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Abstract 
Cancer is one of the leading causes of death worldwide, and anticancer treatments are also 

known to cause side effects that can affect life quality of the patients severely. Novel drug 

delivery systems (DDS), e.g., polymeric nanoparticles as carriers of drug, hold great potential 

in this field, as they can promote selective accumulation or activation of anticancer drug. This 

reduces the harm anticancer drugs could bring to the rest of the body. The unique biological 

properties that cancer tissue display have been exploited to develop more effective and selective 

DDS.  

In this thesis, properties of a pH-responsive supramolecular self-assembling system consisting 

of cyclodextrin grafted linear-poly(ethylenimine) and trimethylsilyl-containing di-copolymer 

were studied. The idea was to design an anticancer DDS that can utilize both the enhanced 

permeability and retention-effect (EPR-effect) and the lower extracellular pH values that solid 

tumors display.  

The pH-responsiveness was studied by nuclear magnetic resonance (NMR) spectroscopy 

experiments, which revealed that the trimethylsioxyl groups of poly ((trimethylsioxyl 2-

ethylmethacrylate-co-poly (ethyl glycol) methyl ether methacrylate)) (P(TMSHEMA-co-

OPEG9MA)) copolymer hydrolyzes rapidly and completely in light water solutions irrespective 

of pH, whereas the hydrolysis is much slower in heavy water solutions. The degradation rate in 

heavy water was further studied with respect to different pH levels. A pH-rate profile for the 

degradation of (P(TMSHEMA-co-OPEG9MA)) in heavy water solutions was determined. It 

revealed that the polymer does not display the desired pH-responsiveness in heavy water.  

The complexation of the two polymers were studied by dynamic light scattering measurements 

on P(TMSHEMA-co-OPEG9MA) and β-cyclodextrin-grafted-linear-poly (ethylenimine), (β-

CD-g-lPEI), both alone and in mixtures with different ratios and concentrations. Both polymers 

showed extensive self-aggregation issue, as the intensity fluctuation measured were dominated 

by large particles. These particles were larger than 100 nm in hydrodynamic radius (Rh). This 

made it difficult to determine whether there was any complex formation.  
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PDK Pyruvate dehydrogenase kinase  

RES Reticuloendothelial system 

θ Scattering angle 

I(q) Scattering intensity 

q Scattering vector 

TMS Trimethylsilyl 
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1 Introduction 

1.1 Background  

Achieving selective accumulation and evading biological barriers are central challenges 

associated with parenterally administered pharmaceutical agents. These challenges are difficult 

to solve properly and consequently higher drug dosages are needed to achieve an effective 

concentration at the disease sites. Since most of the pharmaceuticals are distributed evenly 

throughout the body, a higher drug concentration could cause unwanted side effects, or in worse 

cases become toxic [1]. As a result,  there is a great need for developing carriers or DDS that 

can improve the properties of conventional pharmaceutical agents, like for example the 

pharmacokinetics and biodistribution profile of the drug [2]. One field where DDS have shown 

enormous potential is in anticancer treatment. With more and more understanding of the 

pathological characteristics of the cancer tissue, one can design DDS that will target cancer 

tissue specifically. Several different DDS have been developed, tested and even approved in 

the recent years [2-4].  

Cancer tissue is characterized by abnormal cell growth and is primarily caused by genetic 

mutations. In comparison to normal tissue, cancer tissue exhibits many unique biological 

characteristics, which can be exploited as targets for cancer therapy and targeted drug delivery 

[4]. Targeted DDS operate through different mechanisms: passive, active and physical drug 

targeting. One common mechanism of passive drug targeting is to exploit the leaky vasculature 

of solid tumor through the EPR-effect. This effect will be explained later. Active drug targeting 

can be achieved by linking the drug to a ligand, which can then guide the drug towards the 

active site. Physical drug targeting can be achieved by incorporating stimuli-responsive 

materials into the DDS, which will then react to different stimuli and release the drugs 

selectively [1].  

The DDS that were intended to be designed in this project were supposed to be pH-responsive 

CD-based supramolecular self-assembly systems. The concept was that the CD-based host 

polymer would form complexes with the trimethylsilyl (TMS) groups on the guest polymer 

through the host-guest mechanism. The TMS groups were linked to the guest polymer by ether 

bindings, and these ether bindings were expected to have pH-responsive characteristics. The 

complexes should be stable at the physiological pH level, and degradation was expected to 
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occur when pH was below 7, preferably at pH around 6.8. By stirring a mixture of hydrophobic 

drugs together with the host and guest polymer over time, the drug was expected to be 

encapsulated inside the CD cavity. This means that with the correct pH, one could achieve 

degradation of the complexes, which would lead to release of the encapsulated drug.  

Dr. Quan in the Polymer Group designed and synthesized several polymers with similar 

structure features. Most of them were hydrophobic and insoluble in water. Due to the time 

limitation, two of these polymers were chosen for characterization. The chosen host polymer 

was β-CD-g-LPEI and the chosen guest polymer was P(TMSHEMA-co-OPEG9MA) (See 

Figure 1.1). These polymers were both chosen for their good water solubility. 

Figure 1.1 Schematic illustration of the host (left) and guest (right) polymers 
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1.2 Aim 

Since this pH-responsive CD-based supramolecular self-assembly system has never been 

studied before, the characterization in this thesis focuses mainly on the stability and pH-

responsiveness of the guest polymer and the complexation between the host and guest polymer.  

The pH-responsiveness of the guest polymer was one of the most important features of this 

polymeric system, and it was also crucial for the stability of the whole system. The first section 

of the work was to study the stability and the pH dependent degradation of the guest polymer, 

where NMR was used.  

The size of a DDS can determine the accumulation and clearance of the system in vivo.  It is 

therefore important to have control over the size range of the complexes. The second section 

focuses on investigating the complexation between the host and guest polymer with dynamic 

light scattering. In order to do so, the size of each polymer needs to be studied separately first. 

The complexation could then be studied with respect to the mixing ratio and concentration.  
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2 Literature review  

2.1 Cancer microenvironment 

2.1.1 Enhanced permeability retention effect 

Angiogenesis is a general term for all the physiological processes that involve new blood vessel 

formation from preexisting vessels, and is essential for both tumor growth and metastasis. 

Tumor angiogenesis results in the formation of blood vessels that are structurally abnormal, 

which is the reason why they do not function as well as normal blood vessels [5]. Figure 2.1 

illustrates the structural difference between blood vessels in healthy tissue and in tumor tissue. 

The microenvironment of a solid tumor and its development is also illustrated in this figure. 

The endothelial cells are well connected in normal vessels, and these cells are also surrounded 

by pericytes. The cell junctions between the endothelial cells are much wider for the tumor 

vessels, and the cells are not surrounded by the pericytes. This is the reason why tumor vessels 

are leaky [4]. 

Figure 2.1 Illustration of tumor microenvironment [4]. 

Maeda et al. showed that certain macromolecules larger than 40 kDa can be entrapped in solid 

tumors. This increases their concentration in the tumor tissue, and thus prolong their retention 

time significantly. Vasculature with enhanced permeability is observed both in tumor tissues 
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and in inflammatory tissues. The difference between these tissues lies in the lymphatic 

clearance velocity. Inflammatory tissues clear the macromolecules much faster compared to the 

tumor tissues. This is caused by the lack of effective lymphatic drainage that only tumor tissues 

display. Maeda et al. were the first to report the so called EPR effect [5-8].  

Since the EPR effect is caused by the pathophysiological nature of tumor vessels, it has become 

a “golden standard” for the design of anticancer drugs or DDS [1, 5]. It opened up a gateway 

for the development of nano-scaled DDS that could exploit this characteristic of solid tumors 

to achieve selective accumulation. However, there are still other factors that one needs to 

consider in addition to the size of the particles. For instance, the surface charge of the injected 

particles determines their circulation time, since it affects their binding to the negatively 

charged vascular endothelial cells and clearance by the immune system. Neglecting these 

factors, even with the right sized DDS the accumulation of the drug inside the tumor tissue will 

still be limited [5].  

2.1.2 Abnormal pH level 

Intracellular pH (pHi) level is very important to cell function. The development and growth of 

cells are optimal when pHi is well regulated. The reason is that many molecules like proteins 

and peptides have important roles in the biological cell functions. These molecules are either 

weak acids or bases, and their conformation is very sensitive to the pHi change. Changes in pHi 

outside of the normal pH range (between 7.0-7.5) can trigger pathophysiological responses, and 

even cell apoptosis [9-11].  

One of the mechanisms that affect the pHi, and thus requires careful regulation, is the metabolic 

acid production. Excess H+ ions are normally removed from the intracellular space by transport 

proteins on the cell membrane. However, if there is already too much acid in the extracellular 

space, these export mechanisms may be rendered less effective [12].  

Tumor growth and development requires a lot of energy. The glucose metabolism yields more 

energy when it is metabolized to CO2. To achieve this kind of aerobic respiration functional 

mitochondria and enough O2 are essential [9]. As the tumor cell proliferates, the oxygen 

consumption accelerates and outweighs the oxygen supply [13]. As a result, glucose is 

fermented, and converted to lactic acid (LA). Warburg et al. observed that the overproduction 
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of LA in tumor cells is present even when the oxygen supply is normal [14, 15]. This 

characteristic was later called the Warburg effect. Since the O2 supply is highly unreliable in 

tumors, this effect is believed to be beneficial for the survival of tumor cells, which might be 

why tumor cells favor anaerobic respiration [16].   

Oxygen deprivation inhibits the degradation of a transcription factor called the hypoxia-

inducible factor (HIF). The HIF regulates transcription of many genes that are important for 

cancer biology.  Glucose metabolism and pH regulation are processes affected by this factor. 

Tumor cells are forced to undergo less efficient anaerobic respiration due to hypoxia, since the 

expression of pyruvate dehydrogenase kinase (PDK) and lactate dehydrogenase (LDH) are 

induced by HIF [17].  

It has been reported that tumor tissues have a more acidic extracellular environment than normal 

tissue, with a pH of approximately 6.2 – 6.9 and 7.3 -7.4, respectively. Hypoxia and increased 

acidity can cause cancer cells to develop into a more aggressive phenotype, that progresses the 

cancer state. This contributes strongly to relapse and treatment failure [18]. With the advances 

in material chemistry and more pathological understandings, one can design drug delivery 

systems that can exploit this unique characteristic of tumor tissue. This is especially important 

for cancer therapy, since anticancer drugs usually are highly cytotoxic [19].  



