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Abstract

The removal of uremic toxins is of great importance in preventing the progression of
chronic kidney disease. The investigation of the interaction of uremic toxins with serum and
dialysis materials will contribute to the advancement of techniques in uremic toxins removal. This
study investigates the host-guest system of uremic toxins with human serum albumin and polymer-
coated particles. First, the driving force of uremic toxins binding with human serum albumin is
investigated and determined. Second, a series of novel polymer-coated magnetic nanoparticles are

created and tested for toxin removal ability and hemocompatibility.

Although the removal of uremic toxins has been researched for decades and well progress
has been achieved on water-soluble small molecules removal. Protein-bound uremic toxins are
retained in the blood causing detrimental complications. Herein, through an in-depth
thermodynamic investigation using isothermal titration calorimetry, the driving force for protein-
bound uremic toxins binding to human serum albumin was identified unveiling the contribution of
hydrophobic interaction and electrostatic interaction to the binding behavior. Furthermore, STD
NMR provided solid evidence that identified the binding site of indoxyl sulfate and p-cresol sulfate
on human serum albumin, that IS binds to Sudlow’s site I and site I whereas PCS only partially
binds to site II. The human serum albumin secondary and tertiary conformation shifting upon
addition of uremic toxins is reflected through the tryptophan fluorescence changing and the spatial

formation determined by fluorescence spectrometry and circular dichroism, respectively.

Secondly, the novel poly(B-Cyclodextrin-co-2-(methacryloyloxy)ethyl phosphorylcholine)
coated magnetic nanoparticle is created to remove uremic toxins. Instead of investigating the two
iconic protein-bound uremic toxins, indoxyl sulfate and p-cresol sulfate, a profile of uremic toxins
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has been researched. Native P-cyclodextrin was decorated with the alkane group and
copolymerized with 2-(methacryloyloxy)ethyl phosphorylcholine (MPC) through the route of
atomic transfer radiation polymerization on the surface of initiator fixed magnetic nanoparticle.
The study shows that surface chemistry and incubation time have an impact on the adsorbed
toxinome profile, even with "low-fouling" polymers. The findings suggest a dynamic interaction
between toxins and surfaces that is not solely driven by solution concentration, which could help

in the design of adsorbent films for clearing uremic toxins.

Following the previous work, we investigated the biocompatibility of B-cyclodextrin-co-2-
(methacryloyloxy)ethyl phosphorylcholine grafted magnetic nanoparticles (p(PMBCD-co-MPC)
MNP). The impact of bare magnetic nanoparticles and coated particles on the structure of human
serum albumin, a-Lactalbumin, and Lysozyme proteins was studied using circular dichroism and
fluorescence spectroscopy. The study also examined the stability of plasma and uremic plasma in
the presence of particles using a plasma clotting assay. Immunoblotting was utilized to study the
adsorption of plasma proteins to different types of MNPs using UTX-treated and non-UTX-treated
plasma. The results indicate that p(PMBCD-co-MPC) coated MNPs have better biocompatibility
than bare MNPs, and that particle D (PMBCD: MPC=1:3) exhibited the strongest inhibition of
clotting formation in the UTX-treated group. The findings provide important insights into the

biocompatibility of p(PMBCD-co-MPC) MNPs and their potential application in biomaterials.

In conclusion, this study presents valuable insights into the host-guest system of uremic
toxins with human serum albumin and p(PMBCD-co-MPC) MNPs. The investigation of the
driving force for protein-bound uremic toxins binding with human serum albumin and the
identification of their binding sites are significant contributions to the field. Additionally, the

creation and testing of novel polymer-coated magnetic nanoparticles for toxin removal and
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hemocompatibility showed intriguing results. The study highlights the importance of surface
chemistry and incubation time in the adsorption of uremic toxins and the biocompatibility of the
coated nanoparticles. The findings provide a foundation for the design of adsorbent films and

potential biomaterials for clearing uremic toxins.
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1.1 Chronic Kidney Disease

Chronic kidney disease (CKD) is a prevalent medical condition with a global estimated
prevalence of 13.4%. However, this estimate may vary, particularly in developing countries where
the epidemiology of CKD is not fully characterized due to insufficient public health attention and
investment [1]. The incidence of CKD is found to be more prevalent among individuals over the
age of 65 years. Although males are reported to have a lower incidence of CKD compared to
females, they possess higher chances of disease progression [2]. CKD is a complex medical
condition characterized by heterogeneous functional and structural abnormalities of the kidneys. It
is a slowly progressive disease that often remains asymptomatic until it has reached an advanced
stage. The severity of CKD is determined by stages that are classified according to the reduction
in kidney function, typically estimated by the glomerular filtration rate (GFR): stage 1 — more than
90 mL/min per 1.73 m?, stage 2 — 60~89 mL/min per 1.73 m?, stage 3 — 30~59 mL/min per 1.73
m?, stage 4 —15~29 mL/min per 1.73 m?, stage 5 — less than 15 mL/min per 1.73 m? [3]. In the
kidney biopsy, the common changes, such as tubular atrophy and interstitial fibrosis, are present in
the samples from CKD patients. These structural deformations of the kidney impair its function,
leading to a range of complications. The most prevalent underlying diseases associated with CKD
include diabetes, hypertension, and anemia. Notably, a considerable proportion of diabetes patients,
up to 30%-40%, develop CKD [1, 4]. Whereas in developing countries, infectious disease and drug

misuse are account for the prevalence of CKD [5].

1.1.1 Treatment of CKD
Early intervention in the treatment of chronic kidney disease (CKD) can effectively slow
its progression. The primary objective of early-stage treatment is to regulate the concentration

levels of substances that may trigger complications, including vitamin D, blood sugar, and acid-
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base balance. However, in the advanced stages of CKD, dialysis is necessary. Hemodialysis and
peritoneal dialysis are two options available for patients. The cost of these treatments is significant,
with annual expenses reaching $77,506 and $57,639 for hemodialysis and peritoneal dialysis,
respectively [6]. Despite receiving dialysis treatment, the mortality rate among patients on dialysis
remains high, with a rate of approximately 40%. The causes of death are grouped into six categories:
cardiac, vascular, sudden death, infectious, withdrawal of dialysis, and other, in which cardiac

deaths account for 14.4% of the death rate [7].
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Figure 1.1 Schematically illustration of (A) Hemodialysis [8], (B) Peritoneal dialysis [9].

1.2 Uremic Toxins

Ever since Richard Bright first discovered urea and articulated its subsequent effects on
kidney disease, research on uremia has been at the forefront of scientific investigation. The
application of advanced techniques for the detection of organic molecules and isolation of toxic
substances has led to a significant expansion in the characterization of uremic toxins. The number

of known uremic toxins has increased from 32 in 2007 to 88 in 2012 [10, 11]. Uremic toxins are a



complex mixture of organic and inorganic substances that originate from various sources, including
dietary intake and endogenous metabolic processes [12, 13]. Organic sources undergo the intestinal
digestion and are transferred to liver by the portal circulation Within the liver, the protein mediates
undergo conjugation and sulfation, then excreted into the blood circulation. Once in the
bloodstream, food metabolites, including urea from amino acid metabolism, ureic acid from nucleic
acid metabolism, and creatine from muscle metabolism, merge with other metabolites. When blood
fluid enters the kidneys, nephrons filter the blood, remove waste products and toxins, and screen
the blood content for any abnormalities [ 14]. The quantification of uremic toxins holds substantial
significance in clinical, as the deviant levels of these toxins are regarded as a pivotal clinical

diagnostic indicator for the presence of disease.

1.2.1 Classification of Uremic Toxins

Uremic toxins are commonly classified into three distinct categories based on their
physicochemical properties and molecular weight: free water-soluble low molecular weight solutes
(<500 Da, N=45), protein-bound solutes (<500 Da except for leptin and retinol-binding proteins,
N=25), and middle molecule solutes (N=22) [10]. Among the 88 uremic toxins, 68 possess a
molecular weight of less than 500 Da while 12 exceed 120 kDa. The free water-soluble low
molecular weight solutes category encompasses ribonucleosides, guanidines, polyols, peptides,
purines, and pyridines. Protein-bound solutes consist of phenols, AGE, Hippurates, indoles,
peptides, and polyamines. Peptides and cytokines are the primary components of the middle

molecule solutes category [11].



1.2.2 The Association of Uremic Toxins with Disease

As stated previously, uremic toxins serve as an important indicator for abnormal
metabolomic behavior within the human body, and their association with disease has been
extensively investigated. While the level of creatinine and blood urea nitrogen tests is typically
used to diagnose uremia directly, the presence of other diseases and complications, such as anemia,
thrombosis, and cardiovascular disease, can also be induced by elevated serum uremic toxin levels
[15, 16]. The elevated intracellular levels of reactive oxygen species (ROS) lead by the increasing
concentration of uremic toxins played a role in resulting in these diseases and complications. The
increasing concentration of uremic toxins can lead to elevated intracellular levels of reactive
oxygen species (ROS), which play a role in the development of these diseases and complications
[17]. Additionally, a link between elevated uremic toxins and depression is also reported by Heng-

Jung Hsu et al [18].

1.2.3. Protein-Bound Uremic Toxins

Protein-bound uremic toxins (PBUTSs) represent a subset of uremic toxins that tend to
accumulate in the blood of patients with CKD and are not efficiently cleared by dialysis. The
retention of PBUTs can result in toxic effects on various vital organs, including the heart, blood
vessels, and kidneys themselves [19]. Among the 25 PBUTS that have been reported, as mentioned
in section 1.2.1, phenols, indoles, and hippurates represent the non-peptide categories that contain
a benzene ring and account for approximately 48% of the total number [11]. The remaining PBUTs
consist of peptides, polyamines, and advanced glycation end products (AGEs) that possess

relatively diverse structures and abundant electron clouds.
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Figure 1.2 Chemical structure of categories of PBUTs.

1.3. Human Serum Albumin
1.3.1. Structure of Human serum albumin

Human serum albumin (HSA) is the most prevalent protein (35-50 g/L) in human blood
serum and serves multiple functions, including the maintenance of oncotic pressure and the
transport of nutrients. Composed of 585 amino acids, HSA displays a multi-domain structure that
facilitates the binding of both endogenous and exogenous ligands. Within each molecule, the
residues of cysteine, leucine, glutamic acid, and lysine outnumber methionine, glycine, and
isoleucine, resulting in a high ion charge of 215 ions per HSA molecule and increased solubility.

Moreover, HSA has 83 positively charged residues and 98 negatively charged residues, rendering



its surface charge negative. These features suggest that electrostatic forces may play a role in HSA

binding activity.

1.3.2. Binding site on HSA

The unique sequence of amino acids in human serum albumin (HSA) leads to the formation
of three homologous domains, which can be further subdivided into six helical subdomains (Figure
1.3): TA (5~112), IB (112-195), IIA (196~303), IIB (303~383), IIIA (384~500), IIIB (500~582)
[20]. Numerous studies have been conducted to identify the type of ligands that bind to these
different subdomains [21-27]. The study of HSA has a lengthy history, dating back to the
precipitation of HSA from urine in 1500 A.D [28]. Native HSA has been extensively studied at
first, and the advent of biosynthesized HSA in 1996 prompted research into modifications aimed
at altering binding properties and conferring antigenicity [29]. Due to the greater structural
flexibility of the HSA molecule surface compared to its core, and the fact that the excessive loading
of ligands does not significantly alter the HSA structure, HSA is an ideal host molecule for studying

ligand binding [30].
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Figure 1.3 Illustration of domains, subdomains, and Sudlow’s sites on HSA [31].



1.3.3. A close look to Sudlow’s site I and Sudlow’s site 11

Intensive research is being done on Sudlow's site I (found at IIA) and Sudlow's site II
(located at IIIA), two binding sites that bind to various ligands. Sudlow’s site I is known as the
seventh binding site for fatty acids. The amino acids of this site, Tyr150, Lys199, Arg222, and
His242, endow this binding site with a hydrophobic core. Sudlow’s site II contains the third and
fourth fatty acid binding sites composed of residues Tyr411, Arg410, and Ser489. Aromatic
carboxylates were proven to be the preferred ligands for this site, and the apolar region on the third
fatty acid binding site is mainly responsible for the drug binding. Indoxyl sulfate, the PBUT
associated with cardiac and vascular disease, binds to Sudlow’s II [27]. Except for the
hydrophobicity of the core, Sudlow’s site I and II are positively charged and attractive to anions
because of the existence of Lys and Arg residues. The Asp and Glu, which account for the negative

charges, are not included in Sudlow’s site I and II [32].

(A)

Figure 1.4 Illustration of (A) Sudlow’s site I bind with warfarin and (B) Sudlow’s site II bind

with ibuprofen. Ligands are represented in grey [20].



1.4 Driving Forces Responsible for Ligands-HSA binding
Herein, I direct the attention toward three primary types of intermolecular interactions
involved between ligands and HSA, namely, hydrophobic interactions, hydrogen bonding, and
electrostatic interactions. The thermodynamic properties of non-covalent interactions can typically
be assessed using the Gibbs free energy equation:
AG = AH — TAS (Equation 1.1)
Where AG represents the Gibbs free energy change, AH represents the enthalpy change and AS is
the entropy change. The interaction is spontaneous when AG is negative (AG < 0). Enthalpy is
defined by two components, internal energy and the product of pressure and volume of the system,
where the internal energy of the system is compromised of bond energy and thermal energy.
Negative AH represents the exothermic procedure. While entropy is dependent on temperature,
molecular weight, and complexity of the substance. It is defined as heat transferred to the system

(AQ) divided by system temperature:
AS = — (Equation 1.2)

1.4.1. Hydrophobic Interactions

Based on the examination of the chemical structures of the HSA binding sites as mentioned
earlier, it can be inferred that the nonpolar residues of amino acids are responsible for the major
component of each domain. This finding supports the notion that hydrophobic interactions play a
significant role in facilitating the formation of ligand-HSA complexes [33, 34]. The specific type
of interaction that occurs between ligands and HSA is influenced by the chemical composition of
the ligands. For instance, a ligand lacking hydrogen bonding capability is more likely to induce
hydrophobic interactions, while an aromatic compound with ring structures is more likely to induce

pi-stacking under the desired conformation.



The strength of hydrophobic interaction can be quantified using calorimetry, which evaluates the
free energy change resulting from enthalpy and entropy changes. At room temperature,
hydrophobic interaction is typically considered entropy-driven due to the reduced mobility and
entropy of water molecules on non-polar surfaces. This occurs when hydrophobic compounds are
bound to a surface, which disrupts the water molecule shell surrounding the non-polar surface and
releases water molecules with restricted mobility. As a result, the entropy of the system usually
increases.

In hydrophobic interaction, positive AH and positive AS is usually observed, the release of
restricted water molecules increased the entropy of the system as liberated water forms new
hydrogen bonding with the surrounding water molecules, leading an increasing in internal energy.
The increasing entropy is considered the cause of increasing enthalpy in this case, therefore called
entropy-driven, but is that always the case in hydrophobic interaction? The addition of hydrophobic
species to water leads to an increase in entropy that is proportional to the volume of water excluded
by the hydrophobic species. During this process, hydrogen bonds are reorganized without breaking,
resulting in a minor change in enthalpy. However, when a large hydrophobic cluster is formed,
hydrogen bonds are broken to accommodate the hydrophobic species, leading to an increase in
enthalpy that is proportional to the surface area of the cluster. Therefore, the accumulation and
aggregation of hydrophobic species can transform the hydrophobic interaction from an entropy-
driven process to an enthalpy-driven process. This explained why positive AH and positive AS are
usually observed. However, it is important to note that other combinations of AH and AS are also

possible.
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1.4.2. Electrostatic Interaction

In addition to hydrophobic interaction, electrostatic interaction participates in the ligand-
HSA complex formation. As stated above, the distribution of amino acid residues in HSA leads to
negatively charged regions, with Sudlow's site being a prominent example, making electrostatic
interactions highly relevant for ligand binding. Electrostatic interaction is a large family, including
hydrogen bonding, ionic interaction, and Van der Waals forces. While hydrophobic interaction and
Van der Waals forces are responsible for most nonspecific interactions, specific interactions are
dominated by electrostatic forces [35]. The strength of electrostatic interaction is influenced by
various factors, such as the ionic strength of the solvent, pH, chemical reactivity, and biological
activity [36]. These factors can be broadly categorized into two groups: medium properties and
compound properties. The underlying mechanisms of these factors affecting electrostatic force can

be explained through Coulomb's law and the Van der Waals force equation:

A 64R3R3z )
Fyaw(z) = T 6 [Z2=(Ri+Ry)2 2 [22—(R,—Ry) 2|2 (Equation 1.3)
|F,| = ke lqlllzqﬂ (Equation 1.4)

Where F, 4y, is Van Der Waals force, A is the Hamaker coefficient, which is a constant (~107"° —
1072° J) that depends on the material properties and intervening medium. z is the center-to-center
distance. R1 and R2 represent the radii of spherical bodies. F, is the electrostatic force and ke is
Coulomb's constant (ke =~ 8.988x10° N-m?-C?). q;,q, and r are the charges and the distance
between the charges. When two charged particles approach each other in colloids, their stability is
influenced by both Van Der Waals force and electrostatic force. To describe this interplay, the

DLVO theory has been established. However, the assumption made in the DLVO theory that the
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surface of particles is uniformly charged may limit its applicability in portraying the ligands-HSA
interaction process.

Hydrogen bonding is also a subset of electrostatic interaction owing to the dipole-dipole
attraction between the highly electronegative oxygen, nitrogen, sulfur, or fluorine atom and a
partially positive hydrogen atom. However, its behavior is more characteristic of charge-dipole
interaction. The electron distribution of the "donor" and "acceptor" atoms is believed to play a role,
although the underlying reasons are not yet fully understood. In the case where the donor and
acceptor are located in the same molecule, the hydrogen atom acts as the acceptor, while the
electronegative moiety serves as the donor. Despite the absence of a covalent bond, the strength of
hydrogen bonding is typically greater than that of Van Der Waals force, ranging from 4 KJ to 50
KJ per mole of hydrogen bonds [37]. The distribution of various amino acid residues allows HSA

to be a natural “donor-acceptor” complex that maintains protein folding and stability.

1.4.3. Current Methodology for Assessing Binding Mechanisms

Techniques that are being used in detecting macromolecules interaction are developed
based on various mechanisms. Surface plasmon resonance (SPR) and UV-Vis spectroscopy (UV-
Vis) are used to detect optical properties changes such as reflective index and absorbance in order
to calculate the association constant. Nuclear magnetic resonance (NMR) can also be used to
capture the chemical shift of residues within the interacted molecules and then demonstrate the
association constant [38]. Analytical ultracentrifugation (AUC) adopts gravity as the tool to
separate bounded and unbounded molecules and determines the association constant by
investigating the association state and equilibrium constant [39]. Isothermal titration calorimetry
(ITC) is another technique that can directly capture the heat fluctuation and generate a complete

thermodynamic profile including enthalpy, entropy, Gibbs free energy, number of binding sites,
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and affinity. A detailed comparison of the advantages and disadvantages of these techniques has

been recently published [40].

1.4.4. Mechanism of ITC

As described earlier, ITC quantifies the heat produced or consumed during a physical or
chemical reaction. In order to achieve this goal, an ITC instrument ehas a reference eand the sample
cell. The reference cell is utilized to balance the heat generated or absorbed by the sample cell. In
order to keep the consistency of the heat capacity in both cells, degassed water is typically injected
as the reference fluid instead of the buffer for cleaning consideration. The addition of salt in buffer
solutions typically decreases the heat capacity, but this effect is negligible as the salt concentration
in buffer solutions is usually low (20 mM-50 mM). During an ITC experiment, small aliquots of
titrant are gradually titrated into the sample cell through a syringe. The introduction of the titrant
causes a disturbance in the thermal equilibrium between the two cells. A feedback circuit detects
the resulting heat changes and adjusts the thermal equilibrium by producing or consuming heat to
eliminate the heat difference. The amount of heat applied is monitored and recorded during the
experiment. ITC data is further analyzed using the first law of thermodynamics:

AU=Q—-W (Equation 1.5)

Where U is the internal energy of the system, Q denotes the heat that are transferred to the system
and W is the amount of thermal dynamics work done by the system on the surrounding. The system
is defined as the composition of the sample cell and the reference cell (Figure 1.5). No energy is
transferred from the system to the surrounding; therefore, no work is done by the system to the
surrounding, leading to AU = Q. By combining equation 1.5 with the following equation, the
association constant K, is obtained:

AG = RTInK, (Equation 1.6)
13



As the binding process of ligands to protein is dynamic and reversible, the determination
of concentration played an important role here. The relationship between the concentration of host
and ligands should fit into a theoretical “c-window” in order to obtain the analyzable data, meaning
either ligands or host is consumed up and no further binding heat is generated. It is acceptable when
c-window is 1<c<1000, and 5<c<500 is considered ideal. The c-window is described by the
following equation 1.7, where n represents the number of ligands binds to the host molecule, K is
the disassociation:

¢ = nK,[titrand] = n[titrand]/K, (Equation 1.7)
When processing data, the raw heat signal is fitted in a selected model chosen based on the number
of binding sites. The independent binding site model is usually chosen to analyze the raw data in

this research as the binding sites on HSA possess different affinity and are considered unique.
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Figure 1.5 Scheme of an isothermal titration calorimetry and the typical data set (Copyright 2012

by D.G. Lambright) [41].
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1.5. Overview of Polymer Adsorbents in Uremic Toxins Removal

In general, three strategies are commonly adopted in renal failure management using
polymer-assisted technologies (Figure 1.6). Dialysis membrane, which operates based on
concentration gradients, has traditionally relied on pore size selection as the primary mechanism.
As a result, much research in dialysis materials has focused on controlling pore sizes of various
polymers. Another types of UTX remover are adsorbent in either beads or membrane state, which
are often applied to adsorption cassettes with the beads fitted into columns to assist in toxin
adsorption or adopted as a extra layer to the traditional dialysis membrane [42]. The advantage of
polymer is self-evident by being used in enormous industries. The flexibility of polymer enables
the production of various forms, including membrane, resin, gel, and liquid. The surface chemistry
and copolymerization capability of polymers offer a great potential for modification according to
specific requirements. Current functional polymer materials applied in UTX removal can be
categorized into pure polymer, molecular imprinted polymer, mix matrix membrane, and polymer
coated beads. In this section, I will review polymer-assisted UTX removal methods to provide
insights for future polymer-based materials development. A summary of current polymer-based

adsorbents for uremic toxins removal is presented in Table 1.1.
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3 strategies to use adsorbent in combination with dialysis

Strategy 2: Dialysis
Membrane as adsorbent

Strategy 1: Hemoperfusion Strategy 3: Dialysate
column adsorbent column adsorbent

blood flow dialysate flow
—_— _

Figure 1.6 Three adsorbent strategies used for removal UTX [43].

1.5.1. Pure Polymer and Polymer Coated Adsorbent

Pure polymer and polymer coated adsorbent have two mechanisms that assist in UTX
removal. Apart from pore size selection, the chemical property of the monomer also determines
the mechanisms of adsorption. Even for the same ligands, the adsorption capacity of the adsorbent
can vary significantly depending on the polymer composition. For example, polyamide membrane,
poly(acrylonitrile) membrane, and polysulfone membrane are three types of polymers developed
to adsorb p-cresol, among which the polysulfone exhibits superior adsorption capability towards
p-cresol [44]. This can be attributed to multiple interactions occurring between the p-cresol and
sulfone. The sulfone contains S=0 bonds, enabling electrostatic interactions, and benzo groups that
facilitate m — & stacking (as depicted in Figure 1.7). Similarly, the selection of the polymer-coated
adsorbent follows the same principle. Materials with a large surface area, such as activated carbon,

zeolite, and silica, are commonly used as the core of polymer-coated adsorbents to accommodate
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polymer deposition. The combined advantages of polymer composite and core structure have
addressed one of the drawbacks of polymer materials, namely, their uncontrollable shape.

In recent years, extensive research has been conducted to overcome the limitations of
polymers. One of the drawbacks, uneven pore size, has been addressed by the development of novel
manufacturing processes. Guo et al. proposed the use of crystallization-driven phase separation
methods to achieve precise control over the pore size of porous films of poly(3-hexylthiophene)
based on specific requirements. This approach has proven successful in producing films with
controlled pore size and morphology, which is essential for various applications, including
filtration, separation, and catalysis [45]. In the meanwhile, Safrany et al. developed a y-radiation-
initiated synthesis routine and obtained monoliths with the same chemical structure in various sizes,
shapes, and porous characteristics. Another limitation of polymers is their limited
hemocompatibility. To overcome this problem, researchers have developed biomimetic and
bioinspired materials that are more biocompatible than traditional bioinert materials. Factors that
affect the biocompatibility of polymer materials include surface composition (functional groups
and density/sign of charge), surface degradation, hydrophilic-hydrophobic character, wettability
and surface free energy, topography (roughness, stiffness), and competitive protein binding.
Among various biocompatible polymer candidates, zwitterions have gained significant attention
due to their unique water shield formed by the opposite charges. When removing uremic toxins,
the abundance of proteins and cells in the environment can lead to unfavorable interactions, making

zwitterions an excellent copolymer component for performing the anti-fouling function [46].
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Figure 1.7 Representative chemical structure ot p-cresol, polyamide, polyacrylonitrile, and

polysulfone.

1.5.2. Molecular imprinted polymer (MIP)

MIPs have demonstrated great potential in addressing specific adsorption and have been
utilized in biosensor development and adsorbent applications. The MIPs function by positioning
the template molecules during polymerization, resulting in the formation of a polymer with
customized pore sizes. Upon removal of the template, the MIP can selectively readsorb the template
molecules to the specific pocket through non-covalent or reversible covalent interactions [47]. In
the field of uremic toxin removal, creatinine imprinted polymers have shown promise. Syu et al.
developed a creatinine imprinted polymer using B-Cyclodextrin (B-CD) as the monomer and
epichlorohydrin as the crosslinker. In competitive binding experiments with creatinine, N-
hydroxysuccinimide, and 2-pyrrolidinone, the creatinine imprinted polymer exhibited a superior
removal rate for creatinine compared to other solutes, indicating specific binding [48]. Even though
MIP possess high specific binding pocket for template, the removal rate of MIP is not as desired
as other adsorbent due to the limited accessibility of the pocket. Moreover, the MIP using proteins
or protein-bound uremic toxins as the template is seldom synthesized even though the proteins and
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protein-bound uremic toxins are recognized as an important party of uremic toxins. The reason is
believed to be the flexible structures of protein disabled the size selection of the pocket and the

complex adsorption environment reduced the capability of specific binding [49].

1.5.3. Mixed matrix membrane (MMM)

MMM is a type of material that integrates both diffusion and adsorption mechanisms for
efficient removal of organic molecules. Typically, a trinary system is employed, with the adsorbent
incorporated into the microporous matrix and then covered by an additional layer of polymer
coating that provides hemocompatibility. The representative application of MMM in UTX removal
is developed by Dimitrio’s group, where three generations of
poly(ethersulfone)/poly(vinylpyrrolidone) dual-layer hollow fibers have been developed for the
removal of protein-bound uremic toxins. After the improvement of successive generation, the flux
rate is improved while protein adsorption is decreased. MMM3 now exhibit an great ability to
remove indoxyl sulfate, p-cresol sulfate and hippuric acid [50-52]. However, for what is worth
mentioning, the blood flow passes through the hemocompatibility layer prior to reaching the
adsorbent embedded layer. This arrangement can hinder the passage of protein-bound uremic
toxins through the membrane, thereby limiting their removal, compromising the efficacy of the
treatment, and increasing the likelihood of complications arising from the accumulation of PBUTs

during clinical application.
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Table 1.1 Summary of in vitro research using adsorbent for removal of uremic toxins.

