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SYNOPSIS

Microrheology of Biomaterials in Healthcare Applications

1.Introduction

Rheology originates from the Greek terms "Rheo" for flow and "logos"” for study, and is
related to the investigation of the flow properties of diverse materials. In general, the materials
can be typically categorized into elastic, viscous, and viscoelastic types based on their
mechanical behaviors. Examples of viscous materials encompass water, ethanol, and honey,
which flow easily, while elastic materials like steel, wood, and plastic possess the ability to
store energy. The viscoelastic substances exhibit both elastic and viscous characteristics, as
observed in blood, synovial fluid, mucus, and tissues. Viscoelastic liquids, displaying both
elasticity and viscosity, may be of Newtonian and Hookean type and may also demonstrate
non-Newtonian and non-Hookean behaviors, with viscosity (elasticity) altering in response to
shear rates (shear stress). The rheological studies of such materials hold extensive applications
across various domains such as material science, healthcare, drug delivery, food processing,
cosmetics, and pharmaceuticals.

Thus far, among the other methodologies, two principal measurement techniques are
employed to uncover the rheological aspects of diverse materials: (a) bulk rheology
measurements — providing comprehensive rheological insights, and (b) microrheology
measurements — enabling localized analysis of viscous and elastic properties. In particular,
microrheology offers advantages over traditional methods, requiring minimal sample volume
and facilitating non-destructive analysis across a broader frequency spectrum. Given the
delicate nature of biological materials, microrheology plays a crucial role in investigating the
flow properties. For instance, mucus, synovial fluid, blood, and cerebrospinal fluids exhibit
distinct viscoelastic behaviors, alterations of which may implicate various pathological
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conditions. Microrheological investigations are pivotal for understanding the fundamental
properties of these materials and devising solutions to various pathological conditions.

For example, in recent years, the research on mucus has gained significant attention
within the area of biophysics. This focus ranges from the fundamental processes underlying
mucus assembly to exploring its potential in facilitating oral drug delivery. Mucus research
has provided insights into engineering the mucus layer to enhance drug delivery efficiency
and simulate disease conditions. Mucus is integral to maintaining physiological
equilibrium, serving functions such as pathogen prevention and nutrient absorption. It acts
as a barrier, safeguarding epithelial linings against toxic gastrointestinal fluids.

Furthermore, research focusing on mucus-microbe interactions helps in understanding
pathogen evasion strategies and facilitates the development of antimicrobial interventions.
Conversely, the mucus barrier poses challenges for formulating oral drug treatments. For
example, it has been reported recently that the use of ionic liquids helps in manipulating the
mucus layer for drug delivery purposes. However, there is a requirement for comprehensive
investigations, particularly from a microrheological perspective.

On the other hand, synovial fluid is another vital biofluid that enables smooth joint
movement across the animal kingdom. It serves as a lubricant and provides nourishment to
cartilage and cushions against shock during motion. Synovial fluid has unique viscoelastic
properties and preserves optimal joint functionalities. Disruption of this distinctive
viscoelastic fluid is observed in diverse arthritic conditions. Hence, research on the synovial
fluid is important to understand its viscoelastic behavior as well as identify potential
therapeutic targets for arthritis treatment. A microrheological investigation of synovial fluid
can be utilized to elucidate the assembly processes of this biofluid and advance the

development of artificial viscosupplements.
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In view of this background, the current thesis explores the microrheology of two different
biomaterials—mucus and synovial fluid in the direction of self-assembly, drug delivery,
disease model, and therapeutic intervention. The objectives of the thesis follow:

+«+ Microrheology of mucin-albumin assembly using diffusing wave spectroscopy

«+ Microrheological investigation of ionic liquid doped mucus for effective delivery of protein-
based drugs

«+ Lactic acid-induced colloidal microrheology of synovial fluids

+«+ Designing an Articular Viscosupplement for Rheumatoid Arthritis Using  Microrheological
Analysis

The thesis focuses on addressing the aforementioned objectives in four chapters. A detailed
list of the publications has been provided at the end of the thesis in Appendix 1.

2. Microrheology of Mucin-Albumin Assembly using Diffusing Wave Spectroscopy

In Chapter 2, we use diffusing wave spectroscopy (DWS), to investigate the
microrheological characteristics over a wide range of frequencies (=10 to 10’ Hz) of mucin
in the presence of albumin, which is rather impossible for the conventional bulk rheological
measurement techniques. Such non-invasive measurements unveil that indeed the interaction
between the mucus proteins and albumin can significantly change the rheological properties,
which may lead to a diseased condition beyond a critical limit. The chapter also provides
evidence related to the physical and electrostatic interaction in such systems with the help of
isothermal titration calorimetry (ITC) to check the binding affinity of mucin and BSA. Further,
the evidence on the formation of secondary structures of mucin-BSA complexes is unearthed

with the help of circular dichroism (CD) experiments.
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Figure 1. Schematic diagram of mucin-albumin assembly. (a) Structure of mucin monomer
with negatively charged carbohydrate chains in PTS region and positively charged cysteine
rich domains at the ends. Albumin interacts with the cysteine domains of mucin facilitating
mucin-mucin binding. (b) Mucin-albumin interaction leads to assembly of more mucin
molecules. (c) Hierarchical assembly of mucin-albumin complex with decreased diffusivity,
which restricts the penetration of pathogens through the mucus layer.

The morphological changes during such interactions are also captured using high-
resolution atomic force microscopy (AFM). In a nutshell, the chapter unveils and establishes
the possible interactions between the albumin and mucin protein in the mucosal layer, which
may help in mucin gel assembly to protect the epithelial cells by inhibiting the penetration

of bacterial and viral pathogens through the mucus layer. In another way, when the
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concentration of non-mucin protein rises, it might create a more stiffed mucus layer leading to
diseased conditions.

3. Microrheology of lonic Liquid Doped Mucus for an Efficient Delivery of Protein-based
Oral Drugs

Developing protein-based drugs for oral administration is one of the most challenging
aspects of pharmaceutical academia and industry. Such medications are rather less bioavailable
due to their low stability alongside their inability to permeate through the intestinal barriers of
mucus. A few recent works have shown that ionic liquids (ILs) can be combined with protein-
based drugs to improve their stability under in-vivo conditions alongside improving their
mucus-penetrating capabilities. However, one of the major knowledge gaps in this direction
has been the interactions of protein-based drugs, ILs, and mucin, which play a pivotal role in
such drug delivery systems.

In Chapter 3, with the help of systematic experiments and DFT simulations, we unveil the
diverse molecular mechanisms that play key roles during the delivery of protein-based drugs.
The chapter employs a model mesoscale drug delivery system composed of an IL—choline
bicarbonate-maleic acid, a protein—-mucin, and bovine serum albumin (BSA) as a model drug.
In particular, following the microrheological changes of such systems helps in tracing the
molecular interactions at the various stages of BSA, mucin, and IL assemblage, which has been
corroborated by morphological studies using atomic force microscopy (AFM). Further, DFT
simulation sheds light on the interactions of ionic liquids on the different components of mucin
monomer. Finally, a human intestine has been simulated as a biomimetic in-vitro microfluidic
prototype to demonstrate a larger stability and penetration of BSA through mucin in the

presence of IL.
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Figure 2. A schematic diagram of IL-mucin interaction resulted in enhanced diffusion of

antibodies. (a) the homogenous structural arrangement of mucin monomers, (b) disruption of
water mucin interaction in presence of IL, (c) IL complexation with cysteine domain of mucin
resulted in disruption of chain elongation as well as mucin-nonmucin protein interaction, (d)
Charge shielding of carbohydrate chains by IL, (e) Enlarged view of IL complexation with the
carbohydrate chain components, (f) The overall interaction resulted in aggregation of mucin,
(g) Restricted diffusion of antibodies through mucus layer without IL, and (h) Enhanced
diffusion of antibodies through mucus layer in presence of IL.

4. Lactic Acid-Induced Colloidal Microrheology of Synovial Fluids

In chapter 4, we have studied the viscoelastic behavior of another important biofluid i.e.

synovial fluid under lactic acid environments. As the lactic acid concentration is elevated

TH-3542_176107109

Xii



in all arthritic conditions. We perform a detailed microrheological investigation on the effects
of LA on the porcine SF. To determine the microrheology we have used diffusing wave
spectroscopy (DWS) which provides the intensity autocorrelation function (ICF) and mean
squared displacement (MSD) of the probed particles. Figure 1b shows the schematic diagram
of DWS. The study has been performed directly under the microscope to uncover unique cross-

linking phenomena of high MW proteins and HA in the SF in the presence of LA.
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Figure 3. Schematic diagram of protein-HA interaction in the presence of lactic acid inside the
synovium. In the presence of LA, Protein (albumin) unfolds and possesses net positively
charged patches, which interact with net negatively charged HA and coprecipitates.

The study also uncovers the nature of the interaction between HA, LA, and albumin in SF
with the help of a detailed {-potential, Circular Dichroism (CD), and fluorescence spectra
analyses. All these characterizations help to connect the cross-linking of the SF phenomenon
to the folding of albumin with increasing LA concentration in an SF, which can be a simple
but major finding in future studies related to the microrheology of SF. The aforementioned
phenomenon elucidates the interaction between albumin and HA in LA environments to
simulate real-life arthritic conditions. Subsequently, this information helps us in the

xiii
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biosynthesis of a novel biomimetic therapeutic SF, which has properties similar to the real
SF and can be suitable for arthritic treatments. The proposed artificial SF formulation
consists of HA mixed with bovine Serum albumin (BSA) and y-globulin, to engender
microrheological properties such as viscosity, elasticity, and relaxation time resembling the
natural SF. Overall, the results reported here will not only enable a much deeper insight

into understanding the reasons behind the special properties of synovial fluid but also help

in the synthesis of artificial SFs for future commercial use.
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Figure 4. A schematic representation that depicts the behavior of the prepared HA and HA-
Muc viscosupplements in a simulated rheumatoid arthritis (RA) joint. (a) In the presence of
lactic acid, pristine HA co-precipitates with synovial proteins, compromising its function. (b)
HA-Muc complex does not co-precipitate and retains its viscoelastic properties.

5. Designing an Articular Viscosupplement for Rheumatoid Arthritis Using Microrheological
Analysis
In this chapter, we have explored the use of mucin in the hyaluronic acid system to

prepare a novel viscosupplement. For this, we studied the microrheology of mucin-blended
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hyaluronic acid with a range of physiological pH conditions. In order to emulate the
characteristics of normal and arthritic synovium, two model systems were prepared: one
comprising synovial protein without lactic acid and the other including synovial protein with
lactic acid. The synovial protein is prepared by mixing the albumin and y- globulin in phosphate
buffer saline. To elucidate the HA-Muc effects inside normal and arthritic synovium,
microrheology of the HA-Muc complex is performed in the aforementioned two systems.
Further, AFM is used to visualize the morphology of HA and HA-Muc complex. Furthermore,
to know the microrheology near the interface between cartilage surface and viscosupplement,
the multiple particle tracking technique is employed using confocal laser scanning microscopy.

6. Summary & Future Scopes

The major chapter-wise outcomes from the thesis can be summarized below. In Chapter 2,
the results unveil that,

«+ Although the mucin molecules exist in the form of monomers or dimers due to a disulfide
linkage in a solution, the overlapping of monomers and dimers leads to the formation of a
weakly aggregated network at a higher concentration of mucin. Subsequently, the
microrheological response of the solution goes from viscous to viscoelastic.

«» Interestingly, the presence of other proteins such as aloumin further facilitates such assembly
of the mucins. For example, in such a scenario, the ITC analysis shown here confirms that
albumin not only binds with the mucins but also tends to stabilize the physical crosslinking
between the mucin domains to facilitate a higher-order assembly by forming additional links.
As a result, enhancements in both viscous and elastic responses of the materials are observed,
which can intuitively be correlated to the gel formation of the mucus in the lung airways due
to the secretion of albumin in cysteine fibrosis and asthma diseases.

% Interestingly, the binding of BSA with mucin to form mucin-BSA complexes is found to be

strongly dependent on the pH of the solution. For example, at a lower pH 3, the BSA molecules
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TH-3542_176107109



do not bind with mucins owing to the repulsive force between the positive charge of BSA and
positive residues of the binding site of the cysteine domain of mucin. This leads to a rheological
response similar to that of pure mucin. However, the CD analysis of mucin and mucin-BSA
samples at pH 7.4 shows that BSA not only binds with mucin but also alters its secondary
structure.

% An AFM analysis reveals the presence of concatenated colloidal nano-network of the mucin-
BSA complex. Concisely, the study highlights some of the very fundamental aspects of the
interaction of the mucosal proteins with other non-mucin proteins such as albumin to highlight
their importance in mucus gel formation to prevent the viral and bacterial penetration with the
variation in the microrheology of the materials.

In Chapter 3, we find the following interesting outcomes,

%+ Mucin tends to aggregate in the presence of CBMA-based ionic liquid due to shielding of the
negatively charged sialic acid residues of mucin monomer. This has been confirmed with the
morphological characterization with AFM where the native structure of mucin has been altered.

%+ On the contrary in the presence of albumin, ionic liquid has increased the diffusivity of the
probed particles due to the unwinding of mucin assembly tailored by the albumin. More
precisely ionic liquid interferes with the electrostatic binding of mucin and albumin.

s Further, the DFT simulation study confirms that ionic liquid interacts with the sialic acid
residue and neutralizes its negative charge. Moreover, ionic liquid also interacts with the
binding sites of mucin which hinders the binding of mucin and albumin. From the DFT
simulation study, the charge transfer (CT) process plays a significant role in participating in
closed-range charged interactions among the IL-mucin components which is in the order of
GalNAc (—0.084¢) < sialic acid (—0.263¢) < cysteine (—0.3e). Short and medium-range
interactions were confirmed with the range of distances between IL-mucin components to be

1.52 to 2.2A. The presence of multiple electrophilic and nucleophilic active sites within the

XVi
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molecular groups present in the systems as displayed by the ESP charge analysis gave rise to
electron cloud distribution and the evolution of H-bonding, electrostatic as well, and dispersion
interactions that have been confirmed from the NCI/RDG analysis.

+«+ The decisive selectivity of the IL interaction towards the principal mucin components (cysteine,
GalNAc, and sialic acid) has been verified by a comparative analysis consisting of IL and
charged amino acids (arginine and histidine

In Chapter 4, the study uncovers that

« The SF present inside the moving joints consists of an aqueous colloidal nano scaffold
composed of hyaluronic acid and proteins, which eventually provides a viscoelastic nature to
the same. The weak colloidal assemblage of such biomaterials in the aqueous medium provides
unique load bearing (elasticity) and resistance to wear and tear (Non-Newtonian fluidity)
capacities to the SF during the joint movements.

«» Interestingly, the experiments also uncover that SF is found to lose its viscoelastic behavior in
the presence of LA. The SDS-PAGE, gel-electrophoresis, and AFM studies together uncover
that HA binds specifically with the high MW proteins of SF to co-precipitates in the presence
of LA. The results are important from the perspective of anaerobic respiration in the synovium

during hypoxic, arthritic, or excess workload conditions wherein LA is produced aplenty.

K/
L X4

The micro and bulk rheology experiments uncover that the destruction of the colloidal nano-
scaffolds of the pig- and artificial SFs leads to a fluid with very little elasticity (low load-

bearing capacity) and viscosity (fluidity of joints and resistance to wear and tear).

K/
L X4

The {-potential analysis reveals that BSA becomes positively charged when treated with a
higher amount of LA to bind with a negatively charged HA to engender the phenomenon.
Further, CD spectra of LA-treated BSA reveal that the LA-induced unfolding of BSA favors
the electrostatic interaction with HA due to elevated exposures of charged amino acids.

In Chapter 5, the study shows that,

Xvii
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% The incorporation of mucin in hyaluronic acid solution changes its microstructure which has
been reflected in the microrheological analysis. As the arthritic joints have elevated lactic acid,
conventional hyaluronic acid injections might not be effective for joint lubrication particularly

for rheumatoid arthritis condition.

/7
A X4

The blending of mucin in hyaluronic acid resists the lactic acid effects and maintains its
viscoelasticity. Further, the multiple particle tracking microrheology near the cartilage surface
reveals that the HA-Muc complex forms a less viscous layer near the cartilage surface
compared to HA alone. This layer helps in boundary lubrication in high load conditions as well
as facilitates joint movements without wear and tear of cartilage surfaces.
Future Scopes

The investigations in the present thesis explore various aspects of biomaterial research,
which could be extended for future study. The future research scopes are enumerated as

follows:

R

*

Microrheology of mucin shown in the thesis can be studied with an actual human mucus-on-

L)

chip model.

%+ Design and development of mucus-modifying agents that could be useful for drug delivery as
well as therapeutic purposes.

% Development of an effective therapeutic viscosupplement for complete remediation of all types

of arthritis.

K/
°e

Microrheology of tumor microenvironment for designing a tumor model for drug screening

application.

XViil
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Introduction 3

1. Introduction

Rheology is the science of understanding the flow behavior of materials, derived from
the Greek words "rheos" meaning "flow" and "logy" meaning "study,".X It encompasses
the mechanical behavior of materials ranging from simple fluids like honey and glycerol to
complex fluids such as mucus, blood, and tissues.® Rheology examines how materials
respond to applied stress or strain, characterizing their properties based on flow behavior.
Fluids can be classified into two types based on their flow characteristics— Newtonian and
non-Newtonian. Newtonian fluids maintain a consistent viscosity over time, whereas non-
Newtonian fluids exhibit viscosity that varies with external forces such as shear rates and
shear stress.*® Viscous fluids, which exhibit flow under stress, are typically Newtonian in
nature, while solid materials that display elastic behavior are known as Hookean solids.®
Materials that exhibit both viscous and elastic behavior are termed viscoelastic and are
generally non-Newtonian in nature.”® Rheology primarily addresses the flow behavior of
non-Newtonian fluids.

As a branch of engineering, rheology focuses on the deformation and flow of materials
and is particularly useful for measuring the viscous and elastic properties of materials with
complex microstructures, including muds, sludges, suspensions, polymers, foods, body
fluids, and other biological substances.® Biorheology is a specialized area within rheology
that examines the relationship between the application of forces and the deformation and
flow of biomaterials, including bones, soft tissues, synovial fluid, mucus, blood, and other
biological substances.®*? This field also extends to the study of interactions between
biological systems and non-biological materials.