8 

2.2 Drug delivery in cancer therapy 

2.2.1 Stimuli-responsive drug delivery systems 

DDS that consist of stimuli-responsive materials have received a lot attention in the recent 

years, due to their ability of controlled drug release. These materials can either respond to 

endogenous or exogenous stimuli. Systems that respond to endogenous stimuli rely on the 

environmental differences between disease and normal tissue. The difference(s) need to be 

specific for the targeted disease tissue. Thereby clinical application of the encapsulated drug is 

often the starting point of the design and development of these systems. The endogenous stimuli 

could be temperature, pH gradients, enzymes or proteins etc. The DDS that take advantage of 

stimuli applied externally are less limited by the clinical application of the drug, since they can 

be used even when there are no significant environmental differences between disease and 

normal tissue. Exogenous stimuli could be light, ultrasound, magnetic field and also 

temperature [1, 19, 20].  

Several of these stimuli have been studied in relation to cancer treatment or diagnostics. DDS 

based on pH-responsive materials have been of special interest, since the pH variations are 

associated with pathological changes of cancer. One of the main strategies for these systems is 

using polymers with ionizable groups. These groups can undergo either conformational or 

solubility changes in response to pH variation. One can also design polymeric systems where 

the drug molecules are linked to the polymer through pH sensitive bonds, that degrade with pH 

change [19].  

2.2.2 Supramolecular assembly systems 

Supramolecular chemistry covers all intermolecular interactions where the interaction is not 

established through covalent bonding [21]. The development of these organic systems is 

inspired by the function of enzymes, which relies on the complexation and decomplexation 

processes. The affinity and selectivity of the binding is determined by the structure of an 

enzyme’s active binding site [22]. Host-guest system is the main type of interaction when it 

comes to supramolecular chemistry [21]. The host molecule is the larger molecule that 

resembles the enzyme. Complexation between these two groups of molecules is induced by 

their complementary binding sites and steric features [22].  
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CDs show great potential in supramolecular chemistry for many reasons. They can form 

inclusion complexes with guest molecules. The biological, chemical and physical properties of 

the guest molecules will be altered due to the complexation. Additionally, the production 

process is relatively simple, cheap and environmental friendly. The cytotoxicity can be avoided 

by choosing the type of CD or their derivatives. Their pharmaceutical application has been 

mainly as solubilizes and stabilizers for hydrophobic or biological drugs [21, 23]. 

 The designs of supramolecular systems with CD are very diverse, since CDs can be used alone, 

be grafted to other molecules or be linked to each other. Figure2.2, illustrates some examples 

of different CD-based DDS.  CDs can be threaded along certain regions of a polymer. If the 

CDs cannot move along the polymer chains freely due to bulky regions, the structure is called 

polyrotaxane. If the polymer does not contain bulky regions, and CDs can move along the 

polymer chain freely, the structure is called polyseudorotaxane. These polymers are often block 

copolymers, containing hydrophilic and hydrophobic blocks [24].  

Figure 2.2 Schematic illustration of (a) structure of a poly-cyclodextrin polymer; (b) cyclodextrin-based 
supramolecular inclusion complexes; (c) Supramolecular host-guest network; 8d) Pseudorotaxanes based on 
cyclodextrin-drug conjugates. Adapted [24].  
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2.2.3 Challenges 

The concept of DDS seems to be simple and straightforward, but there are certain barriers a 

DDS needs to overcome before reaching its destination. These barriers vary depending on the 

routes of administration. Anticancer drugs are mostly administrated through injection directly 

into the vascular system, and one of the main barriers with this route, is that the drug carriers 

tend to be cleared out of the circulation too rapidly after injection. The unwanted accumulation 

inside the liver and spleen and the clearance by the immune system are two of the main causes 

for the rapid clearance of the particles [25]. The following paragraphs present some of the 

important factors and mechanisms that affects the accumulation and clearance of particles in 

vivo.   

The endothelial barrier 

Endothelial cells are cells that covers the lumen of vasculature. This cell layer has an important 

function of regulating the exchange of molecules between the vascular and extravascular 

compartments. There are mainly three types of capillary endothelia: a sinusoidal endothelium, 

a fenestrated endothelium and a continuous endothelium. The sinusoidal endothelium, also 

called discontinuous endothelium, is found in the capillaries of the liver and spleen. For this 

kind of endothelium, both the endothelial cell layer and the basement membrane underlying the 

capillaries have gaps with diameters up to 200 nm. The fenestrated endothelium is found for 

example in the renal glomerulus, where the cellular layer is very thin. In addition, the layer is 

penetrated by transcellular circular openings (60-80 nm), but it is underlined by a continuous 

basement membrane. Continuous endothelium is the most common endothelial barrier. It has 

cells that are mainly joined by tight junctions (20-50 nm) and the underlying basement 

membrane is also continuous. When it comes to DDS, one needs to take the size of these 

openings in to consideration. [25]. Particles that are too small will be removed by filtration in 

the kidneys, but too big particles will accumulate in the liver and the spleen. The particles in 

the range of 20-200 nm might be able to exploit the EPR effect and avoid unwanted 

accumulation or clearance [4]. 

Clearance 

A long enough circulation time is essential for the DDS to reach the disease site efficiently [26]. 

The size and the surface characteristics of the colloidal particles affect their clearance kinetics 

and the bio-distribution after injection [27]. Particles that are bigger than ca. 5-15 μm will 
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mainly be removed from the blood stream by filtration in the lungs. Juliano [28] summarized 

mechanisms that affect clearance kinetics, which are the following: 

 Self-aggregation: The size of the aggregates will eventually be big enough to be filtered

away from the circulation.

 Binding to circulating cells: Particles in the vasculature can interact with for example

erythrocytes, platelets, phagocytic neutrophils and monocytes. The cells containing

these particles will then be removed by the mononuclear phagocyte system (MPS).

 Leakage from the vasculature: Normally the leakage is restricted to organs with

fenestrated endothelium, which are for example the spleen and the liver. This will also

apply for inflamed or tumor tissue, where the vasculature is leaky due to pathological

changes.

 Particle destabilization: The particles will interact with plasma proteins. This is a major

problem for liposomes, but other particles can also be affected. Destabilization can

cause unwanted release of the encapsulated drug.

 Adsorption on the endothelial lining: A god portion of the particles may also bind to

the endothelial cells of the capillary.

 Uptake by the MPS: MPS, also known as the reticuloendothelial system (RES), is very

important to determine how a type of particle behaves in vivo.

The reticuloendothelial system 

Macrophages are essentially distributed in the whole body, which allows a rapid reorganization 

of intruders. The macrophages of liver (Kupffer cells) are the main macrophages that circulate 

in the vascular compartment [29]. Unprotected particles can be removed from the circulation 

within seconds or minutes after intravenous administration by the macrophages of the RES  

[30]. Macrophages can identify the particles through opsonic proteins. There are specific 

receptors on the surfaces of the macrophages that recognize these proteins, and makes the 

intruder more “visible” for them. The process where the unfamiliar particle or organism is 

covered by opsonic proteins is called opsonization. There are several attractive forces involved 

in the binding process, such as van der Walls, electrostatic, ionic, hydrophobic or hydrophilic. 
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Once the opsonins come in close contact with the polymeric nanoparticles, any of these forces 

can induce opsonization. This process can take seconds to complete, but in some cases it can 

also take days. Followed by a complex cascade of reactions, the removal process is completed 

with phagocytosis, which is the destruction of the recognized particle. Opsonization and 

phagocytosis are the main processes for removing unwanted components from the circulation 

beside renal clearance which takes care of the smaller components [26, 31]  
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2.3 Structure features and properties  

2.3.1 Cyclodextrin 

CDs are cyclic oligosaccharides with glucopyranose units. They are produced through 

degradation of starch by using enzyme CD glucosyltransferase. This process results mainly in 

three different CDs, α-CD, β-CD and γ-CD, and the difference is the number of glucopyranose 

units they contain. They are all shaped like a truncated conical cylinder with two open ends 

[32] (See Figure 2.3).  

Figure 2.3 Structure of cyclodextrins [32]. 

The glucopyranose units are in 4C1 conformation, where the C stands for the “chair” 

conformation of the monosaccharide ring and the numbers indicate the location of carbon atoms 

that are above and below the rest of the carbons. Due to this conformation, all secondary 

hydroxyl groups are on one edge of the ring and the primary hydroxyl group is on the other 

edge [21, 33]. The secondary hydroxyl side opens up slightly more than the primary hydroxyl 

side, which is why the cavities are “V” shaped [34]. Intramolecular hydrogen bonds between 

hydroxyls in positions 2 and 3 reduce the solubility of CDs in water. Out of all the three CDs, 

the solubility of β-CD is the most affected, due to its favorable structure for formation of the 

intramolecular hydrogen bonds. The unique structure results in a hydrophobic environment 

inside the cavity, which can accept hydrophobic guests in hydrophilic solvents. This is the most 

interesting property from a pharmaceutical standpoint, as it can act as a carrier for hydrophobic 

pharmaceutical agents [32]. 
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The water solubility of natural β-CD is relatively low, and it can’t be degraded by human 

enzymes when used intravenously, which means that they would be excreted via the kidney 

unchanged. The poor solubility of β-CD makes it impossible to use directly in parenteral 

formulations, since it can accumulate in the kidney through microcrystalline precipitation and 

complex formation with cholesterol, which would cause renal tubule damage [35]. This is the 

reason why CDs used in DDS are mostly derivatives of CDs. At the same time, one needs to 

have control of the degree of substitution regarding the balance between the water solubility 

and the complexation ability of the CD derivate. A higher degree of substitution may increase 

the water solubility, however it can also result in higher steric hindrance, which will have a 

negative impact on the complexation ability of the CD  [21, 23].  

The ability each type of CD has to form inclusion complexes depends on the fit of the guest 

molecule inside the cavity. The host and guest ratios are mostly dominated by 1:1, but there 

will always be an equilibrium between the simplest 1:1 ratio and more complexed association 

[21] (See Figure 2.4). Depending on the size and the properties of the guest molecule, CD may 

form complexes with either the entire molecule or only a part of the molecule. The diameter of 

the cavity of β-CD is around 6.2 Å, and it complexes well with aromatic rings. The stability of 

the complexes depends on how much the guest molecule fills up the CD cavity [35, 36]. 