Maximum removal capacity in
amount of adsorbed toxin/per

Adsorbent type sstl::feblel Uremic toxins gram or square meter of | Ref
gy adsorbent (Initial toxin
concentration, Medium)
Polymer
polyamide i
membrane 2 p-cresol 21 mg/g (22 mg/1, PBS) [44]
polyacrylonitrile i
membrane 2 p-cresol 0.3 mg/g (22 mg/l, PBS) [44]
polysulfone i
membrane 2 p-cresol 37.3 mg/g (22 mg/1, PBS) [44]
urease-immobilized
polyethersulfone 1,3 urea 75.1 mg/g (800 mg/l, water) [53]
beads
polysulfone-
poly(methyl
methacrylate)  dual 1,3 urea 27.6 mg/g (2500 mg/1, water) [54]
layer hollow fiber
polystyrene column | 1 ?é;ﬁ; roglobulin 1.3 mg/g (63.5 mg/l, PBS) [55]
seed-conjugated B2-microglobulin
polymer Beads 1 (B2M) 7.3 mg/g (440 mg/l, PBS) [56]
poly(cyclodextrins) | 1 indoxyl sulfate 45 mg/g (780 mg/1, PBS) [57]
oxidized
poly(vinylindanone) 192 mg/g
beads with ninhydrin | 1> urea (1800 mg/l, PBS) [58]
groups
poly(carboxybetaine 20.75 mg/g
) (PCB)  coated (150 mg/1, BSA solution)
polystyrene  resin | 1 bilirubin ’ [59]
(H103) 6.59 mg/g (150 mg/1, 100% FBS)
microparticles ' ’
I()j(?l(}j/g;rrel?lgopamde/ 1 interleukin-6 256 ng/g [60]
. (1000 ng/1, human plasma)
composite
carbonylated
hypercrosslinked
141.5 mg/g
chloromethylated 1 p-cresol (100 mg/l, NaCl solution) [61]
poly(styrene-co-
divinylbenzene)

Molecularly imprinted polymer (MIP)
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creatinine-

imprinted poly(p- creatinine 6 mg/g (180 mg/l, PB) [48]
cyclodextrin)
creatinine-imprinted
I(’t‘;gae thoxysilanol) creatinine 0.8 mg/g (100 mg/l, water) [62]
sol—gel
uric acid-imprinted
poly(acrylamide- 687.6 mg/g (40 mg/l, water)
hydroxyethyl .
methacrylac) uric acid 148.6-186.6 mg/g [63]
p(AAm-MMA) (35 mg/1, human serum)
cryogel
Mixed matrix membrane (MMM)
Creatinine 25 mg/g membrane
cellulose acetate (12-136 mg/l, water) 64
matrix . [64]
indoxyl sulfate 13 mg/g membrane
(53-247 mg/1, water)
Creatinine 2825 mg/m?
(136 mg/l, human plasma)
indoxyl sulfate 255 mg/m?, or 12.85 mg/g
poly(fathersulfope)/p ?212?1:;2/11? human plasma)
oly(vinylpyrrolidone [50]
) dual layer hollow 160 mg/m?> , or 2.68 mg/g
fiber MMM1) .
p-cresyl sulfate membrane (uremic
concentrations, human plasma)
784 mg/m>
hippuric acid (471 mg/l, human plasma)
Creatinine 2549 mg/m?
(100 mg/1, PBS)
poly(ethersulfone)/p
oly(vinylpyrrolidone indoxyl sulfate 367 mg/m? (51]
) dual layer hollow (40 mg/1, human plasma)
fiber (MMM2)
p-cresyl sulfate 380 mg/m?
(40 mg/], human plasma)
poly(ethersulfone)/p indoxyl sulfate 500 mg/m?
) . (40 mg/1, human plasma)
oly(vinylpyrrolidone 152]
%bdelfl(llvllﬁﬁ?)?onow hippuric acid 2478 mg/m?

(110 mg/1, human plasma)
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heparin-mimicking
polymers grafted
carbon  nanotube/
poly(ethersulfone)
composite
membrane

creatinine

1.4 mg/g membrane
(50 mg/1, PBS)

[65]

polyethersulfone
matrix

p-cresol

creatinine

108.7 mg/g membrane
(400 mg/1, PB)

133.3 mg/g membrane
(700 mg/1, PB)

[66]

Polymer coated adso

rbent

zwitterionic  poly-
carboxybetaine
(PCB) hydrogel
coating

bilirubin

8 mg/g (150 mg/l, BSA solution)

[46]

poly (hydroxyethyl
methacrylate)
coating

1,3

creatinine

10 mg/g (20 mg/1, PBS)

[67]

poly (hydroxyethyl
methacrylate)
coating

1,3

creatinine

175 mg/g (100 mg/1, PB)

[68]

4% poly (vinylidene
chloride/vinyl
chloride) coating

creatinine

2.5 mg/g (100 mg/1, PBS)

[69]

polyvinylpyrrolidon
e coating

phenylacetic acid

38.9 mg/g

(474 mg/1, BSA solution)

[70]

poly (ether
sulfone)/activated
carbon (PES-AC)
hybrid beads

1,3

creatinine

87 mg/g

(500 mg/1, Tyrode buffer)

[71]

poly  (ethylene-co-
vinyl alcohol)
(EVOH)-zeolite—
polymer composite
nanofibers

creatinine

25 mg/g (22 mg/l, water)

[72]

polyacrylonitrile
(PAN)-zeolite
composite nanofiber

creatinine

880 mg/m? (23 mg/l, water)

[73]

zeolites and
polyethersulfone-
zeolite ~ composite
membranes

indoxyl sulfate

1.3 mg/g (35 mg/1, PBS)

[74]
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1.6 Cyclodextrin (CD)

Cyclodextrins are a group of edible functional materials that have been commercialized as
small molecular encapsulation agents in various applications, such as wastewater treatment, odor
control, food stabilization, drug delivery, and the manufacturing of chromatography columns [75-
78]. a-, B-, and y-CD are the most common cyclodextrin that contained 6, 7, and 8 glucose units,
respectively. Since the middle of the 20th century, cyclodextrins have been used as auxiliary
substances to boost the solubility of drugs with poor solubility [79]. The cyclic oligosaccharide
structure of cyclodextrins enabled the core with a relative hydrophobicity compared to its
hydrophilic outer surface [80]. Due to the existence of the hydrophobic cavity and resourceful
hydroxyl groups in CD molecules, hydrophobic interaction and hydrogen bonding are considered
the possible driving force when suitable ligands are introduced. In each CD molecule, the free
electron pairs of glycosidic oxygen are positioned directly towards the cavity, creating a high local
electron density at the core. This not only endows the CD with the characteristic of Lewis base but
also indicates the greater chemistry reactivity of the primary hydroxyl groups compared to the
secondary hydroxyl groups [81]. Indeed, the modification of primary hydroxyl group on B-CD is

wildly practiced in order to generate derivatives that can meet certain needs [82-84].
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Figure 1.8 Chemistry structure of a-, B-, and y-CD.

1.6.1 Cyclodextrin Polymers

Polymerization techniques have boosted the development of technology in countless areas.
Utilizing the functional materials as monomers further enhanced the application of polymerization
technique. To date, mainly four types of CD polymers are designed to serve the needs, which are

crosslinked CDs, linear-linked CDs, CD star polymers, and CD polyrotaxanes (Figure 1.9).
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Figure 1.9 Illustration of types of cyclodextrin polymers.




1.6.1.1 Crosslinked Cyclodextrin Polymers

Crosslinked CDs are usually synthesized through the method of cross-linking of primary
hydroxyl groups. The principal synthesis route for cyclodextrin crosslinking involves chloride
substitution and hydroxyl-epoxy addition. This material is particularly suitable for organic
multipollutant absorption and exhibits a performance 15-200 times greater than that of both
activated carbon and non-porous cyclodextrin polymers [85]. This is accredited to the supercritical
liquid COz-assisted drying process that produced a high surface area by removing surface tension
[86]. Nanosponges represent a type of nanoparticle gel that has garnered significant research
attention for drug delivery applications. In this context, beta-CD-based nanosponges have been
developed by Elham et al. for curcumin delivery, aiming to enhance the pharmacokinetic profile,
anticancer activity, and solubility of curcumin. Epiclon was adopted to crosslink with beta-CD in
a ratio of 1:8 and resulting in the average 31.35% w/w curcumin load rate. The introduction of
cyclodextrin nanosponge improved the selective toxicity against malignant cells, while also
minimizing the adverse effects of curcumin on tissue [87]. CD-based metal-organic frameworks
are also researched. However, due to the fact that the crosslinking is achieved through physical
positioning as opposed to chemical bonding, the application is constrained by utilization conditions

and 1s viewed as lacking practical potential.

1.6.1.2 Linear-linked Cyclodextrin Polymers

Linear-linked cyclodextrin polymers are distinct from crosslinked cyclodextrin polymers
in that each monomer only has one main hydroxyl modification. These linear polymers are either
attached to the surface or form the self-assembled hydrogels/supramolecules in order to serve

different functional demands. Before polymerization, CDs are commonly decorated with p-
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toluenesulfonyl chloride group as a leaving group. This step enabled the further addon of the
functional groups for polymerization [88, 89]. Nanoparticles (NP) of various diameters are
commonly utilized in CD polymer fixation due to their high surface area. Ali et. al synthesised
recyclable B-CD polymers grafted magnetic nanoparticles (MNP) for benzyl halides inclusion in
an aqueous solution for the purpose of catalyzing solid-liquid phase-transition [90]. Yuan et. al
reported a voltage-responsive dextran-p-CD polymer micelle for controlling drug release.
Ferrocene terminated poly(g-caprolactone) molecules bind to the hydrophobic cavity of dextran-f3-
CD polymer and self-assembled as micelle in the drug solution. Under the voltage of +1.0 V, the
micelle is disassembled and released the ferrocene-terminated poly(e-caprolactone) that is loaded

with drugs [91].

1.6.1.3 Cyclodextrin Star Polymers

In this instance, the hydrophobic core was used to fulfill various functional requirements,
such as the encapsulation of ligands, while the polymer arms developed on the primary and
secondary faces of the CD molecule to serve antifouling function [92, 93]. The fact that CD
contains abundant hydroxyl groups made CD an ideal chemistry reaction initiator. For example,
hydroxyl groups can initiate the ring-opening polymerization of cyclic lactones, substitution
reaction for chloride/bromide atomic transfer radical polymerization (ATRP) initiator fixation, and
reversible addition-fragmentation chain-transfer (RAFT) polymerization [94-97]. Martina et. al
successfully synthesized star polymer with B-CD core through RAFT reaction at 100 °C-120 °C
using the native hydroxyl group as the initiator. The molecular weight is determined using gel
permeation chromatography (GPC) and exhibited an overall lower value compared to the

theoretical value, which might be resulted from the steric hindrance [98]. CD Star Polymer can
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also be used to tackle the drug resistance problem. Clinical trials pointed out that drug resistance
in malignant treatment forces patients to seek alternative drugs or even apply multiple drugs that
worsen the impairing effect of chemotherapy. Fan et. al designed a novel “V”-shaped armed B-CD
star polymer that is composed of poly(N-isopropylacrylamide) (PNIPAAm) and biocompatible
poly(ethylene glycol) (PEG). The drug inclusion is not only induced by the hydrophobic core of
the B-CD cavity, the association of the “V” shaped polymer chain has also accelerated the process.
Moreover, the anti-fouling and biocompatible properties of the PEG segment also stabilized the
inclusion state and further improved intracellular retention and drug delivery efficiency. In vivo
study shows the largest reduced tumor volume in the group using B-CD-g-(PEG-v-PNIPAAm) (84

mm® £+ 69 mm® ) compared to the control (391 mm?® + 154 mm?) [92].

1.6.1.4 Cyclodextrin polyrotaxanes

The native CD polyrotaxanes is a necklace-like supramolecule that is seldom used in
application owing to its high steric hindrance and strong hydrogen bonds between the neighbor CD
molecules. Due to the same reason, the CD polyrotaxanes only dissolve in DMSO and DMF in
which the hydrogen bond between the neighboring molecules is destroyed [99-101]. Consequently,
researchers explored multiple modification schemes to improve the solubility of CD polyrotaxanes,
in which methylation of the hydroxyl group is considered the easiest route. The decoration groups
have evolved from simple groups, such as hydroxypropyl group and carboxyethyl ether group, to
functional polymer chains. A bio-cleavable hydroxypropyl-B-CD (HP-B-CD) based polyrotaxanes
is designed by Tamura et. al aiming at capturing cholesterol. After PEG threaded the CD units,
terminal bulky molecules are further added through disulfide linkages. Disulfide linkages are
cleaved when encountered L-glutathione in the intracellular environment and enabled the release

of CD to capture cholesterol [102]. As mentioned above, the hydrogen bond between neighboring
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CDs resulted in reduced solubility as fewer hydroxyl groups are available for forming hydrogen
bonds with water molecules. Wang et. al utilized this property to crosslinked multiple a-CD
polyrotaxanes using CD itself as a crosslinker and synthesized porose hydrogel for bioengineering

applications [103].

1.6.2 B-Cyclodextrin

BCD is the most utilized cyclodextrin due to its ideal core size to form drug complex even
though it is the least soluble cyclodextrin among a-, B-, and y-CD. The elucidation of this poor
solubility is the molecular rigidity of BCD and the formation of intramolecular hydrogen bonding
in the crystal state. The complete secondary belt was formed by C2-OH and C3-OH which reduced
the flexibility of BCD. 21 hydroxyl groups are categorized into primary groups and secondary

groups, each containing 7 and 14 hydroxyls [83].
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Figure 1.10 Structural illustration of BCD. (A) The primary hydroxyl groups composed primary
face, the secondary hydroxyl groups composed secondary face [104]. (B) Illustration of C2, C3,

C6 on each glucose unit.
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1.7 Magnetic Nanoparticle Technology
Nanoparticle technology starts growing public attention in the early 2000s. It contributes to

multiple scientific areas including chemistry, biology, materials science, and engineering. The most
recent application of NPs has been expanded to human health. The promising results of NP-
involved research implied the commercial value of NP-based treatment methods. The Greek prefix
‘nano’ depicts one thousand millionth of a meter (10). NPs refer to particles with a diameter
between 1 and 100 nm. The history of NP application can be traced back to the fourth century AD
when Au and Ag nanoparticles were first applied to ancient glass artwork. The invention of various
microscopies, such as transmission electron microscopy (TEM) and scanning probe microscopes
(SPM), visualized the NPs and expanded the research scoop of NP.

The combination of polymer science and nanoparticles is considered the highlight of
materials science in recent years. The superior biocompatibility and cost-efficiency of NP make it
an ideal candidate for in vivo application. Magnetic NP (MNP) is wildly used in the biomedical
areas due to the property of controlled positioning, surface functional potential, and
biocompatibility. The naturally formed hydroxyl groups on the MNP surface enabled the
decoration of polymers. Polymer-coated MNP has been used in cancer diagnosis and therapy,
selective extraction, sensor probe invention, and drug carrier. Abolfazl et. al synthesized poly (N-
1sopropylacrylamide-methyl methacrylic acid, PNIPAAm-MAA)-grafted MNP (core size: 100nm)
for controlled delivery of doxorubicin and evaluated the cytotoxicity and uptake rate of the A549
lung cancer cell line. (PNIPAAmM-MAA)-grafted MNP exhibit the drug inclusion efficiency of 75%.
In the targeted area, the drug release is controlled to be 43% in 200 hrs under 37 °C [105]. Born
from a similar concept, reusable ligand absorbents are designed to perform the “reverse delivery”.
Fei et. al developed the acrylic acid and crotonic acid copolymerized MNP for absorbing cationic

dyes through the mechanisms of ionic interaction and hydrophobic interaction. The clearance rate
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of 90% was achieved within 4 hrs. The recycling of used absorbent is accomplished by the

desorption of dyes using a 50 ml mixture of 5% (V/V) acetic acid and methanol [106].

1.8 Research Proposal

1.8.1 Rationale

The complex nature of ligands-host interaction makes it harder to determine the binding
driving force. However, the binding driving force determination is of great importance to designing
a proper host for ligands capture purposes. Prior to designing the host of PBUT, it is necessary to
articulate the interaction mechanisms in PBUT- HSA system. To further develop the ideal host
molecule, surface chemistry should be considered other than functionality design as it profoundly
impacts the efficiency of the host-guest system as well as the blood cell behavior and
hemocompatibility. This thesis will investigate the PBUT-HSA system and UTX-CD system using
the combined technology of isothermal titration calorimetry, LC/MS, and other characteristic
methods. p-cresol sulfate and indoxyl sulfate are chosen to represent PBUT in this research as they
hasten the stages of CKD by inducing multiple complications, thus the clearance of them is of great
importance and well-spread researched. However, no profound interpretation of binding driving
force and binding conformation has been reported. With that in mind, herein we present the
investigation of PBUT-HSA system to improve the current understanding of the binding
mechanism and enlighten the following design - a cyclodextrin-based host-guest system that assists
in the removal of UTX. This project will definitely expand the understanding of the driving force
in PBUT-HSA system and leads to the future development of bioengineering materials for uremic

toxins removal.
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1.8.2. Objectives

This thesis is synthesised for the purpose of answering the following questions:

1. What is the driving force of p-cresol sulfate and indoxyl sulfate binding with HSA?

(Chapter 2)

a.

Why does the thermodynamic data of p-cresol sulfate and indoxyl sulfate binding
with HSA exhibit such a pattern?

What is the quenching mechanism of p-cresol sulfate and indoxyl sulfate to
HSA?

2. How does the binding of p-cresol sulfate and indoxyl sulfate to HSA influence the HSA

conformational structure? (Chapter 2)

a.

b.

Is p-cresol sulfate and indoxyl sulfate binds to totally different sites?
what is the conformation of p-cresol sulfate and indoxyl sulfate in the binding
sites?

3. What is the characteristics and functionality of the novel CD-based polymer-coated

magnetic nanoparticles? (Chapter 3, Chapter4 and Chapter 5)

a.

What are the chemical and physical properties of the novel CD-based polymer-
coated magnetic nanoparticles and their efficiency in binding uremic toxins?
What is the biocompatibility of CD polymer, zwitterion polymer, and the CD-
zwitterion hybrid polymer under the presence/absence of uremic toxins? What
ratio of copolymerization represents the best application value?

What is the cyclodextrin selection binding pattern in a profile of uremic toxins?

Does it have preferred chemical groups to bind?

4. How will the zwitterion in the polymer chain influence the bounded type of uremic toxins

and the uremic toxins bound rate overall? (Chapter 3)
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1.8.3 Scope of Dissertation

In the following chapter, the driving force of indoxyl sulfate and p-cresol sulfate will be
thermodynamically investigated. In order to evaluate the overall influence of indoxyl sulfate and
p-cresol sulfate on HSA, other binding features should be studied as well. The binding
conformation, HSA quenching mechanism, and HSA secondary and tertiary structures will be
systematically assessed. For the purpose of determining the quenching mechanism, experiment
should be performed at a variant temperature in order to obtain the association constant that is
comparable to the ITC yield association constant. Furthermore, the competitive binding of indoxyl
sulfate and p-cresol sulfate on Sudlow’s site I and II should be investigated to identify the precise
binding sites of these two toxins, and the binding conformation of indoxyl sulfate and p-cresol
sulfate in the pocket should be articulated to further determine which driving force is responsible
for such a conformation (Chapter 2).

In order to remove the uremic toxins and improve the hemocompatibility, magnetic
nanoparticles modified with cyclodextrin and zwitterionic phosphorylcholine polymer will be
synthesized. After copolymerization with different cyclodextrin and 2-(methacryloyloxy)ethyl
phosphorylcholine ratio, the chemical and physical properties can be determined of each. Since the
composition of polymer impact the particle dispersion as well as the interactions with uremic toxins
and/or serum proteins, the adsorption profile can be further evaluated and discussed with the
polymer composition to determine the overall best copolymerization ratio in adsorption capability
(Chapter 3). In order to evaluate the biocompatibility of a series of particles, in vitro
biocompatibility tests, such as platelet activation, plasma calcification, and the serum protein’s
structure assessment, will be performed (Chapter 4). A subsequent research project will be
conducted to evaluate the biocompatibility of engineered particles in the presence of uremic toxins

(Chapter 5).
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2.1 Introduction

Despite the successful application of hemodialysis (HD) to treat patients with kidney failure
and the decades of research conducted in developing HD therapies, morbidity and mortality among
HD populations remain regrettably high. This high burden of illness, premature death and disability
is driven by accelerated cardiovascular disease [1, 2], which is felt to arise from the continued
accumulation of metabolically-derived compounds despite ongoing HD treatment. In particular,
compounds that become tightly bound by blood proteins (as known as protein bound uremic toxins,
PBUTs) are notoriously hard to clear from the blood compartment using membrane-based
techniques. Here the protein phase within the plasma component of the blood acts like a reservoir,
where after being cleared by HD their solution concentrations may be re-established through their
release from the protein-bound phase [2]. A complete list of PBUTSs, their concentration profiles
in HD patients as a function of disease progression, or a full understanding of how these molecules
either induce or are the result of cellular dysfunction has only been provided. Nevertheless, p-cresol
sulfate (PCS) and indoxyl sulfate (IS) are two, well-recognized, PBUTSs that accumulate in patients
that undergo HD treatments, which have been linked with inflammation, bone damage, increased
oxidative stress, and exacerbating kidney damage [3]. It is thought that understanding how these
PBUTS interact with serum HSA will allow for the development of molecules that compete with
HSA as binders of these small molecules, or molecules that can compete with PBUTs in binding

HSA.

HSA is an abundant blood protein, accounting for 50%-60% (3550 g/L) of the total plasma
proteins and is responsible for ~80% of the colloid osmotic pressure of blood [4, 5]. X-ray
crystallography has shown HSA predominantly adopts an heart-shaped tertiary structure, which is

considered the result of joint action of three homologous domains (I-III) and 17 disulfide bridges
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[6]. These three domains are subdivided into A and B groups, composed of 4 and 6 a-helices,
respectively. The a-helix of each subdomain are found to line a number of hydrophobic cavities
that bind a wide variety of endogenous and exogenous compounds [7], such as thyroid hormones,
fatty acids. Sudlow’s site I is located in the hydrophobic cavity of subdomain IIA and preferentially
binds heterocyclic anions, such as warfarin [8, 9]. In site I, drugs reside between apolar side-chains
of Leu238 and Ala291 and hydroxyl group of Tyr150 [10]. Sudlow’s site II is found within
subdomain IITA and has a high affinity for aromatic carboxylates, like ibuprofen [10]. In site II, the
hydroxyl group of Tyr41l, Arg410 and Ser489 residues contribute to drug binding via the
formation of salt-bridges and hydrogen bonds. The binding site includes a polar patch that could
potentially interact with carboxyl ligands [11-13]. For patients with kidney dysfunction, native and
post-translationally modified HSA coexist; the relative ratio of these as a function of disease
progression has yet to be fully determined. Post-translational modification of HSA is known to
contribute to the progression of CKD [14, 15]. Herein, we focus on native HSA interactions with
IS and PCS, but others have studied the effect of post-translational modification of HSA and have

observed decreased binding affinities for some PBUTs compared to native HSA [15-17].

The development of materials to augment the clearance of IS and PCS from the blood
compartment of HD patients depends upon obtaining a fundamental understanding of the
mechanisms involved in that interaction. Previous literature has largely focused on IS or PCS
clearance rates using different types of materials (membrane or other), without fully outlining the
mechanisms responsible for their retention [3, 18-21]. Binding affinity for PCS or IS to HSA has
been reported previously, but the binding mechanisms, specific binding site and resultant
conformational changes of HSA have not been fully considered [22, 23]. Herein, we provide an

accurate and full data set for interpreting the binding mechanism and conformation of PCS or IS
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with HSA by combining isothermal titration calorimetry, fluorescence spectroscopy, circular

dichroism, and saturation transfer difference NMR.

2.2 Experimental

2.2.1 Materials and methods

Human serum albumin (HSA, purity >98%, fatty acid free, 66.5 kDa), IS and warfarin were
purchased from Sigma-Aldrich Chemicals Company (USA) and used without further modification.
ibuprofen was purchased from Oakwood Chemical (USA). PCS is purchased from Musechem
(USA). Protein solutions were prepared fresh for each experiment, where HSA was directly
dissolved in phosphate buffer solution of pH 7.2 (0.1 M PBS). The stock solutions were prepared
and stored at 4 °C, pH was evaluated using EcoSence® model pHI0A (EcoSence, USA) as

calibrated using buffer pack. All PBS buffers were syringe filtered (0.2 um) prior to use.

2.2.2 Fluorescence

Protein solutions (0.1 M PBS, pH 7.2) were aliquoted into a 96 well plate with black walls
and transparent bottom. Measurements were performed at 25, 30, and 37°C. Steady-state
fluorescence was measured using the PTI fluorescence spectrometer FeliX ™ (company, country).
Samples were excited at 285 nm and the emission spectrum measured between 290 to 500 nm (2
nm resolution). A series of IS or PCS buffered solutions with increasing concentrations (0-20 pM
and 0-40 pM, respectively) were prepared. HSA (2 uM) was chosen as the concentration for

fluorescence quenching experiments.

2.2.3 Circular dichroism
Far-UV circular dichroism spectra of HSA with IS or PCS (1:20 molar ratio) were obtained

using a circular dichroism/ORD spectrometer (JASCO, J810). The spectra were recorded from 180
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to 260 nm using a 0.5 mm quartz cell. The concentrations of HSA solution were 1.5 mM and ligand
concentration of 3.2 mM. HSA solution (100 pL) added to the cuvette and followed by adding 10,
20, 30, and 40 pL of ligands. Measurement was set at three times repeat, the results presented are
average value. CDNN 2.0 software is used to determine the secondary structure changing upon

adding toxins.

2.2.4 Isothermal titration calorimetry
ITC experiments were performed using a VP-ITC instrument (TA instrument, USA). All
samples were prepared in PBS buffer (pH 7.2) and degassed immediately prior to use. Two
equilibrium processes are required, namely the instrument was stabilized for 1hr after the addition
of the ligands into the sample cell. After the fluctuation range stabilized within 0.2 pJ/sec, the
syringe filled with titrant was inserted. One hour of equilibrium time was allowed to pass prior to
titration. A total of 50 pL of ligand solution was injected into the 170 pL cell. In the simulation,
cumulative heat corresponding to each injection was used. According to the thermodynamic
formulas:
AG =—RTIn K (Equation 2.1)
AG = AH — TAS (Equation 2.2)
standard changes of Gibbs free energy (AG,kJ mol ~1), enthalpy effect (AH, k] mol ~1), and
entropy effect (AS,] mol~! K~1) for the binding process of ligands to HSA was derived. An
independent binding model was used for fitting the data and the association constant (K,) was

further calculated.
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2.2.5 Saturation transfer difference (STD) NMR

1D 1H STD spectra were acquired at 27 °C on Agilent/Varian VNMRS four-channel 600
MHz 1600 equipped with AutoXID probe. All samples were prepared using PBS (D20 solvent).
Chemical shifts were referenced to the external signal of Acetone at 2.26 ppm. Selective saturation
of HSA was performed using Gaussian-shaped pulses of 50 ms each. The on-resonance irradiation

of HSA was performed at a chemical shift of -1 ppm and off-resonance irradiation at 35 ppm.

2.3 Results and discussion

2.3.1 Binding of IS and PCS to HSA

Thermodynamic parameters and resultant stoichiometry were evaluated as a means of
characterizing the mode of interaction between IS or PCS with HSA. ITC was used to directly
measure the evolving heat during the titration (Figure 2.1), which can be used in Eq’ns (1) and (2)
to evaluate the binding affinity and stoichiometry (n) in aqueous phase without the need for probe
addition or artificial ligand immobilization (Table 2.1) [24]. Each peak in the resulting isotherm
represents a single injection of IS or PCS into the HSA solution, subtracting any heat effects related

to dilution for each component injected into blank PBS buffer.

