ-secretase produces Aβ 40 10-times more than Aβ 42. In addition to known forms, shorter 

fragments have also been identified in CSF. However, this involves a different APP processing 

pathway. The sequence of Aβ 40/42 is as follows: 

D1AEFRH6DSGYEVH13H14QKLVFFAEDVGSNK28GAIIGLMVGGVV40IA42 

The Aβ has a hydrophobic C-terminal and a hydrophilic N-terminal; the residues 1-10 are 

disordered; residues 10-12, residues 13-17, and residues 17-21 form the hydrophobic cluster in 

center and residues 30-40 have a hydrophilic cluster.[70] NMR studies have revealed a hairpin 

like structure which is discussed later in Section 2.2.4. 

2.2.2 Location and function 

Most peripheral cells express APP and Aβ is present in plasma as well as CSF. Aβ is produced 

in the endoplasmic reticulum (ER) and Golgi system and then transferred to the plasma 

membrane where it is cleaved and secreted in the extracellular matrix. The unprocessed part of 

APP is taken up by endosome where it is cleaved by β-secretases (BACE1) where it is further 

processed to Aβ or shuttled back to ER and further to plasma membrane, again to be cleaved. 
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The extracellular Aβ can bind to cell surface receptors (NMDA receptors or AChR) and the 

receptor-Aβ complex can be internalized into endosomes. These receptors are also an important 

site for therapeutics. Multivesicular bodies and lysosome accumulates Aβ intracellularly. Aβ 

also accumulates in mitochondria, ER and Golgi bodies where it influences proteasome 

function. 

The level of Aβ 40 and Aβ 42 in plasma is normally under 200 pM and 60 pM, respectively. 

The level of both are higher in patients with AD. A concentration of Aβ lower than 500 pg/ml 

(0.1 nM) suggests that Aβ is accumulating instead of circulating in the brain (CSF).  

2.2.3 Amyloid hypothesis 

As stated earlier, Aβ peptides are the major part of amyloid plaques, one of the pathohistological 

hallmarks of AD (Figure 2.4). Previous studies confirmed that Aβ peptides are released in 

extracellular matrix and have a different propensity to aggregate and thus differ in their ability 

to build up the insoluble amyloid plaques i.e., fibrillar Aβ 42 and Aβ 40.[71] The aggregation 

propensities of different Aβ residues (Aβ 42>>Aβ 40>>Aβ 38) correlates with their 

extracellular appearance in the histopathological lesions.[72–75] But as outlined earlier, 

production of Aβ per se[76] or their intracellular presence in early endosomes[77–79] is a 

physiological process in human brain. Therefore, the extracellular Aβ peptide is responsible for 

the disease.  

 

 

Figure 2.4: A paraffin section of brain of an AD patient suffering from progressive dementia for 6 years 

displaying lesions by Bielschowsky Silver Stain. Neurofibrillary tangles are shown as dark stained 

structures in contrast to golden brown cytoplasm of adjacent normal neurons (arrows). The letter A in 

the center shows a senile plaque of amyloid which is surrounded by a circularly arranged abnormal 

neurites (triangles). Reprinted with permission from ref. [80], Copyright (1991), Elsevier. 

Nevertheless, overproduction of either all Aβ peptides, or an increased ratio of Aβ 42/Aβ 40, is 

sufficient to cause AD.[81] This was proven by several genetic studies, as APP is coded on 

chromosome 21 and is related to the gene dose, with higher incidence of AD associated with 
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higher expression levels of APP and Aβ.[54,82] Firstly, a few families having been identified as 

carrying a duplication of the APP-locus alone, also suffer from early-onset AD.[83] Secondly, in 

case of familial AD,[81] mutations in APP, presenilin 1 or 2 (PS1 or PS2) either (i) increase the 

relative amount of Aβ 42 generated (PS1 and PS2 mutations or APP mutations at the C-terminus 

of Aβ), or (ii) increase the total amount of Aβ peptides generated (APP mutations at the N-

terminus of Aβ), or (iii) increase the ability of the Aβ peptides to aggregate (APP mutations in 

the central part of Aβ[84]). 

Overall, amyloid hypothesis positions the aggregating Aβ peptide as the prime suspect in the 

pathogenesis of AD (Figure 2.5).[80],[85] However, one weak point arises in amyloid hypothesis, 

which is the lack of correlation between the amount of Aβ deposits analyzed post mortem and 

the severity of the disease as assessed by cognitive tests such as MMSE[86] and ADAS-cog.[87,88] 

Sometimes, insoluble Aβ plaques are even considered to be inert and might play a role in the 

induction of neuroinflammatory processes as mentioned earlier due their binding behavior to 

different receptors.[89] Their presence signifies that the patient has accumulated reserves of 

proteins which are potentially damaging to the brain and overall health. So, one cannot view 

them to be neuroprotective. 

So, many researches are focused on mature fibrils, the water soluble, oligomeric Aβ aggregates 

which are increased in AD patients.[90] Of these, oligomeric species had shown the best 

correlation to neuropsychiatric analysis and synapse loss.[88] These results increased 

appreciation of importance of soluble, premature Aβ aggregates in the disease progression of 

AD. Additionally, the kinetics of Aβ aggregation was examined to identify the toxic species 

after it is generated from APP and during the progression until the end stage deposition in 

amyloid plaques. Even after the knowledge of existence of oligomeric Aβ,[91] the scientific 

discourse that which Aβ species is pertinent in AD and other forms of dementia, is still 

controversial. This probably due to the dynamic and non-linear nature of aggregation and partly  

due to methodological limitations hampering the identification of natural Aβ aggregates and 

partly because of its difference from synthetic ones.[92,93] 
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Figure 2.5: Amyloid cascade hypothesis. Representing a sequence of pathogenic events leading to AD 

as explained by Selkoe and Hardy. Aβ (mature fibrils) and oligomers imbalance can injure the synapses 

and thus cause dementia. Adapted from ref. [94], Copyright (2016) John Wiley and Sons. 

 

2.2.4 The mechanism of Aβ aggregation 

A stepwise self-assembly of Aβ aggregation is shown in Figure 2.6, in which the monomer 

homo-dimerizes, trimerizes and also forms molecules of higher order, termed ‘oligomeric 

Aβ’,[75,90,95–97] finally leading to mature amyloid fibrils. The Aβ oligomers can be divided into 

at least two classes: low molecular weight (LMW) and high molecular weight (HMW) 

oligomers, which could grow to protofibrillar aggregates.[48,91,98–100] Protofibrils are water 

soluble, metastable and thus can collapse back to oligomeric Aβ or further mature to fibrils, 
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which are the building blocks for the insoluble amyloid plaques.[101–104] The mature amyloid 

fibrils are long unbranched fibers having a repeating substructure of β strand that run 

perpendicular to the fiber axis. This forms a cross β sheet of unlimited and variable lengths.[105] 

Like most other proteins, this “protein misfolding” leads to formation of well-ordered amyloid 

aggregates.[106,107]  

 

 

Figure 2.6: An assembly and possible structures of Aβ 42 monomers model, low molar mass oligomers, 

high molar mass oligomers, unit-protofibrils, and protofibrils/fibril. Adapted with permission from ref. 
[108], Copyright (2006), from Elsevier. 

 

Kinetic studies have revealed that Aβ aggregation follows a time dependence of a nucleation 

dependent process in which nucleating seeds are generated at the beginning of the process.[95] 

After a certain threshold concentration has been achieved by these nucleating seeds they begin 

to propagate faster and fibrillization begins. The growth of these fibrils can be reasonably fast 

(~10 nm/s).[109–111] Although Figure 2.6 implies an ordered aggregation process from 

monomeric over oligomeric to fibrillar Aβ, oligomerization and fibrillization can also occur in 

separated pathways and coexist.[112] Kinetic studies have also revealed that because of high 

kinetic barriers associated with the self-assembly, protein native states may be only metastable 

with regard to amyloid fibrils.[113] Monomeric Aβ 40 and Aβ 42 have a predominately random 

coil structure, with short α-helical fragments.[114] However, a conformational change at C-

terminus can transition it into two β-pleated sheet structures, which are separated through a 

hairpin-like structure (Figure 2.7). The N-terminus is quite flexible.[108,115,116]  
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Figure 2.7: a) The 3D structure of an Aβ 42 fibril, with the Aβ 17-42 amino acid residues. Amino acids 

with positively, negatively, hydrophobic charges and polar residues are displayed blue, red, yellow and 

blue, respectively. Reproduced with permission from ref. [116], Copyright (2005) National Academy of 

Sciences b) Certain families with AD history showed APP mutations within Aβ sequence. Reproduced 

with permission from ref. [84], Copyright (2008), John Wiley and Sons. 

 

The conformational change which is induced at C-terminus allows for aggregation since folded 

monomer can stack with other folded monomers perpendicular to the main axis and thus grow 

further to protofibrils. This parallel stacking of C-terminus is energetically favored and hence 

faster rate of fibril growth.[115,117,118] The hairpin structure of Aβ in Figure 2.7b correspond to β 

pleated sheet structure shown in Figure 2.7a,[116] although other conformations are likely.[115,119] 

The presence of Ile41 and Ala42 residues in Aβ 42 makes its more hydrophobic and hence, its 

propensity to aggregate is much higher, due to additional van der Waals and hydrophobic forces 

at the end of β sheet of the C-terminus.[120] 

As mentioned earlier, the APP mutations within the central part of Aβ also lead to Aβ peptides 

with higher propensity to aggregate (Figure 2.8b).[91,121] For instance, changing glutamate-22 to 

glycine (APP-693, Arctic mutation) generates an Aβ peptide in which the glutamate 22 no 
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longer needs to be stabilized via salt bridges and thus aggregates faster.[122] Some of these 

mutations result in Aβ peptides which show a higher resistance to proteolytic 

degradation.[123,124] Additionally, there are further Aβ variants which differ at the N-

terminus.[125–127] The loss of N-terminal charge again increases the propensity to aggregate.[128–

130] All these studies suggest that a higher propensity of Aβ to aggregate predicts a higher 

pathogenicity in inducing AD, even though the fibrils are not the neurotoxic species. 

 

2.2.5 Amyloid fibrils 

As mentioned before, Aβ is a cleavage product of APP. Amyloid fibrils are basically β-sheet 

rich peptide and their parallel stacking of β-sheets perpendicular to the axis of the fibril is the 

characteristic feature. X-ray diffraction reflections of Ex vivo fibrils of Aβ appear at 4.76 and 

10-11 Å[73] and fibrils formed in vitro show a diffraction pattern corresponding to cross-β. The 

signal at 4.7 Å corresponds to the hydrogen bonding between the 15 strands in each sheet and 

other signal indicates the spacing between different interacting sheets.[131] A myriad of studies, 

on shorter segments of Aβ have been performed revealing their structure and properties.[74,75,132–

136] These studies have revealed that the structure of Aβ fibrils are affected by peptide sequence, 

fragment length, and physiological conditions (pH, temperature, etc.). It may also be composed 

of parallel or antiparallel sheets, extended and/or contain turns, and multiple stacking of variable 

orders are also likely. Methods like solid-state NMR and cryo-electron microscopy have further 

helped in characterizing the fibril structure from a number of proteins and peptides. 

A fibril model of Aβ 40 based on solid-state NMR (ssNMR) experiments was proposed by 

Petkova et al. in 2002.[135] The ssNMR data revealed that 1-10 amino acid residues are 

disordered (and are omitted in Figure 2.8). Parallel β-sheets are formed by residues 12-24 and 

30-40 via intermolecular hydrogen bonding and residues 25-29 forms a ‘hairpin’ bend in the 

chain. This hairpin structure brings the side chains of the 2 strands into proximity (Figure 2.9a). 

These hairpins stack parallel and constitutes the length of the fibril, resulting in a cross-β sheet 

pattern. Hydrophobic interactions between C-terminal strands determine this parallel packing 

of hairpins two stacks of hairpins pack to form a protofilament (Figure 2.8b). Mass-per-unit-

length measurements suggests that there are 2 peptides within each 4.8 “layers” of the 

protofilament and by electron microscopy measurements of the smallest fibril diameters of 

50±10 Å. They also suggested a mechanism for fibrils with larger diameters (Figure 2.8b). 

Mature fibrils are made up of about 2-6 protofilaments, slightly twisted around each other, form 

long unbranched fibers, 7-12 nm in diameter. 
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Figure 2.8: The model of Aβ 40 fibrils proposed by Petkova et al. (down the fibril axis). a) The β‐strands 

with residues 9–24 and 30–40, hairpin bend from residues 25–29. Aspartate 23 and lysine 28 forms a 

salt bridge (dotted line). These hairpins stack to form two parallel β‐sheets. b) Two hairpin stacks 

together to form the protofilaments. Thicker fibrils can be formed when two or more protofilaments 

pack together. Adapted with permission from ref. [135], Copyright (2002) National Academy of Sciences. 

Formation of mature fibrils can be simply described by a sigmoid curve, suggesting a three 

stage process of nucleation, elongation and equilibrium (Figure 2.9a).[137] Figure 2.9a shows a 

schematic of the fibrillogenesis process. During the nucleation the soluble species, usually 

monomers, associate to form nuclei and the soluble native structures transforms to oligomeric 

species. This is discussed in more detail in Section 2.2.6. During the exponential phase or 

growth phase the soluble species are arranged at the ends of preformed β sheets leading to the 

formation of protofibrils which are the initial stable elements in the fibril formation pathway. 

This is a multiple step process which takes place progressively and is thermodynamically 

favorable. This phenomenon depends mainly on hydrophobic interactions, backbone hydrogen 

bonding, stacking interactions irrespective of the specific amino acid residues. Generally 

speaking, fibril growth mechanisms are of two types: β-sheet elongation and lateral addition. In 

former type, the fibril extends by adding individual peptides to the end of each β-sheet, and the 

latter takes place by, adding a preformed β-sheet to the sides. In fibril development both of these 

mechanisms play an equally important role. The lateral growth of oligomers is followed by 

longitudinal growth into mature fibrils.[138] In equilibrium, “or saturation phase”, stable fibers 

are formed by associating together the already formed fibrils resulting in mature and more stable 

fibers.[139] Sometimes the elongation and saturation phases are combined and together referred 

as “elongation phase”. 

Net charge, secondary structure, hydrophobicity and aromatic interactions are the factors 

responsible for  the propensity of proteins and peptides to form amyloid fibrils.[140] Figure 2.9b 

shows a schematic energy landscape for protein misfolding and aggregation. It is also suggested 

that, the aromatic interactions play a pivotal role in favoring, driving and orienting the amyloid 

fibril formation. This is because of the aromatic residues like tryptophan, tyrosine and 

phenylalanine in different amyloid peptides and these aromatic residues form short aromatic 

peptide fragments and are able to form well-ordered amyloid structures by self-assembly. 
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Sometimes intermolecular stacking interactions in aromatic residues can accelerate the self-

assembly process by giving the direction through energy contribution, leading to aggregates.[141] 

 

Figure 2.9: a) A schematic of fibrillogenesis process. b) A schematic energy landscape for protein 

misfolding and aggregation showing different energy states of the protein conformations moving 

towards its native or misfolded condition. Reprinted with permission from ref. [142], Copyright (2005), 

John Wiley and Sons. 

2.2.6 Toxicity of Aβ 
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As mentioned earlier, Aβ is formed during normal cellular metabolism and is present in human 

brains. Thus, mere presence of Aβ does not simply cause neurodegeneration, rather neuronal 

injury takes place because of the ordered self-assembly of Aβ molecules which becomes 

neurotoxic.  

The role of prefibrillar and fibrillar aggregates in AD pathogenesis is supported by studies based 

on synthetic Aβ peptides. Size and relative solubilities are important to differentiate between 

them. The protofibrils are the true fibrils intermediates so they can both form fibrils and 

dissociate to low molar mass species. These lower mass species along with protofibrils are often 

referred to be neurotoxic.[98,143,144] 

Aβ follows a misfolding pathway in AD to form fibrils which in turn is related to the formation 

for toxic species. The nucleating event i.e., the lag phase that triggers the fibrillogenesis may 

follow four proposed pathways: 

1. α-helix formation 

2. Folding nucleus formation 

3. Micelle formation 

4. Paranuclei formation 

In the first pathway of α-helix formation, soluble Aβ exists in equilibrium with α-helix and β-

sheet secondary structure. The nucleating factor is the change to β-sheet structure, i.e., the fibrils 

will only be formed after the β-sheet structure has been obtained.[145]  

As per the second pathway i.e., folding nucleus formation, an intramolecular nucleation step in 

both Aβ 40 and 42 is implied, where Val24-Lys28 forms a “folding nucleus” by undergoing a 

turn.[146] 

In the micelle formation pathway, the nucleation will occur through micelles if a critical Aβ 40 

monomeric concentration is reached or exceeded, with a hydrodynamic radii (Rh) of 7 nm. 

These micelles might act as sites of nucleation and below this critical concentration micelles 

are not formed and subsequently, nucleation is heterogeneous, with multiple nucleation 

pathways, perhaps by growing on impurities.[109] Hence, the last step i.e., paranuclei formation,  

will always take place irrespective of the micelle formation. 

Thereon the oligomers and fibers are formed when the nuclei grow by a series of elongation 

steps to low molar mass oligomers. Electron microscopy and solid-state NMR have shown that 

fibrils grown under quiescent conditions can have diameter of 9±1 nm with a periodic twist and 

are toxic to neuronal cell cultures.[147] On the other hand, fibrils grown under agitated conditions 

had a diameter of 5±1 nm, non-twisting and were not toxic to cell cultures.[147] Once formed, 

the fibrils further associate to form senile plaques in brains with AD.  

The nature by which Aβ species is toxic was greatly debated initially, but now, thanks to recent 

advances in AD pathogenesis studies, it is confirmed that the oligomeric species, protofibrils 

are more toxic and not the fibrils.[148] However, there is not always a link between the presence 

of amyloid plaques and cognitive decline. In 2012, Benseny-Cases et al. showed that granular 
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non-fibrillar aggregates (GNAs) are possible toxic species in AD.[149] They proposed that Aβ 

interacts with oxidized membranes, which are marked by the presence of negative charges on 

the membrane structure, and therefore a local acidification takes place. This leads to the 

formation of GNAs, which are capable of disrupting the membrane surface of cells and are 

potentially toxic.[149] 

However, the relevant mechanisms of their toxicity have still not been fully established.  

 

2.3 Research methods to study Aβ aggregates 

There several methods to study Aβ aggregates depending on what information is required. The 

following subsections discusses some of the methods. 

2.3.1 Models to study the mode of action of aggregates 

In preclinical studies, three different approaches can be carried out to identify the oligomeric 

species and to address the pathophysiological of Aβ. First, it can be endogenously extracted and 

size separated from a deceased AD patient or cerebrospinal fluid.[90,150,151] A second approach 

is to develop Aβ overexpressing mice and cell lines, from which endogenous oligomeric Aβ 

can extracted and /or purified.[152,153] Third, synthetic Aβ peptide is used in order to allow 

aggregation to be induced in vitro by varying ionic strength, pH and temperature.[75,96,97,154,155]  

2.3.2 Endogenous Aβ aggregates and synthetic Aβ aggregates 

The presence of soluble Aβ in AD patients have been demonstrated using buffers in different 

conditions. Even with saline extraction, Aβ was detected, mainly in monomeric and dimeric 

forms.[156,157] Kuo et al., later extracted Aβ with a more rigorous centrifugal separation of AD- 

and control brain samples in a Tris based buffer, free of detergents or chaotropic agents.[90] 

Soluble Aβ ranging in sizes from < 10kD to >100kD was shown by improving methods using 

different cut-off filters and ultrafiltration combined with ELISA.[90] Also, using SEC different 

Aβ species could be detected in non-denaturizing gel electrophoresis and in western 

blotting.[158] These “apparent dimer or trimer” decrease dendritic spine density[159], inhibit long-

term potentiation[160] and impair memory in rats.[161] Few research works have proved the 

presence of endogenous Aβ in transgenic mice. For example, the behavior of tg2576-mouse 

showed a cognitive decline after six months, which was confirmed by the presence of 56 kDa 

oligomeric Aβ species.[162] Due to the challenges in extraction procedure of “natural 

“aggregates, synthetic Aβ aggregates comes in more handy. Hence, only little structural 

information about “natural” Aβ aggregates has been reported. 

Different synthetic Aβ aggregates have been described in many works, with regards to different 

peptide species,[84,122,158,163] solubilization and aggregation conditions.[144,164,165] These 

parameters can lead to different intra and intermolecular interactions, favoring entirely different 

structural conformations and consequently, different aggregates.[108,165] Table 2.1 summarizes 

different methods of preparation from different sources and characterization.[91,93,166] After 

identifying the primary sequence of Aβ, several research groups started working on the 

synthetic Aβ peptides to address the aggregation process in vitro. In the past, several methods 
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have been described to obtain Aβ fibrils,[74] protofibrils[48,100] and oligomers.[96,97,154,155,164] Not 

only the water insoluble Aβ fibrils have been identified but the water soluble protofibrils were 

also identified. However, due to their metastability, these observations turned out to be difficult 

to reproduce. This metastability, of Aβ aggregates not only hampers the elucidation of the 

aggregate structure but also affects the empirical testing of pathological effects.[99] Kinetic 

analysis have revealed that the secondary nucleation pathway plays a key role in the 

proliferation of amyloid fibrils.[167] Owing to an altered environment (e.g. buffer change, 

dilution, temperature) a change in molecular interactions can result in a rapid rearrangement of 

previously characterized Aβ aggregates.[158,165,168] Several studies have been made to identify 

and characterize these soluble intermediates giving rise to a range of molecular sizes, depending 

on the methods used for their evaluation such as gel electrophoresis,[96,97] SEC,[97,169] 

ultracentrifugation and gel filtration followed by static light scattering methods.[169] Due to the 

metastability of Aβ intermediates, many studies were made on Aβ mature fibrils using SEC.[170] 

Small-angle scattering technique in combination with solid-state NMR have also been used to 

elucidate the structure of amyloid fibrils.[171,172] AF4 presents itself as a more gentle and 

recoverable technique when it comes to polymer/protein separation technologies especially in 

comparison to SEC, but to the best of our knowledge so far there has only been one known 

study involving amyloids with AF4.[173] 

To summarize, a huge amount of effort has been made to identify and decipher distinct Aβ 

aggregates from synthetic versions to “natural” aggregates. Many of these methods uses 

purification procedure which later affects the aggregation behavior, e.g., the use of denaturing 

agents such as SDS or matrix interaction SEC. Imaging methods such as AFM and TEM offer 

structural information on a molecular scale, but require a high protein concentration and purity. 

Therefore, it is important to critically evaluate the experimental paradigm to determine whether 

they affect aggregation per se. Only when stability of the characterized Aβ aggregate is assured 

for the duration of the experiment, a deduction to a pathogenic mechanism can be drawn. 

 

 



 

 
 

Table 2.1: An overview of different species formed during Aβ fibrillogenesis [2,93]. Low molar mass oligomers define Aβ 40/42 dimer to hexamer. High molar 

mass oligomers represent Aβ 40/42 aggregates larger than 600 kDa.  

Species Origin Preparation/ 

purification 

Characterization MW 

(kDa) 

Height 

(nm) 

Diamet

er (nm) 

Structure 

Morphology 

Meta-

stability 

Bioactivity 

Aβ 40, Aβ 

42[108] 

S Freshly dissolved or HFIP 

dissolved 

stAFM, SDS-PAGE, 

SEC 

4 1 - Unfolded/ 

hairpin 

yes inactive 

Aβ 38-

42[151,160,174] 

E Cell culture (7PA2); AD SEC-SDS PAGE 4 - - - - inactive 

Pentamers/hexa

mers[165,175] 

S Aqueous Aβ 42 TEM, stAFM; MS  1.5, 2.5 10-15 Disc-shaped yes neurotoxic 

Paranucleus[163] S Crosslinked Aβ 42 TEM, SDS-PAGE, 

SEC; DLS 

20-24 - 5 spheroidal yes neurotoxic 

Dimer/ 

Tetramer[144,174] 

E Cell culture (7PA2); AD tissue SEC, SDS-PAGE 8-16 - - - - Synaptotoxic: inhibit NMDAR-

dependent LTP; impair cognition in 

vivo 

Aβ*56[153] E Mice brain tissue (tg2576) SEC; SDS-PAGE ~56 - - - - Impair cognition in vivo 

Globulomer[155]

[176] 

S SDS induced aggregation of Aβ 

42 in PBS 

SDS-PAGE ~60 - - spheroidal no Neurotoxic,inhibit LTP 

Aβ O[177] S HFIP solubilized Aβ 42 in water SEC, TEM ~90 - 2-5 spheroidal no Neurotoxic, alter CA2+ conductivity 

ADDL[169] S DMSO solubilized Aβ 42 in 

Ham’s F12 

AFM, TEM, SEC-

MALS 

30-1000 2-7 - spheroidal no Neurotoxic, inhibit NMDAR-

dependent LTP; impair cognition 

in vivo  

ASPD[178,179] E Rotated Aβ 40/42 solutions AFM, TEM, AU 150-700 10-15 10-15 spheroidal no Neurotoxic by presynaptic 

mechanism 

 S Immune-purified AD tissue TEM - -   -  

Annulus[180,181] S Aβ 40, Aβ 40E22G in PBS SEC, TEM, AU 150-250 7-10 7-10 annular yes Pore formation 

Protofibril[48,99,1

68](reversed) 

S Aβ 40, Aβ 42 in PBS AFM, TEM, SEC-

MALS 

>250 3-5, 250  3-5, 250 curvilinear yes Neurotoxic, impair neuro-

transmission in vitro and in vivo 

GNA[149] S Aβ 40, Hepes buffer+ 

0.02%NH3 at pH 12 

AFM, gel electro-

phoresis; FTR-IR 

 0-30 

(length) 

 Amorphous 

aggregates 

pH 5.5-

6.5 

Neurotoxic (Oxidative stress 

vascular events, amyloid peptides) 

E=from the brain; S= synthetic; ADDL =amyloid derived diffusible ligands; ASPD= amyloid spheroids; GNA = Granular Non-Fibrillar Aggregates
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2.3.3 Strategies to alter aggregation of amyloids  

As mentioned earlier, the most common variants of Aβ are Aβ 40 and Aβ 42. It is known that 

Aβ 42 is more toxic[182] and faster aggregation as compared to Aβ 40.[183] Certain biochemical 

and molecular simulations studies have shown Aβ 40 can inhibit aggregation 

mechanisms.[175,184] Recent clinical experiments revealed that Aβ 42/40 ratio was more relevant 

to the AD pathogenesis than the amount of either Aβ 42 or Aβ 40.[158,185–188] However, in order 

to fully understand the structure and aggregation mechanism of different Aβ isoforms, more 

detailed biophysical evidences are required. Aβ 40, being slower in aggregation offers a 

reasonable time window to plan such experiments, which can even be altered on addition of 

heparin.[4,189] 

An ultimate cure to AD is yet to be ascertained, in spite of the several intensive efforts to face 

its challenges and the remarkable advances in understanding the mechanisms underlying the 

pathogenesis that has been made. Protein misfolding and aggregation are the main events on 

which different therapeutic strategies are currently being investigated, which can be 

summarized as follows: 

1. Inhibition of the amyloidogenic form of proteins by stabilizing the native conformation or 

by reducing in the formation of misfolded/unfolded structures like certain BACE1 

inhibitors[190–192], acetylcholinesterase inhibitors[193–195] and N-methyl-D-aspartate receptor 

agonists (NMDAR).[196,197] 

2. Inhibition of peptide self-assembly in oligomers and fibrils by chaperons[198,199], natural 

molecules[200–202] for example, Polyphenols[203] and short chain amino 

acids/peptides,[201,202,204–207], conjugated polymers[208,209], polymeric nanoparticles[210] and 

dendritic polymers.[4,9,211][212–214] 

3. Enhancement in the clearance of toxic aggregates.[215] 

 

2.4 Treatment and therapeutics 

A combination of different factors like age, genetic makeup, diet, environment, and overall 

general health, is likely to cause AD and not just a single factor. Currently, there are no 

treatments available which can delay or halt the progression of the disease. As of 2021, there 

are more than 2700 clinical trials[216] which are being tested for identification of a possible 

treatment. But it is not clear if these intervention strategies will prove to be promising in the 

future. A healthy life style, exercise and a balance diet with a mentally challenging, middle life 

are preventive measures, but there is a lack of scientific evidence as to whether these 

recommendations can actually reduce neurodegeneration. Nevertheless, an early diagnosis can 

help manage the disease better. 

 

  



Chapter 2 Fundamentals and Literature 

24 

 

2.4.1 Current therapeutics  

Currently there is no cure for AD. But there are medicines available that can temporarily give 

some relief to the patients. There are five drugs for treatment of AD, approved by regulatory 

agencies such as the U.S. Food and Drug Administration (FDA) and the European Medicines 

Agency (EMEA). Three of which are acetylcholinesterase (AChEIs) inhibitors[217] – Donepezil 

(Pfizer, New York, USA), Galantamine (Janssen, Beerse, Belgium) and Rivastigmine 

(Novartis, Basel, Switzerland). Acetylcholinesterase inhibitors were developed based on 

cholinergic hypothesis, i.e., a decrease in acetylcholine – a major neurotransmitter in brain, 

leads to cholinergic lesions in the neurons. This dysfunction in cholinergic networks interacts 

with other important physio pathologic aspects of AD – including Aβ plaques. The AChEIs 

have proven to be clinically useful by increasing the availability of acetylcholine at synapses. 

There is a wealth of clinical literature which supports the use of acetylcholinesterase inhibitors. 

Early start of AChEIs is preferred, for which early diagnosis is required. However, use of 

AChEIs is associated certain side effects including an increase in rate of heart, etc. 

A fourth drug Memantine[218] (Lundbeck, Valby, Denmark) is an NMDAR antagonist. Neuronal 

dysfunction and degeneration arise because of NMDAR mediated glutamate excitotoxicity 

leading to neuronal death characteristic to AD. Glutamate is another most abundant 

neurotransmitter in the body, and is bound at chemical synapses by the NMDAR, on the 

membranes of post-synaptic neurons. High levels of calcium ions enter the cells due to excess 

of glutamate, a number of enzymes are activated, leading to cell death. Thus, NMDAR 

antagonists prevents excess glutamate binding and subsequent excitotoxicity. Several clinical 

investigations have shown improvement in cognition and behaviors in patients with moderated 

to severe AD after 6 months of NMDAR antagonist use.[218] However, adverse events have also 

been reported like dizziness, headache and confusion.[219] 

Certain clinical studies on a group of patients with moderate to severe AD showed a significant 

improvement with use of a combination drugs – memantine (a NMDAR antagonist) and 

donepezil (a centrally acting reversible acetylcholinesterase inhibitor and structurally unrelated 

to other anticholinesterase agents). However, the efficacy was not found reproducible in patients 

with mild to moderate AD.[220]  

It is of interest to note that the drugs currently used for the treatment of AD have weak beneficial 

effects on cognitive improvement or may offer only some relief to psychological symptoms. 

There are certain drugs available for the palliative treatment of behavioral and psychological 

symptoms in AD.[221] Therefore, the discovery/development of drugs having an effective 

intervention in the early stages of AD are a ‘medical necessity’. 

2.4.2 Current therapeutic research 

Since 2003, FDA has not approved any new drug for AD despite many long and expensive 

clinical trials. Very late starting of therapies, wrong main target of the treatment, inappropriate 

drug dosage and to some account, misleading understanding of the pathophysiology of AD are 

some of the possible reasons for such failures. In the near future we can expect an improvement 

in clinical trials because of global thrust, novel biomarkers, enrollment of patients in early stages 

of the disease and innovative trial designs. 
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From previous sections, we now have an understanding that in AD, Aβ is the prime target for 

disease modifying therapies. Another target is tau protein but, in this work, it has not been 

discussed. There is a website to search for different drugs under clinical trials. A search for 

phases 1, 2, and 3 “recruiting” or “active but not recruiting” clinical trials for AD in 

clinicaltrials.gov (accessed March 30, 2022) showed 661 outcomes.[216] The last annual review 

of the drug development pipeline for AD examined clinicaltrials.gov in May, 2021 (126 agents 

in 152 trials) and enlists information available for different drug trials at that time: 28 drugs in 

phase 3 trials, 74 drugs in phase 2 trials, and 24 drugs in phase 1 trials.[222] 

2.4.2.1 Reduction of Aβ production 

As mentioned previously, the inhibition of enzymes such as BACE1 and γ-secretase which leads 

to the sequential cleavage of APP are considered as a major therapeutic target. Unfortunately, 

γ-secretase is also associated with other substances and also cleaves various other 

transmembrane proteins. This fact is responsible for the recent failure in clinical trials with γ-

secretase inhibitors: semagacestat,[223] avagacestat[224] and tarenflurbil.[225] So far, no γ-

secretase inhibitors are currently being studied in clinical trials.[226] 

Elenbecestat (E2609) in phase 2 and umibecestat (CNP520) in phase 3  are two BACE inhibitors 

still under study, along with the use of neuroimaging biomarkers.[226] However, due to 

unexpected difficulties BACE inhibitors lanbecestat,[227] verubecestat[228] and atabecestat[229] 

have been discontinued. Etazolate (EHT0202) works by stimulating the nonamyloidogenic α-

secretase pathway acting as a selective modulator of γ-aminobutyric (GABA) receptors.[230] 

Initially phase 2 trial has shown that the agent was safe and well tolerated in patients with mild 

to moderate AD. However, further assessment of etazolate in phase 3 trials has not proceeded. 

