Polyethylene Oxide Chain Density and Uremic Toxin Effects on Plasma
Protein Adsorption

by
Aishwarya Shrikrishna Pawar

A thesis submitted in partial fulfillment of the requirements for the degree of
Master of Science
n

Chemical Engineering

Department of Chemical and Materials Engineering

University of Alberta

©Aishwarya Shrikrishna Pawar, 2024



Abstract

Protein adsorption to implanted biomaterials can direct host responses and lead to health
complications and device failure. Polyethylene oxide (PEO) is the gold standard film for reducing
non-specific protein adsorption. Although polymer chain density is an important factor in
determining PEO’s protein-resistant behavior, limited studies have related PEO chain density
changes to the adsorption of plasma proteins. Besides, existing literature on protein adsorption
primarily offers insights from the use of blood from healthy donors, neglecting changes in the
blood that occur in unhealthy patients. In chronic kidney disease (CKD), uremic toxins (UTXs)
accumulate in the blood compartment and significantly alter the blood composition. For the
advancement of low-fouling surfaces for blood-contacting biomaterials and in the quest for
personalized dialysis, addressing this knowledge gap is necessary. To examine this, PEO films
with variable chain densities and two different end groups, methoxy (-OCH3) and hydroxy (-OH),
were prepared and characterized using dynamic contact angle, ellipsometry, and X-ray
photoelectron spectroscopy (XPS), to confirm the successful deposition of PEO. Protein
adsorption experiments were conducted using human plasma with and without UTXs to investigate
their effect on protein adsorption. It was observed that fibrinogen, albumin, factor XI, complement
C3, and IgG were the major proteins detected on both methoxy and hydroxy-PEO-modified films.
The addition of UTXs substantially increased protein adsorption to methoxy-terminated PEO
films, whereas no specific trend was observed for hydroxy-PEO films. The effect of chain densities
did not exhibit a consistent pattern but significantly affected the adsorption of many proteins. This
knowledge is integral to developing the standard protein adsorption profile and subsequent
advancement of surface technologies that enable personalized treatment strategies for patients with

kidney failure.
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Chapter 1. Introduction

1.1 Host responses to biomaterials

Biomaterial implantation in a body causes the material surface to interact extensively with
surrounding tissues, especially blood and its components. At this early stage, the biomaterial
interacts with the inflammatory or immune cells, a multitude of proteins present in the blood, and
small metabolites (<1000 Da), which include numerous components of cellular functions [1, 2].
The materials rapidly develop an adsorbed protein layer, typically before the arrival of
inflammatory or immune cells [2]. Metabolites exhibit interaction patterns similar to those of
proteins [1], however, considering the generation of host responses, protein adsorption is the
primary and fate determining step. Protein-biomaterial interactions are sometimes purposeful and
essential to the biomaterial's design and function. However, unfavorable interactions, most
importantly non-specific protein adsorption, lead to host responses including thrombosis and
immune responses such as frustrated phagocytosis and complement activation, which reduce the
functionality and lifespan of the biomaterial [3, 4]. These responses are inadequately controlled by
the host's natural regulatory systems, such as fibrinolysis. Moreover, the mechanisms underlying
protein adsorption and corresponding host responses remain largely unclear. Therefore,
understanding these mechanisms is important in developing strategies to ensure

hemocompatibility and functionality of the device in situ.



1.1.1. Protein adsorption mechanisms

The interactions between surface and protein are complex due to the involvement of several
factors: the variation in surface materials, diversity in proteins present in the blood, the dynamic
nature of adsorbed proteome on a biomaterial surface, and change in proteins' structure upon
adsorption that leads to further host reactions [5, 6]. The multitude of plasma proteins adsorbed to
a surface is called as adsorbed proteome, from which we have screened a small subset in this study.
At the start, protein adsorption is primarily governed by diffusion. However, as time goes on, the
affinity of proteins for the surface plays a vital role, leading to the replacement of high-
concentration low-affinity proteins by those with low-concentration high-affinity proteins [6].
Proteins, with their acidic (-COOH) and basic (-NH2) groups, can be positively, negatively, or
neutrally charged. The non-polar domains of proteins are highly sensitive to variations in
temperature, pH, ionic strength, or interactions with a surface. Proteins are surface-active due to
their amphiphilic and macromolecular properties and possess a strong affinity towards any
interface [7]. The protein adsorption to biomaterials is also driven by the hydrophobic effect [7],
where non-polar regions of proteins can self-associate to minimize contact with water, leading the
proteins to adsorb on surfaces. Interfacial forces such as electrostatic and van der Waals
interactions between surface and bulk also play a crucial role in protein adsorption to surfaces [8-
10]. It has been found that the interfacial forces are active at an average distance of 10 nm to favor
protein adsorption to the surfaces [7]. Depending on the charges on surfaces and proteins,
electrostatic interactions can facilitate non-specific protein adsorption. The fundamental surface
properties, including wettability, topography, charge, and chemistry, have also been recorded to
influence protein adsorption [11]. The increased hydrophobicity and surface roughness, and

opposite charges between surface and proteins tend to increase protein adsorption [11]. Moreover,



the functional groups on the material surface facilitate the adsorption of specific proteins [11]. For
example, the methyl (-CH3) group binds to fibrinogen and IgG, the hydroxy (-OH) and amine (-
NHb>) groups bind to fibronectin, and the carboxylic acid (-COOH) group binds to fibronectin and

albumin.

1.1.2. Material-induced thrombogenesis

The coagulation system plays a vital role in upholding a closed, high-pressure circulatory
system [12, 13]. Effective hemostasis, which is essential to stop bleeding, depends on the proper
activation of coagulation in response to vascular injury [12]. The rapid adsorption of plasma
proteins onto artificial surfaces can lead to thrombus formation, which then alters the course of
subsequent reactions, including blood coagulation [14]. The presence of biomaterials like vascular
grafts, hemodialyzers, catheters, membrane oxygenators, and several polymeric biomaterials [15-
20] can cause aberrant coagulation that leads to several thrombotic disorders and reduces

biomaterial function [12].

1.1.2.1 Contact pathway of coagulation
The multiprotein coagulation cascade involves two distinct pathways: the extrinsic (the
tissue factor) and the intrinsic (contact-mediated) pathway, which converge to progress into the

common pathway (Figure 1.1).

The principal components of an extrinsic pathway include the transmembrane receptor
tissue factor (TF) and plasma factor VII [5, 21]. In abnormal physiological conditions such as
tissue damage or injury, tissue factor (TF) is continuously expressed by damaged cells. Under such

conditions, plasma factor VII gets activated to factor VIla and binds to tissue factor, thereby



beginning the clotting process. This complex further binds to factor X and enters the common

pathway.

The intrinsic pathway [5, 12], however, is of greater relevance to this research, given that
it does not involve tissue damage. It begins with the activation of factor XII upon exposure to
negatively charged molecules and protein adsorption to surfaces. Activated factor XII (factor XIla)
converts prekallikrein to kallikrein and, with the help of high molecular weight kininogen
(HMWK), activates factor XI to factor XIa. Factor Xla activates factor IX to IXa, which further

activates factor X, eventually entering the common pathway.

Once factor X is activated by either extrinsic or intrinsic pathway, it converts prothrombin
to thrombin. Thrombin is a potential fibrinolytic enzyme that cleaves fibrinogen to fibrin. The

repeated binding of fibrin to fibrin-stabilizing factor XIIla ultimately creates a stable fibrin clot

[14].
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Figure 1.1 Intrinsic and extrinsic coagulation activation pathways. The figure reproduced with permission

from [22].



1.1.2.2 Regulation of thrombogenesis via fibrinolysis

Maintaining a precise balance between thrombogenesis and fibrinolysis is essential to
hemostasis. This balance is regulated by numerous activators and controlling factors throughout
the different pathways. Several blood proteins, for example, plasminogen, degrade fibrin clots after
the damage is repaired and release the cellular components in the bloodstream (Figure 1.2) [23].
Fibrin clot surfaces are critical activation sites for fibrinolysis and facilitate the interaction of
plasminogen and plasmin [24]. Fibrinolysis is initiated by plasminogen activators, tPA (tissue
plasminogen activator) or uPA (urokinase plasminogen activator), which convert plasminogen to
plasmin [25]. While tPA necessitates its binding to fibrin to function more efficiently, [26], uPA
can activate plasminogen independent of fibrin in the fluid phase [27]. The amplification of
generated fibrinolysis is performed by oz-antiplasmin, a serine protease inhibitor that binds to
fibrin and protects it from inhibition. Both fibrin and fibrinogen promote the conversion of
plasminogen to plasmin, thereby inadvertently accelerating their own breakdown [28]. As tPA and
uPA are short-lived, with a half-life of 4-8 minutes in circulation, several plasminogen receptors
on cell surfaces bind to plasminogen to continue fibrinolysis [28]. In addition to plasminogen,
other blood proteins, including antithrombin, protein S, and protein C, regulate coagulation by

acting as anticoagulants.
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Figure 1.2 Schematic representation of degradation of fibrin clot.

1.1.3. Biomaterial-induced immune response

The immune system is a complex system that defends the host against foreign invaders
such as microbes, viruses, parasites, and foreign materials, including biomaterials. It is divided
into two categories: innate and adaptive immune responses. Innate immunity immediately
responds to all foreign bodies upon detection and consists of protein-based humoral elements,
physical barriers, inflammation, and cells like neutrophils and macrophages [5]. Adaptive immune
responses are delayed compared to innate responses but are specific to the foreign body type.
Furthermore, adaptive immunity maintains a memory of past foreign entities, enabling a quicker

host response when reintroduced to pathogens [5].

1.1.3.1 Innate immunity

A crucial protein-based element of the innate immune system is the complement system.
Upon detection of foreign surfaces, basically, through the complement proteins’ adsorption, the
complement system is activated and results in inflammation, opsonization, and eventually cell-

lysis [5]. The complement system is activated by three significant pathways: classical, alternative,



and mannose-binding lectin pathway (Figure 1.3). The classical activation pathway, being the
antibody-dependent mechanism of complement activation, holds some relevance for the
biomaterials-generated immune responses, however, its contribution is not very significant [5].
The lectin pathway depends on the recognition of carbohydrates on the pathogen surface and is
not significant in complement activation by biomaterials until the biomaterials are modified with

these reagents [29].

[ CLASSICAL PATHWAY ] [ LECTIN PATHWAY ] [ ALTERNATIVE PATHWAY ]
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Figure 1.3. Classical, alternative, and mannose-binding lectin pathways of complement activation. Image

reproduced from Dunkelberger et. al. [29] © Cell Research, 2010



Alternative pathway plays the most significant role in biomaterial-induced complement
activation [30]. The complement activation by the alternative pathway is non-specific, and instead
of recognizing specific antigens or carbohydrates, it functions through the accumulation of
spontaneously generated C3b on a biomaterial surface [5]. It begins with the complement C3
hydrolysis to C3(H20). C3(H20), with the help of factor D, cleaves factor B into Bb and Ba and
forms the initial C3 convertase [31]. This initial C3 convertase forms an amplification loop and
begins breaking down C3 into C3a and C3b. The C3b generated here can directly bind to surfaces
and, with the aid of factor B and factor D, can generate the predominant C3 convertase. Properdin
(factor P) stabilizes this complex and amplifies the alternative pathway activation [29, 32]. The
non-specific complement activation has been noticed to impact the host health in patients
undergoing hemodialysis and cardiopulmonary bypass. It was observed that the biomedical
devices implanted to treat these diseases were capable of generating complement activation

through an alternative pathway [5, 33].

Considering the seriousness of its consequences, it is crucial to regulate the alternative
complement response generated by biomaterials. Complement factor I (CFI) and Complement
factor H (CFH) are the central plasma regulators of the alternative pathway [34]. Absence or
dysfunction of either factor leads to excessive activation of the complement, causing
overutilization of complement components such as C3, leading to secondary complement
deficiency. CFl is a serine protease in plasma that irreversibly converts C3b to inactive C3b (iC3b)
through proteolysis. CFI further breaks iC3b into secondary breakdown products, C3dg and C3c,
with the aid of cofactors such as CFH — a single-chain glycoprotein. CFH independently controls
complement activation by acting as a competitor of factor B to bind C3b, dissociating C3b and Bb,

and deactivating alternative pathway C3 convertase.



1.1.3.2 Adaptive immunity

This form of immunity comprises cellular components, circulating proteins, and cytokines
produced by cells. More specifically, the family of immunoglobulins is the primary humoral
protein component of adaptive immunity. Immunoglobulin G (IgG) stands out as the most
prevalent among the five major immunoglobulin groups. IgG consists of four polypeptide chains
with two pairs of identical protein chains called heavy and light chains. IgG binds to an antigen
and triggers the recruitment of macrophages or natural killer cells to opsonize and degrade the
pathogen. The adsorption of IgG to biomaterial surfaces initiates these immune responses and may
lead to compromised device performance or even failure. As a result, the host can suffer from
frustrated phagocytosis, formation of foreign-body giant cells (fused macrophages) that leads to

an acellular collagen barrier formation [35].

Numerous other proteins in human plasma are involved in generating and maintaining
immune responses [23]. Vitronectin functions as a crucial component in regulating complement
activation. oy antitrypsin possesses anti-inflammatory properties and regulates T- and B-
lymphocytes. Transferrin plays a vital role in the innate immune system by activating
macrophages. o2 macroglobulin is an essential component of the innate immune system that
regulates proteases and removes them from the bloodstream. The adsorption of these proteins to

biomaterial surfaces may also direct the subsequent activation or inhibition of immune responses.

1.2  PEO: A gold standard low-fouling material

Surface modification with polyethylene oxide (PEO) has been known to inhibit nonspecific
protein adsorption at the blood-biomaterial interface [4, 36, 37]. PEO is biocompatible and has
shown exceptional oxidative stability in biological environments [38, 39]. It is superior to other
protein-resistant polymers as it exhibits all four key characteristics of non-fouling materials [40]—

9



hydrophilicity, hydrogen bonding, electrical neutrality, and hydrogen bond acceptancy [41]. In
addition, it is inherently flexible and provides configurational mobility, thus covering the protein
adsorption sites on the surface [42]. Several mechanisms are proposed to explain PEO’s protein-

resistant behavior, however, the exact mechanism is still unknown.

1.2.1. Protein-resistance mechanisms of PEO

1.2.1.1 Steric repulsion theory

PEQO’s protein-repulsive behavior has been explained by the steric repulsion theory. As an
effect of the inherent compressed nature of PEO layers, PEO chain conformational entropy
decreases, PEO volume fraction and, thus, osmotic pressure increases, forcing water back into the
polymer and protein, ultimately leading to reduced PEO-protein interactions [43, 44]. This is also
called the osmotic pressure-entropy effect or steric stabilization effect and is thought to be

dominant for high molecular weight polymers.

1.2.1.2 PEO-water interactions

It has been proposed that PEO's interactions with water play a crucial role in reducing
protein adsorption, especially but not limited to PEO oligomers [45]. Hydration establishes an
energy barrier that successfully hinders protein adsorption [46, 47]. It has been proposed that the
first step of surface-protein interactions is the formation of a hydration layer at the biomaterial
surface. Thus, instead of controlling other factors, monitoring proper surface-water interactions

alone can reduce protein adsorption [45].

1.2.1.3 Effect of end groups

PEO can be modified with a number of end groups or distal groups including amines,

cyanides, acrylate, methacrylate, carboxyl, methoxy, and hydroxy groups, out of which methoxy
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and hydroxy-terminated PEO has been widely studied for protein adsorption [36, 37, 48, 49]. For
oligoethylene oxide (OEO) modified with methoxy and hydroxy, the hydroxy-terminated
polymers exhibited better protein resistance [50, 51]. It was found that the comparatively dense
arrangement of methoxy groups tends to increase protein adsorption, whereas the more hydrophilic
nature of hydroxy groups contributes to protein resistance [48]. The impact of the distal group
becomes more significant when the chain density exceeds a critical threshold of 0.5 chain/nm?

[48].