Isotherms were fitted to a binding model to yield the association constant (K,), binding
stoichiometry (n), enthalpy change (AH), entropy change (AS), and free energy change (AG).
Based on the isotherm profile, an independent site model was employed (Table 2.1), where it was
observed that IS had a higher binding affinity for HSA compared to PCS [25, 26]. However, both
toxins had a lower binding affinity compared to the experimentally determined values for warfarin
(3.41x10* L mol™!) and ibuprofen (1.39x10° L mol'). Experimentally determined binding
affinities for warfarin and ibuprofen were in good agreement with previous literature (~10* L mol™!

and ~10° L mol 1) [27-29].
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In order to discern the binding mechanism the change in enthalpy and entropy are
scrutinized, where if AH and AS are both positive, binding was dominated by hydrophobic
interaction [30]. In the case of IS or PCS interactions with HSA, a negative AH and AS (Table 2.1)
were obtained, which suggested the involvement of electrostatic interactions and a disorder-to-
order transition in the ligand-protein-water complex [23, 31-33]. The binding for both IS or PCS
was enthalpy-driven with an unfavorable entropy change. A similar trend was observed for
warfarin-HSA interactions, where both AH and AS were negative. However, ibuprofen-HSA
interactions had a negative AH and positive AS, indicating an interaction that is different than for
IS or PCS. In the case of ibuprofen-HSA interactions, positive entropy and negative enthalpy
reflect the combined effects of hydrophobic and electrostatic interactions. Though ibuprofen has
been reported as a potential competitor for removing toxins from HSA [34], ITC results indicated
that the binding mechanism between ibuprofen and PCS or IS was different; indicating that a
different binding site may be involved. That said, ibuprofen binding to HSA had a lower Gibb’s
free energy than either IS or PCS (AG ibuprofen-nsa = -23.16, AG 1s-usa = -20.11, and AG pcs-usa = -

17.69 kJ mol ™).

Table 2.1 Thermodynamic parameters for the interaction of IS or PCS with HSA obtained from

ITC at 298 K and pH 7.20.
Toxins Ka n AH AG AS
(x10° L mol ™) (kJ mol ") (kJmol™")  (kJmol 'K™)
IS 10.06+0.04 1.08 £0.21 -70.09 -20.11 -0.168
PCS 1.39+0.08 1.03+0.15 -115.2 -17.69 -0.327
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Figure 2.1 ITC thermogram (upper panel) and fitting (lower panel) of HAS with single ligand. ITC
thermogram (upper panel) and fitting (lower panel) of HAS with single ligands. The solid line
represents the best nonlinear least-squares fit to the independent binding site model, where fit
quality is represented as R2. The initial concentration is 2x 107> mol L™! for ibuprofen or warfarin
and 1 x 107 mol L™! for HSA. T=298 K, pH=7.20. (A) Left panel: Corrected heat data for the
titration of ibuprofen with HSA, with an R?>=0.88. (B) Right panel: Corrected heat data for the
titration of warfarin with HSA, with an R?=0.84. (C) Left panel: Corrected heat data for the titration
of PCS with HSA, with an R?=0.99. (D) Right panel: Corrected heat data for the titration of IS with

HSA, with an R?=0.99.

Competitive experiments using warfarin or ibuprofen with IS or PCS were conducted using
ITC, where warfarin or ibuprofen was injected into a solution containing HSA and IS or PCS;
subtracted background was PBS injection into IS/PCS-HSA solution. The presence of both endo-
and exothermal peaks (Figure 2.2A) suggested the displacement of IS by ibuprofen within the same
site. A minor endothermal effect occurred in the inceptive 5 and 11 injections for warfarin to HSA-
IS complex and ibuprofen to HSA-PCS, respectively. The heat then tended toward a steady level,
indicating the saturation of the system, as expected for low-affinity binding [35]. For the
experiment of warfarin to HSA-PCS complex (Figure 2.2D), split peaks are observed for the
inceptive 2 to 4 injections. This is considered as an exothermic binding reaction and a low-affinity
unbinding occurred simultaneously in different sites. One reasonable interpretation for this
observation is that PCS rebound to a different site or randomly bound to HSA after being displaced

by warfarin from site .
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Figure 2.2 ITC thermogram (upper panel) and fitting (lower panel) of I with double ligands. The
solid line represents the best nonlinear least-squares fit to the competitive binding model. The
initial concentration is 2x 107> mol L™! for IS/PCS/ibuprofen/warfarin, and 1 x 10* mol L™! for I.
T=298 K, pH=7.20. (A) Corrected heat data for the titration of ibuprofen with I and IS mixture,
with an R?=0.91 (B) Corrected heat data for the titration of warfarin with I and IS mixture, with an
R2=0.99 (C) Corrected heat data for the titration of ibuprofen with I and PCS mixture, with an

R?=0.82 (D) Corrected heat data for the titration of IS with I and PCS mixture, with an R?=0.95.

2.3.2 Fluorescence

2.3.2.1 Effect of IS and PCS on fluorescence

Intrinsic fluorescence is measured through quenching, where intensity and peak position
can be used to understand the protein-ligand interaction [36]. Fluorescence emission spectra for [
in the presence of IS or PCS (Figure 2.3) used an excitation wavelength of 285 nm. It was observed
that I fluorescence intensity decreased as IS or PCS concentration increased (Figure 2.3A and
2.3B). The fluorescence of IS and PCS was observed using emission wavelengths of 390 and 325
nm, respectively (Figure 2.3C and 2.3D) [37]. The fluorescence spectra for IS has a shoulder at
420 nm, which is attributed to an unresolved vibrational-electronic transition [38]. A slight red shift
is observed upon PCS being bound by I (from 352 to 356 nm), indicating the I structure was altered
such that more water was incorporated and an increased polarity near the tryptophan residue
occurred [39]. Furthermore, a blue shift (from 364 to 358 nm) in the peak position occurred with
increasing IS concentration, which indicated the fluorophore is in a hydrophobic environment upon
IS addition [40]; where the protein rearranged so that the water content decreased, which led to a

decreased polarity [41]. However, the inclusion of cations in the protein has also been shown to
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cause a blue shift [42]. STD NMR experiments were conducted to further explain the

environmental changes local to the binding event.

2.3.2.2 Fluorescence quenching mechanism
The Stern-Volmer equation (Eq’n 2.3) can be used to determine whether the quenching

mechanism was dynamic or static:
FO/F =1+ Kg,[0Q] (Equation 2.3)

where F9 is the fluorescence intensity in the absence of a quencher, F is in the presence of the
quencher, Ksy is the Stern—Volmer quenching constant, and [Q] is the concentration of the
quencher. The results of which are illustrated in the Stern-Volmer plot of quenching by IS and PCS
(Figure 2.3E and 2.3F). Quenching experiments at three different temperatures yielded a linear
relationship between [Q] and F°/F, which suggested that static quenching was the dominant
mechanism at play: dynamic and static quenching can be discerned through temperature effects.
Static quenching represents a strong coupling between host and ligand (i.e. I and toxins), where

increasing temperature tends to yield a decreasing Stern—Volmer quenching constant Ksy (Table

2.2) [43].

Table 2.2 Stern—Volmer quenching constant KSV and association constant Ka for IS and PCS

binding with I at 298, 303, and 310 K.

PCS IS
T(K) | Ksy(Lmol!) K,(Lmol") | Ksy(Lmol") K,(Lmol")
298 7.01x10° 7.7%x10° 5.88x10* 5.75x10*

303 | 5.25x10° 5.71x10° 4.76x10* 4.63x10*
310 | 3.75x10° 5.01x10° 3.95x10" 3.79x10*
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Figure 2.3 Fluorescence emission spectra results for I (2 X 10—6 mol L—1, pH=7.20) and IS or

PCS. (A) I emission in the presence of different concentrations of IS (a-f: 0-1 mM) at 298 K. (B) I

emission in the presence of different concentrations of PCS (a’-f’: 0-4 mM) at 298 K. (C)(D): IS

(g-1: 1-0.2 mM) and PCS (g’-1’: 4-0.8 mM) in PBS; I(F): Stern—Volmer plots for I quenching by

IS or PCS with temperature.
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2.3.2.3 Binding Parameters

Further analysis of the quenching data was done to determine the association constant
(Ka) and the average number of binding sites (n) [44]:

0_
log% = nlogK, — nlogw (Equation 2.4)

FO

where [P] represents protein concentration. Fitting equation 2.4 to trends shown in Figure 2.4
resulted in a K, of IS and PCS at 298K to be determined as ~10* and ~10° L mol !, with an n of

0.89 and 0.93, respectively. These results agreed with the independent ITC results.
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Figure 2.4 The plots of log((FO — F)/F) vs. log(1/([Q] — (FO — F)[P]/F0)) for IS/PCS-I system at

three different temperatures and pH 7.2.

2.3.3 Effect of PBUT on I structure

Increasing IS or PCS concentration resulted in a decrease in CD peak intensity of I at 208
and 223 nm, a result commonly attributed to the a-helix structure (Figure 2.5, Table 2.3); where
the a-helix in native [ was decreased by 40.8% or 47% with the addition of IS or PCS, respectively.

However, the beta-sheet content of I increased 15.6% upon IS addition and 23.1% for PCS. An a-
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helix secondary structure dominated the IS-I complex, whereas a random coil structure evolved for

PCS-L.
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Figure 2.5 Circular dichroism spectrum of I in the absence and presence of IS (A) or PCS (B),

where the [I] = 1.0 x 10—5 mol L—1, [IS] (a—e) or [PCS](a’—¢’) was 0.32 to 0 mM.

Table 2.3 Representative results for the effect of IS or PCS on the secondary structure of I, as
determined using CD spectra between 190 to 260 nm. Results are an average of three repeated

scans.

IS PCS
0mM  032mM OmM  032mM
Alpha-Helix ~ 73% 32.2% 70.7%  23.7%
Beta sheet 1 3.8% 19.4% 42%  27.3%
Beta turn 12.7%  17.6% 12.7%  18.4%
Random coil | 10.5%  30.7% 12.5%  30.6%

2.3.4 Analysis of STD-NMR experiments
The addition of these uremic toxins to the protein solution could affect their secondary and

tertiary structure without directly binding to the protein. Although ITC results do show direct
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interactions between these PBUTs and I, it doesn’t give any indication of where this binding is
occurring or what domains of either the PBUT or the protein are involved in the interaction. To
further clarify the physicochemical properties of the interaction between I and IS or PCS, STD-
NMR (1H NMR) is used to characterize the magnetization transfer from I, when under an induced
magnetic field, onto IS or PCS. Herein, STD was used to selectively transfer the magnetic-field
induced resonance of protein protons to the protons of bound IS or PCS, without affecting those
that are solution free (i.e., unbound), where the intensity of this binding event is determined through
the difference between the on- and off-resonance spectra. Thus, the difference between the on- and
off- resonance spectra highlight only the ligands that received resonance from protein (Figure 2.6).
The observed magnetization transfer confirmed the binding between IS or PCS and I as well as
provided the integrated area for each proton (Figure 2.6). It was observed that 32.5 or 23.8% of IS

or PCS molecules interacted with HSA.

Moreover, from the STD spectra it was possible to discern the protons involved in the
resonance transfer, highlighting the positional characteristics of IS or PCS in the region of I. STD
spectrum for IS showed a that a higher percentage of H2 on IS (Figure 2.6A) was involved than
other protons: H2 — 48.88%, H3 — 30.54%, H4 — 30.12%, H5 — 27.47%, and H6 — 25.35%.
Therefore, binding most likely involved the sulfated group. This result is in good agreement with
our ITC results that showed an electrostatic interaction was the main driving force of IS binding
with HAS. For PCS, H3 and H4 was 24.78%, H1 and H7 was 23.52%, H2 and H6 was 24.44%,
which suggested no significant enhancement of local proton signals. This can be explained by the
relative linear and symmetrical spatial configuration of PCS, leading to a smaller steric hinderance
compared with IS, and a more homogeneous fit within the binding site as evidenced by an equal

resonance transfer over the entire molecule.
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Figure 2.6 Detection of IS and PCS bind with L. [I] = 30 mM, [IS] = [PCS] =1.5 mM. (A). Upper
panel: STD spectrum of IS with 1. Lower panel: NMR spectrum of off-resonance IS and I mixture
solution. (B) Upper panel: STD spectrum of PCS with 1. Lower panel: NMR spectrum of off-
resonance IS and I mixture solution. Integrated area (H1 stands for upper panel, H1’ stands for
lower panel. Similarly, hereinafter): IS, H1(1.97), H2(1.07), H3(1.14), H4(1.19), H5(1.17).
H1°(4.03), H2°(4.22), H3’(4.15), H4°(3.95), H5°(3.83). PCS, H1 and H7 (1.12), H2 and H6 (1.74),

H3-H5(2.54). H1” and H7’ (7.14), H2’and H6’ (7.12), H3>-H5 (10.9).

61



2.3.5 Identification of IS or PCS binding site on I

A competitive STD-NMR displacement experiment was conducted to further confirm the
preferred I binding site for IS or PCS. Upon adding warfarin to an I+IS solution it was observed
that the IS signal intensity decreased ~42.9% (Figure 2.7 A). Furthermore, as the concentration of
ibuprofen increased in an I-IS solution, the IS signal intensity decreased ~64.3% (Figure 2.7 C(c-
f)). These results indicated the differential displacement of IS due to the competing presence of
ibuprofen or warfarin, proving that IS was largely present in both the site I and site II of I. This
result stands in contrast to previous reports that IS was only found in site II [45, 46]. Similarly,
only a slight decrease of ~12.5% in PCS signal intensity occurred upon the addition of ibuprofen
to an [+PCS solution (Figure 2.7 D) and no significant change was observed upon warfarin addition
to a similar solution (Figure 2.7 B); indicating that PCS seemed to reside only within site II, as
previously reported [47, 48]. Moreover, ITC results indicated that both ibuprofen and warfarin
were able to displace IS and PCS, whereas only ibuprofen displaced both IS and PCS in STD-NMR
experiment. This result suggested that IS and PCS share binding site II. Furthermore, due to the
fact that IS possessed a higher binding affinity than PCS (ITC results), and ibuprofen and warfarin
had the capability of displacing IS and not PCS indicates that neither site are the preferred binding
site for PCS. This is further evidenced by the fact that our ITC results showed an unbinding activity
due to the introduction of warfarin to I+PCS solutions. Thus, we can conclude that there is an

unknown binding site on I for PCS that was unaffected by warfarin addition.
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Figure 2.7 1H NMR spectrum: A(a), C(a): IS. B(a), D(a): PCS. A(b), B(b): warfarin. C(b), D(b)
ibuprofen. STD spectrum ([I]=0.1mM, [IS]=[PCS]=0.1mM, n(Site indicator): n(Toxin)= 0.5, 1,
2, 5 for (c) to (f)): A(c)-A(f): warfarin with gradiant concentration is added into I+IS mixtrure.
B(c)-B(f): warfarin with gradiant concentration is added into [+PCS mixtrure. C(c)-C(f):

ibuprofen with gradiant concentration is added into I+IS mixtrure. D(c)-D(f): ibuprofen with
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gradiant concentration is added Into I+PCS mixtrure. Arrows denoted the signal increasing or

decreasing peak intensity.

2.4 Conclusion

The mechanisms responsible for IS and PCS interactions with human serum albumin were
investigated using isothermal titration calorimetry, NMR, as well as several spectroscopic
techniques under simulated physiological conditions. An electrostatic interaction was indicated via
ITC results to be the main driver for IS or PCS binding with HSA, and was further verified using
STD NMR. Though ibuprofen possessed a higher binding affinity to I, compared to PCS and IS,
the binding mechanism arose from the combined effects of hydrophobic and electrostatic
interactions. Fluorescence experiments indicated that I was statically quenched by IS or PCS.
Circular dichroism results indicated that the addition of IS or PCS significantly altered the
secondary structure of I, with decreased a-helix content of 40.77% and 47%, respectively. STD
NMR directly verified binding of IS or PCS to I and indicated the most possible binding position
was the sulfated group end. The competitive displacement experiment suggested IS and PCS share
binding site II, where site II is the preferred site for IS interaction with I. Whereas, PCS was located
on site II and an unknown binding site. It is thought that the complete characterization of how IS
or PCS interacts with I will lead to the development of better methods for inhibiting PBUT bound

with I, and lead to better clinical outcomes for hemodialysis patients.
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3.1 Introduction

Reduced glomerular filtration rate is often referred to as “kidney dysfunction”, which
causes the accumulation of certain molecules in the blood compartment. These molecules are
colloquially referred to as “uremic toxins” despite the fact that direct links to toxicity for all of
these metabolites has not been accomplished. Chronic kidney disease (CKD) is a globally prevalent
disease, with multi-factorial pathogenesis; diabetes and hypertension being recognized as the most
common etiological factors [1]. Hemodialysis is the most common treatment worldwide for this
disease. Although it is life-saving, hemodialysis is associated with adverse health outcomes and
unacceptably poor quality of life, while creating excessive plastic and water waste and costing
>$72,000 USD per patient per year [2]. Wearable devices that use adsorbents to clear toxins from
the blood are considered the future of dialysis treatments and could potentially overcome many of
the limitations associated with membrane-based hemodialysis. The design of the adsorbent for
these devices is key to uremic toxin removal. A recent and comprehensive review of adsorbent-
assisted uremic toxins removal from our lab has surveyed the current technology that span a range
of sophistication, from activated carbon to molecular imprinted polymers, zeolites, and a variety

of nanoparticles [3].

Previous work has evaluated solutions like carbon adsorbents with both micro and meso
porosity that achieved the adsorption of uremic toxins of different molecular weight ranges [4].
Polymeric chemisorbents, abundant in ninhydrin groups, have been studied for urea adsorption [5].
Magnetic nanoparticles have inherently advantageous properties that make them amenable for
toxin adsorption: cost-efficient, easy to regenerate, biodegradable, ability to control their location,
ease in surface modification, high surface area for capturing toxins, and general biocompatibility

[6-9]. Moreover, the abundant hydroxyl groups on the surface of MNPs allow for polymerization,
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making MNPs highly versatile and applicable to a variety of uses. That said, there is a dearth in the
literature investigating the adsorption of uremic toxins, and existing studies usually consider only
indoxyl sulfate or p-cresol sulfate adsorption [3]; even then usually only from single component
buffers. Truly the accumulation of indoxyl sulfate and p-cresol sulfate in the blood compartment
leads to severe health complications [10-12], but these are not the only identified uremic toxins
retained in kidney dysfunction [13-16]. For example, organic acids and polyamines are other types
of protein-bound uremic toxins that may be related to acidosis, cancer, and the progression of
chronic kidney disease [11, 17, 18]. New methods for specific compound adsorption could
potentially fill this gap, but no work has shown the effect of surface properties on toxin adsorption
from complex solutions. Progress in the field of engineered surface adsorption may allow the
widespread utilization of wearable kidney devices, providing a more convenient and efficacious

treatment option for patients with CKD.

Given that these engineered surfaces need to contact blood, protein adsorption will be
crucial to developing toxin-adsorbing surfaces. As such, 2-(methacryloyloxy)ethyl
phosphorylcholine (MPC) is a low-fouling polymer that stands out due to its zwitterionic
properties, hydration, and net neutral charge [19-23]; crucial attributes for inhibiting protein
adsorption at MPC-modified surfaces [24-26]. B-Cyclodextrin (B-CD ) was copolymerized with
MPC so as to enhance the film’s ability to bind uremic toxins. Moreover, compared to the other
cyclodextrins, B-CD has an increased ability to bind to small hydrophobic ligands due to its optimal
internal diameter size [27]. Therefore, previous research has utilized B-CD as a functional
decoration for the inclusion of uremic toxins. For example, a multi-site polycyclodextrin adsorbent,
achieving a 96% adsorption rate for p-cresol sulfate was developed [16]. In another study, an

adsorption membrane layer for the elimination of bilirubin, demonstrating an adsorption rate of
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97.8% was tested [28]. Additionally, B-cyclodextrin-co-toluene diisocyanate was used to form a
nanosponge that adsorbed 90% indole [15]. That said, the adsorption from a complex solution with

different incubation times remain largely ill-defined.

Based on these earlier results and making use of new innovations in magnetic nanoparticles,
we synthesized poly(B-cyclodextrin-co-2-(methacryloyloxy)ethyl phosphorylcholine) (p(B-CD-
co-MPC)) coated magnetic nanoparticles. This represents a novel, multifunctional copolymer that
could serve as an effective engineered adsorbent for uremic toxin removal. Using ATRP synthesis
and click-chemistry (Scheme.l), magnetic particles were modified with p(B-CD-co-MPC) with
controlled amounts of B-CD within the film. The film properties were characterized using Fourier-
transform infrared spectroscopy (FT-IR), thermogravimetric testing (TGA), transmission electron
microscopy (TEM), and Gel permeation chromatography (GPC). To better simulate true uremia, a
chemically diverse uremic toxin solution, comprised of organic acids, polyamines, and sulfates
(Table 3.1) was constructed for measuring the adsorption capacity of these engineered adsorbents.
Uremic toxin adsorption was evaluated using quantitative liquid chromatography—mass
spectrometry (LC-MS) to quantify the adsorption of uremic toxins relative to their differing surface
chemistry and incubation time. This systematic study comprehensively evaluated the
chemical/physical characteristics of the p(MPC-co-PMBCD) MNPs, the effect that differing
surface chemistries has on uremic toxin adsorption, as well as revealing if the toxin adsorption is
dynamic. This information will inform the future development of engineered adsorbents for these

and other uremic toxins.

Table 3.1 Composition of uremic toxin solutions developed based on literature analysis of the

blood of patients with kidney dysfunction.
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Solution Experimental Literature
Uremic toxins composition concentration concentration Ref
(mol%) (mg/L) (mg/L)
3-Deoxyglucosone 0.36 1.7 1.7+ 1.0 [29]
4-Ethylphenyl sulfate 0.04 0.25 0.242 + 0.044 [30]
4-Hydroxyphenylacetic acid 0.57 2.5 243 +£2.28 [31]
Dimethyl glycine 0.20 0.59 0.5768 [29]
Guanidinopropionic acid 0.08 0.29 0.288 £0.0183 [29]
Hippuric acid 45.79 236.0 247.0+ 112 [29]
Indole-3-acetic acid 0.40 2.03 2.03+£0.38 [32]
Indoxyl glucuronide 0.28 2.5 25+0.3 [32]
Indoxyl sulfate 8.64 53.0 53.0+£91.5 [29]
p-Cresol sulfate 3.46 20.9 209 +£12.2 [32]
Phenylalanine 1.95 9.25 8.92 +£1.81 [33]
p-Hydroxyhippuric acid 0.76 4.25 443 +2.79 [34]
Pyruvic acid 4.62 11.7 5~11.7+8.6 [35]
Quinolinic acid 0.02 0.084 0.0835 [36]
Spermidine 0.02 0.096 0.097 £ 0.045 [32]
Trimethylamine N-oxide 3.47 7.5 7.49 +2.39 [37]
Uric acid 17.17 83 83 +13 [38]
Xanthine 0.34 1.5 1.5+0.8 [39]
Xanthosine 11.82 96.6 96.6 + 62.9 [40]
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Scheme 1. Synthesis route for p(MPC-co-PMBCD) coated magnetic nanoparticles.
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3.2 Experimental
3.2.1 Materials

p-Toluenesulfonyl chloride (TsCl, reagent grade, >98%, Sigma Aldrich), 2-(4-
Chlorosulfonylphenyl) ethyl trichlorosilane (CTCS, 50% in toluene, Gelest), Sodium azide (=99
%, Fisher Scientific), propargyl methacrylate (PM, 98%, Alfa Aesar), B-Cyclodextrin (=97%,
Sigma Aldrich), 2,2'-bipyridyl (bpy, > 99%, copper(I)bromide (> 98%), copper(Il)bromide (99%),
Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA, Trichemicals), Dialysis Tubing 500
MWCO  (Cole-Parme), Lewatit TP 207  adsorbent,  Tetrakisacetonitrilecopperl
hexafluorophosphate (Cu(CH3CN)4PFg, Sigma Aldrich), 2-Methacryloyloxyethyl
phosphorylcholine (MPC, Sigma Aldrich), ultra-thin carbon-coated copper grid (150 mesh, Ted
pella, Inc.), Sodium Hydroxide (Fisher Scientific), FeCl,-4H,0, FeCl3;-6H20O and of ammonium
hydroxide solution (25%) were purchased from Sigma Aldrich. Uremic toxin solution compounds:
3-Deoxyglucosone, 4-Ethylphenyl sulfate, Argininic acid, Asymmetric dimethylarginine,
Creatinine, Dimethyl glycine, Guanidinopropionic acid, Hippuric acid, Homocysteine,
Hypoxanthine, Indole acetic acid, Indoxyl glucuronide, Indoxyl sulfate, Kynurenine, Methyl
histidine, Orotic acid, p-Cresol sulfate, Phenylacetic acid, Phenylalanine, p-Hydroxyhippuric acid,
p-Hydroxyl phenylacetic acid, Putrescine, Pyruvic acid, Quinolinic acid, Spermidine, Spermine,
Trimethylamine N-oxide, Uric acid, Uridine, Xanthine, Xanthosine, I-Tyrosine, 1-Asparagine were
all purchased from Sigma Aldrich. Optima™ LC/MS grade formic acid and HPLC grade water
were purchased from Fisher Scientific. HPLC grade pyridine, LC/MS grade methanol, LC/MS
grade ethanol, Tetrahydrofuran (THF) and LC/MS grade acetonitrile (ACN) were purchased from
Sigma-Aldrich. Argon and nitrogen (99.999%) were used as blanket gases for all chemical

reactions and some characterization techniques.
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3.2.2 Molecular Characterization

Nuclear magnetic resonance (NMR) analysis was carried out using an Agilent 400 NMR
(Agilent Technologies, USA) at 298K. Samples were dissolved in CDClz, DMSO-ds or D0O. FTIR
spectra were recorded using Agilent Cary 670 FTIR Microscope (Agilent Technologies, USA),
samples were dried in vacuum overnight prior to measurements as conducted under N> blanket
using ATR mode. TGA was conducted on samples dried in vacuum overnight prior to measurement
using TA Q50 TGA (TA instrument, USA). The heating range was set between 30 ~ 900 °C, with
ramp of 10°C/min in nitrogen atmosphere. Error was calculated using data from different batches

but same experimental conditions.

TEM was conducted using a JEM-ARM200CF S/TEM (JEOL, USA) with an accelerating
voltage of 200 kV to collect images of particles that were further analyzed using ImagelJ. Samples
were prepared by depositing a droplet of a well-dispersed sample onto an ultra-thin carbon-coated

copper grid and allowed to dry for 24 hrs in open air prior to characterization.

GPC was conducted with a Waters gel permeation chromatography system (Waters, USA)
to obtain the molecular weight (MW) and polydispersity index (PDI) of grafted polymers once
cleaved from the nanoparticle surface by etching the magnetic core with hydrochloric acid [41].
T6000m column from Viscotek was equipped with the Waters 1515 Isocratic HPLC Pump and
Waters 2414 Refractive Index Detector to measure the MW at 40 °C. The eluent fluid (toluene)
was used with a flow rate of 1 mL/min. Six polystyrene polymers with different MWs (1,000 -
200,000) and PDI (1.1 -1.2) were used to calibrate the column so as to quantify the MW of formed

polymer.
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Zeta potential measurements were performed using a Malvern Zetasizer Nano-ZS (Nano
ZS, Malvern Instruments, Malvern, UK) to determine the zeta potential of the engineered surface.
A sample was prepared by adding 25 pL of 1 mg/mL MNPs suspension into 3 mL DI water and
applying 30 s of ultrasound prior to measuring the zeta potential. An average zeta potential was

obtained from three repetitions, with 12 runs in each repetition.

3.2.3 Toxin solution

A concentrated stock solution of individual uremic toxins (Table 3.1) was made
immediately prior to use and stored at 4 °C (or on ice) for a limited time between handlings.
Concentrated stock solutions were added into the 200 mL cylinder, except uric acid, and the volume
increased to 90 mL using HPLC grade water. Uric acid powder was added before finalizing the
solution to 100 mL, an equal volume of 20 mM PBS solution was used to dilute the solution,

yielding a uremic toxin in 10 mM PBS, pH 7.4, that was aliquoted and stored at -80 °C until used.