2.4.2.2 Reduction of Aβ plaque accumulation 

2.4.2.2.1 Anti-amyloid aggregation agents 

An oral agent scyllo-inositol (ELND005) was the last Aβ aggregation inhibitor that was tested. 

It went in phase 2 clinical trials but the results from this study did not provide enough benefit. 

On the contrary, severe toxicity issues caused infections in some patients, hence the study was 

discontinued.[231] 

Recently, peptidomimetics are under investigations. Peptidomimetics are specific agents in the 

form of short peptides that inhibit and partially reverse the aggregation of Aβ are tested in TEM 

studies. KLVFF is a peptide sequence that resembles the central hydrophobic part of Aβ and it 

mainly prevents the aggregation of Aβ 42 and can also dissolve oligomers to a limited 

extent.[232] The γ-AA peptides are another recently developed peptidomimetics. γ-AA26, appear 

almost 100-fold as efficient as KLVFF. The in vivo studies of these compounds are still in 

progress.[233] 
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2.4.2.2.2 Metals 

Metal ions such as iron, copper and zinc and its abnormal accumulation has also been associated 

with the pathophysiology of AD.[234] An iron chelating agent, Deferiprone is studied in phase 2 

trials in patients with mild and prodromal AD.[226] 

A second generation metal protein–attenuating compound, 5,7-Dichloro-2-

((dimethylamino)methyl)quinoline-8-ol /(PBT2) has recently progressed to phase 2 AD trials, 

because of its promising efficacy in preclinical studies.[235] In phase 2 study, it succeeded in a 

13% reduction of CSF Aβ and an executive function improvement in a dose-related pattern in 

people with early AD.[236] 

2.4.2.2.3 Immunotherapy 

During the last 15 years, immunotherapy has been one of the strategies that is being studied by 

pharmaceutical companies.[237] There are different mechanisms by which it works: first, by 

direct disassembly of plaques by conformation selective antibodies; second, by antibody-

induced activation of microglial cells which can cause dissolution of Aβ plaques (digestion by 

cells). Third, by neutralizing toxic soluble oligomers and finally, immunoglobulin M (IgM)-

mediated hydrolysis. These approaches can be brought about by active (vaccination) and 

passive (monoclonal antibodies) immunization. The reasons of failure for active vaccination 

using human Aβ 42 (AN1792) in phase 2 trials was the occurrence of meningoencephalitis in 

6% of tested patients.[238] It had mixed response, thereby encouraging more clinical trials. In a 

recent study of antibody treatment, patients who were administered a primary and booster 

vaccination in the first year after primary vaccination provided further support for continuation 

of the investigation. Five other vaccines are being tested for antibodies to bind to Aβ are CAD-

106 (phase 2 and phase 3),[239] Aβvac40 (phase 2),[240] GV001 (phase 2),[241] ACC-001 (phase 

2a),[242] UB-311 (phase2)[243] and LuAF20513 (phase1).[244] 

Due to the adverse effects of active immunization and the variable response to vaccines, passive 

immunization channeled towards different domains of Aβ emerged as an alternative 

immunology treatment. Elan/Wyeth trial of AAB-001 monoclonal antibody (bapineuzumab) 

entered the phase 3 trial in 2007. Significant benefits were seen in a subgroup of patients who 

did not have e4 gene. Another passive vaccination LY2062430 (solanezumab) was directed at 

Aβ central domain, a humanized monoconal antibody. Many monoclonal antibodies trials are 

in phase 3, including aducanumab, gantenerumab and BAN2401 in mild AD.[245] 

Finally, human anti-Aβ immunoglobulins G (IgG) have been found, intravenous 

immunoglobulins (IVIg) from blood plasma of healthy donors. This approach went in phase 3 

trials in 2009 and displayed good tolerability but lack of efficacy. However, passive vaccination 

requires repeated infusions and is very expensive, so active vaccinations are always taken into 

consideration.[246] 

Another strategy which is being explored is the transportation of accumulated Aβ plaques 

through BBB. Plasma exchange (PE) with albumin replacement, causing the shift of the existing 

dynamic equilibrium between plasma and Aβ in brain is a recent therapeutic method. This is 

based in the following facts: (1) In AD patients, there are high levels of Aβ aggregation in brain 
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and low levels of Aβ in CSF, (2) the main protein transporter in human body is albumin, (3) 

albumin has Aβ-binding ability and albumin can bind up to 90% of Aβ. Thus, albumin-bound 

Aβ would increase the shift of free Aβ from CSF to plasma to rectify the imbalance between 

brain and blood Aβ levels.[247] PE with several replacement volumes of albumin, is in a phase 3 

trial known as AMBAR (Alzheimer’s Management by Albumin Replacement).  

2.4.2.2.4 Dendrimers as potential anti-amyloidogenic agent 

Since the last two decades there has been a growing interest in dendrimers in biomedical field 

due to their unique control over molecular structure and large number of functional groups.[248–

252] They have shown to be capable of interfering with the formation of amyloid aggregated 

structures leading to AD and prion diseases, in vitro.[3,5,9,213,253–260]This makes them potentially 

valuable in the search of anti-amyloidogenic agents. This breakthrough study was done by 

group of Klajnert showing that PAMAM, phosphorous dendrimers and PPI dendrimers could 

interfere with aggregation behavior of two amyloid model peptides: Aβ 28 and Aβ 40. In this 

work, the PAMAM dendrimers were used against aggregation of Aβ 28 and PrP 185-208 

peptide using ThT assay complimented with electron microscopy.[3] According to the ThT 

assay, at low dendrimer/peptide ratio there is a clear shortening of the nucleation phase, which 

means that the presence of dendrimer accelerates nuclei formation, but it does not stop it 

completely. This means that the peptide will still form fibrils at the end of the process. They 

also used cryo-TEM to see the effect at the end of the process. The results confirmed that low 

dendrimer/peptide ratio and no dendrimer leads to the formation of fibrils. However, at high 

dendrimer/peptide ratios, no fibrillar structures were present but only amorphous aggregates 

were formed, these are “granular non-fibrillar aggregates”.[149] The intrinsic cell toxicity of 

these dendrimers, due to high positive electrical charge density, makes it difficult to further 

check the cell toxicity of these dendrimer/peptide complexes.[3,4,255,256,261–263]  

Another point to be mentioned is that Aβ 28 and PrP 28 are not toxic to the cells themselves. 

Not only they are easier to handle in comparison to Aβ 40, but they serve as a good model for 

such studies. But studies on Aβ 40/Aβ 42 have always been challenging. Significant effort has 

been done to study the cytotoxicity of these dendrimers by Janaszewska et al.[264] Later on, 

similar studies were performed on Aβ 40 variant as well which showed similar results.[265]  

In general, cationic dendrimers are more haemolytic and cytotoxic than neutral and anionic 

dendrimers. Therefore, by substituting the cationic charge with hydrogen bond forming 

oligosaccharides units is one idea of designing the biocompatible dendrimers with anti-amyloid 

activity.[213] These dendrimers substituted with oligosaccharides are called 

glycopolymers/glyco-dendrimers, which have already shown remarkable results concerning 

cell toxicity.[214] An example of which is fourth generation maltose PPI dendrimer.[6] 

Klementieva et al. studied the aggregation behavior of Aβ 40 with maltose and maltosetriose 

modified PPI dendrimer which showed similar results as shown by PAMAM and phosphorus 

dendrimers on Aβ 28 and PrP185-208.[9][266] Recently, studies with dendrimers are proceeding 

in vivo as well. Lactose coated 5th generation PPI dendrimers in mice was carried out, which 

showed the preferred retention of dendritic glyco-dendrimers in liver.[7] Another study, in which 

a 4th generation maltosetriose modified PPI dendrimer was examined in rats to check its 

predisposition to cross blood brain barrier (BBB).[267] In a very recent study by Janszewska et 
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al., the fibrillation mechanism of Aβ 40 was studied in presence of Cu(II) ions with 4th 

generation PPI maltose modified dendrimer having sulfate groups.[268] Another recent work, 

showed that 4th generation histidine-maltose modified PPI dendrimers significantly improves 

biocompatibility and their ability to cross the BBB.[269] Recently, Benseny-Cases et al. showed 

that there was a significant decrease of early stage oligomeric/granular aggregates by 

administering an APP/PS1 mice with PPI dendrimers with histidine-maltose shell.[13] All this 

point to a common viewpoint that biocompatibility of the dendrimers owing to it structure and 

its interaction ability with the Aβ amyloid, are two very important aspects in the search of anti-

amyloidogenic agents. 

 

2.6 Dendrimers 

2.6.1 Definition 

The word ‘dendron’ in Greek means ‘tree like’. Dendrimers have tree-like branches, and are 

radially symmetrical, Nano-sized, well defined, homogenous and monodisperse. These were 

first discovered by Vögtle in 1978, Tomalia and co-workers in the early 1980s, and by 

Newkome, but independently, also in 1980s.[270–273] They are built around a linear core or a 

small molecule having symmetric branching units. Dendrimers have a carefully tailored 

architecture with a compact molecular structure with high end-groups, which can be 

functionalized, thus modifying their physicochemical or biological properties.[248,274–279] They 

are synthesized from branched monomer units in stepwise manner. By choosing appropriate 

building/branching units and surface end-groups one can have precise control over their 

molecular shape, dimension, size, density, solubility, polarity and flexibility. This mélange of 

properties makes them extremely sought after. 

Until now, dendrimers have been applied in many fields, such as supramolecular chemistry[280] 

or host-guest chemistry[281], electrochemistry and photochemistry[282], nanoparticle 

synthesis[283], pollution management[284], dye decolorization[285], preparation of monomolecular 

membranes[286], curing of epoxy resins, catalysis[287], drug delivery[288,289], and gene 

transfection.[290] 

Dendrimers have rather open conformations with internal cavities which makes it possible to 

encapsulate hydrophobic drug molecules.[291] As mentioned earlier, their much higher surface 

functional group density allows to enhance the solubility of many dyes and drugs.[292,293] 

Furthermore, dendrimers have also been exploited as neuroprotectors where they are found to 

significantly suppress the aggregation of prion and amyloid proteins, which has been discussed 

earlier (Section 2.4.2.2.4).  
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Figure 2.10: Structural components of a dendrimer where G1, G2 and G3 show the successive 

generations with T as terminal and D as dendritic units. Adapted with permission from ref. [23], Copyright 

(2009), The Royal Society of Chemistry. 

2.6.2 Structure 

The dendrimers are made up of a central atom or a group of atoms labeled as the core. The core 

molecule can have different functionality Nc. The functionality each branching site Nb depends 

on the monomer functionality. These essential data can predict the development of the 

dendrimer structure. From this central core, the branches called ‘dendrons’ grow through a 

variety of chemical reactions, resulting in layers of repeat units which are branched. The number 

of layer when going from the core to the periphery, is the generation number, usually 

represented by ‘G’. Figure 2.10 shows the structural components of a dendrimer. The number 

of end groups z increases according to: 

 𝑧 = 𝑁𝑐𝑁𝑏
𝐺  (1) 

The number of repeating units Nr is given by: 

 
𝑁𝑟 =  𝑁𝐶

𝑁𝑏
𝐺+1 −  1

𝑁𝑏 −  1
 (2) 

And the molar mass M increases exponentially with every generation: 

 
𝑀 = 𝑀𝐶 + 𝑁𝐶 (𝑁𝑟

𝑁𝑏
𝐺+1 −  1

𝑁𝑏 −  1
+ 𝑀𝑡𝑁𝑏

𝐺+1) (3) 

where Mc is the mass of the core and Mt the mass of terminal units.  
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In a branched polymer there are different branching units as terminal (T), linear (L) and 

dendritic (D), but a dendrimer has only dendritic (D) and terminal (T) units only. They have a 

theoretical mass distribution of 1 and a degree of branching of 100% corresponding to the 

presence of only D and T end groups. However, if there are defects certain heterogeneity can 

occur. 

The ‘dendrons’ are a crucial entity of dendrimers, which are monodisperse and wedge-shaped. 

One can say, a dendrimer is made of at least 2 or more dendrons. Each functional group gives 

rise to one dendron and these dendrons of higher generations (G4 onwards) can be seen as 

dendrimers but with an active core that can further be functionalized. Some examples of 

dendrimers: Tomalia-type PAMAM (Figure 2.11 a)[294], Frechét-type poly(benzylether)[294], 

Newkome’s arborol dendrimers[273], phosphorus-containing dendrimers[295] and poly(2,2-

bis(hydroxymethyl)propionic acid) (bis-MPA) dendrimer (Figure 2.11b).[296]  

 

Figure 2.11: Dendrimer examples a) second generation PAMAM and, b) fourth generation bis-MPA. 

Reprinted with permission from ref.[23], Copyright (2009), The Royal Society of Chemistry. 

2.6.3. Synthesis 

Dendrimers are generally prepared using either a divergent route or a convergent route. In 

divergent route, the dendrimers grow outwards from multifunctional core molecule. The first-

generation dendrimer is formed when this core molecule reacts with monomer molecules having 

one reactive and two dormant groups. After this the new boundary of the resulting molecule is 

activated for reactions with more molecules. The step is repeated for several generations and 

eventually, a dendrimer is constructed in a stratified manner. Divergent route is successful for 

the production of large quantities of dendrimers. Structural defects can occur due to incomplete 

reactions of end groups and side reactions. To prevent side reactions and to force reactions 

competition a large excess of reagents is required. It imposes difficulties in the purification 

procedure of the final product.[279] In the convergent route, firstly the individual dendrons are 

synthesized and then coupled to a core molecule. The dendrons are built in the same way as the 

dendrimers in divergent route using similar protection and deprotection steps, once they have 

reached the desired generation they can be coupled to the core. Since the dendrons can be much 

more carefully monitored as their structure is much less complicated, this method has an 
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advantage over divergent route. However, the coupling to the core can be potentially difficult 

owing to the steric hindrance. It also does not allow the formation of high generations. The 

purification steps are easier as the chances of having small sized side products are more due to 

dendrons. Convergent route serves an important advantage in the preparation of bifunctional 

dendrimers. 

 

Figure 2.12: Divergent versus convergent growth approaches for the synthesis of a typical 4th generation 

dendrimer. Adapted with permission from ref. [23], Copyright (2009), The Royal Society of Chemistry. 

The dendrimers based on 2,2-bis(hydroxymethyl)-propionic acid (bis-MPA) was introduced by 

Hult et al. in the 1990s.[14,296,297] They are one of the most established dendrimers from a 

synthetic point of view. 

2.6.4 Properties 

Dendrimers are monodispersed macromolecules; their size and mass can be specifically 

controlled during synthesis. When compared to traditional linear polymers, dendrimers show 

improved physical and chemical properties due to their molecular structure. In solution, linear 

chains exist as flexible coils; in contrast, dendrimers form a tightly packed ball. Dendrimer 

solutions have significantly lower viscosity than linear polymers. The solubility of dendrimers 

depends on the surface functional groups, dendrimer generation, repeating units, and even the 

core.[248,293] The high density of surface functional groups have potential applications in 

enhancing the solubility of hydrophobic drugs by electrostatic interactions[280] and in covalent 

conjugation of numerous drugs.[248,298] 

A very important feature concerning the synthetic design of dendrimers comes from the idea of 

comparing these with proteins, and hence, dendrimers are often referred to as ‘artificial 

proteins’.[299,300] For over hundreds of millions of years, proteins have always proved to be 

biocompatible and aids in systemic functions in multicellular organisms, have been even more 
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beneficial to decorate their surfaces with oligosaccharides (complex carbohydrates). Thus, it is 

clear, that these ‘sugars’ help in achieving molecular recognition over short distances, such as 

interactions with the extracellular matrix and with neighboring cells, as well as providing 

system wide communication (all protein hormones are glycosylated).[301] These sugar-coated 

dendrimers are called glyco-dendrimers. Many examples of sugar-coated dendrimers like PPI-

mal have potential application as anti-amyloidogenic agents.[302,303] However, dendrimers has 

some limitations. On one hand, they are expensive to manufacture involving costly multiple 

steps, and on the other hand, the achievable molar mass and the possible density of functional 

end groups is limited.[304] So, several other low-cost alternative dendritic polymers are being 

explored.  

 

2.7 Pseudodendrimers - a sub-class of hyperbranched polymers 

2.7.1 Definition 

The high number of functional groups combined with a special geometry of dendrimers gives 

many possibilities of potential applications. One such amalgamation is pseudodendrimers, a 

class of dendritic hybrid, which possesses perfectly branched dendritic units coupled to the end 

functionalities of a hyperbranched polymers. In the 1990s, hyperbranched polymers became the 

focus of many researches owing to their easy synthesis in a ‘one pot polymerization’ which can 

mimic the properties of tediously synthesized dendrimers. The key difference between 

dendrimers and hyperbranched polymers (hb) lies in their one-pot synthesis method, which 

limits the control on molar mass and branching accuracy, forming products which are 

heterogenous with a distribution in molar mass and branching. Several excellent reviews have 

precisely summed up the different approaches concerning synthesis strategies, properties and 

application of hb polymers.[23,305,306] They have excellent thermal stability, solubility when 

compared to linear polymers, and also have low solution viscosity, modified rheology, and high 

functionality.[307,308] Traditionally, hb polymers have commercial interest in coatings, resin 

formulations and polymer additives.[309] Their advantages lie in the irregular but dense, highly 

branched structure, and high level of terminal end groups. This unique feature also gives a 

possibility for new applications such as in thin films, and therapeutics.[310,311] Polyesters are of 

paramount importance, because of the relatively easy availability e.g., Perstorp “Boltorn” 

products, based on bis(4-hydroxphenyl) pentanoic acid (BHPPA).[307] Few more examples of 

hb polymers suited for coatings and resin application are poly(ethyleneimine)s, 

polyurethanes[312] and polyesters from BASF SE.[313] Hyperbranched polyglycerols,[314] and 

self-assembling nanocapsules by Nanotransport Systems[315] have potential in biomedical 

applications. Hyperbranched polyester based on bis-MPA by Polymer Factory[316] also has 

potential biomedical applications.  

Unlike the dendrimers, hb polymers possess a lower degree of branching, fewer functional 

groups, and lower segmental density, but without a doubt, they are easier to prepare. It would 

be beneficial to have a high segmental density with a high density of functional groups in hb 

polymers, close to those of dendrimers.[306] There are different strategies for increasing number 

of functional groups as well as the degree of branching, using dendrons,[317,318] core 
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molecules,[319–321] designing special architectures for tandem reactions,[322] special monomer 

design[323] or after complete post-synthetic modification of the functional groups. The latter 

approach could lead to 100% branching and was used by Frey et al. for polycarbosilanes.[324] 

Haag et al. expanded this strategy to polyglycerols and introduced the term pseudodendrimers 

in 2000 (Figure 2.13a).[325,326] However, these modifications were limited in the synthesis of 

first generation.  

 

Figure 2.13: a) Synthesis of glycerol pseudodendrimers by Haag et al. Reprinted from ref. [326], with 

permission from Journal of the American Chemical Society. b) Schematic representation of a 

hyperbranched polymer with Aβ2 monomer having different branching units terminal (T), dendritic (L) 

and linear (L). c) A schematic representation of the modification of an AB2 type hyperbranched polymer 

by AB2* protected monomers to form pseudodendrimer of the first generation. Used with permission of 

Royal Society of Chemistry, from ref. [306], Copyright (2015). 
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A decade later, Lederer et al. developed a method to form higher generations by repeating the 

modification procedure in a stepwise manner similar to the divergent approach giving a rise in 

branching up to 100%.[327] They used 4,4 bis(4’-hydroxyphenyl)pentanoic acid by 

polycondensation in solution to form the hb core and AB*2 monomer in which B-functionality 

were protected with TBDMS forming first-fourth generation pseudodendrimers with 

approximately 100%-84% degree of branching, respectively. In the succeeding work, they 

proved the structural differences of these pseudodendritic structures as compared to dendrimers, 

having a high segmental density, high compactness and high functionality.[328] Therefore, these 

type of materials are quite interesting from drug delivery and molecular recognition aspect and 

form the basis of the work herein from a synthesis point of view. 

2.7.2 Structure 

As outlined earlier, pseudodendrimers are an amalgamation of dendrimers and hb polymers. It 

is important to understand the key structural parameters of a hb polymer. In the 1950s, Flory 

found that highly branched structures are formed with a certain branching degree, before 

reaching the gel point and produced many great works for its statistics.[329] If there is a monomer 

of ABx (x ≥ 1) type, the combination of both reacting units should prevent gelation under three 

conditions: 

1. If A reacts only with B, 

2. No cyclization or side reactions occur, 

3. Reactivity of B is independent of the degree of polymerization 

When x=2, in monomer AB2 the one pot synthetic route leads to the formation of three 

branching units unlike in dendrimers, i.e., terminal (T), linear (L) and dendritic (D), as shown 

in Figure 2.13b. When the above three conditions are fulfilled, the fraction of three types of 

polymer units at high conversion are: 

 𝐿

𝐿+𝐷+𝑇
≈ 0.5 ,  

𝐷

𝐿+𝐷+𝑇
≈ 0.25 , 

𝑇

𝐿+𝐷+𝑇
≈ 0.25 (4) 

 

 𝐿 + 𝐷 + 𝑇 ≈ 𝐷𝑃𝑛  (5) 

Under ideal conditions, 75% of the polymer units contain B-units, which corresponds to free 

functional units approximately equal to degree of polymerization (DPn): 

 𝑧 = 𝐷𝑃𝑛 − 1 (6) 

Applying these assumptions on a polycondensation reaction gave rise to statistical branching. 

Considering a monomer with functionality f, in this case A=1 and B= f-1. The conversion of the 

reaction Pa and degree of branching was defined as: 

 
  𝛼 =

𝑃𝑎

𝑓 − 1
 (7) 
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Where α is the extent of reaction. However, number of branching units deviates from ideal 

values due to unwanted side products and cyclization. This leads to a deviation in degree of 

branching (DB). Based on different types of branching units D, L and T, Kim and Webster[330] 

and Hawker et al.[331] proposed a method to estimate the DB: 

 
𝐷𝐵𝐾𝑖𝑚 = 𝐷𝐵𝐹𝑟𝑒𝑐ℎé𝑡 =

∑ 𝑇 + ∑ 𝐷

∑ 𝑇 + ∑ 𝐷 + ∑ 𝐿
 (8) 

So, in case of dendrimers, perfect branching occurs, i.e. DB=1, because dendrimers have no L 

units. This can describe DB for high molar mass polymer with high degree of polymerization 

where T is equal to D. But if the polymer is linear, DB would still be high. Another, simplified 

form for calculation of DB suitable for both high and low molar masses was put forth by Frey 

et al.[319] and Yan et al.[332]: 

 
𝐷𝐵𝐹𝑟𝑒𝑦 =

2 ∑ 𝐷

2 ∑ 𝐷 + ∑ 𝐿
 (9) 

As outlined above, a dendrimer has no L units, so the DB becomes equal to unity. Since, 

hyperbranched polymers have both L and T units, Larry et al.[333] found an indirect method to 

determine DB based on analytical methods to measure the relative amount of these units in their 

architecture. Several investigations followed NMR spectroscopic methods to identify different 

branching units and used in the above equations. 

The degree of branching for hyperbranched polymers based on ideal conditions and for equal 

reactivity of B groups in AB2 is always 0.5. To increase the DB, the L units have to be modified 

with another AB2
*
 monomer (functional units are protected or protected monomer) in the next 

step of synthesis as shown in Figure 2.13c. This strategy will give rise to a branched polymer 

with high DB and high molar mass and are thus called pseudodendrimers.  

Although irregular, this type of modification leads to a complete branching, simultaneously 

leading to a high number of functional groups showing properties very similar to dendrimers. 

They are like the ‘ugly cousins’ to the dendrimers. Pseudodendrimers based on polyglycerol 

architectures were also reported by Lach and Frey, and Caldéron et al. investigated their 

potential in bio applications.[305,334,335] Therefore, the pseudodendrimers can possibly overcome 

the drawbacks of dendrimers with regards to synthesis and functionalization. As with several 

‘sugar’ decorated dendrimers have improved biocompatibility, the pseudodendrimers with 

‘sugar’ functionality could be show protein interaction.[336] Glycopolymers based on 

pseudodendrimers can potentially offer significantly improvements towards alteration of 

cytotoxic aggregates and thus lead to a more efficient anti-amyloidogenic agent. 

2.7.3 Synthesis  

In this work pseudodendrimers and dendrimers based on 2,2-bis(hydroxymethyl)propionic acid 

(bis-MPA) have been explored because of their easy availability from synthetic point of view. 

Also, they offer a number of advantages such as degradability and biocompatibility along with 

long shelf life and do not show cytotoxicity or immunogenicity to human cancer cells.[301,337] 
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The bis-MPA scaffold in dendrimers and their derivatives show slow degradation at high 

generations despite the presence of hydrolytic susceptible ester bonds.[338] This is the reason for 

successful implementation of dendritic polyesters in radiolabeling, bioimaging and 

catalysis.[16,17] Decoration with different sugar units makes them quite useful in bio applications 

as inhibitory agents towards sugar-recognizing membrane protein, viruses, and bacteria. 

Previous work on PPI glyco-dendrimers has shown that larger size (5-7 nm diameters) are 

promising as anti-amyloidogenic agents. Dendrimers based on bis-MPA are commercially 

available from Polymer Factory, Sweden. 

 

Figure 2.14: a) Synthesis of acetonide-protected bis-MPA anhydride chemistry. Reprinted with 

permission from ref. [19]. Copyright (2002) American Chemical Society. b) Synthesis of multivalent, 

dendrimer using click chemistry by Malkoch. Reprinted with permission from ref. [18], Copyright (2002) 

Royal Society of Chemistry. 

In literature, pseudodendrimers until third (first, second and third) generation based on bis-MPA 

were synthesized using the pioneering work of anhydride chemistry, by Malkoch et al.[339] 

Dendrimer of the third generation based on bis-MPA was bought from Polymer Factory, 

Sweden and the next three generations (fourth, fifth and sixth) were synthesized using the same 

anhydride chemistry. The reason for choosing higher generations of dendrimers as compared to 

pseudodendrimers was their similar molar masses, e.g. molar mass distribution of the first 
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generation pseudodendrimers was similar to molar mass of fourth generation dendrimer, so on 

and so forth. 

To get first insights, both of these bis-MPA architectures (dendritic and pseudodendritic) with 

high functionality were modified with sugar using well established synthetic route via “click” 

reaction introduced by Hult, Malkoch (Figure 2.14), and other groups.[18,20,22,340] Among sugars, 

mannose was chosen because mannose receptors are present in the surface of monocyte 

macrophages, alveolar macrophages, astrocytes in brain, etc. Recently, targeting drugs with 

mannose is a new strategy for mannosylated PPI dendrimer against HIV.[341] There are enough 

evidences to show the protein binding nature of mannose,[342,343] one such great example comes 

from nature itself, mannose binding lectin (MBL) – a protein produced in the liver, responsible 

to generate anti-inflammation response in infection and injury.[344] MBL is also hypothesized 

to play a role in brain homeostasis and which can also lead to clearance of Aβ aggregates. Using 

the above-mentioned advantages of mannose combined with easy synthetic procedures of 

pseudodendrimers based on bis-MPA, we were able to successfully synthesize three generation 

of mannose coated pseudodendrimers and prove its affinity to a plant protein, Concanavalin 

A.[336] 
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3 Analytical Techniques  

 

3.1 Size Exclusion Chromatography Coupled to Light Scattering (SEC-MALS) 

In case of highly branched polymers, the methods for the determination of molar mass based 

on colligative properties fail because of increasing molar mass these techniques reach their 

limits. Size exclusion chromatography (SEC) with different detectors such as light scattering 

(LS), concentrations, usually refractive index (RI) and viscosity detectors can be used to 

obtained a vast array of information. The ability of a molecule to scatter light is related to the 

polarizability, which is directly proportion to the specific refractive index increment (dn/dc).  

 

Figure 3.1: Schematic of theoretical background of multi angle laser light scattering (MALS). 

 
𝐼(𝜃)𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 ∝  𝑀𝐶 (

𝑑𝑛

𝑑𝑐
)

2

𝑃(𝜃) (10) 

From above equation, the intensity of the scattered light I(θ) is proportional to the molar mass 

of the scatterer (M), the particle concentration (c), the refractive index increment (dn/dc) and a 

form factor of the angular dependency P(θ). The dn/dc in this setup is determined by the batch 

method for polymer (0.150) and is a constant value (0.185) for proteins.  

The basis for molar mass determination by LS detection is based on the property of particles to 

scatter light as a function of their size at a certain scattering angle. The most basic equation 

behind static light scattering principle was put forth by Zimm.[345] An important point to 

mention is that the extent of scattering is based on the size of the particles in solution. In 

particular, if the molecule is small with respect to laser wavelength, it acts as “isotropic 

scatterer” i.e. emits light with the same intensity in all directions. However, if the molecule is 

large, different points within the same molecule scatter the individual photons from laser. These 

scattered photons vary in phase and cause interference with each other, so that the resulting 
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intensity depends on the angle from which it is measured, “angular dependence”. This behavior 

leads to stronger scattering intensity at θ = 0 and decreasing scattering intensity with increasing 

angle because of destructive interference. For molecules with size smaller than 1/20 of the 

wavelength of the irradiated light (isotropic scatterer), this behavior is determined by the so-

called Rayleigh scattering. The intensity of the scattered light on the molar mass of the 

molecules also depends on constant wavelength constant, equipment and sample parameters. 

The reduced Rayleigh scattering or the contrast of the scattered light of the molecules in solution 

with the pure solvent, which also called the Rayleigh ratio, is defined as follows: 

 

𝑅 =
4𝜋2  . 𝑛𝑜.  

2 (
𝑑𝑛
𝑑𝑐

)
2

𝜆4. 𝑁𝐴
. 𝑐. 𝑀 = 𝐾. 𝐶. 𝑀 

(11) 

where: 

K= optical constant 

no= refractive index of pure solvent 

Λ= wavelength of incident light 

NA= Avogadro’s constant 

dn/dc = refractive index increments of the polymer 

C = concentration of the polymer 

M = molar mass of the polymer 

Using this relationship one can determine the molar mass with known dn/dc and known 

concentration of the polymer. Most instruments have wavelengths between 633 nm and 670 nm 

so the limit of isotropic scattering is between 15-17 nm. This is why Rg, radius of gyration, also 

known as root mean square radius determination, is not possible in this work.  

Multi angle light scattering (MALS) solves this angular dependence issues, and measures the 

intensity of scattered light at different angles, current state of the art offers up to 21 angles. The 

calculation of the average molar mass, radius of gyration and the second virial coefficient can 

thereby be calculated using different models and most are measured at different angles. Light 

scattering intensities are then interpreted by the Zimm plot. This determination works for 

particles with sizes higher than 1/20 of the wavelength, which scatter anisotropically. In this 

study the molecules are smaller in sizes. Therefore, this approach was not implemented in the 

present work. The drawback of SEC-MALS is the interaction of the samples with the column 

material which can falsify results especially for samples with high functionality. In addition, 

the sample must not show too strong tendency to aggregate, as this can cause filter effects with 

the SEC separation, which in the worst case will block the system. These aggregates can pass 

through the column and this may lead to the distortion of the average molar mass of the polymer, 

as the light scattering detector will recognize the molar masses of the aggregates and not of the 

polymer. 
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3.2 Asymmetric Flow Field Flow Fractionation (AF4) 

From the previous section we know that highly branched structures along with high 

functionality are difficult to characterize. To support our findings from SEC-MALS, in this 

work we used another advanced size separation technique to overcome the difficulties 

encountered with SEC. And as mentioned earlier, AF4 has not been used much in literature 

when it comes to study the Aβ amyloid behavior.  

Field flow fractionation is a type of elution technique introduced by Giddings in late 

1960s.[346][347] In contrast to SEC, FFF is implemented in a thin, open, channel, which does not 

contain any stationary phase as shown in Figure 3.2. The eluent is pumped in through the inlet 

(flow IN) and transports to sample solution to the end of the channel (flow OUT). After 

separation the eluted fractions are detected, and the choice of the detector is similar to SEC. 

The laminar flow of mobile phase and perpendicular force field allows the size separation in 

the channel. Depending on what information is required such as molar mass, size, charge or 

chemical composition, different type of force-field can be applied e.g., temperature, centrifugal 

force or flow stream. The channel consists of two walls, an upper wall and a lower, 

accumulation wall. The choice of channel-length, width and material depends on the 

characteristics of the probe. Most exploited FFF method is asymmetrical flow FFF (AF4) 

having an extremal cross-flow stream as the separation force. Figure 3.2 shows a typical AF4 

channel as well as the separation mechanism. 

The AF4 channel has a trapezoidal geometry with the upper wall that is impermeable whereas 

the accumulation wall is made of porous frit material, permeable to eluent but impermeable to 

the analytes. An ultrafiltration membrane covers the accumulation wall, with a certain cut-off 

which can be chosen depending on the samples. The two walls are separated by a spacer 

generally having thickness of 100-500 µm. 