1.2.1.4 Van der Waals and electrostatic interactions

In addition to the inherent PEO properties, the surface-PEO-protein interactions
significantly affect PEO-mediated protein resistance [52]. When the proteins have uncontrolled
access to the surface, they adsorb faster by means of only diffusion, while the slower adsorption
is the result of stronger protein-surface intermolecular interactions [48, 53]. Surface modification
with PEO disrupts the water structures that support strong, long-range hydrophobic interactions
and successfully screens the bare surface-mediated van der Waals interactions responsible for
protein binding [54]. Despite the fact that tethered PEO film also exhibits van der Waals
interactions, these interactions are generally weak compared to the film's high hydration level
(~90%) [55]. The PEO modification of surfaces has been reported to eliminate the electrostatic
forces induced by bare surfaces [56]. For OEO-alkanethiol surfaces, a distinctive ionic strength-
dependent repulsive electrostatic force has been investigated that is active within the distance of a
few tens of nanometers from the surface [57-59]. The inertness of OEO-modified surfaces has
been found to be highly dependent on interfacial dipole moment orientation and resultant

interfacial water structure [60, 61]. In a study on tri (ethylene glycol) modified gold surfaces, it
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was found that the negative charges at the polymer solution interface readily give rise to

electrostatic repulsive force [58, 59].

1.2.1.5 Chain density effects

Chain density effects play a crucial role in determining the protein resistance behavior of
PEO [48]; however, there is limited research on precise variation in chain density and its
significance in this context. For gold surfaces manipulated to achieve similar chain densities (0.5
chains/nm?) but different chain lengths, the fibrinogen adsorption profile did not vary, suggesting
that PEO chain density plays a more significant role in determining protein resistance than chain
length [36]. Similarly, surfaces with constant PEO chain length (5000 MW) but slightly different
chain densities exhibited considerable differences in protein adsorption profile, further suggesting
that even smaller variations in chain density can affect the adsorption remarkably [37]. The
increasing PEO chain density has significantly reduced the lysozyme and fibrinogen adsorption to

PEO-modified surfaces [62].

The surface chain density of PEO directly influences the surface polymer conformation.
Both chain density and PEO conformations can be manipulated by adjusting PEO solubility and
chemisorption time [36]. PEO is soluble in water and, upon dissolution, obtains a conformation
with multiple short helical chains interspersed with segments in a random coil configuration [63].
It has been suggested that when no external forces are applied, the polymer chains exhibit a
spherical shape [55] with a radius (radius of gyration) termed as Flory radius (Rr), as explained

below:

Rr = aN’ Eq. 1.1
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Where a represents the characteristic monomer dimension (segment size), and its value is 2.78 A
for the ethylene oxide, N represents the degree of polymerization, and v the excluded volume
exponent. The value of v is considered 0.5 for low solubility conditions or 6 conditions. It can be
seen here that Rrreadily depends on v. The decrease in v leads to a lower water volume in the
polymer, leading to less swelling of the polymer and eventually reducing Flory radius. With
decreasing Flory radius, the volume occupied by individual polymer chains tethered on the surface
in solution begins to overlap, causing increased lateral pressure that aligns polymer chains normal
or perpendicular to the surface [64]. This leads to a decrease in graft spacing (S) or the distance
between polymer attachment points and a subsequent increase in chain densities. With increasing
chain density, polymer conformation changes from unperturbed random coil conformation
(mushroom regime) to the extended PEO conformation (brush regime). Mushroom conformation
occurs when the graft spacing (S) is more than twice the Flory radius (2Rr), whereas, the brush
conformation is obtained when graft spacing is less than twice the Flory radius. The brush
conformation, being associated with higher chain densities, provides maximum surface coverage
and higher protein resistance and, thus, has been preferred in many studies involving PEO

modification [36, 37, 48, 49]. The respective polymer conformations are illustrated in Figure 1.4.
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Figure 1.4. Representation of PEO film conformations. (i) Dilute nonoverlapping “mushrooms,”
(i1) Semi-dilute weakly overlapping “mushrooms,” (iii) “Extended mushrooms” or dilute brush regime, and
(iv) Highly extended chains or dense brush regime. Image reproduced from Unsworth et. al. [49] © Journal

of Colloid and Interface Science, 2005.

The improved protein resistance at higher chain densities can also be explained by the
hydration around the functional groups as chain density increases [48]. For methoxy-terminated
PEO, the maximum in protein resistance was obtained at a chain density of 0.5 chains/nm? [36,
37]. This is the optimal value at which the distal chemistry or chain length does not have any
effect on protein resistance [48]. However, the resistance dropped significantly when the chain
density exceeded 0.5 chains/nm?, possibly due to the dehydration of adsorbed polymer or the
presence of hydrophobic contaminants at higher chain densities [37]. This suggests that the protein
resistance varies directly with the chain densities, however, only until the optimal value is reached.

The minimum chain densities needed to reduce fibrinogen adsorption effectively have been
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reported to be 1.2x107, 4.2x107° and 2.2x107 chainsim? for PEO of MW 3400, 10000, and 20000,
respectively [65]. Chain densities have been reported to typically decrease with increasing PEO
molecular weight under similar chemisorption conditions [48, 49]. All these pieces of evidence
illustrate the importance of chain density in monitoring protein repulsion; however, a more

comprehensive and in-depth understanding of the chain density effects is required.

1.3 Chronic kidney disease

1.3.1. Kidneys - the vital organs

Healthy kidneys perform several vital homeostatic functions, including waste removal,
maintaining the metabolic acid-base balance, and fluid-electrolyte balance of the blood. In
addition, they produce and regulate blood-pressure-controlling hormones, maintain
calcium/potassium levels, and produce red blood cells [66]. However, the primary role of kidneys
is to filter blood and produce urine with the aid of renal corpuscle and tubules, respectively referred
to as filtration and reabsorption units. The renal corpuscles filter small molecules, such as water,
ions, glucose, creatinine, and proteins under 90 kDa, whereas they prevent larger blood proteins,

such as immunoglobulins, from passing through [66].

Kidney failure leads to the dysfunction of this filtration barrier and leads to chronic kidney
disease (CKD). Statistically, a higher number (90%) of end-stage kidney diseases (ESKD) result
from glomerular dysfunction [67]. The key issue is the kidney's limited regenerative capacity once
damaged. Glomerular diseases typically progress slowly, with symptoms becoming visible only
after a substantial loss of functional units [66]. The primary detrimental effect of kidney failure is

a reduction in glomerular filtration rate (GFR), which dictates the severity of the disease, from
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abnormal kidney function (GFR < 60 mL/min/1.73 m?) to advanced CKD (GFR < 30 mL/min/1.73
m?) to ESKD (GFR < 15 mL/ min/1.73 m?) [68]. A reduced GFR leads to the accumulation of
metabolites in the blood, commonly known as uremic toxins (UTXs) [69]. The UTXs are
commonly removed using membrane-based filtration techniques such as hemodialysis. However,
considering the wide range of UTX size and the cost and unfavorable health effects of
hemodialysis, adsorption-based toxin removal strategies are also being developed [69, 70]. CKD
is on the rise globally and is expected to rank as the 5" leading cause of premature mortality by
2040 [71]. Also, in the last 20 years, CKD's global prevalence has climbed by 30%, and the

mortality rate across all ages has nearly doubled, affecting 700 million people worldwide [72, 73].

CKD highly influences host responses, including coagulation and immune responses [68].
Deteriorating kidney function leads to numerous hemostatic biochemical disorders, particularly
affecting secondary hemostasis. This causes a significant increase in the blood concentration of
fibrinogen, factors VII, VIII, and XII, activated protein C complex, homocysteine, and thrombin-
antithrombin complex [68]. Reduced kidney function is also linked to higher levels of plasmin and
antiplasmin [74, 75]. CKD patients have been reported to possess increasing bleeding risk due to
platelet dysfunction [68]. In addition, CKD patients show abnormal adaptive immune responses
that influence almost all immune system components, leading to CKD-associated immune

dysfunctions [76].

1.3.2. Uremic toxins and their effects on protein adsorption

The presence of UTXs in the blood compartment readily alters the blood composition.
UTXs that bind tightly to blood proteins, referred to as protein-bound uremic toxins (PBUTs), pose
significant challenges for clearance from the blood using membrane-based techniques [77].

PBUTs, even after being cleared by hemodialysis, are released from the protein-bound phase in
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plasma [78]. While not all UTXs are toxic, many of them, including uridine, guanidine, indoxyl
sulfate (IS), hippuric acid, putrescine, p-cresol sulfate (PCS), and hypoxanthine, are identified for
their harmful effects, and their concentrations have been documented in both normal and CKD

conditions [79, 80].

Interactions between UTXs and plasma proteins have been observed to alter patterns of
protein adsorption onto surfaces [1, 81]. However, there is limited research reported on this topic,
and the direct mechanism remains unclear. It has been reported that metabolites and proteins
mutually influence each other's adsorption to surfaces, as illustrated in Figure 1.5 [1]. UTXs
present in the blood compartment have been documented to induce protein-folding events [82].
PBUTs, like IS and PCS, have been found to bind to human serum albumin via electrostatic and
hydrophobic interactions and to change albumin’s secondary and tertiary conformations
significantly [77]. Several other toxins, including 3-carboxy-4-methyl-5-propyl-2-furanpropanoic
acid (CMPF), hippuric acid, and indoleacetic acid have shown the strongest affinity to albumin
[83]. The complex protein-metabolite interactions are dominant in regulating protein functions.
These interactions sometimes lead to the formation of highly flexible and versatile molecular
frameworks that behave distortedly in pathological conditions [84]. In a recent study on protein-
metabolite interactions, the dataset for interactions between 3982 proteins and 74 small molecules
was generated with the verification of 225 binding events [85]. In CKD patients, the excessive
amount of blood urea leads to the carbamylation of certain proteins, for example, carbamylated
alpha-lactalbumin (cLA), carbamylated fibrinogen (cFgn), and carbamylated human serum

albumin (cHSA) which exhibit altered physiological responses [86, 87].
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Figure 1.5. Adsorption of proteins and metabolites to surface. The interaction with surfaces is broken down
into many steps: 1) Direct adsorption of protein to surface; ii) Protein-induced adsorption of protein; iii)
Direct adsorption of metabolites to surface; iv) Metabolite-induced adsorption of protein; v) Protein-
induced adsorption of metabolites; vi) Metabolite induced adsorption of metabolites; and vii) Complex
network of proteins and metabolites on surface. Image reproduced from Chetwynd et. al. [1] ©

Environmental Science Nano, 2020.

UTXs possess the ability to directly bind to surfaces, even low-fouling polymer films [69],
and may alter their inhibitory effects on non-specific protein adsorption. For hemodialyzers and
dialysis membranes designed to remove UTXs from the blood by adsorption-based strategies, the
proteins and UTXs have been shown to compete with each other for adsorption [88]. A recent
study by our group on 2-(methacryloyloxy)ethylphosphorylcholine-co-B-cyclodextrin (p(MPC-

co-PMBCD)) films to adsorb toxins from a multicomponent toxin solution exhibited MPC’s
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natural low-fouling properties and -CD’s ability to bind with UTXs [69]. Studies have examined
the direct adsorption of PBUTs, including IS, PCS, urea, and creatinine, onto various surfaces,
such as polydopamine and amine-functionalized mesoporous silica [89, 90]. Tyrosine has been
reported to cause structural changes to the low-fouling MA-41 heterogeneous electrodialysis
membrane and deposit the tyrosine oxidation products on it [91]. The adsorption of asymmetric
dimethylarginine has been successfully performed on poly (2-hydroxyethyl methacrylate-acrylic
acid) nanoparticles, where the electrostatic interactions were the driving force [92]. The adsorption
of spermine, putrescine, and spermidine has been investigated on sodium dodecyl sulfate surfaces
as a function of their MW and structures [93]. In a study, less crystalline zirconium phosphate
(ZrP) demonstrated superior adsorption of L-asparagine relative to fully crystalline ZrP, likely due
to its more irregular surface structure [94]. When activated carbon was functionalized with sulfuric
acid, the adsorption of urea and creatinine increased by 30 to 40 % [95]. Although the majority of
these studies were aimed at developing adsorption-based UTX removal strategies, they illustrated
the adsorption profile of UTXs on different surfaces, which is insightful in understanding UTX-

surface interactions.
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1.4 Research Motivation and Hypothesis

Protein adsorption at the biomaterial-blood interface can initiate a host response to
materials, affecting host health and device function. Although PEO is regarded as the gold standard
low-fouling material, the precise mechanism behind its protein resistance remains unclear due to
the involvement of multiple factors. The PEO-mediated protein resistance is affected by surface
chain density; however, only a few studies have successfully correlated protein adsorption with
varying chain densities. In addition, all the studies on protein adsorption on PEO-modified surfaces
have been conducted using healthy blood, overlooking the fact that blood composition is dynamic
and disease-specific. When designing blood-contacting biomaterials for people with kidney
dysfunction, it is crucial to consider the change in blood composition resulting from the
accumulation of UTXs in their blood compartment. UTXs have been shown to form dynamic
interactions with material surfaces, plasma proteins, and other UTXs. They have been proven to
cause protein folding events and disrupt the secondary and tertiary structures of proteins. Their
ability to bind directly to even low-fouling polymers such as PEO allows them to act as co-

adsorbents and affect the adsorbed composition.

Therefore, we hypothesize UTXs affect protein adsorption to the PEO modified surfaces.
Furthermore, we hypothesize that PEO chain density and chain end-group (OH vs. CH3) have an
effect on UTX-influenced protein adsorption at PEO-modified surfaces. These hypothesis were
evaluated through forming end-tethered PEO-modified gold surfaces of varying chain densities
using 750 and 800 MW PEOs with methoxy and hydroxy end-groups. These surfaces acted as
versatile systems to adsorb proteins from plasma. The characterization of polymer films was
performed using dynamic contact angle, ellipsometry, and X-ray photoelectron spectroscopy to

determine fundamental polymer film properties, including hydrophilicity, thickness, and polymer
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packing regimens. A series of 25 common UTXs with concentrations equivalent to those in HD
patients were incorporated into plasma to mimic the unhealthy plasma, and protein adsorption
experiments were performed. Adsorbed proteins were eluted, and the adsorption profiles of 20
plasma proteins were analyzed using standard SDS PAGE and immunoblotting techniques.
Adsorbed protein band intensities allowed the comparison of surfaces for individual proteins’

adsorption and to achieve the following key objectives:

i) The influence of uremic toxins on protein adsorption to methoxy-PEO-modified
surfaces.

ii) The influence of uremic toxins on protein adsorption to hydroxy-PEO-modified
surfaces.

iii) The influence of variable chain densities on protein adsorption to hydroxy-PEO-

modified surfaces.
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Chapter 2. Theory

2.1 Chemisorption of PEO

Chemisorption occurs when an atom or molecule binds to a surface through the overlap of
one or more electron orbitals [96]. Chemical bonds are stronger than physical bonds, with the
energy of adsorption reaching up to 800 kJ/mole [97]. It is irreversible and highly specific and thus
occurs between selective adsorbent and adsorptive species. PEO is typically chemisorbed onto
gold surfaces in order to achieve variable chain densities [36, 37, 48]. Although gold is typically
considered inert, it binds strongly to sulfur-containing entities, such as thiols and disulfides [98].
Directly interacting the gold surface with thiolated (—SH) PEO solution is the most common
method for coating gold surfaces with PEO monolayers. The three-fold hollow thiol binding sites
are located between atoms of crystalline gold (Au(111)) surface at a distance of ~5 A (due to the
large size of the sulfur atom) [7]. The thiols bind to these sites when chemisorbed to face-centered
cubic (fce) gold (Au(111)). The 'Au-S' bond formed is a thiolate—Au+ coordination bond, with a
homolytic bond strength of approximately 40 kcal/mol [99]. However, at elevated temperatures
(400-500 K), they can desorb as thiol monomers (R-SH) by disrupting the S—Au bonds. The

complete desorption of RS—Au complexes occurs at approximately 700 K [100].

The temperature at which PEO starts to precipitate in the solvent is referred to as the cloud
point and is the key parameter in altering the film formed through the chemisorption of PEO [37].
Another important parameter is the PEO solubility, which is significantly influenced by solvent
ionic strength, PEO concentration, and temperature. An increase in these variables leads to a

progressive decrease in PEO solubility, eventually reaching the cloud point [37].
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Higher chain densities can be achieved at the temperature near the cloud point where the
polymer coils are contracted or comparatively smaller [36, 101, 102]. In contrast, under the
chemisorption conditions further from the cloud point, the polymer coils are more expanded,
giving lower chain densities [37]. The protein adsorption was substantially inhibited when chain
densities were obtained by conducting the chemisorption near the cloud point and under low
solubility conditions (also referred to as 0 conditions), such as high ionic strength or high
temperature [37]. The polymer solubility and chemisorption time can be varied near the cloud
point to obtain the desired chain densities [36]. Increased chemisorption time often leads to higher
chain densities. One of the major limitations of chemisorption is that it occurs only when the
adsorbate is in direct contact with the surface and, therefore, forms only a single layer except for
highly polar entities such as ammonia. It is highly dependent on temperature, and under

inappropriate temperatures, the same surface can exhibit physisorption [97].