3.2.4 LC/MS quantification of adsorbed toxin profile

Constant surface area (~287 m?) of polymer coated MNP samples (0.25 mg by mass) were
incubated with the uremic toxin solution (0.5 mL) for 1 and 4 hr, respectively. Prior to experiment,
all tubes were washed twice using HPLC grade methanol and vacuum dried. After incubation with
the uremic toxin solution the MNPs were magnetically separated, and remaining water droplets
gently blown off using nitrogen flow to avoid spurious readings due to entrapped water. HPLC
grade methanol (100 puL) was added to the MNPs and allowed to mix for 24 hr to ensure desorption

of uremic toxins.

A quantitative MS-based metabolomics approach, reverse-phase high performance liquid

chromatography (HPLC) tandem mass spectroscopy, was used to analyze the uremic toxins eluted
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from the MNPs using methanol. An Agilent 1290 series UHPLC system and an Agilent reversed-
phase Zorbax Eclipse XDB C18 column (3.0 mm x 100 mm, 3.5 pum particle size, 80 A pore size)
were used for online LC-MS/MS with an AB SCIEX QTRAP® 5500 mass spectrometer. Analyst®
1.6.3 was used as the controlling software. Positive/negative electrospray ionization was applied
with multiple reaction monitoring (MRM) mode. The profiling of the metabolomics raw data was

performed using Multi Quant™ 3.0.3. Notably, 20% error in LC/MS is considered normal [42].

3.3 Results and discussion

3.3.1 Synthesis

3.3.1.1 Synthesis of Fe3O4 nanoparticles (MNP)

A three-neck round-bottom flask was filled with N, FeCl>*4H>O (1 g, 5.0 mmol) and FeCl3-6H,O
(2.6 g, 9.6 mmol) dissolved in 25 mL degassed water, stirred at 400 rpm (75°C) for 10 min, 10 mL
of ammonium hydroxide solution (25%) added slowly, and stirring increased to 600 rpm. The
reaction was terminated after stirring for 1.5 hr. Resulting nanoparticles were washed with water

and ethanol thrice, magnetically separated from solution, and vacuum dried.

3.3.2 Surface polymer synthesis
3.3.2.1 ATREP initiator fixation on MNP

A three-neck flask was degassed and refilled with argon prior to use. Dehydrated toluene
(200 mL) used to suspend MNP (500 mg) under ultrasound and argon atmosphere. Dropwise
addition of CTCS (5 mL) was done after 15 min and left to react for 3 hrs. Modified MNP were
washed three times with THF and twice with ethanol via consecutive separation and redispersion.

Finally, MNP-CTCS was dried under vacuum overnight and stored under argon blanket.
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3.3.3 Thermogravimetric analysis of bare and coated MNPs

TGA spectra for all MNPs are summarized in Figure 3.2 and the percent weight loss for
each system as a function of temperature range are summarized in Table 3.3. The mass loss before
100 °C was due to the loss of bulk water, likely entrapped within the matrix of particles. Mass loss
between 100-200 °C coincides with the loss of vicinal water, bare MNP has a lower bulk and
vicinal water content due to the lack of the polymer film. The mass loss between 200-380 °C arose
from the breaking of C—O bond and C—C bonds, the mass loss in this range was highest for
p(PMBCD)-MNP (16 %) and decreased as the PMBCD component reduced; this is expected given
PMBCD has 50 C—O bonds in each monomer whereas MPC only has 2. The breakdown of C-O
bonds will lead to the large mass loss of PMBCD monomer. The mass loss observed at 380-500 °C
was due to the breaking of C=0 that exist in both PMBCD and MPC monomers [43]. The loss
above 590°C from decomposition of the triazole groups and glucose monomers [44]. After the
fixation of initiator, the O-H group on the virgin MNP surface was replaced by O-Si group,
resulting in an increased particle electronegativity. Bond energy for the O-H group is 79 KJ/mol
less than that of O-Si, thus the degradation temperature was higher for O-Si rich chemistry [45].
The average weight loss (n=3) for these particles was in good agreement with the GPC results for
MW, where C accounted for the highest weight loss followed by B, A, D, and E. These results

suggest that a similar number of chains were on each type of particle.
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Figure 3.1 Representative TGA curves for bare and coated MNPs. Monomer ratio of PMBCD to
MPC and the weight loss are A (1:0), 37.42%; B (3:1), 40.1%; C (1:1), 43.0%; D (1:3), 32.1%; E

(0:1), 24.1%. The weight loss of bare MNP was 7.4%.

Table 3.2 Average percent weight loss from particles within specific temperature regimes as

determined using TGA.

T(°C) | <100 100-200  200-380 380-500 >590
Particle
MNP 1+0.2  1+0.1 1+0.0 1+0.1 2+0.0
A 3#1.1  3+0.7 16+1.2 740.0 7+0.1
B 4+0.5 2+1.1 12£1.0 15+0.5 7+0.2
C 540.8  2+0.7 11+£0.9 18+1.1 440.0
D 3£0.3 2403 94+0.2 12+0.6 3+0.1
E 3404 1+0.6 8+0.2 8+0.4 240.0
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3.3.4 Chemical composition and charge of coatings

FTIR spectra were collected for all systems and changes attributed to the presence of
different bonds (Figure 3.3). FTIR spectra for pure MPC and PMBCD were collected for reference
and the band at 560 cm ™! attributed to the Fe—O bond for all MNPs [46]. The common intense peak
at 1728 cm™! was related to the C=0O of the ester grp in both PMBCD and MPC monomers. The
peaks for POCH; and N*(CH3), located at 1253 and 1074 cm™!, were used to confirm the presence
of the MPC segment [47]. It was difficult to distinguish PMBCD from MPC or MNP as its
characteristic bonds (i.e., carbon backbone, ester group, C—O and —OH) were common for all. The
combination of the ester group with triazole was used to confirm the presence of PMBCD, as
evidenced through the new peaks for the C—H bond of triazole ring at 2955 cm ™! [48]. In Particle
A, the presence of the triazole group and ester group peaks, coupled with the absence of POCH>
and N*(CH3) peaks, confirmed the presence of the PMBCD segment only. In contrast, the presence
of POCH; and N*(CH3) related peaks, in the absence of triazole group peak for Particle E,
confirmed deposition of only MPC. Particles B, C, and D possessed all the functional peaks of
PMBCD and MPC, suggesting co-polymer formation. Zeta potential of the series of engineered
surface were characterized and recorded as follow: A: -6.4 +£0.63; B: -22.9+1.14; C: -24.7+1.67;

D: -28.31£0.12; E: -23.1+£0.94; Bare MNP: -11.3+0.99.
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Figure 3.2 Representative FTIR spectra of pure MPC, PMBCD, bare MNP, and particles A to E.

Monomer ratio of PMBCD to MPC are A (1:0), B (3:1), C (1:1), D (1:3), E (0:1).

3.3.5 Coating morphology analysis

The effect of coating on particle morphology was characterized using transmission (TEM)
and scanning electron microscopy (SEM) (Figure 3.4). A total of 58 particles were selected for
each system for determining both particle and film sizes, where virgin MNP had an average
diameter of 11.87+2.37 nm, with a normal distribution (Figure 3.4. (G)). The dried film thickness
was estimated to range between 4.5 — 6 nm thick and its presence seemed to yield a smoother
particle surface, qualitatively (Figure 3.4. (E)). The selected-area electron diffraction (SAED)
pattern was typical for the crystal structure of magnetite, where both bare and polymer-coated MNP
had a ring diffraction pattern that corresponded to (220), (311), (400), (420), (511) and (440) planes

(JCPDS card No. 19-0629); this indicated a polycrystalline structure for the magnetic core [49].
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Bare MNP also had a spot diffraction pattern that is common to Fe3O4: both crystalline FeO and

Fex0s.

25 nm

7 10 12 14 16 I8
Particle size (nm)

Figure 3.3 Representative TEM, SEM, and SAED characterization of bare and coated -MNPs.
(A) - (E) TEM image of synthesized polymer modified nanoparticles of sample A-E; Right lower
inset: Corresponding SEM image of sample A-E. White arrow indicated the polymer layer and

black arrow indicated the MNP core size (15 nm). (F) TEM image of bare MNP with SEM inset.
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(G) Particle size distribution of bare MNP in (F). (H) SAED pattern of MNP. (I) SAED pattern of

particle A.

3.3.6 Profile of adsorbed uremic toxins for all particle systems

In order to understand the adsorption profile of the select uremic toxins to CD modified
MPC films, films composed of MPC and PMBCD in various ratios were studied, viz., A (0:4), B
(1:3), C (1:1), D (3:1), and E (4:0). The binding capacity and binding dynamics for all systems
were evaluated by incubating modified MNPs for 1 or 4 hr in the model uremic toxin solution
(Table 3.1). The time point set-up fits the upper-limit of dialysis time duration. All particles
adsorbed toxins from solution (Table 3.1), with obvious differences in the adsorbed toxinome as a
function of the coating composition and incubation time (Tables 3.4 and 3.5). These differences in
adsorption likely arose from a multitude of factors, including: (i) the chemical variety within the
toxic compounds; (ii) solution concentration differences between toxins; and (iii) chemical
composition differences between copolymers for different particles. Even though cyclodextrin was
employed to be the main binding element for toxins, MPC itself has a phosphate anion and a

trimethylammonium cation that may facilitate toxin capture directly.
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Table 3.3 Quantitative LC/MS evaluation of adsorbed toxinome from Particles A through E, for

1 and 4 hr incubation times, respectively. Note that all values represent pM concentrations of

eluted toxins, <LOD indicating a response below the level of detection for that species. Note that

the experimental repeats yielded standard deviations less than the expected 20% inherent to

targeted mass spectroscopy, however, an error of 20% in these values were used for all analysis.

(MPC:PMBCD) A (0:4) B (1:3) C(1:1)
Adsorption Adsorptio 4 hr Adsorption
1 hr 4 hr (stdev) Amount 1 hr (stdev) 4 hr n Amount 1 hr (stdev) Amount
3-Deoxyglucosone 0.88 1.11 (0.18) 0.33 0.68 (0.17) 0.51 0.16 0.53 (8'33) 0.15
4-Ethylphenyl sulfate 0.15 0.23 (0.04) 0.06 0.14 (0.06) 0.09 0.03 0.09 (8'8?) 0.03
4-Hydroxyphenylacetic acid 1.26 2.06 (0.76) 0.52 1.05 (0.44) 0.50 0.16 0.36 (ggg) 0.06
Dimethyl glycine 0.83 1.37 (0.38) 0.37 0.82 (0.22) 0.49 0.16 0.56 (8'3; 0.14
Guanidinopropionic acid 1.62 3.34(0.71) 0.94 1.56 (0.89) 0.94 0.30 1.10 (8'2(3)) 0.30
. - 118.8 161.22 50.51
Hippuric acid 3 (26.57) 46.76 92.96 (30.81) 63.62 20.36 62.29 (17.08) 13.28
Indole-3-acetic acid 0.98 1.67 (0.33) 0.48 0.90 (0.42) 0.54 0.17 0.48 (8'2(2)) 0.20
Indoxyl glucuronide 1.10 1.93 (0.66) 0.50 0.96 (0.42) 0.61 0.19 <LOD (0066051) 0.21
47.05 12.84
Indoxyl sulfate 28.08 (10.99) 13.03 24.22 (9.74) 15.11 4.84 15.40 (4.57) 3.31
11.40 1.61
p-Cresol sulfate 5.54 (3.13) 3.08 1.64 (0.68) 1.72 0.55 1.20 (0.44) 0.52
Phenylalanine 0.34 1.85(1.71) 0.59 1.28 (1.01) 1.01 0.32 0.14 (8'(2)2) 0.08
p-Hydroxyhippuric acid 1.54 2.74 (0.66) 0.76 1.30 (0.56) 0.73 0.24 0.85 (82?) 0.18
. . 850.1 1244.11 1226.78 1807.45
Pyruvic acid ) (193.04) 398.12 (152.41) 2175.50 696.16 2251.62 (363.40) 640.22
Quinolinic acid 0.02 0.08 (0.02) 0.02 0.03 (0.01) 0.02 0.01 0.04 (00(')%%1) 0.01
Spermidine <LOD <LOD NA 0.36 (0.13) <LOD NA 0.13 <LOD NA
Trimethylamine N-oxide 4.88 7.65 (2.50) 1.99 4.47 (2.06) 0.90 0.90 2.55 2.15(0.46) 0.77
N 46.72 15.15
Uric acid 17.66 4 14.52 47.59 (22.29) 11.83 11.83 8.31 4.32) 5.64
Xanthine 1.33 2.80 (0.13) 0.87 1.36 (0.98) 0.23 0.23 0.71 1.17 (0.20) 0.41
. 40.54 10.78
Xanthosine 24.84 (9.50) 11.22 18.91 (9.34) 431 431 12.90 (3.93) 2.79
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(MPC:PMBCD) D @3:1) E (4:0)
1 hr (stdev) 4 hr Adsorption Amount 1 hr 4 hr (stdev)  Adsorption Amount
3-Deoxyglucosone 0.54 (0.08) 1.05 0.34 0.62 0.74 (0.10) 0.23
4-Ethylphenyl sulfate 0.10 (0.02) 0.21 0.07 0.10 0.16 (0.05) 0.04
4-Hydroxyphenylacetic acid 0.75 (0.07) 2.29 0.73 0.80 1.35(0.47) 0.41
Dimethyl glycine 0.73 (0.08) 0.64 0.20 0.84 0.88 (0.40) 0.24
Guanidinopropionic acid 0.88 (0.25) 2.82 0.90 1.09 2.17 (0.33) 0.50
Hippuric acid 64.11 (13.72) 150.81 48.26 68.68 (13119539) 29.41
Indole-3-acetic acid 0.60 (0.25) 1.78 0.57 0.82 1.06 (0.46) 0.33
Indoxyl glucuronide 0.71 (- 1.31 0.42 <LOD 1.13 (0.35) 0.32
Indoxyl sulfate 15.23 (3.47) 41.22 13.19 17.04 (2997877) 7.63
p-Cresol sulfate 2.64 (0.87) 9.11 291 1.70 5.52(2.55) 1.43
Phenylalanine 0.77 (0.29) 2.07 0.66 0.77 1.94 (0.88) 0.62
p-Hydroxyhippuric acid 0.86 (0.18) 2.36 0.75 1.04 1.64 (0.60) 0.44
Pyruvic acid 2(22022;‘ 2599.43 831.82 1859.63 5557153) 700.55
Quinolinic acid 0.03 (0.01) 0.09 0.03 0.04 0.06 (0.03) 0.02
Spermidine 0.17 (0.04) 0.25 0.08 0.23 0.11 (0.04) 0.07
Trimethylamine N-oxide 2.94(0.48) 7.07 2.26 3.06 4.80(1.33) 1.37
Uric acid 38.58 (10.82) 85.63 27.40 42.90 (?ggg) 17.16
Xanthine 0.71 (0.26) 2.16 0.69 0.71 1.82 (0.85) 0.37
Xanthosine 14.32 (3.14) 34.81 11.14 14.29 (27‘;398) 6.57
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Table 3.4 Heat map highlighted selectivity of binding as determined by taking the experimentally
adsorbed mol% and dividing by the mol% for each compound in the original solution. Data
greater than unity (red) indicates an increased adsorption relative to the compound’s initial
concentration, less than 0.2 (light blue) and less than 0.1 (dark blue) highlights adsorbed amounts
much less than initial concentrations, and - shows compounds where calculations could not be

done due to values being lower than the detectable level.

(MPC:PMBCD) A (0:4) B (1:3) C(1:1) D (3:1) E (4:0)

lhr 4hr 1hr 4hr 1hr 4hr 1lhr 4hr lhr 4hr
3-Deoxyglucosone 0.23 0.19 0.13 0.10 0.18
4-Ethylphenyl sulfate 0.33 033 0.23 0.16 0.11 0.34
4-Hydroxyphenylacetic acid 021 023  0.13 0.14 0.21
Dimethyl glycine 0.39 044 029 0.11 0.12 0.12 0.17 0.11 021 0.40
Guanidinopropionic acid 0.70

Hippuric acid 024 022 0.14 0.22
Indole-3-acetic acid 023 026 0.16 0.24
Indoxyl glucuronide 0.37 043 0.36

Indoxyl sulfate 0.31 0.34
p-Cresol sulfate 0.15 0.21 0.09 0.02
Phenylalanine 0.06 0.04  0.02
p-Hydroxyhippuric acid 0.19 0.11 0.07
Pyruvic acid

Quinolinic acid
Spermidine
Trimethylamine N-oxide
Uric acid

Xanthine

Xanthosine

The total average amount of toxins adsorbed to the modified MNPs did not stabilize within
1 hr of incubation, but substantial changes were observed with increased incubation time (Table
3.3, Figure 3.5). Given that all MNP systems utilized similar particle sizes, it was apparent that

type D adsorbed among the highest amounts of uremic toxins per surface area, whereas A and E
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showed the lowest amount of adsorption. Moreover, A, B, and D types showed a large average
increase in total adsorbed amount and type E showed a substantial decrease in adsorbed amount

with incubation time.

250
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I
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Modified MNP Type and Incubation Time (1 or 4 hr)

Figure 3.4 Total adsorbed amounts of toxins (nmol) for all modified MNP systems, given similar
surface areas and incubation times of 1 or 4 hr. Note that repeats were only performed on a subset
of data to reduce costs of data collection. Data represent average +/- 1 STD. STD was determined

using n=3 and error propagation calculation.

Changes in the total adsorbed amount were broken down to understand individual toxin
content as a function of incubation time. This was done by calculating the relative change in mol%
from 1 to 4 hrs of adsorption (Table 3.6). The increased and decreased mol% of compounds are
marked with red and blue, respectively. When interpreting Table 3.6, it is important to remember
that these amounts are influenced heavily by Pyruvic acid due to the large amount that was

adsorbed by these systems. For example, type B shows large percent decrease for every compound,
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with only a moderate increase in the relative amounts of Pyruvic acid. However, if the mole number
is examined, a trend of increase in total mole number is observed as demonstrated by the total mole
of adsorbed toxins for B is 141.85 nmol at 1 hr and 188.22 nmol at 4 hrs. Nevertheless, trends can
be observed from the data in Table 3.6. Type A nanoparticles exhibited a general increase in mol%
for most toxins with increasing adsorption time. In this case, a substantial increase in mol% was
observed for phenylalanine>quinolinic acid>uric acid>xanthine, guanidinopropionic acid and p-
Cresol sulfate. Guanidionpropionic acid and p-Cresol sulfate are charged species that may be
interacting with different domains of the film. Uric acid and Xanthine have a common purine base,
but differences in charge structure seem to provide Uric acid an increased interaction with the [3-
CDs. Quinolinic acid changes seem large, but the absolute values for their concentration are very
low, thus this significant increase may be associated with the limited measurement precision
associated of these low concentrations more than physicochemical reasons. Increased
Phenylalanine adsorption was likely due to the readily exposed terminal aromatic that can directly
interact hydrophobically with the internal B-CD domain. This was in stark contrast to Type B
nanoparticles, where just a small amount of MPC content led to a moderate increase in mol% of
pyruvic acid with substantial decreases in all other compounds; likely a result of electrostatic
interactions. Balancing the content of B-CD to MPC in Type C nanoparticles led to a similar
response as seen for Type A nanoparticles, except that Uric acid and Xanthine changes in mol%
were greater. Surprisingly, both D and E nanoparticles showed an obvious and dramatic increase
in almost all compounds with increased adsorption time. Suggesting that the increased presence of
MPC may be facilitating relatively non-specific interactions with these toxins. Chemical moieties
within these uremic toxins seem to greatly impact their retention at the engineered surface. Sulfate-

containing toxin adsorption to both A and E particles may suggest a dual binding mechanism that
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utilizes both hydrophobic and electrostatic interactions. Thus, for the other particles that have both
CD and MPC in the films, sulfate adsorption may also rely on these interaction mechanisms.
Particle D exhibited the highest adsorption rate of both acid and sulfate compounds among the
other three co-polymer coated particles (B, C, D). Toxins with less hydrophobic functional groups
but considerable adsorption rate, such as 3-deoxyglucosone and xanthosine, contain hydroxyl or
carbonyl groups, suggesting that hydrogen bonding may contribute to the variation of adsorbed
toxin profiles. Our investigation of the chemical property of toxins showed that the existence of
aromatics groups will decrease net adsorption, whereas amino, imino, hydroxyl groups, and
carboxyl groups seem to be favoured. Hippuric acid is a good example as it contains a benzene ring
yet has relatively high adsorbed amounts from this complex solution. The fused bicyclic is another
common structure in the compounds that are desorption unfavorable. However, the existence of
hydroxyl groups made a major difference in fused bicyclic compounds adsorption; comparing
toxins with low amounts of hydroxyl groups (Xanthine and uric acid) to those of abundant hydroxyl

groups (Xanthosine).
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Table 3.5 Percent change in mol% from 1 to 4 hr incubation time. Red indicates an increase in

mol% of compound, blue a decrease, and white a nominal change.

(MPC:PMBCD) A(0:4) B(1:3) C(1:1
3-Deoxyglucosone -17.5 2.6
4-Ethylphenyl sulfate -0.6 13.9
4-Hydroxyphenylacetic acid 8.6 10.2
Dimethyl glycine 10.1 4.5
Guanidinopropionic acid 27.8 -6.4
Hippuric acid -9.7 0.4
Indole-3-acetic acid 12.9 37.2
Indoxyl glucuronide 15.0 -
Indoxyl sulfate 11.1 3.1

p-Cresol sulfate
Phenylalanine

p-Hydroxyhippuric acid

Pyruvic acid
Quinolinic acid
Spermidine

Trimethylamine N-oxide

Uric acid
Xanthine
Xanthosine

27.7

16.5
-1.7

-122.3

D (3:1) E(4:0)

8.5 -0.6
-14.9

-54.2

28.0

61.3
50.6
51.3
-5.9
47.4
11.5

47.8

68.7
83.1
78.2
65.5
-19.4

-9.3

> 50

10 to 29
9to -9
-10 to -39
-40 to -69
-70 to -99
<-100

In order to understand the competitive binding characteristics of these systems, a heat map

for selectivity of adsorbed species was developed where the experimentally determined mol% for

each adsorbed species was normalized by the corresponding mol% in the incubation solution

(Table 3.5). It was observed that pyruvic acid adsorption reached as high as 20 times that of the

original solution; a surprising result given that the original incubation mol% for pyruvic acid was

only 4.26 mol%, suggesting a significant binding event with pyruvic acid for all conditions.

Whereas hippuric acid, which started with a ~46 mol% in solution, only represented a very small

fraction of the adsorbed toxinome. These results suggest that the interactions are not largely driven
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by concentration effects alone. Guandinopropionic acid adsorption to these materials showed
upwards of 3 times that found in the original solutions, suggesting a highly competitive binding
event. Otherwise, it was observed that a large fraction of the surfaces did not lead to a binding of

0.1 that of the compounds in the original solution (dark blue, Table 3.5).

3.4 Conclusion

A series of novel polymer-modified particles were synthesized using ATRP
polymerization. The chemical and physical properties of these particles were characterized using
various analytical techniques such as FTIR, TGA, GPC, and TEM. The signature peaks of POCH>
and N*(CH3) group in MPC and the ester group and triazole group in PMBCD were utilized to
confirm the successful deposition of successful deposition in FTIR experiment. TGA analysis
illustrated the chemical composition and weight loss ratio of the particles. The average weight
losses of each particle are A, 37.42%; B, 40.1%; C, 43.0%; D, 32.1%; E, 24.1%. The molecular
weight and PDI were obtained from the GPC. The molecular weights of cleaved polymers are
ranging from 47.0 to 144.7 kg/mol. The modified particles showed correlating results in both GPC
and TGA, suggesting the higher chemical reactivity of MPC than PMBCD. TEM results showed
the rough morphology of bare MNPs and smooth morphology of polymer-modified MNPs, with
an average core size of 11.87 &+ 2.37 nm and coated polymer layer of 4.5-6 nm. Fresh uremic toxin
solution (Table 3.1) that aligned with the typical concentration of uremic toxins in patients with
kidney failure was formulated in our lab. . LC-MS/MS results confirmed the adsorption of uremic
toxins by all 5 nanoparticles, with nanoparticle D exhibiting the highest overall adsorption rate
towards all the compounds in the profile. This may attribute to two reasons: the synergy adsorption
effect between CD content and MPC, and the high zeta potential on the surface of particle D.

Firstly, in section 3.1, we estimated that particle A has 88 monomers per chain and particle E has
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159. Assuming equal chain numbers due to the initiator density, the adsorption ratio on each
PMBCD and MPC monomer is (132.67/88) : (193.67/159) = 1.23. This implies better adsorption
ability of CDs compared to MPC. Therefore, the high adsorption rate on particle D may be due to
a synergistic effect between CD and MPC content in binding uremic toxins, which requires further
investigation. Secondly, the zeta potential analysis suggest that particle D has the highest zeta
potential (-28.3 mV) compared to all coated surfaces. This indicates that particle D has a stronger
electrostatic interaction with its surroundings, which may have contributed to its overall increased
adsorption. The adsorption of Pyruvic acid and Guanidinopropionic acid was found to have the
highest rate among all toxins, with both concentration-driven binding and specific binding
involved. Further analysis of the physiochemical property of removed compounds revealed the
involvement of electrostatic forces in the mechanisms of carboxylic acid compound removal by
MPC, while hydrophobic interaction and hydrogen bonding were responsible for compounds
adsorbed by the PMBCD component. In conclusion, we have successfully synthesized p(MPC-co-
PMBCD) coated MNPs in this study and measured the chemical property and the functionality of
the series of particles. The adsorption result emphasizes the potential of p(MPC-co-PMBCD)

coated MNPs as an adsorbent that can assist in the treatment of CKD.
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4.1 Introduction

Hemodialysis is a costly and time-consuming therapy that ultimately cannot clear all
accumulated molecules from the blood of patients with kidney dysfunction [1]. The buildup of
these compounds (i.e., uremic toxins [2]) exacerbates kidney dysfunction and directly leads to the
progression of chronic kidney disease [3]. Adsorbent surfaces are designed to clear these
compounds from the blood, which may transform both treatment costs and patient outcomes
associated with hemodialysis [4]. While 2-(methacryloyloxy)ethyl phosphorylcholine (MPC) is a
gold-standard low-fouling film [5, 6], it is not optimized for uremic toxin clearance. Herein, we
synthesized copolymers of B-cyclodextrin (CD) and MPC on magnetic nanoparticles (MNPs)
(Figure 4.1) for the express purpose of studying the effect that CD incorporation has on the
hemocompatibility of the particles as an initial screen to determine their potential utility in the
context of treating patients with kidney failure. The MNPs provide a platform for removing
adsorbed toxins from the blood. General hemocompatibility of these engineered surfaces were
assessed through investigating protein—surface interactions and the response of cellular
components of the blood.

Nonspecific protein adsorption at the interface of blood-contacting biomaterials can lead to
undesired host responses and functional failure of the device [7, 8]. For example, plasma protein
adsorption on engineered surfaces can lead to microenvironmental changes and protein
denaturation, making the introduction of anti-fouling properties essential for the prolonged
functionality of various biomaterials, including biomedical implants, biosensors, and membranes
[9-11]. Common surface modifications used to inhibit protein adsorption include hydrophilic
polymers like zwitterionic polymers, including poly(sulfobetaine methacrylate) (pSBMA) and
pMPC [12]. However, it is unclear how the formation of surface films composed of CDs and pMPC

interact with blood components. Although both CD and MPC monomers exhibit properties that are
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associated with inhibiting protein adsorption, such as abundant hydroxyl groups found on CDs
[13], and the properties associated with the zwitterion of MPC [14, 15], further examination of
their joint contribution to outcomes related to both proteins and blood cells is crucial to their
application in capturing uremic toxins. Circular dichroism was used to examine the effect film
properties had on the adsorbed protein structure using albumin (HSA), a-lactalbumin, and
lysozyme. These three proteins allow for the surface to be interrogated on different size scales, as
HSA and o-lactalbumin have similar charges but different sizes. In a complementary manner,
through using lysozyme and a-lactalbumin, the film was evaluated for proteins of a similar size but
a different charge [16]. Adsorption-induced rearrangement of HSA was also evaluated using the
changes in the fluorescence of tryptophan [17].