Biorheology holds significant interest within the rapidly growing biotherapeutic

industry, particularly in the development of stable protein-based formulations with
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controlled rheological responses.’*1® Understanding, characterizing, and controlling the
complex self-assembly and particle formation processes under various formulation
conditions—such as pH, ionic strength, buffer salts, and temperature—are crucial for
developing formulations that enhance stability, extend shelf life, and exhibit optimal
rheological properties for specific applications. 178

Early detection and characterization of protein particles or aggregates, including their
size, structure, morphology, interactions, and rheology in therapeutic protein formulations,
are critical for reducing safety issues (e.g., immunogenic responses in biologics) and
ensuring stability and optimized delivery. Biorheology, which links the mechanical and
structural characteristics of cells with their biochemical properties, is particularly promising
in this regard. Based on the measurement methods, there are two types of rheology- Bulk-
rheology and Microrheology. Bulk rheology tells us about a material's overall mechanical
properties, while microrheology tells us about the rheology of a material at a micron level
deals with the confined rheology of a material.**-?* Bulk rheology is useful for developing
food hydrocolloids, paints, lubricants, etc. However, microrheology is more useful in the
biomedical sectors for the development of innovative materials for tissue engineering,
medication formulations to fundamental studies. For instance, the mechanical behavior of
complex biological fluids like cells, tissues, synovial fluid, blood, mucus, cerebrospinal
fluids, and scaffolds could be studied via microrheological techniques.??® In bulk rheology,
a rheometer is employed where a revolving plate is moved over the sample on a flat plate.
Conversely, in a typical microrheological measurements probe particles have been
embedded in the sample and measured its movements over a period of time. Additionally,
microrheolgy is a non-destructive technique with a small sample requirement.'®-?! Based on

the measurement methods microrheology can be split into two categories—Passive
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microrheology and active microrheology. In passive microrheology, the thermal motion of
probed particles is utilized. Conversely, for the active microrheology, an external field like
a magnetic field, or optical tweezer is applied for the movements of investigated particles.?*
For passive microrheology, several approaches optical or scattering-based techniques are
used. Optical approaches like multiple particle tracking (MPT) and video particle tracking
(VPT) have been utilized to track probe particles using MATLAB or Python algorithms. On
the other hand, Dynamic light scattering (DLS) and Diffusing wave spectroscopy (DWS)
are based on the light scattering phenomenon of investigated particles.?>?® Both the DLS
and DWS approaches offer high-frequency rheology of material with ranges from 10 to
10° for DLS and 10 to 107 for DWS.? The advantage of optical-based approaches is the
option to choose a particle location of interest for a sample. This is advantageous for
microrheological research of cell nuclei or heterogenous tissue settings. However, passive
microrheology is limited in the case of extremely stiffed-gelled materials as the Brownian
movements are confined.?® In such cases, active microrheology is advantageous which
which uses external fields like magnetic or optical tweezers, is more effective.

Rheology has recently gained significant attention in the field of biology, particularly in
the development of pharmaceutical drugs such as monoclonal antibodies, insulin, DNA
vaccines, and hydrogels for drug delivery. Apart from conventional rheology,
microrheology, especially has gained lots of interest due to its precise localized rheology
with a small sample volume. This technology has shed light on the various fundamental
problems in the domain of biology. This technique has enabled the measurements of the
viscoelastic properties of various biofluids and helps in fundamental studies ranging from
mucus behavior in cystic fibrosis to the mechanical properties of the tumor

microenvironment.
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In recent times mucus research has been accentuated in the arena of biophysical research.
The mucus is a protective viscoelastic layer known as mucus is found in the human body
throughout the gastrointestinal system.3%-3® This semi-gelled layer hydrates the eyes, nose,
and oral cavity and acts as a selective filter in the small intestine by absorbing nutrients
while protecting against pathogens. The thickened mucus in the stomach shields the
epithelial lining from digestive acids. The viscoelastic properties of mucus vary depending
on its location and the disease state. However, this mucus layer stands as a major barrier to
the oral delivery of protein-based drugs as the mucin interacts with the drugs.®* Therefore,
the rheological analysis of mucus is crucial for understanding the disease progression as
well as different treatment options for mucus-related diseases. Similarly, Synovial fluid, a
biological lubricant found in the joints of vertebrates, plays a critical role in protecting
cartilage surfaces and preventing bone-to-bone contact during movement.® It also nourishes
synoviocytes and chondrocytes to maintain a healthy joint environment.®3” The unique
viscoelasticity of synovial fluid is essential for joint lubrication; however, this property is
compromised in arthritic conditions, leading to inflammation and joint stiffness.%®*! In this
scenario, the microrheological technique helps in understanding the assembly of the
synovial fluids as well as the development of artificial synovial fluids for arthritic patients.

Another important application of microrheology is the understanding of the mechanical
behavior of cells and their microenvironment. It has been reported that cancer cells exhibit
distinct viscoelastic properties, enabling them to migrate through narrow blood capillaries
to distant sites.*>** Additionally, the tumor microenvironment's viscoelastic behavior
evolves as the tumor progresses, with metastatic tumors being stiffer than benign ones. 2’4546
Therefore, microrheological studies can be crucial in understanding tumor progression as

well as for drug screening purposes by mimicking the mechanical behavior of a tumor
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microenvironment. Furthermore, the microrheological technique has been used to design
and develop scaffold material for tissue engineering and regenerative medicines.

In summary, microrheology has emerged as a powerful tool for measuring the
mechanical properties of highly complex biomaterials which is unattainable with the usual
Bulk-rheological techniques. The emergence of new technology in microrheological study
leads to new discoveries and developments in biology and medicine.

1.1. Objectives of the Thesis
In view of the above background, the thesis utilizes the passive microrheology technique
using DWS to understand the viscoelastic behavior of two biomaterials mucin and synovial
fluid with a special emphasis on fundamentals and its applications. The objectives of the
thesis are divided into four chapters followed by a conclusion and future scopes. A detailed
list of publications has been provided at the end of the thesis. The objectives of the present
work are as follows—
(i) Microrheology of mucin-albumin assembly using diffusing wave spectroscopy
In this chapter, DWS has been employed to study the microrheology of mucin in the
presence of a non-mucin protein; albumin. Throughout this investigation, it has been
observed that albumin enhances mucin assembly via electrostatic interaction and
forms a compact network which might be useful for impeding the bacterial and viral
pathogens.

(if) Microrheology of lonic Liquid Doped Mucus for an Efficient Delivery of
Protein-based Oral Drugs
This chapter delved into the study of ionic liquid mucin interaction to effectively
deliver a protein-based oral drug through the mucus layer. This study involves the

changes in microrheology in the mucin ionic liquid system and mucin ionic liquid
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protein system. Later on, the mucus on a chip device is utilized to study the diffusion
of antibodies in a simulated intestine environment.

(iii) Lactic acid-induced colloidal microrheology of synovial fluids
In this chapter, we have investigated the effects of lactic acid on the microrheology
of synovial fluid. The study unveils that the elevated lactic acid concentration in the
joint impacts the viscoelasticity of synovial fluid. The study shows that the unfolding
of protein enhances the electrostatic interaction, resulting in the coprecipitation of
major constituents, namely hyaluronic acid and albumin.

(iv) Designing an Articular Viscosupplement for Rheumatoid Arthritis Using
Microrheological Analysis
This chapter delved into the formulation of a mucin-blended hyaluronic acid for
lactic acid-elevated arthritic conditions. The study has shown that the incorporation
of mucin in hyaluronic acid has come out to be better viscosupplement than
hyaluronic acid alone special in the case of rheumatoid arthritis condition. Later on,
the interfacial microrheology has been performed in between collagen surface and
mucin blended hyaluronic acid through confocal microscopy technique. This study

elucidates the interaction between the cartilage surface and the viscosupplement.
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ABSTRACT

Mucus plays an important role in the protection of the epithelial cells from various
pathogens or low pH environments apart from helping in the absorption of nutrients.
Alteration of the rheology of the mucus layer leads to various diseased conditions such as
cystic fibrosis, Crohn’s disease and gastric ulcers, among others. Importantly, mucus
consists of various mucins along with proteins such as immunoglobulin, lysozyme and
albumin. In this Chapter, we explore the dependence of pH on the interactions between of
bovine serum albumin (BSA) and porcine gastric mucins using diffusing wave spectroscopy
(DWS). The study unveils that BSA actively binds with mucin to form mucin-BSA
complexes, which is largely driven by the electrostatic interactions. Interestingly, such
physical interactions significantly alter the microrheology of such biomaterials, which leads
to the indicated by the reduction in the diffusivity of tracer particles in DWS. An array of
DWS experiments suggest that, the interaction between mucin and BSA is highest in pH 7.4
on the contrary the interaction is minimum in pH 3 condition. Further analysis using atomic
force microscopy uncover the formation of compact cross-linked colloidal network of
mucin-BSA complexes at pH 7.4, which is the major reason behind the reduction in the
diffusivity of the tracer particles in DWS. Furthermore, circular dichroism analysis reveals
that the secondary structures of mucin-BSA complex are markedly different from the same
of only mucin at pH 7.4. Importantly, such difference has not been observed at pH 3, which
confirms that largely electrostatic interactions drive the formation of mucin-BSA complexes
at neutral pH. In such a scenario, presence of Ca?* ions are also found to facilitate bridging
between BSA molecules, which is also reflected in the microrheology of the suspension of

BSA-mucin complexes.
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2.1. Introduction

Recent outbreak of the COVID pandemic has shown the crucial role of the rheological
properties of the mucus layer in the lung linings during the onset and growth of various
acute respiratory distress syndromes — ARDS.! The enhancement of viscous and elastic
resistances in the mucus due to the macromolecular chain growth and cross-linking of
protein matrices are found to restrict the ease of breathing through the lungs of the infected
patients, often leading to the dreaded cystic fibrosis (CF) followed by edema.?2 For a healthy
human, mucus is a harmless protective and moisturizing layer on the inner membranes of
respiratory, digestive and urogenital organs. This slippery film is produced by the lining
tissues and consists of inorganic salts, immunoglobulin, glycoproteins, lysozymes, and
mucin.* The layer helps in the absorption of nutrients alongside preventing the attacks by
various pathogens. However, during the viral or bacterial infections, the secreted globular
proteins do bind with mucin and alter the rheological properties of the mucus to cause
various respiratory disorders.® Thus, in order to achieve an in-depth fundamental
understanding, it is of utmost importance to study the various rheological aspects of mucin
and mucus layer with various protein or carbohydrate components amid varied surrounding
conditions such as pH or temperature.

The key components of the mucus layer are different types mucins such as MUC2,
MUC5AC, MUC5B, MUC6, and MUC19,° which are glycoproteins with ~80%
carbohydrate and ~20% protein.” The carbohydrate chain includes N-acetyl-galactosamine,
fructose, galactose and sialic acid, which are linked with PTS amino acid residues, namely
proline, threonine and serine.® The terminal part of gel forming mucin is rich in cysteine
residues,® which facilitates different types of chain propagation and cross-linking behaviors

to alter the rheological properties and cause the diseased condition such as the CF in the
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respiratory disorders. On the other hand, a lower than normal viscosity of gastric mucus
leads to ulcers,®1° which indicate the necessity of the maintenance of the appropriate
rheology of mucin in the smooth functions of the various organs of the human body. In view
of this background, herein we focus on the study of the rheology of a commercial type 2
mucin from porcine stomach under varied conditions.

It may be noted here that, in porcine stomach, two major gel forming proteins MUC5AC
and MUCS are found.!** Importantly, since MUC5AC and MUC6 along with MUC?2 and
MUCSB genes are clustered from chromosome 11p15.5, they have high similarities in their
molecular architechture.®® In general, the MUC5AC gene is expressed on surface of
epithelial tissues including the respiratory systems while MUCG6 gene is expressed on glands
of gastric mucosa.™® It is now well established that an alteration of MUC5AC structure leads
to the onset of CF.1*%° Previous studies suggest that the structures of MUC5AC and MUC6
are very similar in N-termini, however, in the C-termini region MUC6 is much shorter than
MUCS5AC.1
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Figure 2.1. Domain organization of MUC5AC and MUCS6.
Figure 2.1 schematically shows that the domains are arranged sequentially as D1, D2,
D/, D3 in the N-terminus followed by CysD and tandemly repeated PTS region, and at the
C-terminus D4, C and cysteine knot (CK). After translation, primary sequence of mucin
forms dimers at C-terminus in the endoplasmic reticulum (ER),!” before it moves to the

Golgi apparatus where its PTS domains are O-glycosylated to form a pair of mucin domains.
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Thereafter, the glycosylated domain is trimerized in the D3 domain by di-sulfide bridges.®
The secretary pathway of mucin, has different pH environments starting from pH 7 in the
ER followed by pH 6 in Golgi complex and finally pH 5.2 in secretary granule. This helps
in the polymerization of the mucin, which is followed by the packaging through the
enhanced concentration of intragranular Ca?*.*°
In addition to the mucins, the crude mucus also consists of various non-mucin proteins
such as albumin, keratin and other digestive enzymes.?’ They also possess several protein
residues from microorganisms, antigen or antibodies. It has been found that such non-mucin
proteins helps in assembly of mucin to form mucus.?’ Given their presence in the mucus
with mucins, the exact role of non-mucin proteins in the assembly of mucins and their
interactions with mucins at different ionic conditions is not very well understood. A very
recent study has shown that the rheology of gastrointestinal mucus alters due to the
formation of a complex hierarchical gel-like structure owing to the interactions between
mucin glycoproteins, non-mucin proteins and Ca®* ions. Importantly, the rheology of this
system is also strongly dependent on the pH.'? In the similar lines, a host of other studies
have reported that presence of proteins such as lysozyme and immunoglobulins result in an
increased viscosity of the mucus.*® However, the effects of aloumin on the mucosal rheology
remains rather unclear. It may be noted here that albumin is the major constituent of
mammalian blood serum,?* most commonly found non-mucin protein in porcine intestinal
mucus,® and plays an important role in maintaining blood pH and osmotic pressure apart
from transporting various ligands and hormones.?? Thus, it is important to study the
microrheological variations of mucin in presence of aloumin.
In this Chapter, we use diffusing wave spectroscopy (DWS), to investigate the

microrheological characteristics over a wide range of frequencies (~10 to 107 Hz) of mucin
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in presence of albumin, which is rather impossible for the conventional bulk rheological
measurement techniques.?* 2> Such non-invasive measurements?®2” unveil that indeed the
interaction between the mucus proteins and albumin can significantly change the rheological
properties, which may lead to a diseased condition beyond a critical limit. The study also
provides the evidences related to the physical and electrostatic interaction in such systems
with the help of isothermal titration calorimetry (ITC) to check the binding affinity of mucin
and BSA. Further, the evidences on the formation of secondary structures of mucin-BSA
complexes are unearthed with the help of circular dichroism (CD) experiments. The
morphological changes during such interactions are also captured using high resolution
atomic force microscopy (AFM). In a nutshell, the study unveils and establishes the possible
interactions between the alboumin and mucin protein in the mucosal layer, which may help
in mucin gel assembly to protect the epithelial cells by inhibiting the penetration of bacterial

and viral pathogens through the mucus layer.

2.2. Experimental Section
2.2.1. Materials

Mucin (98% pure) from porcine stomach was purchased from Sigma-Aldrich Pvt. Ltd.
Bovine serum albumin (98% pure) was purchased from Sisco Research Laboratories Pvt.
Ltd (SRL). The polystyrene tracer particle diameter of 510 nm (10%) was purchased from
LS instruments AG, Switzerland. All the chemicals used without further purification. Milli-
Q water was used in all experiments for preparing solutions.

2.2.2. Preparation of mucin—-BSA complex

Mucin BSA complex were prepared by adding 30 mg/ml mucin in 2mg/ml BSA solution

and allowed to mix gently in a shaker for 4 hours after that stored at 4°C. Solutions at pH

TH-3542_176107109



21

7.4 and pH 5.8 was prepared in 10 mM Phosphate buffer, while solutions at pH 3 was
prepared using 10 mM sodium acetate buffer. A constant value of ionic strength was
maintained for all the buffers to avoid any variations related to ionic strength of the
buffers.?® Subsequently 80 pl (10%) suspension containing the polystyrene tracer particles
was added to the 920 ul of prepared solution and mixed thoroughly to be used as samples
for DWS measurements. The tracer concentration was 0.8% for all the different groups,
hence it did not affects the overall experimental results due to minimal dilution of sample.
All the experiments have been performed thrice for precision and reproducibility of the data.

2.2.3. DWS Microrheology

The DWS measurements were performed by DWS RheoLab instrument, LS instruments
AG, Switzerland. In all the experiments, we used 685 nm laser source and a 2 mm cuvette.
The instrument has a Peltier unit, which controls the temperature of the cuvette chamber.
Figure 2.2 shows the instrumental diagram of the DWS. We have conducted all the
experiments at 37°C with 10 min of incubation time and turbidity index L/I* > 6, as
mentioned in the DWS manual of LS instruments. It may be noted here that DWS is a light
scattering technique to determine the microrheology of turbid samples.?>* In this technique,
a high intensity laser light is incident on a square glass cuvette containing sample solution
and tracer particles. The tracer particle inside the glass cuvette scatters the laser light and it
gets detected by a photon detector.

The scattered laser intensity fluctuates with time due to Brownian motions of tracer

particles and a correlator measures the autocorrelation function [92 (r)—l] to evaluate the

ensemble averaged mean squared displacements (MSD) of the tracer particles, denoted as

<Ar2 (s)> 31
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Figure 2.2. Schematic diagram of DWS instrumental setup. The graphs depict typical
evolution of ICF as a function of lag time and the corresponding MSD as a function of lag
time.

The relationship between the MSD and the lag time (z) for a particle performing Brownian
motion in a viscoelastic liquid is given as,
<Ar2 (r)> =2nD,z”. 1)
Where D, is the time dependent diffusivity of the tracer particle and 0 < a < 1, n refers

to the dimensionality (n =3 for a 3-dimensional analysis). For a tracer particle diffusing in
a purely viscous environment, the exponent « = 1 and the diffusion coefficient D of the
probe is inversely proportional to the viscosity (#) of the surrounding liquid. The viscoelastic

modulus can be calculated from the MSD using the generalized Stokes- Einstein

relation, 3> where G(s) is the Laplace transform of the viscoelastic relaxation modulus

G(t), (Ar(s)) is the Laplace transform of the MSD, ks is the Boltzmann constant, T is
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absolute temperature, a is radius of tracer particle. Replacing s with iw, we can get the
complex modulus (G* (w)) and complex viscosity (1" (w)=G" (w)/).

G (S) = m. )
2.2.4. Isothermal Titration Calorimetry (ITC)

MicroCal iTC 200, GE Healthcare instrument was used to study the binding affinity of
mucin and BSA. About 20 micromolar of mucin was placed in the sample cell of
calorimeter. 2000 micromolar of bovine serum albumin was loaded into the syringe and
titration was carried out for 20 injections at 37°C. Both the samples were prepared in 10mM
phosphate buffer at pH 7.4. Another titration was carried out between mucin and buffer for
heat values produced from the buffer or the mucin. The raw data were analyzed with origin7
software (Origin Lab,USA) and fitted with sequential site binding model for final analysis.