2.2 Advancing and receding contact angle

Contact angle measurements provide a simple and effective method to assess surface
energies. The contact angle is primarily influenced by the properties of the solid and liquid, their
interaction forces, and the characteristics of the three interfaces: liquid-vapor, vapor-solid, and
liquid-solid (Figure 2.1). The advancing contact angle measures the droplet's angle at its leading
edge on a dry surface, while the receding contact angle reflects the residual interaction forces when
the liquid is removed from a wetted surface. Accurate measurement of the contact angle (0) enables

the calculation of surface tension using Young’s equation as given below:

Y1-vc0s0 = Y's—v — Y"I-s Eq. 2.1
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Here, 0 represents the contact angle, while Y, Y, and Y™ denote the surface tensions of the

liquid-vapor, vapor-solid, and liquid-solid interfaces, respectively.

) (i1) (iii)

Figure 2.1. Contact angle measurements. (i) surface tensions of solid-air (Y's-»), liquid-vapor (Y1), and

liquid-solid (Y1) interfaces, respectively. Illustration of (ii) advancing and (iii) receding contact angles.

However, this technique has some inherent limitations, such as optical limitations and
inaccuracy in the measurement when the surface is too hydrophobic [103], chemically
inhomogeneous, or rough [41]. Under such conditions, the Wenzel model and the Cassie-Baxter
model can be applied. The Wenzel model characterizes rough and chemically homogenous
surfaces where the droplet size is larger than the surface roughness. In this scenario, the droplet
penetrates the surface structures, resulting in enhanced adhesive forces [41, 104]. In contrast, the
Cassie-Baxter model applies to rough and chemically heterogeneous surfaces that are impenetrable
to liquid droplets. Here, droplets rest on the surface's rough structures, trapping air underneath

them [41, 104].
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2.3 Spectroscopic ellipsometry

Ellipsometry is a highly sensitive, non-destructive optical reflectance technique with high
precision in thin film metrology. It operates on the principle of variation in polarization of light
reflected or transmitted from the sample surface and determines critical parameters, including

optical constants (n, k) and film thickness [105].

Depending on the oscillation direction in an electric field, the light emission can be divided
into p- and s-polarized. When two orthogonal light waves are in phase, the resulting light is linearly
polarized, whereas when they are in arbitrary phase and amplitude, the resulting light is elliptically
polarized (Figure 2.2). To perform the ellipsometry measurements, the amplitude (v) and phase
change (A) for both p- and s- components in reflected or transmitted light are measured. For
isotropic, non-absorbing layers, ellipsometry measurements are generally conducted with a single
wavelength. However, for the characterization of non-isotropic complex structures, the samples

are scanned with the wavelength across a broad spectrum.

Figure 2.3 schematically represents the operation principle of the ellipsometer. An
unpolarized light is emitted by a light source that passes through a polarizer to become linearly
polarized. The sample surface reflects the polarized light, transforms it into the elliptically
polarized light, and then passes through a continuously rotating polarizer called the analyzer. The
detector transforms the reflected light into an electronic signal and enables precise quantification
of the reflected polarization. The data is compared to the known input polarization to quantify the

amplitude and phase changes resulting from the sample's reflection.
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Figure 2.2. (i) Linear and (ii) Elliptical polarizations of light
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Figure 2.3. The ellipsometer operation principle. The polarized light is directed onto a sample, and the

resulting change in polarization is analyzed. The angle of incidence, @, can be adjusted as needed.

The amplitude ratio and phase difference between incident and reflected/transmitted light
are represented by y and A, respectively. The parameter v is linked to the refractive index n, while
A corresponds to the extinction coefficient k. Both y and A are derived from the ellipsometer using

the Fresnel equations.
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p = tampe (D Eq.2.2
When the sample reflects light, Eq. 2.2 can be written as:

p = tanpe @ ="2 Eq.2.3

Ts
where 1p and 15 represent the amplitudes of reflection for p and s polarized light, respectively.

When the sample transmits the light, Eq. 2.2 can be written as:

p = tampe ) = i—p Eq. 2.4

where t, and ts represent transmission coefficients of p and s polarized light, respectively.

Challenges in precisely interpreting ellipsometry arise from factors such as the sample's
surface characteristics, optical anisotropy, low spatial dispersion, and depolarization effects [106].
Recent developments, such as imaging ellipsometry, address better spatial resolution. The
requirement for an optical data analysis model adds complexity to the analysis process, particularly
for complex structures, and makes the process time-consuming [107]. Another limitation of this
method is the need to assume a constant value for the film's mass density. This assumption has
been evaluated by the previous study using neutron reflectometry, where the layer mass density
for various systems was measured [49]. Based on this, a density value of 1.0 g/cm? (for PEO) was
adopted in the present study. Despite these limitations, spectroscopic ellipsometry provides high
precision with value reaching up to 0.1 A [108], making it a precise tool in the semiconductor
manufacturing industries. Other advantages of spectroscopic ellipsometry include the non-invasive

nature and high speed of measurements [108].
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24 X-Ray photoelectron spectrometry

X-ray photoelectron spectroscopy (XPS) is a highly sensitive surface analysis technique to
determine the atomic composition. XPS utilizes Einstein’s photoelectric effect (Figure 2.4), where
electrons are emitted from atoms in response to incoming electromagnetic radiation when the
energy of incoming photons surpasses the binding energy of the material's electrons. The binding
energies of the photoelectrons emitted from a surface sample serve as a "fingerprint" for
identifying the elements present. Since atoms have various orbitals with distinct energy levels, the
emission generates electrons with a range of binding energies leading to the XPS spectrum with
peaks representing individual elements. The relationship between photon energy and binding

energy can be expressed by the following equation [109, 110]:
Ekinetic = Ephoton Eblndlng Eq 2.5

Where Ephoton (hv) represents the photon energy and Ey is the binding energy of the element. When

the photon energy exceeds the binding energy, the excess energy is converted into kinetic energy,

Incident l1ght%% / // Emitted electrons

10 nm

Ek.

Bulk

Figure 2.4. Photoelectric effect. Photons with energy hv are incident to the surface, resulting in the emission
of electrons with kinetic energy Ex.
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A major limitation of XPS 1is that there is a maximum distance beyond which
photoelectrons cannot escape from the surface, with 10 nm often regarded as the upper limit for
soft surfaces [41, 111]. The high vacuum conditions are essential during measurements to obtain
a steady signal and avoid contamination [41]. However, low-vacuum XPS technologies have been
invented recently [112]. Similar to XPS, electron energy loss spectroscopy (EELS) [113] and
energy-dispersive X-ray spectroscopy (EDX) [114] are two widely recognized analytical
techniques for element detection. While EELS requires an electron beam to excite the electrons
and is typically used for thin samples, EDX works with both electron beams and X-rays. X-ray
absorption spectroscopy (XAS) [115] is another elemental determination technique that is more

sensitive than XPS but needs higher energy to excite the electrons.

2.5 SDS PAGE and immunoblotting

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) and
immunoblotting (Figure 2.5), is an analytical technique used to separate, detect, and identify
specific proteins within a complex mixture. The process involves separating proteins using gel
electrophoresis and transferring them to a nitrocellulose or nylon membrane through an
electroblotting technique. This is followed by a process called immunoblotting, where antibodies
conjugated with probes, such as enzyme tags or chemiluminescent, fluorescent, or radioactive
dyes, are used for the detection of individual proteins. The proteins are subsequently quantified
using imaging software or techniques such as densitometry, depending on the chosen detection

method [116, 117].
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Separation of proteins by Gel Immunoblotting with antibodies and detection

electrophoresis and transfer to a membrane of specific protein with enzyme reaction
Protein sample r\
SDS PAGE
High MW| = / \ me=  Target protein
—]
> — — < Primary antibody
e J—
. Enzyme labeljcd
—_— ] qw secondary antibody
LOWMVN]‘ _— — .M".Mmm................... Colorimetric Change
— \ Target protein / / or light emission cagsed
. — by an enzyme reaction
Gel Other proteins
Membrane

Figure 2.5. Principle of SDS PAGE and immunoblotting techniques.

2.5.1. Preparation of samples

Western blot samples are prepared by extracting proteins using specific cell lysis buffers
or inhibitors that block protease and phosphatase activity. There are several extraction techniques,
including sonication, homogenization, detergent lysis, and osmotic shock, depending on the
sample type. It is crucial to have an equal concentration of proteins in each western blot sample.
In the present study the protein sample consisted of plasma proteins eluted after adsorption to PEO-
modified Au surfaces. Generally, the western blotting samples consist of three components:
protein extract, cell lysis buffer, and sample (Laemmli) buffer. Sample buffer is specific to western

blot sample preparation, with each reagent designed to facilitate SDS-PAGE [118, 119].

2.5.2. Polyacrylamide gel electrophoresis

The separation of proteins based on their molecular weight is achieved through SDS-

PAGE. PAGE is a biochemical technique for separating proteins and nucleic acids depending on
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their electrophoretic mobility in a gel. The addition of a strong anionic detergent (i.e., SDS) ensures
that all denatured proteins acquire a uniform charge-to-mass ratio, making their movement through
the gel dependent solely on molecular weight [119, 120]. Gel electrophoresis uses two types of
gels: a stacking gel and a resolving or separating gel. The stacking gel, with larger pores, aligns
proteins into a narrow band for entry into the resolving gel. The resolving gel, with smaller pores,
facilitates the separation of proteins [119, 121]. Upon the application of proper voltage and current,
higher MW proteins migrate more slowly toward the anode than lower MW proteins, as the pore
size in the gel impedes their movement. Samples known as a protein ladder are loaded into their
respective lanes alongside a molecular weight marker that provides standard molecular weight

bands, which are used to determine the relative weights of proteins [122].

2.5.3. Transfer of gel contents

The electrophoretic transfer of gel contents, such as proteins onto a membrane is achieved
in the process of blotting. Various blotting methods (wet, semi-dry, fast) and membrane types
(polyvinylidene difluoride, nitrocellulose) are available, but the core principle of electrophoretic
transfer remains consistent. Similar to electrophoresis, negatively charged samples move toward
the anode. The transfer sandwich is arranged as filter paper, polyacrylamide gel, membrane, and
then filter paper from cathode to anode [119, 123]. In a wet transfer system, fiber pads or sponges
are placed on both sides of the sandwich assembly. A perpendicular current is applied to facilitate

the movement of proteins from the gel onto the membrane.

2.5.4. Immuno-detection of proteins

The electrophoretic transfer immobilizes proteins on the membrane. The membranes are
pre-incubated in a buffer to block non-specific binding sites before probing. Following this,

primary antibodies are allowed to specifically bind to the target proteins, enabling their detection.
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Subsequently, secondary antibodies, conjugated with an analytical marker, bind with the primary
antibodies to facilitate the visualization of proteins [119, 124]. The analytical marker is a
component tailored to the specific type of protein visualization technique. For example,
autoradiography detects a radioactive isotope that is conjugated to a secondary antibody as a
marker [125]. The frequently used detection method is chemiluminescence, which uses substrates
that react with enzymes, typically horseradish peroxidase (HRP) or alkaline-phosphatase,
conjugated to secondary antibody [119, 126]. In recent developments, fluorescence-based
detection is becoming increasingly popular in detecting proteins, where secondary antibodies are
linked to fluorophores, enabling detection directly without requiring substrate-based methods

[119, 127].

There are some inherent limitations of the western blotting technique. Western blotting
provides only semi-quantitative results and allows for approximate estimation rather than precise
measurement of the protein's molecular weight [119, 128]. Off-target binding of the secondary
antibody may lead to incorrect labeling of proteins [119, 129]. As the technique is highly sensitive,
even minor deviations at any stage can significantly impact the accuracy of the results [130].
Another important fact is that antibody binding characteristics vary among different antibodies,
allowing for discussion of their relative differences. However, comparing these differences can be
challenging since band intensities may indicate lower levels of antibody binding. The adequate

amount of HRP in the system partly addresses this issue.

32



2.6 Contribution to Research Articles

Different studies have performed protein adsorption experiments on various surfaces to
understand protein adsorption profiles. In single protein adsorption experiments, the albumin
adsorption to gold surfaces with polyurethane substrate was studied using a radioiodination
technique [131]. The adsorption of proteins from pooled normal adult and infant plasma to
polymethyl methacrylate, polyvinylchloride, and PEO-modified polyurethane surfaces has been
studied using SDS-PAGE and immunoblotting techniques [132]. In a study by Unsworth et al.,
thiolated methoxy-PEO with molecular weights of 750, 2000, and 5000 were chemisorbed to a
gold surface under various solubility conditions (to obtain variable chain densities), and protein
adsorption profile from platelet-poor human plasma was reported [49]. A similar study has been
performed to understand the role of chain densities in reducing fibrinogen and lysozyme adsorption
to methoxy-PEO-modified Au surfaces [37]. The impact of PEO chain length (600, 750, 2000, and
5000 MW), chain density, and end groups (—OH, —OCH3) on protein adsorption from plasma has
been analyzed using immunoblotting and single-protein radiolabeling experiments [36], where the
results supported the earlier finding [37] about the density of PEO chains being the crucial
parameter in influencing the level of protein resistance. However, all these studies were based on
the use of healthy blood, despite the provided evidence on UTX effects on adsorption surfaces and
plasma proteins [1, 77]. The work presented here is the first attempt to understand the influence of
UTXs on plasma protein adsorption to PEGylated surfaces. Chapter 3 of the present dissertation
talks about the effect of both chain densities and UTXs on protein adsorption to methoxy-PEO-
modified surfaces. Chapter 4 provides a similar understanding except for the use of hydroxy-PEO

instead of methoxy.
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Chapter 3. Effect of uremic toxins and methoxy-PEQO chain density on

plasma protein adsorption’

3.1 Introduction

Protein adsorption at the biomaterial-blood interface can influence the host response to
materials, including coagulation, complement activation, and platelet activation [3, 4, 23, 36].
Polyethylene oxide (PEO) surface modification inhibits non-specific protein adsorption at the
material interface [36]. Many features of this PEO film have been linked to the reduction in protein
adsorption, including chain density, hydrophilicity, hydrogen bonding, and electrical neutrality
[36, 40, 41]. It has been suggested that PEO-water interactions also influence the reduction of
protein adsorption [45]. The role of PEO chain conformation on reduced protein adsorption has
been studied for helical, linear, and loop conformations [133-135]. Changes in chain density can
influence chain conformation, and a chain density of ~0.5 chains/nm? was shown to minimize
fibrinogen adsorption to surfaces modified with end-tethered mPEO films [37, 101, 102, 136].
Although protein adsorption to PEO-modified surfaces has been extensively studied over the last
60+ years [36, 48, 137, 138], there is a disconnect between these research studies that use blood
(i.e., plasma, serum, whole blood) from healthy donors who do not take medications and their
application to unhealthy patients [139-141]. It is becoming apparent that blood composition is
dynamic and highly dependent on the type of disease and its pathogenesis [70, 79]. It is well

known that a reduction in glomerular filtration rate that occurs during kidney failure leads to the

L This chapter has been submitted as Aishwarya S Pawar', Ayda Ghahremanzadeh?, Mehdi
Ghaffari Sharaf?, Larry D Unsworth”, Effect of uremic toxins and methoxy-PEO chain density
on plasma protein adsorption for publication in ACS Biomaterials Science & Engineering.
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retention of uremic metabolites (i.e., uremic toxins) in the blood compartment [69]. This work is
a first step in understanding the dynamics and specificity of the interaction between blood-borne
uremic toxins (UTXs) and classic PEO-modified surfaces, which is necessary to advance both low-

fouling surface science and, ultimately, a personalized medicine approach for these patients.