In addition to single-protein experiments, understanding how plasma proteins are affected by
surface chemistry is crucial to their eventual application. Plasma is a highly intricate fluid that
contains a plethora of proteins that can, upon interacting with surfaces, trigger a multitude of
deleterious host responses [18]. When combined with platelet activation, these surfaces could
initiate thrombus formation, leading to embolisms [19,20]. Therefore, a comprehensive
understanding of the interaction between biomaterials, plasma proteins, and platelets is crucial for
developing safe and effective medical devices. To this end, the adsorbed plasma proteome was
assessed via incubation of MNPs with platelet-poor human plasma using sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot. The BCA protein assay was
employed to determine the total amount of plasma protein adsorbed by different types of MNPs.
To probe the platelet function and the more general hemocompatibility of the series of coated
MNPs, several complementary techniques were used following incubation with whole blood:
complete blood counts, whole-blood rotational thromboelastometry (ROTEM), platelet activation

and responsiveness to adenosine diphosphate (ADP) through flow cytometry, and hemolysis
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through spectrophotometry. Taken together, the results from these experiments depict, for the first
time, an overall biocompatibility of the different combinations of CD and pMPC on MNPs for their

potential use in uremic toxin clearance.
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Figure 4.1 Illustration of MNPs grafted with poly(2-(methacryloyloxy)ethyl phosphorylcholine)

and poly(B-cyclodextrin).

4.2 Materials and Methods
4.2.1 Materials

Chemicals for synthesis: p-Toluenesulfonyl chloride (TsCl, reagent grade, >98%, Sigma
Aldrich, St. Louis, USA), 2-(4-chlorosulfonylphenyl) ethyl trichlorosilane (CTCS, 50% in toluene,

Gelest, Morrisville, USA), Sodium azide (=99%, Fisher Scientific, Waltham, USA), propargyl
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methacrylate (PM, 98%, Alfa Aesar, Tewksbury, USA), B-cyclodextrin (>97%, Sigma Aldrich),
2,2'-bipyridyl (bpy, >99%, copper(I)bromide (> 98%), copper(Il)bromide (99%), Tris[(1-benzyl-
1H-1,2,3-triazol-4-yl)methyl]amine (TBTA, Trichemicals, Edmonds, USA), Dialysis Tubing 500
MWCO (Cole-Parmer, Illinois, USA), Lewatit TP 207 adsorbent, Tetrakisacetonitrilecopperl
hexafluorophosphate (Cu(CH3CN)4PFg, Sigma Aldrich, St. Louis, USA), 2-methacryloyloxyethyl
phosphorylcholine (MPC, Sigma Aldrich, St. Louis, USA), ultra-thin carbon-coated copper grid
(150 mesh, Ted Pella, Inc., Redding, USA), sodium hydroxide (Fisher Scientific, Waltham, USA),
FeCl>*4H>0, FeCl3-6H>0, and ammonium hydroxide solution (25%) were purchased from Sigma
Aldrich, St. Louis, USA.

Chemicals for experiments: Sodium phosphate dibasic heptahydrate, sodium phosphate
monobasic monohydrate, and PBS tablet were purchased from Fisher Scientific. Platelet-poor
human plasma was procured via the Blood4Research program from Canadian Blood Services.
Sodium dodecyl sulfate (SDS) and polyvinylidene fluoride (PVDF) membrane were from Bio-Rad,
Hercules, USA. The TMB-stabilized substrate was from Promega, Madison, USA, and the BCA
protein assay from the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific Inc., Waltham,
USA) was used. Statistical analysis of protein adsorption data was performed using one-way
ANOVA, followed by a post-hoc Tukey’s HSD test, with a significance level of p <0.05.

4.2.2 Methods

4.2.2.1 Polymer synthesis and fixation

PMBCD monomer and bare MNPs were prepared following previously reported methods
[21-23]. Bare MNPs were decorated with CTCS: 500 mg of bare MNPs were placed in an argon-
filled three-neck flask, and 5 mL of CTCS solution was added drop-wise and left to react for 3 h.

MNP-CTC was washed thrice with THF and twice with ethanol through consecutive separation
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and redispersion. The MNP-CTC product was dried in the vacuum overnight and sealed under an
argon blanket for storage. Atom transfer radical polymerization (ATRP) synthesis methods were
applied for polymer synthesis, as presented in Table 4.1. Before the experiment, argon was added
to a round-bottom flask thrice to remove any gas present and ensure an argon blanket. MPC and
PMBCD were then dissolved in a 10 mL mixed solvent, which contained an even volume of
water and ethanol. The solution was stirred and bubbled with argon for 20 min to form the MPC-

PMBCD complex.

Table 4.1 The representative synthesis scheme for A to E particle series.

A B C D E
PMBCD:MPC 4:0 3:1 2:2 1:3 0:4
PMBCD (mmol) 1.25 0.9375 0.625 0.3125 0
MPC (mmol) 0 0.3125 0.625 0.9375 1.25

4.2.2.2 Polymer Characterization

TEM (JEM-ARM200CF S/TEM, JEOL, Houston, USA) analysis used an accelerating
voltage of 200 kV to obtain images of particles. These images were further analyzed using ImageJ.
To prepare the samples, a droplet of a well-dispersed sample was deposited onto an ultra-thin
carbon-coated copper grid and allowed to air-dry for 24 h prior to characterization.

The zeta potential of the engineered surfaces was evaluated using the Malvern Zetasizer
Nano-ZS (Nano ZS, Malvern Instruments, Malvern, UK). To prepare the sample, 25 puL of a 1
mg/mL MNPs suspension was mixed with 3 mL of DI water and subjected to 30 s of ultrasonication
before the zeta potential measurement. Three repeats were conducted, with each measurement

comprising 12 runs each. These were averaged to obtain the reported zeta potential.

106



4.2.2.3 Circular Dichroism

Far-UV circular dichroism (DSM 17 Circular Dichroism spectrometer, Olis, Athens, USA)
spectra of HSA, a-lactalbumin, and lysosome with the polymer-coated MNPs were obtained using
human serum albumin: 1.25 mg/mL, and a-lactalbumin and lysozyme: 0.25 mg/mL. The MNP
concentration was 0.25 mg/mL. The same volumes of protein solution and MNP solution were
incubated for 3 h at 37 °C before the test. The spectra were recorded from 180 to 260 nm. The
presented results are an average value of three independent repeats. CDNN 2.0 software was used

to determine the secondary structure changes upon adding MNPs.

4.2.2.4 Fluorescence spectroscopy

The binding interaction study of nanoparticles synthesized with HSA was conducted in
vitro using a previously described procedure [24]. Briefly, a solution of HSA (330 pg/mL in 10
mM of PB, pH 7.4) was titrated with different formulations of nanoparticles (1 mg/mL).
Fluorescence spectroscopy (FlexStation 3 multimode plate reader) was used to study the interaction
between the protein and the nanoparticles. The reduction of fluorescence intensity was recorded at
emission scanning wavelengths from 300 to 500 nm, Aex = 295 nm. The binding constant (Ky) and
the number of binding sites (n) were determined according to previously published methods
(Equation 4.1) [25-27]:

(Fo - F) / (Fo - Fs) = [(S) / Ka]n (Equation 4.1)

Where Fy is relative fluorescence intensity (F) of protein solution alone, Fs is relative fluorescence
intensity of protein saturated with MNPs, and [S] is concentration of MNPs. n is the number of

binding sites and was determined from the slope of plot, log [(Fo-F)/(F-Fs)] vs log [S]. The log [S]
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at log [(Fo-F)/(F-Fs)] = 0 determines the logarithm of dissociation constant (Kg4), where Ky is

reciprocal of K.

4.2.2.5 SDS-PAGE and immunoblot

Upon pooled platelet-poor plasma arrival, plasma samples were aliquoted and stored at —80
°C until use. The study was approved and conducted per the guidelines set by the research ethics
board of the University of Alberta. Nanoparticle and platelet-poor plasma incubation was carried
out according to existing protocols [28]. Briefly, different magnetic particles were added to 37 °C
plasma at the same concentration used for the recalcification turbidimetric assay (0.18 mg/mL) and
incubated at 37 °C for 2 h. Samples were subsequently centrifuged at 20,000x g for 10 min. The
supernatant was removed, and nanoparticles were washed twice with 1 mL of PBS to remove
loosely bound proteins. The final pellets of particles and adsorbed proteins were resuspended in
100 pL of 10% SDS in PBS and incubated at 50 °C for 2 h to elute the adsorbed proteins from the
surface of the nanoparticles. The eluted protein sample concentration was quantified using the
Pierce™ BCA protein (detergent-compatible) assay. The final sample was further analyzed using
SDS-PAGE and immunoblotting.
The analysis of samples using SDS-PAGE and immunoblot techniques was conducted using a
protocol described previously [28, 29]. Before SDS-PAGE, a denaturing sample buffer containing
SDS and 0.5 M B-mercaptoethanol was added to each sample and heated at 95 °C for 5 min. A
constant amount of each protein sample (30 pg) was run on 12% polyacrylamide gels. Samples
were transferred onto 0.2 pum-pore size immunoblot polyvinylidene difluoride membranes (Bio-
Rad Laboratories, Inc, Hercules, USA). Upon electro-transfer, each membrane was divided into 23
strips, with 2 used for colloidal gold staining and the rest for immunoblot, using 21 individual

proteins. Each primary antibody was used at a 1:1000 dilution. Horseradish peroxidase (HRP)-
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conjugated secondary antibodies and 3,3',5,5'-tetramethylbenzidine (TMB)-stabilized chromogen
substrate (Promega) were used for the visualization of the immunoblot results. The color
development time was kept consistent between immunoblots to compare the results between
different samples. The strips were dried, assembled, and digitized immediately after stopping the

color development with water.

4.2.2.6 Fibrin clot formation in plasma

Clot formation was assessed using the plasma calcification turbidimetric assay. Plasma (100 pL)
was incubated with MNPs. Plasma was incubated with PBS (10 mM) for 30 min, then incubated
with MNPs for 1 h prior to testing. Then, 100 pL of 0.025 M CaCl, was injected into a 96-well
plate for the turbidity reading. A BioTek ELx808 plate reader was used to measure the absorbance
at 405 nm at 1 min intervals over 1 hour. All steps were performed at 37 °C, with three independent

repeats.

4.2.2.7 Whole blood hemocompatibility testing

Venous blood from three healthy donors was collected into 2.7 mL BD vacutainers
containing buffered sodium citrate (0.109 M, 3.2%) for hemocompatibility evaluation. This study
was approved by the UBC Clinical Research Ethics Board (H22-00215), and all donors provided
informed consent. For whole-blood hemocompatibility testing, MNPs dispersed in water (or an
equal volume of deionized water, as a control) were added to 2.7 mL of citrated whole blood at a
final concentration of 0.18 mg/mL and incubated on a rocker for 1 h at 37 °C.

Following incubation, complete blood counts were obtained using a Sysmex XN-550

hematology analyzer (Sysmex Corporation). Coagulation was assessed in the treated citrated whole
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blood using rotational thromboelastometry (ROTEM; Instrumentation Laboratory), where 300 puL
of whole blood was mixed with the STAR-TEM and EXTEM reagents to re-calcify and activate
the extrinsic coagulation pathway, respectively. Primary readouts included: the clotting time (the
period from the beginning of coagulation to the start of fibrin polymerization), the clot formation
time (velocity of clot formation—platelet-dependent), and the maximum clot firmness (mechanical
strength of the clot—dependent on platelet function fibrin polymerization, and Factor XIII
activity).

Platelet activation and responsiveness were evaluated using flow cytometry on a BD
FACSCanto II flow cytometer (BD Biosciences). For baseline activation, 3 uL of whole blood was
incubated with 5 pL of mouse anti-CD62P (IM1759U, Beckman Coulter) in 0.22 pm-filtered PBS
at a total volume of 50 pL. For responsiveness, 3 pL of whole blood was incubated with ADP
(Chrono-Log) at a final concentration of 10 uM and 5 pL of antibody in 0.22 pum-filtered PBS, at
a total volume of 50 puL. After a 30-min incubation at room temperature, samples were diluted with
I mL of 0.22 um-filtered PBS before measurement. The platelet population was confirmed with a
CD41 stain and gated for the remainder of the experiments. Gates for a positive CD62P signal in
the platelet population were determined for each experiment based on an isotype control (IgGl;
IM0670U, Beckman Coulter).

The remaining whole blood was centrifuged at 3000 rpm for 10 min at 4 °C to obtain
platelet-poor plasma (PPP), then the PPP was spun again at 20,000 g for 20 min at 4 °C to pellet
the remaining microparticles before exposure to a magnet for 15 min at room temperature.
Hemolysis was assessed in PPP using the previously described Harboe method [30], and C3a levels
reflecting complement activation were assessed in plasma aliquots frozen at —70 °C using a
commercial ELISA (#A031, Quidel), following the kit instructions for plasma. All diluted samples

were within the detection limits of the ELISA.
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Graphing and statistical analysis for the hemocompatibility outcomes were performed in
RStudio using R version 4.0.5, with the packages rstatix, dplyr, grid, and ggplot2. Due to the innate
variability across donors, hemocompatibility results were evaluated using a repeated-measures
ANOVA, with the donor as the identifier and treatment (MNP) as the within-subject variable. Post
hoc pairwise comparisons were performed using paired z-tests, where each MNP formulation was
compared to the water control. p-values were not adjusted for multiple comparisons in post hoc
testing, as the goal was to identify any MNP formulations that showed indications of hemo-

incompatibility with high sensitivity.

4.3 Results and discussions

4.3.1 Properties and characterization of the modified MNPs

A series of polymer-modified particles were synthesized using ATRP techniques. Figure 4.2
illustrates the representative TEM results for the modified MNPs, where an average particle size
of 13.45 + 2.52 nm was found through analyzing a random subset of particles (n = 33). The
selected-area electron diffraction (SAED) pattern indicated that both the bare and polymer-coated
MNPs had a ring pattern consistent with a polycrystalline structure of magnetite, matching the
(220), (311), (400), (420), (511), and (440) planes, as specified by the JCPDS Card No. 19-0629
[31, 32]. All particles’ engineered surfaces exhibited a negative net charge, as demonstrated by
their zeta potential data (Figure 4.3). The bare MNP’s zeta potential was significantly different (p
< 0.05) than all modified surfaces. No significant difference in the zeta potentials of surfaces B, C,
and E was observed. The zeta potential of the surface on particle D was significantly (p < 0.05)
more negative but still similar to other CD:MPC surfaces. Surfaces B-E had a sufficient surface

charge to inhibit rapid flocculation in buffers, compared to the control and A surfaces [33, 34].
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Figure 4.2 Representative TEM and SAED characterization of bare and polymer coated MNPs.
(A) - (E) TEM image of synthesized polymer modified nanoparticles of sample A-E; Black arrow
indicated the polymer layer. (F) TEM image of bare MNP. (G) Particle size distribution of bare
MNP in (F). (H) SAED pattern of particle E. (I) SAED pattern of MNP.
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Figure 4.3 Representative zeta potential test of bare MNP and particles A to E. Unpaired #-tests
were conducted to compare results across each pair of groups. Comparisons that are not displayed
were not statistically significant (* p <0.05, ** p <0.01, *** p <0.001, data presented as mean +

1 SD, n=13).

4.3.2 Circular Dichroism

The effect of surface chemistry differences between particles A to E and the bare MNP
control on the lysozyme, HSA, and a-lactalbumin structure were evaluated (Figure 4.4, Table 4.2).
Overall, modified MNPs exhibited negligible effects on the secondary structure of all three
proteins. In the case of lysozyme, peak absorbance occurred at 192 nm, and a reduction of 2.4~3.4%

in the helix and an increase of 1.7~2.4% in the beta-sheet were observed compared to the native
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protein reference. Concerning HSA, particle D induced the largest reduction in the helix (8.4%),
followed by C (3.6%) and E (2.3%). The random coil structure for HSA with particle D was notably
increased, by 5.7%. a-Lactalbumin had a peak at 188 nm and minima around 218~223 nm. For a-
lactalbumin, the conformational change induced by the engineered surface was less than 1%
compared to the native control, except for a 1.7% decrease in the helix with particle D. Bare MNPs
induced the most conformational changes in a-lactalbumin, reducing the helix by 3.5%. Among
these three proteins, the net-negative-charged HAS structure was affected the most. As a carrier of
many substances in the blood, HSA can bind to substances of varied characteristics and have its
structure perturbed through this interaction. In contrast, lysozyme and a-lactalbumin remained
relatively stable, perhaps due to the smaller sizes (HSA: 66.5 kDa, lysozyme and a-lactalbumin:
14 kDa) and charge densities (HSA: —19, lysozyme (+8), and a-lactalbumin (—7)) relative to HSA

[23, 35-37].
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presence of particles A to E and bare MNP (n = 3).Circular dichroism spectrum of (A) lysozyme,
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Table 4.2 Representative results for the effects of particles A to E and MNP on the secondary
structure of a-lactalbumin, human serum albumin, and lysozyme, as determined using circular
dichroism spectra between 190 and 260 nm. The results are an average of three repeated scans.

The unit is in percentage (%). Data represent mean + 1 SD, n = 3.

Particle Helix Beta sheet Beta turn Random coil
Blank 33.8+0.1 19.7+0.2 18.1+0.0 28.4+0.3
A 30.4+0.2 22.1+0.1 18.0+0.1 29.6+0.1
30.7+0.1 21.8+0.3 18.0+0.0 29.5+0.0
R C 31.1+0.1 21.3+0.2 18.0+0.0 29.6+0.3
D 30.6+0.3 21.9+0.2 18.0+0.0 29.9+0.5
E 31.4+0.1 21.0+0.1 17.9+0.1 29.7+0.2
Bare MNP 30.74£0.2 21.8+£0.3 17.9£0.1 29.5+0.1
Blank 71.0+0.1 4.1+£0.2 12.6+0.0 12.3+0.2
A 71.0+0.2 4.1+0.1 12.6+0.1 12.3+0.2
Human serum B 71.1+0.3 4.1+0.4 12.6+0.0 12.3+0.2
albumin
C 67.4+0.1 5.4+0.2 12.9+0.2 14.3+0.3
D 62.6+0.5 6.0£0.1 13.4+0.3 18.0+0.2
E 68.7+0.2 6.5+0.2 13.0+0.2 11.8+0.1
Bare MNP 70.3+0.1 4.240.3 12.7+0.1 12.7+0.1
Blank 31.74£0.2 22.1+0.3 18.2+0.0 28.0+0.3
A 31.7+0.1 22.1+0.2 18.2+0.1 28.0+0.2
T B 30.840.3 22.4+0.2 18.2+0.1 28.6+0.1
C 31.4+0.4 21.7+0.2 18.1+0.1 28.7+0.2
D 30.0+0.1 22.940.3 18.1+0.0 29.0+0.3
E 31.3+0.2 22.1+0.4 18.2+0.1 28.5+0.2
Bare MNP 28.2+0.2 22.4+0.3 21.1+0.1 28.4+0.1

The values of SDs in this table are the modeling results.

116



4.3.3 Changes in intrinsic fluorescence of HSA upon adsorption

Previous studies have shown that the intrinsic fluorescence intensity of tryptophan located
in HSA can be reduced with increased adsorption to MNPs, and that this is potentially dependent
upon the surface chemistry of particles [25, 38]. In this fluorescence study, the quenching effect
(Figure 4.5A) for HSA upon incubation with engineered MNPs and bare MNPs allowed for the
determination of the number of binding sites on nanoparticles (n) and the binding constant (K,) for
each type of MNP (Figure 4.5B). Particles A and B showed the same number of binding sites, close
to the number of binding sites on particle C (ranging from 1.23 to 1.26). Among different types of
MNP formulations, particles E and D had the lowest and highest number of binding sites,
respectively. Furthermore, we found that particle C had the weakest binding affinity towards HSA,
whereas bare MNPs without surface modification exhibited the strongest binding affinity towards

HSA (Figure 4.5B).
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Figure 4.5 Study of the interaction of HSA protein with MNPs via quenching of the intrinsic

fluorescence of HSA in the presence of different concentrations of MNPs. (A) Fluorescence

emission spectra of HSA solution titrated against increasing concentrations of MNPs in the

solution (0—70 pg/mL). (B) Binding constant (Ka.) and number of binding sites (n) obtained from
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the plot, log [(Fo— F)/(F — Fs)] vs. log [S]. RFU = relative fluorescence units, [S] = MNP
concentration, Fo = relative fluorescence intensity (F) of protein solution alone, and Fs = relative

fluorescence intensity of protein saturated with MNPs. Data represent mean + 1 SD, n > 3.

4.3.4 Total adsorbed protein

A detergent-compatible BCA assay was used to quantify the concentration of eluted plasma
proteins from each type of MNP (Figure 4.6), which ranged from 0.17 to 0.3 mg/mL for a constant
surface area of MNP. Bare MNP showed the highest, and particle E showed the lowest values of
eluted proteins. A significant reduction (p < 0.05) in protein adsorption occurred for all modified
nanoparticles compared to the unmodified bare nanoparticles. Although particle size has been
shown to influence protein binding [39], the particle size and surface area of these MNP systems
were relatively similar, and surface chemistry likely dominated the adsorption of proteins. Notably,
the protein adsorption of MNPs displayed an inverse relationship with the content of MPC, with
bare particles exhibiting the highest plasma protein adsorption and particle E showing the lowest.
Intermediate MPC-containing films displayed a gradual decline in the total adsorbed amount of
protein, except for particle D. Nonetheless, there was a significant difference between the protein
content adsorbed by bare particles and particle D. These findings correlate with previously reported
results, where MPC-only modified surfaces have shown significantly improved inhibition of

protein adsorption [40, 41].
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Figure 4.6 Representative results showing the amount of adsorbed protein determined using the

BCA assay. * Represents p < 0.05, data represent mean = 1 SD, n > 3.

4.3.5 Plasma clotting in the presence of polymer-coated nanoparticles

Intrinsic contact activation through the interaction of the surface, Factor XII, high-
molecular-weight kininogen, and prekallikrein is a known humoral response to artificial materials
that leads to thrombus formation [42, 43]. Plasma clotting experiments were conducted for bare
and engineered MNPs (Figure 4.7, Table 4.3). Considering the obvious surface area effect on clot
kinetics, clot formation upon MNP incubation was much quicker than that of the plasma control,
but surprisingly led to a reduced clot intensity. Native plasma showed that clotting initiated at 10
min and reached a plateau at 30 min, with a turbidity of 0.93. Overall, adding MNPs advanced the
clotting time but inhibited the final clot turbidity. Internal comparisons of the polymer film on
systems with similar surface areas showed that particles A, D, and E showed a clotting start time
at 2 min, whereas particles B and C showed clotting at 1 min. The plateaus were reached at 5 min
for particles A, B, and C, and 6 min for D, E, and bare MNP. From the turbidity results, it was

observed that particle D inhibited clot formation the most compared to the other particles. Particle
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E exhibited the best compatibility, as demonstrated by the lowest clotting inhibition effect. This
was predictable as it was coated with solely the MPC polymer, which was introduced to improve
the overall anti-fouling and biocompatibility. In the co-polymer groups, particle C showed the
highest clotting inhibition effect. Coagulation was also assessed in whole blood through rotational
thromboelastometry (ROTEM), where a similar effect was observed—the addition of any type of
MNP decreased the time to fibrinogen polymerization (clotting time) compared to the control

(whole blood with an equivalent volume of water added) (Figure 4.7B).

Table 4.3 Summary of platelet-poor plasma clotting initiation and completion time of non-

uremic toxin group, 1 hr incubation group and 4 hr incubation group. (n = 3, all SDs are less than

3 seconds).
A B C D E Bare MNP Plasma
0.67 057 0.64 045 0.74 0.79 0.93
Clotting starting point (min) 2 1 1 2 2 2 10
Plateau reach point (min) 5 5 5 6 6 6 30
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Figure 4.7 Presence of MNPs reduces clotting time driven by plasma proteins. (a) Representative
plots of baseline-corrected average clot formation in platelet-poor human plasma over 60
minutes, with particles A to E or bare MNP present. (b) Whole blood ROTEM results for clotting
time — reflective of fibrinogen polymerization. Shapes reflect biological replicates. Results were
compared across groups with repeated measures ANOVA to compare differences within
biological replicates, across groups, and paired t-tests were used for pairwise comparisons to the

water control (* p <0.05, ** p <0.01). Comparisons not shown were not statistically significant.

4.3.6 Quantification of protein adsorption

The immunoblot band intensity data for all MNPs were quantified using a 13-step gray-scale
system, where zero indicates no visible band, and 12 indicates the highest band intensity. To
facilitate the band intensity comparison between different systems, the amount of loaded protein

and the color development time were kept constants for all systems studied (Table 4.4)
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Table 4.2 Relative intensities of immunoblot of plasma proteins adsorbed to different types of

MNPs.
A
Plasma Protein Fragment Bare B C D E
"™ Size (kDa) MNP PMBCD:MPC (3:1) (2:2) (1:3) (0:4)
(4:0)

68 7 8 8 7 7 6
56 6 8 8 7 4 4

Fibrinogen
48 6 7 8 6 4 4
<48 4 3 5 2 0 0
a-Antitrypsin 54 9 8 9 8 5 5
Prothrombin 72 2 2 2 2 1 2
Vitronectin 54 8 8 10 8 5 6
85 5 2 5 2 1 2

Prekallikrein
50 10 8 9 7 2 5
Antithrombin 53 6 6 4 4 3 3
55 7 4 3 8 5 5

IgG

27 8 7 8 9 5 5
Albumin 66 9 7 7 8 9 9
Plasminogen 91 9 8 7 8 5 3
C3 187 0 0 0 0 0 0
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115 5 4 4 5 3 2

70 10 10 10 9 7 8

42 5 8 8 7 3 3

Factor XII 80 3 2 1 2 1 1
Factor XI 70 9 8 9 10 8 8

Transferrin 77 8 8 7 10 10 8

Albumin (66.5 kDa) is the most prevalent plasma protein (35-50 g/L) and is largely
responsible for binding various metabolic compounds, lipids, and even medications [44].
Moreover, albumin is known to adsorb to surfaces, which alters the subsequent binding of other
proteins and even affects coagulation [45, 46]. For example, albumin adsorption to
polyacrylonitrile hemodialysis membranes has reduced the adhesion and aggregation of platelets
to the membrane [47]. Previous research using immunoblotting techniques has shown that albumin
has a high affinity to elastin-like polypeptide nanoparticles, requiring the dilution of primary and
secondary antibodies [28]. Herein, albumin adsorption was not sufficient enough to require a
dilution of antibodies for characterization. Studies conducted on siliconized glass and
polycarbonate membrane surfaces have shown that albumin has a higher affinity for hydrophobic
surfaces [48, 49]. Our results surprisingly showed that as the MPC content in the film increased,
the adsorbed albumin increased to levels similar to the control bare MNP surface. This is contrary
to studies that have shown that the addition of B-cyclodextrin to hydroxyapatite nanoparticles

enhanced albumin adsorption [50].
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4.3.6.1 Immune response-related proteins

The activation of the complement system is accomplished through the concerted action of
multiple proteins, which operate through three distinct activation pathways: the classical pathway,
the alternative pathway, and the mannose-binding lectin pathway [51]. These cascades mount a
defense against bacterial infection and the clearance of immune complexes and apoptotic cells. It
also links innate and adaptive immune responses as complement component 3 (C3) plays a key
role in all three activation pathways, particularly in the alternative pathway, which is involved in
biomaterial-induced complement activation [28, 52]. Prolonged blood exposure to synthetic
surfaces during hemodialysis can lead to chronic inflammation due to chronic activation of the
complement system [53]. Four distinct bands can be seen for C3: whole C3, 187 kDa, a chain, 115
kDa, B chain, 70 kDa, and an activation fragment, 42 kDa [28]. Herein, intact C3 was not observed
for any MNP system. All other bands were present and abruptly decreased in intensity for particles
D and E. Bare MNP controls were similar in band intensity to the CD-only film (particle A). The
activation fragment (42 kDa) was present for all MNP types and showed a drastic decrease for
particles D and E. This suggests that particle D and E MNPs induced less activation of C3 than
other surfaces. C3a was also independently assayed via ELISA in three biological replicates of
MNP-depleted plasma from whole-blood hemocompatibility studies (Figure 4.8). One replicate
mirrored the results of decreased C3a in bare MNP and particles D and E, but these results were
inconsistent in the other two replicates. Taken together with the protein adsorption results from the
immunoblot analysis, the independent C3a ELISA results may indicate that while there was an
increased presence of C3a with the increased PMBCD:MPC ratio in the MNP coating, there may
also be donor-dependent increases in C3a generation with these formulations, considering that the

ELISA results on MNP-depleted plasma were not significantly different. However, consistent with
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the blotting results, a trend toward decreased C3a in the MNP-treated plasma compared to the

untreated control was observed, indicating adsorption to all MNP surfaces.
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Figure 4.8 C3a ELISA results of MNP-depleted plasma from whole-blood hemocompatibility
studies. Whole blood from n = 3 healthy donors was incubated with 0.18 mg/mL of each MNP
formulation, and MNP-depleted plasma was assayed for C3a. Results were compared across groups
with repeated-measures ANOVA to compare differences within biological replicates across

groups, and paired #-tests were used for pairwise comparisons to the water control. Comparisons

not shown were not statistically significant.