The working principle involves two modes: focus and elution. The sample is introduced into 

the channel during focusing, during this the flow is entering the channel from both inlet and 

outlet. After the sample is focused, and relaxed in a narrow band on the membrane. At this point 

the concentration of sample is 10 times higher than the starting concentration of the sample. 

This is another advantage of AF4 over SEC. All components of the sample will reach steady 

state equilibrium, placing the different components of the sample with different diffusion 

coefficients at different distances from the accumulation wall. Sample components with high 

diffusion coefficients will be placed at larger distance from the accumulation wall than 

components with lower diffusion coefficients. After focusing, elution mode follows during 

which the sample components are transported in the direction of the channel outlet towards the 

detectors by the laminar flow of the eluent in a parabolic flow profile. The application of a 

cross-flow stream perpendicular to channel flow pushes the sample components towards the 

membrane, and the Brownian motion of the molecules generates a counteracting diffusion back 

to the center of the channel: smaller molecules with high diffusion coefficient form equilibrium 

states in the middle of the channel, where the laminar flow rates are higher, and therefor elute 

before the larger molecules as opposed to SEC elution behavior.  
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The concentration profile is given by: 

 𝐶(𝑥) =  𝐶0𝑒(−𝑥 𝜆𝑤⁄ ) (12) 

Where x is the position of the sample component in the channel, C0 is the concentration at 

accumulation wall (x=0), w is spacer thickness, λ is a physical parameter representing the 

distance of the sample from accumulation wall and is given by: 

 
𝜆 =

𝐷 𝑉𝑐

𝑤2𝑉𝑥
  (13) 

where D is the molecular diffusion opposing the cross-flow velocity (Vx) and Vc is the channel 

flow rate. The retention time tr can be calculated based on different equations in the FFF method. 

 
𝑡𝑟 =  

𝑤2

6𝐷
ln (1 +

𝑉𝑥

𝑉𝑐
𝑤2) (14) 

Using the Stokes–Einstein equation:  

 
𝐷 =

𝐾𝐵 ∗ 𝑇 

6𝜋 ∗ 𝜂 ∗ 𝑅ℎ
 (15) 

where η is the dynamic viscosity of the carrier fluid, the hydrodynamic radius (Rh) can be 

directly calculated from retention data.  

 

Figure 3.2: Basic principle of AF4: a) Action of different flows in a channel. b) mechanism during 

elution. Species having higher diffusion coefficient elutes faster. Reprinted with permission from Eclipse 

Channel User’s Guide, Copyright (2019) Wyatt Technology Corporation. 

Based on the known parameters t0, Vx, Vc, w and the experimentally determined tr, the diffusion 

coefficient can be directly determined. By using Stokes-Einstein equation, hydrodynamic radius 

can be assessed as shown in the equation. 

Therefore, AF4 not only enables fractionation but also can used for a direct determination of 

the particle size based on the measurement of the retention time tr. However, the reliability of 

the tr values determined is not only dependent on the particle size, but also on sample-channel 
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interactions, meaning that differently-sized particles could reveal similar retention times. 

Therefore, MALS was combined with AF4 for size-separation and concomitant determination 

of the molar mass, using the MALS detector coupled to AF4 system (Equations 12-15) and 

using the known dn/dc value and the known concentration of the solution polymers and protein. 

Since the samples are polydisperse except the dendrimers, the MALS measurement detects a 

summed scattering intensity and therefore an averaged molar mass is obtained. The details of 

the selection parameters for optimized in order to also investigate the interaction of amyloid 

with the synthesized polymers on the same parameters, it becomes easy to tell the difference 

after their interaction. The specific details are discussed in the Results and Discussion chapter. 

 

3.3 Dynamic Light Scattering 

This method is used to determine the Rh of synthesized polymers. Particles in solution are forced 

by Brownian motion to move in a random pattern which corresponds to their diffusion 

coefficient (Dt). As light is scattered by particles in solution, the motion of these particles 

imparts, randomness to the phase of the scattered light, resulting in constructive and destructive 

interference. A fast photon counter measures the time-dependent fluctuations of the scattered 

light. The fluctuations are analyzed over a second order correlation function and the Stokes-

Einstein relation determines the hydrodynamic radius (Rh) of the sample. [348]  

𝑅ℎ =
𝑘𝑇

6𝜋𝜂𝐷𝑡
 

where, k is Boltzmann constant, T is the temperature and η is the solvent viscosity. 

To ensure sufficient and accurate detection the samples should have sufficient concentration as 

well as free from large aggregates. For this, different types of filters are used. In case of 

interaction with amyloids, unfortunately, this method could not be used because of the presence 

of massive aggregates which would lead to a significant underestimation of smaller species. 

 

3.4 Molecular Dynamics Simulation 

A powerful tool which enables to follow up and understand structural dynamics is molecular 

dynamics (MD) simulation method.[349][350] Newton’s equations of motion for a system allows 

the calculation of force between interacting particles and respective potential energy based on 

the physical movements of atoms and molecules. MD simulations are based on different 

algorithms and parameters which can be chosen based on the structure of molecules. Through 

this one can develop a comparison between macroscopic properties and microscopic 

simulations. By correlating macroscopic properties to the distribution and motion of atoms and 

the equation of motion of particles, giving rise to complex mathematical expressions, this 

connection can be made. However, the primary limitation of simulation methods is that they 

are approximate. Thus, experimental data are important because comparisons with experimental 

data gives the accuracy of the calculated results and provides a base to improve the 

methodology. 
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In this work MD simulations have been included to have a 3-dimesional view of the polymers 

synthesized, so that one can see the whole molecule which in turn can help us understand the 

difference in behaviors toward amyloid protein. 

 

3.5 Nuclear Magnetic Resonance Spectroscopy 

NMR spectroscopy is a powerful and the most widely used method for structure determination 

in chemistry. The NMR observes odd mass nuclei having fractional spins (I=1/2) (angular 

momentum). When an NMR active nucleus is subjected to an external magnetic field, a 

characteristic electromagnetic interaction takes place. The main principle of NMR spectroscopy 

based on spectral lines of different atomic nuclei that are excited when a strong magnetic field 

and a radiofrequency waves are applied. It is sensitive to the features of molecular/chemical 

structure because signals from individual nuclei are influenced by its neighboring atoms and as 

a result whole structure of the molecule can be discerned.[351] The measured values are 

resonances which leads to signals in chemical shifts, splitting and integrals in the Fourier 

transform spectrum. The chemical shift comes when NMR nuclei absorbs, and depends on the 

electron density as the measured resonance values are heavily influenced by shielding effects 

of the nuclei from its surroundings. This shielding effect depends on electronegativity, magnetic 

anisotropy of π-electrons and hydrogen bonding. A high electron density requires a lower 

frequency of applied magnetic field and so, resonances of nuclei will absorb at high frequency 

and signals of chemical shift will appear in high field region of NMR spectrum. Different 

spectra are possible based on different type of nucleus. However, the most commonly used 

technique for the structural elucidation of organic molecules is 13C NMR and, more importantly, 
1H NMR. 

 

3.6 Thioflavin T fluorescence 

Thioflavin T (ThT) assay is one of the most commonly used methods to study aggregation 

processes and effect of aggregation inhibitors. It is a fluorescent spectroscopy method reported 

for the first time by Vassar and Culling in 1959.[352] ThT is a 2-arylbenzothiazole dye is the 

most widely used staining dye for amyloid fibrils. This characteristic behavior of ThT dye lies 

in its structure which contains a di-methyl aniline and benzothiazole ring connected by carbon-

carbon bond. The low emission arises from the free rotation of the two parts (di-methyl aniline 

and benzothiazole ring) about their common axis in solution. This led to the change from locally 

excited (LE) state to a non-radiative charge transfer state. This free rotation is hindered when it 

binds to amyloid fibrils leading to more populated LE state which leads to higher fluorescence 

yield. Besides, it also shows a strong bathochromic shift of the excitation and emission maxima 

when bound to fibrils (from 385 nm to 450 nm and from 445 nm to 480 nm, respectively).[353] 

ThT fluorescence displays a typical sigmoid curve, in the beginning low ThT fluorescence 

corresponds to nucleation phase where Aβ peptides are in monomeric form. The steep increase 

in ThT signal indicates the elongation phase during which the protofibrils rich β sheet are 

formed. And in the end a plateau is obtained indicating an equilibrium between the fibrils and 
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other prefibrillar species. Thus, it is possible to study time-dependent fibrillization of Aβ 

peptides in vitro and give us information on the kinetic behavior of amyloids and inhibitors. 

 

Figure 3.3: Details of ThT fluorescence a) ThT dye with its specific dimension b) A typical sigmoid 

ThT curve from the formation of amyloid fibrils c) Scheme of ThT interaction within the fibrils along 

the fibril axis (left) and perpendicular to it (right) d) Green and orange circles stand for hydrophobic 

residues able to interact with aromatic rings of the ThT. Republished with permission from ref. 
[354],Copyright (2013) Royal Society of Chemistry.  

Despite being the most commonly method for study aggregation processes, it suffers certain 

drawbacks, specifically interference of ThT fluorescence with aggregation process, self-

quenching when used in too large concentrations or in presence of certain ions and cannot 

distinguish between several different amyloid fibrils (α-synuclein, prion proteins etc.). 

In this study different concentrations of synthesized glycopolymers were used to see their effect 

on the aggregation of Aβ 40 amyloid as anti-aggregating agents. By using experimental kinetic 

data obtained from ThT assay, important information about the reaction rate constants is 

obtained (see Section 5.2.1.1). 

3.6.1 Kinetic analysis 

As mention earlier, aggregation of Aβ occurs via secondary nucleation mechanism.[167] The 

ThT data can be further analyzed in order to calculate the rate constants. The experimental data 

is fitted to such a model using the following equations by using the online fitting software 

AmyloFit, following the referred protocol.[355] This software allows the detection of amyloid 

fibril growth profile based on different models that has been described in different literature. In 

this work ‘secondary nucleation dominated’ was used, with reaction orders set to 2 and under 

the constraint of allowing deviations in only one parameter at a time to investigate which 

microscopic step is most likely affected by the synthesized glycopolymers.  
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In this work the focus was to see the change in microscopic steps on addition of glycopolymers 

to a specific concentration of Aβ 40 peptide, however, the software was developed by using the 

studies based on pure Aβ 42.  

The differential equations describing[355] the secondary nucleation are:  

 𝑑𝑃

𝑑𝑡
=  𝑘𝑛𝑚(𝑡)𝑛𝑐 +  𝑘2𝑚(𝑡)𝑛2𝑀(𝑡) (16) 

 

 𝑑𝑀

𝑑𝑡
=  2𝑚(𝑡)𝑘+𝑃(𝑡) (17) 

The approximate analytical solution is: 

 
𝑀

𝑀∞
=  1 −  (1 −  

𝑀0

𝑀∞
) 𝑒−𝑘∞𝑡 ∙ (

𝐵− +  𝐶+𝑒−𝜅𝑡

𝐵+ +  𝐶+𝑒−𝜅𝑡
∙

𝐵+ + 𝐶+

𝐵− + 𝐶+
)

𝑘∞

𝜅𝑘̅∞

 (18) 

Where the definitions of the parameters are 

 
𝜅 =  √2𝑚0𝑘+𝑚0

𝑛2𝑘2 (19) 

 

 
𝜆 =  √2𝑘+𝑘𝑛𝑚0

𝑛𝑐 (20) 

 

 
𝐶± =  

𝑘+𝑃0

𝜅
±

𝑘+𝑀0

2𝑚0𝑘+
±

𝜆2

2𝜅2
 (21) 

 

 

𝑘∞ = √(2𝑘+𝑃(0))
2

+
4𝑘+𝑘𝑛𝑚0

𝑛𝑐

𝑛𝑐
+

4𝑘+𝑘2𝑚𝑡𝑜𝑡𝑚0
𝑛𝑐

𝑛2
+

4𝑘+𝑘2𝑚0
𝑛2+1

𝑛2 + 1
 (22) 

 

 𝑘̅∞ =  √𝑘∞
2 − 2𝐶+𝐶−𝜅2 (23) 

 

 
𝐵± =

𝑘∞ ± 𝑘̅∞

2𝜅
 (24) 

Where, 𝑀∞ represents the mass at long times and 𝑚𝑡𝑜𝑡, represents the total protein mass 

concentration. This solution is understood to be more accurate than ones involving 

fragmentation, i.e. very close to the numerical integration of the differential equations, however, 

it only applies to negligible off rates 𝑘𝑜𝑓𝑓 ≪ 𝑘+𝑚𝑜. 

3.7 Circular Dichroism Spectroscopy 
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Jean-Baptiste Biot, Augustin Fresnel and Aime Cotton discovered the phenomenon of Circular 

Dichroism (CD) based on the optical activity of a compound.[356] The CD is observed in 

compounds which are optically active. CD spectroscopy is a valuable method for determining 

the secondary structures, folding and binding of proteins.[357] This involves differential 

absorption of left-handed and right handed circularly polarized light by the asymmetric 

molecules. The principle is explained in Figure 3.4b. When light passes through a sample and 

there is equal absorption or no absorption, θ is 0, generates a plane polarized light (bold line 

circle). But, if L and R are absorbed to different extents, the resulting radiation would be said 

to possess elliptical polarization (dashed ellipse). This differential absorption produces positive 

and negative bands in the CD spectrum (Figure 3.4c). In proteins, the main chromophores are 

the peptide bonds and which absorb L and R components differentially and produces a 

characteristic signal in the CD spectrum. Usually, they absorb light in the far-UV wavelength 

region (180- 240 nm). [358] 

 

Figure 3.4: Basic principle of CD spectroscopy. a) circularly polarized light. b) Plane polarized light is 

made of 2 components the left handed (L) and right handed (R), c) The relationship between absorption 

and CD spectra. Band 1 shows a positive CD signal with L absorbed more; band 2 shows a negative CD 

signal with R absorbed more; band 3 shows no CD signal due to achiral chromophore. d) Far-UV CD 

spectra showing various types of secondary structure. Solid line, α-helix; long dashed line, anti-parallel 

β-sheet; dotted line, type I β-turn; cross dashed line, extended 31-helix or poly (Pro) II helix; short 

dashed line, irregular structure. Reprinted with permission from ref. [359], Copyright (2005) Elsevier. 

CD instruments measure the difference in absorbance (ΔA) between the L and R circularly 

polarized components and expressed in terms of molar ellipticity ([θ]) in degrees. 
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 ΔA = AL-AR (25) 

By using Beer’s law: 

 ΔA = (εL-εR) C*l (26) 

εL and εR are the molar extinction coefficients for L and R circularly polarized light, C is the 

molar concentration and l is the path length in centimeters (cm). 

The molar circular dichroism, Δε is: 

 Δε = (εL-εR) (27) 

It should be noted that: 

 tan θ= ER-EL/ER+EL (28) 

There is a simple numerical relationship between Δε and molar ellipticity [θ] (in degrees) 

 [θ] =3298.2 Δε (29) 

The CD spectrum is obtained when the dichroism is measured as a function of wavelength. So, 

by using the known values of exact concentration of protein and its molar mass, the path length 

and wavelength molar ellipticity is determined. In biological studies the observed CD signals 

are very small, i.e., ellipticities are typically in the range 10 mdeg. So, care must be taken while 

performing such experiments especially concerning the concentration. In case of proteins, the 

mean residue weight i.e., the average molar mass of the amino acid residues is used. This means 

that residue ellipticity is useful for comparing the CD of proteins of different molar masses.  

The different secondary structures of protein have characteristic spectra base on the optical 

transitions of the peptide backbone of the protein (Figure 3.4d). Since the CD spectra of proteins 

are so dependent on their conformation, it is often used to estimate the structure of unknown 

protein, monitor conformational changes over time, mutations, effect of temperature and 

binding interactions. Another advantage of CD spectroscopy is that it is relatively fast method 

and proteins can be analyzed in solution under physiological conditions. However, it does not 

give information on the secondary structure of specific amino acid residues unlike x-ray 

crystallographic and ssNMR. Secondary structure can also be estimated from Fourier transform 

infrared spectroscopy of proteins and Raman spectroscopy. But sometimes, these measurements 

require high concentrations, protein films or in deuterium oxide. 

There are several libraries of reference spectra of known proteins, based on which different 

online software are developed to predict the secondary structure of proteins.[360] Aβ are β sheet 

rich proteins, and β sheets can largely differ in the parallel-antiparallel orientation, in length and 

number of strands and their twists.[358] This spectral diversity makes the secondary structure 

estimate of amyloid difficult in CD spectroscopy. In this work we have used a recently 
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developed method which accounts for more accurate determination of secondary structures of 

β-sheet rich proteins, known as BeStSel (Beta Structure Selection).[361]  

 

3.8 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) was invented by Binnig et al. and since then it has undergone 

much advancement.[362] AFM has been successful in imaging DNA,[363] plant cell walls,[364] a 

wide range of proteins and many other systems. 

AFM allows biomolecules to be imaged under physiological conditions and also during 

biological processes are working. AFM can obtain detailed topological information for 

crystalline samples as well as biomolecules which lacks inherent symmetry because of high 

signal-to-noise (S/N) ratio.  

AFM works in the same way as white cane works for blind people. The use of a white cane to 

“visualize” an object leads brain to deduce its topography while feeling it. AFM give the 

resolution based on the radius of the tip attached. A sharp stylus (tip) (radius ~1-2 nm) is 

attached to a cantilever, used in the AFM to scan an object point by point and contouring it 

while a constant small force is applied to the stylus. The forces (van der Waals, electrostatic, 

magnetic etc.) generated between the stylus and the sample are transmitted to an attached 

flexible cantilever, causing it to bend (deflections). These deflections are monitored by an 

optical detector (photodiode) which measures the reflected signal from a laser beam on the 

cantilever tip. This signal is used by a feedback system to change the force applied to the sample 

by the tip controlling the movements of piezo crystal. In AFM, the role of the brain is taken 

over by a computer, while scanning the stylus is accomplished by a piezoelectric tube. The basic 

advantages of AFM are as follows: 1) almost no limits to samples; (2) high resolution sample 

morphology in three dimensions; (3) working in various environments, such as vacuum, air, 

fluid and low temperature; (4) enabling dynamic observation in physiological environment. 

There are two modes of operations for an AFM device, static mode (contact) and dynamic 

modes (non-contact and tapping). In static mode, the cantilever is dragged on the surface of the 

sample and with its deflections contours of the sample surface is measured. In dynamic mode, 

the cantilever externally oscillates at or close to its fundamental resonance frequency. This 

sample-tip interaction gives oscillation amplitude, phase and resonance frequency. And the 

changes give the characteristic information of the sample under study. 

Contact mode is the static mode of operation, as outlined above. There is a feedback loop which 

keeps the deflections of the cantilever in within a desired value. When the measured deflection 

is different from the desired value, the feedback amplifier applies a voltage to the piezo crystal 

to adjust the sample relative to the cantilever to achieve the desired value of deflection. This 

voltage is the measure of the height of features on the surface of sample. 

Non-contact mode, as the name suggests the tip of cantilever does not touch the sample surface. 

The van der Waals forces between the tip and the samples are detected by hovering the tip over 

the sample surface. The cantilever vibrates at its resonant frequency and the van der Waals 
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forces tends to decrease the resonance frequency of the cantilever. A topographic image is 

created by measuring the tip-to-sample distance at each data point. It is a non-invasive method. 

Tapping mode is the most popular mode to obtain the surface morphology by scanning the 

surface with the cantilever tip up and down, very lightly, close enough to the sample surface, 

without scratching while it is in contact with the surface. In this mode the cantilever oscillates 

at or near the resonant frequency using the piezo crystal. When not in contact with the sample 

surface, the cantilever oscillates with this constant frequency leading to a high amplitude (200 

nm). The oscillating tip is then moved toward the surface until to just touches the surface, the 

interaction of forces causes the amplitude of the cantilever’s oscillation to change, generally 

reduced. This change in amplitude is helps controls the height of the cantilever above the 

sample. But when the tip passes over a depression on the sample surface, then the oscillation 

amplitude is increased. This change in oscillation amplitude is measured by the detector and 

sent to the AFM software. The digital feedback loop then readjusts the tip-sample distance to 

maintain a constant amplitude and force. 

Like all other microscopic techniques, AFM is susceptible to temperature variation and 

vibration. These can be overcome by temperature control around the instrument and by 

installing the device on anti-vibration air table or using active piezo isolation base. Regarding 

the imaging capabilities, when measuring samples in liquid, the relatively slow rate of scanning 

during AFM imaging often leads to thermal drift, causing the cantilever to bend due to the 

difference between the liquid and the liquid cell.  

Tip convolution is an image artefact that occurs because of the large size of the AFM probe in 

relation to the samples. These image artefacts are unavoidable; however, they can be reduced 

by using an appropriate tip, or a modified operating environment. 

The samples for AFM imaging should be immobilized on a rigid support. There are many 

options for the choice of substrate. Glass cover slips and cleaved mica sheets can be used 

depending on the type of samples. Biological samples are usually bound on mica or glass. Mica 

is quite a versatile material for substrate due to its non-conducting-layered nature, atomically 

flat, clean after cleavage, easy to cut desired sizes, relatively inexpensive, negatively charged 

but can be modified to make the surface positive. 

It is also known that most protein contain both positively and negatively charged residues at 

neutral pH and the neutrality can be altered by changing the pH of the buffer solution. Therefore, 

it seems plausible to assume that electrostatic interaction is responsible for adsorption. 

However, it must also be realized that most of these charged groups are shielded by counter-

ions in solution. It is unclear whether it is the direct interaction between the oppositely charged 

groups or the salt bridges between like charged groups that is responsible for surface 

adsorption.[365] 

Several studies have been done on the amyloid proteins like α-synuclein and Aβ 42 which gives 

the information on different types of species involved.[366] However, the focus of this work has 

been to see the effect of synthesized glycopolymers on Aβ amyloid, AB 40 specifically. In the 

present study, AFM measurements are performed to see the changes occurring after the addition 
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of synthesized glycopolymers which gave the best results in AF4 and CD spectroscopy. The 

details of the sample preparation and procedure is discussed in Chapter 4. 

 

3.9 Cytotoxic assay 

In the drug development process, the testing of new compounds for its toxicity is an essential 

step. The toxicity of substances can be observed by (a) in vitro studies using cells/cell lines (b) 

studying the accidental exposures to a substance (c) in vivo exposure on experimental animals. 

Screening for toxicity as early as possible may reveal inappropriate drug candidates that should 

not proceed in the drug development process. Although in vitro methods cannot predict the 

toxicity for compounds as compared to in vivo methods, but they are useful tools to compare 

different treatments, and indicate toxicity at a very basic level. 

In this work the toxic effects of glyco-pseudodendrimers on two different cell cultures were 

assessed. 

3.9.1 MTT assay 

The MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide) assay is 

traditionally the most widely used method of cell viability, developed by Mosmann in 1983.[367] 

When dissolved in water, MTT produces a yellow solution. It is a tetrazolium salt. Active 

mitochondrial dehydrogenase in metabolically active cells will convert MTT to insoluble purple 

formazan crystals. Dead cells will not show this change of color because all cell organelles are 

not active anymore. Hence, MTT assay is dependent on the activity of mitochondria and 

indirectly serves to assess the cellular energy capacity of a cell. The insoluble formazan is 

solubilized by the addition of cell lysis buffer, and the absorbance at 570 nm wavelength is 

measured.[368] 

3.9.2 Determining the level of reactive oxygen species 

Reactive oxygen species (ROS) are unstable and highly reactive species. When they react with 

particular substances they form end products which provides information about their 

presence.[369] These have the potential to cause a number of deleterious events in a cell including 

oxidative stress and DNA damage, can ultimately cause cell death.[370] DHE (dihydroethidium) 

is the most frequently used fluorogenic probe for monitoring intracellular producing of 

superoxide anion radical. DHE is characterized by blue fluorescence (λex = 355 nm, λem = 430 

nm). As a result of the reaction between DHE and superoxide anion radical 2-hydroxyetyldine 

is produced.[371] This compound shows strong red fluorescence (λex = 460 nm, λem = 640 nm) 

after intercalation to DNA. 

H2DCF-DA (diacetate dihydrodichlorofluorescein) is a reduced form of fluorescein. The 

method is based on the oxidation of this fluorescent probe by intracellular reactive oxygen 

species (ROS).[372] H2DCF-DA is able to freely cross the cell membrane. In the cell interior 

esterases hydrolyze it to non-fluorinating H2DCF. Intracellular ROS carry out the oxidation, 

which is the next stage of chemical transformations and results in receiving the final product 

2',7'-dichlorofluorescein (DCF) characterized by a strong fluorescence. This compound remains 
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in the cytosol and shows maximum excitation at λem = 529 nm and maximum emission at λex = 

495 nm. The fluorescence intensity is directly proportional to the amount of ROS reacting with 

the probe.  

3.9.3 Changes in mitochondrial transmembrane potential 

Mitochondria membrane potential (MMP) is a key indicator of cellular activity and is required 

for ATP generation. A decrease in MMP leads to lowering ATP along with changes in the pH 

of mitochondrial intermembrane space and matrix.[370] This change in pH allows certain 

fluorescent dyes to accumulate and produce fluorescent signal, which in turn represents the 

health of the mitochondria.   

JC-1 is a cationic dye widely used as fluorescent probe for detecting depolarization of the 

mitochondrial membrane. The selective accumulation of JC-1 in the mitochondria is dependent 

on the mitochondrial transmembrane potential. Sharp decline in ATP production is often 

connected with pathology states, which causes depletion of energy and depolarization of 

mitochondrial membrane.[370] Changes in mitochondrial potential are characteristic for the 

initial stages of programmed cell death. The application of the JC-1 fluorescent probe allows 

for spectrofluorimetric analysis of changes in the mitochondrial membrane potential. JC-1 tends 

to accumulate in large quantities in hyperpolarized mitochondrial membrane, where it forms 

aggregates that emit red fluorescence (λex = 485 nm, λem = 538 nm). When the depolarization 

of the mitochondrial membrane occurs and the membrane permeability increases, the 

aggregates breakdown to monomers emitting green fluorescence (λex = 530 nm, λem = 590 nm). 

Ratio of aggregates (λem = 590 nm) and monomers fluorescence (λem = 540 nm) reflects the 

damage of mitochondrial membranes. 

3.9.4 Flow cytometric detection of phosphatidyl serine exposure 

Flow cytometry (FC) is a laser-based technique, which depends on how different particles or 

cells suspended in liquid interact with light. This leads to the light being refracted or emitted 

differently and is measured by an electronic detection apparatus. This detection apparatus can 

detect forward scattered, side scattered light and also fluorescence emission. It is a popular 

method in cell biology to count, sort and profile cells in a heterogenous fluid mixture. In this 

work dual staining of cells with annexin V and propidium iodide (PI) was used to assess 

apoptosis (cell death). This helps in distinguishing viable cells (unstained with either 

fluorochrome) from apoptotic cells (stained with Annexin V) and necrotic cells (stained with 

PI).[373] 
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4 Experimental Details and Methodology  
 

 

4.1 Details of chemicals/components used 

Table 4.1: Details of chemicals and components used. 

Chemical Purity Manufacturer/remark 

Acetone A.G. Acros Organics, Belgien  

Amberlite IR120 H  Sigma-Aldrich GmbH  

Ammonia solution, saturated A.G. Acros Organics, Belgien  

3-Azido-1-Propanol  ≈ 90 % (1H-NMR)  IPF DD, Abt. bioakt. resp. P.  

2,2 Bis(hydroxymethyl)propionic acid  98 %  Sigma-Aldrich GmbH  

Borontrifluoride-Dietherate (in 

Diethylether)  

≥ 46 %  Sigma-Aldrich GmbH  

Deuterochloroform (99,8 % D)  99.9 %  Euriso-Top GmbH  

Dialysis membrane MWCO 5kDa  Carl Roth GmbH  

4-Diaminopyridine  ≥ 99 %  Sigma-Aldrich GmbH  

Dichloromethane (DCM) 99.6 %  Acros Organics, Belgien  

Dicyclohexylcarbodiimide (DCC)  ≥ 99 %  Fluka GmbH, Deutschland  

Diethylether, stabilised (BHT)  ≥ 99 %  Acros Organics, Belgien  

2,2-Dimethoxypropane 98 %  Sigma-Aldrich GmbH  

Dimethylacetamide (DMAC) 99.5 %  Sigma-Aldrich GmbH  

Dimethylsulfoxide-d6 (99,9 % D)  99.8 %  Euriso-Top GmbH  

Dowex 50W-X2 H+, 100-200 mesh  Sigma-Aldrich GmbH  

Ethanol absolute  99.8%  VWR International GmbH  

Ethyl acetate  99.5 %  Sigma-Aldrich GmbH  

Silica gel 60 Å  Carl Roth GmbH  

Copper sulfate pentahydrate  ≥ 99.5%  Carl Roth GmbH  

Lithium chloride  ≥ 99 %  Merck Schuchardt OHG  

α-D-Mannose-Pentaacetate  96 %  Iris Biotech GmbH  

Methanol  A.G.  Acros Organics, Belgien  

Molecular sieve 4 Å  Merck KGaA  

Sodium chloride  99.8 %  Carl Roth GmbH  

Sodium hydrogen carbonate  99.5 %  Acros Organics, Belgien  

Sodium hydrogen sulfate  99.0 %  Merck KGaA  

Sodium hydrogen sulfate  99,0 %  Merck KGaA  

Sodium -L-Ascorbate  ≥ 98 %  Sigma-Aldrich GmbH  

Sodium methoxide (25 wt. % in 

Methanol)  

≈ 25 %  Sigma-Aldrich GmbH  

Sodium sulfate  ≥ 99 %  Sigma-Aldrich GmbH  

n-Hexane  98.5 %  Merck KGaA  
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Para-Toluene sulfonic acid  A.G. Fluka GmbH  

4-Pentinyoic acid  95 %  Sigma-Aldrich GmbH  

Pyridine  99.0 %  Sigma-Aldrich GmbH  

Distilled water  99.9 %  Merck Millipore KGaA  

Tehtrahydrofuran, stabilised (BHT)  A.G. Acros Organics, Belgium 

Toluene  A.G. Acros Organics, Belgium 

Bovine serum albumin ≥ 98% Sigma 

MTT (3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide 

A.G. Sigma 

Thioflavin T A.G. Sigma 

Phosphate buffered saline (PBS)   

Dulbecco modified Eagle’s medium  A.G. Sigma 

96 well plates   

(3-aminopropyl) triethoxysilane 

(APTES) 

≥ 98% Sigma-Aldrich 

Mica NA NA 

A.G. – Analytical Grade; NA – Not Available 

 

4.1.1 Other materials 

• Aβ 40 [DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV] (JPT, 

Germany and Novopeptide, China) 

• Bis-MPA hydroxyl dendrimer, generation 3, TMP core (Polymer Factory, Sweden) 

 

4.1.2 Peptide preparation 

Freshly prepared Aβ 40 solutions were used in each experiment in PBS/phosphate buffer at pH 

7.4 and used immediately.  

4.1.3 Buffer preparation 

Sometimes the techniques used in this work have some influence on the choice of buffer used. 

In case of CD spectroscopy and AF4 studies, 1 mM buffer was used while 10 mM PBS buffer 

was used in the rest. In case, of ThT assay phosphate buffer at 10 mM was used. The pH of 

most experiments was 7.4 to recreate physiological conditions as much as possible. 

4.1.4 Fibril growth conditions 

In this study, Aβ 40 peptide concentration of 50 µM was used on the basis of  our literature 

studies and was kept constant for all the experiments. The peptide was incubated at 37 °C in 

respective buffers. This temperature, concentration, gentle agitation and buffer concentration 

allowed reproducible fibril growth curves, with a lag phase and high concentration of fibrils at 

the end of the process as shown by ThT assay.   
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4.2 Synthesis and characterization of polymers 

First to third generation glyco-pseudodendrimers (Gl-P) on 2-bis(hydroxymethyl)propionic 

acid (bis-MPA) core modified with a dense mannose shell (P-G1-Man, P-G2-Man and P-G3-

Man) were prepared as described previously.[336] Fourth to sixth generation glyco-dendrimers 

(Gl-D) were synthesized according to the same method starting with hydroxyl dendrimers of 

third generation with trimethylol propane core (G3-TMP) (D-G4-Man, D-G5-Man and D-G6-

Man) from Polymer Factory, Sweden. Moreover, mannose units were introduced to the surface 

of dendrimers and pseudodendrimers on CuAAC “click” chemistry.[18] 

4.2.1 Synthesis and characterization of pseudodendrimers and dendrimers 

For the synthesis of pseudodendrimers, firstly hyperbranched polymer (hb) of bis-MPA was 

synthesized. In the next step, the anhydride of protected monomer based on bis-MPA (AB*2) 

was synthesized. And In the third step, pseudodendrimer of the first generation was synthesized 

using the hb polymer and protected monomer AB*2. Next two generations were synthesized 

using the previous generations and the protected monomer. 

Dendrimers were synthesized starting with hydroxyl dendrimers of third generation with 

trimethylol propane core (PFD-G3-TMP) with the AB*2. Next two generations of the 

dendrimers were synthesized using the previous generations and AB*2. 