Kidney failure leads to the retention of UTXs in the blood, a fraction of which have been
quantified (Table 3.1). Although the toxicity of all retained UTXs has not been established, several
are toxic and cause systemic complications, like indoxyl sulfate, p-cresyl sulfate, urea, creatinine,
and hippuric acid [89, 90, 142]. It is unknown how the complex buildup of metabolites in the blood
compartment affects the adsorption of proteins to surfaces. It has been observed that some
metabolites trigger protein folding events [82], and their interactions with proteins alter the protein
adsorption mode on surfaces [1]. Selected UTXs, mostly protein-bound, have been studied for
adsorption to surfaces of different types but usually from the point of view of adsorbing the uremic
toxin to clear it from blood rather than their effect on protein-surface interactions [89, 90]. For
example, polydopamine coatings on diatomaceous earth and poly-vinyl-pyrrolidone-co-styrene
enhanced the adsorption and retention of indoxyl sulfate and p-cresyl sulfate and PDA-coated
materials improved entrapment and retention of the UTXs from patients’ serum [89]. A zeolite
composite nanofiber mesh was synthesized to adsorb indoxyl sulfate from a single-component
aqueous solution [142]. Work recently published by our group is the only one that investigated the
adsorption profile of UTXs from a multicomponent toxin solution to poly 2-
(methacryloyloxy)ethylphosphorylcholine-co-B-cyclodextrin ~ (p(MPC-co-PMBCD))  films,
leveraging MPC's inherent low-fouling characteristics and B-CD’s capability to bind with UTXs
[69]. The biocompatibility and protein adsorption experiments were carried out for p(PMBCD-co-

MPC) magnetic nanoparticles — a novel material for toxin removal from blood [23]. It suggested
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that the introduction of UTXs caused the modified MNPs to delay the formation of clotting [23].
However, this previous work primarily focused on synthesizing more efficient adsorbents, while
the ultimate goal of our current study is to understand the direct effect of plasma-borne UTXs on

the adsorption of proteins to PEO-modified surfaces.

For this study, we hypothesize that plasma-laden UTXs in the average concentration found
for end stage kidney disease (ESKD) patients alter the adsorption of plasma proteins to low-fouling
films composed of PEO. To this end, surfaces were modified with methoxy-terminated
polyethylene oxide (mPEO, 750 MW) with variable chain densities. Plasma was doped to contain
25 UTXs with a final concentration similar to that found in HD patients (Table 3.1). Fundamental
properties like hydrophilicity, elemental composition, and polymer chain densities were
determined for the PEO films. Adsorbed proteins were eluted and analyzed using immunoblotting
techniques. Differences in chain densities and the presence of UTXs led to significant changes in
individual protein band intensities. These data suggest that the presence of UTXs significantly
alters the composition of the adsorbed protein layer. Further work is necessary to understand the

role of UTXs on low-fouling surfaces to develop a personalized dialysis approach.
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Table 3.1. Uremic toxin concentrations in ESKD patients undergoing hemodialysis therapy.

Experimental Patient concentration
Uremic toxins concentration (mg/L) (Ave+ 1 SD, mg/L) Ref
4-Ethylphenyl sulfate 0.25 0.242 + 0.044 [143]
Indole acetic acid 2.03 2.03 £0.38 [79]
L-Tyrosine 54.35 5435+ 16.3 [144]
Asymmetric dimethylarginine 0.38 0.385 +0.2884 [79]
Hypoxanthine 2 20+ 1.6 [80]
Spermidine 0.096 0.097 £ 0.045 [79]
Argininic acid 0.075 0.08 + 0.056 [80]
3-Deoxyglucosone 1.7 1.7+£1.0 [80]
Homocysteine 8.1 8.1+1.6 [80]
L-Asparagine 7.16 7.13+£3.7 [145]
Pyruvic acid 11.7 5~11.7+8.6 [146]
Trimethylamine N-oxide 7.5 7.49 £2.39 [147]
Creatinine 136.4 136.0 = 46.0 [80]
Hippuric acid 237 247.0+£112 [80]
Uric acid 83 83+ 13 [148]
Xanthosine 96.6 96.6 + 62.9 [149]
Putrescine 0.001 0.00942 + 0.00759 [79]
Uridine 9.8 9.8+11.4 [80]
Dimethyl glycine 0.59 0.5768 [80]
Guanidinopropionic acid 0.288 0.288 +£0.0183 [80]
p-Hydroxyhippuric acid 4.25 4.43 +£2.79 [150]
Phenylalanine 9.25 8.92 +1.81 [151]
Indoxyl glucuronide 2.5 25+£03 [79]
Indoxyl sulfate 53 53.0+91.5 [80]
Spermine 0.002 0.018+0.0162 [80]

3.2 Materials and methods

Chemicals used for Experiment: Methoxy-terminated polyethylene oxide (750 MW) was
obtained from Biopharma PEG Scientific Inc (Watertown, MA, USA). Platelet-poor human
plasma was acquired through the Blood4Research initiative from Canadian Blood Services.
HPLC-graded water, PBS tablets (pH 7.4), tris base, and 40% acrylamide were sourced from

Fisher Scientific. Polyvinylidene fluoride (PVDF) membrane and sodium dodecyl sulfate (SDS)
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were obtained from Bio-Rad, Hercules, CA, USA. The TMB-stabilized substrate was acquired
from Promega, Madison, WI, USA. Tween 20, TEMED, B-mercaptoethanol, and glycine were
procured through Sigma Aldrich, nonfat dry milk (Carnation dry milk), colloidal gold solution,
and ladder solution were obtained from Bio-Rad labs, USA. All chemicals were used as received

without further purification. See Table A1l in the Appendix A for the complete list of antibodies.

Chemicals used to prepare UTX solution: 4-Ethylphenyl sulfate (98%) was acquired from
Apexbio (Houston, USA), and 4-Hydroxyhippuric acid (>98%) from Cayman Chemical. A
substantial collection of chemicals was obtained by Sigma Aldrich, including Phenylalanine
(>98%), Uridine (>99%), Trimethylamine N-oxide (>95%), Uric acid (>99%), homocysteine
(>98%), Indoxyl sulfate, Indoxyl glucuronide (>98%), Xanthosine, putrescine (=98%)
Guanidinopropionic acid (=97.5%), Spermine (=97%), Creatinine (>98%), Spermidine (>99%),
L-Tyrosine (>99%), Asymmetric dimethylarginine (>98%), Pyruvic acid (>98%), hypoxanthine
(>99%), 3-Deoxyglucosone (>75%), Dimethylglycine (=99%), Hippuric acid (>98%), 3-
Indoleacetic acid (>98%), and L-Aspargine (>98%). L-argininic acid was acquired from Toronto

Research Chemicals (Ontario, Canada).

3.2.1. Chemisorption of PEO

Silicon wafers from Thin Film Technology, Buellton, CA, were treated to remove the oxide
layer, coated with 500 A chromium (for adhesion) and 2000 A Au, and then diced into 0.5 x 0.5
cm chips. The chips underwent cleaning in a solution of hydrogen peroxide, ammonium hydroxide,
and water (in a ratio of 1:1:5) at 80 °C for 5 minutes to eliminate carbonaceous contamination.
Following this, they were rinsed in HPLC-graded Milli-Q water and then placed into wells of a
96-well microtitre plate filled with the same. The plates were kept for equilibration at 58 °C for 30

minutes.
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The chemisorption solution conditions were adjusted to achieve three different PEO chain
densities. A 5-mM solution of methoxy (-OCH3) terminated, end-thiolated PEO (750 MW) was
prepared in PBS-K>SO4 buffer (0.1 M PBS, 0.6 M K»SOs4, pH 7.4) of ionic strength 3.1 M, using
previously published methods [37, 49, 152], and filled in wells of 96-well microtiter plates. To
ensure a consistent temperature, the plates were equilibrated under the same conditions as the
chips, and then the chips were transferred into the PEO-thiol solution using forceps. The
chemisorption was performed following low solubility conditions (typically 6 conditions) of the
polymer at 58 °C. The variable chain densities were achieved by varying the time (10 min, 30 min,
and 4 hrs) near the cloud point, as mentioned previously [101, 102]. After chemisorption, the
wafers were rinsed extensively with HPLC-graded Milli-Q water to remove loosely adsorbed

polymer.

3.2.2. Characterizations of PEO films

3.2.2.1 Contact angle measurements

The dynamic contact angles of mPEO films were characterized using the Attension Theta
Lite Optical Tensiometer (Nanoscience Instruments, USA). Advancing and receding water contact
angles were measured by forming water drops on the surfaces, with a volume not exceeding 2 pL
and an advancing/receding rate of 0.2 puL/s. The drops were allowed to advance and recede on the
chips for 40 seconds while the values were recorded. The statistical difference between values was

evaluated using an unpaired Student’s z-test.

3.2.2.2 Measurement of polymer chain densities

The thicknesses of dried mPEO films, chemisorbed to surfaces, were evaluated using a 370
— 1000 nm wavelength, variable-angle M-2000V spectroscopic ellipsometer. The CompleteEASE,

J.A. Woollam software was used to fit the obtained data and to determine the extinction coefficient
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(k) and refractive index (n). To do this, a B-spline model was applied with node spacing set at 0.1
eV and Au metal as a base. The Au optical constants were used as substrates for mPEO films, and
a Cauchy model was applied to reveal the thickness of PEO. As PEO is a transparent organic
compound, the lowest Cauchy parameters were used as A (1.45) and B (0.01). The respective chain

densities were calculated using dry film properties as given in the following equation.

L=( M )1/2 Eq. 3.1

PdrydNa

In this equation, the mean distance between polymer attachment points on the surface is
denoted by L. M represents the molecular weight of PEO, pary 1s the dry PEO layer density (initially
assumed to be 1.0 g/cm?®), d indicates the mean layer thickness of PEO (as obtained from
ellipsometry), and Na refers to Avogadro’s number. The final polymer chain density can
subsequently be evaluated as L 2. An unpaired Student’s ¢-test was performed for some values to

analyze their statistical difference.

3.2.2.3 Elemental composition of PEO films

Kratos Axis (Ultra) spectrometer (Kratos Analytical Ltd, UK), with monochromatized Al
Ka (hv = 1486.71 eV), was used to generate X-ray photoelectron spectroscopy (XPS) spectra at
room temperature. The binding energy (84.0 eV) of Au 4f7/2 with reference to the Fermi energy
level was used to calibrate the spectrometer. The atomic compositions (%) were determined by
analyzing a low-resolution survey spectrum (binding energies from 0 to 1100 eV), which was
collected at the analyzer (pass energy = 160 eV). The spectral fitting was performed using

CasaXPS (Casa Software Ltd., Japan), and elements were quantified (%).
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3.2.3. Protein adsorption from plasma

Platelet poor plasma collected from healthy human donors was obtained from Canadian
Blood Services, aliquoted, and stored at -80 °C degrees. Human platelet poor plasma was used in
accordance with approved research ethics board approvals: Canadian Blood Services 2022-21, and
University of Alberta Pro00002363 and Pro00116764. Protein adsorption from plasma was
accomplished by incubating surfaces (four for each time point) in undiluted plasma under static
conditions at room temperature for 3 hrs [36]. To avoid any potential overlap of samples, the non-
adherent 96 well plates were used for plasma incubation. Following incubation, the samples

underwent three rinses (each lasting 10 min) in PBS buffer to remove loosely adsorbed protein.

To simulate the blood composition of CKD patients, the collection of 25 UTXs was
incorporated into the plasma before incubation. The concentrations of UTXs were maintained to
mimic their levels in HD patients. The UTX solution was pre-prepared, aliquoted, and stored at -
80 °C, then subjected to freeze-drying and subsequent storage at -20 °C before utilization. To each
UTX aliquot, 1 mL of plasma was added, mixed, and left at room temperature for 30 min to

facilitate complete dissolution and well-mixed UTX-plasma solution.

3.2.4. SDS-PAGE and immunoblotting

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting were used to evaluate and identify individual proteins eluted from those adsorbed
to PEO-modified surfaces [36]. Proteins were eluted using a 2% aqueous sodium dodecyl sulfate
(SDS) soak overnight at room temperature. Each system was sonicated for two minutes before and

after the elution to obtain the best possible collection of adsorbed proteins.
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Prior to SDS-PAGE, eluted samples were treated with a denaturing sample buffer
containing SDS and 0.5 M B-mercaptoethanol, followed by heating at 95 °C for 5 min. All samples
were run together on an SDS-PAGE gel (12% separating, 4% stacking gel) and transferred
electrophoretically to 0.2 pm-pore size immobilon polyvinylidene fluoride (PVDF) membranes
(Millipore, Bedford, MA). The adsorption surface area, the volume of SDS buffer used for elution,
and the volume of eluate loaded on each gel were kept consistent in all experiments. The blot
membrane was cut into strips and exposed to primary antibodies (1:1000 diluted) for specific
proteins at room temperature. Alkaline phosphatase-conjugated affinity-purified secondary
antibodies (1:1000 diluted) were used to target primary antibodies at the same experimental
conditions. The strips were subsequently exposed to a TMB-stabilized HRP conjugate solution (a
chromogenic substrate) to visualize the individual proteins. Separately, the ladder strips of
membrane blot were stained with colloidal gold solution to visualize the protein bands. Further,
the strips were dried, reassembled, and scanned for quantification of band intensities using ImageJ
1.53e, USA. The intensity of immunoblot bands for all surfaces was analyzed using a 12-step
grayscale system, with ‘0’ indicating no discernible band and ‘12’ representing the highest band
intensity. Across all systems studied, uniform protein loading volume and consistent color
development time were maintained to facilitate the comparison of band intensities between

different systems.

3.3 Result and discussion

3.3.1. Advancing and receding contact angles

Contact angles were collected to prove PEO modification of the Au surface (Table 3.2).
Advancing and receding contact angles decreased significantly (p<0.0001) for all mPEO modified

surfaces with respect to Au controls (Table 3.2), confirming mPEO modification. It was apparent

42



from the data that both advancing and receding contact angles decreased with increasing
chemisorption time. However, the values for 10 and 30 min mPEO systems were not statistically
different (padv = 0.14, prec = 0.82). The advancing contact angle for the 10 min mPEO system (46
+ 2 °) was similar to previous findings (46 = 1 °) [49] under low solubility conditions. The
advancing and receding contact angles for 30 min (43.54 + 0.18 °, 38.0 £ 0.9 °) and 4 hr (39.9 +
1.1 °,33.1 £ 0.4 °) modified systems were statistically significant (pagv = 0.0051, prec = 0.0012),

and slightly higher than those previously obtained under low solubility conditions [49].

Table 3.2. Advancing and receding contact angles for mPEO-modified Au-surfaces. Data are mean = SD
(n>3).

Surface Advancing (°) Receding (°)
Unmodified Au 81.6 1.2 743+24
10 min mPEO modified 46 +2 382+1.3
30 min mPEO modified 43.5+0.2 38.0+0.9
4 hr mPEO modified 399+ 1.1 33.1+0.4

3.3.2. PEO chain density

mPEO chain density after 10 min, 30 min, and 4 hr incubations were 0.52 £ 0.06, 0.50 +
0.12, and 0.81 + 0.03 chains/nm?, respectively. These were higher than that expected for
monolayers of unperturbed random coils (mushroom conformation) [49], but less than the reported
highest value of 5.8 chains/nm? for fully extended polymer chains [49, 153], suggesting that mPEO
layers were in the brush regime for all surfaces. There was a significant (p<0.0001) increase in
chain densities from 10 min (0.52 &+ 0.06) to 4 hr (0.81 = 0.03). The chain density after 30 min of
incubation was not statistically different from the 10 min surfaces (confirmed by student #-test, p

=0.78). The chain density value obtained for the 4 hr incubation system was considerably higher
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than the previously reported value (0.63 + 0.13 chains/nm?) [49], but different chemisorption

conditions were used that may lead to a higher chain density.

3.3.3. Elemental composition

The atomic compositions derived from low-resolution XPS data (Table 3.3) indicate that
unmodified Au contained 27.5% carbon and 10.3% oxygen, likely reflecting the presence of
atmospheric carbonaceous contamination [154]. The remarkable reduction in Au content,
alongside the substantial increase in carbon and oxygen levels from unmodified to modified
samples [4] indicated the successful deposition of PEO on the surfaces [41]. As chain density
increased on PEO-modified surfaces, the reduction in Au content and the increase in carbon and
oxygen levels [49] confirmed a more extensive PEO deposition with increasing chain density. As
sulfur is not the component on unmodified Au surfaces, it acts as a unique identifier for adsorbed
thiolated PEO. Its presence on PEO-modified surfaces further signified the successful PEO
modification. The obtained values for the C:O ratio resembled the theoretical value of 1.9 for

mPEO.

Table 3.3. Atomic compositions (%) of PEO films from low-resolution XPS data. Data are mean +£SD, n

=3.