2.2.5. {-potential measurements

(-potential measurements were performed using Litesizer 500 instrument from Anton
Paar, for mucin, BSA and mucin-BSA samples at pH 7.4, pH 5.8 and pH 3. Prior to
measurements samples were diluted 100 times. All the measurements were performed in
triplcates and mean data was used for the analysis.

2.2.6. Circular Dichroism analysis (CD)

UV-CD (JASCO, J-1500) analysis was done for determination of secondary structure of
mucin, BSA and mucin BSA complex. Samples were taken in a quartz cuvette with a
pathlength of 2 mm. All the Measurements were done with the average of 3 accumulations
and the scanning range of 260-190 nm with a scanning speed of 100 nm/min, 0.1 nm of

bandwidth. Prior to the measurements, a buffer sample was used for baseline correction.
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2.2.7. Morphology analysis by AFM

AFM (Cypher asylum, Oxford) was used to observe the morphology of mucin and mucin
BSA complex. For this, the samples were diluted to 100 times and drop casted on a silicon
wafer of size 5 mm x 8 mm. After that, it was allowed to dry for 5 min then washed with
milli-Q water and allowed to dry overnight in a vacuum desiccator. The scan rate was kept
1to 2 Hz and the set point was around 500 mV. Comparative analysis was performed for

scan areas of 2 um? and 5 um? for both mucin and mucin-BSA complex.

2.3. Results and Discussion
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Figure 2.3. Microrheology of mucin (a) MSD of tracer particles embedded in 5 < C <50
mg/ml mucin. From low to high concentration, a log-log scaling of ! to %7 has been
observed, which indicates the transition from diffusive to sub-diffusive behavior. (b) Power
law behavior is observed in the concentration range 5 < C <50 mg/ml at 7 =10 s. Power
law exponent (a) in left y-axis and diffusivity (D) plot in right y-axis have been varied with
the concentration (C) in x-axis. Power law exponent and diffusivity does not change much
after 25 mg/ml.

To begin with, we study the rheological behavior of mucin solution as a function of its
concentration. Figure 2.3a shows the mean square displacement (MSD — Ar?) vs. lag time

() data, which is a signature of the motions of the probe particles in presence of the mucin
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matrices. The relationship between MSD and ris given previously by the equation (1). The
plot suggests that the exponent a progressively shifts from ~ 1 at low mucin concentrations
(C <10 mg/ml) to ~ 0.7 at the higher mucin concentrations (C > 25 mg/ml). The shift reflects
the change in the rheological behavior of the sample from purely viscous at a lower
concentration to viscoelastic at a higher concentration. At the lower mucin loading, the
rheological response of the solution is governed purely by the intermolecular hydrodynamic
interactions between the mucin molecules alongside the deformation of the individual mucin
molecules. However, as the concentration increases, the polymeric chains tend to overlap,
interacting physically, or crosslinking, which eventually gives rise to the viscoelastic
response.® In such a scenario, the motion of the tracer particles transform from diffusive to
sub-diffusive as they are trapped inside the entangled macromolecules. Subsequently, as the
plots in the Figure 2.3b suggests, a progressive reduction in a and diffusivity (D) is
observed with increasing C. The plots also suggest that, at a significantly higher
concentration, both the parameters saturate to a constant value indicating the possible limits
of such interactions. This might be because of excluded volume effect of high concentrations
of mucin polymers as well as high repulsion between negatively charged carbohydrate
chains between mucin molecules.

In order to probe the effect of BSA on the assembly of mucins, we study the
microrheology of 30 mg/ml of mucin in presence of BSA with concentrations, Cg, ranging
from 2 mg/ml to 10 mg/ml shown in Figure 2.4. The choice of mucin concentration and the
range of BSA concentrations has been made keeping in mind the actual physiological
concentrations found in the mucus.3+-3¢

Figure 2.4a shows that the addition of BSA to the mucin solution increases the decay

time, which is also reflected in MSD vs. zplot. Further, the MSD vs. 7 plots for both the
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Figure 2.4. Microrheology of mucin treated with different concentrations of BSA (a) ICF
of 30 mg/ml mucin with BSA concentration 2 < Cg < 10 mg/mL. mucin with BSA decays
slowly compared to mucin alone. It has been observed the change in ICF decay is
independent of BSA concentration after 2 mg/ml, (b) MSD of tracer particles embedded in
30 mg/ml mucin with BSA concentration 2 < Cg < 10 mg/mL. The MSD of tracer particles
in mucin with BSA is lower than the mucin alone. There is a marginal change in power law
exponent for mucin with BSA. However, the increasing concentration of BSA does not
affect the MSD and power law exponent.

mucin and the mucin-BSA complex solutions exhibit a similar power law behavior as shown
in Figure 2.4b.However, the dynamics of tracer particles in mucin-BSA solutions are found
to be much slower as compared to those in pure mucin solutions. The results point to the
fact that the non-mucin proteins tend to stabilize the physical crosslinking between mucin
domains which in turn facilitate a higher order assembly by forming additional links either
through electrostatic interaction or by forming the hydrogen bonds and disulfide bridges.2%*’
Importantly, the binding of such non-mucin proteins with mucins is also dependent on the
entanglement of mucins. For example, we observe that for a mucin concentration of 30
mg/ml, a very small concentration of BSA (~2 mg/ml) is sufficient to saturate all the binding
sites. Any further addition of BSA has marginal effect on the microstructure and hence on

the microrheology of the mucin-BSA complexes.
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Figure 2.5. Comparison of diffusion coefficient D¢ (in right y-axis) and Power law exponent
(in left y-axis) of 30 mg/ml mucin, 2 mg/ml BSA and mucin-BSA complex (30mg/ml mucin
+ 2 mg/ml BSA) at 10 s. Diffusivity of tracer in BSA is much higher and similar to water.
The tracer particles embedded in mucin BSA shows lower diffusivity compared to pristine
mucin. Power law exponent for BSA is 1 and for mucin and mucin-BSA complex is 0.76
and 0.75, respectively.

In order to compare the microrheological response of pure mucin, pure BSA and mucin-
BSA solutions, o and Dy at a time 7 = 10 s from the MSD vs. 7 curves are summarized in
the Figure 2.5. In this situation, we observe that, owing to the small size of its molecules
and low concentrations, the BSA solution exhibits a purely viscous response, o = 1 and Dt
similar to the one predicted by the Stokes-Einstein relation. On the other hand, the mucin
and mucin-BSA complex have much lower values of « and D: as compared to BSA. For
example, & for mucin and mucin-BSA solutions are found to be ~0.76 and ~0.75 and Dy for
mucin-BSA is ~0.02 um?/s, which is much lower than the same for mucin, ~0.15 um?/s.

Following this, isothermal titration calorimetry (ITC) has been performed to elucidate
the binding affinity of mucin and BSA at 37°C. Figure 2.5 shows the ITC thermogram
where BSA is titrated with mucin in 10 mM phosphate buffer at pH 7.4. Subsequently, the
ITC data has been fitted with two site sequential binding model, which signifies the multiple

ligand binding sites that are independent or cooperative. Here we have observed that binding
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affinity of K1 is much higher than the binding affinity of K2, which indicates that initial
binding event does not affect the secondary binding event. We have only considered Ki as
the binding constant. Table 2.1 shows the thermodynamic parameters extracted by fitting
the thermogram to a two-site sequential binding model. It shows that BSA exothermically
binds with mucin with the 4H value of -4.386 x 10* + 3.79 x 108 cal/mol and there is no

binding affinity towards the solvent i.e. 10 mM Phosphate buffer at pH 7.4.

Table 2.1. Thermodynamic parameters of mucin and BSA interaction obtained from
ITC.

K (MY AH (cal/M) AS (cal/mol/deg )

1.26 x 10° + 3.6 10* -4.386 x 10*+ 3.79 x 103 -118

In order to analyze the nature of the interactions between mucin and BSA, the
microrheology of mucin and mucin-BSA complex have been analyzed for the pH values of
7.4, pH 5.8 and pH 3 at 37°C. Figures 2.7a, 2.7¢ and 2.7e show MSD vs. rand the complex
viscosity (7°) vs. frequency (w) and elastic modulus (G1), loss modulus (G) vs. frequency
(w), for pure mucin solutions and Figures 2.7b, 2.7d and 2.7f shows the same results for
mucin-BSA solution. The shift can be attributed to the increase in the crosslinks between
mucin molecules due to less repulsion in between the negatively charged carbohydrate
chains of two mucin molecules.® However, as the pH is lowered to 3, BSA molecules
becomes positively charged which is above the isoelectric point (IEP) of BSA, 3°%° the BSA
molecules no longer bind to the mucin molecules. Thus, the viscoelastic network of mucin-
BSA complexes no longer exists at pH 3 and the microrheological response is instead driven

by the weak hydrophobic interactions between the mucin molecules.
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Figure 2.6. ITC profile of mucin and BSA, (a) shows the raw data and (b) shows the
binding isotherm created by plotting the integrated heat peaks from the raw data against
the molar ratio of BSA. The solid line is a best fit of a two-site sequential binding model.

Subsequently, the MSD curves at pH 3 are shifted to shorter timescales, which also reflects
in lower 5 () as well as G1 and G,. Upon a closer inspection, one can easily observe that
the rheological response of mucin-BSA solution at pH 3 is very similar to that of a pure
mucin solution at pH 3. The results shown highlight the role of BSA in stabilizing the
physical crosslinking between mucin molecules when it is present in the solution and
allowed to bind with mucin.

The effect of pH on the interactions of the protein matrices are further corroborated by
the (-potential measurements of mucin, BSA and mucin-BSA solutions at different pH of
7.4, 5.8 and 3, as shown in Table 2.2. The table shows that, at pH 7.4, mucin, BSA and
mucin-BSA solutions have (-potentials of —21.9, —18.2 and —22.8 mV, respectively. Thus,

mucin and BSA have an effective negative charge at neutral pH. However, the DWS
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experiments suggest a higher degree of interactions between mucin and BSA matrices under
such circumstances.

Table 2.2. C-potential of mucin, BSA and mucin-BSA complex at pH 7.4, pH 5.8 and pH 3
with or without Ca?*

C-potential (mV)
pH Mucin Mucin-Ca?* BSA BSA-Ca?* Mucin-BSA | Mucin-BSA -Ca?*
7.4 -21.9+1.33 -12.3+ 2.05 -18.2+0.6 -12.5+05 -228+11 -12.2+1.9
5.8 -15+0.38 —71+£199 | -9.16+0.85 | -6.5+£1.93 —13.56 + 2.33 -8.11+1.74
3 -3.33 £0.05 -1.8+0.35 +3.83+1.42 +5.1+1.25 -3+204 —0.08+ 0.01

Such interactions and associations can be explained from the presence of the positively
charged cysteine domains in the mucin matrices (Figure 2.1), which is already established
in the literature.?®354142 The experiments suggest that the BSA matrices with an effective
negative (-potential are attracted towards these positively charged cysteine domain residues
of mucin to increase the viscosity of the solution. In case of pH 5.8, the effective {-potential
of BSA remained negative, however, reduced by half of its magnitude. Thus, it can be
anticipated that the interaction between mucin-BSA is still there as evidenced by similar
MSD behavior, as compared to the same at the pH 7.4. As the pH is lowered further to 3,
which is very close to the IEPs of mucin®® and BSA,3%4 the mucin still have an effective
negative charge of —3.33 mV while BSA has a {-potential of 3.83 mV. In such a scenario,
the BSA is unable to bind with the positively charged cysteine residues of the mucin matrix.
As the (-potential of mucin-BSA complex is also near to its IEP, and absence of interaction
indicates possibilities of absence of hydrophobic interactions. This explanation is in contrast
to a recent study where it has been demonstrated that at the IEP of humic acid-lysozyme

complex, the aggregation has been the highest due to hydrophobic interactions.**
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Figure 2.7. Effects of pH on the microrheology of mucin and mucin-BSA complex. All the
experiments have been carried out in 3 different pH conditions pH 7.4, pH 5.8 and pH 3. (a)
MSD of 30 mg/ml mucin. A marginal decrease in MSD is observed with decreasing pH. (b)
MSD of mucin-BSA complex (30 mg/ml mucin + 2 mg/ml BSA) wherein MSD increases
with decreasing pH. (c) Complex viscosity (#*) of 30 mg/ml mucin increases at lower pH.
(d) Complex viscosities (7*) of mucin-BSA complex (30 mg/ml mucin + 2 mg/ml BSA)
decreases at the low pH condition. (e) Elastic modulus (G1) and loss modulus (Gz) of 30
mg/ml mucin increases with decreasing pH. (f) Elastic modulus (G1) and loss modulus (Gz)
of mucin-BSA complex (30 mg/ml mucin + 2 mg/ml BSA) decreases at low pH condition.
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Figure 2.8. Effects of 10mM Ca?" on BSA, mucin and mucin-BSA complex (a) Comparison
of MSD of tracer particles in Ca?" treated and untreated BSA, mucin and mucin-BSA
complex samples. Treatment with Ca®* decreases the MSD of both BSA and mucin-BSA
complex, whereas for mucin Ca?* has very little or no effects, (b) Comparison of complex
viscosity of Ca®* treated and untreated BSA, mucin and mucin-BSA complex. Treatment
with Ca®* increases the complex viscosity of BSA, mucin and mucin-BSA complex.

In the mucus layer there is an increased concentrations of Ca** ions which are secreted
in goblet cells, facilitating mucin packing by neutralizing the negative charges of sialic acids
on the mucin backbone. However, the role of Ca?* in influencing interactions between mucin
and non-mucin proteins was previously unclear. In order to elucidate whether the Ca?* has
arole in facilitating the binding of mucin with BSA, we performed the microrheology of 30
mg/ml mucin, 2mg/ml BSA and mixture of both i.e 30 mg/ml mucin and 2 mg/ml BSA with
or without the presence of 10 mM CaCl..2H20 in 10mM phosphate buffer at pH 5.8. We
have observed that there is a decrease in magnitudes of MSD for Ca?* treated both BSA and
mucin BSA samples compared to untreated samples, as shown in Figure 2.8a. However,
this change in MSD for mucin sample is less. This is also evident in complex viscosity plot,
where there is an increase in the complex viscosity for the case with the Ca?* treated BSA

and mucin-BSA samples, as shown in Figure 2.8b. Further, the Table 2.2 suggests that
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there is a reduction in the (-potentials of mucin, BSA and mucin-BSA complex after the
addition of Ca®* at all pH. However, it is evident that, although in case of the mucin samples,
the C-potential reduces in presence of the Ca ions, the microrheology remains similar to the
samples without Ca ions. However, the variation in the microrheology of both BSA and
mucin-BSA in presence of the Ca ions can be attributed to the diminishing double layer
between the molecules, which eventually results in a reduction in the MSD and increase in
the viscosity. Such interactions of Ca?* with molecules with negative surface charge has
also been observed wherein humic acid aggregation takes place in the presence of Caions.*®

In case of mucin-BSA solution Ca?* aids more BSA to the cysteine domain of mucin,
which further enhances the mucin assembly. Thus, Ca?" ions are found to aid the formation
of a viscoelastic network by formation of links between non-mucin proteins that are attached
to mucins.*® In absence of Ca®" ions, the network formation relies on hydrogen bonding
between the non-mucin proteins, which results in a weakly aggregated network. In presence
of Ca®" ions however, both the mechanisms synergistically contribute to the formation of
the network with the Ca?* mediated links being the dominant factor.° It is important to note
here that the Ca?* ions interact majorly via the BSA molecules. Thus, the presence of even
a small concentration of Ca?* ions, leads to a noticeable change in both MSD and #*(w)
values of pure BSA solution as well as mucin-BSA solution. In comparison, pure mucin
solution shows little or no effect of addition of Ca* ions. In such a scenario, whatever minor
change occurs can be attributed to the marginally increased overlapping of the mucin
molecules due to the screening of their negative charge by the positively charged Ca?* ions.

Figures 2.9a-b show the AFM analysis for mucin in 5x5 um? and 2x2 um 2 area, which
depicts the concatenated thread like micro/nano patterns all over the area. The results

observed in the AFM further support the claim that the microstructure comprises of mucin
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molecules physically overlapping and interacting via weak hydrophobic interactions. This
kind of weakly assembled network allows faster dynamics of tracer particles while the

overall translation of the tracer particles remains sub-diffusive.

1.0um

Figure 2.9. Morphology of mucin studied by AFM (a) 5x5 um 2 field, (b) 2x2 um 2 field,
and Mucin BSA complex (c) 5x5 pm 2 field, (d) 2x2 um 2 field.

On the contrary, AFM analysis of mucin-BSA complex (Figures 2.9¢c-d) shows cluster of
smaller structures in the lateral dimension, which tends to increase the topography (height)
of the sample. This signifies a more compact and rigid network formed by cross linked
mucin molecules stabilized by the presence of BSA. Such a clustered micro-environment
leads to a slow-down in the dynamics of tracer particles while the translation of the particles
is sub-diffusive.

The CD spectra of 0.02 mg/ml of BSA, 0.3 mg/ml of mucin and the 0.3mg/ml mucin

with 0.02 mg/ml BSA have been recorded at 37°C with two pH conditions pH 7.4 and pH
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3. At both the pH conditions, BSA spectra is similar with a slight decrease in ellipticity in
case of pH 3. A characteristic a-helix negative peak at 208 nm and 222 nm is present in both
cases, as shown in Figure 2.10a. The plots suggest that the secondary structure of BSA is
the same at pH 3 as well as at pH 7.4 with some unfolding structure.*’#® Mucin at pH 7.4
and pH 3 show a typical negative ellipticity from 200 to 205 nm, which suggests a random

secondary structure* in the Figure 2.10b.
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Figure 2.10. Secondary structure determination of BSA, mucin and mucin-BSA complex
at pH 7.4 and pH 3. (a) CD spectra of BSA at pH 7.4 and pH 3, (b) CD spectra of mucin,
and mucin BSA complex at pH 7.4 and pH 3.

At pH 7.4 both mucin and mucin-BSA complex shows higher negative ellipticity at
around 222 nm, which is the characteristic peak of presence of an a-helix structure. We can
also see that the peak intensity for mucin-BSA complex at 222 nm with higher negative
values compared to mucin alone. This suggests that binding of BSA might lead to an
enhancement in the a-helix structure of mucin. However, this peak is absent in case of both
mucin and mucin-BSA complex at pH 3. mucin-BSA complex at pH 7.4 shows
characteristic a-helix negative peak at 206 nm which is also absent in case of pH 3, thus

corroborating our findings that BSA does not bind with mucins at pH 3. It is also evident
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from these findings that BSA not only binds with mucin at pH 7.4 but also alters its
secondary structure resulting in a higher content of a-helix.