Of the five distinct isotypes of serum immunoglobulins (IgM, IgD, 1gG, IgA, and IgE), IgG
1s the most prevalent in human serum: ~10-20% of total plasma protein [54]. IgG presence leads
to the activation of the classical pathway of complement [28]. The light chain of IgG (27 kDa)
again showed a step decrease in intensity for particles D and E compared to all other systems. The

heavy chain of IgG (55 kDa) was relatively low for all MNP systems, with no trend associated with
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the MPC content of the surface film. This result is consistent with the role of the content of MPC
in inhibiting protein adsorption.

Transferrin (77 kDa) carries iron (ferric iron) throughout the body, is a component of the
innate immune system, can activate macrophages, and acts to restrict the survival of bacteria [28,
55-57]. All types of MNPs showed relatively high and consistent transferrin adsorption, suggesting
that this protein’s binding may trigger macrophage activation.

Vitronectin is a multifunctional glycoprotein and, in plasma, acts as a complement
regulatory component. Different types of MNPs, including bare particles, showed relatively high-
intensity values associated with vitronectin, compared to the low levels observed for particles D
and E. Vitronectin is known as a major plasma protein in association with polymer surfaces.
Although fibronectin and vitronectin have similar plasma concentrations, studies conducted on
various polystyrene-based surfaces have shown that vitronectin has a greater propensity to bind to
surfaces [58]. Although MNPs showed moderate to high values for vitronectin, none of the MNPs
were found to adsorb fibronectin.

a1-Antitrypsin is the most abundant serine protease inhibitor in human plasma, constituting
95% of the trypsin inhibitory capacity. As a serine protease inhibitor, the primary role of ou-
antitrypsin is to inhibit the proteolytic activity of serine protease neutrophil elastase. Aside from its
primary role as a protease inhibitor, aj-antitrypsin has other immunomodulatory functions,
including anti-inflammatory properties and regulation of T- and B-lymphocytes [59, 60]. oi-
Antitrypsin has been previously found absorbed in large amounts to elastin-like polypeptide
nanoparticles, suggesting its inhibitory role in preventing the nanoparticles from degradation by
elastase [28]. This protein was found in high binding levels to bare MNP, and particles A, B, and
C, but particles D and E showed moderate adsorption levels. It has been previously shown that -

antitrypsin in the protein corona of Au nanoparticles could act as a cell-binding-promoting factor
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[61-63]. Considering the anti-inflammatory role of ai-antitrypsin, this protein may reduce
macrophage activity [64].

ax-Macroglobulin is another component of the innate immune system, regulating proteases
by clearing them from the blood [65, 66]. No visible immunoblot was identified for this protease.
The lack of ax-macroglobulin may suggest that MNP surfaces are not playing an active role in
promoting either clotting or fibrinolysis, as it acts as an inhibitor for both processes [29].
4.3.6.2 Coagulation-related proteins

Fibrinogen (340 kDa) has a key role in coagulation and is a substrate for three related
enzymes, including Factor XIIla, thrombin, and plasmin. It is a heterodimer, each half consisting
of three polypeptide chains (Aa, BB, and vy), linked via disulfide bonds. Thrombin enzymatically
cleaves Aa and B chains from the N-terminal, which ultimately leads to the initiation of clot
formation. Factor Xllla stabilizes the fibrin polymers via cross-linking, thus increasing its
resistance to degradation through fibrinolysis [67, 68]. Fibrinogen appears as three distinct bands:
Aaq, 68 kDa, B, 56 kDa, and vy, 48 kDa. In addition, cleavage fragments appear as bands at <48
kDa [28]. In all MNP systems, the band intensity for all fibrinogen fragments remained relatively
constant but decreased for particles D and E. Particles D and E showed no fibrinogen cleavage
fragments (<48 kDa). It has been previously shown that coating of polyethylene and polypropylene
surfaces with B-CD decreased the adsorption of fibrinogen, potentially enhancing the blood
compatibility of those surfaces [69]. However, in this case, it is apparent that films with higher
amounts of MPC showed a lower amount of related fibrinogen.
Prothrombin (72 kDa) is a single-chain glycoprotein that is an inactive precursor for thrombin. The
proteolytic conversion of prothrombin to thrombin is induced by Factor Xa in the presence of

Factor V, phospholipid, and Ca*" [70]. Low levels of prothrombin were observed for all MNP
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systems, whereas the amount of antithrombin decreased with the increasing MPC composition of
the engineered films. Antithrombin (53 kDa) is a serine protease inhibitor that is an endogenous
anticoagulant that complexes with thrombin, and other activated coagulation factors, to inhibit
coagulation [71].

The contact pathway of coagulation comprises three serine proteinases, namely coagulation
Factors XII and XI, prekallikrein, and the non-enzymatic cofactor high-molecular-weight
kininogen [72]. Factors XII and XI have been previously reported in low quantities in protein
corona of poly(acrylic acid)-coated TiO> nanoparticles. Herein, low and consistent amounts of
Factor XII were found on all MNPs, where bare particles showed the highest intensity. Factor XI
was relatively strongly bound to all MNP surfaces, with no decrease observed for particles D and
E, similar to previous reports for poly(acrylic acid)-coated FeoO3z nanoparticles [73]. Prekallikrein,
the precursor of kallikrein, cleaves high-molecular-weight kininogen [74] and may be found at 85
kDa, with consistent levels for all modified MNPs that were much lower than the bare MNP control.
The kallikrein band (50 kDa) was relatively higher than prekallikrein (85 kDa) for all MNP types.
The particle D and E films again showed a sharp decrease in kallikrein intensity. Previous studies
have established that the activation of the contact system results in a decrease in the intensity of
prekallikrein immunoblot bands, with the formation of complexes of kallikrein with the CI
inhibitor and az-macroglobulin [75].

Fibronectin is a critical component of the fibrin clot, binding to fibrin via non-covalent
interactions and covalent cross-linking, leading to the regulation of platelet function and hemostasis
[76]. Protein S regulates coagulation, exhibiting anticoagulant function independent of activated
protein C, which directly inhibits intrinsic tenase and prothrombinase complexes [77]. None of the
MNPs showed adsorption of fibronectin, protein S, or protein C, suggesting a limited clot formation

and fibrinolytic response [28].
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Plasminogen (91 kDa) is the inactive precursor of plasmin, the major protease that catalyzes
the degradation of fibrin clots. Again, particles D and E showed a sharp decline in adsorbed
plasminogen compared to the other MNP types. It is thought that surface adsorption of plasminogen

might indicate fibrinolytic activity [78, 79].

3.7. Whole blood hemocompatibility and impact on platelet function

Further characterization was performed in whole blood to assess the hemocompatibility of
the MNP formulations based on the published criteria of leukocyte presence, hemolysis, and
platelet function—in addition to the results reported above on complement activation and
coagulation [80]. Whole blood collected in 2.7 mL of sodium citrate vacutainers from n = 3
biological replicates was incubated at 37 °C for 1 h with the same concentration of MNPs as the
previous experiments in plasma (0.18 mg/mL), and complete blood counts were performed on the
Sysmex XN-550 hematology analyzer. A trend toward a decrease in the platelet number was
observed in particle D (Figure 4.9a), which could reflect platelet aggregation, rendering individual
platelets undetectable. No evident trends emerged for differences in leukocyte (Figure 4.9b) or red
cell (Figure 4.9¢) counts, despite a statistically significant repeated-measures ANOVA result for
leukocyte counts.

Supernatant hemoglobin levels were measured in MNP-depleted plasma from the MNP-
treated whole blood via the Harboe spectrophotometric method for quantification of percent
hemolysis, based on the total hemoglobin content of the blood measured on the hematology
analyzer. Results in Figure 4.9d demonstrate a trend toward increased hemolysis in MNP-treated
whole blood, with a statistically significant increase in the presence of particle A and a larger effect

size for particle C, just below statistical significance (p = 0.057). Important to note, however, is

130



that the supernatant hemoglobin content for all specimens remained below 0.2 g/L, which is
considered to be insignificant hemolysis [81]. Therefore, MNP treatment did not appear to result
in a concerning level of hemolysis.

The impact of the series of MNPs on platelets was further investigated through flow
cytometry and ROTEM (Figure 4.10). CD62P (P-selectin) is stored in platelet alpha-granules and
mobilized to the platelet surface upon platelet activation and subsequent degranulation. Flow
cytometry was used for the detection of the surface expression of CD62P (P-selectin) on
unstimulated platelets (Figure 4.10a) and platelets stimulated with 10 uM of ADP (Figure 4.10b)
to measure the baseline activation and the response to an agonist, respectively. Results of the
baseline activation illustrated a trend toward increased platelet activation in all MNP-treated
conditions, with statistically significant but small effect sizes observed in bare, A, and E MNPs.
While not statistically significant due to the small sample size tested here, baseline platelet
activation increases with large effect sizes were observed for particle C and, most prominently,
particle D. This trend suggests increased platelet activation with coatings consisting of lower
concentrations of CD in the presence of MPC. It is unclear why these formulations induce platelet
activation, but it may be attributed to the inhomogeneous surface composition indicated by the
PDI. Results of baseline platelet activation were largely mirrored in the platelets stimulated with
ADP, demonstrating lower levels of additional degranulation in the conditions that had
considerable baseline degranulation. If platelets were degranulated in response to the MNPs, it
tracks that they would have a reduced additional response to agonists and may show functional
deficits in clot formation.

The impact of the series of MNPs on platelets was further investigated through flow
cytometry and ROTEM. CD62P (P-selectin) is stored in platelet alpha-granules and mobilized to

the platelet surface upon platelet activation and subsequent degranulation. Flow cytometry was
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used for the detection of surface expression of CD62P (P-selectin) on unstimulated platelets
(Figure 4.9a), and platelets stimulated with 10 uM ADP (Figure 4.9b), to measure baseline
activation and response to an agonist, respectively. Results of baseline activation illustrate a trend
toward increased platelet activation in all MNP-treated conditions, with statistically significant
but small effect sizes observed in bare, A, and E MNPs. While not statistically significant due to
the small sample size tested here, baseline platelet activation increases with large effect sizes
were observed for particle C and most prominently in particle D. This trend suggests increased
platelet activation with coatings consisting of lower concentrations of CD in the presence of
MPC. It is unclear why these formulations induce platelet activation, but it may be attributed to
the inhomogeneous surface composition indicated by the PDI. results of baseline platelet
activation were largely mirrored in the platelets stimulated with ADP, demonstrating lower levels
of additional degranulation in the conditions that had considerable baseline degranulation. If
platelets are degranulated in response to the MNPs, it tracks that they would have a reduced

additional response to agonists and may show functional deficits in clot formation.
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Figure 4.9 Complete blood counts and hemolysis in response to whole-blood MNP treatment.
Whole blood from n = 3 healthy donors was incubated with 0.18 mg/mL of each MNP formulation,
and complete blood counts were measured on the Sysmex XN-550 hematology analyzer. Results
for (a) platelets, (b) white blood cells, and (¢) red blood cells are shown. Hemolysis was assayed
in MNP-depleted plasma via the Harboe method (d). Results were compared across groups with
repeated-measures ANOVA to compare differences within biological replicates across groups, and
paired ¢-tests were used for pairwise comparisons to the water control (* p < 0.05). Comparisons

not shown were not statistically significant.
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Next, we analyzed the platelet function in whole-blood coagulation using ROTEM, with
platelet-mediated outcomes of the maximum clot firmness and clot formation time. The EXTEM
ROTEM reagent was used to probe the function of the extrinsically activated coagulation pathway.
Increases in platelet activation with particle C did translate to a statistically significant increase in
clot formation time, indicating reduced platelet function, but this was limited to a trend with particle
D. No observable trends across replicates were present for the maximum clot firmness. All platelet-
dependent ROTEM results remained within the normal ranges, as per the manufacturer’s
instructions.

Interestingly, the biological replicate that showed the largest reduction in the platelet count
(illustrated in graphs with squares) also showed the most pronounced changes in the platelet
function assays, with the largest increase in the unstimulated CD62P surface expression, largest
decrease in the maximum clot firmness, and largest increase in the clot formation time for MNP
particle D. While the other replicates did not demonstrate effects of the same magnitude, due to the
limited sample size tested in these experiments, there is reason to believe that particle D had adverse
effects on platelets. This was further supported by additional experiments tested at higher MNP
concentrations (0.5 mg/mL), where particle D’s adverse effects were exaggerated with much larger

effect sizes, reaching a statistically significant decrease in the maximum clot firmness.
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Figure 4.10 Trend toward increased platelet activation with lower PMBCD content, without
robust impact on platelet function in coagulation. Whole blood from n = 3 healthy donors was
incubated with 0.18 mg/mL of each MNP formulation, then assessed for platelet-related
outcomes. (a) Baseline platelet activation reflected by surface expression of CD62P detected by
flow cytometry. Percentage of CD62P+ platelets displayed. (b) Platelet degranulation in response
to 10 uM ADP, reflected by surface expression of CD62P detected by flow cytometry. Baseline
activation was subtracted from the % CD62P+ platelets to yield the increase in degranulated

platelets, as a measure of the platelet response. (c) Platelet function in coagulation reflected by
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ROTEM maximum clot firmness and (d) clot formation time. Dashed lines indicate normal
ranges as per manufacturer’s information, and shapes reflect biological replicates. Results were
compared across groups with repeated measures ANOVA to compare differences within

biological replicates, across groups, and paired t-tests were used for pairwise comparisons to the

4.4 Conclusion

We assessed the biocompatibility of novel p(PMBCD-co-MPC) magnetic nanoparticles
through various techniques, including circular dichroism, fluorescence spectrometry, plasma
calcification, the BCA assay, and immunoblot. Circular dichroism showed that bare MNPs caused
the highest decrease (3.5%) in the helix structure of a-lactalbumin, while other modified particles
caused less than a 1.7% decrease. Particle D caused an 8.4% reduction in the helix structure and a
5.7% increase in the random coil structure. No significant structural alterations were observed in
lysozyme. Fluorescence experiments showed that all particles quenched the tryptophan of HSA as
the concentration increased. Particle C had the weakest binding affinity towards HSA, whereas
bare MNPs exhibited the strongest binding affinity. Particle E had the lowest number of binding
sites, whereas particle D had the highest. The zeta potential results showed that all coatings had an
effect on the surface charge. However, surfaces B, C, and E were statistically similar, and even
though D was statistically more negative, the difference was less than 10 mV.

We observed an obvious resuming effect in the plasma clotting experiment, mirrored by a
fibrinogen-dependent outcome in whole-blood coagulation tests. The incubation of modified
particles with uremic plasma resumed the turbidity and prolonged the clotting formation time point,
among which particles B, C, and D represented the best results. The BCA assay indicated that the
modified particles had less protein adsorption compared to the bare MNP. Furthermore, we

assessed the adsorption of 21 plasma proteins to MNPs through immunoblot analysis. It was found
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that only 12 proteins were adsorbed to MNPs. The lack of proteins S and C in the samples could
imply a limited fibrinolytic response. Kininogen, which participates in initiating the contact
activation pathway, was not found. The absence of kininogen in the protein corona of MNPs might
provide insight into more suitable surfaces for blood-contacting materials. It is even more pertinent
to note that kininogen (high molecular weight) can be adsorbed to hemodialysis membranes, where
surface modification and ionic strength play an essential role in tuning the surface [82, 83]. In terms
of the whole-blood hemocompatibility tested on n = 3 biological replicates, no robust MNP-
dependent effects were observed on the erythrocyte or leukocyte counts. Particle D showed a trend
toward decreased platelet counts, suggesting increased aggregation, which was mirrored in the flow
cytometry results, suggesting increased platelet activation. Contradictory results from the previous
literature make it difficult to ascertain if a small change in the surface charge accounts for increased
platelet activity [84, 85]. It is likely mediated by the bound proteins more than the underlying
surface charge. Particle C caused a statistically significant increase in hemolysis, though the results
remained within acceptable levels of hemolysis and slight activation of platelets, which resulted in
a statistically significant increase in the clot formation time. Overall, this work provided a
comprehensive evaluation of the hemocompatibility of p(PMBCD-co-MPC)-engineered surfaces,

reinforcing this polymer combination’s potential for use in the context of chronic kidney disease.
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5.1 Introduction

Uremic toxins are retained in the blood compartment due to kidney dysfunction [1, 2].
Normally, uremic toxins are cleared via organic anion or organic cation transporters that are largely
located on the proximal tubule of the kidney [3-5]. The impaired function of these transporters
leads to the accumulation of toxins in the blood that are responsible for furthering kidney
dysfunction leading to chronic kidney disease (CKD), as well as other severe complications like
acidosis and cardiovascular disease to name a few [6, 7]. Although membrane-based dialysis is the
standard treatment for patients with CKD, the ionic and hydrophobic properties of toxins facilitate
their interactions with blood proteins and, thus, may inhibit their clearance. Adsorbents for the
purpose of clearing toxins from blood are an active area of research. However, surfaces contacting
blood may trigger a myriad of adverse host responses and themselves be thrombogenic,
immunogenic, and inflammogenic [8]. The adsorbed proteome is considered the major impetus for
dictating the extent to which surfaces remain hemocompatible. However, no work has investigated
the extent to which small molecules retained by patients with kidney dysfunction affects these
protein-surface interactions, and subsequently the cellular level events involved in the blood-
material interaction; despite the fact that these events rely on enzymatic functions that demands the
conservation of secondary and tertiary structures of proteins. This is further complicated by the fact
that these enzymes, proenzymes, and coenzymes may be less than 1% of the composition of blood

but still play a vital role in hemocompatibility [9, 10].

Previous work on adsorbents for uremic toxins has included cationic metal-organic
frameworks for the adsorption of p-cresyl sulfate and indoxyl sulfate, where it was shown that
electrostatic interactions play a critical role in their adsorption [11]. Due to the issues surrounding

protein adsorption to these blood contacting materials, MPC polymers were employed as an

148



underlying substrate due to its ‘low-fouling’ nature and the effect of step-wise addition of PMBCD
on blood-surface interactions in the presence of uremic toxins evaluated. MPC has been wildly
applied as a medical device coating and found to prevent blood coagulation without the presence
of an anticoagulant [12]. The incorporation of MPC with other materials has constantly been found
to inhibit deleterious biological responses and reactions [13-15]. Cyclodextrins have been applied
in the blood contacting environment, such as for drug delivery. However, Yeyun et al. found that
10 mg/mL of B-cyclodextrins can cause abnormal red blood cell morphology and serious hemolysis
[16]. Therefore, when employing B-cyclodextrins for copolymerization, the concentration of -
cyclodextrins can be vital. The goal being to inhibit protein adsorption using these ‘gold-standard’
surfaces and understand the effect of adding PMBCDs has on protein adsorption through to blood
cell responses in the presence of uremic toxins. Li et al. developed a poly cyclodextrin-based
adsorbent for capturing p-cresol sulfate via hydrophobic interactions [17]. That said, the effect
uremic toxins have on blood components, general hemocompatibility of engineered materials, the
blood-surface interaction, and hemocompatibility can be recovered using adsorbent materials when

in the presence of uremic toxins is largely understudied.

Platelets are small anucleate cellular fragment that generated in the bone marrow. Once
activated, platelet can release vast number of molecules in the blood stream. Recent study also
suggest that the platelet plays a critical role in the host inflammation and immune responses,
stimulating thrombus formation [18-20]. Therefore, the investigation of the interaction between

bioengineered surface with platelet is also of great importance.

Herein, we designed a series of functional polymer coated magnetic nanoparticles for the
adsorption of uremic toxins. PMBCD and MPC were employed for copolymerization with

respective molar ratios of 4:0, 3:1, 2:2, 1:3, 0:4. Using a model uremic toxin solution (Table 5.1)
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in platelet poor plasma to mimic CKD patient blood, the hemocompatibility of these surfaces was
assessed. The adsorbed proteome was assessed via incubation of MNPs with using immunoblots.
Clotting experiments were also carried out using platelet-poor plasma with and without the

presence of uremic toxins to evaluate effects on clot formation.

Table 5.1 Composition of uremic toxin solutions based on literature values for the analysis of the

blood of patients with kidney dysfunction.

Toxin Concentration (mg/L) Reference
3-Deoxyglucosone 1.40 [21]
4-Ethylphenyl sulfate 0.19 [22]
Argininic acid 0.06 [21]
Asymmetric dimethylarginine 0.32 [23]
Creatinine 124 [21]
Dimethyl glycine 0.20 [21]
Guanidinopropionic acid 0.29 [21]
Hippuric acid 246 [21]
Homocysteine 6.75 [21]
Hypoxanthine 0.5 [21]
Indole acetic acid 1.53 [23]
Indoxyl glucuronide 1.24 [23]
Indoxyl sulfate 52.4 [21]
p-Cresol sulfate 20.82 [23]
Phenylalanine 465.8 [24]
p-Hydroxyhippuric acid 2.32 [25]
Pyruvic acid 4680 [26]
Spermidine 0.09 [23]
Trimethylamine N-oxide 4.65 [27]
Uric acid 42.5 [28]
Uridine 8.3 [29]
Xanthosine 34.1 [30]
1-Tyrosine 37.85 [21]
1-Asparagine 3.63 [21]
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5.2 Materials and Methods
5.2.1 Materials

Chemicals for synthesis: p-Toluenesulfonyl chloride (TsCl, reagent grade, > 98%, Sigma
Aldrich), 2-(4-Chlorosulfonylphenyl) ethyl trichlorosilane (CTCS, 50 % in toluene, Gelest),
Sodium azide (> 99 %, Fisher Scientific), propargyl methacrylate (PM, 98 %, Alfa Aesar), -
Cyclodextrin (> 97%, Sigma Aldrich), 2,2'-bipyridyl (bpy, > 99%, copper(I)bromide (> 98%),
copper(Il)bromide (99 %), Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine = (TBTA,
Trichemicals), Dialysis Tubing 500 MWCO (Cole-Parmer), Lewatit TP 207 adsorbent,
Tetrakis(acetonitrile)copper(i) hexafluorophosphate (Cu(CH3CN)4PF¢, Sigma Aldrich), 2-
Methacryloyloxyethyl phosphorylcholine (MPC, Sigma Aldrich), ultra-thin carbon-coated copper
grid (150 mesh, Ted Pella, Inc.), Sodium Hydroxide (Fisher Scientific), FeCl,-4H,0, FeCls-6H20

and of ammonium hydroxide solution (25 %) were purchased from Sigma Aldrich.

All chemicals used for the formation of the uremic toxin solution (Table 5.1) were purchased from
Sigma Aldrich and used without further purification. BCA protein assay (Pierce™ BCA Protein
Assay Kit, Thermo Fisher Scientific Inc.). Sodium phosphate dibasic heptahydrate, sodium
phosphate monobasic monohydrate, and PBS tablets were purchased from Fisher Scientific.
Platelet-poor human plasma was procured via the Blood4Research program from Canadian Blood
Services. Sodium dodecyl sulfate (SDS) and PVDF membrane (Bio-Rad, Hercules, CA). TMB

stabilized substrate (Promega, Madison, WI).
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5.2.2 Methods
5.2.2.1 Toxin solution preparation and lyophilization

A graduated cylinder was washed and dried overnight, dry uremic toxins added (Table 5.1),
and the final solution brought to a total volume of 100 mL with DI water. The resulting uremic
toxin solution was aliquoted into 3 mL tubes and lyophilized for mixing into plasma directly. To
avoid plasma dilution, lyophilized uremic toxin powder was resuspended in the corresponding

plasma volume. The pH of the plasma was tested and found to be around 7.4.

5.2.2.2 Polymer coated particle preparation

We have prepared a series of PMBCD-co-MPC coated particles. PMBCD monomers were
synthesised from the native BCD, following the literature [31-33]. Bare MNP were prepared
through the co-precipitation method. After bare MNP being prepared, 5 ml CTC were added
dropwise to the argon-filled three-neck flask that hold 500 mg dried bare MNP. Upon the
completion of CTC titration, the reaction was kept for 3 hrs. Cease the reaction by exposing the
flask under the air. MNP-CTC was washed three times with THF and two times with ethanol
through the consecutive separation and redispersion. The co-polymerization is conducted through
ATRP. A series of polymer coated particles were synthesised. The ratio of PMBCD and MPC of
the 5 types are stated as following: Type A, 4:0 (1.25 mmol, 0); Type B, 3:1 (0.9375 mmol, 0.3125
mmol); Type C, 2:2 (0.625 mmol, 0.625 mmol); Type D, 1:3 (0.3125 mmol, 0.9375 mmol); Type
E, 0:4 (0, 1.25 mmol). The polymerization is conducted under the argon blanket. PMBCD and MPC
were dissolved in a 10 mL mixed solvent with the ratio of water and ethanol of 1:1. The solution

was stirred under the argon blanket for 20 min before adding to the flask containing the MNP-CTC.
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5.2.2.3 Polymer Characterization

Thermogravimetric analysis (TGA): Samples were subjected to thermogravimetric analysis
(TGA) after being dried in a vacuum overnight. The TA Q50 TGA instrument from TA Instruments
(USA) was used, and the heating range was set between 30 and 900 °C with a ramp of 10 °C/min
under a nitrogen atmosphere. The error was determined using data from multiple batches under the

same experimental conditions.

Transmission electron microscopy (TEM): For imaging particles, a JEM-ARM200CF
S/TEM instrument from JEOL (USA) with an accelerating voltage of 200 kV was used, and the
resulting images were analyzed using ImageJ. To prepare the samples, a droplet of a well-dispersed
sample was deposited onto an ultra-thin carbon-coated copper grid. Excessive water was removed
using Kim Wipe gently from the edges. The sample grids were further air-dried for 24 hrs before

characterization.

Gel permeation chromatography (GPC): To determine the molecular weight (MW) and
polydispersity index (PDI) of grafted polymers, cleaved from the nanoparticle surface by etching
the magnetic core with hydrochloric acid [31], a GPC system from Waters (USA) was used. The
T6000m column from Viscotek was equipped with the Waters 1515 Isocratic HPLC Pump and
Waters 2414 Refractive Index Detector and operated at 40 °C using toluene as the eluent at a flow
rate of 1 mL/min. To calibrate the column and quantify the MW of the formed polymer, six
polystyrene polymers with various MWs (ranging from 1,000 to 200,000) and PDI values (ranging

from 1.1 to 1.2) were used.

Zeta potential: To determine the zeta potential of the engineered surface, the zeta potentials were

measured using Malvern Zetasizer Nano-ZS (Nano ZS, Malvern Instruments, Malvern, UK). To
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making the sample, 25 pL of 1 mg/mL MNPs suspension was added into 3 mL DI water and ultra
sonication was applied for 30 s immediately prior to determining the zeta potential. An average

zeta potential was reported from 3 repeats, with 12 runs in each repeat.