Element composition (%)

Surface Au 4f Ols Cls S 2p

(83eV)  (532eV) (285eV) (165eV) C:O
Bare Au 623+45 103+£09 275442 0 2.7+04
10 min mPEO 53.8+13 158+12 285+06 2+02 1.8+0.1
30 min mPEO 499+1.6 173+08 30713 2.1+0.2 1.8+0.1
4 hr mPEO 474 £ 1.1 19.5+1 3151 1.6+£05 1.6+0.1
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3.3.4. Adsorbed protein analysis

Proteins eluted after plasma incubation were analyzed using immunoblot techniques to
assess the impact of variable mPEO chain densities and UTXs on plasma protein adsorption.
Loading equal volumes of eluents onto each gel enabled a comparative analysis of the relative
band intensity of each protein across various surfaces. It was not possible to determine the total
adsorbed amount of protein to these surfaces using the Pierce™ BCA protein assay with a lower
detection limit of 20 pg/mL. The major proteins identified involved albumin, complement C3,
IgG, fibrinogen, and factor XI on all surfaces (Table 3.4 and Table 3.5). In addition, trace amounts
of prothrombin, o antitrypsin, transferrin, and vitronectin were obtained in selected samples,

although in low quantities.

Albumin (66 kDa) constitutes nearly 50% of the plasma protein pool, and is known to
adsorb to a variety of biomaterial surfaces [155]. Previous studies have shown high amounts of
albumin adsorbed onto both bare and PEO-coated Au surfaces, with PEO coatings sometimes
increasing the bound amount of albumin [36]. In both normal and UTX plasma, albumin was found
in high levels adsorbed to PEO-coated surfaces. In normal plasma, there was an increasing trend
in albumin adsorption from bare surfaces (scale 6) to higher PEO chain densities, reaching a very
high adsorption level (scale 10) in the mPEO 4 hr system; perhaps due to the increased presence
of the methoxy end group at the material interface. In UTX plasma, most surfaces exhibited a
substantial increase in albumin adsorption compared to the normal plasma and the maximum band
intensity of 12 was observed for the mPEO 30 min system, decreasing to 8 for the 4 hr incubation

systems.
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Table 3.4. Relative intensities for western blots of human plasma proteins adsorbed to surfaces with

different chain densities, ranging from 0 (no detectable intensity) to 12 (maximum intensity). Lower

values indicate less eluted protein from the surface.

Plasma Proteins fi;:g(ll?];g; coﬁtl:‘ ol
Albumin 66 6
Immune C3: Whole C3 187 0
response- a chain 115 0
related B chain 70 1
Activation fragment 42 0
IgG: Heavy chain 55 0
Light chain 27 1
Transferrin 77 0
Vitronectin 54 0
o antitrypsin 54 0
o macroglobulin 163 0
Coagulation Fibrinogen: a chain 68 1
related B chain 56 1
vy chain 48 1
Cleavage fragments <48 0
Fibronectin 259 0
Prothrombin 72 0
Antithrombin 53 0
Factor XII 80 0
Factor XI 70 7
&‘:ﬁ;’feﬂ 120 0
Protein C 62 0
Protein S 75 0
Prekallikrein 85 0
Plasminogen 91 0
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Table 3.5. Relative intensities for western blots of human plasma proteins adsorbed to surfaces with

different chain densities in the presence of UTXs. While 0 detects no proteins adsorbed, 12 indicates the

maximum intensity. Lower values indicate less eluted protein from the surface.

Plasma Proteins :izzg(ll?]gg;
Albumin 66
Immune 3 Whole C3 187
response- o chain 115
related

B chain 70

Activation fragment 42

IgG Heavy chain 55

Light chain 27

Transferrin 77

Vitronectin 54

o antitrypsin 54

o> macroglobulin 163

Coagulation Fibrinogen o chain 68
related B chain 56
vy chain 48
Cleavage fragments <48
Fibronectin 259

Prothrombin 72
Antithrombin 53

Factor XII 80

Factor XI 70
K

Protein C 62

Protein S 75

Prekallikrein 85

Plasminogen 91

UTX-Au
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3.3.4.1 Clot associated proteins

Fibrinogen bands for the a, B, and y chains show at 68, 56, and 48 kDa, respectively. Bands
below 48 kDa indicate fibrinogen cleavage due to activation of the fibrinolytic system. All
samples, including the Au control, demonstrated very low to intermediate fibrinogen band
intensities. Significantly, none of the samples exhibit detectable cleavage bands of fibrinogen,
suggesting that although fibrinogen adhered to all modified surfaces, its cleavage was minimal.
The responses for a and § chains remarkably increased for Au control upon UTX addition. While
the introduction of toxins resulted in a notable elevation of the a chain for the UTX-PEO 30 min
sample, the intensity for the B chain of the same surface showed a decline. A huge downturn in the
intensity values of a and B chains from UTX-Au control to UTX-PEO 10 min suggested that the
anti-fouling effect of PEO was apparent in the presence of UTX. Other surfaces showed no
significant change with UTX addition. Studies on single protein adsorption indicate that increasing
the PEO chain density on Au surfaces enhanced resistance to fibrinogen adsorption [37]. This has
been further confirmed via chemisorbed PEO layers with various chain densities on Au surfaces
interacting with normal plasma, where among the different PEO-coated surfaces, those formed

from solutions near the cloud point adsorbed the least amount of fibrinogen from plasma [36].

The coagulation contact pathway involves three serine proteinases: prekallikrein (85 kDa),
coagulation factors XI (70 kDa) and XII (80 kDa), and the non-enzymatic cofactor high-molecular-
weight kininogen (120 kDa) [23, 156]. These four proteins can interact with blood-contacting
surfaces, initiating a cascade that yields activated factor XI, which perpetuates clotting, ultimately
leading to fibrin formation [36]. In this study, surfaces exhibited variable levels of factor XI,
ranging from low to moderately high. While the addition of UTXs did not notably affect surface

adsorption, a significant decrease in band intensity of factor XI was observed for the highest chain
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density sample. The prekallikrein, coagulation factor XII, and high molecular weight kininogen

were absent across all samples, even after adding UTXs. This suggests that the activation of
coagulation through these contact phase proteins was unlikely, irrespective of UTX presence.

These findings are consistent with previous studies where Au surfaces coated with PEO
monolayers of varying molecular weights exhibited either no detectable bands or weak bands for
most contact phase proteins [36]. PEO coatings have been demonstrated to decrease the surface

adsorption of high-molecular-weight kininogen compared to bare Au surfaces [36].

Prothrombin (72 kDa) is an inert precursor to thrombin. In normal plasma, prothrombin
was not detected to be adsorbed to any of the surfaces, except for a faint band in the PEO 10 min
system. In UTX plasma, no notable change in surface adsorption of this protein was observed.
This indicates that neither PEO chain densities nor the addition of UTXs significantly affected its
presence. Antithrombin, a potent inhibitor of thrombin-mediated coagulation, was entirely absent
from all eluted protein samples. Plasminogen, critical to fibrinolysis, exhibited identical behavior.
Studies have shown that PEO-grafted polyurethane surfaces adsorb less prothrombin and

plasminogen than polyvinyl chloride and polymethyl methacrylate surfaces [132].

Protein C is a potential anti-coagulant. Activated protein C (APC), in conjunction with its
cofactor protein S, functions to suppress coagulation by enzymatically degrading FVIIla and FVa
— activators of factor X and prothrombin, respectively [157]. Fibronectin, based on the presence
or absence of fibrin, switches its function in platelet aggregation and thus provides a self-limiting
mechanism that prevents excessive platelet accumulation and vessel occlusion [158]. Zero
responses were exhibited by Protein C, Protein S, and fibronectin, indicating no effect of the
presence or absence of UTXs and PEO chain densities on anticoagulant activity by these proteins

for all surfaces. Protein C has not been detected in PEO-grafted polyurethane surfaces [132].
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3.3.4.2 Immunological proteins

Complement C3 is crucial to the classical pathway, mannose-binding lectin pathway, and,
notably, the alternative pathway, which is crucial in biomaterial-induced complement activation
[30, 159-161]. C3 is identified in four separate bands: intact C3 (187 kDa), a chain (115 kDa), 8
chain (70 kDa), and an activation fragment (42 kDa). Intact C3 (187 kDa) and the a chain were
not detected on almost all studied surfaces, with only a very faint band of intact C3 observed for
the control and PEO 10 min in UTX-treated plasma. A very faint a chain band was also observed
for PEO 10 min in UTX-treated plasma. Low to moderate amounts of § chains and activation
fragments (except for control) were detected on all surfaces. UTX addition increased C3-mediated
activation by all surfaces, most significantly for activation fragments on high-chain density
surfaces. From Table 3.4 and Table 3.5, it is evident that more of this fragment was observed on
all surfaces after UTX addition. Previous studies using normal plasma have shown low to relatively
high adsorption levels of the C3 B chain (70 kDa) on Au surfaces coated with PEO of varying
lengths and chain densities [36]. Studies conducted on segmented polyether urethanes modified
with polyethylene oxide-polyurethane-polyethylene oxide block copolymers have shown that

increasing the chain density of these copolymers on the surface decreased C3 adsorption [162].

IgG plays a critical role in humoral adaptive immunity, and its inclusion in the protein
corona could greatly affect the activation of immune cells and the overall immune response [160].
IgG light (27 kDa) and heavy (55 kDa) chains were evaluated, and previous studies have indicated
that the IgG light chain (27 kDa) was not detected on either Au control or PEO-modified surfaces.
In contrast, the IgG heavy chain (55 kDa) has been observed to adsorb onto both Au control and

PEO-modified surfaces [36]. The current study depicts low responses for both heavy and light
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chains, with notable increase for the light chain on PEO 30 min sample upon UTX addition. This

suggests that the IgG adsorption was somewhat independent of mPEO chain density and UTXSs.

Transferrin (77 kDa) is associated with innate immunity and has been found to activate
macrophages [161, 163, 164]. This protein has been found in protein corona eluted from PEO-
grafted polyurethane surfaces [132]. There were low to no bands for transferrin across all surfaces,

with no notable change upon adding UTXs.

Vitronectin helps facilitate cell adhesion to material surfaces [160, 165]. Despite similar
plasma concentrations, investigations on different polystyrene-based surfaces have revealed that
vitronectin exhibits a higher affinity for binding to surfaces compared to fibronectin [23, 166].
While vitronectin has been identified on PEO-grafted polyurethane surfaces, fibronectin has
shown a slight decrease in adsorption to these surfaces compared to polyvinyl chloride and
polymethyl methacrylate surfaces [132]. In this study, no visible band was identified for
fibronectin or vitronectin in either normal or toxin-treated plasma except a faint band for mPEO 4

hr system incubated with normal plasma.

A weak band for a; antitrypsin, a potent inhibitor of coagulation, has previously been
identified in PEO-grafted polyurethane surfaces incubated with normal human plasma [132].
Except for the PEO 10 min system, o1 antitrypsin was not detected on any surfaces incubated with
normal plasma. Faint bands were observed for the control and PEO 10 and 30 min systems when
toxins were added to the plasma. a2 macroglobulin is a serine protease inhibitor that can effectively
inhibit a broad spectrum of proteases across various catalytic classes [161]. No detectable band

was obtained for oz macroglobulin.
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Table 3.6. Percent (%) change in protein band intensities of proteins attached to mPEO surfaces after

UTX addition.
Plasma Proteins Fragment Au PEO PEO PEO
size (kDa) control 10 min 30 min 4 hr
Albumin 66 50 37.5 50 -
Immune response-related ~ C3: Whole C3 187 appeared  appeared absent absent
Chain o 115 absent appeared absent absent
Chain f 70 100 28.57 75 50
Activation fragment 42 absent 16.66 66.66 300
IgG: Heavy chain 55 appeared 100 100 0
Light chain 27 100 150 200 33.33
Transferrin 77 appeared _ appeared appeared
Vitronectin 54 absent absent absent h
ou antitrypsin 54 appeared 0 appeared absent
Coagulation related Fibrinogen: a chain 68 400
B chain 56 400
vy chain 48 200 0
Prothrombin 72 absent appeared appeared
Factor XI 70 0 0 h
Plasminogen 91 appeared absent absent absent

Color scale:

% increase _ appeared

Table 3.6 represents the % change in protein band intensities after UTX addition. The dark

green and red colors illustrate the percent increase and decrease in band intensities respectively,

upon UTX addition. The light green color represents the absent proteins that appeared after UTX

introduction. ‘0’ indicates that protein intensities did not change. It is clear from the above table

that UTXs either increased the adsorption to mPEO surfaces or made the absent proteins appear,

more than the decline they caused in band intensities.
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34 Conclusion

We evaluated the effect of end-tethered mPEO chain density and UTXs on plasma protein
adsorption using immunoblots. Albumin and activation fragment of complement C3 exhibited
maximum intensity change upon UTX addition for PEO 30 min surfaces. Apart from this, almost
all proteins increased in adsorbed amounts upon introducing UTXs. Metabolites have been shown
to affect protein conformation and enzymatic function. However, it is unknown whether the
increased protein presence at the blood-biomaterial interface directly affects biological function or
is only a result of protein denaturation. Thus, the effect of toxins on blood proteins and their
interactions with engineered surfaces should not be overlooked when considering the design of
blood-contacting materials for ESKD patients. On the other hand, the effect of different chain
densities was subtle. For UTX plasma, fibrinogen and factor XI show a notable decrease in band
intensities for PEO 10 min, PEO 30 min, and PEO 4 hr samples, with respect to UTX-Au control,
proving a sustained ability for PEO to reduce some protein adsorption even with UTX presence.
However, not all proteins show reduced adsorption with increased PEO chain density, making the
adsorption behaviors less obvious and enhancing the need to understand PEO-mediated protein
resistance in depth. Although the chain densities did not differ statistically for 10 min and 30 min
chemisorption times, the protein adsorption data did, indicating a sharp transition in protein
resistance with varying PEO chain density. It is evident from the above findings that the presence
of UTXs impacts non-specific plasma protein adsorption to mPEO-modified surfaces and should

not be overlooked when considering the design of blood-contacting biomaterials for this patient

group.
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Chapter 4. Effect of hydroxy-PEQO chain density and uremic toxins on plasma
protein adsorption?

4.1 Introduction

Protein adsorption at biomedical device surfaces is the impetus for deleterious host
responses to blood-contacting biomaterials [3, 4]. Films of end-tethered polyethylene oxide (PEO)
are the gold standard for inhibiting nonspecific protein adsorption at the blood-biomaterial
interface [4]. The low-fouling attributes of these PEO films are associated with several properties,
including hydrogen bonding, hydrophilicity, electrical neutrality, hydrogen bond acceptance,
chain conformation, and chain density [36, 40, 41, 48, 136]. PEO interactions with water and
surface hydrophilicity affect protein adsorption [[45], [46,47, 167-169]]. Previous work has shown
that hydroxy-terminated PEO-modified surfaces begin to level off the lysozyme adsorption at the
chain density of ~0.5 chains/nm? [48]. Similarly, methoxy-terminated PEO-modified surfaces
showed optimum reduction in fibrinogen adsorption at the same chain density [37, 48]. Despite
extensive research on protein adsorption to PEO-modified surfaces, the vast majority use only
blood from healthy donors, neglecting the changes in the blood that occur in unhealthy patients
[139-141]. Metabolomics research has illuminated how dynamic the composition of blood is, and

how it is significantly influenced by the type of disease and its underlying pathogenesis [70, 79].

Kidney failure is associated with a reduced glomerular filtration rate ( < 60 mL/min/1.73
m?) and leads to the retention of uremic toxins (UTX) in blood [68, 69]. Some UTXs, especially

the protein-bound uremic toxins (PBUTs), are extremely difficult to remove through membrane

2 This chapter has been submitted as Aishwarya S Pawar!, Ayda Ghahremanzadeh?, Mehdi
Ghaffari Sharat?, Larry D Unsworth®, Effect of hydroxy-PEO chain density and uremic toxins on
plasma protein adsorption, for publication in the Colloids and Surfaces A: Physicochemical and
Engineering aspects.
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hemodialysis, and their blood concentrations are quickly re-established due to their release from
blood proteins [77]. Many of the UTXs, including uridine, hippuric acid, putrescine, and indole
acetic acid, have been recognized for their toxicity, and their concentrations under normal and
pathological conditions have been quantified [79, 80]. UTX-protein interactions have been found
to modify protein adsorption patterns to surfaces through interacting with surfaces and blood
proteins [1, 69, 77, 81]. However, limited work in this field exists, and mechanisms behind the
alteration in protein-surface interactions remain ill-defined. Indoxyl sulfate and p-cresol sulfate
have been reported to form electrostatic and hydrophobic interactions with human serum albumin
and alter its secondary and tertiary structures [77]. UTXs have been reported to cause protein-
folding events [82]. PBUTs like indoxyl sulfate, p-cresol sulfate, urea, and creatinine have also
been studied for their direct adsorption to various surfaces, including polydopamine and amine-
functionalized mesoporous silica [89, 90]. It was found that the pyrene-modified MOF exhibited
the highest adsorption of p-cresol sulfate, indoxyl sulfate, and hippuric acid from a group of
zirconium-based metal-organic frameworks (MOFs) [170]. The modification of activated carbon
with sulfuric acid increased the toxins’ adsorption, especially urea and creatinine, by 30 to 40 %
[95]. Synthetic polymers, including polyvinylpyrrolidones, polysulfones, and polyamides, have
also been widely used to adsorb uremic toxins [171, 172]. Adsorption of uremic toxins to 2-
(methacryloyloxy)ethylphosphorylcholine-co-B-cyclodextrin (p(MPC-co-PMBCD)) films from a
complex UTX solution, as published recently by our group, was the first attempt to elaborate -
CD's affinity for binding uremic toxins combined with their interaction with the well-known low-
protein fouling MPC film [69]. The biocompatibility and protein adsorption experiments on
p(PMBCD-co-MPC) modified magnetic nanoparticles as an innovative material for removing

toxins from blood were performed [23], where UTXs slowed down the blood coagulation.