Figure 2.4 Illustration of the association of free cyclodextrin (CD) and drug, drug, and cyclodextrin complex. A, 
1:1 drug-CD complex. B, 1:2 drug-CD complex [35]. 
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2.3.2 Trimethylsilyl-groups 

The guest polymer contains trimethylsilyl (TMS) groups attached with alcohol groups, and it 

forms trimethylsilyl ethers. Silyl ethers are one of the most used protecting groups for hydroxyl 

groups in organic synthesis. Hydroxyl functions are nucleophilic, acidic and can easily be 

oxidized. This makes the organic synthesis challenging, since the hydroxyl group easily 

undergoes unwanted transformations due to hydrolysis, oxidation etc. The reason why silicon 

based protecting groups are widely used, is that they are easy to synthesize and are relatively 

stable depending on the substituents on silicon. Bulkier substituents yield stronger protection 

against various reactions. Besides steric hindrance, electrostatic interactions also play an 

important role in the stabilization against hydrolysis. The trimethylsilyl ethers are used in 

synthesis since they are the group of silyl ether compounds that are most unstable, and can 

easily be hydrolyzed [37].   

2.3.3 PEGylation  

PEG is a frequently used biocompatible polymer for biomedical applications. PEG is a 

polyether, and it consists of repeated units of ethylene glycol (See Figure 2.5). The shape of the 

polymer can be linear or branched with various molecular masses [38]. It is highly soluble in 

water and also in many organic solvents. The solubility is affected by the polymers’ molecular 

weight. Many medical related studies of PEG have focused on the fact that it can shield other 

macromolecules that it is adsorbed on or attached to, from being taken up by macrophages in a 

biological environment [39, 40].  

Figure 2.5 Chemical structures of polyethylene glycol (PEG) molecules [38]. 
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For polymeric microspheres, the biological distribution of the particles is mostly affected by 

how they interact with the RES, however uptake by the liver and the spleen also plays an 

important role. Surface modifications of the particles have proved to have significant impact on 

the clearance kinetics, resulting in a reduction of the initial uptake. However, uptake by the 

RES still occurs [27, 28].  

This reduction of the initial uptake is achieved by surface modification with nonionic polymers, 

where PEG is one of the most used polymers for this purpose. Attaching PEG to polypeptides 

or other hydrophobic molecules is called PEGylation. Each ethylene glycol unit associates 

tightly with two or three water molecules; this creates a PEG-water layer around the PEGylated 

particles. With the steric stabilization effect, PEG improves the stability of the particles by 

preventing their interaction with cells and macromolecules like opsonins [27, 41]. PEGylation 

is mostly studied with respect to proteins and peptides. By attaching PEG to the surface of 

proteins or peptides, the increased size protects them from renal clearance, while the shielding 

effect protects them from the RES and enzymatic degradation, and thus a prolonged circulation 

and reduced immunogenicity and toxicity are observed [39].  
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2.4 Characterization methods 

2.4.1 Nuclear magnetic resonance 

All nuclei with an odd number of protons behave like magnets as they all spin about an axis 

and can be affected by an external magnetic field (B0). NMR spectroscopy is widely used by 

organic chemists since the main components in organic substances, protons (hydrogen, 1H) and 

carbons (13C), all behave this way [42].  

When magnetic nuclei are exposed to a strong magnet, the spins change from a random to a 

specific orientation. The spins of the nucleus will either be parallel or antiparallel to the external 

field. This change in orientation is caused by the energy difference between the nucleus’ own 

magnetic field and the external magnetic field. Mostly the nuclei magnetic field’s energy level 

is lower than the external energy level applied and will orient parallel to the external field [42].  

In an NMR instrument (See Figure 2.6), a sample will be radiated with electromagnetic 

radiation of a certain frequency. This causes the magnetic nuclei to absorb energy, and it jumps 

to a higher-energy state. The spin will then flip and become antiparallel to the external magnetic 

field. This is called resonance with the radiation. The frequency required to achieve resonance 

depends on both the strength of the external magnetic field and the nuclei’s identity. 1H and 13C 

nuclei absorb energy at different frequencies, because they are surrounded by different amounts 

of electrons, which creates a tiny magnetic field that shields the nuclei [42]. 

Beffective = Bapplied - Blocal 

These magnetic fields act against the field applied. This results in a lower effective field than 

applied. Even a slight difference in the effective magnetic field is detectable, it is possible to 

find out the structural information of an organic molecule. With that being said, nuclei with 

the same electronic environment are shielded equally and are known as equivalent, and they 

will show a single absorption. Non-equivalent nuclei will absorb at different positions [42].  
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Figure 2.6 Schematic operation of a basic NMR spectrometer [42]. 

NMR spectra charts display the applied field strength, where the left side is the downfield side 

and the right side is the upfield side. Depending on the shielding of different nuclei, the field 

strength required for resonance is different. Nuclei that are relatively less shielded will absorb 

energy on the downfield side, as the field strength required for resonance is lower and vice versa 

(See Figure 2.7). This is why one can obtain information of a reaction with NMR, since the 

same group will experience different shielding. The corresponding peaks will appear at 

different places on the chart [42].  

Figure 2.7 An example of a NMR chart [42].  

The horizontal axis of a NMR chart is transformed into a delta (δ) scale, where1 δ is 1 millionth 

of the frequency. This way one can compare results obtained by instruments with different field 

strengths. The position of a nucleus on a NMR chart is called its chemical shift. By defining the 

position of a peak from a known substance, the ppm scale (the horizontal axis) is adjusted. The 

position of other peaks can then be determined accordingly [42]. Normally the peak used to 

calibrate the ppm-scale of the NMR chart is the peak of tetramethylsilane [(CH3)4Si] There are 

several reasons for the use of (CH)4Si as the calibration peak. One of them is the fact that there 
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are many hydrogens in each (CH3)4Si molecule, and they also experience the same amount of 

shielding. Together, they give off a single(triplet) and strong peak. In addition, due to the 

strongly shielded environment these hydrogens are in, the peak will appear on the very right 

side of the chart. The position of the peaks is thereby defined as 0 ppm (See Figure 2.7) [43]. 

Due to the presence of a very similar substance, trimethylsilyl in the P(TMSHEMA-co-

OPEG9MA), using (CH3)4Si to calibrate the scale will be inappropriate. The reason is that the 

spectrometers may have difficulties to separating the signals from these substances. The 

absorption of D2O is used as the calibration peak for all the measurements of P(TMSHEMA-

co-OPEG9MA) [42].  

Quantitative 1H NMR spectroscopy: 

As mentioned previously 1H NMR spectrum not only holds the structural information but it also 

gives information regarding the quantitative relationship between different groups of protons. 

As a quantitative analytical method, 1H NMR spectroscopy has been studied and used since 

1963 [44, 45]. 

The spin of a nucleus is affected by the magnetic field of the surrounding nuclei. This 

interaction is also called coupling. It can affect the energy required to bring the nucleus to 

resonance. Depending on the orientation of the surrounding nuclei, the energy required to bring 

the nucleus to resonance is increased, unchanged or decreased. This causes the spin-spin 

splitting, multiple absorptions of the nucleus, and the single peak will split into multiple peaks. 

Generally, one can say that a proton with n equivalent neighboring proton will give n + 1 peaks 

in their NMR spectrum. Since the area under a peak is proportional to the number of protons 

giving the peak, by integrating the area under each peak one can find out the ratio of different 

kinds of protons in a molecule [42]. By taking the integral of a random peak on the chart, the 

peak is chosen to be the reference peak in terms of the amount of protons causing a peak. The 

total amount of protons that cause this peak will be 1. Then the integral of other peaks display 

a number that is calculated by dividing the amount of protons causing this peak with the amount 

of proton causing the reference peak. For example, if there are 100 protons causing the reference 

peak, the integral of this peak will then equal to 1. Another peak is caused by 50 protons; the 

integral of this peak equals to 0.5.  
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2.4.2 Dynamic light scattering 

The basic concept of scattering studies is the relation between the interference of radiation and 

the structure of the soft matter being studied. When a small volume of a sample is radiated with 

for example light, the incoming beam will be scattered as it interferes with the sample. In light 

scattering, light functions as a wave that can interfere with the electric and magnetic field 

strength of the particle it interacts with. This simply means that it alters the natural charge 

distribution of the particle. The particle will remodel the charge distribution by acting as an 

emitter of the incident wave, and a secondary wave is sent out to another direction [46]. The 

direction of the scattered beam will deviate from the incoming bean, and is called the scattering 

angle ( ). This change in direction is measured by detectors placed at certain angels [47] (See 

Figure 2.8). 

Figure 2.8 Schematic illustration of the scattering process. Adapted [47]. 

Particles or molecules in the sample are called scattering centers. The figure illustrates how the 

radiation scatters as it interferes with the scattering centers. The detectors are placed at given 

scattering angle(s). The secondary radiation from two scattering centers will arrive at the 

detector at different phases, even if they interfere with the incident radiation simultaneously. 

This is due to the difference in the distance between the scattering centers and the detector [47]. 

The scattering vector ( 	) can be calculated with Equation (1). The θ, the refractive index of the 

medium (n) and the wavelength of the light (λ) are involved in the calculation. The inverse 

magnitude of q is a measure of the experimental length scale of the light scattering experiment. 

The relaxation times of the decay are measured at a length scale of 1/q. With smaller length 

scale, one can observe more details of the sample. For very dilute samples, multiplying q value 

with radius (R) will give an idea of the probed length scale in the experiment. When qR is larger 
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than 1, the internal structure of the particles is observed. When qR is less than 1, the size of the 

whole particle is observed [46].   

     	 	sin  (1) 

The positions of the scattering centers are directly related to the intensity of the scattered 

radiation I(q) [47]. Particles in solutions are constantly colliding with the surrounding fluid 

molecules due to thermal density fluctuations, which cause them to be in random motion. This 

stochastic process is called Brownian motion [48]. This means that the particles’ relative 

positions are constantly changing. This motion can be measured by light scattering methods 

indirectly, by measuring the I(q) fluctuation of the total scattered light. The Brownian motion 

of a particle is given by the term diffusion coefficient (D), through the Stokes-Einstein equation: 

(2)

where KB is the Boltzmann constant. It is clear that D is affected by the temperature (T), the 

viscosity of the liquid (η0) and the hydrodynamic radius (Rh) of the particle in the liquid. By 

keeping T and η0 constant, Rh is the only factor that will affect the particles’ movement. This 

means with the value of D, one can find the size of a spherical particle [49].  

The measured intensity fluctuations in time are expressed in terms of time dependent auto-

correlation functions [46]. It is called the intensity-intensity time correlation function, g(2)(q, t). 