4.2.1.1 Synthesis of hyperbranched polymer (1) 

In a two-necked flask bis-MPA (20 g, 0.150 mol) and para-toluene sulfonic acid (p-TSA; 30.4 

mg, 0.12 mol%) were heated to the reaction temperature of 185 °C with a magnetic stirrer, a 

gas inlet and an outlet tube. A constant flow of N2 was maintained for first 2 h for removing the 

water formed during the reaction, followed by vacuum (5-6 mbar) for the next 5 h. The product 

was cooled down and dissolved in Tetrahydrofuran (THF). For purification, the polymer was 

precipitated two times from cold diethyl ether (-78 °C) and the white solid was dried at 40 °C 

in vacuum for 24 h. 

Yield: 95% 

1H NMR (DMSO-d6, ppm): 1.03 (CH3, t); 1.08 (CH3, l); 1.18 (CH3, d); 3.47-3.49 (m, CH2OH); 

4.12 (m, CH2OCO); 4.60 (OH, t); 4.91 (OH, l); 12.84 (COOH) (Figure 5.5) 

4.2.1.2 Synthesis of protected monomer 

The synthesis of protected monomer (AB2*) was carried out in 2 steps: 

4.2.1.2.1 bis-MPA acetonide (2) 

For the synthesis of bis-MPA acetonide (2), protocol was followed as established by Hult et 

al.[374] 25 g (186 mmol) of 2,2-bis-(hydroxymethyl) propionic acid(bis-MPA) and 0.6 eq of 

dimethoxypropane (DMP) was dissolved in 90 ml acetone, with stirring, 0.022 eq of the catalyst 

(p-toluenesulfonic acid) p-TSA was added and left for 12 h with stirring. 2 ml of 

ethanol/ammonia solution (1:1) added dropwise and solvent was removed by rotary evaporator. 

The residue is diluted to 100 ml CH2Cl2, extracted with water (2x150 mL) and the organic phase 
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was dried over Na2SO4, filtered and the solvent was removed by rotary evaporator. The product 

is dried at under vacuum to give 1 as white solid. 

Yield: 22 g (86%)  

1H NMR (CDCl3, ppm): 1.15 (s, CH3); 1.34 (s, CH3); 1.38 (s, CH3); 3.62 (d, -CH2O-); 4.10 (d, 

-CH2O-). (Figure 1, Appendix) 

13C NMR (CDCl3, ppm): 18.4 (CH3); 21.9 (CH3); 25.3 (CH3); 41.7 (-C); 65.9 (-CH2O-); 98.4 

(COO); 179.7 (COOH). (Figure 2, Appendix) 

4.2.1.2.2 bis-MPA-acetonide anhydride (3) 

Synthesis was based on the method developed by Malkoch et al.[339] 1 eq of 1 was dissolved in 

10 eq of anhydrous CH2Cl2. 0.5 eq of DCC was added and the solution stirred for 2 days at 

room temperature. The solution was cooled to about -40 °C, the solid was filtered off and the 

solvent removed in rotary evaporator, to give 2 as a colorless viscous oil as product.  

Yield: 9.7 g (100%) 

1H NMR (CDCl3, ppm): 1.18 (s, CH3); 1.33 (s, CH3); 1.37 (s, CH3); 3.63 (d, -COCH2-); 4.15 

(d, -COCH2-). (Figure 5.7) 

13C NMR (CDCl3, ppm): 17.73 (CH3); 21.80 (CH3); 25.34 (CH3); 43.67(-CH2O-); 65.69 (CH2); 

98.43(COO); 169.51 (OC-O-CO). (Figure 5.8) 

4.2.1.3 Synthesis of protected pseudodendrimers (4, 6 and 8) and protected dendrimers 

(10, 12, and 14)  

Synthesis was undertaken according to the procedure in literature.[339] Respective amounts of 

starting material and 0.15 eq of DMAP dissolved in 5 eq of anhydrous pyridine. 1.3 eq of 2 was 

dissolved in 15 eq of anhydrous CH2Cl2 and added to the corresponding dendrimer solution and 

stirred for 18 hours at room temperature. Subsequently, washed two times each with a 10% 

(m/m) NaHSO4 (2x50 ml), 10% (m/m) NaHCO3 (2x50 ml) solution and a saturated NaCl (2x50 

ml) solution. The organic phase was dried over Na2SO4, filtered, and residual solvent was 

removed by distillation on rotary evaporator. 50 ml of toluene was added to the remaining 

solution, to remove residual pyridine followed by distillation at 50 °C in vacuum, to give 

brownish viscous oil.  

Pseudodendrimers 4, 6, and 8: 1H NMR (CDCl3, ppm): 1.15 (s, CH3, t); 1.33 (s, CH3, l); 1.40 

(s, CH3, d); 3.55 (m, -COCH2-); 4.06 (m, -COCH2-); 4.22 (m, -COCH2-) (Figure 5.10, Figure 3 

and 4 Appendix) 

Dendrimers 10, 12 and 14: 1H NMR (CDCl3, ppm): 0.88 (t, CH3 TMP); 1.07 (s, CH3, t); 1.13 

(s, CH3, l); 1.20 (s, CH3, d); 1.26 (s, CH3, Acetonide); 1.33 (s, CH3, Acetonide); 3.55 (m, -

COCH2-); 4.05 (m, -COCH2-); 4.25 (m, -COCH2-) (Figure 5.20, Figure 5 and 6 Appendix) 
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Table 4.2: Quantities used in the synthesis of protected pseudodendrimers and dendrimers. 

Sample 

number 

Starting material 

(g)  

AB*2 (protected 

monomer) 

Product 

(g) 

Yield  

(100 %) 

4 3  11.78 5.29 61 

6 2.5  7.4 5.04 98 

8 1.5  1.87 2.1 47 

10 3  12.02 8.86 100 

12 3  11.62 8.51 100 

14 3  11.33 8.46 100 

 

 

4.2.1.4 Deprotection of pseudodendrimers (5,7, and 9) and dendrimers (11,13 and 15) 

Respective mass of protected dendrimers and pseudodendrimers (Table 4.3) was dissolved in 

~30 eq of methanol. 3-4 g of the cation exchange resin Dowex 50Wx2 was added and the 

solution stirred for 5 h. The solvent was removed on rotary evaporator and dried at 40 °C under 

vacuum for 24 h, to give 8, 9, 10 and 11 as slightly orange solid. 

 

Table 4.3: Quantities used in the deprotection of protected pseudodendrimers and dendrimers. 

Sample 

number 

Protected 

polymers (g)  

Methanol (ml) Product (g) Yield (100 %) 

5 4.5 100 5.54 100 

7 4.6 100 3.92 76 

9 4.6 100 1.77 38 

11 8.862 71 1.96 100 

13 8.508 67 1.98 100 

15 8.5 66 1.93 100 

 

Pseudodendrimers 10, 11 and 12: 1H NMR (CDCl3, ppm): 1.02 (s, CH3, t); 1.09 (s, CH3, l); 1.18 

(s, CH3, d); 3.46 (m, CH2, -CH2OH); 4.12 (m, CH2, -CH2OH), 4.56 (t, OH), 4.85 (l,OH) (Figure 

5.11, 5.14 and 5.16) 

Dendrimers 11, 13 and 15: 1H NMR (DMSO-d6, ppm): 0.96 (F, CH3); 1.02 (s, CH3, t); 1.02 

(CH3, l); 1.18 (s, CH3, l); 1.33 (s, CH3 D); 3.44 (m, CH2, -CH2OH); 4.12 (m, CH2, -CH2OH) 

(Figure 5.21, Figure 7 and 9 Appendix) 

4.2.2 Synthesis of glyco-pseudodendrimers and glyco-dendrimers 

The synthesis of glycopolymers Gl-P and Gl-D were carried out after synthesizing the 

intermediate compounds that were required for “click” chemistry.   
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4.2.2.1 Pentynoic anhydride (16) 

Synthesis was done according to the literature protocol.[375] 7.13 g (73 mmol) of 4-pentynoic 

acid was dissolved in 46 ml (10 eq) pre-dried CH2Cl2 and cooled in an ice bath. 7.5 g (36 mmol, 

0.5 eq) DCC was dissolved in 20 ml of pre- dried CH2Cl2 was added slowly. The ice bath was 

removed and the reaction mixture was continuously stirred at room temperature for 6 hours. 

The reaction was cooled to about -40 °C, the DCU was removed as white solid by repeated 

filtration with a glass frit (pore size 4) and the solvent was evaporated and the product was dried 

at 40 °C under vacuum to give 3 as yellowish viscous oil.  

Yield: 7 g (100%)  

1H NMR (CDCl3, ppm): 1.93 (t, CH2); 2.45 (m, CH2); 2.55 (s, CH) (Figure 5.24a) 

13C NMR (CDCl3, ppm): 13.83 (CH2); 34.39 (CH2); 69.68 (CH); 81.42; 167.18 (OC-O-CO) 

(Figure 5.24b) 

4.2.2.2 Synthesis of pentinate modified pseudodendrimers (17, 18 and 19) and dendrimers 

(20, 21 and 22) 

Respective amounts of 10, 11, 12, 13, 14 and 15 were dissolved in 15 eq of CH2Cl2. To this 

0.15 eq of DMAP and 5 eq pyridine was added. The reaction solution was kept under constant 

stirring for about 18 h at room temperature. Excess anhydride was quenched by adding 1-2 ml 

Ultrapure® water under vigorous stirring. The reaction solution is made up to 500 ml with 

CH2Cl2 and washed two times each with a 10% (m/m) NaHSO4 (2x50 ml), 10% (m/m) 

NaHCO3(2x50 ml) solution and a saturated brine (2x50 ml) solution. The organic phase was 

dried over Na2SO4 and filtered off. The solvent was removed by distillation. The remaining 

solution was mixed with 10 ml of toluene and pyridine was removed by azeotropic distillation. 

The residue was dried under vacuum at 50 °C to give 17, 18, 19, 20, 21 and 22 as slightly 

brownish, highly viscous oil.  

Table 4.4: Quantities used in the post-modification of pseudodendrimers and dendrimers. 

Sample 

number 

Pseudodendrimers/ 

dendrimers (g)  

Pentynoic 

anhydride (g) 

DMAP 

(g) 

Pyridine 

(ml) 

Product 

(g) 

Yield  

(%) 

17 1.2 2.28 0.72 5 1.72 82 

18 0.65 1.3 0.405 5 1.78 100 

19 0.65 1.3 0.4 5 1.27 93 

20 1 2.089 0.165 4 1.96 100 

21 1 2.036 0.161 4 1.98 100 

22 1 2.017 0.160 4 1.93 100 

 

Pseudodendrimers 17, 18 and 19: 1H NMR (CDCl3, ppm): 1.19 (s, CH3); 1.93 (s, CH); 2.31 (t, 

CH2); 2.50 (t, CH2); 4.19 (m, CH2OCO). (Figure 5.26, Figure 10 and 11 Appendix) 

Dendrimers 20, 21 and 22: 1H NMR (CDCl3, ppm): 1.19 (s, CH3); 1.95 (s, CH); 2.40 (t, CH2); 

2.49 (t, CH2); 4.19 (m, CH2OCO). (Figure 12, 13 and 14 Appendix) 
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4.2.2.3 3-Azido-1-propanol (23) 

Azidopropanol was synthesized according to the literature.[376] 3-bromo-1-propanol (20g, 144 

mmol) and NaN3 (15.32 g, 1.64 eq) was dissolved in a mixture of acetone (240 ml) and water 

(40 ml) and the resulting solution was refluxed overnight at 60 ̊ C. Acetone removed on rotary 

evaporator, 100 ml water added and the mixture was extracted with diethyl ether (3 x 50 ml). 

The organic layers collected were dried over Na2SO4 and, after removal of the solvent under 

reduced pressure; 16 was isolated as colorless oil.  

Yield: 12.12 g (83%)  

1H NMR (CDCl3, ppm): 1.77 (q, 2H, CH2); 3.38 (t, CH2); 3.68(t, CH2). (Figure 17 Appendix) 

13C NMR (CDCl3, ppm): 31.3 (CH2); 48.5 (CH2-N); 59.7 (CH2). (Figure 18 Appendix) 

4.2.2.4 Mannose propyl azide tetracacetate (24). 

Synthesis was performed according to the literature protocol.[18] 16.8 g (43 mmol) of α-D-

mannose pentaacetate and 5.2 g (1.2 eq) of 3-azido-1-propanol is dissolved in 150 ml of 

anhydrous CH2Cl2, cooled to 0 °C on ice bath and few beads of 4A molecular sieves were 

added. 24.43 g (4 eq) of BF3-Et2O were added dropwise to the flask. The flask was sealed 

airtight, the ice bath removed and the solution stirred for 48 hours. The molecular sieve filtered 

off and the solution was dropped into 150 ml of ice water. The organic phase was washed with 

ice water, each twice with a 10% (m / m) NaHCO3 (2 X 50 mL) and a saturated NaCl (2 X 50 

mL) solution. The organic phase is dried over Na2SO4 and later filtered off, the solvent removed 

by distillation. The remaining residue was purified by column chromatography on silica gel 

with an ethyl acetate / n-hexane mixture (50:50) as an eluent, the solvent of the fractions 

removed by distillation and, after drying at 40 °C under vacuum, the product 17 as pale yellow 

highly viscous oil was obtained.  

Yield 3.02 g (60-80%) 

1H NMR (CDCl3, ppm): 1.8 (m, 2H, CH2); 1.93 (s, 3H, CH3); 1.98 (s, 3H, CH3); 2.04 (s, 3H, 

CH3); 2.09 (s, 3H, CH3); 3.36 (t, 2H, CH2); 3.48 (m, 1H, CH); 3.74 (m, 1H, CH); 3.91 (m, 1H, 

CH); 4.07 (m, 1H, CH); 4.20 (m, 1H, CH); 4.75 (s, 1H, CH); 5.21 (m, 3H, CH). (Figure 5.31) 

13C NMR (CDCl3, ppm): 20.64 (CH3); 28.66 (CH2); 48.12 (CH2); 62.53 (CH); 66.19 (CH2); 

68.70 (CH); 69.04 (CH); 69.53 (CH); 97.65 (CH); 169.7 (COO). (Figure 5.32) 

4.2.2.5 Mannosepropylazide (25)  

5.78 g (13 mmol) of 18 was dissolved in 100 ml of methanol, after which 1 ml of a 25% Na-O-

CH3 solution was added and stirred for 2 hours at room temperature. 2 g of the cation exchange 

resin Amberlite IR120 H was added and the solution was further stirred for 30 minutes until the 

pH was adjusted to approx. 7 was reached. The exchange resin was filtered off and the solvent 

was removed to give 18 as dark yellow viscous oil as product.  

Yield: 3.3 g (94%)  
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1H NMR (DMSO-d6, ppm): 1.78 (t, 2H, CH2); 3.39-3.45 (m 7H, 2xCH2, 2xCH); 3.60 (s, CH); 

3.66 (t, CH2); 4.39 (t, CH-O); 4.50-4.67 (2xs, 4H 4xOH). (Figure 5.34) 

4.2.2.6 Glyco-pseudodendrimers (26, 27 and 28) and glyco-dendrimers (29, 30 and 31) 

Synthesis was done according to the synthetic protocol in literature.[18] Respective amounts of 

pseudodendrimers and dendrimers pentinate 20, 21, 22, 23, 24 and 25 was dissolved in 30 ml 

of THF. 1.2 eq of 19, 0.06 eq of CuSO4.5H2O and 0.12 eq of sodium L-ascorbate was dissolved 

in 30 ml of water and added to the dendrimer solution and the solution was continuously stirred 

for 2 days at 45 ºC. The solvent was removed by distillation to a THF content of about 5% 

(m/m) and remaining solution was dialyzed (membrane: reg. Cell., MWCO 5 kDa) for 2 days 

in a solution of distilled water and 5% (m/m) THF (redistilled, unstabilized) and 2 more days 

purified in pure water. The purified polymer solution was filtered through glass frit, insoluble 

residue in filter is washed with some water and the solvent of the filtered solution was removed 

by distillation. After freeze drying, a white to slightly greenish solids are obtained as product. 

Table 4.5: Quantities used in the synthesis of mannose functionalized glyco-pseudodendrimers and 

glyco-dendrimers. 

Sample 

number 

Pseudodendrimer/ 

Dendrimer 

pentinate (g)  

19 (g) CuSO4. 

5H2O (g) 

Sodium  

L-ascorbate 

(ml) 

Product 

(g) 

Yield  

(%) 

26 0.4 0.58 0.027 0.044 0.362 20 

27 0.3 0.49 0.021 0.034 0.382 21 

28 0.4 0.34 0.016 0.025 0.579 18 

29 0.5 0.661 0.031 0.050 0.269 21 

30 0.6 0.886 0.041 0.050 0.275 19 

31 0.6 0.882 0.042 0.050 0.294 18 

 

Glyco-pseudodendrimers 26, 27 and 28: 1H NMR (DMSO-d6, ppm): 1.10 (CH3); 2.04 (CH2); 

2.65 (CH2); 2.84 (CH2); 3.38 (CH); 3.48 (CH2); 3.62 (CH2); 4.11 (CH2); 4.34 (CH2); 4.39 (CH) 

4.52-4.68 (4x OH); 7.83 (CHN3C) (Figure 5.36, Figure 19 and 20 Appendix) 

Glyco-dendrimers 29, 30 and 31: 1H NMR (DMSO-d6, ppm): 1.10-1.25 (CH3); 2.02 (CH2); 2.62 

(CH2); 2.82 (CH2); 3.39 (CH2); 3.48 (CH2); 3.62 (CH2); 4.09 (CH2OCO); 4.33 (CH2); 4.39 

(CH); 4.52-4.67 (4xOH); 7.80 (CHN3C). (Figure 21, 22 and 23 Appendix) 
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4.3 Analytical techniques and their general details 

4.3.1 SEC-MALS – Instrumentation, software and analysis 

Size Exclusion Chromatography - Multi Angle Light Scattering (SEC-MALS) comprised of the 

SEC column coupled with MALS and refractive index (RI) detectors. After injection of the 

sample to the inlet system, the separation in the SEC column leads to elution of polymers with 

large polymer eluting first. Thereafter, slices of polymers with ideally uniform hydrodynamic 

volume pass the MALS detector and then finally to the dRI detector. 

 

Figure 4.1: Scheme of SEC-MALS-dRI used in this work, comprising of the SEC column coupled to 2 

detectors i.e. MALS and dRI. Important quantities obtained are assigned below the respective detectors. 

 

SEC-MALS measurements were done on HPLC-pump 1200 isocratic pump, Agilent 

Technologies Inc. (US). A 3-angle light scattering detector Mini DAWN (TREOS) (λ = 690 

nm) from Wyatt Technologies Corp (US) with Polar gel-M separation column (300 x 7.5 mm) 

from PL and the Knauer RI detector (K-2301) are used. The flow rate was 1.0 ml / min. As 

eluent DMAC was used with 3 g/l LiCl. The measurements were made at room temperature. 

Astra (version 6.1.7; Wyatt Technology Corporation) was used for measurement, data 

collection and analysis. 

 

4.3.2 AF4 - Instrumentation, software and analysis 

In this work AF4 setup comprises of the channel coupled to MALS, dRI and online Dynamic 

Light Scattering (DLS). After injection of the samples by the inlet system, the fractionation 

according to hydrodynamic volume of the polymers leads to elution of small sized polymer 

first. Subsequently, hydrodynamic uniform fractions of polymers pass through MALS detector 

which integrates online DLS and then to the dRI detector. Astra 7.3.2 (Wyatt Technology, USA) 

was used for controlling experimental parameters, data collection and analysis. 
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Figure 4.2: Scheme of AF4 setup used in this work coupled to MALS and dRI with online DLS detector. 

Red box shows the sample preparation involved in this experiment, thermoshaker was used to incubate 

samples. 

4.3.2.1 Sample preparation 

20 µM of each glyco-pseudodendrimer and glyco-dendrimer was dissolved in 1mM PBS (pH 

7.4) buffer and filtered through 0.2 µm PTFE syringe filter. 

4.3.2.2 Method development for analysis of Gl-P and Gl-D 

The development of AF4 separation method requires optimization of several parameters, 

especially the cross-flow and channel flow rates. The cross-flow force determines the elution 

properties of the probe, and is normally chosen based on the size of the analytes. A high cross 

flow is useful to fractionate smaller components, whereas lower cross flow rates work well for 

the separation of larger components. In case of narrowly distributed samples, a constant cross 

flow with relatively higher strength is suitable to separate each fraction as in case of BSA 

(monomer, dimer and trimers) (Section 2.4). The fractionation of broadly distributed samples 

requires the application of cross flow gradients in order to reduce the analysis time over the 

entire size distribution. To achieve a high recovery of the sample, the channel flow should be 

adapted to the cross-flow strength. The use of relatively low flow rates can be advantageous for 

the online DLS of very large particles, which require more time (i.e., higher acquisition times) 

to be accurately analyzed. 

The following discussion focuses on the method developed for both Gl-P and Gl-D to compare 

their molecular characteristics with each other. In this experiment since the knowledge of 

polymers at lower concentration was required, the concentration of the samples used were 20 

µM in 1Mm PBS buffer at pH 7.4 used as model system for AF4 method development. 

AF4 is carried out in a LC equipped with PES membrane (MWCO of 5kDa) and PTFE spacer 

having a thickness of 490 µm. The injection volume is 100 µL. The eluent buffer with 0.01% 

(w/v) SDS was used to limit the interactions between the sample and channel membrane.[173] 

After each run, 10 µL of the buffer is injected into the channel to have stable RI baseline. The 

molar mass is calculated using refractive index increment dn/dc. The dn/dc of 0.150 mL/g was 

used, which was determined by manual injection into the RI detector of P-G3-Man with varied 
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concentrations and was assumed the same for all samples. The channel outlet detector flow was 

set to 0.80 mL/min. The focusing step was performed for 3 min with a focus flow rate of 3 

mL/min. For the separation step, an initial cross flow rate of 3.5 ml/min was set and maintained 

for 20 min using isocratic step. In the second elution step the cross flow was lowered to 

0.15ml/min using linear gradient. In the third elution step cross flow was maintained at 0.15 

ml/min for 10 mins. Then the cross-flow rate was maintained at 0 ml/min for 10 mins to ensure 

complete elution of the very large aggregates.  

 

Figure 4.3: Graphical representation of the optimized flow profile for Gl-Ps and Gl-Ds. 

 

4.3.2.3 Method development for analysis of Aβ 40 and its interaction with Gl-P and Gl-D 

As the sample preparation method is crucial for the aggregation, the sample preparation was 

kept as similar as possible to that of ThT assay except the dye. Before mixing all the stock 

solutions were kept inside the refrigerator. 50 µM stock solution of Aβ 40 was freshly prepared. 

50 µl of 0.041 mg/ml (pH 5.6) Heparin and 25 µl dendrimer of particular concentration 

(concentration which showed maximum inhibition of aggregation in ThT assay) was added to 

1000 µl of Aβ 40 solution. The solution was passed through a PTFE syringe filter (0.2 µm) and 

placed inside the thermoshaker at 37 °C at 500 rpm short mix program, to give gentle mixing 

to the sample. Samples were taken from the cuvettes at different time intervals 0 h, 2 h, 5 h, 7 

h and 10 h. Samples for 16 h, 18 h and 24 h were prepared from the same stock solution and 

placed in autosampler right before the sample injection. 250µl Aβ 40 and respective amounts 

of Heparin and dendrimers so that their final concentration remains the same and were measured 

on the next day. Only single injections were made to avoid delay with repeats of the same 

sample. Figure 4.4 shows the flow profile for Aβ 40 amyloids. The flow profile was optimized 

so that it suits all the different components of the samples (amyloid, heparin, and Gl-P/Gl-D). 
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Figure 4.4. Graphical representation of the optimized flow profile for Aβ 40 amyloid and its interaction 

with Gl-P/Gl-D. 

 

4.3.3 Batch DLS - Instrumentation, software and analysis 

The batch DLS device comprises of laser (660 nm), sample compartments and detector. The 

light beam passes through the sample and is scattered. This dynamic light scattering is measured 

by fluctuations in scattered light intensity. 

 

Figure 4.5: Scheme of batch DLS setup. 
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DLS studies were performed at 25 ºC, using a Wyatt DynaPro® Nanostar (Wyatt Technology, 

US) with 10 acquisitions of each 5 seconds were measured for each sample with auto adjustment 

of attenuator and laser power. The samples were filtered prior to the measurements with PTFE 

13 mm diameter with 0.45 µm pore size. Dynamics (Wyatt Technology, USA) software used 

for controlling experimental parameters, data collection and analysis. 

4.3.3.1 Sample preparation 

The samples were dissolved in different solvents at 3 mg/ml concentration and were measured 

after 1 h of sample dissolution at room temperature. 

4.3.4. Theoretical calculations and molecular dynamics simulations 

4.3.4.1 Ab-initio calculations 

Ab initio calculations were performed in order to optimize the geometry and determine the 

atomic charges of bis-MPA, mannose carrying end group 3(1-N(mannosetetrahydroxylpropyl)-

triazolyl) propionic acid (Man), tris(hydroxymethyl) propane (THP) as a dendritic kernel with 

three attachment opportunities and the solvent tetrahydrofuran (THF) by minimizing the 

corresponding Hartree-Fock energy and in order to determine the atomic charges[377] applying 

the software package GAMESS[378] using the basis set 6-31G. 

4.3.4.2 Modelling of the polymer structures 

The building up of polymers in general was performed applying an own written unpublished 

software.[379] 

4.3.4.2.1 Pseudodendrimers 

The monomer unit bis-MPA was applied to build up the G0 hyperbranched core with 1 unit as 

a starting monomer and attaching 28 further monomer units in a random manner saturated by 

hydroxide groups. It is also to be noted that this hyperbranched core G0 is one probable 

configuration (configurational distribution) of one given monomer mass in a polymerization 

degree distribution (mass distribution). 

The hb-G0-OH hyperbranched core was modified by removing the saturating OH groups and 

attaching further 30 monomer units of bis-MPA (this is as much as it was possible by the steric 

opportunities). The further open attachment opportunities were saturated by hydroxide groups 

because of steric hindrance. This results in formation of first generation pseudodendrimer, P-

G1-OH. This P-G1-OH has to be optimized by applying the GROMACS[380] package as a single 

molecule without solvent molecules and no periodic boundary conditions with the aim of 

removing the steric hindrances applying the force field G43a1 with the conjugate gradient 

algorithm. As will be seen below, this turns out to be very useful for the further construction of 

the higher generations. 

P-G1-OH pseudodendrimer with removed steric hindrances was treated in the same manner in 

order to attach a second shell of 60 bis-MPA units building up the P-G2-OH pseudodendrimer 

with afterwards optimization by GROMACS applying the same conditions as described above. 
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Applying the same method, P-G3-OH pseudodendrimer could be build up by starting with the 

P-G2-OH polymer attaching additional 240 bis-MPA units and further saturating by OH groups 

with a following optimization. 

4.3.4.2.2 Dendrimers 

The monomer unit THP as a 3-fold kernel structure was applied to build up the D-G0-OH 

dendritic polymer as the zeroth generation by attaching three bis-MPA molecules including the 

corresponding saturation by OH groups with a following single molecule optimization by 

GROMACS (see also above). 

This optimized D-G0-OH structure could be used to build up the D-G1-OH dendritic polymer 

by attaching further six bis-MPA molecule models. This procedure could be continued up to 

the D-G6-OH structure (D-G0-OH + 6 bis-MPA -> D-G1-OH + 12 bis-MPA -> D-G2-OH + 

24 bis-MPA -> D-G3-OH + 48 bis-MPA -> D-G4-OH + 96 -> D-G5-OH + 192 bis-MPA -> D-

G6-OH).  

4.3.4.2.3 Modification of the polymers with special end groups 

Each of the pseudodendrimers P-Gx-OH (x=1-3) and dendrimers D-Gx-OH (x = 0-6) was 

modified by exchanging the saturating hydroxyl groups by the Man group as much as it was 

possible because of steric hindrances. The P-G1-OH could be modified with 60 Man groups. 

The P-G2-OH could be modified with 62 Man groups, where the rest of the free valences were 

saturated with OH groups. At the P-G3-OH pseudo dendrimer 110 Man groups could be 

attached what means a saturating of the 130 free valances by OH groups. In case of dendrimers 

D-Gx-OH each of the OH group could be exchanged by the Man group, so e.g., the D-G6-Man 

has 11687 atoms and a molar mass of 88003 g/mol. 

4.3.4.2.4 Preparing of the THF solvent box 

The solvent THF is not a part of any forcefield. Therefore, the following procedure was used to 

build up a THF solvent box. The single molecule THF was multiplied 8 times in the x, y and z 

direction including a corresponding shifting and three randomly given rotation angles. This box 

was optimized and equilibrated by the GROMACS package as an NpT ensemble with a constant 

pressure of 101.3 kPa and a constant temperature of 298 K as the thermodynamic standard state 

applying the Berendsen thermostatic bath coupling method.[380,381] The resulting THF solvent 

box could be used as a group file for preparing a solvated polymer by the program genbox of 

the GROMACS package in the same manner like SPC or TIP3P water boxes. 

4.3.4.2.5 Solvation of the polymer structures 

Additionally, each of the P-Gx-Oy (x = 1-3, y = OH, Man) polymers and also the D-Gx-Oy (x 

= 0-6, y = OH, Man) were packed separately into a cubic simulation box with starting box 

lengths of 15 nm in every direction filled up with explicit THF, SPC or TIP3P (water molecules) 

as the corresponding solvents applying periodic boundary conditions in every direction. 
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4.3.4.3 Molecular dynamics simulations 

The MD procedure included three different types of steps. The first step was the optimization 

of the solvated polymer with periodic boundary conditions. The applied force field was the 

G43a1 of the GROMACS package. The cut-off procedure was chosen for the van der Waals 

and the Coulomb interactions. The corresponding energetically minimized structures could be 

applied for the equilibration run, which was separated in a step for preparation up to 100 ps and 

second step up to 1000 ps with a time step of 0.5 fs as an NpT ensemble with a constant pressure 

of 101.3 kPa and a constant temperature of 298 K as the thermodynamic standard state applying 

the Berendsen thermostatic bath coupling method.[380] At every 5000 steps, an ensemble output 

was written. 

4.3.4.3.1 Evaluation of the simulation trajectories 

The evaluation tools g_gyrate, g_density and g_rdf of the GROMACS package were used to 

derive the ensemble averages of the polymers. Because the ensemble approximates 

exponentially up to the set pressure and temperature the last 500 ps (i.e., from 500 to 1000 ps) 

were used for the evaluation. 

 

4.4 Investigation of interaction of Gl-P and Gl-D with Amyloid beta (Aβ 1- 40)  

4.4.1 ThT Assay - Instrumentation and software 

The experiment was performed on Tecan Infinite 200 PRO, using multifunctional plate reader 

(MTP) in 96-well microplates. Fluorescence intensity measurement technique was used. The 

optical system of the fluorescence top and bottom system of the device consists of the following 

system:  

1. Light source system  

2. Fluorescence Optics, and 

3. Fluorescence detection system 

The Infinite 200 PRO system utilizes a high energy Xenon arc discharge lamp with a condenser 

made to focus the flash light on the entrance slit of the fluorescence system. The fluorescence 

system consists of Emission filter and Excitation filter. The fluorescence emission spectrum 

does not depend on the excitation wavelength. Therefore, to get a maximum of total 

fluorescence signal, relatively broad excitation band pass filters (2-40 nm) can be used. The 

diameter is about 2 nm for both top and bottom optic system. In top optics system, emission is 

measured from above the well and in bottom optics system from the bottom, passing through a 

fiber. The filter discriminates unspecific scattering and fluorescence. Such low levels of light 

in fluorescence is measured by a photomultiplier tube (PMT). 
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Figure 4.6: Scheme of the ThT fluorescence setup: the solid arrows indicate the excitation light path; 

the dashed arrows determine the emission light path. 

The Infinite 200 PRO is operated using a personal computer-based software control i-control 

or Magellan software may be used as the user interface. 

4.4.1.1 Sample preparation 

Thioflavin T (ThT) stock solutions, 350 µM, were prepared in 10 mM phosphate buffer (pH 7.4 

with 2% NaN3). ThT final concentration in the fluorescence cuvette was 35 µM. Stock solutions 

of 0.41 mg/ml of heparin were prepared and added so that the final concentration in each cuvette 

is 0.041 mg/ml. Aliquots of HCL was added to make the final pH 5.6. Stock solution of glyco-

pseudodendrimers and glyco-dendrimers, and added to the cuvettes right before the 

fluorescence measurements so that the final concentration in each well was 0.1 µM, 1 µM, 2 

µM, 5 µM and 10 µM. These experiments were performed at 37 °C under continuous but gentle 

agitation of the plate for 21 h. The excitation and emission wavelengths of 450 and 490 nm, 

respectively were used. Samples were made in triplicates and repeated three times. The band 

width was 2.5 nm. 

4.4.1.2 Kinetics based on ThT assay- software and data analysis 

Following the referred protocol the kinetics of the aggregation was monitored by the changes 

in the fluorescence intensity during the course of the experiments using the online fitting 

software AmyloFit.[355] After discussing the results with Dr. Meisl the model ‘secondary 

nucleation dominated’ was used, with the reaction orders set to 2 as typical for Aβ 42/Aβ 40 

and under the constraint of allowing deviations from the kinetics in only one parameter at a 

time. This allowed to investigate which microscopic step or which species of the aggregation 
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mixture was most likely affected by the glyco-pseudodendrimers and glyco-dendrimers. 