Figure 2.11 schematically shows mucin-albumin assembly and their consequences to
the mucus layer. It has already been established in the literature that mucin monomers form
oligomers through disulfide bridges,?®3® which is reflected in decreasing diffusivity of

mucins with increasing concentrations.

). o e O i\

I — *
Negative surface '
Mucus Layer

oo— B

Cys Domain  Carbohydrate Chain PTS Region  Albumin

Figure 2.11. Schematic diagram of mucin-aloumin assembly. (a) Structure of mucin
monomer with negatively charged carbohydrate chains in PTS region and positively charged
cysteine rich domains at the ends. Albumin interacts with the cysteine domains of mucin
facilitating mucin-mucin binding. (b) Mucin-albumin interaction leads to assembly of more
mucin molecules. (c) Hierarchical assembly of mucin-albumin complex with decreased
diffusivity, which restricts the penetration of pathogens through the mucus layer.
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In view of this background, since the mucus contains aloumin and other proteins, it is
expected that a more complex assembly of mucin and other proteins may take place in a
functional mucus layer. The present work shows the role of albumin in such assemblies,
which may have a lasting influence on the microrheology and hence the microstructure of
the mucosal layer. In a way, electrostatic interaction and subsequent binding of mucin-
albumin can decrease the diffusivity of the micro/nano tracers and hence pathogens to
restrict them in their penetration toward the epithelial cells. On the other hand, inside a
diseased condition, there can be an elevated albumin loading on the mucus layer which in
turn may again change the microstructure of the mucus leading to the mucus-plugs in
respiratory systems. Figure 2.11 summarizes a hypothesis originating from all the
experimental evidences obtained. The first and foremost thing we establish that the
interaction between the mucin and albumin is largely electrostatic.

Further, Figure 2.11a suggest that the dumbbell shaped mucin monomer has a PTS
region with electronegative glycosylated carbohydrate chains, which facilitates a negative
(-potential even in a neutral pH solution. In contrast, the cysteine domains are
electropositive locally, which can attract the protein matrices with a negative {-potential,
such as, BSA. Such interactions eventually result in a hierarchical assembly of mucins as
shown in Figure 2.11b, which leads to a microstructure causing the decrease in the
diffusivity of the tracer elements into the mucin-BSA matrix. This is also the reason behind
the increase in the viscosity of such solutions, which is crucial for the inhibition of pathogen
penetration through the mucus lining, as depicted in the Figure 2.11c. On the other hand, at
a lower pH 3, (-potential of mucin becomes less negative while BSA acquires a positive (-

potential, which reduces the BSA-cystine interactions and results in an increase in MSD of
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the tracers. In such a scenario, inclusion of Ca?* enhances the mucin-BSA crosslinking

resulting in additional assembly of mucin.

2.4. Conclusions

In summary, this Chapter shows the variations in the microrheology due to the
interactions and assembly of porcine gastric mucins with BSA using a high-precision DWS
technique. The study unveils that, although the mucin molecules exist in the form of
monomers or dimers due to a disulfide linkage, the overlapping of monomers and dimers
leads to the formation of a weakly aggregated network at a higher concentration of mucin.
Subsequently, the microrheological response of the solution goes from viscous to
viscoelastic. Interestingly, the presence of other proteins such as albumin further facilitates
such assembly of the mucins. For example, in such a scenario, the ITC analysis shown here
confirms that albumin not only binds with the mucins but also tend to stabilize the physical
crosslinking between the mucin domains to facilitate a higher order assembly by forming
additional links. As a result, enhancements in both viscous and elastic responses of the
materials is observed, which can intuitively be correlated to the gel formation of the mucus
in the lung airways due to the secretion of albumin in cysteine fibrosis and asthma diseases.
The experiments also corroborate that the mucin-albumin interaction leads to decreased
diffusivity of the tracer particles in the mucus layer, which may inhibit the penetration of
bacterial and viral pathogens to protect the epithelial cells. Interestingly, the binding of BSA
with mucin to form mucin-BSA complexes is found to be strongly dependent on the pH of
the solution. For example, at a lower pH 3 emulating the bioenvironment of stomach, the
BSA molecules do not bind with mucins owing to the lack of repulsive force between the

positive charge of BSA and positive residues of binding site of cysteine domain of mucin.
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This leads to a rheological response similar to that of pure mucin. However, at a neutral pH
7.4 emulating the bioenvironment of lungs, the CD analysis of mucin and mucin-BSA
samples shows that BSA not only binds with mucin but also alters its secondary structure.
In such a scenario, an AFM analysis reveals the presence of concatenated colloidal nano-
network of mucin-BSA complex. Concisely, the Chapter highlights some of the
fundamental aspects of the interaction of the mucosal proteins with the non-mucinal ones
such as albumin to highlight the importance of microrheology of the materials in preventing
the pathogenic penetration through the mucosal layers. In the mucus system various other
non mucin proteins are also present, though their interaction with mucin is largely
unexplored. Investiagting these interactions will shed light on the assembly of an functional

mucus layer, which could be advantageous for addressing various mucus related diseases.
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CHAPTER 3

Microrheology of Ionic Liquid Doped Mucus for an
Efficient Delivery of Protein-based Oral Drugs
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ABSTRACT

Developing protein-based drugs for oral administration is one of the most challenging
aspects of the pharmaceutical industry. Such medications are less bioavailable due to their
low stability and inability to permeate through the intestinal barriers of mucus. A few recent
works have shown that ionic liquids (ILs) can be combined with protein-based drugs to
improve their stability under in-vivo conditions enhancing their mucus-penetrating
capabilities. One of the major knowledge gaps in this regard has been the interactions among
protein-based drugs, ILs, and mucin, which can play a pivotal role in such drug delivery
processes. The present Chapter unveils the diverse molecular mechanisms that play key
roles during the delivery of protein-based drugs, with the help of systematic microrheology
experiments and density functional theory (DFT) simulations. The study employs a model
mesoscale drug delivery system composed of an IL (choline bicarbonate: maleic acid — 2:1),
a protein (mucin), and bovine serum albumin (BSA) as a model drug. In particular,
following the microrheological changes of such drug formulations helps in tracing the
charge transfer mechanism and molecular interactions such as electrostatic, van der Waals,
steric, and hydrogen bonds, at the various stages of BSA, mucin, and IL assemblage. The
results have been corroborated by the morphological studies using atomic force microscopy
(AFM) supplemented by the microrheological studies using diffusing-wave spectroscopy
(DWS). Further, a human intestine has also been simulated as a biomimetic in-vitro
microfluidic prototype to demonstrate a larger stability and penetration of BSA through

mucin in the presence of IL.
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3.1. Introduction

Over the years, oral drug delivery has been preferred over intravenous ones owing to
their ease of administration alongside the capacity to facilitate a sustained release.’~® Of late,
the intravenous administration of protein-based drugs such as insulin or monoclonal
antibodies has been found to have severe side effects such as the suppression of the immune
system during the repeated usage.* In such a scenario, intensive research efforts have been
invested to develop protein-based drug formulations that can be delivered orally. However,
protein-based oral drug formulations need to be designed in such a manner that they are not
only stable in the harsh biochemical environment of the gastrointestinal tract but can also
diffuse easily through the thin viscoelastic mucus layer coated on the inner surface of the
stomach and intestines.>”’

It is now well understood that the mucus layer present in the inner tract of the gut or
intestine can kinetically control the transport of materials into the body with the help of its
unique rheological maneuvering. First of all, the surface of a mucus® film is specifically
designed to selectively absorb nutrients while preventing the entry of various pathogens.'t-
13 For example, the mucus film acts as the primary layer of defense to filter out the larger
molecules (>100 nm) and allows the permeation of smaller ones (<100 nm) to diffuse inside
the human body.}** Different types of binding and charged interactions between the
nutrients and the mucus also play key roles in the absorption and transport of the same inside
the body. For example, the positively charged particles are more prone to binding with the
sialic acid residues of mucin molecules,® while the negatively charged peptides or protein
molecules also have tendencies towards binding with the mucin part of the mucus layer.1"18
Interestingly, during the diseased condition, a more viscous mucus lining can also
kinetically impede the entry of nutrients or pathogens, whereas a thinner mucus lining

during a healthy state of a human body can promote a much faster diffusion. Thus, it is of
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utmost importance to understand the microrheology of various protein-based drug moieties
while they transport through the mucus layer, which may help in the translation of the
protein-based oral formulations.

Of late, one of the major aims of research in this regard has been to develop in-vitro
models that can emulate the in-vivo gut or intestinal conditions which in turn can be
employed for the design and testing of the efficacy of the absorption and transport of protein-
based drug formulations. Figure 3.1a schematically shows that complex microrheological
transport, filtering, and absorption are some of the key factors that impair the development
of protein-based oral medicines. For example, during some of the diseased states of mucus,
e.g. ‘fibrosis’, a viscous thickening of the mucus layer often disallows the permeation of the
required drugs. In order to circumvent this problem, there is a need for the modulation of
the mucus layer, which can facilitate the absorption of drugs during the highly viscous state
of the mucus.

In recent times, a plethora of research activities have been observed wherein ‘smart’
carrier molecules have been designed to facilitate the transport of protein-based drugs
through the mucus layer.>*%-?! For example, the ionic liquids (ILs), with a low melting point,
lower vapor pressure, high thermal stability, and higher solvation properties, are found to
be very much suitable for facile delivery of poorly water-soluble drugs through a highly
viscous lining of mucus.?? The ILs have an inherent capacity to penetrate the various barriers
such as skin and buccal mucosa to intestines.?%?1:2324 Thus, a concoction of drugs like insulin
and monoclonal antibodies with ILs have been synthesized before testing them under in-
vitro conditions to elucidate their efficacy in drug transport through the mucus layer. For
example, a very recent study has demonstrated that the IL-choline glycolate can enhance the

uptake of IgG in the jejunum by reducing the viscosity of mucus.?
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Figure 3.1. (a) Schematic representation of the mucus layer which acts as a barrier against
therapeutic drugs; (b) mucus is formed by the assembly of mucin proteins, the structure of
a mucin monomer.

At this stage, it is also important to note that the key components of the mucus layer are
different types of mucins such as MUC2, MUC5AC, MUC5B, MUCB6, and MUC19,'?
which are glycoproteins with ~80% carbohydrate and ~20% protein matrices.?® The
carbohydrate chain includes sialic acid, fucose, galactose, and N-acetyl-galactosamine,
which are linked with PTS amino acid residues, namely proline, threonine, and serine as
shown in Figure 3.1b.*?> The terminal part of gel-forming mucin is rich in cysteine
residues,?” which enables various forms of chain propagation and cross-linking behaviors to
alter the rheological properties during the diseased states of health. On the other hand, a
lower-than-normal viscosity of gastric mucus leads to ulcers.?®2° This highlights the

importance of maintaining the proper rheology of mucin for the optimal functioning of many
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organs in the human. The prior art reports that the mucin moieties bind with different non-
mucin proteins to form a more compact structure.®*3! In the case of diseased conditions like
asthma, albumin electrostatically binds with the mucin components and results in a cluster-
like formation.®! A similar situation may also emerge in the case of protein-based drugs like
insulin and monoclonal antibodies, where the proteins bind with the mucin components and
impede their diffusion through the mucus layer. This creates a substantial challenge in the
development of oral-based drug formulations. Certainly, there is a need to modulate the
microrheology of the mucus layer so that protein-based oral drug formulations can penetrate
through the mucus layer before absorbing in the human body to address the diseased tissues.

In view of this background, the present chapter focuses on synthesizing an array of
composite ILs composed of choline bicarbonate and maleic acid, by mixing them at different
ratios before characterizing them using *H NMR spectroscopy. Afterward, we investigate
the effects of IL on the viscoelastic behavior of mucin through microrheology and bulk-
rheology experiments. Subsequently, AFM studies are performed to provide insights into
the morphological changes of mucin after the treatment with the ILs. To understand the
interaction between drugs and mucin, we have utilized bovine serum albumin (BSA) as a
model therapeutic protein and observed their rheology with and without IL. In a way,
treating albumin as a model therapeutic protein, we explore the rheological properties of the
mucin-albumin complex in the presence of the ILs. The experimental observations are
corroborated by the DFT simulations to delve into the nature of IL-mucin interactions,
focusing on parameters like interaction range, orbital energies, and charge transfer (CT)
analysis, thereby exploring the strength and characteristics of non-covalent interactions
(NCI). Such quantum chemical (QC) calculations uncover a deeper knowledge at the atomic
and molecular levels.3=® Finally, we have fabricated a mucus-on-chip device employing a

native partially purified mucin to simulate an intestinal condition wherein the temporal
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diffusion of a FITC-labeled antibody is monitored across the simulated in-vitro intestinal
environment. The proposed mucus-on-chip device helps in understanding the diffusional

aspects of antibodies through mucin.

3.2. Experimental Section
3.2.1. Materials

Porcine mucin (98% pure) and y-globulin were purchased from Sigma-Aldrich Pvt. Ltd.,
Bovine serum albumin — BSA (98% pure) was purchased from Sisco Research Laboratories
Pvt. Ltd (SRL). Choline bicarbonate and maleic acid were purchased from Sigma-Aldrich
Pvt. Ltd. The polystyrene tracer particle with a diameter of 510 nm (10%) was purchased
from LS Instruments AG, Switzerland. Single crystal silicon (Si) wafers, specifically prime
grade (<100>, n-type), with a thickness of 525 um, were acquired from Vin Karola
Instruments (USA). The SU-8 2075 permeant epoxy negative photoresist, along with its
corresponding developer solution, was sourced from KAYAKU Advanced Materials
(USA). Additionally, the polydimethylsiloxane (PDMS, Sylgard 184) was obtained from
Dow Corning Corporation. All the chemicals are used without further purification. Milli-Q
water was used in all experiments for preparing solutions.

3.2.2. Preparation of mucin—-BSA complex and IL

All the mucin and mucin-BSA solutions were prepared in 10 mM phosphate buffer
saline (PBS). For mucin-albumin solutions, BSA was mixed with the prepared mucin
solutions and allowed to mix properly overnight in a rocker at 4°C. The initial concentration
of mucin stock solution was 100 mg/mL, to which 4 mg/mL BSA was subsequently added
for the mucin-albumin solution. For the concentration-dependent experiments, the stock
solution was diluted with 10 mM PBS buffer. Prior to the microrheology measurement, 80

uL of polystyrene tracer particles were added to 920 pL of the prepared sample. The tracer
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particle concentration was kept at 0.8% in all microrheological experiments and did not
affect the overall experimental results. For the microfluidic experiment, before the
preparation, BSA and y-globulin (antibody) were labeled with FITC dye as described in the
previous literature and observed under 2.5X objective with an excitation wavelength at 495
nm.3®3" All the measurements were performed thrice for the precision and reproducibility
of the data. ILs were synthesized using three ratios of choline bicarbonate and maleic acid,
such as 1:2, 1:1, and 2:1 where the salt metathesis reaction occurred as depicted in Figure
3.2a. After mixing these components, the resulting mixture was kept for some time to
complete the evolution of CO> gas. After the gas was discarded, the liquid mixtures were

put to vacuum drying at 60°C for 24-36 h to remove moisture. The ILs after successful-
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Figure 3.2. (a) Synthesis of 2:1, 1:1, and 1:2 CBMA IL by salt metathesis reaction which
further reacts with mucin components (b) image showing pale yellow colored synthesized
IL, (c) 2D-'H NOESY spectra for CBMA (2:1) IL, showing the red-circled through-space
interactions.
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-drying turned out to be clear and transparent (Figure 3.2b). These IL formulations were
characterized by 1{H NOESY NMR.

3.2.3. DWS Microrheology

The diffusing wave spectroscopy (DWS) is utilized for all microrheological
assessments, employing a light scattering technique to determine microrheology in turbid
samples.®3 To make the samples turbid, 10% polystyrene tracer particles, with a diameter
of 510 nm, were added. Before the measurement, the samples were placed in a 2 mm cuvette
and allowed to incubate for 10 min at 37°C in the sample holder of the instrument. The
microrheology measurements were conducted using the DWS RheoLab instrument by LS
Instruments AG, Switzerland. A laser light of wavelength 685 nm is incident onto the
cuvette containing the sample. The Brownian motion of tracer particles causes light intensity

fluctuations over time, and a correlator measures the autocorrelation function [gz (z‘)—l:'

to assess the ensemble-averaged mean squared displacements (MSD) of the tracer particles,

indicated as (Ar’(z)). * The relationship between the MSD and the lag time (t) for a
particle undergoing Brownian motion in a viscoelastic liquid is delineated as
<Ar2 (r)> =2nD,z”. @)
Where D, is the time-dependent diffusivity of the tracer particle and 0 < a < 1, n refers

to the dimensionality (n =3 for a 3-dimensional analysis). For a tracer particle diffusing in
a purely viscous environment, the exponent « = 1 and the diffusion coefficient D of the
probe is inversely proportional to the viscosity (#) of the surrounding liquid. The viscoelastic

modulus can be calculated from the MSD using the generalized Stokes-Einstein relation,**
41

ke T )

G(s)= nas(Arz(s»’

where G(s) is the Laplace transform of the viscoelastic relaxation modulus G(t),

<Ar2 (s)> is the Laplace transform of the MSD, kg is the Boltzmann constant, T is absolute
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temperature, and a is the radius of the tracer particle. Replacing s with iw, we can get the
complex modulus (G* (w)) and complex viscosity (1" (w)=G"(w)/).

3.2.4. Morphological study by AFM

Atomic force microscope - AFM (Cypher Asylum, Oxford) instrument was used for the
morphological characterization. For this, mucin and mucin-treated ionic liquid samples
were diluted 100 times and drop cast on a cleaned silicon wafer, and allowed to settle for 15
min. After that, excess samples were pipetted out washed with Milli-Q water, and dried
overnight in a vacuum desiccator. The scan rate was kept at 1-2 Hz, and the set point was
around 500 mV. The images were analyzed using Gwyddion software.

3.2.5. Bulk Rheology

For bulk rheology experiments, Anton Paar MCR 301 Rheometer was used. The
measurements were carried out using a 50 mm diameter 1-degree cone and plate geometry
at 37°C. All the measurements were taken in triplicates and the mean data was plotted along
with the standard deviations.