According to the Siegert relation[50], when the scattered field obeys Gaussian statistics, g(2) (q, 

t) can be related to the g(1) (q, t), which is the first-order electric field correlation function. The

g(1) (q, t) holds the actual information of the particles’ motion. 

g q, t 1 	| , | 	          (3) 

The parameter B(≤1) is an adjustable factor determined from the measurements. For simple 

scattering systems, the correlation function will only reveal one relaxation mode (unimodal). 

The decay of the correlation function can be described by one stretched exponential [51].  

                g q, t exp           (4) 

	0 	 1 
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For some complex polymer systems, the correlation functions might reveal not only one, but 

two relaxation modes (bimodal) or more modes. One “fast” and one “slow” relaxation modes, 

which can be fitted with one two stretched exponential [52, 53]:  

g q, t exp exp          (5) 

1, 0 	 1, 0 	 1 

Af and As are amplitudes for the fast and the slow relaxation mode, respectively. The parameter 

τ represents the effective relaxation time, and there are τfe for the fast mode and τse for the slow 

mode. β is a measure of the width of the distribution of the relaxation times, which reflects the 

polydispersity of the particles. For the fast mode βf is often assumed to be 1. As a result, 

Equation (5) consists of a single exponential and a stretched exponential [53, 54]. BL stands 

for baseline, which is an erroneous value, obtained by normalization of g(2) (q, t). If the sample 

is perfectly dust-free, the difference between BL and the exact baseline should be 0 [46]. The 

average relaxation times can be described by the following equations: 

 (6) 

                       (7) 

where the  and	   are gamma functions for βf
-1 and βs

-1, respectively [55].  

For dilute systems, the fast mode (short-time behavior) reflects the diffusion of the single 

polymer chains (or micelles) caused by the interaction with the solvent. The mutual diffusion 

coefficient (D) will show a q2 dependence (See Equation (8)). The slow mode or the long-time 

behavior might be associated with movement of larger complexes. This mode can also be 

diffusive, but under some conditions, the q dependence might be stronger than for a diffusive 

system.      

                  (8) 

Under the assumption that the particles are spherical, the particles’ Rh in dilute solution can be 

determined from D via the Stokes-Einstein equation (See Equation (2)) [55].    



23 

3 Materials and Equipment 

3.1 Chemicals 

Table 3.1 List of chemicals 

Substance Producer 

D2O > 99 % The Institute of Energy Technology, Kjeller, 

Norway 

DCl (D3820HH) Sigma-Aldrich, Steinheim, Germany 

HCl (K33616217) Merck, Darmstadt, Germany 

Milli-Q® Ultrapure (type I) water Merck Millipore, Oslo Norway 

NaCl (13F1300010) VWR International bvba, Leuven, Belgium 

NaH2PO4·H2O (1.06346.0500) Merck, Darmstadt, Germany 

Na2HPO4·2H2O (1.06580.1000) Merck, Darmstadt, Germany 

Na2HPO4·2H2O (1.06580.1000) VWR International bvba, Leuven, Belgium 

NaOD (100127141) Sigma-Aldrich, Steinheim, Germany 

NaOH (70800 42407C04)  Fluka Chemika, Buchs, Switzerland 

Polymers: 

Host polymer: 

β-CD-g-LPEI, synthesized by Dr. Quan, is linear PEI grafted with β-CD. The linear PEI 

consists of 42 repeating units of EI. The molecular weight is approximately 5 kDa, and the 

grafting ratio is 2.88 mole of β-CD on 1 mole of the linear PEI.  
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Guest polymer: 

P(TMSHEMA-co-OPEG9MA) is originally synthesized by Dr. Quan. Due to hydrolysis issue, 

a new batch of the polymer is synthesized by Dr. Kaizheng. The molecular weight of the 

polymer is approximately 81 kDa. The co-monomer ratio, [TMSHEMA]/[OPEG9MA], is 18.6 

% to 81.4 %, which simply means the ratio of the side chains is approximately 1 to 4.  

3.2 Solutions for pH adjustment  

1 M HCl solution: 

HCl 37 % wt 9.920 g 

HCl 37 % added to water, and the weight was adjusted to100.0 g with water.  

1 M NaOH solution: 

NaOH 4.020 g 

Dissolved in 100 ml water.  

0.5 m DCl solution: 

DCl 35 % wt 1.916 g 

DCl 35 % wt added to D2O, and the weight was adjusted to 35.8 g with D2O. 

0.5 m NaOD solution: 

NaOD 30 % wt 2.373 g 

D2O added to the weighted NaOD 30 % wt solution, and the total weight was 35g. 
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3.3 Phosphate buffers  

H2O based: 

pH 6.0: 

NaH2PO4·H2O 2.062 g 

Na2HPO4·2H2O 0.295 g 

NaCl 1.300 g  

Water added to 250 ml and adjusted pH to 6.05 with 1 M HCl and NaOH solutions (See 

Section 3.2).  

pH 8.0: 

NaH2PO4·H2O 0.116 g 

Na2HPO4·2H2O 2.821 g 

NaCl 1.051 g 

Water added to 200 ml and adjusted pH to 8.03 with 1 M HCl and NaOH solutions (See 

Section 3.2).  

D2O based:  

pH 8.4: 

NaH2PO4·H2O 0.016 g 

Na2HPO4·2H2O 0.396 g 

NaCl 0.148 g 

Water added to 35 ml and adjusted pH to 8.4 with 0.5 m DCl and NaOD solutions (See 

Section 3.2).  
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3.4 Equipment 

Balance: 

Sartorus Extend ED224S, Sartorius, Göttiingen, Germany 

AG204 DeltaRange, Mettler Toledo GmbH, Greifensee, Switzerland 

Filter: 

Millex®GV Filter unit 0.22 µm, lotnr.: R2HA15484, Merck Millipore, Oslo, Norway 

Versapor Membrane 5 µm, lotnr.: 6729724, Pall Corporation, New York, USA 

Automatic Pipettes: 

Finnpipette, U31661 20-200 µl, Thermo Electron, Massachusetts, USA 

Finnpipette, U27916 200-1000 µl, Thermo Electron, Massachusetts, USA 

Finnpipette, U31616 1-5 ml, Thermo Electron, Massachusetts, USA 

Mixer: 

Vortex Genius 3, IKA Works GmbH and Co, Staufen, Germany 

MS2 Minishaker, IKA Works GmbH and Co, Staufen, Germany 

pH-meter: 

744 pH-meter, Metrohm AG, Herisau, Switzerland 

827 pH lab, Metrohm, Herisau, Switzerland  

Ultrasonic cleaner: 

Branson 2510-MTH, Emerson Electric Co., St. Louis, USA 

Freeze dryer:  

Christ Alpha 1-2 LD plus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am 

Harz, Germany 

DLS: 
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ALV/CGS-8F, ALV-GmbH, Langen, Germany 

NMR spectrometer: 

Bruker Avance DPX 300 MHz NMR Spectrometter, Bruker Biospin GmbH, Rheinstetten, 

Germany 

Bruker Avance AVII 400 MHz NMR Spectrometter, Bruker Biospin GmbH, Rheinstetten, 

Germany 
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4 Experiments 

4.1 Stability of the guest polymer in light water 

It was first observed by Dr. Kaizheng that the guest polymer (See Section 3.1) was unstable in 

water. To investigate the stability of the guest polymer, the hydrolysis rate of the TMS groups 

in H2O was studied with respect to specific or general acid/base catalysis (PBS or NaOH/HCl).  

The amount of non-hydrolyzed TMS-groups was measured by taking 1HNMR measurements 

of the samples. Since H2O based samples could not be measured directly with the NMR 

instrument, all H2O based solutions had to be freeze-dried and re-dissolved in D2O before 

measuring.   

The samples were prepared by weighing 70 mg of the polymer in a sample glass, and dissolved 

in 7 ml of a given solvent. The solvent used was: 

i. H2O without pH adjustment

ii. pH 8 PBS solution (See section 3.3)

iii. H2O with pH adjusted to 8. The pH adjustment was done using diluted HCl and NaOH

(See Section 3.2).

All samples were mixed for 5 minutes, and then kept at room temperature. 1 ml of each solution 

were taken out at 0, 1, 2, 3, 5 and 8 hours after the mixing process and stored in a container 

filled with dry ice to stop the hydrolysis reaction. All samples were then freeze-dried for 24 

hours. Each sample was re-dissolved in 1 ml of D2O. 1H NMR measurements were taken 10 

minutes after sample preparation with either Bruker Avance DPX 300 MHz or 400 MHz at 

room temperature. The NMR tube was placed in a rotor, and the height of the NMR tube was 

adjusted with the adjustment tube. Inserted the NMR tube with the rotor into the NMR 

instrument. Set up the instrument according to the manual for one dimensional proton 

experiment [56].   
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4.2 Stability of the guest polymer in heavy water 

4.2.1 Hydrolysis rate in D2O 

Another observation Dr. Kaizheng made was that the polymer seems to be more stable in D2O. 

As the hydrolysis rates of the polymer in H2O based solutions were not satisfactory, the 

hydrolysis rates of the guest polymer in D2O based solutions were also explored with respect 

to specific or general acid/base catalysis. The effect storage temperature had on the stability of 

the polymer was also investigated, since some of the polymer was stored at room temperature 

while the rest was stored in the refrigerator.  

Samples were prepared by weighing 10 mg of the polymer in a sample glass, and dissolved in 

1 ml of a given solvent. The solvents used for these measurements were: 

Specific or general acid/base catalysis: 

i. D2O

ii. pH 8.4 PBS solution (See Section 3.3)

iii. D2O with pH adjusted to 8.4. The pH adjustment was done using diluted DCl and NaOD

(See Section 3.2).

Storage temperature: 

i. D2O

All samples were mixed for 5 minutes. 1H NMR measurements were taken 15 minutes after the 

sample were prepared with Bruker Avance DPX 300 MHz. These samples could be measured 

directly without the need of freeze drying.  Each sample was then measured 1, 2, 3, 5 and 8 

hours after the first measurement. 

4.2.2 Hydrolysis rate profile in D2O 

Additional measurements of the polymer in D2O with pH adjusted to a different level were 

performed to build a hydrolysis rate profile of the pH dependent degradation of the guest 

polymer. This will give an idea about the pH-responsiveness of the polymer.  