Repeats of the experiment were analyzed separately and combined at the end to estimate 

uncertainty. Only the lower concentrations (0.1 µM, 1 µM and 2 µM) were used to perform this 

analysis. 

4.4.2 CD spectroscopy - Instrumentation and software 

 

Figure 4.7: A schematic representation of CD spectropolarimeter.  

A CD instrumentation consists of Lamp (Xe or Xe/Hg), monochromator, polarizer, sample 

compartment and a photomultiplier as a detector. The monochromator uses two synthetic 

single-crystal quartz prisms. The light beam passes through the polarizer and is transformed 

into linearly polarized light. The photo elastic modulator (PEM) then converts the linearly 

polarized light beam into left and right circularly polarized light which then passes through the 

sample in the sample compartment which is temperature controlled. The light beam is then 

going to the detector system which consists of a PMT and an amplifier.  

The experiments were performed on J-815 CD Spectropolarimeter from JASCO, Japan with a 

Peltier temperature controller and single cuvette holder; and CDPro software was used for data 

collection and analysis. The CD spectra (195–260 nm) were recorded for Aβ 40 in the 

presence/absence of synthesized glyco-pseudodendrimers and glyco-dendrimers on the 

spectropolarimeter, in 1 mm, 0.2 cm path length quartz cuvettes, a response time of 1 s, 2 nm 

bandwidth and a scan rate of 50 nm/min, thermostated at 37 °C. Each spectrum was the average 

of three repetitions. 

4.4.2.1 Sample preparation 

These experiments were carried out only for samples which showed maximum effect of 

inhibition on the aggregation of Aβ 40. In these experiments, we used P-G1-Man, P-G2-Man, 

P-G3-Man, D-G4-Man, D-G5-Man and D-G6-Man at final concentrations of 1, 10, 2, 1, 5 and 

5 µM, respectively. The conditions were made similar to the ThT sample preparation, as much 
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as possible. The final concentration of Aβ 40 was 50 µM, with heparin (0.041mg/ml, pH 5.6) 

and with respective amounts of glyco-pseudodendrimers and glyco-dendrimers. The changes in 

the secondary structure of Aβ 40 in the presence and absence of dendrimers were tested 

immediately 0 and after 1, 5 and 24 h of incubation at 37 ºC. the. Each spectrum was analyzed 

for the content of α-helix and β-sheet using the BeStSel software. 

4.4.3 AFM - Instrumentation and software 

AFM is a very-high-resolution type of scanning probe microscopy (SPM), with a resolution on 

the order of Angstrom (Å). As mentioned earlier, the high resolution in XY and Z direction is 

ensured by the coupling of piezoelectric elements with the probe on the end of the cantilever.  

 

 

 

Figure 4.8: A schematic representation of AFM instrumentation. 

 

In this study the tapping mode is used for scanning samples in air. The AFM measurements are 

carried out on Dimension FASTSCAN with SCANASYST (Bruker-Nano, USA) equipped with 

the software NanoScope for setting experimental parameters, data collection and analysis. 

Silicon nitride sensors with a nominal spring constant of 0.7 N/m and tip radius of 2 nm are 

used. The set point was 0.02 V. 
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4.4.3.1 Substrate and sample preparation  

After a fresh cleavage of mica with an adhesive tape, 10µl of 1%-solution of 3-

aminopropyldimethoxysilane (APTES) in water was dropped on the surface of mica to 

positively functionalize it and incubated for 5 min. The surface is then rinsed with deionized 

water and gently dried with N2 gas. The samples are dropped on the mica substrate, allowed to 

incubate for10 min and rinse with water and gently dried with N2 gas. 

These experiments were also carried out for sample which showed maximum effect of 

inhibition on the aggregation of Aβ 40 i.e., in absence and presence of P-G2-Man at 10 µM 

concentration in phosphate buffer (10 mM, pH 7.4). 0.041 mg/ml heparin (pH 5.6) and ThT (35 

µM).   

4.4.3.2 Height determination and counting procedures 

Height was determined using the "Particle Analysis" tool of Bruker NanoScope Analysis 

software. The threshold height was determined by visual inspection of the complete coverage 

of all nanostructures. It is possible that 2 or more fibril cold be placed close enough that the 

program is unable to differentiate between individual fibrils which would lead to several 

"clumped" nanostructures to be counted as a single structure; taking this into account, it is 

possible that the total nanostructure counts reported in this work were lower than the actual 

number of nanostructures in the image. However, the average height calculations were not 

affected by this. All the images were flattened to first order to remove any bends and tilts. 

For the quantitative analysis of all AFM images, we calculated the heights single fibrils at 6 

different positions on the same fibril along the white line using the “section” tool of the 

NanoScope analysis 

To study this further, we calculated the cross-sectional heights and roughness of different fibrils. 

The height measurements were made from scan sizes of 1 x 1 µm or less by measuring cross 

sectional height across the white dotted line. The heights for different fibrils species were taken 

corresponding to the peaks (~5).  

AFM images were visually inspected to randomly select fibrils and measure the lengths for 

>150 fibrils. Also; AFM images were visually inspected to see aggregates (amorphous 

aggregates or clumped fibrils) 

4.4.3.3 Topography and diameter 

AFM images were visually inspected for twist and patterns. The negative peak force error image 

showed twisted pattern very clearly. The fibrils are assessed by measuring the height in cross 

section of >100 individual fibrils. Fibril diameters are estimated from the height of fibril in 

cross section. 
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4.5 Cytotoxicity 

4.5.1 Zeta potential 

The particle size and zeta potential were measured by dynamic light scattering using Zetasizer 

(Nano ZS, Malvern Instruments, Malvern, UK). All measurements were performed following 

established protocol.[268] In short, 1mM stock solution in 10 mM phosphate buffer of each 

sample was diluted to 10 µM with MilliQ water. Firstly, all samples were measured for size in 

quartz cuvettes at 25 °C (6 runs, 6 measurements). Special cuvettes DTS1070 were used for 

zeta potential measurements, by activating the cuvettes with ethanol (twice) and then washing 

it with distilled water (twice).  

4.5.2 Cell culturing 

Two cell lines were used in this study-HMEC-1 (immortalized human microvascular 

endothelial cell) and HeLa (human epithelial) derived from human cervical cancer cells. 

HMEC-1 cells were grown in MCDB131 medium supplemented with 10% (v/v) fetal bovine 

serum, 200 mM L-glutamine, 10 mg/ml hydrocortisone and 1 mg/ml EGF (Epidermal Growth 

Factor). HeLa cells were grown in DMEM medium supplemented with 10% (v/v) fetal bovine 

serum. Cells were cultured at 37 °C in humidified air containing 5% CO2 and sub-cultured 

every 2-3 days. After reaching 80-90% confluence, cells were used in experiments.  

Both cell lines were seeded in a 96-well plate at an initial density of ca. 2 × 104 cells per well 

in 100 μl of complete cell suspension in respective media and incubated for 24 h.          

4.5.3 Sample preparation 

The desired concentration of each glyco-pseudodendrimers (P-G1-Man, P-G2-Man and P-G3-

Man) from 1mM Stock in PBS buffer was prepared, so that the final concentration in each well 

is 0.1 µM, 1 µM, 10 µM and 100 µM. 10 µl of each sample in each well and incubated for 24 

h at 37 °C.  

 

4.5.4 MTT method 

After the 24 h treatment with glyco-pseudodendrimer, the contents were removed gently, 

blotting on paper towel and washed wit PBS. MTT solution (0.5 mg/ml in PBS, pH 7.4) were 

added to all wells and incubated for another 3 h at 37 °C. After 3 h, the contents were removed 

and 100 µl of DMSO was added in each well. Plates were shaken for 1 min and the absorbance 

was measured at λ= 580 nm and λ= 720 nm by means of Biotek Synergy HTX Multi-Mode 

reader (USA). 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) = (
𝑋

𝑋𝑐
) ∙ 100 

whereas, X is the absorbance of cells treated with different glyco-pseudodendrimer each with 

different concentration and Xc is the absorbance of control cells (cells without glyco-

pseudodendrimers) 
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Cytotoxicity of drugs was expressed as their IC50 and IC70 concentrations that reduce cell 

viability by 50% and 70% relative to the control (untreated cells), which viability was assumed 

as 100%.[382] 

4.5.5 Changes in mitochondrial transmembrane potential (JC-1 method) 

Again, both the cell lines were used for this experiment. The cells were seeded in 96-well black 

plates at a density of 2x104 cell per well and incubated overnight in a humidified atmosphere 

containing 5% CO2 at 37 °C. Then, cells were treated with 37 µM concentration of each Gl-Ps. 

Fluorescent probe JC-1 (5,5’,6,6’-tetrachloro - 1,1’, 3,3’- tetraethylbenzimidazolcarbo- cyanine 

iodide) was applied to study mitochondrial transmembrane potential changes. In this method 

the cells were treated with glyco-pseudodendrimers for 3 h and 24 h. 5 µM JC-1 solution in 

HBBS buffer was prepared. After the treatment, the contents were removed and cells were 

washed with PBS and later on removed. JC-1 solution 50 µl in each well was added and 

incubated for 30 mins at 37 °C. Fluorescence measurement was measured at λex= 485 nm and 

λem= 535 nm and λex= 535 nm and λem= 595 nm by means of Biotek Synergy HTX muti mode 

reader (USA) 

4.5.6 Flow cytometric detection of phosphatidyl serine exposure (Annexin V and PI 

method) 

Briefly, 5x105 cells in culture medium were seeded into 12-well microplates 24 h before Gl-Ps 

treatment. The IC50 concentration of Gl-Ps was added to appropriate wells and the microplates 

were incubated in a CO2 incubator for 3 h and 24 h. Then, control and Gl-P treated cells were 

washed with cold PBS and resuspended in 500 μL buffer that contained 5μL of Annexin V 

fluorescein isothiocyanate (FITC) and 5 μL of PI and stained for 15 minutes at room 

temperature. Finally, 10,000 cells were analyzed for FITC and PI fluorescence on a flow 

cytometer (LSR II, Becton Dickinson). Gates were set for FSC and SSC to exclude debris was 

adjusted to avoid overlapping of the different spectra. The percentage of apoptotic cells was 

calculated as the sum of those stained with annexin V alone (early apoptosis) and stained with 

both Annexin V and PI (late apoptosis). 
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5 Results and Discussion  
 

The main focus of this work has been the synthesis of functionalized highly branched polymer 

scaffolds along with their investigation towards Alzheimer’s disease (AD). Herein, 

hyperbranched glyco-pseudodendrimers (Gl-P) and comparative glyco-dendrimers (Gl-D) with 

ordered branching were explored as anti-Alzheimer’s agents. Although a detailed discussion on 

the motivations, general strategy and experimental methodology has been done in Section 2.6, 

a brief recap is warranted.  

For the study, the monomer, the specific functional unit and the way of its incorporation, were 

specifically chosen. Anti-Alzheimer’s agents are aimed at suppressing the agglomeration of 

amyloidogenic peptides (Aβ) and proteins, which are understood to be the underlying cause of 

neuronal degradation in AD. In principle, several aliphatic and aromatic monomers could be 

selected for the preparation of hyperbranched and dendritic structures. Correspondingly, with 

regards to polymer synthesis, various possibilities exist, ranging from polycondensation to 

ATRP. As discussed earlier in the Section 2.4.2.2.4, the choice for the monomer and the 

templates in this work were dictated not only by their availability and methods for production, 

but, more importantly, also based on the biomedical viewpoint of the selected moiety and their 

implementation.  

2,2-Bis(hydroxymethyl)propionic acid (bis-MPA) was chosen as the monomer for the 

hyperbranched Gl-P because of several reasons: ease of availability, facile pre-established 

methods with high-yields, and straightforward conditions for synthesis.[15,296,327,383,384] For a 

comparative study, multifunctional Gl-D based on trimethyl propane (TMP) core of third 

generation (PFD-G3-TMP-OH) was bought from Polymer Factory, Sweden in order to 

synthesize next three generations. 

As for the functional units, it should possess an affinity for the Aβ protein, because this is the 

driving force for their interactions with proteins. Saccharides are good candidates for such 

studies. Mannose in particular interferes with the metabolic pathway of glucose, inhibit growth 

of cancer cells. These characteristics are essential to develop drugs for different diseases. In this 

work, it is mannose because of preliminary investigations described in the literature which 

shows the varied potential of mannose in clinical applications.[341,385–389] Also, the method of 

functional unit incorporation into the polymer backbone is highly important as directly affects 

the protein interaction. Generally, this modification could be performed in two ways: in the 

focal point/usage of core moiety and the end groups.[305,310] Through these two methods either 

monofunctional or multifunctional polymer templates can be prepared. For this work, the latter 

modification pathway has been applied in order to have better interaction properties with the 

specific protein chosen for the study.  

In Alzheimer’s Disease (AD), a progressive deposition of β amyloid (Aβ), a 39-43 amino acid 

residue peptide derived from amyloid precursor protein, takes place.[390] Searching for 
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substances inhibiting Aβ aggregation has been the focus of many research groups working on 

the same topic. Studies have shown that Aβ 42 proliferates more rapidly than Aβ 40.[391] This 

makes Aβ 40 a strong candidate to do in vitro studies.[268,392] For the same reasons, in this work 

Aβ 40 was chosen as protein to study its behavior with the synthesized glycopolymers. 

 

5.1 Synthesis and characterization of glyco-pseudodendrimers and glyco-dendrimers  

Figure 5.1 depicts the synthesis summary of three generations of mannose functionalized Gl-P 

based on bis-MPA hyperbranched (hb) polyester along with the synthesis of three generations 

of mannose functionalized Gl-D based on TMP core. The Gl-D were synthesized starting with 

third generation and forming next three generations in order to have a comparable molar mass 

with similar number of functional end groups.  

 

 

Figure 5.1: Outline of the synthesis strategy for glyco-pseudodendrimers used in this work.  
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Figure 5.1 shows the synthesis of Gl-P. The scheme is subdivided into four parts: 

1. Synthesis of hyperbranched polymer 

2. Synthesis of pseudodendrimers 

3. Post-modification 

4. Functionalization 

In the first part, hb polymer was synthesized (hb-G0-OH) using melt polycondensation using 

bis-MPA as AB2 monomer type. It is an esterification reaction performed in bulk using an acid 

catalyst and involves no purification. The first part also involved the synthesis of protected 

monomer based on bis-MPA (AB*2). The second part involved the repeated protection and 

deprotection using acetonide protected anhydride AB*2 monomer type forming three 

generations of pseudodendrimers. Furthermore, in the third part, for all three generations of 

pseudodendrimers, the OH groups were modified with 4-pentynoic acid anhydride leading to 

the formation of alkyne terminated pseudodendrimers. The fourth part involves modification of 

the alkyne terminated pseudodendrimers with mannose using Cu catalyzed “click” chemistry. 

In the case of synthesis of dendrimers, Polymer Factory's bis-MPA hydroxyl dendrimer of third 

generation was used as starting polymer and all of the above steps (except first step) were used, 

as is shown in Figure 5.2. All the three-post-modified pseudodendrimers were modified with 

mannose, forming three generations of Gl-D: D-G4-Man, D-G5-Man and D-G6-Man. 

 

Figure 5.2. Outline of the synthesis strategy for glyco-dendrimers used in this work, performed in the 

same way as glyco-pseudodendrimers. ¥ Polymer Factory, Sweden. 
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5.1.1 Synthesis and characterization of hyperbranched polyester (hb-G0-OH) 

In 1990s, Hult et al. brought dendrimers based on bis-MPA into focus of research.[14,15,393] In 

the present work hb polymers based on bis-MPA as AB2 monomer type were prepared by acid 

catalyzed polymerization in melt in a one-pot synthesis at 185 °C h over a period of 8 hours in 

the presence of para-toluene sulfonic acid (p-TSA; 0.001 eq) (Figure 5.3) .This esterification 

was carried out in bulk and driven toward high conversion as the water formed was continuously 

removed. This removal of water is important to obtain high molar mass and was executed with 

nitrogen at early stages of polymerization, for initial 2 hours and then under reduced pressure 

of 5-6 mbar for next 5 hours as the condensation reached completion. hb-G0-OH was dissolved 

in THF and precipitated in cold diethyl ether (-78 °C). The ratio of THF and diethyl ether was 

1:3. The advantage of this esterification in bulk is that it involves no purification step. This hb 

polymer was synthesized during a preliminary work and is used as the starting material for the 

synthesis of pseudodendrimers.[336] 

 

Figure 5.3: Synthesis of hyperbranched polyester hb-G0-OH (1) which serves as a core for next steps. 

The chemical structure of hb-G0-OH has typical terminal (T), linear (L) and dendritic (D) repeat 

units similar to which is generally found in AB2 hb polymers which was proven by 1H NMR. 

The different units of the hb polyester molecule is shown in Figure 5.4.  

 

Figure 5.4. The molecular structure of the hb-G0-OH with terminal (T), linear (L) and dendritic (D) 

repeating units and the focal group (F). 

The 1H NMR spectrum of hb-G0-OH (Figure 5.5) it is clear that in the molecular structure three 

types of methyl groups are available. The signal 1.02 ppm in this case shows the methyl groups 

of the terminal units, the signal 1.08 ppm is of the linear units and the signal 1.18 ppm of the 
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dendritic units. The signals 3.49 ppm and 4.12 ppm are the protons of the backbone of the 

polymer. The solvent DMSO-d6 used is able to do rapid chemical exchange of protons and as a 

result OH peaks appear anywhere in the spectrum. The signals 4.60 ppm and 4.91 ppm are the 

protons of the terminal and linear hydroxyl groups, respectively.  

 

 

Figure 5.5: 1H NMR structure of hb-G0-OH displaying terminal (T), linear (L) and dendritic (D) methyl 

groups. Solvent signals have been greyed out. 

On the basis of the signals at 1.03 ppm (terminal), 1.08 ppm (linear) and 1.18 ppm (dendritic) 

DB can be calculated. The OH signals were also visible at 4.60 ppm and 4.91 ppm for terminal 

and linear OH groups respectively. The DB of the polymer can be calculated according to 

Equations 8 and 9 (Section 2.7.2). Since the peaks of the methyl groups are slightly 

overestimated, as shown in Figure 5.5, semi quantitative evaluation of each signal areas was 

made by normalizing the signal and then taking the integral values for the calculation of DB. 

This gives rise to a DB of ~ 0.5. 

After determining the DB, number of each –OH units were simulated correlating to the same 

DB, a method of calculation was developed using the masses of each unit (Figure 5.4), in 

ACD/ChemSketch (freeware) software (Canada) and then multiplying the mass of each units 

with the number of –OH groups. After adding all the units, the theoretical number average molar 

mass of the polymer was obtained. This method of calculation was applied in each case of 

pseudodendrimers to estimate the number of T, L and D units and hence the total number of 

OH groups.  
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Table 5.1: Results of the model calculation of hb-G0-OH. 

 

This shows that the values of DB from this simulation calculation gives a fairly good agreement 

to 1H NMR spectrum (~0.5) except for DB using Frey. 

5.1.2 Synthesis and characterization of pseudodendrimers P-G1-OH, P-G2-OH and P-G3-

OH 

Synthesis of the first generation pseudodendrimer (P-G1-OH) based on the hb polymer is 

carried out by the reaction of hb polymer (hb-G0-OH) with AB*2 (protected monomer). The 

objective of this reaction was the coupling of both L and T hydroxyl group further with the 

monomer unit of bis-MPA. This, on one hand, would lead to an increase in molar mass and on 

the other hand would maximize the DB by increasing the T- methyl units and eliminating the L 

units. The strategy is to attach acetonide protecting groups to protect the two hydroxyl groups 

of bis-MPA as both the hydroxyl groups of the diol part and the carboxyl group exhibit the same 

reactivity, so for further reaction only the carboxyl group is available. This is the first step of 

the formation of AB*2. The protection of the monomer was carried out by reaction (Figure 5.6) 

with dimethoxypropane (DMP) in presence of p-TSA as catalyst forming bis-MPA acetonide 

(2). 

 
Figure 5.6: Reaction scheme for the formation of protected monomer from bis-MPA first forming bis-

MPA acetonide (2) and then forming bis-MPA acetonide anhydride (3) (AB*2). 

In order to assess the results of this reaction, 1H NMR and 13C NMR spectra were recorded. The 
1H NMR (Figure 1, Appendix) shows that an acetonide protecting group has formed, 

represented by the signal 2 of the CH3 groups. The splitting between the two signals is due the 

spatial position and their different proximity to the carboxyl group. In addition, signal 1 shows 

the methyl group of bis-MPA part in the spectrum. The protons of -CH2 units would show a 

slight difference in the spectrum, as each unit due to the spatial structure of the molecule couple 

differently with the groups on the other side of the quaternary carbon atom, resulting in further 

splitting. However, prominent signals of each CH2 units are clearly seen as signals 3 and 4. 

In 13C NMR spectrum (Figure 2, Appendix) the formation of acetonide protecting group is 

shown by the signals 2 and 3. As in 1H NMR, the carbon atoms of the acetonide protecting 

Structure units T L D Focal (D) ∑ DBFrechét DBFrey 

Number of units 8 16 6 1 31 0.51 0.42 

M (g/mol) per unit 117 116 115 133  

∑M(g/mol) 936 1856 690 133  Mn=3,615 

OH groups 16 16  1  ∑ OH groups = 33 
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group also show a splitting due to their spatial position in the molecule. A splitting of the signal 

5 for the -CH2 of bis-MPA part, however, does not take place.  

Preliminary tests showed that the direct reaction of the basic polymer with the protected bis-

MPA acetonide monomer in dichloromethane (DCM) in the presence of di(2-

pyridyl)trisulphide (DPTS) was carried out with the catalyst to give less than 40% yield, as the 

reactivity of this monomer is not particularly high.[394] For this reason, the synthesis of the 

pseudodendrimer with the acetonide-protected bis-MPA anhydride (AB*2) was sought. The 

efficient use of this anhydride chemistry was introduced by Malkoch et al. in 2002 who in turn 

was inspired by the benzylidene-protected anhydride esterification strategy reported by Frechét 

et al.[19,297]This acetonide-protected anhydride synthesis route allows synthesis of large 

orthogonally protected dendritic building blocks. 

The synthesis of acetonide-protected bis-MPA anhydride (3) was carried as shown in Figure 

5.6, in DCM in the presence of N, N’-dicyclohexylcarbodiimide (DCC). The DCC serves as a 

catalyst as it reacts with bis-MPA-acetonide to split off dicyclohexylurea (DCU), also it 

removes the water from the reaction solution thereby preventing the hydrolysis of already 

formed anhydride.[297] The result of the reaction was determined by 1H NMR and 13C NMR 

measurements. The 1H-NMR spectrum (Figure 5.7) shows almost the same spectrum as it has 

already been recorded for the bis-MPA acetonide except smaller shifts of some signals. Thus, 

it does not seem well suited to detect the formation of the anhydride.  

 

Figure 5.7: 1H NMR spectrum of the acetonide-protected bis-MPA anhydride (AB*2). 

13C NMR spectrum shows a significant difference from the acetonide (Figure 5.8). The 

formation of the anhydride has been clearly demonstrated by the complete disappearance of the 
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signal of the carboxyl group of the bis-acetonide MPA at 179.85 ppm and the appearance of the 

signal 7 of the mutually coupled carboxyl groups of the anhydride at 169.52 ppm. The further 

direct signals correspond essentially to those of the acetonide and show minor deviations in 

comparison to 1H NMR. 

 

Figure 5.8: 13C NMR spectrum of the acetonide-protected bis-MPA anhydride (AB*2). 

 

After synthesis, the anhydride was stored under vacuum and either it was processed quickly 

because it is highly hygroscopic and can be easily hydrolyzed, or it can be stored at 0 °C but not 

more than 30 days. 

With the help of the acetonide-protected bis-MPA anhydride, three generations of 

pseudodendrimers were manufactured using the divergent synthesis approach. The 

esterification was carried out as a classic Steglich esterification with the DMAP catalyst in a 

mixture of pyridine and dichloromethane. In relation to the total number of OH groups, the 1.3-

fold excess of bis-MPA acetonide anhydride was used in order to ensure a complete reaction of 

the OH groups and to counteract the inactivation of the anhydride by water. The molar 

equivalent based on the number of OH groups was 0.15 for DMAP, 5 for pyridine and 15 for 

dichloromethane. It first forms the protected pseudodendrimers (P-G1-pro, P-G2-pro and P-G3-

pro) which is later deprotected forming three generations of OH terminated pseudodendrimers 

having a hyperbranched core P-G1-OH, P-G2-OH and P-G3-OH (Figure 5.9). Since pyridine 

could not be completely removed by washing the product, toluene was added in the last work-

up step to remove the resulting azeotrope more easily by distillation. 
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Figure 5.9: Reaction scheme for the formation of first-generation pseudodendrimer (P-G1-OH) forming 

bis-MPA acetonide (2) and then forming bis-MPA acetonide anhydride (3) (AB*2). 

 

After the distillation, the product was obtained as a highly viscous oil, which made further 

removal of the remaining solvents difficult. The contamination of the product with toluene and 

pyridine resulted in higher yields (>100%) which means that it can be assumed that the residual 

solvent content is around 10% and the product yield is almost complete. Synthesis of the fourth 

generation was also tried but it did not yield any good results probably owing to high increase 

in number of linear groups with high steric hindrance. The results of this reaction were analyzed 

with 1H NMR spectroscopy (Figure 5.10), which shows a rather complex picture. The spectra 

for other protected pseudodendrimers are present in the Appendix. The protons of methyl 

groups of the backbone were shown by signals 3 and 4. The pendant group was represented by 

2, 5, 6, 7, 8 and 9. 
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Figure 5.10: 1H NMR spectrum showing methyl regions for P-G1-pro in CDCl3. 

Deprotection of the modified polyester was made as shown in Figure 5.9, by reaction with 

methanol which acts as a solvent under the influence of cation exchange resin Dowex. After the 

synthesis and purification, first generation of pseudodendrimer P-G1-OH was analyzed by 1H 

NMR spectroscopy. The 1H NMR (Figure 5.11) shows the same signals as already present in 

the starting polymer hb-G0-OH, although significant differences were obtained. 

 

Figure 5.11: 1H NMR spectrum of the first-generation pseudodendrimer (P-G1-OH). The solvent signal 

is greyed out. 
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In the area of the methyl groups, as illustrated in figures 11 and 12, signals at 1.02 ppm, 1.09 

ppm and 1.18 ppm, determines that position of terminal, linear and dendritic units, respectively. 

The amount of terminal and dendritic methyl units shows an increase while those of linear 

methyl units show a major decrease in comparison to G0-OH. This shows that all the linear 

methyl units were successfully converted. If the signals from terminal, linear and dendritic 

groups are integrated, the theoretical molecular structure can be derived and from this the degree 

of branching, the molar mass and the number of end groups can be determined. The 

interpretation of the NMR spectra with the use of integral values of the methyl groups indicates 

the ratio of the frequency of the respective groups, so that through multiplying by the correct 

factor, the mean number of groups per molecule can be calculated directly. The DB calculated 

using these integral values is mentioned in Table 5.2. The signal for hydroxyl group at 4.59 

ppm belongs to terminal hydroxyl group. In principle, linear hydroxyl group should be 

completely eliminated but a very minor peak appears at 4.96 ppm. As the linear methyl units 

are considerably lowered to about 5%, this further increases the DB. 

With the specific degree of branching of at least 0.9, it can now be assumed that, virtually the 

entire outer shell of the polymer is filled with terminal units and thus a high density of functional 

groups was created on the surface of the polymer. The polymer thus represents the first 

generation of pseudodendrimer system in this synthesis work of aliphatic-polyester-based 

pseudodendrimers.  

 

 

Figure 5.12: A section of 1H NMR spectrum of the first-generation pseudodendrimer (P-G1-OH); peak 

due to linear units has decreased. 

 

The next step was the synthesis of second generation of pseudodendrimers (P-G2-OH), which 

was performed by taking a part of P-G1-OH and proceeding in the same way as done previously 

in the case of P-G1-pro to form P-G1-pro, which again was deprotected leading to the formation 

of P-G2-OH (Figure 5.13). 
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Figure 5.13: Reaction scheme for the formation of second-generation pseudodendrimer (P-G2-OH) 

involving two steps: first the protection of OH groups of P-G1-OH forming a protected pseudodendrimer 

P-G2-pro followed by a deprotection step resulting in the formation of pseudodendrimer (P-G2-OH). 

 

The 1H NMR spectrum of P-G2-pro (Figure 3, Appendix) shows that the modification was 

performed successfully. Signals at 3.59 ppm and 3.98 ppm show the presence of acetonide 

group. Also, this 1H NMR spectrum of P-G2-pro agrees with P-G1-pro. The 1H NMR spectrum 

of the second generation pseudodendrimer (P-G2-OH) is shown in Figure 14 which is similar 

to that of P-G1-OH.  

However, a reappearance of linear methyl groups was observed, though very infrequently. This 

could have been due to the imperfection in the protection steps. 1H NMR spectrum of second 

generation pseudodendrimer shows terminal methyl groups at 1.02 ppm, dendritic groups at 

1.17 ppm and reappearance of linear methyl groups can be observed at 1.07 ppm. The 

reappearance of methyl groups could possibly be due to steric reasons which lead to a decrease 

in degree of branching.[327]  
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Figure 5.14: 1H NMR spectrum of the second-generation pseudodendrimer (P-G2-OH). 

Due to steric reasons, it is almost impossible to remove the linear groups completely, and since 

linear OH groups were seen in the protected version of the polymer, so the re-occurrence of 

linear methyl groups was found. 

 

Figure 5.15: Reaction scheme for the formation of third-generation pseudodendrimer (P-G3-OH).  
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The synthesis of third generation pseudodendrimer was carried out using the second generation 

pseudodendrimer (P-G2-OH), following the same procedure as is the case of the first and 

second generation. This gives the protected third generation pseudodendrimer (P-G3-pro) 

(Figure 5.15). 

The P-G3-pro was studied by 1H NMR spectroscopy (Figure 4, Appendix). The 1H NMR 

spectrum show signals of acetonide protecting groups, along with several signals which were 

overcrowded owing to the complicated structures. The signal of terminal OH groups was also 

observed. Unfortunately, the signal of linear OH groups appears again, likely due to the same 

reasons as for the second generation. 

 The deprotection of P-G3-pro was carried out following the same procedure as for previous 

generations, considering the number of linear groups which appeared in P-G2-OH. The 1H 

NMR spectrum (Figure 5.16) did not show clear signals of linear and terminal OH groups due 

to overlaying signals of the -CH2 groups (signals 4 and 5) from bis-MPA. 

 

Figure 5.16: 1H NMR spectrum of the third generation pseudodendrimer (P-G3-OH). 

 

In the region of methyl groups, there was an evident signal of terminal methyl group at 1.02 

ppm, dendritic methyl groups at 1.17 ppm and linear methyl groups at 1.07 ppm which has 

increased as compared to the second generation, which lead to the decrease in degree of 

branching. Linear –OH groups could be seen in the region 4.64 ppm. The degree of branching 

obtained from 1H-NMR spectra is given in Table 5.2. 
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The lower degree of branching is because the linear units have increased much more as 

compared to the first and second generations. Similar observations were made in previously 

investigated pseudodendritic system, in which the degree of branching decreases with every 

generation despite the fact that it was a significantly more open dendritic structure (aliphatic-

aromatic polyester) than the one synthesized in this work.[327] 

All the four polymers synthesized were also analyzed with SEC-MALS to investigate the course 

of structural changes with increase in molar masses and the increase in number of generations. 

The results are summarized in Table 5.2. 

 

Table 5.2: Molecular characteristics of pseudodendrimers G0-G3. 

Polymers 

Mn 

(kDa)
a 

Mn 

(kDa)
b 

Mw 

(kDa)
b 

Ɖb 
dn/dc
b 

DBFrechet

a 

DBFrey

a 

CH3 

groupsa 

OH 

groupsa 

hb-G0-OH 3.5 3.5 5 1.4 -0.077 0.5 0.42 31 33 

P-G1-OH 6.9 7.1 9.7 1.4 -0.103 0.93 0.92 59 61 

P-G2-OH 13.7 12 26 2 0.126 0.89 0.89 118 120 

P-G3-OH 15.7 10.1 19.5 2 0.115 0.85 0.85 135 137 
(a)Calculated by the functionality of terminal, linear and dendritic units from 1H NMR (b) Results from SEC-MALS. 

 

The molar mass determination of hb polymers is difficult due to their complicated structure, 

globular shape and large number of polar end groups, which can interact with the column 

material in column chromatography. These interactions cause a shift from the expected size 

exclusion mode into the adsorption mode, as has been repeatedly observed for polar OH- 

functionalized hb polymers.[395,396] 

Figure 5.17 shows the RI and LS chromatograms of the OH functionalized hb polymer and the 

next three generations of OH functionalized pseudodendrimers (P-G1-OH, P-G2-OH and P-

G3-OH). From these measurements, the molar mass and dispersity were determined mentioned 

in Table 5.2. The chromatograms when compared to each other, showed a decrease in elution 

time with increase in generation from hb to P-G1-OH, and to P-G2-OH but only a marginal 

change on going from P-G2-OH to P-G3-OH. The molar mass curve of hb-G0-OH shows an 

interesting behavior, i.e., the elution of high molar masses at high elution volume. This effect 

is caused by the reversible adsorption of the OH groups on the column material. The molar mass 

dependence on the elution volume shows only marginal increase in molar mass with the 

generation number, which means structurally there is only a small increase in the dimensions 

with every succeeding generation.  