3.2.6. Preparation of mucin sample isolated from pig intestine

For the collection of Porcine pig mucus samples, pig intestine was procured from a
registered local butcher shop where pigs were slaughtered on a daily basis. The intestine
was washed with phosphate buffer saline (PBS) and with the help of a scalpel, the intestine
was segmented longitudinally. The mucus was isolated with the help of a spatula to avoid
disturbance of the epithelial tissue. After that, mucin was partially purified as described in
the previous reports. Briefly, mucus was diluted with 10 mM phosphate buffer with 170
mM NaCl and 0.04% (wt./v) NaN3 with the pH adjusted to 7.4. Further, 5 mM benzamidine
HCI, 1 mM 2,4-dibromo acetophenone, 1 mM phenylmethylsulphonyl fluoride, and 5 mM
EDTA were added to the solution to inactivate the protease enzyme. After that, solubilized

mucin was centrifuged at 8300 x g for 30 min at 4°C. The supernatant was again centrifuged
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at 15000 x g for 45 min at 4°C. The resulting supernatant was stored at —20°C for up to 1
week before being subjected to lyophilization. Prior to the experiment, mucin was
reconstituted in a 10 mM PBS buffer. For the morphological analysis by FESEM, partially
purified mucin was treated with CBMA 2:1 (3% v/v) before the lyophilization process.

3.2.7. Computational Methodology

In order to uncover the types of possible intermolecular interactions of IL-mucin-
albumin system originating from the charge transfer (CT), short-medium range interactions,
chemical stability, and a network of non-covalent interactions, we have performed a host of
density functional theory (DFT) simulations and the results from the same has been
summarized in the results and discussion section. This analysis provides valuable atomistic-
level information for these complex systems. The simulation protocol has been executed
based on the reaction mechanism of the formation of IL and that of IL-mucin complexes, as
depicted in Figure 3.2a.

For this purpose, the CBMA (2:1) ionic liquid structure was optimized initially by
placing two choline cations around one maleate (2—) anion. Bicarbonate reacts with maleic
acid's (—COOH) groups to produce CO2 gas and water. Accordingly, maleic acid turns into
a maleate ion losing two H* ions from both ends. Thus, here, choline cation and maleate
anion (2—) act as hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD),
respectively. Later, the optimized structures of the individual mucin components (sialic acid,
N-Acetylgalactosamine, and cysteine) and positively charged amino acids (arginine,
histidine) are placed around the optimized IL structure in various positions to obtain the
optimized geometry arrangement of IL-mucin systems using Gaussview 6 and Gaussian 16
at B3LYP- 6-311+G(d,p) basis set.*>**

The atom-pairwise correction techniques developed by Grimme and his colleagues,

specifically the Becke-Johnson damping method (D3BJ), have been employed to accurately
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consider the long-range dispersion effects between the HBA and the HBD.* The energy
minima have been determined from the resulting stationary points on the potential energy
surface by vibrational frequency analysis. The most stable conformations were obtained.
The counterpoise method has been employed to eliminate the basis set superposition error
in the computation of the interaction energy and other quantum chemical calculations.*’

An analysis of natural bond orbital (NBO) charges is conducted to study the distribution
and transfer of charges among IL and mucin components.*® The NBO study clarifies the
charge transfer (CT) profile by analyzing the distribution of charges among the components.
Additionally, frontier molecular orbital (FMO) analysis*® has been performed to examine
the electronic structure of molecules based on the overlap of frontier orbitals (HOMO &
LUMO - highest occupied and lowest unoccupied molecular orbitals) and electronic
transitions. In order to thoroughly examine the intermolecular interactions between the HBA
and HBD, Bader's quantum theory of atoms in molecules (QTAIM) technique, along with
noncovalent interaction (NCI) and reduced density gradient (RDG) analyses have been used
through the MultiwFN tool. 3°°2 The NCl analysis is utilized to identify distinct interaction
zones within the IL-mucin complexes and to determine the electron density distribution of
ILs with varying levels of density and density gradients. The comprehensive calculation
procedure for the NCI analysis is outlined in the forthcoming parts of the "noncovalent
interaction analysis".

3.2.8. Fabrication of microchannels

For diffusion analysis, we prepared two different types of microchannels, one is a T-
type channel, and the other is a pillar-embedded microchannel. For the T-type channel, we
have employed the conventional replica molding technique by using copper wires of
diameter 1 mm and 0.3 mm. For the preparation of pillars embedded microchannel, initially,

a design was prepared by using KLayout software which was adapted from previous
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reports.>* Figure 3.3 shows the schematic diagram for the preparation of the microchannel.
The silicon (Si) wafer underwent a thorough cleaning regimen involving sequential
immersions in ethanol (EtOH), isopropyl alcohol (IPA), and deionized (DI) water, each
repeated four times, followed by drying with nitrogen (N2) gas to eliminate extraneous
particles. Subsequently, a soft baking process was executed on the silicon wafer to a
temperature of 170°C for 10 min, followed by a controlled cooling phase. The application
of negative photoresist SU-8 2075 onto the Si wafer surface involved a two-step spin-
coating method at 500 rpm for 30 s and then at 2000 rpm for 90 s to get 110 pum resist
thickness. Pre-exposure baking ensued at 65°C for 5 min, and at 95°C for 15 min, with
interstitial cooling periods between each step. UV laser exposure at 375 nm, employing a
meticulously configured design using KLayout software, was performed by a direct laser
instrument (Model: Dilase 250, France), followed by post-exposure baking in two stages:
65°C for 5 min and 95°C for 8 min, with requisite cooling intervals. Subsequent
development steps utilized via SU-8 developer, involving sequential immersion of the Si
wafer for 40 s and subsequent immersion in IPA solution for an additional 40 s, iterated
until only exposed regions remained. The final stage involved drying with N2 gas and
subjecting the wafer to a rigorous hard bake at 250°C for 30 min.

For the replica molding method, the poly-dimethylsiloxane (PDMS) and curing agent
were meticulously mixed for 30 min in a 1:10 ratio, ensuring the prevention of air bubble
formation during the mixing process. Subsequently, the homogenized mixture was poured
into a mold situated on a silicon wafer, featuring the desired design. The mold, crafted from
double-sided tapes, defined the shape of the resultant structure. After carefully pouring the
PDMS solution into the mold, the assembly was placed in a hot air oven set at 80°C for 3 h.
After completing the curing process, the cast was delicately extracted from the mold using

acetone. To ensure optimal cleanliness and strict adherence to standard protocols, the
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microchannel was thoroughly cleaned. Finally, it was affixed to a microscopic cover glass
through an oxygen plasma treatment. Inlets and outlets are made using a 1 mm biopsy punch

and attached to a 1 mm silicon tube.
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Figure 3.3. Schematic diagram of preparation of mucus-on-a-chip device by the UV-
photolithographic technique.

3.3. Results and Discussion
3.3.1. Characterization of IL by 2D-NOESY NMR

The work employed 2-dimensional (2D) Nuclear Overhauser Effect Spectroscopy
(NOESY) NMR to identify chemical interactions occurring through physical space. The
NOESY NMR research confirms the presence of an intricate network of non-bonded
interactions between the components of the ionic liquid (choline and maleate), which aligns
with the structural observations made throughout the experiments. This uncovered the
intermolecular dispersion and van der Waals interactions among the constituents during the
creation of the IL. The interaction between the hydrogen atoms connected to the central
carbon atoms of maleate (C=C) and the central carbon atoms of choline can also be

observed. A detailed explanation of this interaction can be found in Figure 3.1c.
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3.3.2. Bulk and Microrheological Experiments

In the beginning of this study, diffusing wave spectroscopy (DWS) is utilized to
investigate the effects of IL, i.e., choline bicarbonate: maleic acid (CBMA), on the
microrheology of mucin. For this purpose, as mentioned in the experimental section, 50
mg/mL mucin is treated with 2:1, 1:1, and 1:2 molar ratios of CBMA. The control is
prepared by adding an equal volume of PBS buffer into the mucin solution. Figure 3.4a
shows the mean squared displacement (MSD) vs. lag time (z) plot in which MSD decreases
for the treated sample compared to that of the control. Interestingly, among the three molar
ratios, 2:1 has the lowest MSD followed by 1:1 and 1:2. Further analysis reveals that the
power law exponent remains similar for the treated and control, as shown in Figure 3.4b.
However, the diffusivity decreases to the lowest for the treated mucin at a 2:1 molar ratio.
This observation indicates that both CBMA-treated and control show similar sub-diffusive
behavior, while the overall movements of the tracer particles are restricted due to the
intermolecular winding of the mucins. Furthermore, the bulk rheology analysis was
performed using a rheometer, which gives the viscosity vs. shear rate plot, as shown in
Figure 3.4c.

It is observed that at a low shear rate, there is an increase in the viscosity of treated
mucins with a pronounced shear thinning behavior, as compared to the control. However,
this change is absent in high shear rate conditions wherein a Newtonian behavior is
observed. This signifies that at the low shear rate, the mucin molecules may tend to
aggregate by the weak forces for the CBMA-treated samples. This aggregation is minimized
in high shear conditions as evident from the negligible changes in viscosity. Interestingly,
the molar ratio of 2:1 has the greatest influence when compared to the ratios of 1:1 and 1:2.

Thus, to visualize the impacts of IL on the mucin structure, AFM of mucin and mucin

treated with 2:1 CBMA has been performed. Repeated ‘beading’ and ‘branching’ nano-
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Figure 3.4. Microrheology of mucin treated with different molar ratios of choline
bicarbonate-maleic acid ILs. (a) MSD vs. lag time, (b) power law exponent and diffusivity,
and (c) Bulk viscosity vs. shear rate. AFM images of mucin and mucin treated with IL. (d)
morphological structure of mucin. (e) illustration of repulsion between two mucin
monomers due to negatively charged sialic acid residue. (f) morphological structure of
mucin treated with IL. The scale bar represents 1.25 um. (g) illustration of the absence of
repulsive force between two mucin monomers due to the shielding of negatively charged
sialic acid residue.

-patterns can be observed wherein the threads are joined by the ‘beads’ of height 8 nm, as
displayed in Figure 3.4d. The thread-like structures are expected to form by the joining of
mucin monomers in their cysteine domain regions while the bead-like structures indicate
the presence of the cysteine region of mucin monomers where two mucin chains join.
Interestingly the beads has a higher height profile this might be due to presence of trace

amounts of non-mucin proteins in the cysteine domains. Figure 3.4e schematically shows
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that, due to negative charges in the sialic acid regions, two mucin monomers repel each
other, which may eventually result in less aggregated but elongated thread-like structures.

However, this kind of structure is majorly absent in the IL-treated mucins, as shown in

Figure 3.4f.
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The aggregated structures depict the interaction between two monomers in the sialic acid
regions. Figure 3.4g schematically shows the possible reasons for the formation of the
mucin aggregates due to the shielding of negative charges of sialic acid residues by the IL
matrices. Previously, such structures were also observed in mucin with high salt conditions
where the negatively charged sialic acid residues are shielded.>

Remarkably, when the concentrations of mucin increase from 25 mg/mL to 100 mg/mL,
with 3% v/v IL (CBMA 2:1), the MSD decreases with the lowest at 100 mg/mL, as shown
in Figure 3.5a-c. In a similar vein, the diffusivity ratio between the IL-treated mucin and
pristine mucin shows that at 100 mg/mL mucin concentration, diffusivity reduces up to three
times, as shown in Figure 3.5d. It may be noted here that the 3% IL concentration is enough
to reduce the MSD of high concentrations (100 mg/mL) of mucin. In addition, an analysis
of the diffusivity ratio between the treated and untreated mucin demonstrates a two-fold
decrease in diffusivity at 50 mg/mL followed by a subsequent decrease at 100 mg/mL.
Alternatively, when IL concentration is varied (1%, 3%, 5%, 7%, and 10%) for 50 mg/mL
mucin, it is observed that 1% IL shows similar MSD to that of the mucin control (Figure
3.5e). However, after 1%, all concentrations have similar MSD values and are lowest at 3%
IL. This signifies that a 3% IL concentration is enough to saturate all the interacting sites of
mucin. At 10% IL, slightly reduced MSD is observed, this might be because of the viscosity
effects of IL. In order to know the effects of a therapeutic protein on the microrheology of
mucin, bovine serum albumin (BSA) is used, which for the sake of brevity has been named
as albumin in all the experiments. This happens due to the electrostatic interactions between
mucin and albumin, where mucin proteins assemble and form a higher-order mucin-albumin

complex. 3 Similar evidence is observed for bulk viscosity, as shown in Figure 3.6b. Under
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low shear rate conditions, the viscosity of the mucin-albumin complex is higher, however,

there is no change in viscosity under high shear rate conditions. The experiments indicate
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Figure 3.6. (a) Comparison of MSD vs. lag time of Mucin and Mucin-albumin, (b)
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weak ionic interactions between mucin and albumin. Figure 3.6¢ shows the MSD vs. lag
time plot for mucin-albumin treated with IL, wherein the MSD for all the treated ratios of
IL shows an increased value compared to that of the control sample.

More importantly, in this scenario, in contrast to the observations made in the previous two
figures, the mucin-albumin treated with 2:1 molar ratio CBMA shows the highest MSD.
Further, as compared to the results reported in Figure 3.6d for the pristine mucin-albumin
sample, the diffusivity of the tracer particle has also increased in the current scenario. This
reflects a decrease in the interaction between the mucin and albumin molecules to engender
a disassembled mucin hierarchy.

In addition, the bulk rheometer experiment, as shown in Figure 3.6e, confirms that at
both the low and high shear rates, the viscosity is decreased for all the ratios of IL treatment.
This may result from the disentangled mucin structures. The study further elucidates that
increasing mucin-aloumin concentration with the same IL treatment (3%) leads to an
increase in MSD as shown in Figure 3.7a-c. In addition, an analysis of the diffusivity ratio
between the treated and untreated mucin-aloumin demonstrates a two-fold increment in
diffusivity at 50 mg/mL followed by a subsequent decrease at 100 mg/mL (Figure 3.7d).
The IL treatment improves the diffusivity up to two times at 50 mg/mL but lowers the same
at 100 mg/mL. Conversely, increasing the IL concentration (1%, 3%, 5%, 7%, and 10%)
while keeping the mucin-albumin at 50 mg/mL shows that, at 3% IL, MSD is the highest as
shown in Figure 3.7e. A very similar trend has been observed in terms of diffusivity, as
shown in Figure 3.7f. The highest diffusivity peaks at 3% IL while decreasing at higher IL
loading. The results corroborate the fact that ~3% IL is the optimal dose for the treatment
of mucin-albumin, where the IL saturates all the interacting sites of mucin as evidenced in
the mucin IL section. Concisely, the aforementioned bulk and microrheological studies of

IL-treated mucin indicate the change in rheological properties of mucin as well as the mucin-
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albumin system, which can be extremely useful for the study of the transport of a protein-

based drug through the mucus barrier.
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3.3.3. DFT- Geometry Optimization

Figure 3.8a illustrates the optimized geometries of CBMA (2:1) IL at B3LYP/6-311+G
(d,p)-D3BJ method. All the obtained structures represent ground state geometry as
confirmed by the non-existence of any imaginary frequency in vibrational ‘freq’ analysis.
The dispersion interactions within the molecules have been accounted for by employing the
D3BJ dispersion correction method in conjunction with the DFT calculation. Two choline
cations and one maleate (2—) anion are the basis of the IL structure, where an extra
component was included from mucin components such as cysteine, N-Acetylgalactosamine
(GalNACc), and sialic acid, individually to obtain three separate IL-mucin complexes, as
displayed in Figure 3.8a(i-iii). A pair of charged amino acids, arginine, and histidine are
also included separately for similar analysis. After examining the optimized geometries, the
following important observations can be mentioned: (i) the HBA-HBD structural integrity
is intact during the IL-mucin complex formation. The choline-maleate (2—) interaction
distances ranged between 2.02 to 2.36 A for the three mucin systems. In the CBMA (2:1)
IL structure, one maleate (2—) ion is in the middle of two choline cations. The interaction
distances between these ions (HBA-HBD) obtained a range of 2.02 to 2.09 A on one end,
whereas, on the other end, it was found to be placed at 2.15 to 2.36 A apart (Figure 3.8a(i-
iii)). These close interactions suggest a stable and integrated IL structure. Slight relaxation
in the structural arrangements of IL components can be observed owing to accommodating
the mucin components due to favorable non-bonded interactions. (ii) A significant extent of
short-range interactions has been observed in all the IL-mucin systems consisting of
cysteine, GalNAc, and sialic acid, respectively, as presented in Figure 3.8a. The closest
interaction distance of 1.52 A has been observed between cysteine (maleate 2—) in Figure
3.8a(i), suggesting strong electrostatic as well as H-bonding interaction. Similarly, GaINAc

(maleate 2—) and sialic acid (maleate 2—) closest interaction distances are found to be 2.2 A
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and 1.71 A, respectively, as shown in Figure 3.8a(ii). It can be observed that lower electron
density sites are partaking in interaction with the sites having electron density-rich groups.
The carboxylate parts present in the maleate (2—) ion represent a highly nucleophilic site,
whereas, the hydroxyl (—OH) groups present in the components are of electrophilic
characteristics, due to the presence of partially positive hydrogen (H) atom adjacent to
electronegative oxygen (O) atom. Thus, favorably, H-bonding and electrostatic interactions
are observed throughout these systems. The optimized structures provide confirmation of
the structural integrity and stability of all the IL-mucin complexes.

In the cysteine domain of the mucus layer, the presence of different charged amino acids
can be observed. Further, arginine and histidine are two positively charged amino acids that
are found in abundance in the cysteine domain. The presence of such positively charged
amino acids can effectively interact with the targeted drug molecules or other incoming
proteins, which can affect the mobility or smooth transport of the drug or protein molecules
through the mucus layer. To ensure enhanced mobility of the drug molecules in the mucus
layer, the ILs are expected to prevent these positively charged amino acids (arginine and
histidine) from interacting with the targeted drug molecules.

It can only be achieved through the favorable interaction of arginine and histidine with
the IL components before their (arginine and histidine) interaction with the targeted drug
molecules. In other words, if the IL components can block the charged amino acids from
interacting with the targeted drug molecules, it will enhance the drug transport properties.
In order to examine IL’s effective interactive properties towards the positively charged
amino acids, we have carried out a DFT simulation of CBMA (2:1)-arginine, and CBMA
(2:1)-histidine complexes using the same method and basis sets as discussed in this section.
The optimized geometries are presented in Figure 3.8a(i—Vv). The choline cation and maleate

(2-) anion interacted with arginine at a distance of 2.08 A and 1.90 A, respectively, whereas,
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in the case of histidine, the respective interaction distances are 1.86 A and 1.66 A. The
simulations confirm the existence of short-range interaction of a non-covalent nature within
the IL-mucin and IL-amino acid systems.