Samples were prepared by weighing 10 mg of the polymer in a sample glass, and dissolved in 

1 ml of D2O with pH adjusted to pH 4.4, pH 5.4, pH 7.4, pH 7.9, pH 9.4 and pH 10.4. The pH 
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level of D2O was adjusted with diluted DCl and NaOD (See Section 3.2). All samples were 

mixed for 5 minutes. 1H NMR measurements were taken 15 minutes after the samples were 

prepared with Bruker Avance DPX 300 MHz. Each sample was also measured 1, 2, 3, 5 and 8 

hours after the first measurement. 

4.3 NMR data analysis 

All of the NMR data was analyzed with Topspin [56]. The raw data was first Fourier 

transformed and phase corrected. The peak that corresponded to D2O, which was the largest 

peak on the chart, was used as the calibration peak and was set to be 4.78 ppm. By defining the 

position of the D2O peak, the ppm-scale adjusted accordingly.  

As explained in Section 2.4.1, the intensity of the peaks on a NMR chart is proportional to the 

amount of protons causing the peak. Due to the complex structure of the polymer, some peaks 

might not be well separated and thus the splitting of the peaks might not be very clear either. 

However as long as the polymer was stable in the measured solution, the ratio of each type of 

protons should be constant. With Topspin, the first peak(s) one take integral of will be 1, and 

the integral of all the other peaks will display the ratio of the amount of protons causing the 

chosen peak compared to the protons causing the first peak. All the NMR data obtained from 

measurements in Section 4.1 and 4.2 were analyzed by integral of the peaks at ca.1.10 ppm and 

0.94 ppm first. These peaks were not well separated, but their region was clearly demarcated 

compared to the other peaks on the chart. This means that the deviation of the amount of protons 

that was set to be 1 would be small.  



31 

4.4 Particle size measurements 

To determine the particle size of each polymer, DLS measurements were performed. The 

measurements were carried out with an ALV/CGS-8F multi detector compact goniometer 

system. It has eight fiber-optical detection units. The operating wavelength of the laser light 

was 632.8 nm. Temperature was controlled by a heater/circulator. Samples in NMR tubes were 

placed in a cylindrical quartz container, which was filled with a refractive index-matching 

liquid, cis-decalin. 

The NMR tubes were pre-cleaned and damped with ethanol to remove dust. Samples were 

prepared by weighing a desired amount of polymer in a sample glass. A specific volume of D2O 

with adjusted pH was added to the weighted polymer to get the desired concentration. The 

solutions were then mixed for a given time with constant mixing rate. The samples were filtered 

in an atmosphere where the air was filtered through a 5μm filter. Filters with 5 μm or 0.22 μm 

were used for sample filtration. Each sample was measured 3 times.    

4.4.1 Guest polymer 

To determine the particle size of P(TMSHEMA-co-OPEG9MA), a 0.18 wt% polymer solution 

with pH 8.4 D2O was prepared. 4 mg of the polymer was weighed in a sample glass, and 

dissolved in 2 ml of the given solvent. The solution was mixed for 2 minutes and filtered with 

a 5 µm filter. The results were analyzed and an aggregation issue was discovered. In order to 

solve this problem, different factors and methods were investigated. 

Concentration: 

Samples with different concentrations (0.09 wt%, 0.18 wt% and 0.36 wt%) were prepared at 

the same conditions as the previous sample. The aim was to see how concentration affects the 

state of aggregation.  

Mixing time: 

As an attempt to separate the aggregates, one sample of each concentration (0.09 wt%, 0.18 

wt% and 0.36 wt%) was mixed for 10 minutes instead of 2 minutes, to see how mixing time 
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affects the aggregates.  By doing this, one could also observe if there was any synergic effect 

between concentration and mixing time.  

Ultra-sonic: 

To investigate whether ultra sound affects the aggregate, a 0.18 wt% polymer solution was 

exposed for 10 minutes to ultrasonic oscillation.  

Filtration: 

A 0.18 wt% polymer solution was filtered with 0.22 μm filter and measured.  

pH of the solvent: 

Since hydrolysis was a factor one needs to keep this in mind when working with P(TMSHEMA-

co-OPEG9MA. The effects of hydrolysis on the polymer size and the aggregates were studied. 

Two 0.18 wt% P(TMSHEMA-co-OPEG9MA) solutions were prepared, and was also mixed 

for 2 minutes, but the pH of D2O was adjusted to 4.4 for one of them and 5.4 for the other. Both 

samples were filtered with a 5 μm filter and measured at 25 °C.  

4.4.2 Host polymer 

To determine the particle size of β-CD-g-lPEI, a 0.18 wt % polymer solution was prepared by 

weighing 4 mg of the polymer and dissolving it in 2 ml of the given solvent. The solution was 

mixed for 2 minutes and filtered through a 5 μm filter. The solvent used was also D2O with pH 

adjusted to 8.4. 

The results revealed formation of aggregates. Measurements were performed to investigate how 

pH reduction and filtration affects the aggregates. A new sample (0.18 wt%) was prepared under 

the same condition and measured, then pH was adjusted to approximately 3 by adding 0.5 m 

DCl to the solution and measured again. The aim was to see how reduced pH affects the 

aggregation.  
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4.5 Complexation measurements 

4.5.1 Mixing ratio 

One of the main aims of this thesis was to test the hypothesis that these polymers would interact 

with each other and form complexes through a host-guest mechanism. Despite the extensive 

self-aggregation issues that both polymers displayed, testing this hypothesis was still wanted. 

Mixtures of the polymers with different mixing ratio were measured to get an idea of whether 

there was any sign of complex formation.  

Solutions with 1:1, 1:3 and 3:1 mixing ratio of P(TMSHEMA-co-OPEG9MA) and β-CD-g-

lPEI were prepared by weighing each polymer in separate sample glasses. The total amount of 

polymers in all these samples was 4 mg (See Table 4.1). Each weighed polymer was dissolved 

in 1 ml of D2O with pH adjusted (with DCl and NaOD) to 8.4 and mixed for 2 minutes. Since 

the complexation process was expected to occur spontaneously, both polymer solutions were 

filtered through a 0.5 μm filter directly into a NMR tube. The concentration of all these samples 

were the same, 0.18 wt%. The solutions were measured with the DLS instrument.  

Table 4.1 The amount of weighted polymer in each sample.  

Mixing ratio\ Weighed 

Polymer  

P(TMSHEMA-co-OPEG9MA) β-CD-g-lPEI 

1:1 2 mg 2 mg 

1:3 1 mg 3 mg 

3:1 3 mg 1 mg 

4.5.2 Concentration 

Based on the results obtained from the measurements performed in Section 4.5.1. Two more 

samples with 1:3 mixing ratio of the guest and the host polymer, but higher concentrations were 

prepared and measured with the same procedure as described in Section 4.5.1. The total amount 

of polymers in both samples was 6 mg (See table 4.2). One of them was dissolved in 2 ml of 

D2O with pH adjusted to 8.4 (using DCl and NaOD), and the other one was dissolved in 1.5 ml 

of the same solvent.  
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Table 4.2 The amount of weighted polymer in each sample.  

Concentration \ Weighed 

polymer 

P(TMSHEMA-co-OPEG9MA) β-CD-g-lPEI 

0.27 wt% 2 mg 4 mg 

0.36 wt% 2 mg 4 mg 

4.5.3 Degradation of the complexes 

The complexes formed by these polymers, and the possible effect hydrolysis had on the 

aggregates was studied. If the polymers form complexes trough host-guest mechanism, one 

could expect degradation of the complexes in acidic solution.  

A new sample with higher concentration (0.41 wt%) was prepared.  2.25 mg of guest polymer 

was weighted in a sample glass and dissolved in 75 μL of the solvent. The solution was mixed 

for 2 minutes and filtered with a 0.22 μm filter, since filtering the guest polymer with 0.22 μm 

had a positive effect on the magnitude of aggregation. 6.75 mg of the host polymer was weighed 

and dissolved in 75 μL of the solvent. The solution was filtered with a 0.5 μm filter. As 

mentioned in Section 4.5.1, the complexation process was expected to occur spontaneously, 

thereby both solutions were filtered directly into one NMR tube and measured. After the sample 

was measured; 40 μl of pre-filtered 0.5 m DCl solution was added to the sample and the sample 

was immediately mixed for ca. 30 seconds. The sample was measured again.  

4.6 DLS data analysis 

All DLS data were analyzed with OriginLab. Normalized autocorrelation functions of different 

angles were fitted with the equations mentioned in section 2.4.2. Information obtained from the 

fitting was used to calculate the Rh of the particles with Stokes-Einstein’s equation. Standard 

errors and residual plots were used to check the fitting. Normalized autocorrelation functions 

were also plotted against q2*time to check if the relaxation mode was diffusive.  



35 

5 Results and discussion 

5.1 Stability of the guest polymer in light water 

The NMR spectrum of the polymer solution with only H2O as solvent showed that the TMS 

groups hydrolyzed completely right after the polymer was dissolved. The peak at around 0.15 

ppm corresponds to the hydrolyzed TMS groups (See Figure 5.1). If there were any non-

hydrolyzed TMS groups left, there should be a peak right before this peak. The reason was that 

the TMS groups were connected to the polymer through ether binding, the oxygen atom would 

attract the electrons from the TMS groups. This means that the protons in the non-hydrolyzed 

TMS groups would be less shielded than those in the hydrolyzed TMS groups, which was why 

the peak corresponding to the hydrolyzed TMS groups would appear more on the right hand 

side (upfield side). However, both peaks caused by the TMS groups should appear on the right 

side of all the other peaks, close to 0 ppm (See Section 2.4.1). The sample taken out at 1 hour 

after was also measured, and there was no peak close to 0 ppm at all conditions (See appendix 

A).  

Figure 5.1 NMR spectrum for 0-hour measurement of 0.9 wt% P(TMSHEMA-co-OPEG9MA) solution with 
H2O as solvent.  
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It was not clear what caused the absence of the peak that corresponded to the TMS-groups for 

these measurements. A possible explanation was that the H2O and D2O samples were prepared 

with different procedures. As explained earlier, it was essential to use deuterated solvent for 

NMR measurements. Therefore, the H2O samples had to be freeze-dried first, and then re-

dissolved in D2O before measurement. The procedure was described in the Section 4.1. Since 

the TMS-groups were hydrophobic, once they were hydrolyzed the hydrophobic groups might 

form aggregates and precipitate. This means that by taking out 1 ml from a 7 ml solution, the 

hydrolyzed TMS might not be taken out in the same proportion as the polymer itself. To 

determine the hydrolysis rate, it was important to follow the intensity change of at least one of 

the peaks that correspond to the TMS groups. However, in this case this was not an issue, as 

the hydrolysis happened so fast nearly all the TMS groups were hydrolyzed after ca. 15 minutes.   