The signal from the LS detector did not show an exceptionally large signal due to low intensity 

probably as a result of low concentration or low molar mass in case of hb polyester hb-G0-OH 

and P-G1-OH. In P-G1-OH, P-G2-OH and P-G3-OH with high number of terminal –OH 

groups, there is also the probability to interact with the column material. 
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Figure 5.17: Chromatograms of OH functionalized hb-G0-OH to P-G3-OH, measured with SEC coupled to MALS 

and dRI detector in DMAC for determination of molar mass (MALS signal at 90°). 

 

From Table 5.2, it can be seen that in the case of P-G2-OH and P-G3-OH, the theoretical (or 

calculated) molar masses do not agree with the measured values from the SEC-MALS. It can 

only be concluded that once the linear groups start appearing in a substantial amount, it can 

only lead to more defects. Especially in this kind of work when half of the previous generations 

has to be preserved for further synthesis, it can be tricky to start over. So to proceed further, the 

pseudodendrimers which were synthesized in our previous work are used.[336]  
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5.1.3 Synthesis and characterization of dendrimers D-G4-OH, D-G5-OH and D-G6-OH 

The starting point for all the three generations of dendrimers D-G4-OH, D-G5-OH and D-G6-

OH is the third generation bis-MPA dendrimer with a TMP core (PFD-G5-TMP-OH), which 

was purchased commercially from Polymer factory, Sweden. The third generation was chosen 

specifically because the molar mass was close to the molar of the hb-G0-OH. So, we have 

almost similar molar masses of both (pseudodendrimers and dendrimers) the starting material. 

The synthesis was carried out as described in the above section, with the acetonide-protected 

bis-MPA anhydride and deprotected in methanol in presence of Dowex (Figure 5.19).  

 

 

Figure 5.18. Fourth generation dendrimer D-G4-OH displaying 48 OH functional units. 

 

1H NMR of D-G4-pro (Figure 5.20), D-G5-pro (Figure 5, Appendix) and D-G6-pro (Figure 6, 

Appendix) showed that the peaks of the protecting acetonide groups overlap the peak of 

dendritic methyl groups, the calculation based on 1H NMR was performed only after the 

deprotection reaction.  
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Figure 5.19: Reaction scheme for the formation of fourth-generation dendrimer (D-G4-OH), involving 

two steps: first the protection of OH groups of PFD-G3-TMP-OH (starting polymer) forming a protected 

dendrimer D-G4-pro and a deprotection step resulting in the dendrimer formation (D-G4-OH). 

 

Almost complete yields were also achieved in this reaction. Complete deprotection took place 

in all generations of D-G4-pro, D-G5-pro and D-G6-pro. The respective generations of the 

product D-G4-OH, D-G5-OH and D-G6-OH could almost be completely isolated by this simple 

work-up. Here the yields of 104-108% were also above the theoretical value, which is due to 

the presence of residual toluene and pyridine. Figure 5.21 shows the 1H NMR spectrum of the 

deprotected dendrimer of the fourth generation (D-G4-OH).  

In Figure 5.21, a section of the spectrum of D-G4-OH is shown. The difference from 

pseudodendrimers was seen in 1H NMR spectra of dendrimers, which was a signal at 0.88 ppm 

arising from the methyl group of the TMP, at 1.07 ppm a signal of terminal methyl group and 

at 1.20 ppm a signal of dendritic methyl groups are seen similar to pseudodendrimers. Many 

overlaying signals of methylene groups were present due to which the CH2 group of TMP could 

not be seen clearly. Slight shift form pseudodendrimers in NMR signals is attributed to the 

presence of signal (triplet, due to neighboring -CH2 group) due to methyl group of TMP. But, 
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surprisingly a small signal of linear methyl groups appears at 1.13 ppm, which indicates a 

certain incompleteness of the reaction. The signals at 1.26 ppm and 1.33 ppm are assigned to 

the methyl groups of the acetonide protective group.  

 

Figure 5.20. 1H NMR of D-G4-pro displaying concerned signals. 

 

The integral of the terminal methyl groups was set to 3 as a reference. Since the peaks of the 

acetonide protective group also occur with an integral of about 3, this indicates that the reaction 

has taken place completely and that the end groups of the dendrimers are completely protected. 

Based on the ratios of the terminal, linear and dendritic methyl group integrals, the degree of 

branching can be calculated, as described in Section 2.7.2.  

The mean molar mass and the number of end groups could also be calculated. Since the peaks 

of the protective groups partly overlap the peak of the dendritic methyl group, the calculation 

based on the 1H NMR integrals is only carried out after the deprotection reaction. The 

deprotection was carried out with Dowex in the same way as in the case of pseudodendrimers. 

The dendritic groups from the terminal groups are also split up in 1H NMR (Figure 5.21), so 

that the dendritic methylene group is found at 4.12 ppm, the methylene group of the terminal 

bis-MPA unit appearing at 3.44 ppm. In addition to the dendritic methyl group at 1.18 ppm and 

the terminal methyl group at 1.02 ppm, one finds the signal of methyl groups of linear units, as 

in the 1H NMR spectrum of D-G4-pro (Figure 5.20). Thus, it was confirmed from the 1H NMR 

spectrum that the reaction did not take place at all of the end groups of the dendrimer. Since the 

peaks of the methyl groups in the spectrum are not superimposed by the peaks of the methyl 

groups of the protective groups, an evaluation can be carried out using the integrals of the 

terminal, dendritic and linear methyl groups, as described in Section 2.1.1. The 1H NMR spectra 

for D-G5-OH and D-G6-OH are given in the Appendix (Figure 7 and 8). 
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Figure 5.21. 1H NMR of D-G4-OH showing focal (1), terminal (2), linear (3) and dendritic (4) groups. 

In general, the evaluation of 1H NMR spectra is easier in case of dendrimers in comparison to 

the pseudodendrimers, because of the well-defined, pre-established structures - known values 

of OH groups of the dendrimers unlike the pseudodendrimers. Based on the assumption that on 

an average, one OH group has not reacted (1 defect), then in the case of the fourth generation 

there would be one linear group and 23 terminal groups. Dividing the theoretical value of the 

terminal groups of 23 by the practical value of the integral of 3, the factor by which the integrals 

of the linear and dendritic groups have to be multiplied is obtained. Accordingly, the value of 

the defects is adjusted so that it agrees with the practical value from the integral for the linear 

groups. This can be continued for the next generations, while considering the propagation of 

the defects, whereby the assumption that internal OH groups also do not react in the synthesis 

of the next generation applies, i.e., the defects cannot be repaired. In reality, this assumption 

should also largely apply, since steric reasons often prevent the end groups from reacting 

completely. In addition, it is unlikely that these sterically hindered groups will react during the 

synthesis, especially since these are also enclosed by bis-MPA groups, which react more likely 

and additionally shield the internal OH groups. The results of the evaluation of the 1H NMR 

spectra are given in Table 5.3. As expected, the number of newly formed defects increases with 

each generation due to the greater steric hindrance. The number of end groups and the number 

average molar mass almost double with each generation and are close to the theoretical values 

of the perfect dendrimer structures, which are also listed in the Table 5.3 for comparison. 

Table 5.3: Molecular characteristics of dendrimers G4-G6. 

Polymers Mn 

(kDa)a 

OH 

groupsa 

Mn 

(kDa)b 

Mn 

(kDa)c 

Mw 

(kDa)c 

Ɖc dn 

/dcc 

DB 

Frechet
b 

DB 

Frey
b 

OH 

groupsb 

New 

defects 

Total 

defects 

D-G4-OH 5.4 48 5.2 6 8 1.3 0.1 0.97 0.97 46.6 1.4 1.4 

D-G5-OH 11 96 10 10 12 1.2 0.1 0.95 0.94 88.5 3.3 7.5 

D-G6-OH 22 192 19 18 21 1.2 0.1 0.94 0.93 168.1 4 23.7 
(a) Theoretical data (b) calculated by the functionality of terminal, linear and dendritic units from 1H NMR (c) Results 

from SEC-MALS. 
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The dendrimers were also analyzed by SEC-MALS and Figure 5.22 shows the chromatograms. 

 

Figure 5.22: Chromatograms of the three generations of OH functionalized dendrimers D-G4-OH, D-

G5-OH and D-G6-OH measured with SEC coupled to MALS and dRI detector in DMAC.  

The concentration signal of the RI detector, the molar mass-sensitive signal of the LS detector 

and the absolute molar mass obtained are shown over the retention volume. It can be seen that 

the molar mass increases from generation to generation as the signals shift to earlier retention 

times. In addition to the main peak, the RI signals of the chromatograms show a smaller peak 

in the late elution area. This occurs for all generations in the range of 7 to 7.5 minutes. In 

addition to the main peak, several peaks appear in the light scattering signal at later elution 

times, their intensity increasing with each generation.  

As can be seen in the absolute molar masses determined by the LS detector, these decrease 

approximately linearly in the front part of the chromatogram, reach a minimum and then 

increase again at later elution times. This phenomenon indicates an interaction of the sample 

with the column material. As described in Section 3.1, the interaction of the sample with the 

column results in a combination of the elution curves of an entropic SEC separation and that of 

an enthalpic LAC separation. In the latter, larger molecules are retained by the stronger 

adsorptive forces and elute later. This also explains the shoulder peak in the concentration signal 
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and the smaller peaks in the light scattering signal at late elution times. Since larger molecules 

have a stronger adsorptive interaction with the column, the phenomenon should be more 

pronounced for the higher generations of dendrimers. This is exactly the case, as observed from 

the molar mass curves. The separation curves flatten out more and more for the higher 

generations according to the molar mass. The higher retention of the higher generations brought 

about by the stronger interaction is also reflected in the higher intensity of the LS signal in the 

late elution area. The higher concentration of the higher generations in this area is not shown in 

the RI signal, since the detector is more sensitive to small molecules, which means that high-

generation dendrimers generate the same signal as smaller dendrimers with lower 

concentrations. Table 5.3 summarizes the mean values of the molar mass distributions. In spite 

of the interaction with the column material, similar number average molar masses were obtained 

for generations four to six compared to the NMR results. As described in Section 3.1, the 

interaction with the column results in broader distributions and thus greater dispersities. 

Therefore, it can be assumed that the true dispersity is below the values given in the Table 5.3. 

Since the measurement for generations four to six showed a dispersity of 1.2 to 1.3, it can be 

assumed that the dendrimers possess very narrow distribution.  

5.1.4 Synthesis and characterization of glycopolymers Gl-P and Gl-D 

Glycopolymers possess the ability to interact with proteins and hence are very sought after in 

clinical therapeutics. In order to synthesize glycopolymers, it is necessary to modify the –OH 

groups of the synthesized pseudodendrimers and dendrimers into suitable functional groups so 

that they react with the sugar molecules. In this work, “click” reaction is used as the connecting 

link between Gl-P/Gl-D and sugars. The prerequisite for the “Click” reaction is the presence of 

a terminal triple bond on one molecule and a terminal azide group on the other molecule. For 

the modification of –OH terminated pseudodendrimers and dendrimers, 4-pentynoic acid was 

chosen which would provide the flexibility to the polymer and also the alkyne group for further 

modification. The azide group was attached to the mannose molecules in the form of a propyl 

azide ether. Pentyl and propyl chains were selected in order to counteract the steric hindrance 

of the groups with one another. Thus, the mannose molecules are not linked directly to the 

functional groups of the polymers, but are separated by the pentyl group, the triazole ring and 

the propyl group so that they have enough space on the surface of the dendrimer to allow the 

most complete possible modification.  

As for the modification of basic polymer (G0), the anhydride was used, in the same way 4-

pentynoic anhydride is required. This synthesis of 4-pentynoic anhydride was carried out 

according to the following reaction scheme (Figure 5.23), in DCM as solvent in presence of 

DCC which acts as a catalyst and also helps in the removal of water formed during the reaction. 

Anhydride being unstable, pentynoic anhydride was synthesized when required and used 

immediately. 

 
Figure 5.23: Reaction scheme for the synthesis of pentynoic anhydride. 
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The product of this synthesis was measured by 1H NMR and 13C NMR measurements. 

 

 

Figure 5.24: 1H NMR spectrum of 4-pentynoic anhydride along with 13C NMR spectrum in the inset. 

Solvent signal is greyed out.  

 

As with bis-MPA-acetonide anhydride, the 1H NMR spectrum of the anhydride (Figure 5.24 b) 

shows hardly any differences compared to the spectrum of the pentynoic acid, apart from the 

slight shift in the peaks. Only when looking at the 13C NMR (Figure 5.17 a) spectrum it becomes 

clear that the occurrence of the peak at 167 ppm provides evidence of the formation of the 

anhydride. In contrast, the peak of the carboxyl group of the free pentynoic acid has completely 

disappeared, so that it can be assumed that there is no residual pentynoic acid and that the 

anhydride was formed completely. 

The synthesis of pseudodendrimers with alkyne end groups was carried out according to the 

reaction in Figure 5.25. The esterification reaction was carried out in the same manner as the 

modification of the base polymer (hb-G0-OH) with the pentynoic anhydride forming 

corresponding pseudodendrimers in DCM/pyridine. A brown viscous oil was obtained as a 

product for all three generations 17, 18 and 19 (P-G1-pent, P-G2-pent and P-G3-pent, 

respectively).  
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Figure 5.25: Reaction of pseudodendrimers (P-Gx; x=1 to 3) with 4-pentynoic anhydride forming 

corresponding generations of pentinate modified pseudodendrimers (P-Gx-pent). 

The product obtained was investigated by 1H NMR to have a better view of alkyne end groups. 

In Figure 5.26, there is no clear distinction between the terminal methyl groups and dendritic 

methyl groups due to their similar chemical environment as these are now surrounded by ester 

linkages, unlike in the case of the pseudodendritic polymer, so only one signal at 1.19 ppm is 

seen.  

Figure 5.26: 1H NMR spectrum of the first generation pentinate (P-G1-pent). 
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Furthermore, the signal at 1.93 ppm stands for the alkyne end group, the signals at 2.14 ppm 

and 2.49 ppm stand for the CH2 group of the pentynoic acid groups. The signal at 4.19 ppm 

shows CH2 groups as the connecting links to ester bonds. Here as well, no distinction can be 

made as to which groups belongs to the backbone and the branches. The mean number of methyl 

groups per molecule is known from the structure determination of the unmodified 

pseudodendrimers.  

Theoretically, the number of pentynoic end groups corresponds to the number of hydroxyl 

groups in the polymer. Figure 15 (Appendix) illustrates the calculation of degree of 

modification of all three generation of pseudodendrimers which was published earlier.[336] 

 

 

Figure 5.27: Reaction of dendrimers (D-Gx; x=4 to 6, for succeeding generations) with 4-pentynoic 

anhydride forming corresponding generations of pentinate modified dendrimers (D-Gx-pent). 

 

Figure 5.27 shows the reaction for post-modification of the dendrimer with terminal pentinate 

groups resulting into three generations (20, 21 and 22) of alkyne end group modified dendrimers 

namely, D-G4-pent, D-G5-pent and D-G6-pent. Again, the esterification of the dendrimers to 

the corresponding dendrimer pentinate was then carried out with pentynoic anhydride, 

analogously to the esterification with pseudodendrimers. Here also, 1.3-fold excess of 

anhydride was used and the other ratios of the reactants were also identical. A brown viscous 

oil was obtained as a product for all generations. The yields of the reactions ranged from 82-

104%, the yields over 100% being explained by the contamination of the product with residual 

toluene and pyridine. Figure 5.28 shows the 1H NMR spectrum of D-G4-pent.  
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Figure 5.28: 1H NMR spectrum for D-G4-pent. 

 

Due to the pentinate residue, the terminal methyl groups are chemically so similar to the 

dendritic methyl groups that the peaks of the methyl groups no longer appear separately and 

only one peak can be seen at 1.19 ppm. In the case of D-G4-pent, the integral of pentinate proton 

signal at 1.95 ppm is 0.8, which corresponds to a conversion of 80%. Upon dividing the integral 

of the signal at 3.58 ppm, which is the signal for residual pentinate, by the two protons of the 

methylene group, a value of approx. 20% is obtained, which indicates the number of unreacted 

groups and confirms the result. After the synthesis of D-G4-pent, freshly synthesized pentynoic 

anhydride was used exclusively, which resulted in complete conversions for the fifth and sixth 

generations (D-G5-pent and D-G6-pent), as could be demonstrated by 1H NMR (Figure 12 and 

13 in Appendix, respectively). The integral of the pentinate peak at 1.95 ppm was about 1, with 

the methylene peak at 3.58 ppm no longer being detectable.  

Subsequently, next step of “functionalization” was undertaken for all 6 polymers post-modified 

with terminal alkyne end groups.  

For the production of mannose propylazide, azidopropanol was required, which first was 

produced from bromopropanol according to the following reaction: 
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Figure 5.29: Reaction for the synthesis of azidopropanol (23) from 3-bromo-1-propanol and sodium 

azide. 

The product was analyzed by 1H NMR spectroscopy (Figure 17 Appendix). The middle CH2 

group at 1.77 ppm was set as the reference with an integral value of 2. The two outer methyl 

groups at 3.68 and 3.38 ppm, with an integral value of 1.8 ppm to 1.9 ppm, almost correspond 

to the reference integral value and suggest that the desired product is obtained. The peaks of 

residual 3-bromo-1-propanol are expected to be found at 2.19 ppm, 3.52 ppm and 3.74 ppm.[397] 

Since these peaks do not appear in the spectrum and the ratios of the integrals agree well, the 

presence of the desired product in good purity is confirmed. The 13C NMR spectrum (Figure 

18, Appendix) also clearly shows the presence of the three CH2 groups of 3-azido-1-propanol. 

The next step in the synthesis of glycopolymers is the synthesis α-D-mannose propylazide 

tetraacetate from α-D-mannose pentaacetate and 3-azido-1-propanol (Figure 5.30). 

 

Figure 5.30: Reaction of α-D-mannose pentaacetate with 3-azido-1-propanol forming mannose 

propylazide tetraacetate (24). 

 

The reaction was carried out in pre-dried DCM with the addition of molecular sieves and under 

a nitrogen atmosphere, since the boron trifluoride-dietherate (BF3-Et2O) catalyst used is 

sensitive to air and moisture, leading to decomposition on contact with oxygen and water. For 

this reason, a large excess of catalyst was used in order to account for decomposition and to 

provide a sufficient amount of catalyst for the entire reaction time. In several approaches, only 

between 50% and 60% conversion could be achieved with a yield of 60% to 80%. An excess of 

azidopropanol could not be used to increase the yield since the residual azidopropanol is 

difficult to separate from the product. In addition, residual azidopropanol would react with the 

pentinate groups of the dendrimer in the “click” reaction. Unreacted mannose molecules would 

not interfere with the click reaction and would be separated off in the last step of the dialysis, 

which is why the α-D-mannose propylazide pentaacetate produced did not have to be of 

absolute purity in terms of unreacted mannose.  
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Figure 5.31 shows the 1H NMR spectrum of the pure product fraction. The signals at 1.84 ppm, 

3.36 ppm and 3.48-3.74 ppm are the signals arising from the protons of propyl chain of the 

azidopropanol part attached to mannose tetraacetate. The signals at 1.83-2.09 ppm represent the 

signals from acetate part and signals at 3.90 ppm, 4.04-4.23 ppm, 4.75 ppm and 5.17-5.21 ppm 

represent the mannose part. Due to the steric effects and cyclic structure of the mannose splitting 

of signals are seen, which is common for such sugar structures. The successful connection of 

azidopropyl group to the mannose ring is shown by the signal at 4.75 ppm.  

Figure 5.31: 1H NMR spectrum of mannose propylazide tetraacetate (24). 

 

In the 13C NMR spectrum (Figure 5.32), signals at 28.67 ppm, 48.12 ppm and 62.54-69.54 ppm 

represent the CH2 groups of azidopropanol attached to the mannose ring. The signal at 20.66 

ppm represents the methyl groups of the acetate units and signals 4, 6-10 and 11 represent the 

signals of the mannose ring. Here, based on signal 10 it can be concluded that azidopropanol 

group is attached to the mannose ring. This reaction was carried out separately for 

pseudodendrimers and dendrimers to have sufficient and fresh materials in the final stage of the 

synthesis of glycopolymers. 
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Figure 5.32: 13C NMR spectrum of mannose propylazide tetraacetate (24). 

 

To remove the unreacted azidopropanol and excess catalyst completely, the product was 

purified by column chromatography in normal phase mode with silica gel as stationary phase 

and ethyl acetate/n-hexane mixtures as eluent. As there was a very small difference in the 

retention factors of the product and unreacted azidopropanol, also as the amount of sample to 

be purified was quite large, the purification step was performed several times. This lead to a 

decrease of the total yield.  

The next step was the deprotection of the acetate groups of mannose propylazide tetraacetate. 

This was a simple Zemplen deacetylation transesterification reaction, which was done using 

methanol and sodium methoxide (Figure 5.33). 

 

Figure 5.33: Deprotection of α-D-mannose propylazide tetraacetate (24) to form α-D-mannose 

tetrahydroxyl propylazide (25) in presence of Amberlite resin.  
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By using sodium methoxide, the acetate groups were split off as methyl esters. By using the 

proton form of the cation exchange resin Amberlite IR120H, the sodium ions were exchanged 

for hydrogen ions, where the hydroxyl groups could be formed. The protons of the hydroxyl 

groups formed can be seen in the 1H NMR spectrum in Figure 5.34 in the range from 4.50-4.67 

ppm, which confirms the complete removal of the acetate groups. The integrals also show that 

it must be almost pure mannose propylazide. No unreacted mannose peaks could be identified 

either. 

 

Figure 5.34: 1H NMR spectrum for mannose tetrahydroxyl propylazide (25). 

 

In the final step of the functionalization-synthesis of glycopolymers, copper catalyzed click 

reaction was carried out with the P-Gx-pent (x = 1, 2, 3)/D-Gx-pent (x = 4, 5, 6) and mannose 

tetrahydroxyl propylazide. The reaction of the click chemistry used with all three P-Gx-pent 

(Figure 5.35). The reagents were adapted based on the number of terminal alkyne end groups. 

1.2 eq of mannose tetrahydroxyl propylazide per alkyne end groups, and 0.06 eq CuSO4 with 

0.12 eq sodium ascorbate as reducing agents were used. 
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Figure 5.35: Copper catalyzed click reaction for pseudodendrimers. All post-modified 

pseudodendrimers (P-Gx-pent) were used with mannose propylazide in THF:water (1:1) in the presence 

of CuSO4.5H2O and sodium ascorbate forming three generations of glyco-pseudodendrimers (P-Gx-

Man; x=1, 2, 3). 
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Since the pseudodendrimers and dendrimers with terminal alkyne end groups do not dissolve 

in water, a mixture of THF and water in 1:1 ratio was used as the solvent. After the reaction, 

the THF was removed by starting with 5% THF by volume, and gradually decreasing it to zero, 

over 5 days. The final product obtained was free of any impurities and contained only residues 

of water which was difficult to remove but did not interfere with further studies. 

The 1H NMR spectra for all three generation of mannose functionalized pseudodendrimers P-

G1-Man, P-G2-Man and P-G3-Man showed a complex picture due to their pseudodendritic 

structure in addition to the complexity shown by ring structure of mannose. Figure 5.36 shows 

the 1H NMR spectrum of P-G1-Man. The signals present at 1.10-1.18 ppm represent the signals 

arising from protons of methyl groups of the pseudodendrimers backbone, signals at 2.64, 2.84, 

4.17 ppm also belong to the same. The mannose part, however, is represented by 3.39, 3.48, 

3.62, 4.38 and 4.38 ppm. The hydroxyl groups of the mannose part are represented by 4.52, 

4.59,4.67 ppm. The most important signal arising from the proton of the triazole ring is shown 

at 7.83 ppm. Similarly, D-G1-Man, D-G2-Man and D-G3-Man were also synthesized. The 

degree of modification was calculated from 1H NMR spectra using the integral of signal of 

triazole proton at 7.83 ppm. Spectra of the samples are shown in Appendix (Figure 19-23). The 

degree of modification is shown in the Table 5.4. 

 

Figure 5.36: 1H NMR spectrum of P-G1-Man.  
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5.1.4.1 Molecular size determination of Gl-P and Gl-D using SEC  

All the six polymer samples were also characterized with SEC-MALS to evaluate the molar 

masses and dispersity. Figure 5.37 shows the SEC chromatograms of Gl-P.  

 

Figure 5.37: Chromatograms of mannose functionalized P-G1-Man, P-G2-Man and P-G3-Man in 

DMAC with SEC coupled to a LS and RI detectors. 

The molar masses of P-G1-Man, P-G2-Man and P-G3-Man are found to be 25, 41 and 69 kDa, 

respectively with a somewhat bimodal distribution, along with a slightly broad dispersity of 

1.7-1.8. This multimodal behavior tells us about the heterogeneity or perhaps the presence of 

different structural moieties. The RI signals show that there is a noticeable decrease in the 

elution time from P-G1-man to P-G2-Man but only a marginal change in the elution time is 

observed between P-G2-Man and P-G3-Man. This is because the degree of modification was 

100% in both the cases, so despite being low in molar mass in comparison to P-G3-Man, P-G2-

Man elutes at a similar time. The LS signal shows a small shoulder between 6.5-7.0 min, which 

is more pronounced in case of P-G1-Man. A shoulder is seen in the RI signal between 6.5-7.0 

min in P-G1-Man suggesting some unreacted groups. In the molar mass curves, a regular 

increase is observed going from P-G1-Man to P-G3-Man. In the case of P-G2-Man and P-G3-

Man, the reduced shoulders in LS and the corresponding RI signal suggest lower amounts of 

unreacted groups. The dn/dc is between 0.12-0.11, so a relative error of 12-15% in molar mass 

measurement can be considered. 

Figure 5.38 illustrates the RI and LS chromatograms of the three generations of Gl-D; D-

G4Man, D-G5-Man and D-G6-Man. Unlike Gl-Ps, a clear trend of the increasing molar mass 
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with each generation is seen in the RI and LS signals. The molar masses of D-G1-Man, D-G2-

Man and D-G3-Man are 21, 38 and 65 kDa, respectively having an almost monomodal 

distribution with a very low dispersity of 1.1. A decrease in the elution time from D-G1-Man 

to D-G3-Man is seen in the RI signal. In D-G6-Man, a small shoulder is observed between 6.5-

7.5 which is likely due to small number of defects, resulting in a small number of unreacted OH 

groups to be still present in the structure as mentioned earlier in Section 5.1.3. The degree of 

modification summarized in Table 5.4 is based on the conversion from terminal alkyne end 

groups to mannose groups.  

 

Figure 5.38: Chromatograms of mannose functionalized D-G4-Man, D-G5-Man and D-G6-Man in 

DMAC with SEC coupled to a LS and RI detectors. 

Table 5.4: Molecular characteristics of glyco-pseudodendrimers and glyco-dendrimers. 

Polymer Mn
a 

(kDa) 

Mn 
b 

(kDa) 

Mw 
b 

(kDa) 

Ɖb dn/dc 

(ml/g) 

Mannose 

unitsc 

Degree of 

modificationc 

P-G1-Man 23 25 46 1.7 0.121 44 77 

P-G2-Man 57 41 93 1.8 0.112 90 88 

P-G3-Man 78 69 118 1.8 0.113 168 84 

D-G4-Man 22 21 24 1.1 0.124 37 78 

D-G5-Man 46 38 41 1.1 0.117 87 98 

D-G6-Man 92 65 69 1.1 0.118 165 98 

(a) Theoretical molar masses (b) SEC-LS (c) 1H NMR. The degree of modification is based on the 

conversion terminal alkyne end groups to mannose groups  
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5.1.4.2 Particle size determination using batch DLS 

The general principle of DLS has been explained in Section 3.3. DLS determines the 

hydrodynamic size (Rh) of a molecule in solution by irradiating it with a laser and analyzing 

the scattered light. Batch measurements of DLS determine semi quantitative aspects of the 

hydrodynamic radius distribution. In general, DLS works well for particles with low dispersity, 

thus providing effective average radius, but it is strongly influenced when analyzing broadly 

distributed samples. Therefore, the conclusions drawn from DLS are of a rather qualitative 

nature.  

Concerning the glyco-dendrimers, as these have many surface functional groups, their 

hydrodynamic radius distribution cannot be obtained by chromatography mode. In this work, 

DLS was utilized in order to have a better view on the structural size of the synthesized 

glycopolymers and the results are shown in Figure 5.39. 

 

Figure 5.39: DLS in DMAC using 0.2 µm filter for a) Gl-Ps b) Gl-Ds. 

For the Gl-Ps, an increase in Rh value is seen going from P-G1-Man to P-G2-Man but the Rh 

value decreases for P-G3-Man. In case of P-G3-Man and D-G6-Man we see bimodal 

distribution. This is due to a high number of defects in these two. No big aggregates were seen 

but this was evident as the samples were filtered.  

The average Rh values obtained are listed in Table 5.5. An interesting observation in case of Gl-

P is that the average Rh value was highest in case of P-G2-Man. Whereas, Gl-Ds showed a 

regular increase in Rh values with generation number as expected. The apparent density is 

calculated using these values and is discussed in the following Section 5.1.4.3. 

As the aim is to evaluate the physiological conditions, the Rh values in PBS (10 mM, pH 7.4) 

were additionally measured and are shown in Figure 5.40. The average Rh values obtained are 

listed in Table 5.5. A similar behavior in PBS as in the case of DMAC is seen in both set of 

samples with Rh values of 3-4 nm. 
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Figure 5.40: DLS in PBS using 0.2 µm filter for a) Gl-Ps b) Gl-Ds. 

Table 5.5: Rh values for glyco-pseudodendrimers and glyco-dendrimers determined from Batch DLS 

in DMAC and PBS. 

Polymers Rh (nm)DMAC Rh (nm)PBS 

P-G1-Man 2.9 2.4 

P-G2-Man 4.2 4.2 

P-G3-Man 3.8 4.0 

D-G4-Man 2.7 2.4 

D-G5-Man 4.0 3.0 

D-G6-Man 4.4 4.3 

 

5.1.4.3 Apparent densities 

The presence of many functional groups along with a hyperbranched core and low molar 

masses make it difficult to assess the topology of synthesized samples. 

So, the apparent densities were calculated using the Rh values determined from the batch DLS 

measurements. Figure 5.41 shows the corresponding data obtained. These results reveal 

interesting details about the structures of Gl-P and Gl-D. The apparent density curve for Gl-P 

shows a decrease until P-G2-Man and then a nearly exponential increase in case of P-G3-Man.  

The corresponding dendrimers Gl-D shows a lower apparent density. There is still an increase 

on going from D-G5-Man to D-G6-Man, however it is not as much as it was in case of P-G3-

Man. So far, following points can be concluded: 

1. For nearly the same number of mannose groups, Gl-P has higher densities in comparison 

to Gl-D. 

2. The topology of P-G3-Man despite being the one with highest number of functional groups 

does not have the largest volume in solution. Instead, P-G2-Man has the lowest density and 

highest volume in solution. 
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Figure 5.41: Comparison of apparent densities of Gl-Ps and Gl-Ds, showing that Gl-Ds have lower 

densities than Gl-Ps for almost similar number of mannose groups on the surface. 

 

The structure of Gl-P is different from Gl-D in a way that the mannose modification has taken 

place also in the cavities of the Gl-P but in case of Gl-D the dendritic structure has an open core 

but does not allow for such modifications in the cavities. This perhaps, makes Gl-Ps core along 

the modifications in cavities lying close to the core, bulkier, which is why they have higher 

apparent densities. This could be better verified by viewing the molecular shape in 3D and 

hence, molecular dynamics simulations were performed which is discussed in Section 5.1.5. 

5.1.4.4 Molecular size determination of Gl-Ps and Gl-Ds using AF4 

The theoretical background as well as the separation mechanism of AF4 has been described in 

detail in Chapter 3. The use of the channel instead of the column in SEC offers a gentle 

separation mechanism with marginal pressures and no shear forces. AF4 is an extremely 

powerful technique for analyzing small molecules as well as aggregates. Until now, AF4 has 

been applied to study amyloids only once.[173] This study showed how AF4-MALS can be 

applied to a complex mixtures of Aβ 42 aggregates. A deeper insight into the physiological 

conditions and aggregates involved with amyloids through the application of AF4 was very 

attractive within the framework of the present research work and therefore undertaken. To apply 

AF4 to investigate the inhibition of aggregates with the Gl-P and Gl-D, it was necessary to first 

characterize them with AF4 in aqueous system. The method development of Gl-P, Gl-D and 

Aβ 40 are described in Section 4.2.3. Normally, with the coupling of AF4 to MALS-UV-Vis-
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RI detectors, a wide array of information can be collected. In this work, since the synthesized 

polymers lie on the lower Mw range and small sizes, information based on conformation was 

not possible to achieve. But a general overview of the characterization of the polymer like molar 

mass and Rh could be determined. 