(a) Optimized Structures of IL-Mucin Systems
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Figure 3.8. (a) Optimized Structures of IL-Mucin Systems, (i) CBMA (2:1)-Cysteine, (ii)
CBMA (2:1)-N-Acetylgalactosamine, (iii)) CBMA (2:1)-Sialic acid, (iv) CBMA (2:1)-
Arginine, and (v) CBMA (2:1)-Histidine at the B3LYP/6-311+G (d,p) level of theory with
D3BJ dispersion correction. (Color code: gray- carbon, blue- nitrogen, red- oxygen, and
white- hydrogen atom). (b) HOMO-LUMO Energy Gap and iso-surfaces of IL-Mucin
Systems, (i) CBMA (2:1)-Cysteine, (ii)) CBMA (2:1)-GalNAc, (iii) CBMA (2:1)-Sialic
Acid, (iv) CBMA (2:1)-Arginine, and (v) CBMA (2:1)-Histidine. (Lower Structures Display
HOMOs and Upper Structures Display LUMOSs).
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3.3.4. Frontier Molecular Orbital (FMO) Analysis

The chemical stability of all the complexes can be evaluated by the frontier molecular
orbital (FMO) analysis, which has been conducted as an effective method to determine
acceptor—donor interaction, chemical stability, and reactivity by evaluating the
HOMO-LUMO orbital analysis.*® This section focuses on analyzing the interaction
between the HOMO and LUMO species of the IL-mucin complexes and the IL-amino acid
systems. HOMO is considered nucleophilic and electron-donating, whereas, the LUMO is
electrophilic. The HOMO-LUMO energy gap of a molecule can determine the energy
needed to add or remove electrons from the molecule. A higher HOMO—-LUMO energy gap
corresponds to increased molecular Kinetic stability and decreased molecular reactivity.

Figure 3.8b displays the FMO diagrams of the IL-mucin complexes and IL-amino acids,
as well as their ground- and excited-state molecular orbitals. The iso-surfaces are displayed
using green and red contours to emphasize the positive and negative lobes of the HOMO
and LUMO, respectively. The theoretically obtained HOMO-LUMO energy gaps
corresponding to different IL-mucin systems are found to be 119.01, 109.11, and 115.57
kcal/mol, respectively, for cysteine, GaINAc, and sialic acid systems, as presented in Figure
3.8b(i-iii). Relatively high HOMO-LUMO gaps confirm the stable nature of the IL-mucin
complexes. The smaller size of molecular cysteine associated with a higher degree of HBD
and HBA group counts results in denser donor-acceptor interactions compared to sialic acid
and GalNAc. Hence, the HOMO-LUMO gap is highest in the case of cysteine suggesting
the requirement of higher energy to transit to an excited electronic state. In contrast,
GalNAc, though having relatively higher donor-acceptor counts obtained lower charge
density due to its larger size. Figure 3.8b also shows that IL-cysteine and IL-GalNAc
systems present the highest and lowest HOMO-LUMO energy gap values, respectively. In

the case of sialic acid, the presence of bulky groups and their large size hinder the orbital
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overlap interactions. Comparatively lower HOMO-LUMO gap than the other two mucin
components suggest relatively weaker donor-acceptor interactions and accordingly lower
chemical stability. The chemical stability for the IL-mucin components in terms of the
HOMO-LUMO energy gap is in order of CBMA (2:1)-cysteine > CBMA (2:1)-sialic acid
> CBMA (2:1)-GalNAc.

As the present study involves two positively charged amino acids (arginine and
histidine), the FMO orbitals for the same have been presented in Figure 3.8b (iv) and (V).
Relatively low HOMO-LUMO energy gaps have been obtained for arginine (23.4 kcal/mol)
and histidine (56.46 kcal/mol) suggesting lower chemical stability as compared to that of
IL-mucin systems. This result amplifies that the IL components formulate stronger IL-
mucin complexes due to the charge transfer (CT) process and non-covalent interactions,
which is the major objective for the selection of this type of IL. The FMO study substantiates
the higher selectivity of the IL towards the mucin components as compared to other charged
amino acids present in the cysteine domain of the mucus layer. The CT process has been
discussed in the upcoming section.

3.3.5. Charge Transfer and Interaction Energy Analysis

In order to have a deeper understanding of the charge transfer (CT) process and
delocalization of charge in the IL-mucin systems, the NBO charge has been obtained using
the same B3LYP- 6-311+G(d,p) basis set with D3BJ dispersion correction method, as
presented in Figure 3.9a. The significance of implementing the NBO charge calculation
protocol in IL/DES systems in evaluating the localized charge transfer interaction can be
validated by some of the previous research works.3?-3* Choline cation obtained partial
positive charge (ranging from +1.59¢ to +1.68e) acting as an HBA, whereas, maleate (2—)
acts as HBD attaining negative charge (ranging from —1.29¢ to —1.6¢), as shown in Figure

3.9a. This development of charges has been measured after the evolution of CO, and H2O
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from the system, keeping only choline cation, maleic acid, and mucin components in the
complex system as can be referred to in Figure 3.9a. The degree of charge transfer in these
IL-mucin complexes is higher as compared to other naturally obtained IL/DES systems due
to the superior ionic nature of the IL components and the presence of charged mucin
components.

The mucin components cysteine, GalNAc, and sialic acid, acquired partial negative
charges in the IL-mucin complex, contrasting with their neutral charge state prior to
complex formation. The negative partial charges on mucin components are in the order of
GalNACc (—0.084 e) < sialic acid (—0.263 e) < cysteine (—0.3 e). Sialic acid, usually found in
the terminal ends of glycoproteins and glycolipids, is present in the carbohydrate side chains
of mucin. It is charged in nature due to polar carboxyl and amide functional groups, acting
as binding sites for various pathogens and toxins. N-acetylgalactosamine (GalNAc) is
another component of the carbohydrate side chain. These two, linked with other
components, constitute the carbohydrate side chains attached to the P-T-S backbone of
mucin. The side chains being negatively charged as found in the present study, ranging from
—0.084 e to —0.263 e, repel each other due to the same-charge repulsion effect to maintain a
stable and ordered formation of the mucus layer with complex branching. Thus, it acts as a
barrier for external pathogens and toxins, and even for any targeted drug molecule to pass
through the layer. However, upon the introduction of the CBMA (2:1) IL, interaction occurs
among the IL and mucin components due to favorable charge transfer properties of choline
cation and maleic acid moiety.

The choline cation and the active sites of maleic acid align towards the favorable active
parts of sialic acid and other mucin component groups present in the carbohydrate side
chains, resulting in a complex network of charge interaction. These interactions affect the

ordered formation of the side chains as neutralization of the negative charge takes place. As
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the concentration of the IL increases, the extent of the CT process increases, which gives
rise to rapid charge-neutralization of the carbohydrate side chains. As the charge-
neutralization occurs, the general structural order of the mucin network gets affected and
the formation of small clusters within the mucin network can be observed. This has already
been confirmed by the AFM images, as presented previously in Figure 3.4. Because of this
structural modification of mucin after the IL introduction, the targeted protein molecules
face lower resistance to cross through the mucus layer as many sialic acid and GalNAc
active sites have already been blocked by the IL components.

Similar phenomena occur in the cysteine domain present at the ends of the P-T-S
backbone chain. The cysteine moieties get involved in charged interactions with IL
components, as presented in Figure 3.9a. The carboxyl group (COOH) and an amine group
(NH2) along with the thiol group (—CH2—SH) present in cysteine favor higher charge
interactions with choline and maleate ions. Due to its relatively linear molecular
arrangement and greater charge density, cysteine exhibited the strongest charge transfer
interaction (—0.3 e) with the ionic liquid (IL) compared to other mucin components. A much
lower steric hindrance with higher polarity provides favorable CT interactions, which is
evident from the short-range interactions among the molecules in Figure 3.9a. Cysteine is
found at the end-line of the P-T-S backbone chain of mucin. Higher CT interaction among
these components results in the reduction of available binding sites for cysteine toward the
targeted drug or protein molecules. Further, as cysteine moieties are involved in cysteine-
IL interactions, this results in reduced interaction of cysteine with other mucin components,
and collectively, these are responsible for structural disruption of mucin-mucin chains,
eventually, making a path for the targeted drugs to move freely through the mucus layer.
Mostly, electrostatic and H-bonding interactions are primarily responsible for all these CT

interactions.
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Figure 3.9. (a) Calculated NBO Charges on the Mucin Components (Cysteine, N-
acetylgalactosamine, Sialic acid, Arginine, and Histidine) and the DES Components
(Choline cation and Maleic acid) for Choline Bicarbonate: Maleic Acid (2:1)-Mucin
Systems; (b) Interaction energies for IL-Mucin Systems; CBMA(2:1)-Cysteine,
CBMA(2:1)-N-Acetylgalactosamine, CBMA(2:1)-Sialic acid, CBMA(2:1)-Arginine, and
CBMA(2:1)-Histidine at the B3LYP/6-311+G (d,p) level of theory with D3BJ dispersion
correction. (c) Electrostatic Potential (ESP) Charges for IL-Mucin Systems; (i) CBMA
(2:1)-Cysteine, (ii)) CBMA (2:1)-N-Acetylgalactosamine, (iii)) CBMA (2:1)-Sialic acid, (iv)
CBMA (2:1)-Arginine, and (v) CBMA (2:1)-Histidine at the B3LYP/6-311+G (d,p) level
of theory with D3BJ dispersion correction.
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In order to observe the effect of this IL on other charged amino acids and proteins present
in the mucus layer, we have performed similar CT studies for arginine and histidine, which
are positively charged entities present in the cysteine domain. For arginine and histidine, the
charges are +0.05 e, and +0.07 e, respectively. Arginine and histidine, being positively
charged amino acids, interacted with IL components, but to a lesser extent than that of the
mucin components as explained earlier. This suggests that the choline bicarbonate: maleic
acid (2:1) ionic liquid is extremely effective in having CT interactions with different groups
of carbohydrate moieties, proteins, and amino acids to configure a complex network of
intermolecular interactions among the constituents. Thus, it can be confirmed that the CT
process plays a very crucial role in the formation of stable IL-mucin complexes and in
modulating the structural arrangement of the mucus layer for enhanced drug transport.

The term "interaction energy" describes the decrease in system energy that occurs when
two or more molecules interact with each other to form a complex.* It is possible to compute

the interaction energy of IL-mucin complexes using the following equation:

AE E

IL-mucin —  =IL—mucin (En_ + Emucin) + Epgsse- 3)
The variable EiL-mucin represents the combined energy of the IL-mucin complex. E;. and
Emucin, ON the other hand, refer to the energies of the individual IL and mucin components,
respectively. Egsse is the Basis Set Superposition Error (BSSE) rectified using the
counterpoise approach.®” Figure 3.9b highlights all the computed interaction energy values
for IL-mucin systems. Interaction energy offers information on the strength of interactions
of the molecules participating in the interaction and the proximity of the atoms engaged in
the molecules. The negative interaction energies signify a reduction in the total energies of

the final entities created from the original components in the IL-mucin complex formation.

The decrease in energy can be attributed to the occurrence of non-bonded contacts, including
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electrostatic interactions, hydrogen bonding, and van der Waals interactions, among the
active chemical groups present in the relevant components.

Interaction energies of IL-mucin complexes are higher for sialic acid (—48.52 kcal/mol),
GalNAc (—43.51 kcal/mol), and cysteine (—38.49 kcal/mol), as presented in Figure 3.9b.
The results also suggest that arginine (—35.45 kcal/mol) and histidine (=37.12 kcal/mol)
have slightly lower energies. Multiple close-range interactions are responsible for the larger
negative value of interaction energy. The sialic acid showed higher compactness of the
structural arrangement despite being a bulkier group because of the favorable binding site
affinity in terms of non-bonded interactions within a range of 1.71 to 2.39 A. The integrity
of the complexes depends upon the strength of the interactions. A possible hydrogen
bonding interaction length is found to be 1.77 A in the case of GalNAc, whereas it is 2.09
A in the case of cysteine. That can explain the order of the interaction strength as obtained
in our study. On the other hand, arginine and histidine further confirm favorable interaction
between IL and mucin components.

Following this, electrostatic potential (ESP) charges are plotted along the surface of the
molecules for the visualization of the surface charge densities of the different regions in the
IL-mucin systems, as displayed in Figure 3.9c. The red-colored surface contours illustrate
higher electron density regions or the presence of negative potential charged active
functional groups, whereas, blue regions are viewed as having positive partial charges or
lower electron densities. The green-colored contours demonstrate neutral parts. From the
contour plots, the charge delocalization can be witnessed clearly around the components of
ILs and mucin. Any external molecule, e.g. active drugs or proteins, approaching the IL-
mucin complexes can have charged interactions with specific active sites based on the
effective partial charges developed in the molecule. Figures 3.9c (i-iii) indicate various

active regions in mucin components that are associated with charged interactions with the
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complementary regions in the mucin components (cysteine, GaINAc, and sialic acid). This
result can be clubbed with the findings of charge transfer (CT) analysis with NBO charges.
The results confirm that the CT process is very crucial in this type of IL system as they are
involved in intermolecular non-bonded interactions with mucin as well as other amino acid
systems.

3.3.6. Noncovalent Interaction Analysis

Apart from the CT analysis, to gain further insight into the system, we also have
performed the noncovalent interaction (NCI) analysis. For this purpose, Contreras-Garci’a
and Johnson's %85 framework has been put into practice, which follows the following

equation for the "reduced density gradient” (RDG) analysis,

1 |Vp|

(4)

The method relies on examining the distribution of electron densities in regions with low
gradient values and low electron densities. The RDG scatter graph is constructed based on
the product of electron density (p) and the sign of the electron density Hessian second
eigenvalue [sign(42)p]. Such NCI analysis may detect and quantify several types of weak
interactions, including hydrogen bonding, van der Waals, and dispersion interactions.
Figure 3.10 shows the different NCI plots along with the respective RDG graph for the IL-
mucin systems as well as IL-amino acid systems. Distinctly colored spikes in RDG plot
correspond to particular types of interactions: blue represents H-bonds or halogen bonds (1>
< 0), green represents van der Waals (vdW) or dispersion interactions (42 > 0), and red
represents steric effects resulting from ring or cage formation (12 > 0).

In the NCI plot, blue-colored regions represent strong, attractive hydrogen/halogen bonds

and electrostatic interactions, red-colored regions represent a strong repulsion effect due to
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Figure 3.10. RDG isosurfaces and scatter graphs of RDG for (a) CBMA (2:1)-Cysteine, (b)
CBMA (2:1)-GalNAc, (c) CBMA (2:1)-Sialic Acid, (d) CBMA (2:1)-Arginine, and (e)
CBMA (2:1)-Histidine at the B3LYP/6-311+G (d,p) level of theory with D3BJ dispersion
correction.
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non-bonded overlap, and green or transition regions represent vdW interactions, dispersion
interaction, dipole—dipole interaction, etc. Figure 3.10a-c shows the presence of hydrogen
bonding and dispersion interactions in the form of vdW interactions observed for all the IL-
mucin systems. In the case of CBMA (2:1)-cysteine NCI/RDG plots, one can observe a
greater number of RDG spikes present between —0.01 and —0.025 a.u. This corroborates the
electrostatic interactions developed in cysteine and IL molecules. Along with electrostatic,
dispersion interactions are also found to be dominant in the cysteine system. No significant
spikes in the region between —0.03 and —0.05 a.u. can be observed suggesting a lack of
hydrogen bonding. A similar result can be observed from the lack of blue flakes in the NCI
plot in Figure 3.10a. The reason for this lack of hydrogen bonding in the IL-cysteine system
could be explained by the lesser electronegativity of the thiol (—SH) group in cysteine
moiety.

However, the presence of other active groups in cysteine ensures effective dispersion
and vdW interactions. The green flakes present in the left side diagram of Figure 3.10a
indicate the same. The figure indicates that multiple hydroxyl (—-OH) and carboxyl
(—COOH) groups present in GaINAc as well as sialic acid play a crucial role in obtaining
hydrogen bonding and electrostatic interactions as evident from the RDG spikes present
between —0.02 and —0.05 a.u., as shown in Figure 3.10b-c. In contrast, the presence of large
bulky groups in these two systems (GalNAc and sialic acid) have developed multiple red
spikes due to steric effect in the region between +0.01 and +0.03 a.u., which is absent in the
case of cysteine system due to its linear structural arrangement. The contribution from the
IL structure (HBA-HBD interaction) in the form of hydrogen bonding, electrostatic, and
vdW interactions are also associated with the present NCI/RDG interaction regions. Overall,
IL-mucin non-covalent interactions play a significant role in the formulation of strong IL-

mucin complexes. similar involvement of different non-covalent interactions has been
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observed for the systems containing the charged amino acids (arginine and histidine), as
presented in Figure 3.10d-e, which confirmed increased closed-shell interaction between
the components. Histidine exhibits multiple blue spikes in the RDG plot between —0.03 and
—0.05 a.u. suggesting the presence of hydrogen bonding due to electronegative elements
within the system.

3.3.7. Model Mucus-on-a-Chip

In order to assess the effects of IL on the diffusion of therapeutic protein-based drugs,
we conducted a diffusion experiment using two distinct microfluidic channels. The first
setup has been a T-shaped channel with a pair of inlets and one outlet, which has been
fabricated using conventional replica molding, as mentioned in the experimental section and

shown in Figure 3.11a.
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Figure 3.11. (a) Top view of mucin-filled T microchannel, (b) Top view of FITC-BSA filled
well which flows to the main channel, (c) diffusion of FITC-BSA through the mucin-filled
main channel over the period.
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In order to know the diffusion of a model therapeutic protein in a mucus layer, BSA has
been considered as a model therapeutic drug. For this purpose, initially, BSA has been
labeled with FITC dye to make it visible under a fluorescent microscope.

Initially, the mucin solution has been filled in the main (1 mm) channel in such a manner
that it only fills up to the side channel (0.3 mm), while 10 mM phosphate buffer is filled in
the remaining part as shown in Figure 3.11a. following this, 20 pl of BSA solution is added
to the well (diameter of 2 mm) and observed for a few minutes. As a result of capillary
action and gravity, the BSA solution (green) passes through the void region of the main
channel while a part diffuses in the mucin-filled region, as shown in Figure 3.11b. The same
experiments have been repeated for IL-treated mucin also. The spatiotemporal microscopic
images shown in Figure 3.11c suggest that the IL-treated mucin shows a faster diffusion as
compared to the untreated one. Interestingly, it has been observed that the the diffusion of
FITC-BSA in the IL treated mucin is up to a distance of ~ 3 mm (measure from the start of
the side channel to the left of the main channel) compared to control mucin which is about
1 mm after 30 minutes.

Following this, to emulate the exact intestinal conditions, a mucus-on-a-chip (MOAC)
prototype has been fabricated using photolithography and replica molding techniques, as
discussed previously in the experimental section and illustrated in Figure 3.12a-b. For this
experiment, a partially purified mucin is extracted directly from the pig intestine. Thereafter,
y-globulin is used as a model antibody, which is labeled with the FITC dye to track the
diffusion under the fluorescence microscope. The FITC-labelled antibody has been treated
with IL with a ratio of 1:5 v/v and the untreated antibody is taken as control.