A possible cause of the polymer’s rapid hydrolysis could be that the pH of the water might be 

under 7, which was the pH level expected to cause hydrolysis initially. This was investigated 

with a H2O based pH 8 phosphate buffer solution. The result was exactly the same as the one 

without pH adjustment (See Appendix A). To rule out the possibility of general acid-base 

catalysis, a H2O solution with pH adjusted to 8 (without HCl and NaOH) was also measured. 

A similar result was observed, the peak corresponding to the hydrolyzed TMS groups was much 

larger for this sample, and there was also a tiny almost negligible peak right next to this peak 

(See Appendix A). The tiny peak might be caused by the non-hydrolyzed TMS groups. 

However, the hydrolysis was too fast to probe the type of catalysis that drove the hydrolysis 

reaction.   
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5.2 Stability of the guest polymer in heavy water 

The results showed that there were indeed two peaks for the TMS groups; one at ca. 0.15 ppm 

that corresponds to the hydrolyzed TMS groups; and the other one at ca. 0.26 ppm, which 

corresponds to the non-hydrolyzed TMS groups (See Figure 5.2). These solutions were 

prepared as 1 ml solutions, since they could be measured directly without the freeze drying 

process. This means that even the TMS groups were hydrolyzed, but they would still be in the 

NMR tube and could be detected. NMR could only detect substances that were dissolved in the 

solution. Theoretically, the hydrolyzed groups in these samples could also aggregate and might 

precipitate, which means that the intensity of the peak that corresponds to the hydrolyzed TMS 

groups might decrease or disappear in time. However, this was not observed as the sum of the 

integral of the peaks caused by TMS groups were approximately the same for all the 

measurements performed.  

Figure 5.2 NMR spectrum for 0-hour measurement of 0.9 wt% P(TMSHEMA-co-OPEG9MA) solution with pH 
8.4 D2O (without PBS) as solvent.  

The peak for the hydrolyzed TMS groups was already quite high from the very first 

measurement (0 hour). This could possibly be caused by two reasons. The first reason could be 

that there was left over TMS-groups from the synthesis. The other reason could be that since 

the polymer was stored at room temperature, there might have been hydrolysis happening while 



38 

being stored. Since the polymer could not be dialyzed to remove impurities, the new batch of 

the polymer synthesized by Dr. Kaizheng was purified by precipitation. The NMR 

measurement of the polymer right after it was synthesized showed no sign of hydrolysis. This 

means that the possibility of it being caused by hydrolysis under storage was higher. Dr. 

Kaizheng stored some of the polymer in the refrigerator after he synthesized it. The polymer 

was measured to compare with the one that was stored at room temperature.  

All of the samples were measured over time to obtain information of the hydrolysis rate of the 

polymer. A decrease of the peak caused by the non-hydrolyzed TMS group and an increase of 

the peak caused by the hydrolyzed TMS group were observed. Figure 5.3 shows the size of 

these two peaks change in time. The complete hydrolysis was achieved after approximately 8 

hours for this solution. The results showed that the amount of hydrolyzed TMS groups was 

higher for the polymer stored at room temperature. This means that the polymer should be 

stored in the refrigerator. However, the peak was still not negligible for the polymer stored in 

the refrigerator. A possible explanation could be that the mixing process accelerated the 

hydrolysis initially.    

Figure 5.3 3D plot of NMR spectra of 0.9 wt% P(TMSHEMA-co-OPEG9MA) solution with D2O as solvent 
measured over 24 hours’ time range.  
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Over all the hydrolysis was still relatively fast, which was unexpected, since the polymer should 

have been stable at this pH level. A possible cause of this was that the PBS was catalyzing the 

hydrolysis (specific acid/base catalysis). This possibility was investigated with D2O solution 

with DCl and NaOD as pH adjustment agent. The results showed that the hydrolysis was slower 

for this solution without PBS than the solution with PBS (See Figure 5.4). Unfortunately, even 

if the polymer appeared to be more stable in D2O than in H2O, the stability and pH-

responsiveness were still questionable and needed to be further investigated.  

The reaction was clearly a first-order reaction, as seen from the linear relation between 

logarithms of the concentration of one reactant, in this case the amount of non-hydrolyzed 

TMS-group, against time [57].  

              (9)  

Figure 5.4 Hydrolysis rate plot for 0.9 wt% P(TMSHEMA-co-OPEG9MA) solution with pH 8.4 D2O PBS or 
D2O with pH adjusted to 8.4 (without PBS) as solvent.  

Since the hydrolysis of the polymer was slower in D2O solutions with pH adjustment (without 

PBS), solutions with different pH levels were measured to build a pH profile of the guest 

polymer. The result showed that the polymer was relatively stable between pH 5.4 to 9.4 (See 

Figure 5.5). The more acidic or alkaline the pH gets, the faster the hydrolysis becomes. This 

fits well with the description in section 2.3.2. TMS group was the weakest of all the silyl ether 

protection groups regarding hydrolysis.   
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Figure 5.5 Hydrolysis rate plot for 0.9 wt% P(TMSHEMA-co-OPEG9MA) solution where the pH of D2O was 
adjusted to different level 

The hydrolysis rate profile in D2O (See Figure 5.6) was not optimal, since the hypothesis 

originally was that the polymer should hydrolyze rapidly when the pH was below 7. As the pH 

plot shows, the polymer does not show the pH-responsiveness expected, as the hydrolysis rate 

increases rapidly when the pH was below 6, not 7. However, the main problem would still be 

the extremely rapid hydrolysis in H2O, since as a part of a DDS it needs to be stable enough to 

not release the drug in the circulation.  

Figure 5.6 pH plot for P(TMSHEMA-co-OPEG9MA) in D2O where pH was adjusted with DCl and NaOD.  

y = ‐2,8258x ‐ 3,6119

y = ‐0,6044x ‐ 1,9207
R² = 0,9917

y = ‐0,3879x ‐ 1,5287
R² = 0,9978

y = ‐0,1511x ‐ 1,3677
R² = 0,9978

y = ‐0,1155x ‐ 1,1441
R² = 0,9929

y = ‐0,0952x ‐ 1,1502
R² = 0,9975

y = ‐0,1473x ‐ 1,3222
R² = 0,9999

y = ‐1,5972x ‐ 1,8614
R² = 0,9998

‐7

‐6

‐5

‐4

‐3

‐2

‐1

0

0 2 4 6 8 10

L
n 

co
ns

en
tr

at
io

n

Time / hour

PH 4,4

PH 5,4

PH 6,9

PH 7,4

PH 7,9

PH 8,4

PH 9,4

PH 10,4

0

0,5

1

1,5

2

2,5

3

0 5 10

H
yd

ro
ly

si
s 

ra
te

pH



41 



42 

5.3 Particle size of the guest polymer 

5.3.1 Particle size measurement 

The results from the measurement of the 0.18 wt% solution showed that the autocorrelation 

function displays two relaxation modes; one fast and one slow (See Figure 5.7 and 5.8).  
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Figure 5.7 Normalized autocorrelation function versus time at the scattering angles indicated for one 
measurement of 0.18 wt% P(TMSHEMA-co-OPEG9MA) solution with 2 minutes mixing time at 25 °C. The 
inset plots illustrate the inverse values of relaxation times plotted against q2. 

As mentioned before, to calculate the Rh when there were two relaxation times, the fitting 

should be carried out with equation (5). βf indicates the polydispersity of the fast mode. Since 

the concentration was relatively low, one might be able to assume that the small particles would 

either be unimers or micelles. Then βf would equal 1, which means that the particles are 

monodisperse. The inset plots showed the inverse relaxation time versus the q2 value for the 

fast mode and the slow mode, respectively. With these plots, one could obtain the value of the 

D that could be used to calculate the Rh. The Rh values obtained from the analyses were 

approximately 12 nm and 106 nm for the fast and the slow mode, respectively. The average βs 

was ca. 0.84. Since the molecule weight of the guest polymer was ca. 81 kDa, a Rh of 12 nm 
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could be an indication that these particles were most likely unimers. The slow mode was clearly 

caused by the presence of aggregates. 
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Figure 5.8 Normalized autocorrelation function and its corresponding fits at the scattering angle 90° for one 
measurement of 0.18 wt% P(TMSHEMA-co-OPEG9MA) solution with 2 minutes mixing time at 25 °C. The 
inset plots illustrate residuals for the fitting. 

As the residual plot in Figure 5.8 shows, the fitting portrays the relaxation process well. Since 

the slow mode could be caused by aggregates, which were usually much bigger in size and had 

irregular shapes, the process might not be diffusive. This means that the diffusion coefficients 

for the measured angles would not be the same for all the scattering angles. In this kind of 

situation, determining the Rh by using the Stokes-Einstein’s equation might not be optimal. To 

get an idea of the diffusiveness of the system, normalized autocorrelation functions were plotted 

against q2*time and q3*time (See Figure 5.9). 

The results did not show a q2 dependence, which is the hallmark of a diffusive process. This 

probably means that internal dynamics were observed due to the presence of very large 

aggregates. Instead of a q2 dependence, there was more of a q3 dependence, which further 

indicates that there were big aggregates in the solution. This means that calculation with the 

Stokes-Einstein’s equation might only be able to give an estimation of the size and 

polydispersity of the aggregates. In this kind of situation one must keep in mind that there could 

be much bigger aggregates in the solution.    
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Figure 5.9 Normalized autocorrelation function versus q2*time at the scattering angles indicated for one 
measurement of 0.18 wt% P(TMSHEMA-co-OPEG9MA) solution with 2 minutes mixing time at 25 °C. The 
inset plot is the corresponding q3*time plot.   

5.3.2 Separation of aggregates 

Aggregation was clearly an issue that needed to be investigated further. The aim of the 

following experiments was to assess how concentration, prolonged mixing time, ultrasound and 

pH of the solvent affected self-aggregation of the polymer. Results from the measurements were 

analyzed in the same way as before, and compared with the results from the original 

measurements to see whether it was possible to breakdown the aggregates.  