Figure 5.42 illustrates the RI signals of AF4-MALS. The determined absolute Mn of each 

generation of Gl-P and Gl-D increased with increasing generation number. Also, the 

fractograms showed multimodal behavior, which indicates that the samples had well defined 

architectures and few larger aggregates in very low concentration. The fraction of aggregates 

was excluded in the analysis of molar mass. Dispersity of these samples can be also found in 

Table 5.6. The Rg determination was not possible because of the smaller size of the samples (3-

5 nm), whereas to determine Rg the nominal value of roughly 15 nm radius for the start of 

quantifiable angular dependence is required. This has been explained in detail in Chapter 3. The 

molar masses are mentioned in Table 5.6. In case of Gl-P a nice elution behavior is seen going 

from P-G1-Man to P-G3-Man, despite the fact that the difference in molar masses from each 

succeeding generation was not much. The signal intensity of LS detector was too low because 

of the small size of the polymers. The absolute molar masses were determined after determining 

the dn/dc value of P-G2-Man offline and values are given in Table 5.6. 

 

Figure 5.42: AF4 fractograms of a) Gl-Ps and b) Gl-Ds in PBS buffer showing detector signals (dashed 

line-RI) and molar masses (symbols) depending on elution time. 

 

To further explore the molecular structure, hydrodynamic radius (Rh) was calculated by online 

DLS coupled to AF4. Table 5.6 and Figure 5.43 shows the Rh values obtained for the polymers. 

Rh values were calculated using Debye method and polynomial fit of order 2. The results show 

Rh of Gl-P was higher as compared to Gl-D which confirms the behavior with the results from 

previously measured batch DLS. Determination of Rh was not possible in case of SEC-MALS 

as was there was not enough signal response. 
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Table 5.6: Molar masses of the glyco-pseudodendrimers and glyco-dendrimers determined from AF4 

and SEC. 

Polymers Mn
a 

(kDa) 

Mw
a 

(kDa) 

Ɖa Rh (nm)a Mn
b 

(kDa) 

Mw
b 

(kDa) 

P-G1-Man 31 48.4 1.6 3.4±0.4 25 46 

P-G2-Man 39 64 1.6 4.2±0.03 41 93 

P-G3-Man 43 69.2 1.6 3.7±0.3 69 118 

D-G4-Man 20 21 1.1 3±0.3 21 24 

D-G5-Man 40 42 1.1 3.3±0.05 38 41 

D-G6-Man 85 92 1.1 3.8±0.1 65 69 
a) AF4-MALS and b) SEC-MALS. The samples were measured in PBS buffer in AF4 whereas DMAC 

was used in SEC. 
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Figure 5.43: A comparison of Rh values obtained from online DLS (AF4) between Gl-P and Gl-D 

obtained with AF4 in PBS buffer. 

 

After successfully characterizing the synthesized polymers, their interaction with amyloid 

protein was investigated. However, more information was required regarding the shape of the 

polymers which would shed some light on their behavior with amyloid protein.  
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5.1.5 Molecular dynamics simulation 

To understand the physical behavior of synthesized polymers it is important to study their 

structural properties. The experimental techniques suffer limitation when it comes to studying 

the structural properties at molecular level. Simulation techniques e.g. molecular dynamics 

(MD) and Monte Carlo (MC), provides an alternative route.[398–400] Several MD simulations of 

PAMAM and PPI dendrimers have been carried out.[401,402] This gave information based on 

size, shape and density distributions. Different forcefields such as Dreiding, CVFF, AMBER, 

GAFF, CHARMM, and sometimes, a combination of different forcefields, can be used.[403–407] 

In this work GROMOSS G43b1 forcefield has been employed. This would help us understand 

the thermodynamic properties of the synthesized polymers. So, in the future we would like to 

use synthesized Gl-P/Gl-D for drug delivery system, this should be able to give more accurate 

predictions of free energies of dendrimer-drug complex. So, both unmodified 

pseudodendrimers and dendrimers as well as mannose functionalized Gl-Ps and Gl-Ds were 

simulated, and the radius of gyration, partial monomer density and radial distribution functions 

were monitored in THF as performed by Boye et al.[408] and in water because mannose coated 

samples were soluble in water. The following experiments were performed by Dr. Peter Fiedel 

at IPF, Dresden.  

Table 5.7: Theoretical molecular characteristics of the systems in this work, from molecular dynamics 

simulations. Both unmodified and mannose-modified pseudodendrimers and dendrimers are simulated 

with generation number, number of end groups in THF and water. 

Sample Number of 

OH groups 

Number of 

Mannose groups 

Molar masst 

(g/mol) 

Mn SEC-MALS 

(g/mol) 

hb-G0-OH 30 - 3385 3500 

P-G1-OH 60 - 6868 6900 

P-G2-OH 120 - 13835 13700 

P-G3-OH 240 - 27770 15700 

P-G1-Man - 60 27469 25000 

P-G2-Man - 62 35123 41000 

P-G3-Man - 110 65538 69000 

D-G4-OH 48 - 5359 5200 

D-G5-OH 96 - 10933 10000 

D-G6-OH 192 - 22080 19000 

D-G4-Man - 45 20810 21000 

D-G5-Man - 96 43894 38000 

D-G6-Man - 192 88003 65000 

(t =theoretical)  

The initial structures and topologies have been discussed in experimental methods in Chapter 

4. Table 5.7 shows the molecular size data from MD simulations and SEC-MALS. We can see 

that there is reasonably good agreement among molar masses determined from SEC-MALS 

except in case of P-G2-Man and P-G3-Man. In case of P-G2-Man only 62 mannose groups 

could be saturated theoretically due to steric hindrance; so it has 58 residual OH groups and P-
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G3-Man has 110 mannose groups and 130 residual OH groups. Figure 5.44 and 5.45 show the 

models for pseudodendrimers series and dendrimers series respectively. 

 
Figure 5.44: Molecular dynamics simulations for different generations of pseudodendrimers (with OH 

groups) and glyco-pseudodendrimers (with mannose groups). 

 
Figure 5.45: Molecular dynamics simulations for different generations of dendrimers (with OH groups) 

and glyco-dendrimers (with mannose groups). 

On comparing the models of pseudodendrimer and dendrimer series it can be seen that in the 

mannose functionalized pseudodendrimers, the core is more compact and mannose units are 

more or less uniformly distributed. Whereas in the dendrimers series, it can be seen that the 

dendrimers have a “propeller” shape, where the core is not so dense. However, mannose units 

are uniformly distributed at each “blade” of the propeller shaped dendrimers leaving voids in 

between. This was clearer with 3D view on Rasmol software. 
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Radius of gyration (Rg) can be quantitively estimated by the mean-square radius of gyration 

from center of mass of the polymer. Rg was calculated for each system and plotted as a function 

of simulation trajectories time (ps). As no experimental data was achievable due to their small 

size, there is no comparison of the simulated data. However, the data in each series can be 

compared, e.g., in Figure 5.46a,b, a clear increase in Rg values is seen before modification with 

mannose (thin lines) and after modification with mannose (thick lines). One point to note here 

is that Rg is relatively smaller on comparison to experimental Rh values determined (batch DLS 

and AF4). Firstly, of course, there is a mass distribution of the synthesized polymers. These Rg 

calculations include one polymer mass, and molar mass distribution is not considered. The 

experimental measurements of the Rh show the overall radius of polymer molecule including 

some solvent spheres at the outside, because the scattering beam may see this solvent molecule 

plus the polymer as a whole.  

The Brownian motion allows separation of two solutes dissolved in water by different distances 

r at different times. The radial distribution function, g(r), gives the probability of finding a 

particle in the distance r from another particle; here reference is made to the segments of the 

molecule relative to the center of mass of the polymer. Figure 5.46c,d shows the radial 

distribution function of unmodified pseudodendrimers and dendrimers, respectively based on 

the number of atoms. The most immediate observation is that, the dendrimers have 1.5 times 

denser inner core and a longer tail of this distribution at large distances r from the center. The 

P-Gx-OH have a greater number of atoms than their counterparts, D-Gx-OH, because of which 

radial distribution function related to number of atoms becomes higher in D-Gx-OH. This 

causes the D-Gx-OH to become denser in comparison to the P-Gx-OH. Going from unmodified 

to mannose modified pseudodendrimers or dendrimers (Figure 5.46 b-f) it is observed that the 

maximum distribution is reduced and becomes broad. This indicates that the P/D-Gx-Man 

become less compact on addition of mannose units on the surface. This is because of the 

additional number of atoms given to the structure because of the addition of mannose 

propylazide groups and hence the number of atoms related radial distribution function is lower 

relative to P/D-Gx-OH. Another factor which is worth considering here, is the interaction with 

solvent molecules. Probably, surface mannose groups react differently to THF in comparison 

to the surface OH groups. However, when comparing modified Gl-P to Gl-D (Figure 5.46 e and 

f), the situation is only marginally different, i.e., the distribution function is high in case of P-

Gx-Man relative to D-Gx-Man as the total number of atoms is lower in the former case except 

P-G1-Man. This implies that the core of pseudodendrimers is denser as compared to 

corresponding dendrimers. In the case of P-G2-Man, it has denser core in comparison to D-G5-

Man, but of course less dense than P-G1-Man but more than P-G3-Man. This could also be an 

artefact of the sample, as these are results from one simulation of one structure. At the same 

time, the overall structure is less compact due to an optimum ratio of theoretical mannose groups 

and remaining OH groups. Of course, P-G3-Man has maximum number of mannose groups and 

maximum number of residuals OH groups because of which it suffers from considerable steric 

hindrance, which can probably lead to some “backfolding”. 
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Figure 5.46: Rg values for a) unmodified pseudodendrimers and glyco-pseudodendrimers b) unmodified 

dendrimers and glyco-dendrimers; radial distribution function of c) unmodified pseudodendrimers  

d) unmodified dendrimers e) glyco-pseudodendrimers and f) glyco-dendrimers, as determined from 

simulation studies in THF. 

The following conclusions can be drawn from the MD simulations:  

1.On comparing the polymer series, the core is more compact in the mannose functionalized 

pseudodendrimers and also the mannose units are more or less uniformly distributed. 

2. The Rg data suggests that dendrimers are bigger in size in THF, but only slightly. Solvent 

molecules can have an effect on the overall radius of the molecule.  
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5.2 Investigation of the interaction of Gl-P and Gl-D with amyloid beta (Aβ 40) 

This subchapter is devoted to the study of investigation of synthesized mannose functionalized 

Gl-Ps and Gl-Ds as anti-Alzheimer’s agents. The theoretical background of Aβ amyloid and its 

progression as one of the several culprits of not only AD but a number of diseases has been 

discussed in Chapter 2. As outlined before, AD is a neurodegenerative disease associated with 

protein misfolding and misprocessing, resulting in aggregation and accumulation of plaques. 

These plaques can be made of amyloid proteins or tau protein. Both kinds of plaques have an 

amyloid structure.[390,409,410] There are several therapeutic strategies to stop progression of 

amyloid fibrils. One of such strategy to modulate the formation of aggregates.[411] The formation 

of aggregates of amyloids is monitored by changes in the fluorescence intensity of thioflavin T 

(ThT), which is sensitive to the presence of amyloid fibrils.[412,413] It is also possible to use 

Circular dichroism (CD) or Fourier transformed infrared spectroscopy (FTIR) to follow 

transformation of secondary structure into β-forms which is the characteristic for aggregates. 

These spectroscopic techniques allow the monitoring of aggregation process revealing 

additional information with regard to the kinetics. These approaches had already been exploited 

multiple times for such studies.[4,211,414]  

In this work, different techniques have been utilized to evaluate the protein-polymer interaction. 

ThT Assay was used to understand which generation of Gl-P or Gl-D acts in the best way to 

inhibit the aggregation of Aβ 40 amyloid and at which concentration. Additional investigations 

with regards to understanding the kinetics of inhibition of aggregation were also carried out. 

CD spectroscopy was also employed which makes it possible to quantify the changes in 

secondary structures of amyloid. Moreover, AF4 was employed for the first time to study the 

inhibition of aggregation behavior of Aβ 40 amyloid. Additionally, detailed AFM analysis was 

performed to get a viewpoint on structure and morphology. Lastly, cytotoxicity experiments 

have been performed on the polymers.  

5.2.1 ThT Assay 

In the last decade many different dendrimers have been tested against the aggregation behavior 

of amyloid protein.[4,9,269] Since Aβ 40 has a long lag phase, addition of heparin can considerable 

shorten it by accelerating the aggregation profile. Thereby, making the experiment in a 

reasonable time window.[189] This advantage of heparin is used when studying the aggregation 

kinetics of slow aggregating proteins.[4] To identify the right concentration, it is important to 

test the different concentrations of amyloid for their aggregation behavior. The 3 different 

concentration of Aβ 40 amyloid (20, 50, 60 µM) was tested, to identify the right concentration 

for optimum growth profile with saturated “plateau”. In this work, the fluorescence intensity at 

50 µM concentration allowed us to obtain reliable results in presence and in absence of 

synthesized glycopolymers and was in accordance with earlier work.[268,414] ThT of 35 µM 

concentration was used. Further, five different concentration of synthesized Gl-P and Gl-D (0.1 

µM, 1 µM, 2 µM, 5 µM, 10 µM) were tested with Aβ 40. The results of ThT assay of each 

generation of Gl-P were compared with their corresponding generation of Gl-D, as they were 

nearly of the same molar mass and same radii and also similar number of monomer units. Figure 

5.47a,b shows the results of ThT assay of P-G1-Man (30 kDa) and D-G4-Man (20 kDa), 

respectively. 
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 Figure 5.47: ThT assay of Aβ 40 (50 µM) with different concentrations of a) P-G1-Man b) D-G4-Man. 

Control data refers to zero concentration of glycopolymer.  

 

The results of these two sets of experiments were quite surprising unlike the rest two. In these 

the effect of inhibition of aggregation was not concentration dependent, it was actually quite 

the opposite. In case of P-G1-Man, the higher concentrations (5-10 µM) did not show a drastic 

decrease in aggregate content, but the lower concentrations (0.1, 1 and 2 µM) showed the higher 

ability to inhibit the aggregation, with 1µM being the best among these. This shows a 

considerable increase in the lag phase, quite close to the baseline, where the elongation phase 

is close to being completely absent. Therefore, it is clear that these synthesized dendrimers are 

interacting with amyloid peptide. D-G4-Man also shows concentration dependent behavior, 

except for the fact that at 5 µM concentration an exponential increase in the fluorescence 

intensity at later time intervals was observed.  

Figure 5.48a,b shows the next two set of samples, P-G2-Man (39 kDa) and D-G5 Man (40 kDa) 

compared to each other. In case of P-G2-Man a very strong dependency on concentration is 

seen. The lower concentration (0.1 µM and 1 µM) shows similar fluorescence intensity signal 

as the control. The higher concentration (2-10 µM) shows gradual decrease in the fluorescence 

intensity, with 10µM showing the most shift towards the baseline, indicating a nearly complete 

halt in elongation phase. In case of D-G5-Man, no concentration dependency was seen. 5 µM 

concentration showed the maximum shortening of the elongation phase but not the complete 

halt as it was seen in case of P-G2-Man. On studying the kinetic analysis of P-G2-Man, 

interesting results were obtained which are explained in the next subsection. 
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Figure 5.48: ThT assay of Aβ 40 (50 µM) with different concentrations of a) P-G2-Man b) D-G5-Man. 

Control data refers to zero concentration of glycopolymer. 

 

Figure 5.49a,b shows ThT assay of P-G3-Man and D-G6-Man. In case of P-G3-Man and D-

G6-Man, 2 µM and 5 µM showed the maximum shortening of the elongation phase respectively.  

 

 

Figure 5.49: ThT assay of Aβ 40 (50 µM) with different concentrations of a) P-G3-Man b) D-G6-Man. 

Control data refers to zero concentration of glycopolymer. 

The results from ThT Assay enables to identify which sample and which concentration works 

best in inhibiting the aggregation of Aβ 40. In this work, when Aβ 40 at 50 µM concentration 

was used, P-G2-Man at 10 µM showed the maximum capacity to inhibiting its aggregation by 

displaying only the lag phase and no elongation was observed in ThT curve (Figure 5.48a). A 

quantitative study of the aggregation kinetics of P-G2-Man shall give a better view as to which 

microscopic steps of the Aβ 40 amyloid aggregation are being affected. This is discussed in the 

following text. 



Chapter 5 Results and Discussion 

121 
 

5.2.1.1 Kinetics based on ThT Assay 

The most important understanding from previous studies that came through after studying the 

kinetics of protein misfolding disorders is a realization that for many proteins the mature, 

fibrillar state is thermodynamically more stable than the native state.[415] Native protein species 

are small, intrinsically disordered and their transition to stable fibrillar form strongly depends 

on the rate of transition. However, it is not as simple, several complex mechanisms are involved.  

Recent developments in this field have established that the microscopic process of amyloid 

fibril formation involves a variety of distinct microscopic steps.[113,416] The first step is the 

primary nucleation event in which two or more monomeric species interact with each other. In 

the next step resulting oligomeric species can grow through sequestration of different species, 

and, additionally, proliferation can result from secondary processes including fragmentation 

and surface induced nucleation.[167] The last step is formation fibrillar aggregates such as 

amyloid fibrils. During this, fragmentation increases the number of sites from which fibrils can 

elongate, and additionally, further nucleation can occur on the surfaces of the growing 

aggregates (plaques). So there is a feedback loop in which accumulation of aggregates catalyzes 

the formation of more aggregates, leading to faster proliferation and spread.[417] Since, amyloid 

has always been challenging to study either due to variations in sample-to-sample investigations 

or because of experiments based on hypothesis driven mechanisms. Recent developments 

suggest that the kinetic analysis of these mechanisms can provide strong evidence about the 

process of amyloid aggregation and, when an inhibitor is introduced, certain microscopic steps 

are affected. 

In this work the chemical kinetics approach based on Amylofit software was applied.[355] This 

method was developed keeping in mind the aggregation behavior of Aβ 42; however, it is 

suitable for data from any similar aggregation kinetic experiments. This is a very good platform 

to deal with such plethora of data without the need knowledge of programming or mathematics 

background. The data from ThT assay for P-G2-Man were analyzed using this software as it 

showed maximum inhibitory effect at 10 µM concentration. This particular generation of glyco-

pseudodendrimer showed a concentration-dependent effect, and at a 5:1 molar ratio of Aβ 40, 

using 50 µM of Aβ 40, amyloid assembly was completely suppressed, as seen by the reduction 

in the level of ThT fluorescence observed (Figure 5.48a). The rate constants agreed well with 

similar experiments in terms of rate constants for primary nucleation, however not so much in 

case of rate constant for elongation.[414] Klajnert et al. used the Aβ 40 with heparin against 

phosphorus dendrimers, but used nucleation dependent polymerization mechanism using a 

different model.[414] In this work we have used secondary nucleation dominated mechanism 

using global fitting model by Meisl et al., which is a recent development concerning the kinetics 

of amyloids.[418] Using a different approach is bound to lead to differences in the values obtained 

after fitting of ThT data. Upon examination of rate constant data, it is observed that the rate 

constants at 0.1 and 1 µM concentrations of P-G2-Man increases for primary nucleation (Kn) 

and elongation (K+) but decreases for secondary nucleation (K2). This indicates a low energy 

barrier for first two microscopic processes but high energy barrier for the latter (K2). This 

reaction occurs faster in case of primary nucleation and elongation but slower in case of 

secondary nucleation. However, a change in this trend is seen when P-G2-Man at 2-5 µM 
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concentrations is used, where all microscopic processes rate constants are decreasing relative 

to the control (0 µM). This indicates a high energy barrier in all the three microscopic processes 

which perhaps makes it very slow. In particular, primary nucleation (Kn) increases slowly when 

the P-G2-Man concentration is 0-1 µM, but decreases drastically at higher concentrations by 10 

and 13 orders of magnitude relative to the control. This value is way beyond the error limits, 

which accounts for the bad fitting (Figure 5.42 a, first column). K2 also decreases and same 

pattern is shown by the K+. Meisl et al. reported Kn, K+ and K2 for Aβ 40 at 30 µM concentration 

in quiescent condition to be 2 x 10-6, 3x105 and 3 x 103, respectively.[419] Due to the lack of data 

availability for rate constants for Aβ 40 using this software, the values of Aβ 40 at 50 µM under 

perturbed conditions are reported as given in Table 5.8. Also, in this work heparin was used to 

start the aggregation process faster, based on an earlier work.[4,268,269,414]  

To further probe the mechanism of action of P-G2-Man, one rate constant in the rate law was 

systematically varied.[355] Based on the global fits to the normalized kinetic data alone, 

mechanisms based on inhibition of secondary nucleation and inhibition of elongation were 

similarly likely possible as the main modes of action of the P-G2-Man. By comparing how well 

these modified rate laws can describe the data, a mechanism that involves inhibition of primary 

nucleation could be ruled out as shown in Figure 5.50a.  

Table 5.8: Rate constant values from Amylofit software[418] obtained for Aβ 40 at five different 

concentrations of P-G2-Man.  

P-G2-Man (µM) P-G2-Man/peptide ratio Kn (M-2s-1) K2 (M-2s-1) K+ (M-1s-1) 

0 0 1.37 x 10-8 1.01 x 106 4.9 

0.1 0.002 3.59 x 10-8 5.7 x 105 4.9 

1 0.02 5.77 x 10-8 8.4 x 105 6 

2 0.04 1.18 x 10-18 2.1 x 105 0.9 

5 0.1 7.72 x 10-21 1.6 x 105 0.75 

 

 

 

 

 

 

 



 

 
 

 
Figure 5.50: a) Global fitting by chemical kinetics analysis reveals inhibition through secondary nucleation and elongation. In a perturbed system, to show 

the main mechanism of inhibition, the results from ThT assay were normalized and fitted under the constraint that deviation was allowed in only one 

microscopic step. Each column represents one mode of kinetic step and each row represents the repeats of experiments. b) Proposed behavior based on the 

results of global fitting of kinetic analysis as the fits are better in case of two microscopic processes i.e., inhibition of secondary nucleation and inhibition of 

elongation at 50 µM Aβ 40. (representation of amyloids and pseudodendrimers are not to scale). 
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5.2.2 CD spectroscopy 

Circular Dichroism (CD) is an important tool for rapid determination of the secondary structure 

as well as the folding properties of proteins. By estimation of the secondary structural 

components of a protein with time one can study the effects of its interaction with different 

agents.[357] The details of CD spectroscopy are described in Section 3.7 and experimental details 

in Section 4.4.2. In order to have further information on the secondary structure development 

upon addition of Gl-P and Gl-D, CD spectroscopy was performed. Aβ 40 at 50 µM (0.002 M, 

repeated unit) was mixed with respective solutions of synthesized Gl-P and Gl-D which showed 

maximum inhibitory effect in ThT assay. Based on the shapes of signals from CD it can be said 

that for control (Figure 5.51b) most of the changes start happening after 5 h of incubation. The 

bands observed at 0 h and 1 h are similar with a negative ellipticity at 222 nm and signals 

observed after 5 h shows two interesting features. A negative band is seen at 215 nm along with 

a positive band at 200 nm. This resembles well-defined antiparallel β-sheets. Here, it should be 

mentioned that proteins which are prone to form aggregates of different sizes like amyloids, 

synuclein, prion, etc., have distinct physiological effects depending on the environmental 

conditions. Prediction of these β-sheet rich proteins content has been challenging and 

controversial because of their intrinsic structural and spectral diversity.[358] 

In Figure 5.51c (P-G1-Man) the changes in the signal appear only at 24 h. In Figure 5.51d (P-

G2-Man) only a mild change is observed even at 24 h where no positive band is seen. In Figure 

5.50e (P-G3-Man), f (D-G4-Man) and g (D-G5-Man) the same trend is displayed as in the case 

of P-G1-Man. However, in 5.50h (D-G6-Man) again there was no positive band. Based on the 

observation of these changes over time, it can be said that minimal changes were seen in case 

of samples with P-G2-Man and D-G6-Man. Thus, with the addition of P-G2-Man and D-G6-

Man, the aggregation behavior of Aβ40 under these conditions has undergone the much sought-

after mitigation. 

As outlined earlier, CD spectroscopy also enables us to calculate the secondary structural 

components. An analysis of the changes in secondary structure upon addition of synthesized 

Gl-P and Gl-D over time would be quite valuable, for which different softwares are available. 

But it is known that amyloids are β-sheet rich proteins which are predicted as helix by most of 

the previously available methods[358] (See Section 3.8 for details). In this study BeStSel 

software[361] was employed for this specific purpose and results are summarized in Figure 5.52. 

In Figure 5.52c, for the β-sheet content, a decrease is seen only for P-G2-Man, along with an 

increase of α helix, unlike P-G3-Man and D-G6-Man. With the exception of P-G3-Man, there 

was a sudden increase of 9% in α-helix content. The total content of only α and β secondary 

structures (Figure 5.52h) decreases in the order of D-G6-Man>P-G2-Man>P-G3-Man relative 

to the control. It should be mentioned that the negative curve in D-G6-Man could be due to an 

error. It can be inferred that the protein folding behavior of Aβ 40 to secondary structures, in 

presence of synthesized polymers acting as inhibitors, were limited to minimum values in these 

three samples only. Multiple repeats could not be performed, and discrepancies due to sample 

preparation could be one of the possible reasons for such results. However, the results from all 

other samples were in good agreement with ThT data. 



 

 
 

 
Figure 5.51: CD spectroscopy a) Summary of samples; spectra over different time intervals with heparin in 1 mM PBS buffer b) control (Aβ 40 at 50 µM) 

c) P-G1-Man d) P-G2-Man e) P-G3-Man f) D-G4-Man g) D-G5-Man and h) D-G6-Man. 
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Figure 5.52: Summary of the secondary structure distributions for Aβ 40 in presence and absence of Gl-

Ps and Gl-Ds, obtained by BeStSel[361] software at 0h, 1 h, 5 h and 24 h (a) Aβ 40 (50µM) with heparin 

(0.041mg/ml) (Control), Aβ 40 (50µM) with heparin after addition of (b) P-G1-Man (1 µM), (c) P-G2-

Man (10 µM), (d) P-G3-Man (2 µM), (e) D-G4-Man (1 µM), (f) D-G5-Man (5 µM) and (g) D-G6-Man 

(5 µM) and h) content of β sheets and α helix  together.  
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5.2.3 Time dependent AF4-MALS 

The fibrillation behavior of amyloids is a complex process through different transient and 

metastable intermediates which are challenging to be precisely monitored and characterized. So 

far; these have been done by spectroscopic, separation and imaging techniques.[366,420–422] 

However, these techniques give only the averaged information and are often difficult to analyze 

over time. Therefore, a separation technique that gives a time dependent profile of the species 

present in the sample is advantageous over the above methods. In this work, AF4-MALS 

detection profile has been applied to study the time dependent aggregation pattern of Aβ 40 

with inhibitors (Gl-P and Gl-D). So far there has been only one reported study involving AF4 

and Aβ 42 aggregates without any kind of inhibitors.[173], and this present work is the first 

known study for Aβ 40.  

5.3.2.1 Separation of Aβ 40 by AF4 

The method development procedure has been discussed in Section 4.3.2.3. Figure 4.4 shows 

the flow profile for Aβ 40 amyloids. The flow profile was optimized so that it suits all the 

different components of the samples (amyloid, heparin, and Gl-P/Gl-D). 

The channel outlet detector flow was set to 0.40 mL/min. A low flow rate would limit the loss 

of samples during the focusing step. The focusing step was performed for 3 min with a focus 

flow rate of 3 mL/min. An initial cross flow rate of 1.75 ml/min was set for the separation step 

and maintained for 20 min using isocratic step. In the second elution step, the cross flow was 

lowered to 0.15ml/min using linear gradient in 5 mins. In the third elution step, cross flow was 

maintained at 0.15 ml/min for 10 mins. To ensure complete elution of very large aggregates, in 

last step, cross-flow rate was maintained at 0 ml/min for 10 mins. The eluent was 1 mM PBS 

(pH 7.4) with 0.01% (w/v) SDS. SDS was used to limit interactions between sample and channel 

membrane.[173]. In order to study the kinetic behavior of Aβ 40 amyloid, measurement without 

the addition of heparin was also performed. However the process was rather slow as shown in 

Figure 5.53, similar to what is mentioned in literature.[423] Figure 5.45 shows the results obtained 

from Aβ 40 without heparin. The sample was measured at different elapsed time 0-10 h, 16 h 

and 24 h. The molar mass of Aβ 40 was 4.0 kDa with Rh of ~3 nm. The monomeric Aβ showed 

a tailed peak at ~11 min. The pathogenic pathway of Aβ 40 has been extensively studied but 

with varying conditions (solvent, pH etc.) as summarized in Table 2.1. As a result, there is no 

consensus either for the early growth phases and on to protofibrils and fibrils, or for the detailed 

structure of the intermediate and final species. Due to the longest times of the fibrillogenic 

process and to obtain results in a reasonable time window, heparin was added which has been 

studied previously by transmission electron microscopy (TEM), atomic force microscopy 

(AFM), circular dichroism (CD) and ThT assay.[268,420,423,424] In this work, we have for the first 

time applied AF4-MALS to study the time-dependent stability of Aβ 40 as well as inhibition of 

the aggregation process using synthesized Gl-P and Gl-D with different molecular sizes. 
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Figure 5.53: Time dependent separation by AF4 of Aβ 40 without heparin at room temperature in PBS, 

normalized RI signals of differently incubated samples vs. elution time showing the elution behaviour 

changes very slow without the presence of heparin in PBS. 

5.3.2.2 Aβ 40 amyloid aggregation in the presence of Gl-P and Gl-D 

To study the aggregation behavior in presence of synthesized Gl-P and Gl-D, the following 

points were important: 

1. Each sample contains different components 

2. An optimum temperature of 37 °C  

3. Gentle stirring of the sample 

4. Measurement at different time intervals requiring sample preparation starting at 

different time points 

Incorporating all of the above points with a complex system like amyloids which are prone to 

aggregation made the task at hand even more challenging. Since the samples contained different 

components, the molar mass determination was not precise. However, quantification of mass 

distribution was possible based on the signals from RI detector.  

Figure 5.54a shows a representative RI signal fractogram Aβ 40 (50 µM) with heparin (0.041 

mg/ml) (control) at 5h. It shows a multimodal distribution due to the presence of different 

components. Different smaller species (Fraction 1) eluting at 9 min, 14 min, 17.8 min and 25 
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min were observed. The large aggregates (Fraction 2) start to elute after 40 min. To quantify 

the mass distribution, RI-peak integration was applied represented as Fraction 1 within the 

intervals from 9.3-40 min and Fraction 2 within 40-54 min. The area of Fraction 1 is understood 

to represent the oligomeric Aβ 40 and Gl-P/Gl-D whereas Fraction 2 represents only the 

aggregates. Same assumption was applied for the elution profiles of all the samples at each time 

point at different times (0, 2, 5, 7, 10, 16, 18 and 20 h).  

There have not been any separation studies on amyloids with heparin reported in the literature. 

Hence the focus of the present study was more on the fraction of aggregates instead of 

separating the smaller species. During this study, heparin was used to initiate aggregation 

allowing for a reasonable time window. It should be mentioned that the formation of smaller 

species (monomer/oligomers) is highly dependent on the purity of the amyloids.   

 

Figure 5.54: a) Fractogram of Aβ 40 (with heparin) after 5 h of incubation, and b) Mass fraction Aβ40 

(with heparin) determined at different time interval. The bar encircled with red box highlights the mass 

fraction of the corresponding fractogram (a). 

Figure 5.55 shows the percentage mass fraction of different aggregate fractions for each sample 

at various time intervals, calculated as described above. The percentage mass fractions of the 

aggregates are also tabulated in Table 1 (Appendix). Discrepancies could not be excluded due 

to sample preparation, especially the samples which were prepared at later time points (16 h, 

18 h and 20 h) as these were prepared from different stock solution to be measured the next day 

at exact times.  

As can be seen in Figure 5.55a, in the control experiment at 0 h, no Aβ aggregates were visible. 

On increasing the incubation time, the percentage of aggregates increases which becomes 

around 97% after 20 h of incubation. Similar to the control, in P-G1-Man no aggregates are 

observed at 0 h. However, after 2 h, the percentage of aggregates was only 2% which was 

markedly less as compared to control at 2 h (36%). As the time of incubation progresses, only 

a marginal increase is seen in the amount of aggregates. The mass fraction of aggregates as 

compared to control is lower during the complete kinetic experiment for all studied times 

starting from 1% and increasing until 22% of aggregates at 20 h. The deviation from the trend 

for the measured sample after 18 h is possibly due to discrepancies in sample preparation. In 



Chapter 5 Results and Discussion 

130 

 

case of P-G2-Man, the formation of aggregates is much slower relative to the control, increasing 

until only 10% of the aggregates after 20 h incubation time. 

 

Figure 5.55: Percentage mass fraction of the two aggregate fractions for each sample at different time 

interval determined from RI signal (a) Aβ 40 (50 µM) (control) (b) Aβ 40+P-G1-Man (1 µM) (c) Aβ 

40+P-G2-Man (10 µM) (d) Aβ 40+P-G3-Man (2 µM) (e) Aβ 40+D-G4-Man (1 µM) (f) Aβ 40+D-G5-

Man (5 µM) (g) Aβ 40+D-G1-Man (5 µM). All the samples contained final concentration of 50µM Aβ 

40, 0.041 mg/ml heparin (pH 5.5) and respective final concentrations of Gl-P/Gl-D. 