5.2.2.4 Plasma Calcification

In this experiment, 100 puL of plasma was incubated with MNPs in the presence or absence
of uremic toxins for different time point to evaluate the impact of MNPs on plasma behavior. In
the group using non-UTX-treated plasma, plasma was first incubated with PBS at a concentration
of 10 mM for 30 min, followed by adsorption evaluation, incubating MNPs for 1 hr and 4 hrs prior
to the test. In the group using UTX-treated plasma, plasma was first incubated with lyophilized
uremic toxins powder for 30 min, followed by adsorption evaluation, incubating MNPs for 1 hr

and 4 hr prior to the test.

After the incubation and adsorption, 100 puL of a 0.025 M calcium chloride solution was injected
into a 96-well plate to measure turbidity. The turbidity readings were obtained using a BioTek
ELx808 plate reader at an absorbance of 405 nm. The readings were taken every minute for a 60-

minutes period. All steps were conducted at 37 °C, with the entire experiment repeated three times.

5.2.2.5 SDS-PAGE and Immunoblot

Platelet-poor human plasma was procured from Canadian Blood Services, aliquoted and
stored at -80 °C until use. The research complied with the ethical guidelines set forth by the
University of Alberta's research ethics board. The uremic toxin model solution was lyophilized,
added to the platelet-poor plasma, mixed by inversion, and incubated at 37 °C for 30 min. MNPs

were added to the plasma using established protocols [32]. Briefly, plasma incubation with
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magnetic particles at 37 °C, using the same concentration as for the recalcification turbidimetric
assay. After centrifugation at 20,000 x G for 10 minutes, nanoparticles were washed twice with 1
mL of PBS to remove weakly attached proteins. The resulting pellet of particles and adsorbed
proteins were resuspended in 100 pL of 10 % SDS in PBS and incubated for 2 hours at 50 °C to
elute the adsorbed proteins from the surface of the MNPs. The protein concentration of the eluted
protein sample was determined using Pierce™ BCA protein (detergent-compatible) assay. Further

analysis of the final sample was performed via SDS-PAGE and immunoblotting.

The SDS-PAGE and immunoblot analysis of samples was performed according to a
previously described protocol [33, 34]. Before performing SDS-PAGE, each sample was mixed
with a denaturing buffer containing SDS and 0.5 M B-mercaptoethanol and then heated at 95 °C
for 5 minutes. A consistent quantity of each protein sample was then subjected to electrophoresis
on 12 % polyacrylamide gels. Afterward, the samples were transferred onto immunoblot
polyvinylidene difluoride membranes with a pore size of 0.2 um (Bio-Rad Laboratories, Inc). After
transfer, the membrane was cut into 23 strips, out of which two strips were utilized for colloidal
gold staining, and the remaining 21 strips were used for the immunoblotting analysis of individual
proteins. The primary antibody was diluted at 1:1000 for each experiment. Horseradish peroxidase
(HRP)-conjugated secondary antibodies and a chromogen substrate stabilized with 3,3',5,5'-
tetramethylbenzidine (TMB) from Promega were utilized to visualize the outcomes of the
immunoblot assays. To ensure consistency across different samples, the color development time
was maintained constant throughout the immunoblot experiments. Following the cessation of color

development with water, the strips were immediately dried, arranged, and digitized for analysis.
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5.3 Result and Discussion

5.3.1 Properties and characterization of the modified MNPs

MPC-PMBCD polymer-modified particles were synthesized using Atom Transfer Radical
Polymerization (ATRP) techniques (Table 5.2). Representative TEM results for the modified
MNPs show an average particle size of 13.3 £ 3.23 nm (n = 27, Figure 5.1). The selected-area
electron diffraction (SAED) pattern revealed that both the bare and polymer-coated magnetic
nanoparticles exhibited a ring pattern indicative of a polycrystalline structure of magnetite,
matching the (220), (311), (400), (420), (511), and (440) planes as identified by the JCPDS card
No. 19-0629 (refer to supplemental information) [35]. The theoretical My, was estimated using the
mole ratio of reactants. The My, should decrease as the ratio of MPC increases in the systems due
to the significant difference in molecular weight between monomers: PMBCD (1282 g/mol) and
MPC (295.27 g/mol). In fact, this was not observed and MPC addition led to an increased My,
suggesting that MPC is more readily incorporated into the growing polymer than PMBCD. Using
the My yield from GPC, it was possible to estimate that the number of monomers per chain was 88

for A vs. 159 for E, which also suggests that the MPC monomer is more reactive than PMBCD.

The engineered surfaces of all particles have a negative net charge, as indicated by their
zeta potential data (Figure 5.2). The zeta potential of the bare MNP differed significantly (p <0.05)
from that of all modified surfaces. However, there is no significant difference between the zeta
potentials of surfaces B, C, and E. The zeta potential of the surface on particle D has a statistically

significant difference (p < 0.05) from the other modified surfaces.
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Table 5.2 Summary of TGA, GPC and molecular weight results for polymers cleaved from MNPs.

System Bare A B C D E
P%ﬁoclg?ﬁ%c 1:0 3:1 1:1 1:3 0:1
T(,Zta(‘i\?/g%l)“ i‘f; 76(0.8) 37.0(1.4) 412(22) 453(2.1) 33.4(L5) (215 60)
(Sﬂgé/ﬁfgl) 115.3 144.8 138.4 72.1 47.0
T(l;f‘ﬁ;“;izﬁv 1153 97.9 86.7 639  47.0
(Sggé/ggl) 85.4 96.5 101.7 55.4 46.4
PDI : 1.3 1.5 1.4 1.3 1.0
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Mumber of nanoparticles (%)

8 112 14 16 I8

Particle Size (nm) G

Figure 5.1 Representative TEM and SAED results for bare and polymer-coated samples. TEM
images (A) to (E) show the of the synthesized polymer-modified nanoparticles of sample A to E.
TEM image (F) is of control bare MNP, and (G) shows the particle size distribution of the bare
MNP in (F). Representative SAED patterns were obtained for particle E (Fig. 1H) and the control

MNP (Fig. 11).
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Figure 5.2 Representative zeta potential test of bare MNP and A to E. Unpaired T test was
performed and results were compared across groups for each two groups. Comparisons not

shown were not statistically significant (* p <0.05, ** p <0.01, *** p <0.001, data represents

mean = 1 SD, n = 3).

5.3.2 Plasma clotting in the presence of polymer coated nanoparticles

The uremic plasma showed clot formation at 13 minutes and reached a plateau at 21
minutes, whereas the native platelet poor plasma exhibited clotting within 20 minutes and reached
a plateau at 32 minutes. The introduction of uremic toxin to otherwise healthy plasma caused a
delay in clot formation and plateau onset, indicating an inhibitory effect on clotting formation. Clot
onset and plateau onset time for all particles without uremic toxins (non-UTX) and with toxins
(UTX-treated) are summarized in Table 5.3. As clot formation kinetics are directly related to
surface area the presence of MNPs yielded a rapid clot formation compared to plasma samples

alone, regardless of presence of the toxins. However, for all systems with MNPs present the clot
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formation kinetics upon introducing toxins was significantly delayed compared to the same system
without toxin; clot initiation was delayed between 1.5x to 6x of that without toxins present. This is
much greater than the 1.5x delay observed for clot formation associated with these toxins in plasma
alone, suggesting that the rate of clot formation is much more sensitive to the presence of uremic
toxins when surfaces are present. Systems B and C showed the greatest relative delay in clot
formation upon introduction of toxins and system E showed the absolute longest delay in clot
formation. For all systems it was observed that incubation time of the MNPs in the toxin solution
led to a delay in clot formation. Similar to the time for clot formation to start, plateau onset was
also delayed upon introduction of uremic toxins, thus the difference between clot formation and

plateau onset was determined and was similar for all systems studied.

Table 5.3 Summary of clot formation kinetics and plateau onset for MNP in platelet poor plasma
without uremic toxins and after 1 and 4 hr incubation with uremic toxin laden plasma (n=3, all

SDs are less than 3 seconds). The ratio in the bracket represents the mole ratio of PMBCD: MPC.

Plasma A (4:0) B (3:1) C (1:1)
No No No No
UTX UTX UTX 1hr 4 hr UTX 1 hr 4 hr UTX 1 hr 4 hr
Turbidity 1.71 1.60 1.44 1.38 1.40 1.34 1.29 1.35 1.47 1.36 1.40
Gl tommviion | g 13 2 4 6 1 4 6 1 3 6
(min)
lieaed 3 21 5 8 1 5 8 1 5 8 1
(min)
Plateau onset —
clot formation 12 12.5 3 4 5 4 4 5 4 5 5
time (min)
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D (1:3) E (0:4) Bare MNP
No No No
UTX 1 hr 4 hr UTX 1 hr 4 hr UTX 1 hr 4 hr
Turbidity 1.22 1.23 1.29 1.5 1.53 1.54 1.55 1.52 1.53
Clot for.matlon 2 3 5 2 5 8 2 5 7
(min)
I @i 6 7 9 6 9 14 6 9 12
(min)
Plateau onset —
clot formation 4 4 4 4 4 6 4 4 5
time (min)

5.3.3 Total adsorbed protein

Eluted protein amounts for each MNP system were determined using a detergent-
compatible bicinchoninic acid (BCA) assay (Figure 5.3) so that the effects of the surface chemistry
and toxin on the total adsorbed amount could be characterized. In all cases, the incorporation of
uremic toxins leads to a significant increase in adsorbed protein (p < 0.01). Protein adsorption to
MNP surfaces without toxins showed a somewhat expected result, where fully unmodified MNPs
adsorbed the most protein, and adsorbed protein amounts decreased with increasing ratios of MPC
in the engineered film, except for particle D where a significant increase in adsorbed protein was
observed (Figure 5.3A). However, this order was not retained when looking at protein adsorption
to these surfaces in the presence of uremic toxins. In this case the adsorption of proteins to PMBCD-
MNP (A) and (B) were the least, significantly less than the MPC-MNP system (E). Also, no
statistical difference was found in the amount of adsorbed protein between E and the bare MNPs
(Figure 5.3B). Given the fact that MPC was expected to provide the lowest adsorbed amounts, as
seen in the native protein adsorption case, these results reveal that uremic toxins strongly affect
protein-surface interactions. Finally, systems C and D showed a substantial increase in adsorbed
protein upon introducing uremic toxins to the plasma. Although it is not clear why C and D systems
showed such a dramatic increase in adsorbed amounts of protein, it remains clear that the increased

fraction of MPC from C to E led to a decrease in adsorbed protein. Some uremic toxins exhibit a
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high affinity for plasma proteins, mainly serum albumin, and have been shown to cause changes in
the secondary and tertiary structure of HSA, resulting in an inhibition of its hydrolase activity [31,
32, 34, 36]. Thus, uremic toxins may alter the structure of plasma proteins, impacting both protein

adsorption and protein digestion [37].
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Figure 5.3 The amount of adsorbed protein to all MNP systems (0.18 mg/mL MNP) was
determined using a BCA assay. Repeated measures ANOVA were used for statistical analysis

across groups (* represents p < 0.01, data represents mean £ 1 SD, n > 3).
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5.3.4 Immunoblot analysis

The intensity of the immunoblot bands for all MNPs was measured using a 13-level
grayscale system (Table 5.2). To ensure comparability of band intensity across different systems,
the amount of protein loaded (30 pg) and the time for color development (5 min) was kept constant.
It is possible to compare band intensities for individual proteins across different surfaces, but,
intensities between different proteins can be somewhat different due to the vagaries associated with

antibody affinities.

Albumin (66.5 kDa) is the most abundant protein in plasma and it binds a variety of metabolic
compounds, medications and lipids [38]. Albumin adsorption at surfaces can alter subsequent
protein binding events and influences coagulation processes [39, 40]. In both normal and elevated
levels of toxins in advanced stages of CKD, albumin serves as the primary binding protein. For
example, the binding of hippuric acid to albumin impedes its clearance, thereby causing the
hemodialysis efficiency to drop to 64 % [34, 41]. Albumin-coated surfaces been shown to have
enhanced biocompatibility with anticoagulant properties [42]. A thin layer of albumin coated on
polyacrylonitrile hemodialysis membrane has been shown to reduce the adhesion and aggregation
of platelets, improving the hemocompatibility of these membranes [43]. Thus, comparing the
results of the toxin-treated groups to controls, no difference in the albumin adsorption was observed
for bare particles and B. A decrease in albumin adsorption was observed from C to E, where all
toxin treated systems showed lower albumin adsorption than the controls. In contrast, A (only

PMBCD content) showed increased adsorption of albumin upon incorporating toxins.

5.3.4.1 Immune response-related bands

The complement system is a key component of the innate immune system. The activation
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of the complement system results from the coordinated activity of several proteins that operate
through the classical, alternative, and mannose-binding lectin pathways [44]. These pathways
serve as a defence mechanism against bacterial infections and assist in eliminating immune
complexes and apoptotic cells. The complement system also plays a vital role in connecting innate
and adaptive immune responses, where complement component 3 (C3) is essential in all three
activation pathways, particularly the alternative pathway, which is involved in the activation of the
complement system triggered by biomaterials [31, 45]. On a denaturing SDS-PAGE gel, C3 can
be separated into four distinctive bands, comprising whole C3 (187 kDa), a chain (115 kDa), B

chain (70 kDa), and the activation fragment (42 kDa).

Intact C3 was not present for any MNPs in toxin-free plasma; all MNPs showed a
noticeable band intensity for intact C3 upon introduction of the uremic toxins. Surprisingly MNPs
with higher MPC content (i.e., D and E) showed higher amounts of whole C3 compared to the
other MNP systems. Also surprising was that the toxin-related systems all had increased amounts
of the a chain compared to the toxin-free controls, with a similar adsorption pattern observed
except for MNP-A, which had a slightly lower amount. In both control and toxin-treated systems,
the B chain was present. MNP-E and D did not show changes in the band intensities upon toxin
treatment, while bare, MNP-A, B, and C showed a decrease in the band intensity. All systems
showed the presence of the 42 kDa activation fragment, where significant increases in amount
were observed for all MNPs except B and C upon toxin addition. Although the intensity of the
activation fragment was relatively high in all toxin-treated systems, MNP-A and bare MNP showed
higher values, suggesting that abnormal levels of toxin compounds might increase the possibility
of C3 activation. Unlike enzymatically sensitive degradation events discussed herein, surfaces

carrying a high density of hydroxyl and amino groups can activate C3 directly via a nucleophilic
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attack on the highly reactive thioester bond, which then can further active C3 [46, 47]. Thus, the
presence of the activation fragment may not solely rely on enzymatic digestion, and increased
activation may be a result of the hydroxyl groups associated with the incorporation of PMBCDs

into these films.

That said, D and E showed the biggest increase in amount of the 42 kDa fragment upon
addition of toxin. This increase is not likely related to amount adsorbed difference upon toxin
addition as the total protein loaded for this analysis was the same. Although a mechanism is not
understood, this highlights the importance that uremic toxins in the humoral response pathways to

engineered ‘low-fouling’ materials.

IgG is the most prevalent among the five serum immunoglobulin isotypes (IgM, IgD, IgG,
IgA, and IgE) and accounts for approximately 10-20 % of total plasma protein in humans [48].
The presence of IgG triggers the activation of the classical pathway of complement [49]. In control
systems, there was a decrease in the intensity values for the light chain of IgG (27 kDa) in MNP-
D and E compared to the other control system, but no clear MPC-associate trend was observed in
toxin treated systems for this fragment. Toxin incubation led to an increase in the band intensity
of the heavy chain of IgG (55 kDa) in all types of MNPs except for bare MNP, which remained
unchanged. These findings suggest that elevated concentrations of UTX compounds may lead to

increased adsorption of IgG, which could trigger an immune response.

Factor I plays a key inhibitory role in all complement pathways via degradation of activated
complement proteins C3b and C4b. This protein was not found in either toxin treated or control
groups. Neither the control nor the toxin treated group showed Kininogen, which is involved in the

initiation of the contact activation pathway.
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Transferrin (77 kDa) transports ferric iron and contributes to the innate immune system by
triggering macrophage activation and restricting bacterial survival [45, 50]. Despite observing
relatively high and consistent levels of transferrin adsorption to all MNPs in the control group,
certain MNPs in the toxin treated plasma exhibited even higher amounts. While bare MNP showed
a slight increase in transferrin adsorption, MNP-B and E demonstrated a notable increase. These
results suggest that increased levels of toxin compounds in plasma can enhance transferrin binding,
and may potentially induce macrophage activation. However, other MNP types, including A, C,

and D, did not exhibit any changes in transferrin adsorption upon plasma treatment with toxins.

Vitronectin, a multifunctional glycoprotein, and in plasma functions as a complement
regulatory component [51]. Vitronectin had relatively high intensity values for MNPs in control
plasma, except for MPC rich MNP types D and E. Upon toxin treatment, the intensity of E did not

change and remained moderately low compared to other MNPs.

ol antitrypsin is the predominant serine protease inhibitor in human plasma, accounting for
95 % of trypsin inhibitory capacity. Its primary function is to inhibit the activity of neutrophil
elastase, a serine protease. ol antitrypsin has additional immunomodulatory effects, including
regulation of T- and B-lymphocytes and anti-inflammatory properties [52, 53]. o1 antitrypsin was
detected in control surfaces with a relatively high binding level to bare MNPs and MNP types A,
B, and C, while moderate levels of adsorption were observed for particles D and E. In uremic
plasma, the adsorption profile of al antitrypsin was unchanged for MNP-B but increased for other
MNPs compared to the control group. It has been suggested that al antitrypsin may interact with

already adsorbed proteins on the surface [54]. As most proteins showed higher adsorption levels in
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uremic plasma, this could explain why some MNPs had maximum adsorption of a1 antitrypsin, as

the increased amount of proteins on the surface could facilitate further binding.

Alphas macroglobulin is another constituent of the innate immune system that plays a role
in regulating proteases by eliminating them from the bloodstream [55, 56]. This protease was not
found adsorbed to any MNP system in control plasma, but in uremic plasma, all MNPs showed a
sharp increase in adsorption. This may suggest that MNP systems are not actively involved in
clotting or fibrinolysis due to the inhibitory role played by alpha, macroglobulin in both processes

[54]. In contrast, toxin compounds appear to affect those processes.

5.3.4.2 Coagulation related bands

Fibrinogen (340 kDa) plays a critical role in coagulation and consists of three polypeptide
chains (Aa: 68 kDa, BB: 56 kDa, and vy: 48 kDa) linked via disulfide bonds. Fibrinogen serves as
a substrate for three enzymes, including Factor XIIIa, thrombin, and plasmin. During coagulation,
thrombin cleaves Aa and B chains, producing fibrinopeptides and soluble fibrins, which
polymerize and form a loose net that entraps red blood cells to initiate clot formation. Factor XIIla
stabilizes fibrin polymers by cross-linking, making the clot more elastic and resistant to
fibrinolysis. Cleaved fibrinogen can be identified by these three separate bands, with cleavage
fragments potentially appearing as bands with molecular weights <48 kDa [49, 57, 58]. I In control
plasma, the intensity of fibrinogen fragments exhibited a relatively consistent trend across all
MNPs, except for types D and E, which showed a decrease in intensity. No detectable cleavage
fragments (< 48 kDa) were identified for MNP-D and E. But in uremic plasma, immunoblots of
bare MNP, D and E, besides the three standard bands, multiple connected bands appeared with
relatively high intensities (Figure 5.4). Therefore, identifying individual bands was impractical

(indicated as * in Table 5.4). In MNP-B and C, the intensities of Aa, B, and y bands remained
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largely unaltered, with minor variations in band intensities upon toxin treatment. Besides the
connected bands, the color development was disrupted in MNP-A, making it difficult to accurately
identify the band intensities (identified as - in Table 5.4). In toxin-treated plasmas, the cleavage
bands appeared as multiple and sometimes as connected bands (Figure 5.4), making it difficult to
measure the intensity of individual bands (indicated as * in Table 5.4). Previous studies on plasma
samples have found that uremic plasma from chronic kidney disease patients contains fibrinogen
fragments not found in normal plasma [59]. These fragments found in the plasma of CKD patients
may bind to fibrinogen receptors on platelets, resulting in reduced platelet aggregation [59, 60].
This may explain why CKD patients have a 1.5-fold increased risk of bleeding [61]. Previous
findings have shown that uremic plasma contains increased levels of fibrinogen degradation

products, including fibrinopeptides, and N- and C-terminal fragments of a- and B-chains [62].

g A B ™
~75 kDa
68 kDa
\ '
56 kDa ~—__|
48 kDa <—
| ~37 kDa
\ — — J

Figure 5.4 Representative immunoblot for fibrinogen eluted from MNPs incubated with (A)

normal platelet poor plasma control and (B) uremic plasma.
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Table 5.4 Relative intensities of immunoblot of UTX-treated and non-UTX-treated plasma

proteins adsorbed to different types of MNPs.

Fragment Bare
Plasma protein size (kDa) MNP A B C D E
UTX o - N - NG - N N - R I
68 7 < 8 - 8 7 7 7 7 O
Fibrinoeen 56 6 < 8 - 8 7 7 71 4 * 4 0*
8 48 6 * 7 - 8 8 6 1 4 *= 4 =
<48 4 9 3 - 5 9 2 & 0 * 0 *
Fibronectin 259 0 o0 0 o 0 O o0 3 0 3 0 4
Alp.hal . 54 9 12 8 9 9 9 8 12 5 12 5 9
antitrypsin
Prothrombin 72 2 10 2 10 2 9 2 9 1 6 2 10
Vitronectin 54 8 8 8 7 10 10 8 9 5 8 6 6
Protein S 75 0 3 0 4 0 2 0 1 0O 2 0 5
o 85 5 0 2 0 5 1 2 0 1 2 0
Prekallikrein 50 0 6 8 6 9 6 7 1 2 1 5 0
Antithrombin 53 6 9 6 9 4 9 4 9 3 9 3 10
1oG 55 7 7 4 7 3 7 8 7 5 7 5 7
g 27 8 7 7 7 8 6 9 7 5 8 5 8
Albumin 66 9 9 7 9 7 7 8 7 9 6 9 8
Plasminogen 91 9 11 8 117 8 8 8 5 5 3 6
187 0o 7 0 6 0 8 o 6 0 9 0 9
C3 115 5 8 4 6 4 8 5 8 3 8 2 8
70 10 9 10 7 10 8 9 7 7 7 8 8
42 5 9 8 9 8 8 7 7 3 7 3 8
Factor XII 80 3 3 2 3 1 3 2 1 1 1 1 3
Factor XI 70 9 10 8 10 9 9 10 9 8 7 8 9
Transferrin 77 8 9 8 8 7 11 10 10 10 10 8 11
Alpha-2- 163 0 9 o 9 0 8 0 7 0 7 0 9
macroglobulin
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Prothrombin (72 kDa) is a precursor to thrombin in plasma. Factor Xa, with factor V,
phospholipid, and Ca?*, induces its proteolytic conversion [63]. In uremic plasma, most MNPs
showed an increase in prothrombin band intensity, except for MNP-D, showing a moderate
increase. Adsorption levels of prothrombin were low in the control plasma for all MNPs.
Antithrombin blocks the coagulation cascade by inhibiting thrombin and other coagulation factors
[64]. In control plasma, antithrombin band intensity decreased with increasing MPC component

in the films, while in uremic plasma, all MNPs showed an increase in antithrombin adsorption.

The surface contact pathway involves three serine proteinases: coagulation factors XII and
XI, plasma prekallikrein, and the high molecular weight kininogen that functions as a non-
enzymatic cofactor [65]. Factor XII was detected in a consistent but very limited amount adsorbed
in all MNPs in the control plasma, whereas Factor XI exhibited strong binding to the surfaces of
all MNPs, consistent with prior findings for poly(acrylic acid)-coated Fe>O3 nanoparticles [66].
Factor XII was present in low amounts on all MNPs in uremic plasma. Bare and D showed no
change in band intensity compared to controls, while A, B, C, and E displayed a slight increase in
intensity after toxin treatment. Factor XI adsorption in uremic plasma showed no change in MNP-
B, with a slight reduction observed in MNP-C and D, but still remained high in all MNPs similar
to the controls. Prekallikrein, the precursor to kallikrein, cleaves high-molecular-weight kininogen
[67]. It was detected at 85 kDa, and in control plasma, the intensity levels were consistently low
in all modified MNPs compared to the bare MNP. In uremic plasma, prekallikrein band was not
observed for any MNP types, with only a very faint band visible for type B. It has been shown that
the activation of the contact system leads to a decrease in prekallikrein immunoblot band intensity
with the formation of kallikrein complexes with a2-macroglobulin and C1 inhibitor [68]. In control

plasma, the intensity of kallikrein band (50 kDa) was relatively higher than prekallikrein (85 kDa)
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in all MNP types. The type D and E films again showed a sharp decrease in kallikrein intensity. In
control plasma, all MNPs had higher kallikrein band (50 kDa) intensity than prekallikrein band
(85 kDa). MNP types D and E exhibited a noticeable decrease in kallikrein band intensity. In
uremic plasma, all MNPs had lower kallikrein intensity than control plasma, with types E and C
having a sharp drop where no visible band was observed for MNP-E. Ti and Zr alloys have been
reported to show limited prekallikrein activation, possibly due to their surface's electrochemical

characteristics [69].

Plasma fibronectin, a key component of the fibrin clot, binds to fibrin through non-covalent
interactions and covalent cross-linking, which is critical in regulating platelet function and
hemostasis [70]. Protein S is involved in the regulation of coagulation independently of activated
protein C, which works by directly inhibiting the intrinsic tenase and prothrombinase complexes
[71]. MNPs did not adsorb fibronectin, protein S, or protein C in control plasma, suggesting limited
fibrinolytic response and clot formation [49]. However, in uremic plasma, fibronectin was found
adsorbed by MNP E, D, and C, but at low levels. MNPs showed low to moderate adsorption of

protein S, while protein C was not detected.

Plasminogen (91 kDa) is the precursor to plasmin, the primary protease responsible for
breaking down fibrin clots. MNP-E and D exhibited the lowest adsorption of plasminogen among
the different types of MNPs in both uremic and control plasma, with most MNPs showing higher
adsorption in uremic plasma than in control plasma. The adsorption of plasminogen on surfaces is

considered an indicator of fibrinolytic activity [72, 73].

Kininogen, which participates in initiating the contact activation pathway, was not found

in either control or UTX-treated groups.
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5.4 Conclusion

We assessed the biocompatibility and hemocompatibility of novel p(PMBCD-co-MPC)
magnetic nanoparticles through various techniques, including plasma calcification, BCA assay,
immunoblot and platelet activation. TGA, GPC, TEM and Zetasizer were applied to characterize
the surface. We observed the molecular weight of coated polymer fall between 47 to 115.3 x103
g/mol. The average core size of MNP is 13.3 +3.23 nm. The zeta potential data suggest that particle
D has the highest surface charge by -28.3 mv, whereas the particle A has the lowest surface charge
by -6.44. This indicates the increase potential of interactions induced by particle D. We observed
an obvious resuming effect in the plasma clotting experiment. The incubation of modified particles
with uremic plasma resumes the turbidity and prolonged the clotting formation time point, among
which particle B, C and D represents the best results. BCA assay indicated that the modified
particles have less protein adsorption compared to the bare MNP. Furthermore, we analyzed 21
plasma proteins using immunoblotting to determine their adsorption onto MNPs. The results
showed that treatment of plasma with uremic toxins led to an increase in the adsorption of several
proteins, including fibrinogen, alphal antitrypsin, prothrombin, vitronectin, protein S,
antithrombin, plasminogen, C3, Factor XI, and transferrin, in some or all types of MNPs. Only
fibronectin, protein S, and alpha-2-macroglobulin exhibited adsorption exclusively in the plasma

treated with UTX.