Mixing time: 

Results from the measurements of 0.18 wt% solution with 10 minutes mixing time showed that 

the amplitude for the fast mode increased from ca. 0.13 to 0.37 (See Figure 5.10). This means 

that the amplitude of the slow mode decreased. This could be an indication that there were more 

unimers in the solution, but the problem with lack of q2 dependence remained. This means that 

there were still much bigger aggregates in the solution. The βs decreased from ca. 0.84 to 0.72. 
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The Rh of the unimers was still around 12 nm. Overall, even though the amplitude for the fast 

mode increased, there were still no significant changes in terms of the q2 dependence of the 

results. 
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Figure 5.10 Normalized autocorrelation functions versus time at a scattering angle of 90° for measurements of 
0.18 wt% P(TMSHEMA-co-OPEG9MA) solutions with 2 and 10 minutes mixing time.  

Concentration: 

Results from the measurements of 0.36 wt% solutions showed the same trend as the ones for 

0.18 wt% solutions. The measurements for 0.09 wt% solutions displayed only one relaxation 

mode, which corresponded to the size of aggregates, Rh was over 100 nm. There was also more 

of a q3 dependence for these measurements. This could be caused by the fact that the 

concentration of the unimers was too low to be detected.  

Ultra-sonic: 

The sample for ultrasound measurements was measured. The results from these measurements 

showed an even lower amplitude (See Table 5.1) for the fast mode than before, which was 

approximately 0.10. The intensity fluctuation measured was still strongly dominated by the 

slow mode. Treating the sample with ultrasound did not improve the problem with lack of q2

dependence, since the results still showed more of a q3 dependence.  
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Table 5.1 Results obtained from DLS measurements of a 0.18 wt% sample treated with ultrasound.  

Concentration 0.18 wt% Mean 

Af 

Rhf 

(nm) 

Rhs 

(nm) 

Mean βs 

Ultra-sounic 10 minutes 0.117 10.3 107 0.868 

0.094 10.3 110 0.875 

0.096 11.5 111 0.852 

pH of the solvent: 

The results showed that pH seems to affect the size of the unimers, the Rh was about 14 nm for 

the pH 5.4 solution and 15 nm for the pH 4.4 solution (See Table 5.2). Based on the NMR date, 

at these pH level, the polymer hydrolyzes really fast. Hydrolyzed polymer could possibly have 

another conformation, since the hydrophobic TMS groups are no longer a part of it.  

Table 5.2 Results obtained from DLS measurements of 0.18 wt% samples with pH adjusted to 5.4 and 4.4. 

Concentration 0.18 
wt% 

Mean Af Rhf 

(nm) 
Rhs 
(nm) 

Mean βs 

pH 5.4 0.408 14.3 107 0.702 

0.472 14.6 103 0.701 

0.409 14.3 102 0.703 

pH 4.4 0.481 15.1 116 0.665 

0.441 15.7 123 0.618 

Comparing the data to the results from prolonged mixing time, there were similarities. For 

instance, Af values were around 0.4-0.5, and the βs was around 0.70. The Rh of the aggregates 

was the same, over 100 nm. Since pH seems to affect the amplitude the same way, it was hard 

to determine whether prolonged mixing time separated the aggregates without causing too 
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much hydrolysis. The TMS groups were essential for the complexation. If the method required 

to separate aggregates leads to extensive hydrolysis, it does not benefit the situation much.    

Filtration: 

As none of the factors tested showed any positive impact on breaking the aggregates, and the 

aggregates were causing problems in the interpretation of the data, the last attempt was to try 

to filter the solution with filters of smaller pore size. This might break the aggregates, but it 

could also filter away some big aggregates. By doing so, one would of course lose control of 

the concentration, but this was important for data interpretation. 

The Rh of the aggregates was around 71 nm, and the βs was around 0.87. The amplitude for the 

fast mode was now around 0.33 (See Table 5.3). The slow mode was now less dominating, 

since the filtration process might have removed those very big aggregates, and it might also 

have broken down the aggregates to either smaller aggregates or unimers. The q2 dependence 

was much better for these measurements (See Figure 5.11).  

Table 5.3 Results from measurements of 0.18 wt% solutions P(TMSHEMA-co-OPEG9MA) filtered with 0.22 
μm filter 

Concentration 0.18 
wt%

Mean 
Af

Rhf 

(nm)
Rhs 

(nm)
Mean βs 

Filter 0.22 μm 0.339 12.3 69.5 0.886 

0.328 12.4 72.3 0.858 

0.331 12.3 70.1 0.873 
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Figure 5.11 Normalized autocorrelation function versus q2*time at the scattering angles indicated for one 
measurement of 0.18 wt% P(TMSHEMA-co-OPEG9MA) solution with 2 minutes mixing time and filtered with 
0.22 μm filter at 25 °C. 
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5.4 Particle size of the host polymer  

5.4.1 Particle size measurement  

When it comes to the results of these measurements, fitting with two exponentials was good, 

but the inverse relaxation time for the measured angles did not show a linear relation when 

plotted against q2. Therefore, it was not possible to obtain D from the inverse τ versus q2 plot. 

Fitting with single exponential might not be as good when it comes to higher angles, but it was 

good enough (See Figure5.12 and 5.13). The Rh obtained from the fast mode was around 145 

nm, which was totally unexpected. The Mn of the polymer was approximately 5 kDa, the 

particle size one would expect should be under 10 nm. A size over 100 nm indicated that there 

were only aggregates of the polymer in the solution. Figure 5.14 shows that the q2 dependence 

was acceptable.  
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Figure 5.12 Normalized autocorrelation function versus time, and the corresponding fit at the scattering angles 
90 ° for one measurement of 0.18 wt% β-CD-g-lPEI solution with 2 minutes mixing time at 25 °C. The inset 
plots illustrate residuals for the fitting. 
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Figure 5.13 Normalized autocorrelation function versus time at the scattering angles indicated for one 
measurement of 0.18 wt% β-CD-g-lPEI solution with 2 minutes mixing time at 25 °C. The inset plots illustrate 
the inverse values of relaxation times plotted against q2. 
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Figure 5.14 Normalized autocorrelation function versus q2*time at the scattering angles indicated for one 
measurement of 0.18 wt% β-CD-g-lPEI solution with 2 minutes mixing time at 25 °C.  



51 

5.4.2 Separation of the aggregates 

A possible cause for the self-aggregation of the polymer was that the backbone of the polymer 

was PEI, and studies have shown that PEI tends to aggregate. PEI was one of the most studied 

cationic polymer, since it was proved to be an effective gene delivery reagent in non-viral 

delivery systems. Aggregation was a big problem with polycation-DNA complexes in aqueous 

solutions and it becomes even worse under physiological conditions or when freeze-dried. 

Sharma et al. examined how different parameters affect aggregation of PEI-DNA complexes. 

Their study concluded that when it comes to PEI-DNA complexes, the main cause of 

aggregation was hydrophobic interactions. The most effective method to inhibit the aggregation 

process was by adding 2.5 % polyoxyethylene (100) stearate. Lower storage temperature, lower 

pH, diluting the complexes and increasing the solution viscosity can also reduce the aggregation 

[58]. Since most of the possible solutions that Sharma et al. mentioned weren’t relevant for this 

case, reduced pH was tested to see if this could reduce the aggregation A sample with pH 

reduced to ca. 3 was measured. The result did not show any significant change in size, 

polydispersity or q dependence (See Appendix B).  

Together with all the other polymers that Dr. Quan synthesized, β-CD-g-lPEI was stored at 

room temperature for about 2-3 months before it was moved into the refrigerator. This action 

was done after the discovery that P(TMSHEMA-co-OPEG9MA) hydrolyses slowly at room 

temperature. The objective of this action was to prevent any unwanted influences that 

temperature might have on the polymers. In addition, the polymer was dialyzed to remove 

organic solvent. This was done at least twice and the polymer was freeze dried for 24 hours 

each time after dialysis. Both high storage temperature and freeze-drying could be reasons why 

the polymer was heavily aggregated. This could be tested by synthesizing a new batch of the 

polymer, but removing the organic solvent with another technique that won’t require freeze 

drying the polymer afterward. On top of that, store the polymer at a low temperature.  

The aggregation issue of CD-PEI was reported by Pun et al.in 2004 They reported that 

complexes of CD-PEI and plasmid tend to aggregates rapidly in water solutions with the 

presence of salt. By adding adamantine-poly (ethylene glycol)5000 (AD-PEG), the ADs formed 

complexes with CDs on the surface of the complexes. This results in PEGylated particles, and 

forms a layer on the surface of the particles. Formulation with 2 ADs to 1 CD ratio showed 

complete stabilization of the complexes [59]. Theoretically, the guest polymer in this work 

might be able to function in the same or similar way, since it also contains PEG and a group 
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that was supposed to form complexes with CD. This would of course need to be tested, since 

β-CD forms complex better with aromatic rings (See Section 2.3.1).  



53 

5.5 Complexation 

5.5.1 Mixing ratio 

Despite the aggregation issue both polymers display, it should still be possible to observe an 

increased size of the unimers or the aggregates if the complexation occurs. Solutions with 

different mixing ratios of P(TMSHEMA-co-OPEG9MA) and β-CD-g-lPEI were measured.  

1:1 mixing ratio: 

The results showed to relaxation modes. The Rh obtained from these two modes corresponds 

well with the size of the unimers of the guest polymer (ca. 14 nm) and the size of the aggregates 

(lower than ca. 140 nm). The Af was ca. 0.32. and the βs was ca.0.77. There seems to be no sign 

of complexation. The problem with these measurements was again the lack q2 dependence (See 

Figure 5.15). This means that there might be particles much larger in the solution. These 

particles could be complexes, but they could also be larger aggregates. It was not possible to 

tell which one it was from these results.  
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Figure 5.15 Normalized autocorrelation function versus q2*time at the scattering angles indicated for one 
measurement of a solution with 2 mg P(TMSHEMA-co-OPEG9MA) and 2 mg β-CD-g-lPEI in 2 ml pH 8.4 D2O 
at 25 °C. 
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3:1 mixing ratio:  

The measurements of this sample was the hardest to analyze, since the fitting with Equation (4) 

did not portray the relaxation well for the higher angles. The fitting was better using Equation 

(5), but the problem was that the inverse relaxation time obtained from the angles did not show 

linear relations when plotted against q2. It was therefore not possible to obtain information of 

D from these plots. The Rh obtained by fitting with equation (4) was approximately 130 nm. 

The βf was ca.0.78. The q dependence was also stronger than q2 for these measurements (See 

Figure 5.16). As for the sample with 1:1 mixing ratio, there could be much larger particles in 

the solution for this sample too.  