55



Nonetheless, the main objective of all these studies was to develop more effective adsorbents for
toxin removal, whereas the present study focuses on how uremic toxins influence plasma protein

adsorption to PEO-modified surfaces.

Uremic toxins can bind to even low-fouling polymer films [69], suggesting that not only do
UTXs affect protein structures but also the surface properties responsible for inhibiting protein
adsorption. Herein, we form thin chemisorbed films of hydroxy-terminated PEO (PEO-OH, 800
MW) with a range of polymer chain densities. Films were characterized for hydrophilicity and
elemental composition as a function of polymer chain density. Normal platelet-poor plasma was
altered by adding 25 uremic toxins in concentrations equivalent to those found in end-stage kidney
disease patients (Table 4.1). Adsorbed proteins were eluted and characterized using
immunoblotting techniques. It is thought that the next stage in the development of personalized
medicine approaches for designing blood-contacting biomaterials must incorporate an

understanding of how the changes in blood composition affect the blood-biomaterial interface.
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Table 4.1. Composition of uremic toxins in HD patients. Values are concentration = SD.

Experimental Patient concentration
Uremic toxins concentration (mg/L) (mg/L) Ref
4-Ethylphenyl sulfate 0.25 0.242 +0.044 [143]
Indole acetic acid 2.03 2.03 £0.38 [79]
L-Tyrosine 54.35 5435+ 16.3 [144]
Asymmetric dimethylarginine 0.38 0.385+0.2884 [79]
Hypoxanthine 2 20+ 1.6 [80]
Spermidine 0.096 0.097 £ 0.045 [79]
Argininic acid 0.075 0.08 +0.056 [80]
3-Deoxyglucosone 1.7 1.7£1.0 [80]
Homocysteine 8.1 8.1+1.6 [80]
L-Asparagine 7.16 7.13+£3.7 [145]
Pyruvic acid 11.7 5~11.7+8.6 [146]
Trimethylamine N-oxide 7.5 7.49 £2.39 [147]
Creatinine 136.4 136.0 = 46.0 [80]
Hippuric acid 237 247.0+£112 [80]
Uric acid 83 83+ 13 [148]
Xanthosine 96.6 96.6 + 62.9 [149]
Putrescine 0.001 0.00942 + 0.00759 [79]
Uridine 9.8 9.8+11.4 [80]
Dimethyl glycine 0.59 0.5768 [80]
Guanidinopropionic acid 0.288 0.288 +0.0183 [80]
p-Hydroxyhippuric acid 4.25 443 +2.79 [150]
Phenylalanine 9.25 8.92 +1.81 [151]
Indoxyl glucuronide 2.5 2.5+0.3 [79]
Indoxyl sulfate 53 53.0+£91.5 [80]
Spermine 0.002 0.018+0.0162 [80]

4.2 Materials and methods

Chemicals used to prepare UTX solution: Sigma Aldrich provided a diverse array of
chemicals, including Asymmetric dimethylarginine (>98%), Putrescine (>98%), Pyruvic acid
(>98%), L-Asparagine (>98%), Dimethylglycine (>99%), Hippuric acid (>98%), Spermine
(>97%), L-Tyrosine (>99%), Guanidinopropionic acid (>97.5%), Spermidine (>99%),
Homocysteine (>98%), Indoxyl sulfate, Indoxyl glucuronide (>98%), Xanthosine, Creatinine
(>98%), Hypoxanthine (=99%), Uridine (=99%), 3-Deoxyglucosone (>75%), Uric acid (=99%),

Trimethylamine N-oxide (>95%), 3-Indoleacetic acid (>98%), and Phenylalanine (>98%). L-
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Argininic acid was obtained from Toronto Research Chemicals (Ontario, Canada). 4-Ethylphenyl
sulfate (98%) was procured from Apex Bio (Houston, USA), while 4-Hydroxyhippuric acid (=98%)

was sourced from Cayman Chemical.

Chemicals used in experiments: Platelet-poor human plasma was obtained through the
Blood4Research initiative facilitated by Canadian Blood Services. Polyvinylidene fluoride (PVDF)
membrane and sodium dodecyl sulfate (SDS) were acquired from Bio-Rad (Hercules, CA, USA).
PEO-OH (800 MW) was sourced from Biopharma PEG Scientific Inc. (Watertown, MA, USA).
Tween 20, TEMED, B-mercaptoethanol, and glycine were sourced through Sigma Aldrich, nonfat
dry milk (carnation dry milk), and colloidal gold solution and ladder solution were obtained from
Bio-Rad labs, USA. HPLC-grade water, PBS tablets (pH 7.4), tris base, and 40% acrylamide were
obtained from Fisher Scientific. The TMB-stabilized substrate was procured from Promega
(Madison, WI, USA). All chemicals were utilized as received without additional purification. For

the complete list of antibodies, please refer to Table B1 in Appendix B.

4.2.1. PEO chemisorption to surfaces

The variable PEO chain densities on gold surfaces were obtained by varying chemisorption
time and altering chemisorption solution conditions. Using previously established protocol [37, 49,
152], a hydroxy-terminated, chain end thiolated, 5 mM PEO solution (800 g/mol) was prepared in
0.1 M PBS buffer (pH 7.4, ionic strength 4.4 M) under the low solubility conditions (usually 6
conditions) near the cloud point. The silicon wafers (Thin Film Technology, Buellton, CA), coated
with 500 A chromium and 2000 A gold, were diced into 0.5 x 0.5 cm chips and piranha washed as
mentioned before [36] to remove any carbon-containing contaminants. The cleaned gold surfaces
were immersed in HPLC-graded Milli-Q water and equilibrated at 25 °C for 30 min alongside a

chemisorption solution in a non-adherent 96-well plate. The individual surfaces were subsequently
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placed into chemisorption solutions of consistent volumes and incubated for varying durations (10
min, 30 min, and 4 hrs) at the same temperature to attain diverse PEO chain densities. The surfaces
were rinsed with adequate HPLC-graded Milli-Q water post-chemisorption to remove loosely

bound polymer, dried using inert N> gas, and used for further experiments.

4.2.2. PEO film characterizations

4.2.2.1 Measurement of dynamic contact angle

The Attension Theta Lite Optical Tensiometer (Nanoscience Instruments, USA) was used
to characterize the dynamic contact angles of PEO-OH films. Advancing and receding water contact
angles were measured by forming water drops on the surfaces, where the drops were permitted to
advance and then recede on the chips for 40 seconds, during which the corresponding values were
recorded. The instrumental parameters were set ensuring a drop-out volume not exceeding 2 pL
and a controlled advancing/receding rate of 0.2 pL/s. Statistical significance between the obtained

values was assessed using an unpaired Student’s t-test.

4.2.2.2 Evaluation of PEO chain densities

After chemisorption onto surfaces, the thicknesses of the dried PEO-OH films were
determined using a variable-angle M-2000V spectroscopic ellipsometer (J.A. Woollam, USA;
370-1000 nm). Provided software (CompleteEASE, J.A. Woollam, USA) was used to determine
the extinction coefficient (k) and refractive index (n) by applying the B-spline model with a node
spacing of 0.1 eV and using Au metal as a base. Following this, a Cauchy model was implemented
to ascertain the thickness of the PEO layer using the optical constants of Au as substrates for the
polymer films. Given the transparent nature of PEO, the Cauchy parameters were set to their lowest
values (A = 1.45 and B = 0.01). Finally, the chain densities were determined based on the dry film

properties using the provided equation:
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- ( u )1/2 Eq. 4.1

ParydNa

In this equation, L represents the mean distance between polymer attachment points on the
surface, M is the molecular weight of PEO, pary is the assumed dry PEO layer density (1.0 g/cm?),
d is the mean layer-thickness obtained from ellipsometry, and Na is Avogadro’s number. The final
polymer chain density is evaluated as L 2. An unpaired Student’s t-test was performed to analyze

statistical differences between obtained grafting densities.

4.2.2.3 Elemental composition of polymer films

X-ray photoelectron spectroscopy (XPS) measurements at room temperature were
conducted using the Kratos Axis (Ultra) spectrometer (Kratos Analytical Ltd, UK), equipped with
monochromatized Al Ka X-rays (hv = 1486.71 eV). The spectrometer was calibrated using the
binding energy of Au 4f7/2 (84.0 eV) with reference to the Fermi energy level. Atomic
compositions (%) were determined from a low-resolution survey spectrum spanning 0 to 1100 eV,
collected at the analyzer with a pass energy of 160 eV. Spectral fitting employed CasaXPS software

(Casa Software Ltd., Japan) for the quantification of elements in percentage.

4.2.3. Adsorption of plasma proteins

Human plasma experiments were conducted in accordance with the guidelines established
by the research ethics board approvals: Canadian Blood Services 2022-21 and University of Alberta
Pro00002363 and Pro00116764. The platelet-poor human plasma (collected from multiple donors)
was used as received from Canadian Blood Services, aliquoted, and stored at -80 °C. Protein
adsorption from plasma was facilitated by following the previously developed protocol [36]. The
PEO-modified surfaces were incubated in undiluted plasma for 3 hrs under static conditions at room

temperature and washed three times (10 min each) with copious amounts of PBS buffer to remove
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any loosely bound plasma proteins. Plasma incubation and serial washing of surfaces were carried

out in individual wells of non-adherent 96-well plates to avoid an overlap of surfaces.

The protein adsorption protocol was the same for UTX plasma, except the plasma was
encompassed with 25 different uremic toxins (Table 4.1) to achieve the blood composition of HD
patients. A highly concentrated stock solution of 25 different uremic toxins (with concentrations
equivalent to those in HD patients) was prepared, aliquoted, and stored at -80 °C. Immediately prior
to use, 1 mL plasma was added to each UTX vial, mixed with a pipette, and kept undisturbed for

30 min at room temperature to completely dissolve the UTXs.

4.2.4. Immunoblot technique

In this study, proteins eluted from surfaces after plasma incubations were analyzed using
the standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting techniques. Surface adsorbed proteins were eluted by incubating surfaces in 2%
SDS overnight at room temperature. Samples were sonicated for 2 min at room temperature each
time before and after the elution. Prior to SDS-PAGE, eluted samples were denatured using a buffer
composed of 0.5 M B-mercaptoethanol and SDS at 95 °C for 5 min. Equal volumes (100 puL) of
eluted samples were loaded onto each polyacrylamide gel (12 % separating, 4 % stacking). After
electrophoresis, proteins were electrophoretically transferred to immobilon polyvinylidene fluoride
(PVDF) membranes (Millipore, Bedford, MA) of pore size 0.2 pm. The consistent surface area of
surfaces, elution buffer volume, and sample loading volume were maintained across all experiments
to allow comparison between the blots. Following electro-transfer, the membrane was segmented
into 22 strips, with 2 allocated for colloidal gold staining and the remaining 20 for immunoblotting
to detect 20 individual proteins (Table B1, Appendix B). The strips were then probed with primary

(1:1000 dilution) and alkaline phosphatase-conjugated affinity-purified secondary antibodies
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(1:1000 dilution). The bands were visualized using a 3,3’,5,5’-tetramethylbenzidine (TMB)-
stabilized chromogen substrate (Promega), maintaining the constant color development time
throughout all immunoblots. The strips were immediately dried, reassembled along with gold-
stained strips, and converted to digital format. Band intensities were analyzed using ImagelJ 1.53e,
USA, and quantified using a 12-step grayscale system where ‘0’ and ‘12’ represented ‘no band’

and ‘maximum intensities,” respectively.
4.3 Results and discussion

4.3.1. Hydrophilic properties of PEO films

Advancing and receding contact angle measurements for bare and PEO-OH-modified
surfaces were conducted (Table 4.2). Statistical differences were calculated using the unpaired
student’s t-test. Contact angles decreased significantly (paay = 0.0001, prec = 0.0004) from bare to
all PEO-OH modified surfaces, confirming the polymer presence and indicating the increased
hydrophilic properties of surfaces. Data for PEO 10 and 30 min modified surfaces were not
statistically significant, but were from 30 min to 4 hr chemisorption times (pasv = 0.0004, prec =

0.0007).

Table 4.2. The advancing and receding contact angle values (°) of PEO-OH modified gold surfaces. Data

are mean £+ SD (n > 3).

Surface Advancing (°) Receding (°)
Unmodified Au 81.6+1.2 743 +2.4
10 min PEO-OH modified 553=+12 49.3+3.0
30 min PEO-OH modified 55712 441+1.9
4 hr PEO-OH modified 382+2.5 305+ 1.7
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4.3.2. PEO chain density

The PEO chain densities were assessed to examine polymer conformation (mushroom or
brush) and to investigate the impact of varying grafting densities on protein adsorption. PEO-OH
grafting densities of 0.56 = 0.10, 0.57 = 0.10, and 0.82 + 0.13 chains/nm? were obtained after 10
min, 30 min, and 4 hr of formation time, respectively. It has been reported that for unperturbed
random coils of polymer (mushroom conformation), the distance between polymer attachment
points (S) is greater than twice the Flory radius (Rr) at 6 condition [49]. The ‘2RF’ for PEO-OH
was calculated to be 23.7 A. The respective values of ‘S’ for 10 min, 30 min, and 4 hr PEO films
were 13.3 A, 13.2 A, and 11 A. It is clear from the values that for all time points, S < 2RF,
indicating the PEO layers were in the brush regime. In addition, the grafting density values
obtained remained below the reported upper limit of 5.8 chains/nm? for fully extended polymer
chains [49, 153], further confirming that PEO chains were in brush conformation. Chain densities
under given chemisorption conditions remarkably increased with chemisorption time from 10 min
(0.56 £ 0.10 chains/nm?) to 4 hr (0.82 = 0.13 chains/nm?) and were statistically different (p =
0.016). However, similar to the results previously obtained for methoxy-PEO systems (in review),
here the chain densities for PEO 10 min (0.56 = 0.10 chains/nm?) and 30 min (0.57 £+ 0.10

chains/nm?) were not significant (p = 0.83).

4.3.3. Elemental composition of PEO films

The atomic compositions obtained from low-resolution XPS data (Table 4.3) show that for
unmodified gold, the carbon and oxygen content were found to be 27.5 and 10.3%, respectively,
and represent atmospheric carbonaceous contamination [154]. The drastic reduction in gold
content, coupled with the increase in carbon and oxygen levels from unmodified to modified

samples [41], confirms the successful deposition of PEO on the surfaces. On modified surfaces
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with increasing chain density, the decrease in gold content and increase in carbon and sulfur [49]
levels further indicate a greater deposition of PEO as chain density increases. Sulfur serves as a
distinct indicator of adsorbed thiolated PEO. The oxygen contents on all PEO samples were
statistically similar. The C:O ratio increased with chain density for PEO-OH films, approaching

the theoretical value of 1.9 for PEO-OH.

Table 4.3. Percent atomic compositions of PEO-OH films obtained from low-resolution XPS scan. Values

are mean £SD, n = 3.