The absence of kininogen in the protein corona of MNPs in both studies, with and without
UTX, might provide insight into more suitable surfaces for blood-contacting materials, specifically
in the case of CKD patients where protein adsorption to hemodialysis membranes could lead to
unfavourable and complex biochemical reactions. This is even more pertinent to note that

kininogen (high molecular weight) can be adsorbed to hemodialysis membranes, where surface
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modification and ionic strength play an essential role in tuning the surface [74, 75]. This paper
provided a comprehensive evaluation of the biocompatibility and hemocompatibility of the
p(PMBCD-co-MPC) engineered surface under the presence of uremic toxins. Depicted a holistic

picture of p(PMBCD-co-MPC) engineered surface.
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6.1 Major contributions

Chapter 1 of this work provides an extensive review of various adsorbents used for uremic toxin
removal, highlighting the research gap in the current literature, which are improvement of
adsorbent hemocompatibility and development of affordable adsorbents that can selectively bind
uremic toxins. In Chapter 2, the driving force and binding pocket of IS/PCS with HSA were
identified, providing key parameters for future adsorbent development. Chapter 3 describes the
design, synthesis, and characterization of a series of B-cyclodextrin, 2-(methacryloyloxy)ethyl
phosphorylcholine coated MNPs. For the first time, the effect of film chemistry on the adsorbed
toxinome from a complex uremic toxin solution was quantified. Chapter 4 evaluates the
biocompatibility and hemocompatibility of the MNPs, reinforcing the potential of the p(PMBCD-
co-MPC) polymer combination for use in the context of chronic kidney disease. In Chapter 5, the
behavior of the MNPs under the presence of uremic toxin solution was further evaluated,
revealing that uremic toxins disturb the anti-fouling property of MPC polymers, leading to
increased protein adsorption. This finding arose attention on the anti-fouling polymer application
in CKD patients. Overall, this work provides a comprehensive evaluation of the
hemocompatibility of p(PMBCD-co-MPC) engineered surfaces under the uremic condition that
mimics the plasma of CKD patients, evaluating the difference in protein and toxin adsorption

between different particle types.

This work accomplished two pivotal stages: firstly, it illuminated the driving force and
binding mechanisms behind protein-bound uremic toxins binding (PBUT) with human serum
albumin, thus providing invaluable insights for the development of adsorbents with targeted

binding capabilities. Secondly, a comprehensive evaluation of the functionality, physicochemical
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properties, and hemocompatibility of a series of innovative, hemocompatible adsorbents was

conducted, culminating in the first-ever quantification of uremic adsorption on such adsorbent.

6.2 Future work

The present study evaluates the potential application of B-cyclodextrin, 2-(methacryloyloxy)ethyl
phosphorylcholine coated magnetic nanoparticles (MNPs) as an adsorbent for the removal of
uremic toxins. The uremic toxins removal test results indicate that the removed uremic toxins from
the metabolite solution were largely composed of the water-soluble compounds pyruvic acid and
guanidinopropionic acid. The next stage of the study involves the construction of a metabolite
library using protein-bound uremic toxins to assess the adsorbent's ability to adsorb protein-bound
uremic toxins (PBUT) and evaluate its potential as an in-line cartridge for specific removal of
PBUT. Additionally, toxicity studies in animal models examining potential interactions with other
medications required by chronic kidney disease (CKD) patients will be performed to bring the
adsorbent a step closer to clinical trial. Although cyclodextrin has been widely used as a host
molecule for the removal of organic compounds, its application as an adsorbent for uremic toxins
has been limited. Thus, the uremic toxin removal efficiency of -cyclodextrin, 2-
(methacryloyloxy)ethyl phosphorylcholine coated MNPs will be compared with current existing

therapy to determine its performance as literature review.
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A Detailed Protocol of Making Metabolite Solution
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1. Metabolite solution preparation

1.1 Materials

3-Deoxyglucosone (Sigma Aldrich, St. Louis, Missouri, USA)

4-Ethylphenyl sulfate (Sigma Aldrich, St. Louis, Missouri, USA)

Argininic acid (Sigma Aldrich, St. Louis, Missouri, USA)

Asymmetric dimethylarginine (Sigma Aldrich, St. Louis, Missouri, USA)

Creatinine, Dimethyl glycine (Sigma Aldrich, St. Louis, Missouri, USA)

Guanidinopropionic acid (Sigma Aldrich, St. Louis, Missouri, USA)

Hippuric acid (Sigma Aldrich, St. Louis, Missouri, USA)

Homocysteine (Sigma Aldrich, St. Louis, Missouri, USA)

Hypoxanthine (Sigma Aldrich, St. Louis, Missouri, USA)

Indole acetic acid (Sigma Aldrich, St. Louis, Missouri, USA)

Indoxyl glucuronide (Sigma Aldrich, St. Louis, Missouri, USA)

Indoxyl sulfate (Sigma Aldrich, St. Louis, Missouri, USA)

Kynurenine (Sigma Aldrich, St. Louis, Missouri, USA)

Methyl histidine (Sigma Aldrich, St. Louis, Missouri, USA)

Orotic acid (Sigma Aldrich, St. Louis, Missouri, USA)

p-Cresol sulfate (Sigma Aldrich, St. Louis, Missouri, USA)
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Phenylacetic acid (Sigma Aldrich, St. Louis, Missouri, USA)

Phenylalanine (Sigma Aldrich, St. Louis, Missouri, USA)

p-Hydroxyhippuric acid (Sigma Aldrich, St. Louis, Missouri, USA)

p-Hydroxyl phenylacetic acid (Sigma Aldrich, St. Louis, Missouri, USA)

Putrescine (Sigma Aldrich, St. Louis, Missouri, USA)

Pyruvic acid (Sigma Aldrich, St. Louis, Missouri, USA)

Quinolinic acid (Sigma Aldrich, St. Louis, Missouri, USA)

Spermidine (Sigma Aldrich, St. Louis, Missouri, USA)

Spermine (Sigma Aldrich, St. Louis, Missouri, USA)

Trimethylamine N-oxide (Sigma Aldrich, St. Louis, Missouri, USA)

Uric acid (Sigma Aldrich, St. Louis, Missouri, USA)

Uridine (Sigma Aldrich, St. Louis, Missouri, USA)

Xanthine (Sigma Aldrich, St. Louis, Missouri, USA)

Xanthosine (Sigma Aldrich, St. Louis, Missouri, USA)

1-Tyrosine (Sigma Aldrich, St. Louis, Missouri, USA)

1-Asparagine (Sigma Aldrich, St. Louis, Missouri, USA)

PBS tablet (Fisher Scientific, Hampton, New Hampshire, USA)
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1.2 Procedure of preparing metabolite solution for non-plasma included experiment

1. PBS buffer preparation
Two PBS tablets are dissolved in 400 mL DI water and stored in a 500 mL bottle with lid.

2. Supplies preparation
Rinse and dry 84 5 mL microcentrifuge tubes and put them in the rack for use. Cut 84
aluminum films at the size of 4 cm X 4 cm.

3. Stock solution preparation
The stock solution and amount taken to make 250 mL metabolite solution is listed in Table
Al. In the column of stock solution, volume represents the added DI water volume. This is

for the convenience of future metabolite solution maker.

Table A.1 The metabolite solution formula includes the toxins, stock solution concentration, and

volume/amount taken from the stock solution in order to make 250 mL metabolite solution.

Toxin Stock solut-l on Volume/amount taken
concentration

3-deoxyglucosone 1.02 mg/3mL 1 mL
4-ethylphenyl sulfate 0.1 mg/2mL 1 mL
Argininic acid 0.3 mg/2mL 0.1 mL
Asymmetric
dimethylarginine 1.2 mg/ 1.56mL 0.1 mL
Creatinine 61.93 mg/2.27mL 1 mL
Dimethyl glycine 0.78 mg/6.6mL 1 mL
Guanidinopropionic acid 1.15 mg/2mL 0.1 mL
Hippuric acid 57.59 mg/20mL 16.46 mL
Homocysteine 3.24 mg/2mL 1 mL
Hypoxanthine 0.8 mg/2mL I mL
Indole acetic acid 0.96 mg/2.36mL 1 mL
Indoxyl glucuronide 1 mg/2mL 1 mL
Indoxyl sulfate 21.2 mg/2mL 1 mL
Kynurenine 0.48 mg/2.66mL 1 mL
Methylhistidine 0.2 mg/6mL Il mL
Orotic acid 0.77 mg/4mL 1 mL
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p-Cresol sulfate 8.36 mg/2mL 1 mL
Phenylalanine 3.7 mg/2mL 1 mL
p-Hydroxyhippuric acid 1.7 mg/2mL 1 mL
p-Hydroxylphenylacetic

acid 1.35 mg/2.7mL 1 mL
Putrescine 0.38 mg/2mL 0.001 mL
Pyruvic acid 4680 mg 234 ¢g
Quinolinic acid 0.47 mg/2.8mL 0.1 mL
Spermidine 16.9 mg/ImL 0.00114 mL
Spermine 0.98 mg/2.72mL 0.001 mL
Trimethylamine N-oxide 3 mg/2mL 1 mL
Uric acid (add last) 16.6 mg original powder 0.017 mg
uridine 3.92 mg/2mL 1 mL
Xanthine 0.6 mg/2mL 1 mL
Xanthosine 19.32 mg/mL 1 mL
1-Tyrosine 21.74 mg/2mL 1 mL
1-Asparagine 3.15 mg/2.2mL 1 mL

Attention:

a. Hippuric acid stock solution is recommended to dissolve overnight before mixing with the
bulk solution.
b. Uric acid is recommended to add to the bulk solution last as it might cause precipitation.
c. Pyruvic acid is weighed through the following steps:
1. Assemble a needle on a SmL syringe, suck pyruvic acid to the maximum of the
syringe, then inject them back into the original bottle. (This step is performed
for the purpose of offsetting the residue weight in the needle after pyruvic acid

is injected into the bulk solution.)

11 Put the setup (keep the needle lid-free) in a 50 mL beaker.
1il. Position the setup on the scale and close the door.
1v. Tare and weight needed amount.
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v. Inject the pyruvic acid into the bulk solution without any further retaking and
reinjecting of the air. (This ensured that the weight left in the needle is the as
same weight as it is in step i.)

vi. Clean the scale. Put a lid back on the needle and dispose it properly.

1.2.1 Metabolite solution preparation

a. A 500 mL bottle (with lid) and the pipette tips are DI water rinsed and heat dried
(do not heat dry the lid). Add the stock solution to the bottle with pipettes. This step
will introduce ~20 mL liquid in the bottle.

b. Add 50 mL PBS solution to the bulk solution followed by adding the uric acid
powder.

c. Transfer the liquids to a 500 mL measuring cylinder, then rinse the 500 mL bottle 5
times with 10 mL water for each rinse. Combine the eluted solution with the bulk
solution in measuring cylinder. Bring the volume to 200 mL.

d. Pour the solution from measuring cylinder into the 500 mL bottle.

e. Rinse the measuring cylinder with PBS, 5 times 10 mL each. Combine the eluted
solution with the bulk solution in bottle. After performing this step, 250 mL
metabolite solution is placed in the bottle. At this point, the solution should be
transparent with no color. Please note some precipitation might occur. (The volume
indicator on the bottle is not accurate, therefore the solution transfer between bottle
and measuring cylinder is necessary.)

f. Rinse and dry a stirrer in optimal size. Add it to the bottle. Place the bottle on the
magnetic stir plate (Ensure the heat is turned off if a magnetic hotplate stir is used)

g. Initiate the pH meter and calibrate it using the standard solution set.
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Rinse the pH meter with DI water and remove the water on the tip and body with
Kimwipe gently.

Test the pH value of the bulk solution. It should be acidic.

Use a stone grinder to grind 2 NaOH beads into powder.

Put the pH meter aside. Take the minimum amount of NaOH powder as you can to
add into the solution while stirring. Remeasure the pH value of the bulk solution to
estimate how much NaOH power is to be added next.

Repeat step k. until pH is brought to 7.4. The color of the solution should be mild

yellow compared to the color after performing 4.r.

m. Use a strong magnet to remove the stirrer.

1.2.2 Aliquot the stock solution

a.

b.

C.

Add 3 mL of metabolite solution to each tube.
Close the lid and label the tube with data, volume, solution name, and owner name.

Put the tubes on rack to -80 °C refrigerator.

1.2.3 Lyophilization

a.

b.

Initiate the lyophilization machine properly.

Upon use, take a glass drying flask as the container to transfer the metabolite
solution tubes from the -80 °C refrigerator.

Open the lid of each tube and put the prepared aluminum film on each tube. Punch
~15 holes on the aluminum film for the evacuation of solvent. Squeeze the edge of
the tubes to ensure the appropriate attachment of aluminum film to the tube.
Combined up to 5 tubes together by piling their lids and wrapping them with a

rubber band.
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e. Place the octopus-like set back into the glass drying flask, then refrigerate it at -80
for another 30 minutes. The operations in ¢ and d will lead to the melting of the
frozen solution. The liquid will further result in the bubble forming during
lyophilization, which will contact the aluminum film and leads to a condensation of
metabolite powder on the aluminum that influences the accuracy of the powder
weight.

f. Take the glass drying flask out and load it on the lyophilization machine.

g. Leave it overnight. The estimated time consumption depends on the number of tubes
loaded.

h. Unload the glass drying flask. Remove the aluminum lids carefully and close the
tube lid.

1. Store the extras in the -80 °C.

1.3 Experiment

Add 3 mL DI water to resume the original concentration.

1.4 Procedure of preparing metabolite solution for plasma included experiment
1.4.1 Supplies preparation
Rinse and dry 84 5 mL microcentrifuge tubes and put them in the rack for use. Cut 84 aluminum

films at the size of 4 cm % 4 cm.

1.4.2 Stock solution preparation
The stock solution and the amount taken to make 250 mL metabolite solution is listed in Table A2.
In the column of stock solution, volume represents the added DI water volume. This is for the

convenience of future metabolite solution makers.
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Table A.2 The metabolite solution formula includes the toxins, stock solution concentration and
volume/amount taken from the stock solution in order to make 250 mL metabolite solution for

plasma included experiment.

Toxin Stock solut.1 on Volume/amount taken
concentration

3-deoxyglucosone 1.02 mg/3 mL 0.82 mL
4-ethylphenyl sulfate 0.1 mg/2 mL 0.80 mL
Argininic acid 0.3 mg/2 mL 0.07 mL
Asymmetric

din-‘{e thylarginine 1.2 mg/ 1.56 mL 0.08 mL
Creatinine 61.93 mg/2.27 mL 0.91 mL
Dimethyl glycine 0.78 mg/6.6 mL 0.34 mL
Guanidinopropionic acid 1.15 mg/2 mL 0.10 mL
Hippuric acid 57.59 mg/20 mL 16.39 mL
Homocysteine 3.24 mg/2 mL 0.83 mL
Hypoxanthine 0.8 mg/2 mL 0.25 mL
Indole acetic acid 0.96 mg/2.36 mL 0.75 mL
Indoxyl glucuronide 1 mg/2 mL 0.50 mL
Indoxyl sulfate 21.2 mg/2 mL 0.99 mL
Kynurenine 0.48 mg/2.66 mL 0.00 mL
Methylhistidine 0.2 mg/6 mL 0.00 mL
Orotic acid 0.77 mg/4 mL 0.00 mL
p-Cresol sulfate 8.36 mg/2 mL 1.00 mL
Phenylalanine 3.7 mg/2 mL 0.26 mL
p-Hydroxyhippuric acid 1.7 mg/2 mL 0.44 mL
g;iydmxylphenylace“c 135 mg/2.7 mL 0.00 mL
Putrescine 0.38 mg/2 mL 0.00 mL
Pyruvic acid 4680 mg 1.11 mg
Quinolinic acid 0.47 mg/2.8 mL 0.00 mL
Spermidine 16.9 mg/1 mL 0.00 mL
Spermine 0.98 mg/2.72 mL 0.00 mL
Trimethylamine N-oxide 3 mg/2 mL 0.62 mL
Uric acid (add last) 16.6 mg of the original 8.50 mg

powder

uridine 3.92 mg/2 mL 0.85 mL
Xanthine 0.6 mg/2 mL 0.00 mL
Xanthosine 19.32 mg/mL 0.35 mL
1-Tyrosine 21.74 mg/2 mL 0.70 mL
1-Asparagine 3.15mg/2.2 mL 0.51 mL

234



1.4.3 Metabolite solution preparation

a. A 500 mL bottle (with lid) and the pipette tips are DI water rinsed and heat dried (do not
heat dry the lid). Add the stock solution to the bottle with pipettes. This step will result in
~20 mL liquid in the bottle.

b. Add 50 mL DI water to the bulk solution followed by adding the uric acid powder.

c. Transfer the liquids to a 500 mL measuring cylinder, then rinse the 500 mL bottle 5 times
with 10 mL water for each rinse. Combine the eluted solution with the bulk solution in
measuring cylinder. Bring the volume to 200 mL.

d. Pour the solution from measuring cylinder into the 500 mL bottle.

e. Rinse the measuring cylinder with DI water, 5 times 10 mL each. Combine the eluted
solution with the bulk solution in bottle. This will result in 250 mL metabolite solution in
the bottle. At this point, the solution should be transparent with no color. Please note some
precipitation might occur. (The volume indicator on the bottle is not accurate, therefore the
solution transfer between bottle and measuring cylinder is necessary.)

f. Rinse and dry a stirrer in optimal size. Add it to the bottle. Place the bottle on the magnetic
stir plate (Ensure the heat is turned off if a magnetic hotplate stir is used).

g. Initiate the pH meter and calibrate it using the standard solution set.

h. Rinse the pH meter with DI water and remove the water on the tip and body with Kimwipe
gently.

i. Test the pH value of the bulk solution. It should be acidic.

j-  Use a stone grinder to grind 2 NaOH beads into powder.

k. Put the pH meter aside. Take the minimum amount of NaOH powder as you can to add
into the solution while stirring. Remeasure the pH value of the bulk solution to estimate

how much NaOH power is to be added next.
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L.

Repeat step 13 until pH is brought to 7.4.

m. Use a strong magnet to remove the stirrer.

1.4.4 Aliquot the stock solution

a.

b.

C.

Add 3 mL of metabolite solution to each tube.
Close the lid and label the tube with data, volume, solution name, and owner name.

Put the tubes on a rack in -80 °C refrigerator.

1.4.5 Lyophilization

a.

b.

Initiate the lyophilization machine properly.

Upon use, take a glass drying flask as the container to transfer the metabolite solution tubes
from -80-degree refrigerator.

Open the lid of each tube and put the prepared aluminum film on each tube. Punch ~15
holes on the aluminum film for the evacuation of solvent. Squeeze the edge of the tubes to
ensure the appropriate attachment of aluminum film to the tube.

Combined up to 5 tubes together by piling their lids and wrapping them with rubber band.
Place the octopus-like set back to glass drying flask, then refrigerate it in -80 for another
30 minutes. The operations in ¢ and d will lead to the melting of frozen solution. The liquid
will further result in the bubble forming during lyophilization, which will contact the
aluminum film and lead to a condensation of metabolite powder on the aluminum that
influences the accuracy of the powder weight.

Take the glass drying flask out and load it on the lyophilization machine.

Leave it overnight. The estimated time consumption depends on the number of tubes
loaded. The product is purple-ish red.

Unload the glass drying flask. Remove the aluminum lids carefully and close the tube lid.
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1. Store the extras in the -80 °C.

1.4.6 Experiment

Add 3 mL platelet-poor plasma to resume the original concentration.
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Appendix B

A Detailed Protocol of Fluorescence Spectroscopy

Experiment
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1. Materials
KH>PO4 (Fisher Scientific, Hampton, New Hampshire, USA)

NaCl (Fisher Scientific, Hampton, New Hampshire, USA)

KCI (Fisher Scientific, Hampton, New Hampshire, USA)

Na,HPOy4 (Fisher Scientific, Hampton, New Hampshire, USA)

Human serum albumin (Sigma Aldrich, St. Louis, Missouri, USA)
p-Cresol sulfate potassium salt (MuseChem, Fairfield, New Jersey, USA)

Indoxyl sulfate potassium salt (Sigma Aldrich, St. Louis, Missouri, USA)

2. Procedure to conduct fluorescence experiments

2.1 Sample preparation
a. Prepare the 1X PBS solution use the following concentration for each component: NaCl:
137 mM, KCI: 2.7 mM, Na;HPOj4: 10 mM, KH2PO4: 1.8 mM.
b. Weight demanded amount of the p-cresol sulfate potassium salt (PCS) and indoxyl sulfate
potassium salt (IS) and dissolved them in the according volume of the PBS buffer.
c. Weight demanded amount of human serum albumin (HSA) and dissolved them in the
according volume of the PBS buffer. HSA solution is recommended to made fresh prior to

experiment, although the residue can be used within one week if stored at 4 degree.

2.2 Experiment
a. Preheat the fluorescence spectrometer to a designated temperature.
b. Set up the excitation and emission wavelength as indicated in Chapter 1 for HSA

(Tryptophan in this case).
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c. Prepare a 96 well plate with black walls and transparent bottom.

d. Inject the HSA solution into each well. Inject an according volume of PCS/IS/PBS
solution into designated well following the experiment plan. Upon injection, immerse
the pipette tips under the surface and gently push out the solution. Mix the PCS/IS/PBS
well with the HSA solution by repeating the injecting and sucking (5 times). All
movement need to be gentle as any sudden movement will cause long lasting bubble.

e. Initiate measurement

Attention: If the experiment is to be performed under designated temperature, then the plate and

solutions must be preheated to the corresponding temperature.

2.3 Data analysis
Fluorescence spectrometry can provide more than just quenching data; it can also be used to
calculate binding constants. In this thesis, Stern-Volmer equation was used to determine whether

the quenching mechanism was dynamic or static:
FO/F =1+ Kg,[Q] (Equation B1)

where FO is the fluorescence intensity in the absence of PCS/IS, F is in the presence of PCS/IS,
Ksy is the Stern—Volmer quenching constant, and [Q] is the concentration of PCS/IS. This data can
be represented by plotting [Q] against FO /F as. In this way, the Kgyis yielded to determine the

quenching mechanism.

The binding parameters were calculated following the equation:

0_
logFF—F = nlogK, — nlog (Equation B2)

(FO-F)[P]
TR
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Where K, is the association constant and # is the average number of binding sites. [P] represents
protein concentration. We can obtain the interception value and conclude the value of K. and n by

plotting log(1/([Q] — (F® — F)[P]/F®)) against log((F® — F)/F).
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Appendix C

A Detailed Protocol of Isothermal Titration Calorimetry

Experiment
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1. Materials
KH>PO4 (Fisher Scientific, Hampton, New Hampshire, USA)

NaCl (Fisher Scientific, Hampton, New Hampshire, USA)

KClI (Fisher Scientific, Hampton, New Hampshire, USA)

Na2HPO4 (Fisher Scientific, Hampton, New Hampshire, USA)

Human serum albumin (Sigma Aldrich, St. Louis, Missouri, USA)
p-Cresol sulfate potassium salt (MuseChem, Fairfield, New Jersey, USA)

Indoxyl sulfate potassium salt (Sigma Aldrich, St. Louis, Missouri, USA)

2. Procedure to conduct experiment on isothermal titration calorimetry

The 1X PBS stock solution is made following these concentrations: NaCl: 137 mM, KCI: 2.7
mM, Na2HPO4: 10 mM, KH2PO4: 1.8 mM. The PBS solution used for HSA/PCS/IS solution
preparation in the experiment must be degassed for 10 minutes before making solution. Follow
these steps to prepare the calorimeter:

a. Turn on the ITC switch and initiate the software. The machine will perform a home
reset automatically.

b. Twist and disassemble the buret and fill the reference cell with DI water using a long
needle syringe. Remove the steal tube insertion with tweezers and fill the water until
the surface is visible. Then, re-insert the insertion and remove any excess water using
Kimwipes or suction tool. This process should be done once a month. The reference
cell should not be left dry at anytime.

c. Click 'monitor' tab in the software to observe the current balancing pattern.

d. Empty the sample cell by gently sucking out any previously present liquid with a needle

and refill it with ~ 300ul of degassed water at RT. Avoid pressing the syringe to its end,
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as this would leave air inside the cell. Prior to refill the sample cell with DI water, ensure
that no air bubbles occur in the syringe.
Assemble the buret by gently pressing it downwards and turning it. A successfully
assembled buret should be fixed.
Leave the machine undisturbed for ~ 1 hr. The balancing of the calorimeter can be
monitored by observing the fluctuation records on the screen. When the fluctuation is
within the range of 0.02 on the Y axis, balance is reached. A longer time span may
apply depends on the solution temperature.
. Empty the sample cell by gently sucking out DI water used for balancing with a needle
and refill it with ~ 300ul of HSA solution at RT. Repeat step e and f.
. Fill the syringe (the one with a volume of 50 uL).
i.  Suck the PCS/IS solution to the maximum amount. This will give you a syringe
half-filled with air bubble and half-filled solution.
i1.  Flip the syringe (needle up) then pull out the plunger. Let gravity bring the liquid
surface to the bottom of the syringe.
iii.  Plug the plunger back in quickly. After this step, the white rubber on the plunger
should be in contact with solution in the syringe.
iv.  Flip the syringe (needle down) and repeat the suction to desired level. After this
step, no bubble should present in the syringe. Otherwise repeat step h.
Disassemble the buret from the body. Screw on the syringe (50 uL capacity) by holding
the rounded steal panel on the syringe.
Place the buret setup in the correct position (Ideally centered, the syringe is aimed to fit
in the sample cell.)

. Close the buret by gently pushing the buret downwards and twist-lock.

244



1. Wait until the calorimeter is balanced again. This step is approximately taking 1 hr.

m. Select an appropriate stirring rate (150 rpm is used in this case), set up a proper titration
scheme by choosing injection numbers. Click stirring, set the start delay to 1800s. Click
'start experiment'.

n. The blank experiments are performed by injection PCS/IS to PBS.

Attention: Any air bubble or suspected air gap will lead to the failure of the experiment!

3. Data analysis

A software named NanoAnalyze can be downloaded from the TA instrument website and is used

for the analysis of the ITC data. The analysis follows the steps below:

a. Open the data sets to be analyzed, which are the experiment and blank.

b. Fill in the concentration data with the right unit in the experimental data set.
c. Drag and drop the blank file to the yellow square named blank.

d. Under the modeling tab, select the independent binding fitting model.

e. Start fitting.

f.  Upon finishing fitting, the thermal dynamic data will present automatically.
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Appendix D

A Detailed Protocol of Circular Dichroism Experiment
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1. Materials
NaH;POy4 - H20 (Fisher Scientific, Hampton, New Hampshire, USA)

Na;HPOy4 (Fisher Scientific, Hampton, New Hampshire, USA)

Human serum albumin (Sigma Aldrich, St. Louis, Missouri, USA)
p-Cresol sulfate potassium salt (MuseChem, Fairfield, New Jersey, USA)
Indoxyl sulfate potassium salt (Sigma Aldrich, St. Louis, Missouri, USA)

Citric acid liquid (Made Unknown)

2. Procedure to conduct fluorescence experiments

The concentration used of making 0.1 M PB stock solution is NaHPO4 for 75 mM and 25 mM

for NaH,PO4 - H>0.

2.1 Sample preparation
a. Make designated PCS/IS solution and HSA/Lysozyme/a-Lactalbumin solution with PB
buffer.
b. Mix the toxins with proteins prior to the experiment and keep the mixture at the designated

temperature.

2.2 Experiment
a. Wash the glass cuvette with citric acid and rinse it off thoroughly, or the protein will be
denatured.
b. Inject the protein-toxin mixture solution into the cuvette without leaving any air gap in the
cuvette.
c. Fixed the cuvette in the sample cell and initiated the measuring.

d. Repeat a to c until finish all the samples.
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3. Data analysis

The analysis of circular dichroism data is performed using CDNN 2.0 software. After selecting the
correct unit of the Y axis, the number of amino acids of each protein should be input. The data
yield several options in different wavelengths. 190 nm to 260 nm was chosen for the experiment

in this thesis.
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