Figure 3.12c shows the instrumental setup of mucus on a chip device under a
fluorescence microscope with an excitation wavelength of 495 nm (blue light). Before the

experiment, the partially purified native mucin is reconstituted with 10 mM PBS buffer and
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injected into the mucus channel with a flow rate of 0.5 pL/min with the help of a syringe
pump. Subsequently, once it is filled, the pump is stopped and both the inlet and outlet of
the mucus channel are blocked by a stopper and allowed to settle the mucins for 15 min, as

shown in Figure 3.12d (observed under brightfield).
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Figure 3.12. (a) Top view of a pillars-embedded microchannel, (b) Schematic diagram of a
Mucus-on-a-Chip device, (c) experimental setup of the microchannel, (d) mucin-filled
microchannel in the mucus channel with schematics, (e) schematic diagram of diffusion of
antibodies in the absence or presence of CBMA 2:1 IL through mucus channel. (f)
spatiotemporal evaluation of antibody diffusion in the absence or presence of CBMA 2:1
through the mucus channel.

The image also shows how this prototype emulates a lumen/mucus thin-layer assemblage
separated by an array of micropillars. After that, the FITC- antibody passes through the
lumen channel with a flow rate of 5 pL/min maintained by a syringe pump, and images are

taken every 2 s in a time series mode for 60 min.
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Figure 3.12f shows that for untreated antibodies, the diffusion has been restricted only
to the pillars even after 40 min, resulting in a restricted diffusion owing to the binding of
antibodies with mucin molecules.®! In comparison, in the case of antibodies treated with IL,
there is the diffusion of antibodies into the mucus channel just after 1 min, and over a certain
period of time, it completely diffuses to the mucus channel. This indicates that IL interferes
with the binding of antibodies to the mucin molecules to increase the diffusivity of
antibodies. Overall, the diffusion experiments establish that the diffusion of both albumin
and antibody is enhanced in the presence of IL. Furthermore, to see the morphological
changes of extracted mucin in the presence of CBMA 2:1, FESEM is utilized. The mucin
obtained from the native source has a network-like arrangement, as depicted in Figure
3.13a-b. Conversely, when exposed to CBMA 2:1, the mucin undergoes structural
degradation and forms aggregates (Figure 3.13c-d). This observation aligns with the
morphological analysis of commercially pure mucin using Atomic Force Microscopy

(AFM) as mentioned in section A of this chapter.
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Figure 3.13. FESEM images of partially purified pig mucin untreated (a,b) and CBMA 2:1
treated (c,d). The false magenta color is used using ImageJ software.
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3.3.8. Mechanism of IL-treated Mucin Arrangement

All the experiments and computations reported so far uncover some striking
observations, which have been summarized in this section with the help of the schematic
diagram in Figure 3.14. Firstly, within the mucus layer, the P-T-S backbones of mucin align
themselves in a homogeneous structural arrangement, as shown in Figure 3.14a. The side
chains in the P-T-S backbone consisting of sialic acid, GaINAc, galactose, etc., also align
themselves around the same while the side chains from two adjacent P-T-S backbones
remain stable because of electrostatic repulsion. On the other hand, the cysteine domain
present at the end of each P-T-S backbone contributes to the adhesive and swellable
properties of the mucin with subsequent polymerization to form long linear oligomers via
intra-disulfide bonds. The cysteine domain provides a linear connection between the P-T-S
backbone through polymerization whereas the charged amino acids such as arginine or
histidine help in charge transfer. Importantly, the water molecules are present throughout
the mucus layer to form a homogeneous dispersed phase that imparts mobility to the system.
The mucin constitutes an ordered structural formation due to all these components and their
interactions to form the aforementioned interconnected networks. However, in the case of
CBMA (2:1) IL-treated mucin, the uniformity in the presence of water molecules is
disrupted due to the development of IL-mucin complexes within the P-T-S backbone in the
mucus layer (Figure 3.14b). As a result of these complexes, water molecules present within
the regions between two adjacent P-T-S branches transport out due to the ‘salting out’ effect,
resulting in the P-T-S branches coming closer to each other. Additionally, in the cysteine
domain, IL-cysteine complexes are formed, along with the interaction of IL with other
charged amino acids (Figure 3.14c). This enhanced IL-cysteine interaction disrupts the
connectivity between the cysteine domains of two individual mucin monomers. With the

introduction of CBMA 2:1, the IL moiety places itself within the carboxylic side chains of
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two adjacent P-T-S backbones and forms IL-sialic acid, IL-GalNAc complex at both the
ends of IL due to, (i) superior charge transfer behavior, and (ii) presence of suitable active
polar groups within the mucin components. The QC structural analysis confirms that these
IL-mucin interactions take place at a short-range potential (~1.5 to 2.2 A), which yields
‘charge shielding’ by blocking the repulsive forces acting among the carboxylic side chains
which in turn helps in effectively pulling the P-T-S backbones along with it, thus reduction
of the inter-branch distances between the adjacent P-T-S backbones is witnessed, as shown
in Figure 3.14d-e.
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Figure 3.14. A schematic diagram of IL-mucin interaction resulted in enhanced diffusion
of antibodies. (a) the homogenous structural arrangement of mucin monomers, (b)
disruption of water mucin interaction in presence of IL, (c) IL complexation with cysteine
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domain of mucin resulted in disruption of chain elongation as well as mucin-nonmucin
protein interaction, (d) Charge shielding of carbohydrate chains by IL, (e) Enlarged view of
IL complexation with the carbohydrate chain components, (f) The overall interaction
resulted in aggregation of mucin, (g) Restricted diffusion of antibodies through mucus layer
without IL, and (h) Enhanced diffusion of antibodies through mucus layer in presence of IL.

The introduction of IL in the system leads to the aggregation of mucin chains at different
patches across the mucus layer, due to the combined effects of ‘charge shielding’, ‘salting
out of water molecules’, and dissociation of P-T-S backbone chains. (Figure 3.14f). It may
be noted here that, due to the aggregation in the mucus layer while dewatering the
aggregated IL-treated mucus layer, a small but definite proportion of pathways is expected
to emerge in the interstitial spaces around the aggregates, which is not present in the case of
pure mucus layer where no IL is introduced (Figure 3.14g). These pathways allow and
enhance the diffusion and transport of targeted proteins, antibodies, and drugs through the

mucus layer to achieve enhanced effective drug delivery (Figure 3.14h).

3.4. Conclusions

The chapter demonstrates the fundamental process by which the CBMA-based IL
interacts with mucin, as revealed by both experimental and simulation investigations. The
study suggests that mucin interacts and binds electrostatically with the proteins due to the
presence of multiple charged groups, forming a compact hierarchical structure. When
albumin is considered a model protein-based drug, upon the incorporation of albumin into
the mucin solution, mucin interacts with albumin, increasing the viscosity due to favorable
electrostatic interactions. In this context, the incorporation of CBMA-based ionic liquid has
increased the diffusivity of the probed particles due to the unwinding of mucin assembly

tailored by albumin. Conversely, in the case of pristine mucin solution, the incorporation of
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IL leads to mucin aggregation, as evident from the microrheological analysis. As a result of
mucin aggregates, the probed particles' MSD as well as diffusivity has drastically decreased.

A similar trend has been observed from the rheometer study, where the viscosity is
increased in the entire range of frequency, which indicates the aggregation of mucin.
Furthermore, AFM analysis confirms the alteration of native mucin structures. This can be
understood that increased localized aggregation also helps in forming void pores which is
beneficial for the diffusion of small molecules. The QC analysis substantiates the influence
of charge transfer among the IL-mucin components where interactions take place at a short-
range potential (~1.5to 2.2 A). Rapid charge neutralization of the mucin side chains (charge
shielding) can be observed with the increase in IL concentration. The strongly formed
complexes, having interaction energies ranging from —38.49 to —48.52 kcal/mol, confirm
the superior IL-mucin non-bonded interactions (range: 1.71 to 2.36 A). These interactions
in the form of hydrogen bonding, electrostatic, and dispersion, have been confirmed through
NCI analysis for the IL-cysteine, IL-sialic acid, and IL-GalNAc complexes. The ‘charge
shielding’, dissociation of P-T-S backbone chains, enhanced IL-mucin interaction, and
overall stability of the systems have been substantiated through the QC investigation and
experimental findings.

Furthermore, in order to correlate the results obtained by both microrheological and
computational investigations with the actual intestine conditions, we fabricated a T-shaped
microchannel and studied the diffusion of FITC-labeled albumin in the simulated mucus
layer. It has been confirmed that ionic liquid has altered the networks of mucin polymer in
the cysteine and sialic acid regions and hence less affinity of mucins for the model
therapeutic drug i.e. albumin has been observed, which resulted in increased diffusivity.
Interestingly, the mucus-on-chip device aids in elucidating the diffusion behavior of FITC-

labeled antibodies within partially purified mucin, demonstrating the enhanced diffusive
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properties of antibodies in the presence of ionic liquid (IL). This experimental setup serves

to mimic the intestinal mucus barrier and monitor the diffusion of FITC-labeled antibodies.

The amplified diffusion of antibodies facilitated by the IL environment substantiates the

findings. Concisely, the investigation sheds light on the interaction between choline

bicarbonate-maleic acid-based ionic liquid and mucin polymer, offering valuable

molecular-level insights for the development of oral and site-specific therapeutic drugs.

References

1)

()

(3)

(4)

(5)
(6)

(7)

(8)

Ensign, L. M.; Cone, R.; Hanes, J. Oral Drug Delivery with Polymeric Nanoparticles:
The Gastrointestinal Mucus Barriers. Adv. Drug Deliv. Rev. 2012, 64 (6), 557-570.
https://doi.org/10.1016/j.addr.2011.12.009.

Maisel, K.; Ensign, L.; Reddy, M.; Cone, R.; Hanes, J. Effect of Surface Chemistry
on Nanoparticle Interaction with Gastrointestinal Mucus and Distribution in the
Gastrointestinal Tract Following Oral and Rectal Administration in the Mouse. J.
Control. release Off. J. Control. Release Soc. 2015, 197, 48-57.
https://doi.org/10.1016/j.jconrel.2014.10.026.

Shah, R. B.; Patel, M.; Maahs, D. M.; Shah, V. N. Insulin Delivery Methods: Past,
Present and Future. Int. J. Pharm. Investig. 2016, 6 (1), 1-9.
https://doi.org/10.4103/2230-973X.176456.

Mowat, C.; Cole, A.; Windsor, A.; Ahmad, T.; Arnott, I.; Driscoll, R.; Mitton, S.;
Orchard, T.; Rutter, M.; Younge, L.; Lees, C.; Ho, G.-T.; Satsangi, J.; Bloom, S.
Guidelines for the Management of Inflammatory Bowel Disease in Adults. Gut 2011,
60 (5), 571-607. https://doi.org/10.1136/gut.2010.224154.

Chiu, M. L.; Gilliland, G. L. Engineering Antibody Therapeutics. Curr. Opin. Struct.
Biol. 2016, 38, 163-173. https://doi.org/10.1016/j.sbi.2016.07.012.

Buckley, S. T.; Beekdal, T. A.; Vegge, A.; Maarbjerg, S. J.; Pyke, C.; Ahnfelt-Rgnne,
J.; Madsen, K. G.; Schéele, S. G.; Alanentalo, T.; Kirk, R. K.; Pedersen, B. L.;
Skyggebjerg, R. B.; Benie, A. J.; Strauss, H. M.; Wahlund, P.-O.; Bjerregaard, S.;
Farkas, E.; Fekete, C.; Sgndergaard, F. L.; Borregaard, J.; Hartoft-Nielsen, M.-L.;
Knudsen, L. B. Transcellular Stomach Absorption of a Derivatized Glucagon-like
Peptide-1 Receptor Agonist. Sci. Transl. Med. 2018, 10 (467).
https://doi.org/10.1126/scitransImed.aar7047.

Duran-Lobato, M.; Niu, Z.; Alonso, M. J. Oral Delivery of Biologics for Precision
Medicine. Adv. Mater. 2020, 32 (13), €1901935.
https://doi.org/10.1002/adma.201901935.

Bansil, R.; Stanley, E.; Thomas LaMont, J. Mucin Biophysics. Annu. Rev. Physiol.
1995, 57 (February), 635-657.
https://doi.org/10.1146/annurev.ph.57.030195.003223.

TH-3542_176107109



90

(9)

(10)

11)

(12)

(13)

(14)

(15)

(16)

17)

(18)

(19)

(20)

(21)

Bansil, R.; Turner, B. S. The Biology of Mucus: Composition, Synthesis and
Organization. Adv. Drug Deliv. Rev. 2018, 124, 3-15.
https://doi.org/10.1016/j.addr.2017.09.023.

Celli, J. P.; Turner, B. S.; Afdhal, N. H.; Ewoldt, R. H.; McKinley, G. H.; Bansil, R.;
Erramilli, S.; Erramilli, S. Rheology of Gastric Mucin Exhibits a PH-Dependent Sol-
Gel Transition. Biomacromolecules 2007, 8 (5), 1580-1586.
https://doi.org/10.1021/bm0609691.

Leal, J.; Smyth, H. D. C.; Ghosh, D. Physicochemical Properties of Mucus and Their
Impact on Transmucosal Drug Delivery. International Journal of Pharmaceutics.
Elsevier B.V. October 30, 2017, pp 555-572.
https://doi.org/10.1016/j.ijpharm.2017.09.018.

Linden, S. K.; Sutton, P.; Karlsson, N. G.; Korolik, V.; McGuckin, M. A. Mucins in
the Mucosal Barrier to Infection. Mucosal Immunol. 2008, 1 (3), 183-197.
https://doi.org/10.1038/mi.2008.5.

Parlato, R. M.; Greco, F.; Maffettone, P. L.; Larobina, D. Effect of PH on the
Viscoelastic Properties of Pig Gastric Mucus. J. Mech. Behav. Biomed. Mater. 2019,
98 (June), 195-199. https://doi.org/10.1016/j.jmbbm.2019.06.008.

Wagner, C. E.; Krupkin, M.; Smith-Dupont, K. B.; Wu, C. M.; Bustos, N. A.; Witten,
J.; Ribbeck, K. Comparison of Physicochemical Properties of Native Mucus and
Reconstituted Mucin Gels. Biomacromolecules 2023, 24 (2), 628-639.
https://doi.org/10.1021/acs.biomac.2c01016.

Lieleg, O.; Ribbeck, K. Biological Hydrogels as Selective Diffusion Barriers. Trends
Cell Biol. 2011, 21 (9), 543-551. https://doi.org/10.1016/j.tch.2011.06.002.
Smith-Dupont, K. B.; Wagner, C. E.; Witten, J.; Conroy, K.; Rudoltz, H.; Pagidas,
K.; Snegovskikh, V.; House, M.; Ribbeck, K. Probing the Potential of Mucus
Permeability to Signify Preterm Birth Risk. Sci. Rep. 2017, 7 (1), 10302.
https://doi.org/10.1038/s41598-017-08057-z.

Sun, X.; Abioye, R. O.; Okagu, O. D.; Udenigwe, C. C. Peptide-Mucin Binding and
Biosimilar Mucus-Permeating Properties. Gels (Basel, Switzerland) 2021, 8 (1).
https://doi.org/10.3390/gels8010001.

Li, L. D.; Crouzier, T.; Sarkar, A.; Dunphy, L.; Han, J.; Ribbeck, K. Spatial
Configuration and Composition of Charge Modulates Transport into a Mucin
Hydrogel Barrier. Biophys. L 2013, 105 (6), 1357-1365.
https://doi.org/10.1016/j.bpj.2013.07.050.

Shi, Y.; Zhao, Z.; Gao, Y.; Pan, D. C.; Salinas, A. K.; Tanner, E. E. L.; Guo, J.;
Mitragotri, S. Oral Delivery of Sorafenib through Spontaneous Formation of lonic
Liquid Nanocomplexes. J. Control. release Off. J. Control. Release Soc. 2020, 322,
602-609. https://doi.org/10.1016/j.jconrel.2020.03.018.

Vaidya, A.; Mitragotri, S. lonic Liquid-Mediated Delivery of Insulin to Buccal
Mucosa. J. Control. Release 2020, 327, 26—34.
https://doi.org/10.1016/j.jconrel.2020.07.037.

Tanner, E. E. L.; Ibsen, K. N.; Mitragotri, S. Transdermal Insulin Delivery Using
Choline-Based lonic Liquids (CAGE). J. Control. release Off. J. Control. Release

TH-3542_176107109



91

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

Soc. 2018, 286, 137-144. https://doi.org/10.1016/j.jconrel.2018.07.029.
Introduction: lonic Liquids. Chem. Rev. 2017, 117 (10), 6633-6635.
https://doi.org/10.1021/acs.chemrev.7b00246.

Banerjee, A.; Ibsen, K.; Brown, T.; Chen, R.; Agatemor, C.; Mitragotri, S. lonic
Liquids for Oral Insulin Delivery. Proc. Natl. Acad. Sci. 2018, 115 (28), 7296-7301.
https://doi.org/10.1073/pnas.1722338115.

Qi, Q. M.; Mitragotri, S. Mechanistic Study of Transdermal Delivery of
Macromolecules Assisted by lonic Liquids. J. Control. release Off. J. Control.
Release Soc. 2019, 311-312, 162-169.
https://doi.org/10.1016/j.jconrel.2019.08.029.

Angsantikul, P.; Peng, K.; Curreri, A. M.; Chua, Y.; Chen, K. Z.; Ehondor, J.;
Mitragotri, S. lonic Liquids and Deep Eutectic Solvents for Enhanced Delivery of
Antibodies in the Gastrointestinal Tract. Adv. Funct. Mater. 2021, 31 (44), 2002912.
https://doi.org/https://doi.org/10.1002/adfm.202002912.

Libao-Mercado, A. J.; de Lange, C. F. M. Refined Methodology to Purify Mucins
from Pig Colonic Mucosa. Livest. Sci. 2007, 109 (1-3), 141-144.
https://doi.org/10.1016/j.livsci.2007.01.125.

Perez-Vilar, J.; Eckhardt, A. E.; DeLuca, A.; Hill, R. L. Porcine Submaxillary Mucin
Forms Disulfide-Linked Multimers through Its Amino-Terminal D-Domains. J. Biol.
Chem. 1998, 273 (23), 14442-14449. https://doi.org/10.1074/jbc.273.23.14442.

De Lisle, R. C.; Borowitz, D. The Cystic Fibrosis Intestine. Cold Spring Harb.
Perspect. Med. 2013, 3 (9), 1-18. https://doi.org/10.1101/cshperspect.a009753.

Su, C.; Padra, M.; Constantino, M. A.; Sharba, S.; Thorell, A.; Lindén, S. K.; Bansil,
R. Influence of the Viscosity of Healthy and Diseased Human Mucins on the Motility
of Helicobacter Pylori. Sci. Rep. 2018, 8 (1), 1-13. https://doi.org/10.1038/s41598-
018-27732-3.