In the case of P-G3-Man, the formation of aggregates is also slow contributing to only 18% 

aggregates at 20 h incubation time. In case of glyco-dendrimers, a different behavior is observed 

in comparison to glyco-pseudodendrimers. Higher percentages of aggregates were observed at 

each time interval except for D-G6-Man when compared to their pseudodendrimer counterparts. 

In D-G6-Man, there is also a very slow aggregation behavior with only 13% aggregates after 

20 h incubation. Figure 5.56 shows the comparative trend of aggregates mass fraction in 

different samples at different time points. The results obtained from calculation of aggregates 

mass fraction presented here confirm that Gl-P of second-generation P-G2-Man at 10µM 

concentration can decrease the aggregates formation in Aβ 40 to 10% and Gl-D of sixth 

generation (D-G6-Man) at 5µM concentration can inhibit the aggregates formation to 13%. 
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Figure 5.56: Trends of aggregates deduced from AF4 at different elapsed time for Gl-Ps and Gl-Ds 

along with control Aβ 40. Solid lines are polynomial fit (order 4). 

The following conclusions can be drawn from our AF4 study: 

1. The trends of the aggregates mass fraction are in good agreement with ThT profile of 

Aβ 40 amyloid (Figure 5.56, black line). 

2. The results are also in good agreement with CD results. 

3. First and second generation glyco-pseudodendrimer P-G1-Man and P-G2-Man showed 

better aggregate inhibition than corresponding glyco-dendrimers fourth and fifth 

generation D-G4-Man and D-G6-Man, despite being similar in molar masses. Third 

generation P-G3-Man and sixth D-G6-Man generations showed similar trend. 

4. Overall, minimum aggregates were seen in case of P-G2-Man. P-G3-Man and D-G6-

Man also had low amount of aggregates. Similar trends were also seen in the case of CD 

data.  

5. Lastly, results from ThT, CD and AF4 experiments are in accordance with each other. 

P-G2-Man at 10 µM concentration showed maximum inhibitory effect, followed by D-

G6-Man (5 µM) and P-G3-Man (2 µM) in that order (see Figure 5.56). 

5.2.4 AFM 

After having the results from ThT, CD and AF4 experiments, it was worth performing imaging 

techniques to better understand the effect of P-G2-Man (10 µM) on aggregation behavior of Aβ 

40 amyloids. To see the inhibitory effect of P-G2-Man on the aggregation behavior of Aβ 

amyloid, we had earlier performed a fluorescence assay with Thioflavin T (ThT) which has a 

typical property to intercalate into the β sheet structure of amyloid fibrils. As mentioned earlier, 

this technique is commonly used to monitor the fibrillation kinetics.[213,425–427] Figure 5.57 
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briefly summarizes, the ThT assay, CD and AF4 results of P-G2-Man with Aβ 40 with respect 

to incubation time. In Figure 5.57a, as the incubation time increases in ThT assay, fluorescence 

intensity of pure Aβ 40 with heparin shows the typical amyloid aggregation curve with a lag 

phase (grey), presenting almost no fluorescence intensity in the beginning (lag/nucleation 

phase). Subsequently, increase in the fluorescence intensity is visible which denotes the 

elongation of the amyloid fibrils (elongation phase) and is finalized in a plateau-like behaviour 

over incubation time. 

 

Figure 5.57: Interaction of P-G2-Man with Aβ 40 a) ThT, b) CD and c) AF4. A nice correlation can be 

seen for the results with P-G2-Man at 10 µM concentration in all the three experiments.  

However, P-G2-Man at 10 µM concentration effectively suppressed this increase in fluorescent 

intensity. As seen from the results in Figure 5.57a, it could be qualitatively confirmed that P-

G2-Man effectively inhibits amyloid fibrillation without the assistance of any other reagents. 

However, amyloid solution could include different amyloidogenic species like monomers, 

oligomers, protofibrils and mature fibrils, the fluorescence data are inadequate in answering the 

question regarding the manner in which P-G2-Man affects amyloid fibril formation or fibril 

growth.[134] With CD results (Figure 5.57b), the secondary structure showed a decrease in total 

β sheet and α helix content. As these are β sheet rich proteins, most software do not yield good 

estimates of secondary sheet content and the reliability of data hugely depends on the algorithm 

used.[358,428] For this reason, bulk techniques such as ThT and CD provide average information 

about this complex fibrillation process. Figure 5.57c gives a quantitative evaluation of the 

aggregates formed over time with AF4 using RI signals. However, due to the small size of 

oligomeric species, their morphology is still under debate.[390] 

AFM has been an important tool for understanding the mechanism of amyloid aggregation 

studies, providing detailed insights into intermolecular and intramolecular forces giving 

relevant information on large number of molecular mechanisms.[429–431] To support our above 

studies, we performed AFM analysis to image the amyloid fibrils. This allows us to investigate 

the changes in the individual fibril’s formation in presence and absence of P-G2-Man with 

respect to time. The samples were made in the same way as for ThT assay. 10 μL amyloid 

solution was placed on a freshly cleaved, positively modified mica surface for 3 min at room 

temperature, washed with MilliQ water and dried with pure nitrogen gas, and imaged by AFM.  

The AFM analysis was carried out for a whole range of samples with many controls to 

understand the manner in whether different components of samples have any additional effects 
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or not. Based on the control experiments, it is found that the additional components like the 

heparin and ThT dye do not participate in the growth of amyloid fibrils as can be seen that 

height and length of heparin and ThT dye are very small as compared to the amyloid fibrils.  

5.2.4.1 Height 

Figure 5.58 shows the topographical images of the Aβ solution control (Figure 5.58 a-d) and 

with P-G2-Man (Figure 5.58 e-h) in presence of P-G2-Man with respect to different incubation 

time. For the quantitative analysis of all AFM images, the heights of single fibrils at 6 different 

positions on the same fibril along the white line were calculated. (Figure 5.58 a-h). 

 

 

Figure 5.58: AFM images of a-d) Control of Aβ amyloid (50µM). e-h) Aβ amyloid with P-G2-Man, 

with increasing incubation time; we sectioned across white line on single fibrils and calculated the mean 

diameter: i) Mean heights of Aβ amyloid at different incubation times, j) mean heights of Aβ amyloid 

mixed with P-G2-Man. 

 

In the control experiment (Figure 5.58a-d; 5.49i) the heights of the fibrils increased with the 

incubation time. In presence of P-G2-Man (Figure 5.58e-h; 5.49j), size increased but shorter 

fibrils or fragmented fibrils were present at 2 h onwards joined to each other in head to tail 

manner. Similar behaviour was also observed at 5 h (Figure 5.58g), and 20 h (Figure 5.58h). 
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The heights of single fibrils showed a decrease in comparison to the control. This proves that 

in the presence of P-G2-Man, with increased incubation time, there is a slower growth in height 

and size of the fibrils. From the AFM results, it implies that Aβ fibrillation is indeed suppressed 

by P-G2-Man. This is consistent with the results of the ThT assay. 

To study the heights of different fibrils, the cross sectional heights and roughness of different 

fibrils were calculated.[432] The height measurements were made from scan sizes of 1 x 1 µm or 

less by measuring cross-sectional height across the white dotted line. The heights for different 

fibrils species were taken corresponding to the peaks (~5). Immediately after the incubation, at 

0 h, in control experiment (Aβ 40), a cross-sectional height range of 0.7-1.3 nm was observed 

(Figure 5.59). These prefibrillar species with nanometer-size diameters and micrometer-scale 

lengths, are termed protofilaments. These protofilaments can intertwine and form plaques. 

Figure 5.59i shows the cross-section heights of different fibrils along the white dotted line at 

different time of incubation. After 2 h the average height increases, showing a wide range with 

cross-sectional height in the range of 1.5-4 nm. After 5 h, it shows 3.1-5.3 nm. Subsequently, 

these higher order aggregates assemble to form mature amyloid fibrils. Therefore, after 20 h, 

typical cross-sectional heights of fibrils in the order of 8.2-16 nm (Figure 5.59i) were seen 

which is consistent with previous studies.[132,134,422,433–435]  

In sample with Aβ 40 and P-G2-Man, at 0 h the cross-sectional height of 1.0-4 nm (Figure 

5.59j). After 2 h of incubation, a cross-sectional height of 2.6-4.9 nm was observed, and after 5 

h of incubation, 3.4-4.5 nm cross-sectional heights were seen. Remarkably, after 20 h there was 

no drastic increase in cross-sectional heights of the fibrils, as fibrils of cross-sectional height in 

the range 3.1-4.5 nm were seen. Similar behavior was seen with surface roughness analysis. It 

was found that the surface roughness of Aβ 40 with P-G2-Man decreased in comparison with 

the control as shown in the histograms (Figure 5.59k,l), and similar results have been reported 

by other investigators.[432,434] This observation suggests that P-G2-Man is interfering with the 

hierarchical self-assembly amyloid peptide. 
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Figure 5.59: AFM analysis of P-G2-Man (10µM) treated Aβ amyloid (50µM) with increasing 

incubation time: a-d) AFM images of control with Aβ amyloid (50µM), e-h) AFM images of Aβ amyloid 

with P-G2-Man; i) cross section profiles of Aβ amyloid aggregate on images a–d) (white dotted lines), 

j) cross section profiles of Aβ amyloid aggregate with P-G2-Man on images e-h) (white dotted lines); 

Roughness was calculated with squares of 1 µm2 at four parts of an AFM image a-h), k) roughness for 

Aβ amyloid aggregate, l) roughness for Aβ amyloid with P-G2-Man. 
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5.2.4.2 Topography and diameter 

On closer view, the AFM images revealed twist patterns in amyloid fibrils. These twist patterns 

are important, as they can be sites for fragmentation or providing new sites for further 

aggregation which has been observed before.[436] These twist patterns are also responsible for a 

decrease or an increase in the average diameter of the fibril. All the images were flattened to 

first order to remove any bends and tilts. The fibrils are assessed by measuring the height in 

cross section of >100 individual fibrils. Figure 5.60 compares fibrils assembled in control and 

with P-G2-Man at 20 h. Fibril diameters are estimated from the height of fibril in cross section. 

In case of Aβ 40 (control), the average diameter of the fibrils imaged is 8.8 ± 4 nm consistent 

with previous studies.[105,366,437]  

 

Figure 5.60: AFM images a) Higher magnification peak force error image of amyloid fibrils after 20 h 

of incubation, showing twists pattern in fibrils, b) Aβ 40 (control) after 20 h incubation showing diameter 

of 9 nm and (c) Aβ 40 with P-G2-Man after 20 h incubation showing a diameter of 5 nm. 

 

Amyloid fibrils have structural heterogeneity which give rise to this broad distribution. In 

sample Aβ 40 in the presence of P-G2-man, the average diameter of the fibrils is 3.9 ± 1.3 nm. 

Also, fragments are seen in this sample which are arranged in head-to-tail manner. The 

pseudodendrimers are also of a similar dimension of ~8 nm; however, their concentration is low 

in comparison to the amyloid (amyloid:P-G2-Man 5:1). As a result, no globular deposits were 

observed. This observation suggests that the amyloid fibrils were on their way of becoming 

mature fibrils, but P-G2-Man likely interferes with the further assembly of protofilaments. 

5.2.4.3 Length 

To see the effect of P-G2-Man on Aβ 40, their lengths were also analyzed. For this, the lengths 

of >100 fibrils were measured, which were incubated for different incubation times. In control 

(Figure 5.61a-d), at 0 h a proteinaceous film with small species are seen which are < 20 nm in 

length, at 2 h two types of species are seen, one is ~40 nm and large species <100 nm in length. 

At 5 h and 20 h, a very broad range of species are seen, extending up to several micrometers; 

these are mature amyloid fibrils. In Aβ 40 with P-G2-Man, however, no significant difference 

was observed in terms of length in comparison to control, but a particular type of fragmentation 

was seen (Figure 5.61f-h). The range of these fragments was 80-600 nm (Figure 5.61f). This 

200 nm 400 nm

9 nm

400 nm

5 nm
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observation suggests that the growth of fibrils has perhaps slowed down but the presence of P-

G2-Man does not inhibit it completely. 

 

Figure 5.61: AFM images for Aβ 40 solution a) 0 h, b) 2 h, c) 5 h, d) 20 h, and Aβ 40 solution with P-

G2-Man e) 0 h, f) 2 h, g) 5 h, h) 20 h. 

 

5.2.4.4 Morphology 

The AFM images were visually inspected closely to see if there are aggregates, amorphous 

aggregates or fibrils clumping. Aβ 40 amyloid fibrils showed few clumped fibrils (Figure 

5.62c). However, Aβ amyloid with P-G2-Man, showed no such clumping but entanglement of 

longer fibrils was seen in both cases (Figure 5.62a, b). No amorphous aggregates were observed 

in the present work, in consonance with what has been reported earlier.[9] 

 

Figure 5.62: AFM images showing morphology at 2 h of a) Aβ 40 and b) Aβ 40 with P-G2-Man; a) and 

b) show entanglement marked with red. c) peak force error image for Aβ 40 showing clumped fibrils. 

d) Peak force error image for Aβ 40 with P-G2-Man. 
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The following points can be summarized from AFM study: 

1. The glyco-pseudodendrimers affects the dimensions of amyloid fibrils by slowing down 

their diameter and height. 

2. Second generation glyco-pseudodendrimer (P-G2-Man) has the potential to inhibit the Aβ 

amyloid fibril formation process through interfering the hierarchical assembly of 

protofilaments. 

3. AFM study is in coherence with the ThT, CD and AF4 studies. 

5.2.5 Cytotoxicity 

The substances to be used in drug delivery systems should be non-toxic in nature unless they 

are specifically designed for targeted applications. The number and nature of functional groups, 

mainly determines the cytotoxicity of dendrimers. High toxicity is shown by cationic 

dendrimers whereas, anionic and neutral dendrimers show slight or no toxic effects.[8,369,438] 

This cytotoxicity of dendrimers can be explained based on the interaction between negatively 

charged cell membranes and the positively charged dendrimer surface. This leads to the 

formation of nanopores in the cell membrane, causes damage, following the leakage of 

cytoplasm, ultimately leading to cell death. Zeta potential measurements are a quick method to 

know the charges on the surface. The following experiments were performed by Dr. Anna 

Janaszewska at Department of General Biophysics, University of Lodz, Poland. 

The zeta potential of three generations of Gl-P and Gl-D were measured and are summarized in 

Figure 5.63. 

 

Figure 5.63: Zeta potential measurements of glyco-pseudodendrimers and glyco-dendrimers in 10 mM 

phosphate buffer (pH 7.4). 
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Figure 5.63 show the results for zeta potential measurements. This experiment was performed 

in phosphate buffer and without the use of any filters. The zeta potential values were negative 

around ~ 20-30 mV. This overall negative charge could serve as an advantage during cytotoxic 

studies. As in the previous experiments, Gl-P showed better interaction with the aggregates of 

Aβ 40, it was decided to proceed with the cytotoxicity experiments of only Gl-P. 

Unless stated otherwise, two cell lines were used for all cytotoxic studies, HMEC-1 and HeLa, 

isolated for use in this study and were maintained as explained in Section 4.5.2.  

5.2.5.1 MTT Assay 

To examine the cytotoxicity of synthesized Gl-P/Gl-D, MTT assay (3-[4,5-dimethylthiazole-2-

yl]-2,5-diphenyltetrazolium bromide) was used.[368] It is a widely used method to assess cell 

viability. This occurs by the enzymatic reduction of MTT to MTT formazan with mitochondrial 

succinate dehydrogenase enzyme which is release during cellular respiration. Hence, the MTT 

assay serves to assess the cellular energy capacity of a cell.[368]  

 

Figure 5.64: Influence of P-G1-Man, P-G2-Man and P-G3-Man glyco-pseudodendrimers on the 

viability of a) HMEC-1 and b) HeLa cells after 24-hour incubation. 

Analysis of the obtained results suggests that all investigated Gl-P presented relatively weak 

cytotoxicity (decrease in cells survival rate not exceeding 20%) towards either endothelial 

(HMEC-1) as well as carcinoma cells (HeLa) for concentrations up to 10 µM. A significant 

decrease in the viability of both cell lines was observed after incubation only with the 10-fold 

higher concentration (100 µM). This is an advantage, as in all our previous experiments we 

have used concentration only up to 10 µM. 

After 24 h incubation, only P-G3-Man showed the strong inhibition of proliferation of the 

HMEC-1 (about 83% on average) and HeLa (about 99% on average). The obtained results show 

that interestingly, cancer HeLa cells were more sensitive to the cytotoxicity of the highest 100 

µM concentration of analyzed Gl-Ps than the non-cancer HMEC-1 cells. 

Using results obtained in the MTT test, the IC50 and IC70 values (half maximal inhibitory 

concentrations) for all analyzed Gl-Ps were calculated in GraphPad Prism 6 (Table 5.9).  
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Table 5.9. IC50 and IC70 values [µM] of glyco-pseudodendrimers in non-cancer HMEC-1 and cancer 

HeLa human cell lines. 

Sample HMEC-1 HeLa 

IC50 IC70 IC50 IC70 

P-G1-Man > 100 µM = 89 µM = 85 µM = 35 µM 

P-G2-Man > 100 µM = 35 µM > 100 µM = 59 µM 

P-G3-Man = 52 µM = 27 µM = 37 µM = 16 µM 

 

Using IC50 values one can determine the quantity of sample required to inhibit a biological 

processes by 50 per cent. Based on the results of the cytotoxic experiments, for further 

investigations, one dendrimer concentration was selected. The IC50 value for Gl-Ps, which 

showed the highest cytotoxicity toward to HeLa cells (P-G3-Man) was selected. The next 

experiments were performed for all compounds for 37 µM concentration. 

 

5.2.5.2 Changes in mitochondrial transmembrane potential 

Mitochondria membrane potential (MMP) is a key indicator of cellular activity and is required 

for energy production inside the cell. If MMP decreases, the cell loses energy which leads to 

altering the pH of the mitochondrial intermembrane and matrix.[370]  

JC-1 is a cationic dye widely used as fluorescent probe for detecting depolarization of the 

mitochondrial membrane.[370] The selective accumulation of JC-1 in the mitochondria is 

dependent on the mitochondrial transmembrane potential. Sharp decline in ATP production is 

often connected with pathology states, which causes depletion of energy and depolarization of 

mitochondrial membrane.[370] Changes in mitochondrial potential are characteristic for the 

initial stages of programmed cell death, i.e., apoptosis. The application of the JC-1 fluorescent 

probe allows for spectrofluorimetric analysis of changes in the mitochondrial membrane 

potential. JC-1 tends to accumulate in large quantities in hyperpolarized mitochondrial 

membrane, where it forms aggregates that emit red fluorescence (λex = 485 nm, λem = 538 nm). 

When the depolarization of the mitochondrial membrane occurs and the membrane permeability 

increases, the aggregates breakdown to monomers emitting green fluorescence (λex = 530 nm, 

λem = 590 nm). Ratio of aggregates (λem = 590 nm) and monomers fluorescence (λem = 540 nm) 

reflects the damage of mitochondrial membranes.  

Figure 5.65 shows the data obtained from JC-1 experiments. Based on the emission and 

excitation, the cell viability could be assessed.  

The obtained results suggested that all analyzed Gl-Ps induce time-independent changes in 

mitochondrial membrane potential (Figure 5.65 a and b). Moreover, regardless of tested cell 

lines, the ratio of JC-1 probe fluorescence was decreased by approximately 15-20% after 3 h 

treatment with P-G1-Man, P-G2-Man and P-G3-Man. At this point, there was no difference 

between the different generations of Gl-Ps. Moreover, such differences did not appear after next 

hours of incubation, when value of mitochondrial membrane potential return to control level. 
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This could mean that the observed cytotoxicity of the studied Gl-Ps is not associated with 

changes in mitochondrial potential only, e.g. with oxidative stress and the generation of free 

radicals. But to check this, a method in which the fluorophore will not interact with the tested 

compounds is needed, causing fluorescence quenching. Hence, the proposal was to use a new 

method based on chemiluminescence. 

 

Figure 5.65: Changes in mitochondrial membrane potential based on cell viability using JC-1 assay, 

after treatment of a) HMEC-1 and b) HeLa cells with glyco-pseudodendrimers. 

 

5.2.5.3 Flow cytometric detection of phosphatidyl serine exposure 

Dual staining of cells with annexin V and propidium iodide (PI) was used to assess apoptosis. 

This technique is often used in biological experiments where sorting and profiling of cells are 

required.  In this the viable cells remain unstained, apoptotic cells are stained with Annexin V 

and necrotic cells  are stained with PI.[373] 

The next step of the study was measurement of phosphatidylserine externalization directly 

related to apoptotic processes. Figure 5.66 shows the influence of dendrimers on the induction 

of apoptosis in HMEC-1 and HeLa cell lines, estimated by annexin V/propidium iodide assay. 

To evaluate the possible role of necrotic or programmed cell death features on the cytotoxicity 

of dendrimers, the mode of cell death triggered by these nanoparticles was investigated. The 

quantitative results obtained from phosphatidylserine externalization assay were consistent with 

the results of cytotoxicity test, showing that cancer HeLa cells were more sensitive to Gl-Ps 

than non-cancer HMEC-1 cells. In the cancer cells, after 24 h treatment, the maximum level of 

necrotic cells was observed for P-G3-Man and was 41% while in the non-cancer cells was 24%, 

respectively. In both investigated cell lines, tested Gl-Ps, induced both apoptosis and necrosis, 

but necrosis was the dominant process. After 24 h treatment, the percentage of the dead cell 

fraction for all investigated dendrimers increased significantly in comparison to the 3 h 

incubation time, whereas the changes in apoptotic fraction were inconsiderable. 
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Figure 5.66: Influence of glyco-pseudodendrimers on the apoptosis induction in cell lines, estimated by 

annexin V/propidium iodide assay for HMEC-1 at a) 3 h, b) 24h and for HeLa at c) 3 h, d) 24 h. 

Quantitative results of the effect of polymers on the level of live, necrotic and apoptotic cells are 

represented by the mean ± standard deviation (S.D.) for three independent experiments.  

 

Observed necrosis confirms the hypothesis that mitochondria, which through the outflow of 

calcium and cytochrome C activate the caspase pathway and direct cells to the path of 

programmed death - apoptosis, may not actually participate in the observed cell death. The cell 

lines used just serve to test the toxicity of synthesized polymers. Since, Gl-D could not be tested 

for their toxicity, but in the future, it would be interesting to study a comparison of the toxicity 

of these two. 
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6 Conclusions and Outlook 
 

 

As the world population ages, we face a looming epidemic of Alzheimer's disease (AD), which 

induces cognition dysfunctions in elderly persons, varying from difficult-to-diagnose subtle 

changes to severe incapacitating impairments. Healthcare systems are challenged to meet the 

needs of these patients which would result in huge costs and man hours, in addition utmost 

commitment and empathy for adequate and proper patient care. Prevention of AD onset and 

progression is an ambitious goal that does not seem fully achievable in the near future, although 

delaying/palliation of the disability may be feasible in the face of current global thrust. Through 

our present work, we realize that the global burden of the disease can be significantly reduced 

even through a slight advancement in therapeutics and preventive strategies which can produce 

a small delay in AD onset and progression. However, newer therapeutic strategies warrant 

development of thorough understanding of the cellular mechanisms of the AD onset and 

progression. Amyloid cascade hypothesis is a trove of information concerning these 

mechanisms in the cerebral neurons. According to which, amyloid peptides play a central role 

in triggering cell toxicity in brain. However, amyloid plaque formation is a complex 

mechanism, involving mainly amyloid and tau proteins, which further involve many different 

species. Of the two, the former is the most abundant forms of protein in AD brain. Aβ forms 

fibrillar, extracellular deposits, triggering pathogenic changes leading to neuronal death and 

synaptic dysfunction. Despite understanding the physiopathology of the disease, the exact 

process of assembly of Aβ into highly organized fibrils, is still not fully understood.  

To recapitulate the basis of the present work, two of the most commonly studied dendrimers 

which can modulate the amyloid peptide aggregation are polyamidoamine (PAMAM) and 

phosphorus dendrimers. Dendritic structure, generation, pH of the medium and dendrimer-

peptide ratio are important parameters responsible for their potential anti-amyloidogenic 

activity. However, the intrinsic toxicity of these dendrimers has prevented their evaluation as 

anti-amyloidogenic agents. Thereafter, PPI glyco-dendrimers showed a specific interaction 

capacity with biological molecules governed by hydrogen bonding, and have already proven to 

be effective antiprion agents in cell cultures. So, several works followed focusing on the 

development of biocompatible dendritic structures with hydrogen bonding sugar on the surface.  

One of the promising approaches to prevent the modulation of aggregates is the use of 

glycopolymers as anti-amyloidogenic agents. Amyloid plaques interact strongly with the glyco-

dendrimers and are thus able to modulate its aggregation behavior, leading to a markedly 

reduced neurotoxicity, which has been verified in vivo. However, the synthesis of glyco-

dendrimers is complicated involving multiple steps. Pseudodendrimers are an alternative to 

dendrimers based on hyperbranched polymers. In contrast to dendrimers, these polymers can 

be easily synthesized via few steps. In addition, a higher molar mass and a dense shell of 

functional end groups are possible. Therefore, pseudodendrimers can possibly overcome the 

drawbacks of dendrimers with regards to synthesis and functionality. 
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In the present work, three generations of pseudodendrimers based on bis-MPA were synthesized 

and then decorated with mannose leading to the formation of dense shell glyco-

pseudodendrimers. Additionally, three generations of dendrimers based on PFD-G3-TMP-OH 

were synthesized and then decorated with mannose forming glyco-dendrimers. Here, the 

number of steps in synthesis of dendrimers are the same as pseudodendrimers, but we started 

with the third generation of dendrimer which is already expensive compared to the price of bis-

MPA, the starting material for pseudodendrimers. Using SEC-MALS, the average molar mass 

was determined, corresponding to almost 80-100% degree of modification. Pseudodendrimers 

showed a high dispersity in comparison to dendrimers. Batch DLS, the most widespread LS 

technique for particle analysis, confirmed the hydrodynamic size (i.e. Rh) to be in the range of 

3-4 nm. Average apparent density showed that P-G2-Man has the lowest density in glyco-

pseudodendrimers and D-G5-Man has the lowest density in glyco-dendrimers. But P-G2-Man 

has higher density when compared to its counterpart D-G5-Man. AF4-MALS confirmed these 

average molar mass values and hydrodynamic size based on online DLS.  

The second part of this work involved the study of interaction of these synthesized glyco-

pseudodendrimers and glyco-dendrimers with amyloid protein Aβ 40. ThT fluorescence assay 

confirmed their interaction with the amyloid, with P-G2-Man at 10 µM showing maximum 

effect on the inhibition of aggregation of amyloid. The kinetic analysis of the data revealed that 

the P-G2-Man at 10 µM acts on the two microscopic processes involved i.e., secondary 

nucleation and elongation. CD spectroscopy data confirmed the behavior of chosen 

concentrations from ThT assay. As per the secondary structure determination from CD data, the 

total α and β sheet content followed the trend D-G6-Man<P-G2-Man<P-G3-Man relative to the 

control. The chosen concentrations analyzed with AF4-MALS, at different incubation time 

intervals revealed that the P-G2-Man at 10 µM concentration formed minimum amount of 

aggregates relative to the control. However, D-G6-Man (5 µM) and P-G3-Man (2 µM) also 

showed low amount of aggregates. AFM of P-G2-Man (10 µM) confirmed that glyco-

pseudodendrimers indeed affected the dimensions of amyloid fibrils. Our observations clearly 

confirm that glyco-pseudodendrimers are affecting the aggregation behavior by interfering in 

the secondary nucleation and elongation steps. This suggests that glyco-pseudodendrimers 

indeed have the ability to interact with Aβ 40 amyloid by affecting two main microscopic steps. 

All these results suggest that glyco-pseudodendrimers are better at limiting the aggregation 

behavior of Aβ 40, with P-G2-Man being the most effective. D-G6-Man also showed better 

interaction behavior, but the synthesis of D-G6-Man would be challenging, especially if starting 

from the core. Nevertheless, it is still possible.  

In a nutshell, findings of this work suggest that glyco-pseudodendrimers used in this work are 

a better alternative to their counterparts (glyco-dendrimers) for use as anti-amyloidogenic 

agents. The reason for glyco-pseudodendrimers being better than glyco-dendrimers probably 

lies in the structural difference in 3D space, having an optimal number of functional groups in 

the periphery. A lot more research in molecular dynamics is required, which would probably 

lead to a better understanding of their behavior. Here, it is worth mentioning that the metastable 

nature of Aβ is strongly affected by the ionic environment which rapidly affects aggregate 

composition. Therefore, focusing on just one polymer and its interaction with Aβ 40 would lead 
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to a deeper understanding of dendrimers-aggregate complex, especially with the use of 

advanced characterization tools, particularly AF4. 

The cytotoxic studies of glyco-pseudodendrimers revealed that they have an overall negative 

zeta potential which is an advantage as it will not interact with the negatively charged cell 

membranes. MTT assay showed a relatively weak cytotoxicity for glyco-pseudodendrimers. 

The changes in mitochondrial membrane potential also suggested the weak cytotoxicity and 

flow cytometric detection method revealed necrosis as the dominant death of cells.  

Overall, the findings presented in this thesis serve as a preliminary work on polyester based 

pseudodendritic structures and build an excellent basis for further investigations of glyco-

pseudodendrimers particularly the second generation to understand its structure more deeply. 

Definitely, modifying its chemical structure with different sugar units, providing new linkage 

would open a new window of this glyco-pseudodendrimers. Additionally, incorporating new 

dyes would be important for imaging tools in future. Another future prospect is to use these 

pseudodendrimers with different aggregating proteins like prion and amyloids, Aβ 42 in 

particular. In particular, testing pseudodendrimers with Aβ 40 at different pH as well as testing 

the enzymatic and non-enzymatic degradation of these polyester structures should make 

excellent next steps. It is hereby strongly proposed to extend this research to Aβ 42 amyloid so 

that it can be compared with previous studies. Last but not the least, further studies can be made 

by isolating different monomeric and oligomeric species of amyloid to have further information 

on which species are particularly involved in interacting with the pseudodendrimers, leading us 

to deeper understanding of the protein-polymer interaction and shall pave the way for a potential 

anti-Alzheimer agent. 
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Appendix 
 

 

Figure 1: 1H NMR spectrum of bis-MPA acetonide (2). 

 

Figure 2: 13C NMR spectrum of the bis-MPA acetonide (2). 
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Figure 3: 1H NMR spectrum of P-G2-pro. 

 

 

Figure 4: 1H NMR spectrum of P-G3-pro. 
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Figure 5: 1H NMR spectrum of D-G5-pro. 

 

 

Figure 6: 1H NMR spectrum of D-G6-pro. 
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Figure 7: 1H NMR spectrum of D-G5-OH. 

 

 

Figure 8: 1H NMR spectrum of D-G6-OH. 
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Figure 9: 1H NMR spectrum of P-G2-pent. 

 

 

Figure 10: 1H NMR spectrum of P-G3-pent. 
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Figure 11: 1H NMR spectrum of D-G4-pent. 
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Figure 12: 1H NMR spectrum of D-G5-pent. 
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Figure 13: 1H NMR spectrum of D-G6-pent. 
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Figure 14: Calculation of degree of modification for P-Gx-pent (x=1, 2, 3). 
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Figure 15: Calculation of degree of modification for D-Gx-pent (x=4, 5, 6). 
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Figure 16: 1H NMR spectrum of azidopropanol. 

 

Figure 17: 13C NMR spectrum of azidopropanol. 
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Figure 18: 1H NMR spectrum of P-G2-Man. 
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Figure 19: 1H NMR spectrum of P-G3-Man. 
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Figure 20: 1H NMR spectrum of D-G4-Man. 
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Figure 21: 1H NMR spectrum of D-G5-Man. 

 

Figure 22: 1H NMR spectrum of D-G6-Man. 
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Table 1: Mass fraction of aggregates determined from RI detector signals in AF4. 

Aggregate mass fraction (%) 

Samples 0 h 2 h 5 h 7 h 10 h 16 h 18 h 20 h 

Aβ 1-40 

(control) 

0 36 66 91 91 92 96 97 

Aβ 1-40 +  

P-G1-Man 

0 2 16 19 20 26 31 22 

Aβ 1-40 +  

P-G2-Man 

1 1 3 5 7 7 10 10 

Aβ 1-40 +  

P-G3-Man 

0 5 10 9 17 18 18 18 

Aβ 1-40 +  

D-G4-Man 

0 14 15 22 42 51 56 61 

Aβ 1-40 +  

D-G5-Man 

3 5 14 21 49 55 47 37 

Aβ 1-40 +  

D-G6-Man 

0 1 5 9 9 12 13 13 

 

Table 2: Total number of atoms from MD simulations. 

Samples Total number of atoms 

P-G1-OH 947 

P-G2-OH 1907 

P-G3-OH 3827 

D-G4-OH 743 

D-G5-OH 1511 

D-G6-OH 3047 

P-G1-Man 3647 

P-G2-Man 4697 

P-G3-Man 8777 

D-G4-Man 2768 

D-G5-Man 5831 

D-G6-Man 11687 
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