1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0,01 0,1 1
0,0

0,2

0,4

0,6

0,8

1,0

 39
 56
 73
 90
 107
 124
 141

g1 (t
)

q2*Time

Figure 5.16 Normalized autocorrelation function versus q2*time at the scattering angles indicated for one 
measurement of a solution with 3 mg P(TMSHEMA-co-OPEG9MA) and 1mg β-CD-g-lPEI in 2 ml pH 8.4 D2O 
at 25 °C. 

1:3 mixing ratio:  

Only this solution with 3 mg of β-CD-g-lPEI and 1 mg of P(TMSHEMA-co-OPEG9MA) gave 

consistent results from measurements of the same sample. By fitting with Equation (4), the Rh 

obtained from these measurements was approximately 145 nm (See Figure 5.17). This clearly 

corresponds to the size of the β-CD-g-lPEI aggregates. The βf was ca. 0.80, which was slightly 
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lower than 0.90 for the sample with only β-CD-g-lPEI. As the result shows, there wasn’t any 

significant increase in the size of the aggregates.  

As mentioned before, the grafting ratio of β-CD-g-lPEI was quite low (See Section 3.1) and in 

addition, due to the self-aggregation issue, some β-CD might not be available for complex 

formation. The 1:3 mixing ratio would be the more logical compared to 1:1 and 3:1 mixing 

ratio, since there would be more β-CD available in total. The explanation for why no sign of 

complexation was observed could be that the concentration of this sample was too low. This 

means that it was hard for it to get a detectable size increase. Samples with the same mixing 

ratio but a higher concentration were measured to investigate this possibility. 
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Figure 5.17 Normalized autocorrelation function versus time at the scattering angles indicated for one 
measurement of a solution with 1 mg P(TMSHEMA-co-OPEG9MA) and 3 mg β-CD-g-lPEI in 2 ml pH 8.4 D2O 
at 25 °C. The inset plots illustrate the inverse values of relaxation times plotted against q2. 

5.5.2 Concentration  

The results from the measurements of the 0.27 wt% sample were also fitted with Equation (4) 

(See Figure 5.18). There seems to be an increase in Rh, as it went from 145 to160 nm. The βf 

was approximately 0.77. The q2 dependence was not as good as for the sample with only β-CD-

lPEI (See Figure 5.19). This means that there might be aggregates much larger than 160 nm in 

the sample.  
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Figure 5.18 Normalized autocorrelation function versus time at the scattering angles indicated for one 
measurement of a solution with 2 mg P(TMSHEMA-co-OPEG9MA) and 6 mg β-CD-g-lPEI in 2 ml pH 8.4 D2O 
at 25 °C. The inset plots illustrate the inverse values of relaxation times plotted against q2. 
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Figure 5.19 Normalized autocorrelation function versus q2*time at the scattering angles indicated for one 
measurement of a solution with 2 mg P(TMSHEMA-co-OPEG9MA) and 6 mg β-CD-g-lPEI in 2 ml pH 8.4 D2O 
at 25 °C. 
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Since the size did not increase significantly, a 0.36 wt% sample was measured. The result 

obtained from these measurements was that Rh increased to approximately 180 nm. The βf was 

approximately 0.70. The size seems to have increased more with this mixture, but there was 

still more of a q3 dependence for these measurements (See Figure 5.20). There might be much 

larger aggregates present in the solution. It was difficult to tell from the results whether the size 

increase was caused by complex formation or by interaction between the aggregates of these 

polymers.  
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Figure 5.20 Normalized autocorrelation function versus q2*time at the scattering angles indicated for one 
measurement of a solution with 2 mg P(TMSHEMA-co-OPEG9MA) and 6 mg β-CD-g-lPEI in 1.5 ml pH 8.4 
D2O at 25 °C. The inset plot is the corresponding q3*time plot.   

5.5.3 Degradation of the complexes  

A 0.41 wt% sample was measured to investigate whether the observed size increase was caused 

by complex formation between the host and guest polymer. If the complexes were formed 

through the host-guest mechanism, by adding acid to the solution fragmentation of the 

aggregates may occur. The total amount of polymer increased with 1 mg compared to the 0.36 

wt% sample, which means there were in total 9 mg polymer in 1.5 ml solvent. The purpose was 

to yield even bigger particles, which makes it easier to observe the change in size after adding 

the acid. 
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The results showed that there were two relaxation modes for these measurements. The Rh was 

approximately12 nm and 300 nm for the fast and slow mode respectively (See Figure 5.21). 

There was clearly an excess of unimers of the guest polymer present in the solution. This 

could be caused by the filtration process, where filtering the guest polymer with 0.22 μm 

separated some aggregates to single polymer molecules. The q dependence was much 

stronger than q2 for the fast mode, which could be caused by the aggregates of the guest 

polymers (See Figure 5.22).   
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Figure 5.21 Normalized autocorrelation function versus time at the scattering angles indicated for one 
measurement of a solution with 2.25 mg P(TMSHEMA-co-OPEG9MA) and 6.75 mg β-CD-g-lPEI in 1.5 ml pH 
8.4 D2O at 25 °C. The inset plots illustrate the inverse values of relaxation times plotted against q2. 

Diluted DCl was added to the solution, and the pH changed to approximately 3. The sample 

was measured again. A significant change of the size of the aggregates was observed. The Rh 

obtained from the slow mode was approximately 155 nm, which corresponds well to the size 

of the β-CD-lPEI aggregates (See Figure 5.23). Af increased from 0.15 to 0.22, which was not 

a significant change. Unfortunately, the q dependence was still much stronger than the q 

dependence for a diffusive system (See Figure 5.24). It was not possible to conclude whether 

the acid did separate the aggregates as expected or not.  
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Figure 5.22 Normalized autocorrelation function versus q2*time at the scattering angles indicated for one 
measurement of a solution with 2.25 mg P(TMSHEMA-co-OPEG9MA) and 6.75 mg β-CD-g-lPEI in 1.5 ml pH 
8.4 D2O at 25 °C. The inset plot is the corresponding q3*time plot.   
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Figure 5.23 Normalized autocorrelation function versus time at the scattering angles indicated for one 
measurement of a solution with 2.25 mg P(TMSHEMA-co-OPEG9MA) and 6.75 mg β-CD-g-lPEI in 1.5 ml pH 
8.4 D2O, with added acid at 25 °C. The inset plots illustrate the inverse values of relaxation times plotted against 
q2. 
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Figure 5.24 Normalized autocorrelation function versus q2*time at the scattering angles indicated for one 
measurement of a solution with 2.25 mg P(TMSHEMA-co-OPEG9MA) and 6.75 mg β-CD-g-lPEI in 1.5 ml pH 
8.4 D2O with added acid at 25 °C. The inset plot is the corresponding q3*time plot.   
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6 Conclusion  
In this work, the main objective was to characterize a pH-responsive CD-based supramolecular 

system. NMR measurements were preformed to examine the stability and pH-responsiveness 

of the guest polymer. The guest polymer hydrolyzed rapidly and completely in H2O irrespective 

of pH. The hydrolysis was much slower in D2O in the pH range between 5.4 to 9.4. Complete 

hydrolysis was still achieved after 8 hours. The results indicated that the stability and pH-

responsiveness was questionable, especially for the H2O based solutions. The guest polymer 

was chosen from all the other guest polymers that Dr. Quan synthesized, since it was more 

water soluble than the others. The stability of those more hydrophobic polymers might be better 

than the tested guest polymer. One might be able to improve the stability by choosing another 

silyl ether as the protection group. This will of course require further examination with the exact 

polymer to draw any conclusion.   

The interaction between the host and guest polymer was one of the main objective of this work. 

This was explored by DLS measurements of each polymer and mixtures of both polymers. 

Measurements of the guest polymer showed that the Rh of the unimers was approximately 12 

nm, but the polymer appeared to have a self-aggregation issue. Different factors were 

investigated to solve this problem, however none of them solved the issue completely. Only 

filtration with filters of smaller pore size had a positive impact on the aggregates. The host 

polymer also self-aggregates heavily, since the Rh obtained from the only relaxation mode was 

approximately 150 nm.  

Mixtures of these polymers with different mixing ratio and concentrations were studied. A size 

increase was observed. Unfortunately, whether this was caused by random interaction between 

aggregates or by host-guest complexation mechanism remains unclear, since the results showed 

stronger q dependence than for diffusive systems, it was hard to draw a conclusion from the 

results of these measurements.  

However, one can’t exclude the possibility of that the polymers might form complexes through 

the host-guest mechanism. Proper investigation should be carried out without the presence of 

aggregates. Since higher temperatures lead to degradation of the guest polymer and possibly 

causes aggregation of the host polymer, it would be beneficial to store the polymers at lower 

temperature after they have been synthesized to avoid this. Preferably, they should be stored in 
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a refrigerator, not at room temperature. The freeze drying process might also contribute to the 

aggregation of the host polymer. Since freeze drying was necessary after dialysis to remove 

water, the polymer should be purified with another method that does not require freeze drying 

afterward.    
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Appendix A 

Figure 6.1 NMR spectrum for 1-hour measurement of 0.9 wt% P(TMSHEMA-co-OPEG9MA) solution with 
H2O as solvent. 

Figure 6.2 NMR spectrum for 0-hour measurement of 0.9 wt% P(TMSHEMA-co-OPEG9MA) solution with pH 
8 H2O PBS as solvent. 
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Figure 6.3 NMR spectrum for 0-hour measurement of 0.9 wt% P(TMSHEMA-co-OPEG9MA) solution with pH 
8 H2O (without PBS) as solvent. 
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Appendix B 
Before adding acid: 
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Figure 6.4 Normalized autocorrelation function versus time at the scattering angles indicated for one 
measurement of 0.18 wt% β-CD-g-lPEI solution with 2 minutes mixing time at 25 °C. The inset plots illustrate 
the inverse values of relaxation times plotted against q2. 
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Figure 6.5 Normalized autocorrelation function versus q2*time at the scattering angles indicated for one 
measurement of 0.18 wt% β-CD-g-lPEI solution with 2 minutes mixing time at 25 °C. 
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After adding acid: 
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Figure 6.6 Normalized autocorrelation function versus time at the scattering angles indicated for one 
measurement of 0.18 wt% β-CD-g-lPEI solution with added acid and 2 minutes mixing time at 25 °C. The inset 
plots illustrate the inverse values of relaxation times plotted against q2. 
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Figure 6.7 Normalized autocorrelation function versus q2*time at the scattering angles indicated for one 
measurement of 0.18 wt% β-CD-g-lPEI solution with added acid and 2 minutes mixing time at 25 °C. 
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