Element composition (%)

Surface Au 4f O 1s Cls S2p
(83 eV) (532¢eV) (285eV) (165¢V) C:O
Unmodified gold 623+45 103+09 27.5+42 0 27+0.4

10 min PEO-OH modified 47.0+15 22.0+0.7 295+16 16+04 13+0.1
30 min PEO-OH modified 43.1+0.6 220+13 33.1+13 18+02 15+0.1
4 hr PEO-OH modified 41.0+0.7 222+09 344+14 25+0.1 1.6+0.1

4.3.4. Adsorbed protein analysis

Eluted proteins from all surfaces were characterized using immunoblot techniques and band
intensities summarized in Table 4.4 and Table 4.5. Complement C3, albumin, and factor XI were
detected on all immunoblots with amounts (i.e., intensities) that were affected by the presence of
UTXs and variable chain densities. Unlike methoxy-terminated PEO surfaces of similar chain
densities (in review), no proteins reached the maximum band intensity value (12). This is likely due
to the increased propensity for hydrophilic -OH groups to present at the PEO-plasma interface as
chain density increases [48]. As the “~-OH” group is more hydrophilic than the corresponding

methoxy group, protein adsorption is not as high.
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Albumin (66.5 kDa) is a high concentration plasma protein (35-50 g/L) that binds diverse
lipids, metabolic compounds, and drugs [23, 70, 173]. In the present work, it appeared in
intermediate to high intensities, similar to the previous work on PEO-OH-modified gold surfaces
[36]. For normal plasma, the PEO-modified surfaces displayed similar or higher [36] band
intensities than the control. Upon UTX addition, albumin intensities for PEO-modified surfaces
declined significantly from that of UTX-Au control. It is known that 90% of indoxyl sulfate (IS) in
the bloodstream can reversibly bind to albumin with a dissociation constant of 13.2 uM [70, 174-
176]. The highest band intensity throughout the immunoblots was observed on UTX-Au control
samples. While UTXs increased albumin adsorption to Au control, they significantly decreased the
adsorption to PEO 10 min surfaces. The intensities for PEO 30 min and 4 hr surfaces for both
normal and UTX plasma were identical, indicating the adsorption on these surfaces was
independent of UTX effects and chain density variations. However, for PEO 10 and 30 min
surfaces, although the chain densities were not statistically significant (p = 0.83), the adsorption
data varied for both normal and UTX plasma. PEO 4 hr samples from normal plasma and PEO 10
and 30 min samples from UTX plasma exhibited significantly lower albumin intensities compared
to our previous study on methoxy-PEO-modified surfaces (in review). This suggests that surface
modification with PEO-OH more effectively resists albumin adsorption compared to methoxy-

PEO.

4.3.4.1 Immune response-related proteins
IgG is the most prevalent circulating antibody isotype (10 to 20% of proteins in plasma)
within the immunoglobulin superfamily and is the key element of humoral adaptive immunity
[160]. Two separate bands, light (27 kDa) and heavy chain (55 kDa) characterize the presence of

IgG. It has been detected previously on PEO-modified polyurethane surfaces [132]. Despite being
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the most abundant protein, IgG was minimally detected on all surfaces. This was consistent with
previous work on PEO-OH chemisorbed gold surfaces [36]. The intensity values for both normal
and UTX plasma were consistently low, indicating that neither variable chain densities nor the
UTXs influenced the adsorption of this protein. For UTX plasma, the IgG light chain intensity for
PEO 10 min surfaces was considerably lower than that obtained for methoxy-PEO surfaces (in

review), confirming that the end-group at these conditions does affect protein adsorption.
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Table 4.4. Relative immunoblot intensities of plasma proteins adsorbed to surfaces of varying PEO chain

densities. The values range from 0, indicating no visible band, to 12, indicating a band with maximum

intensity.
Fragment Au PEO PEO  PEO
Plasma Proteins size (kDa) control 10min 30 min 4 hr
Albumin 66 6 - 6 6
Immune  C3: Intact C3 187 0 1 1 1
response- a chain 115 0 1 1 1
related )
B chain 70 r T s
Activation fragment 42 0 5 5 3
IgG: Heavy chain 55 0 1 2 1
Light chain 27 1 3 3 3
Transferrin 77 0 0 0 1
Vitronectin 54 0 0 0 0
a | antitrypsin 54 0 0 0 0
o 2 macroglobulin 163 0 0 0 0
Coagulation Fibrinogen: o chain 68 1 2 0 1
related B chain 56 1 1 0 1
vy chain 48 1 1 0 0
Cleavage fragments <48 0 0 0 0
Fibronectin 259 0 0 0 0
Prothrombin 72 0 0 0 0
Antithrombin 53 0 0 0 0
Factor XII 80 0 0 0 0
Factor XI 70 7 6 6 6
Kininogen (heavy) 120 0 0 0 0
Protein C 62 0 0 0 0
Protein S 75 0 0 0 0
Prekallikrein 85 0 0 0 0
Plasminogen 91 0 0 0 0
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Table 4.5. Relative immunoblot intensities of plasma proteins adsorbed to surfaces of varying PEO chain
densities in the presence of uremic toxins. The values range from 0, indicating no visible band, to 12,

indicating a band with maximum intensity.

Fragment 7y Au  UTX-PEO  UTX-PEO  UTX-PEO
s1ze control 10 min 30 min 4 hr
Plasma Proteins (kDa)
Albumin 66 - 4 6 6 0
1to3
Immune  C3: Intact C3 187 1 1 2 1 4105
response- a chain 115 0 1 0 0
related
B chain 70 2 6 2 4
Activation fragment 42 0 6 2 4
IgG: Heavy chain 55 1 2 1 1
Light chain 27 2 2 2 3
Transferrin 77 1 0 0 0
Vitronectin 54 0 0 0 0
o antitrypsin 54 1 0 0 0
a» macroglobulin 163 0 0 0 0
Coagulation Fibrinogen: o chain 68 5 1 1 1
related .
B chain 56 5 1 1 1
vy chain 48 3 1 1 1
Cleavage fragments <48 0 0 0 0
Fibronectin 259 0 0 0 0
Prothrombin 72 0 0 0 0
Antithrombin 53 0 0 0 0
Factor XII 80 0 0 0 0
Factor XI 70 7 2 2 2
Kininogen

(heavy) 120 0 0 0 0
Protein C 62 0 0 0 0
Protein S 75 0 0 0 0
Prekallikrein 85 0 0 0 0
Plasminogen 91 1 0 0 0
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Complement C3 plays a crucial role in all three activation pathways—classical, alternative,
and mannose-binding lectin pathway. It particularly functions in the alternative pathway, where it
contributes to complement activation induced by biomaterials [30, 161]. C3 is recognized as three
distinct bands - intact C3 (187 kDa), a chain (115 kDa), B chain (70 kDa), and an activation
fragment at 42 kDa. In the present work, the blot responses for intact C3 and o chain were negligible
for normal plasma. Studies on PEO-OH-modified surfaces detected moderate and high amounts of
B chain and an activation fragment, respectively [36]. Here, the B chain obtained the highest
intensities on low chain density surfaces (PEO 10 min and PEO 30 min) but adsorbed weakly to
the high chain density surface (PEO 4 hr) in normal plasma, indicating reduced adsorption with
increasing chain density. The moderately present activation fragment for both normal and UTX
plasma suggests C3 degradation. The introduction of UTXs significantly declined B chain
adsorption to PEO 10 and 30 min surfaces. For UTX plasma, the adsorption of B chain and
activation factor increased with increasing chain density from PEO 30 min to PEO 4 hr surfaces.
For UTX plasma, the adsorption of B chain and activation factor dropped significantly from PEO
10 min to PEO 30 min surfaces, although the chain densities were statistically similar (p = 0.83).
This indicated that the adsorption was highly sensitive to chain density effects. Compared to
previously obtained study on methoxy-PEO surfaces (in review), the B chain intensity for PEO 30
min samples obtained here for normal plasma was higher. However, for the UTX plasma, all PEO-
modified surfaces exhibited lower adsorption of the B chain than their methoxy analogs. Similarly,
C3 activation fragment adsorption to PEO 30 min and 4 hr surfaces was notably lower than their

methoxy analogs, further confirming the better protein-resistant properties of the ‘hydroxy’ group.

Transferrin (single band - 77 kDa) plays a crucial role in innate immunity and can potentially

activate macrophages [164]. It was scarcely present on all surfaces, aligning with the previous
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research on transferrin as a coating on polystyrene nanoparticles, where it effectively reduced
nonspecific protein adsorption from human plasma solutions [177]. Minimally detected transferrin,
together with the low level of IgG, indicated low phagocytic activity on all surfaces. Transferrin

adsorption wasn’t influenced by either the inclusion of toxins or varied chain densities.

Vitronectin (54 kDa) is a multifunctional glycoprotein that greatly contributes to facilitating
cell adhesion onto material surfaces along with fibrinogen and fibronectin [160, 165]. Although
their plasma concentrations are similar, studies on various polystyrene-based surfaces have shown
that vitronectin displays a greater affinity for surface binding compared to fibronectin [23, 166].
Zero responses were obtained for vitronectin and fibronectin, which implies that these proteins did

not provide a propensity for cells to bind to any of the surfaces.

o antitrypsin is a serine protease inhibitor that acts by regulating enzymes linked to
inflammation, specifically neutrophil elastase [178]. It was found to be adsorbed weakly on the
PEO-grafted polyurethane surface before [132]. No visible responses for this protein were obtained.
Identical blot responses were observed for o, macroglobulin, another element of the innate immune
system that regulates proteases by removing them from the bloodstream [23, 179, 180]. The absence
of az macroglobulin implies that PEO-OH-modified surfaces, even when exposed to UTXs, are not

actively promoting clotting or fibrinolysis, given its role as an inhibitor for both processes [23, 181].

4.3.4.2 Coagulation-related proteins
Fibrinogen is an essential protein in blood clotting and is a site for three coagulation-related
enzymes - plasmin, thrombin, and factor XIIla. Fibrinogen presents as three bands: a (68 kDa),
(56 kDa), and y (48 kDa), and a cleavage fragment at <48 kDa. It has been detected in a range of
intensities in previous research on PEO-OH grafted gold surfaces [36]. Fibrinogen was found to be

strongly attached to PEO-grafted polyurethane surfaces [132]. However, in the present study, it was
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found in minimal quantities with no visible band on PEO 30 min samples. UTX presence led to
increased intensities for the Au controls relative to normal plasma. However, UTXs did not alter
the adsorption of PEO-modified surfaces. For UTX plasma, a notable decline in band intensities
was observed from UTX-Au control to all PEO-modified surfaces. The low and consistent
fibrinogen intensities on PEO-modified samples for UTX plasma indicated that protein resistance
was independent of varying chain densities. No activation fragments were detected for normal or
UTX plasma. For normal plasma, while a and 8 chains for PEO 30 min surfaces previously showed
moderate intensities on methoxy-PEO modified surfaces (in review), they were absent in the present
work. Similarly, for UTX-plasma, the a chain for PEO 10 and 30 min surfaces exhibited markedly

lower adsorption than their methoxy analogs.

The contact coagulation pathway integrates the non-enzymatic cofactor high-molecular-
weight kininogen and three serine proteinases: Factors XII and XI and prekallikrein [23, 156]. Low
and negligible amounts of these proteins were detected previously on PEO-OH-modified gold
surfaces [36] and PEO-grafted polyurethane-based adsorption systems [132]. High-molecular-
weight kininogen adsorption was found to be reduced with PEO modification of surfaces [36]. For
normal plasma, intermediate amounts of factor XI (70 kDa) were detected on all surfaces. For both
normal and UTX plasma, consistent band intensities were obtained for all chain densities, indicating
factor XI adsorption was unaffected by chain density effects. The consistency in responses can be
correlated to the previous study on PEO-grafted surfaces, where the protein adsorption stabilized
once the chain density reached 0.5 chain/nm? [48]. The chain densities obtained in the present work
are greater than this threshold. Upon the introduction of toxins, the intensities of factor XI on PEO-
modified surfaces reduced significantly yet consistently. While factor XI adsorption to PEO 30 min

surface is more than that on methoxy-PEO modified samples studied earlier (in review), the

71



adsorption to PEO 4 hr surfaces here has reduced substantially. Other contact coagulation proteins
- high MW kininogen (120 kDa), factor XII (80 kDa), and prekallikrein (85 kDa) were absent on

all surfaces, indicating that the contact coagulation did not occur by these proteins.

While the presence of adsorbed proteins can offer insights into the host reactions to
biomaterials, the absence of proteins also provides valuable information. The protein C (62 kDa)

controls blood coagulation by regulating FVIIIa and FVa, key cofactors in factor X and prothrombin

activation, respectively [157]. Similarly, protein S (75 kDa) acts as an anticoagulant by inhibiting
procoagulants like FXa, FVa, and FIXa while supporting activated protein C and tissue factor
pathway inhibitor [182]. Fibronectin (259 kDa) binds to fibrin through non-covalent and covalent
interactions and regulates platelet function and hemostasis [23, 183]. Protein C, protein S, and
fibronectin were absent throughout the immunoblots, indicating a limited fibrinolytic response and

no anticoagulation activity by these proteins.

This trend continues for prothrombin (72 kDa) and antithrombin (53 kDa). Prothrombin
exists as the inactive precursor to thrombin, a potent coagulation enzyme [161], whereas
antithrombin is a potent serine protease inhibitor with the ability to deactivate thrombin and
numerous enzymes within the coagulation cascade [184]. Low levels of prothrombin were observed
previously on PEO-grafted polyurethane surfaces, whereas its adsorption to polyvinyl chloride and
polymethyl methacrylate surfaces was comparatively higher [132]. While prothrombin facilitates
thrombin-mediated coagulation, antithrombin prevents it. Zero responses were obtained for these
proteins, eventually suggesting that the coagulation was neither promoted nor inhibited by any of

the surfaces.
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Plasminogen (91 kDa) undergoes a complex activation process to yield plasmin, a potent
serine protease that enzymatically degrades fibrin clots [161]. Its appearance within the adsorbed
proteome suggests the likelihood of fibrinolytic activity, a feature actively pursued in the
advancement of other biomaterial surfaces [161, 185, 186]. In a study, plasminogen exhibited weak
responses for PEO-grafted polyurethane surfaces, whereas it adhered strongly to polymethyl
methacrylate and polyvinyl chloride surfaces [132]. The lack of this protein in blots indicated that

no fibrinolytic activity was induced via plasminogen on surfaces.

Table 4.6: % change in the band intensities of protein adsorbed to PEO-OH surfaces after UTX addition.

Fragment Au PEO PEO PEO
Plasma Proteins size (KD) control 10 min 30 min 4 hr
Albumin 66 50 0 0
Immune response- C3: Whole C3 187 appeared 0 100 0
related Chain o 115 absent
Chain B 70 100
Activation fragment 42 absent
IgG: Heavy chain 55 appeared
Light chain 27 100
Transferrin 77 appeared  absent absent
o, antitrypsin 54 appeared  absent absent absent
Coagulation related Fibrinogen: o chain 68 400 - appeared 0
B chain 56 400 0 appeared 0
vy chain 48 200 0 appeared  appeared
Plasminogen 91 appeared  absent absent absent

Color scale: % increase _ appeared
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Table 4.6 represents the % change in protein band intensities after the introduction of
UTX. The dark green and red areas indicate the percentage increase and decrease in band
intensities, respectively, following the addition of UTX. The light green color represents proteins
that were initially absent but became detectable after UTX was introduced. A '0' signifies no
change in protein intensity. From the table, it is evident that UTX readily influenced the adsorption

to PEO-OH surfaces.

4.4 Conclusion

We evaluated the effect of normal and UTX-laden plasma on the adsorption of proteins to
PEO-OH-modified surfaces with different chain densities. The results revealed that albumin,
complement C3, and factor XI were primarily detected on the blots, with minor traces of fibrinogen
and IgG. It was observed that albumin and fibrinogen exhibited increased adsorption to the Au
control upon UTX addition. While albumin adsorption increased from that of Au control to PEO
10 min samples, this trend was reversed in the presence of UTXs. UTXs markedly diminished the
Factor XI appearance on all PEO-OH surfaces. The absence of high-molecular-weight kininogen,
factor XII, and prekallikrein indicated surfaces generated no contact coagulation activity. The lack
of prothrombin and antithrombin ultimately suggested that the PEO-modified surfaces neither
facilitated nor inhibited clot formation. Many other coagulation-related proteins - protein C,
protein S, and plasminogen exhibited zero responses on all surfaces. The prominent immune
response-related protein, complement C3, showed an exclusive decline for the beta chain
adsorption on PEO 30 min samples upon UTX addition. The negligible adsorption of transferrin
and a; antitrypsin combined with the lack of vitronectin and o macroglobulin indicated trivial
immune responses generated by surfaces, which were independent of chain density and uremic

toxins. Overall, the effect of UTXs was recognizable in altering the adsorption of plasma proteins.
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Although no overall trend was observed upon UTX addition, their influence on the ratio of
individual adsorbed proteins was apparent. From UTX-PEO 10 min to UTX-PEO 30 min samples,
the adsorption of complement C3 B chain and activation fragment notably declined, indicating
adsorption was highly sensitive to even small changes in chain density. The adsorption of
complement C3 B chain and activation fragment reduced with increasing chain densities from PEO
30 min to PEO 4 hr surfaces. However, this pattern was reversed when UTXs were added, making
the high chain density surface adsorb more proteins. This suggests that an increase in polymer
chain densities doesn’t always lead to improved antifouling properties of the surface. Also, it
remains unclear whether any increase in protein adsorption alters their biological functions. Thus,
a more detailed and extensive understanding of how the UTX composition affects protein structure
and function upon adsorption may be needed. Finally, this is the first step in understanding how
UTXs affect protein adsorption at the blood-biomaterial interface forming a foundation for further

studies in developing personalized approaches for dialysis.
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Chapter 5. Conclusion and major contributions

The potential effect of uremic toxins (UTXs) and variable chain densities of end-tethered
polyethylene oxide (PEO) on plasma protein adsorption was quantitatively evaluated in the present
dissertation. Two distinct chain end-groups of PEO, methoxy (-OCH3) and hydroxy (-OH) were
used. The hydrophilicity, grafting densities, and atomic compositions of polymer films were
assessed using dynamic contact angle, spectroscopic ellipsometry, and X-ray photoelectron
spectroscopy, respectively. These characterizations confirmed that polymer hydrophilicity and
chain densities increased with chemisorption time, all polymers were in brush conformations, and
PEO deposition was successful. However, the dynamic contact angles and chain densities obtained
for 10 and 30 min chemisorption times for both methoxy and hydroxy terminal groups attained
were statistical similar. In immunoblotting experiments, major proteins identified on all surfaces
included albumin, complement C3, IgG, fibrinogen, and factor XI. Trace amounts of o antitrypsin,
prothrombin, transferrin, and vitronectin were also detected in select samples. The complete
absence of several thrombogenic and immunogenic proteins suggested the lack of host responses
by adsorption of those proteins. For both methoxy and hydroxy-PEO-modified samples, the
variations in chain densities and the presence of UTXs notably altered the adsorption of individual
proteins. However, for hydroxy-PEO-modified surfaces, the overall band intensities were lower
than their methoxy analogs, and none of the proteins attained the maximum band intensity value
(12). This 1is likely attributable to the increased hydration associated with hydroxy groups
compared to methoxy groups, leading to a consequent diminish in protein adsorption and better

protein-resistant properties.

In the case of the methoxy-PEO-modified surfaces (chapter 3), nearly all proteins showed

increased adsorption upon the introduction of uremic toxins (UTXs). Metabolites are known to
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influence protein conformation and enzymatic function; however, it is unclear whether the
increased protein at the blood-biomaterial interface directly impacts biological function or results
from protein denaturation. Therefore, when designing blood-contacting materials for kidney
disease patients, it is crucial to consider the impact of toxins on blood proteins and their
interactions with engineered surfaces. On the other hand, although the effect of chain densities did
not exhibit a trend, it was subtle. PEO with varying chain densities succeeded in resisting specific
proteins even in the presence of UTXs. However, increased PEO chain density did not reduce the
adsorption of all proteins. For several proteins, the negligible variations in chain densities resulted
in a sharp transition in their adsorbed amounts, indicating protein adsorption was highly sensitive

to chain density.

In the case of hydroxy-PEO-modified surfaces (chapter 4), while no consistent trend
emerged with UTX addition, their impact on the relative ratios of individual adsorbed proteins was
evident. Similar to methoxy-PEO, adsorption was sensitive to small changes in chain density.
Conversely, for some proteins, the adsorption was independent of both UTX and chain density
effects. For complement C3 B chain and activation fragment, UTXs made high chain density
surfaces to adsorb more protein, indicating that higher polymer chain densities do not always

enhance the antifouling properties of the surface.

Herein, we underscore the need for a deeper understanding of how PEO chain density
mediates protein resistance. It also reveals the need for a deeper and more comprehensive
understanding of how UTXs influence protein adsorption. The outcomes of this study are
advantageous in developing a standard protein adsorption profile for the advancement of low-
fouling surfaces for blood-contacting biomaterials. Moreover, they are valuable in the pursuit of

personalized dialysis for people with kidney failure.
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Appendix A. Supplemental information for Effect of uremic toxins and
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Figure Al. A reassembled immunoblot membrane illustrating plasma proteins. (i) PEO 10 min surfaces in
normal plasma, (ii) PEO 4 hr surfaces in normal plasma, (iii) PEO 30 min surfaces in UTX plasma. The
terminal strips represent colloidal gold-stained pieces of immunoblots, and the middle lanes (1-20)

represent sample strips specific to individual proteins.
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Table Al. Plasma protein-specific primary antibodies.

Anti-Human Plasma Antibody Host Supplier
Kininogen light chain Mouse US Biological, Swampscott, MA, USA
Kininogen heavy chain Mouse US Biological, Swampscott, MA, USA
Factor I Mouse Invitrogen; Thermo Fisher Scientific Inc.
Fibrinogen Rabbit Calbiochem, Gibbstown, NJ, USA

Fibronectin Rabbit Cedarlane Laboratories, Ontario, Canada
o antitrypsin Sheep Cedarlane Laboratories, Ontario, Canada
Prothrombin Sheep Cedarlane Laboratories, Ontario, Canada
Protein C Sheep Cedarlane Laboratories, Ontario, Canada
Vitronectin Sheep Cedarlane Laboratories, Ontario, Canada
Protein S Sheep Cedarlane Laboratories, Ontario, Canada
Prekallikrein Sheep Cedarlane Laboratories, Ontario, Canada
Antithrombin Sheep Cedarlane Laboratories, Ontario, Canada

IgG Goat Sigma-Aldrich, MO,USA

Albumin Goat OEM Concepts, ME, USA
Plasminogen Goat Cedarlane Laboratories, Ontario, Canada

Complement factor 3 Goat Calbiochem, NJ, USA

Factor XII Goat Cedarlane Laboratories, Ontario, Canada
Factor XI Goat Cedarlane Laboratories, Ontario, Canada

Transferrin Goat Sigma-Aldrich, MO, USA

o2 macroglobulin Goat Sigma-Aldrich, MO, USA
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Figure B1. Individual protein bands illustrated by reassembled immunoblot membrane. (i) PEO 10 min
surfaces in normal plasma, (ii) PEO 30 min surfaces in normal plasma, (iii) PEO 10 min surfaces in UTX
plasma. Colloidal gold-stained strips occur at margins, and the sample strips in the middle (1-20)

represent individual proteins.
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Table B1. Plasma protein-specific primary antibodies.

Anti-Human Plasma Antibody Host Supplier
Kininogen light chain Mouse US Biological, Swampscott, MA, USA
Kininogen heavy chain Mouse US Biological, Swampscott, MA, USA
Factor I Mouse Invitrogen; Thermo Fisher Scientific Inc.
Fibrinogen Rabbit Calbiochem, Gibbstown, NJ, USA

Fibronectin Rabbit Cedarlane Laboratories, Ontario, Canada
o antitrypsin Sheep Cedarlane Laboratories, Ontario, Canada
Prothrombin Sheep Cedarlane Laboratories, Ontario, Canada
Protein C Sheep Cedarlane Laboratories, Ontario, Canada
Vitronectin Sheep Cedarlane Laboratories, Ontario, Canada
Protein S Sheep Cedarlane Laboratories, Ontario, Canada
Prekallikrein Sheep Cedarlane Laboratories, Ontario, Canada
Antithrombin Sheep Cedarlane Laboratories, Ontario, Canada

IgG Goat Sigma-Aldrich, MO,USA

Albumin Goat OEM Concepts, ME, USA
Plasminogen Goat Cedarlane Laboratories, Ontario, Canada

Complement factor 3 Goat Calbiochem, NJ, USA

Factor XII Goat Cedarlane Laboratories, Ontario, Canada
Factor XI Goat Cedarlane Laboratories, Ontario, Canada

Transferrin Goat Sigma-Aldrich, MO, USA

o2 macroglobulin Goat Sigma-Aldrich, MO, USA
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Appendix C. Western blotting protocol

Day 1: Plasma protein adsorption and elution

The protocol of incubation is modified from Unsworth et al. [36] and Markian Bahniuk [5].

1) 4 samples were considered for each PEO-modified system and clean, transparent, and non-

adherent 96-well plates were used for plasma incubation of surfaces.

2) Individual surfaces were placed in 96-well plates, 200 puL of 37 °C liquified plasma was

filled in each well avoiding bubbles, and plates were incubated for 3 hrs at room

temperature. For UTX plasma, previously prepared UTX vials were filled with 1 mL of

liquified plasma each, mixed multiple times using a pipette, and left undisturbed at room

temperature for 30 min.

3) The surfaces were transferred to different wells filled with 250 pL. 1X (0.15 M) PBS each

using soft tweezers (or fixing 1-10 pL pipette tips on normal tweezers). This was performed

3 times (10 minutes each) using fresh PBS each time to remove the residual plasma.

4) The inverted and cut 1.5 mL centrifuge tube and all 4 surfaces of the same sample type

were placed in it, making sure they do not overlap. The surfaces were covered with 350 uLL

2% SDS and incubated at room temperature overnight to elute the adsorbed proteome.

Sonicate each elution system for 2 min, both before and after the elution, to obtain the best

possible collection of adsorbed proteins. Collect the eluate the next morning and store at -

80 °C until use.
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Day 2: SDS PAGE, Transfer, and Blocking

5) Prepare transfer buffer as follows and store it at 4 °C until use.

Transfer Buffer:

Methanol 200 mL
Tris Base 3g
Glycine 144 ¢

Fill it to 1 L with Milli-Q water

6) Prepare the separating and stacking gels according to the Bio-Rad Mini-Protein® Tetra

Cell Instruction Manual.

12% separating gel:

Milli-Q water 8.6 mL
40% Acrylamide 6 mL
1.5 M Tris HCL (pH 8.8) 5SmL
10% SDS 200 pL
10% Ammonium Persulfate 200 uL
TEMED 10 uL

Add the chemicals mentioned above in a sequence starting from Milli-Q water. Upon
adding 10% APS and TEMED, gently mix the solution (avoiding bubbles) and fill in the
gel plates IMMEDIATELY before it starts solidifying. Wait for 2 min and spray some

Milli-Q water over the gels. Keep undisturbed for 30 min to solidify the gels.
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7)

4% stacking gel:

Milli-Q Water 5.5mL
40% Acrylamide 938 uL
1.5 M Tris HCL (pH 6.8) 938 uL
10% SDS 75 uL
10% Ammonium Persulfate 75 uL
TEMED 10 uL

Upon adding 10% APS and TEMED, mix the gel contents gently. Pour off the water
sprayed over separating gel and fill the stacking gel solution on the top of separating gel.

Quickly insert the western blotting combs and allow the gel to solidify for 30 min.

Prepare the sample. For each gel, take 100 pL of eluted protein sample and add 1/3 of 4X

sample buffer (~33 pL) to it. The total volume of sample for each gel should be optimized

prior to the experiment.

Prepare the sample buffer (4X) as given below, aliquot and store at -20 °C.

Milli-Q Water 6.35 mL
B-Mercaptoethanol 600 pL
10% Coomassie R250 50 uL
2M Tris pH 7.0 750 uL
SDS 12¢g
100% Glycerol 3mL
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8)

9)

Followed by the addition of sample buffer to eluted protein sample, heat the mixture at 95
°C for 5 min.

Carefully remove the gel from the casting stand and fix it into the electrophoresis clamp,
ensuring the shorter gel plates face inward. Fix the clamp in the buffer chamber and fill the
chamber with 1X electrophoresis running buffer up to the indicated level. Using the gel
loading pipettes, load 3 puL of ladder solution into first and last lanes of the gel, and sample
in the large central lane. Close the lid and run the electrophoresis at 200 V and 400 mA

until the dye approaches the bottom of the gel, which should take approximately ~35 min.

Electrophoresis running buffer (5X)

Tris Base I5¢
Glycine 72 g
SDS S5¢g

Adjust the volume to 1 L with Milli-Q water. Prior to use, dilute to 1X with Milli-Q water.

10) Once gel electrophoresis is complete, transfer the gel to a transfer buffer and let it incubate

with gentle agitation for 20 minutes.

11) Cut the Immobilon PVDF transfer membrane to the required size (use the size template),

then pre-wet it by immersing it in 100% methanol for 3 seconds, followed by 1 minute in
water, and finally incubate it in a transfer buffer for 15 minutes. Assemble the gel and
membrane in the transfer cell as per the instructions. From the black plate of the transfer
cell: foam pad, pre-wet filter paper, gel, PVDF membrane, pre-wet filter paper, and foam

pad. Use forceps to handle the membranes, and never touch the PVDF membrane with bare
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or gloved hands. Make sure to eliminate any trapped air bubbles between them, close the
clamps, gently press using hands, and fix this assembly in a transfer chamber. An extra
foam pad can be used to tighten the membrane sandwich. Fill the transfer chamber with
transfer buffer to the indicated level, and perform the transfer for 1 hour at 100 V and 200
mA.

12) Following the transfer, mark a line at the bottom of the PVDF membrane for orientation
and identification, especially if handling multiple blots. NEVER use a marker; use a point
ball pen instead.

13) Cut two 1.5 cm strips containing a ladder from both edges of the membrane for gold
staining. Cut 20 smaller strips (~2.5 mm) of the middle sample lane for blocking and
subsequent immunoblotting. Do not block the gold staining strips.

14) Prepare a 5% Blocking solution by adding 5 g nonfat dry milk to 100 mL 1X TTBS buffer
and filling 2 mL of this solution into each well of the Western plate.

15) Briefly pre-wet the sample strips in methanol for 3 seconds, then in water for 10 seconds,
and subsequently place them into the wells of Western Plates containing blocking solution.
Make sure the strips are completely immersed in the solution. Close the lids and incubate

overnight at 4 °C with rocking.
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Day 3: Immunoblotting and gold staining

16) Replace the blocking solution with 2 mL of washing solution (0.1% nonfat dry milk in 1X
TBS buffer) using multichannel pipettes. Perform 3 washes, each lasting 10 min, and using

fresh wash solution per wash.

Wash solution:

Nonfat dry milk 0.8 ¢g

1X TBS buffer 800 mL

17) After this, fill the wells with 500 pL of primary antibodies (diluted 1:1000) and incubate
for 3 hours at room temperature on a rocking platform.

18) Wash three times for 10 minutes each to remove loosely bound antibodies.

19) Expose the strips to 500 pL of secondary antibodies (diluted 1:1000) and incubate for 1
hour at room temperature with rocking. Make sure the strips are entirely covered by
antibody solutions.

20) Repeat step 18 to remove loosely bound secondary antibodies, add 350 puL of TMB-
stabilized HRP substrate to each well, and incubate with rocking at room temperature until
precipitation begins. For consistency in comparing multiple blots, ensure uniform color
development time, 15 min in the present study.

21)Replace the TMB solution with 2 mL of Milli-Q water and incubate for 10 minutes to
terminate the reaction.

22) Dry the strips using a gel dryer, reassemble them, and scan them as soon as possible.

23) For gold staining of ladder strips, first wet them by immersing in methanol for 3 seconds,

followed by Milli-Q water for 10 seconds.
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24) Transfer the strip to a petri dish and cover it with enough TTBS solution. Incubate for 20
minutes to block the membrane on a rocking platform. Repeat this procedure two more
times, using fresh TTBS for each incubation.

25) Immerse in Milli-Q water for 2 minutes, repeating three times, and add Colloidal Gold
solution, ensuring it covers the strips. Incubate for 40-50 min based on the intensity of the
gold nanoparticles with rocking at room temperature. Terminate the reaction when the
protein bands are clearly visible and keep the gold solution for future use.

26) Rinse with Milli-Q water three times, each for 1 minute to remove the residual Colloidal

Gold Solution. Let the membrane dry before incorporating it into the Western blot strips.

Important Western Blotting Solutions.

10X TBS:

Tris Base 60.57 g (500 M)
NaCl 87.66 g (1.5 M)
Milli-Q Water 900 mL

Adjust pH to 7.4, make the final volume up to 1 L with Milli-Q Water, and filter sterilize.

IX TTBS:
10X TBS 100 mL
Tween 20 300 uL

Adjust the volume to 1 L with Milli-Q Water

Antibody Dilution Solution:

Nonfat dry milk lg

Tween 20 50 uL
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1X TBS buffer 80 mL

Make total volume up to 100 mL using 1X TBS buffer.
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