Meldrum, O. W.; Yakubov, G. E.; Bonilla, M. R.; Deshmukh, O.; McGuckin, M. A.;
Gidley, M. J. Mucin Gel Assembly Is Controlled by a Collective Action of Non-
Mucin Proteins, Disulfide Bridges, Ca2+ -Mediated Links, and Hydrogen Bonding.
Sci. Rep. 2018, 8 (1), 1-16. https://doi.org/10.1038/s41598-018-24223-3.

Kakati, N.; Parashar, C. K.; Thakur, S.; Deshmukh, O. S.; Bandyopadhyay, D.
Microrheology of Mucin—-Albumin Assembly Using Diffusing Wave Spectroscopy.
ACS Appl. Bio Mater. 2022, 5 9), 4118-4127.
https://doi.org/10.1021/acsabm.2c00098.

Paul, N.; Harish, G.; Banerjee, T. Decontamination of Enoxacin Containing Aqueous
Phase through Hydrophobic Deep Eutectic Solvents: Solvent Regeneration and
Quantum  Chemical Insights. J. Mol. Lig. 2023, 374, 121254,
https://doi.org/https://doi.org/10.1016/j.molliq.2023.121254.

Paul, N.; Harish, G.; Banerjee, T. Stability Mechanism of Menthol and Fatty Acid
Based Hydrophobic Eutectic Solvents: Insights from Nonbonded Interactions. ACS
Sustain. Chem. Eng. 2023, 11 (8), 3539-3556.
https://doi.org/10.1021/acssuschemeng.2c06137.

Paul, N.; Banerjee, T. Study on the Extraction of Acetamiprid and Imidacloprid from

TH-3542_176107109



92

(35)

(36)

(37)

(38)
(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

an Aqueous Environment Using Menthol-Based Hydrophobic Eutectic Solvents:
Quantum Chemical and Molecular Dynamics Insights. ACS Sustain. Chem. Eng.
2022, 10 (13), 4227-4246. https://doi.org/10.1021/acssuschemeng.2c00023.

Paul, N.; Naik, P. K.; Ribeiro, B. D.; Gooh Pattader, P. S.; Marrucho, I. M.; Banerjee,
T. Molecular Dynamics Insights and Water Stability of Hydrophobic Deep Eutectic
Solvents Aided Extraction of Nitenpyram from an Aqueous Environment. J. Phys.
Chem. B 2020, 124 (34), 7405-7420. https://doi.org/10.1021/acs.jpch.0c03647.

Du, X.; Dubin, P. L.; Hoagland, D. A.; Sun, L. Protein-Selective Coacervation with
Hyaluronic  Acid. Biomacromolecules 2014, 15 (3), 726-734.
https://doi.org/10.1021/bm500041a.

Kakati, N.; Ahari, D.; Parmar, P. R.; Deshmukh, O. S.; Bandyopadhyay, D. Lactic
Acid-Induced Colloidal Microrheology of Synovial Fluids. ACS Biomater. Sci. Eng.
2024. https://doi.org/10.1021/acsbiomaterials.3c01846.

Waigh, T. A. Advances in the Microrheology of Complex Fluids. Rep. Prog. Phys.
2016, 79 (7), 74601. https://doi.org/10.1088/0034-4885/79/7/074601.

Weitz, D.; Brown, D. P.-W.; Ed, undefined; 1993, undefined. Dynamic Light
Scattering.

Mason, T. G.; Weitz, D. A. Optical Measurements of Frequency-Dependent Linear
Viscoelastic Moduli of Complex Fluids. Phys. Rev. Lett. 1995, 74 (7), 1250-1253.
https://doi.org/10.1103/PhysRevLett.74.1250.

Mason, T. G.; Gang, H.; Weitz, D. A. Diffusing-Wave-Spectroscopy Measurements
of Viscoelasticity of Complex Fluids. J. Opt. Soc. Am. A 1997, 14 (1), 1309.
https://doi.org/10.1364/josaa.14.000139.

Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti Correlation-Energy
Formula into a Functional of the Electron Density. Phys. Rev. B 1988, 37 (2), 785—
789. https://doi.org/10.1103/PhysRevB.37.785.

Becke, A. D. Density-Functional Exchange-Energy Approximation with Correct
Asymptotic  Behavior. Phys. Rev. A 1988, 38 (6), 3098-3100.
https://doi.org/10.1103/PhysRevA.38.3098.

Becke, A. D. Density-functional Thermochemistry. IIl. The Role of Exact Exchange.
J. Chem. Phys. 1993, 98 (7), 5648-5652. https://doi.org/10.1063/1.464913.
Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and Accurate Ab Initio
Parametrization of Density Functional Dispersion Correction (DFT-D) for the 94
Elements H-Pu. J.  Chem. Phys. 2010, 132 (15), 154104
https://doi.org/10.1063/1.3382344.

Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the Damping Function in Dispersion
Corrected Density Functional Theory. J. Comput. Chem. 2011, 32 (7), 1456-1465.
https://doi.org/10.1002/jcc.21759.

Boys, S. F.; Bernardi, F. . The Calculation of Small Molecular Interactions by the
Differences of Separate Total Energies. Some Procedures with Reduced Errors. Mol.
Phys. 2002, 19, 553-566. https://doi.org/10.1080/00268977000101561.
Glendening, E. D.; Landis, C. R.; Weinhold, F. NBO 6.0: Natural Bond Orbital
Analysis Program. J. Comput. Chem. 2013, 34 (16), 1429-1437.

TH-3542_176107109



93

(49)
(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

https://doi.org/10.1002/jcc.23266.

Fukui, K. The Theory of Orientation and Stereoselection. In Fortschr. Chem.
Forsch.; 2006; Vol. 15, pp 1-85. https://doi.org/10.1007/BFb0051113.

Bader, R. F. W.; Bader, R. F. Atoms in Molecules: A Quantum Theory; International
series of monographs on chemistry; Clarendon Press, 1990.

Johnson, E. R.; Keinan, S.; Mori-Sanchez, P.; Contreras-Garcia, J.; Cohen, A. J,;
Yang, W. Revealing Noncovalent Interactions. J. Am. Chem. Soc. 2010, 132 (18),
6498-6506. https://doi.org/10.1021/ja100936w.

Marekha, B.; Kalugin, O.; Abdenacer, I. Non-Covalent Interactions in lonic Liquid
lon Pairs and lon Pair Dimers: A Quantum Chemical Calculation Analysis. Phys.
Chem. Chem. Phys. 2015, 17. https://doi.org/10.1039/c5cp02197a.

Lu, T.; Chen, F. Multiwfn: A Multifunctional Wavefunction Analyzer. J. Comput.
Chem. 2012, 33, 580-592. https://doi.org/10.1002/jcc.22885.

Jia, Z.; Guo, Z.; Yang, C.-T.; Prestidge, C.; Thierry, B. “Mucus-on-Chip”: A New
Tool to Study the Dynamic Penetration of Nanoparticulate Drug Carriers into Mucus.
Int. J. Pharm. 2021, 598, 120391.
https://doi.org/https://doi.org/10.1016/j.ijpharm.2021.120391.

Deacon, M. P.; McGurk, S.; Roberts, C. J.; Williams, P. M.; Tendler, S. J.; Davies,
M. C.; Davis, S. S.; Harding, S. E. Atomic Force Microscopy of Gastric Mucin and
Chitosan Mucoadhesive Systems. Biochem. J. 2000, 348 Pt 3 (Pt 3), 557-563.
Hizaddin, H. F.; Hashim, M. A.; Anantharaj, R. Evaluation of Molecular Interaction
in Binary Mixture of lonic Liquids + Heterocyclic Nitrogen Compounds: Ab Initio
Method and COSMO-RS Model. Ind. Eng. Chem. Res. 2013, 52 (50), 18043-18058.
https://doi.org/10.1021/ie403032t.

Simon, S.; Duran, M.; Dannenberg, J. J. How Does Basis Set Superposition Error
Change the Potential Surfaces for Hydrogen-bonded Dimers? J. Chem. Phys. 1996,
105 (24), 11024-11031. https://doi.org/10.1063/1.472902.

Contreras-Garcia, J.; Johnson, E. R.; Keinan, S.; Chaudret, R.; Piquemal, J.-P.;
Beratan, D. N.; Yang, W. NCIPLOT: A Program for Plotting Noncovalent Interaction
Regions. J. Chem. Theory Comput. 2011, 7 (3), 625-632.
https://doi.org/10.1021/ct100641a.

Contreras-Garcia, J.; Calatayud, M.; Piquemal, J.-P.; Recio, J. M. lonic Interactions:
Comparative Topological Approach. Comput. Theor. Chem. 2012, 998, 193-201.
https://doi.org/https://doi.org/10.1016/j.comptc.2012.07.043.

TH-3542_176107109



94

TH-3542_176107109



CHAPTER 4

Lactic Acid-Induced Colloidal Microrheology of
Synovial Fluids
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ABSTRACT

Presence of colloidal scaffolds composed of proteins and hyaluronic acid engender
unique viscous and elastic properties to the synovial fluid (SF). While the elastic resistance
of SF due to the presence of such nanoscale structures provides the load-bearing capacity,
the viscous nature enables fluidity of the joints during the movements to minimize the wear
and tear of the adjacent muscle or cartilage or bone tissues. It is well known that the hypoxic
conditions at the bone-joints often increase the lactic acid (LA) concentration due to the
occurrence of excess anaerobic respiration during either hyperactivity or arthritic
conditions. The present chapter uncovers that, in such a scenario beyond a critical loading
of LA, the colloidal nano-scaffolds of SF break down to precipitate higher molecular weight
(MW) proteins and hyaluronic acid (HA). Subsequently, the viscosity and elasticity of SF
reduce drastically to manifest a fluid that has reduced load bearing and wear and tear
resistance capacity. Interestingly, the study also suggests that a heathy SF is a viscoelastic
fluid with a mild Hookean elasticity and Non-Newtonian fluidity, which eventually
transforms into a viscous watery liquid in presence of a higher loading of LA. We employ
this knowledge to biosynthesize an artificial SF that emulates the characteristics of the real
one. Remarkably, the spatiotemporal microscopic images uncover that even for the artificial
SF, adynamic crosslinking of the high MW proteins and HA takes place before precipitating
out of the same from the artificial SF matrix, emulating the real one. Control experiments
suggest that this phenomenon is absent in the case when LA is mixed with either pure HA
or proteins. The experiments unfold the specific role of LA in the destruction of colloidal
nano-scaffolds of synovia, which is an extremely important requirement for the biosynthesis

and translation of artificial synovial fluid.
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4.1. Introduction

Natural processes utilize diverse rheological properties of complex fluids e.g. viscosity,
elasticity, and relaxation time to their advantage, which can be one of the very interesting
areas of biomimetic research targeting a wide range of modern-day applications.* For
example, the physiologic synovial fluids (SF) are a class of biomaterials with a very unique
rheology, which is omnipresent at the joints of bones/cartilages in the entire animal
kingdom. The SF can also be termed as a smart biofluid because its tailormade
microrheology helps in maximizing the load-bearing capacity of the bones at the joints
alongside minimizing the wear and tear due to the significant reduction of the contact
friction between the moving joints*. Importantly, the natural SF tends to dry up or denature
due to the pathophysiological conditions of the arthritic patients or age-related issues.® In
such a scenario, the biomimetic artificial prototypes of the SF with similar viscous, elastic,
and relaxation properties have been employed as therapeutic agents to mitigate friction,
wear, and lubrication at the interface of the joints, especially in the advanced stages of
arthritis.5”

Certainly, it is of fundamental importance that the microrheological properties of such
complex biological fluids need to be known before translating the artificial therapeutic
alternatives of the same.*® Further, the biosynthesis of such materials can have significant
potential to translate into an array of contemporary tribological applications. In this
direction, the prior-art suggests that the key components of SF have been 70 — 80% water
mixed with various biomaterials such as hyaluronic acid (HA), lubricin, proteinase,
collagenases, albumin, y-globulin, and prostaglandin, which are responsible for manifesting
the unique rheology to this material.>!® The viscoelasticity of the mixture allows non-

Newtonian liquid like fluidity (e.g. a shear thinning behavior) during the movement of joints
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under minimal stress while providing high viscous resistance under severe stress (e.g. a
shear thickening behavior) to minimize friction between the joints. For example, among the
other components, while albumin and y-globulin have a role in imparting interfacial
viscosity to SF,*! lubricin is a glycoprotein that imparts the boundary lubrication properties
to SF. Lubricin also helps in creating a weakly connected network of HA chains that
manifests the shear thinning behavior of SF.#

Importantly, HA is one major building block of SF that is essentially a linear
polysaccharide consisting of repetitive units of N-acetylglucosamine and glucuronic acid
linked via B-(1-4) and B-(1-3) glycosidic bonds.*>** The rheological property of SF is
heavily dependent on the concentration and molecular weight of HA.*® The molecular
weight and concentrations of HA change drastically resulting in decreased viscoelasticity
under various diseased conditions, e.g., during the freezing of joints or arthritis*>*. The
prior-art suggests that a low concentration of HA has more impact on the viscoelastic
behavior of SF*” while a low molecular weight of HA has less binding affinity to cartilage
surfaces, facilitating their degradation to cause osteoarthritis.*8

It is also important to note here that, when the physical workload of a healthy human
increases beyond a critical limit, the mobility of various joints like the knee, shoulder, neck,
ankle, or groin ‘freeze’ owing to the accumulation of lactic acid (LA) due to the increase in
the anaerobic respiration in the synovium. On the other hand, pathologically there are
different types of arthritic conditions such as osteoarthritis, rheumatoid arthritis, and gouty
arthritis.'® Osteoarthritis is majorly found in elderly people when cartilage tissue around the
joints itself degrades with age.?%?! In the case of rheumatoid arthritis the immune system of
a human self-depreciates the synovium.?? Regardless of the type of arthritic condition, each

of these conditions leads to abnormal levels of LA in the synovial fluids.?® Figure 4.1a
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schematically shows a typical flow chart of LA production inside the synovium in an
arthritic state. Specially in the case of rheumatoid arthritis, synovial lactate levels are found
to be elevated? due to anaerobic respiration of glucose where pyruvate is converted to
lactate by lactate dehydrogenase enzyme (LDH). The reason behind this metabolic change
is due to the hypoxic environment where the expression of a transcription factor — namely
the hypoxia inducible factor (HIF-1a) regulates the expression of glucose transporter GLUT
1 and 3 for an increased glucose uptake. The concentration of HIF-1a also regulates the
expression of lactate dehydrogenase enzyme, which produces lactate from pyruvate as an

end product of anaerobic glycolysis process.?*

Do (b)

Joint aspiration

Knee joint >‘ ~
/ )-

Detector

o WhsFLA
£ sk
A -4
o 10
i S
‘ Synovial v /
HIF-1¢ = Hypoxia Inducible factor ¥ fluid 0.0 1 MSD
LDH = Lactate dehydrogenase i o0 10° 100 10° 10" 107 0° 100 10° 10°

PDH = Pyruvate dchydrogenase

‘ 7(s) 7(5)
Figure 4.1. (a) Flow chart of lactic acid (LA) production inside the synovium in an arthritic
state. (b) Schematic illustration of DWS instrument, which displays the intensity
autocorrelation function (ICF) and mean squared displacement (MSD) data.

Previous studies indicate that the origin of this hypoxic environment manifest due to the
increased cell proliferation or increased intra-articular pressure from either synovial fluid

effusion or hyperplasia.? In a way, the increased glucose uptake for glycolysis results in the

elevated lactate levels, which subsequently dysfunctions the fibroblast-like synoviocyte
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(FLS).262" At this juncture, it may also be noted here that LA concentration in the various
body fluids plays an important role as an immune modulatory signal to produce cytokines.
For example, increase in LA concentration enhances the IL-23 and IL-17 pathways and acts
as a pro-inflammatory signal.?®2° LA also suppresses the T-cell effector function and stops
the migration of T-cells, which eventually results in a chronic inflammatory condition.?%-3!
Again, in such a scenario, the dominance of anaerobic respiration leads to the accumulation
of LA in the joints filled with synovial fluid to cause the immobilization or freezing of the
joints. 3!

In particular, an elevated LA concentration not only reduces the pH of a synovial fluid
but also has significant influence on the rheology of the SF. Even for a healthy human, the
accumulation of LA in SF during the anaerobic respiration and subsequent regeneration of
fluidity of SF during the aerobic respiration through the removal of LA has been found to
be a routine activity.*>3® However, for the patients with various types or stages of arthritis,
the regeneration of SF progressively becomes difficult and require the usage of artificial SF
to recover the mobility.34-® Surprisingly, the loss of fluidity and the subsequent regeneration
of the same of SF in presence or absence of LA is one such mystery that has not been
explored so far in detail especially from the microrheological point of view. The
fundamentals related to the variations in the microrheology of SF with the variation in the
pH and LA loading is expected to provide much deeper insight into the pathology of diverse
joint related diseases including the various form of arthritis.

In this Chapter, we perform a detailed microrheological investigations on the effects of
the LA on the porcine SF. In order to determine the microrheology we have used diffusing
wave spectroscopy (DWS) which provides the intensity autocorrelation function (ICF) and

mean squared displacement (MSD) of the probed particles. Figure 4.1b shows the
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schematic diagram of DWS. The study has been performed directly under the microscope
to uncover a unique cross-linking phenomena of high MW proteins and HA in the SF in
presence of LA. The study also uncovers the nature of the interaction between HA, LA, and
albumin in SF with the help of a detailed (-potential, Circular Dichroism (CD), and
fluorescence spectra analyses. All these characterization helps to connect the cross-linking
of the SF phenomenon to the folding of albumin with increasing LA concentration in an SF,
which can be a simple but major finding in the future studies related to the microrheology
of SF. The aforesaid phenomenon elucidates the interaction between albumin and HA in LA
environments to simulate the real-life arthritic conditions. Subsequently, this information
helps us in the biosynthesis of a novel biomimetic therapeutic SF, which has properties
similar to the real SF and can be suitable for the arthritic treatments. The proposed artificial
SF formulation consists HA mixed with bovine Serum albumin (BSA) and y-globulin, to
engender microrheological properties such as viscosity, elasticity, and relaxation time
resembling the natural SF. Overall, the results reported here will not only enable a much
deeper insight in understanding the reasons behind the special properties of synovial fluid

but also help in the synthesis of artificial SFs for future commercial use.

4.2. Experimental Section
4.2.1. Materials

Hyaluronic acid sodium salt, y-globulin, and L-lactic acid were purchased from Sigma-
Aldrich Pvt. Ltd. BSA (98% pure) were purchased from Sisco Research Laboratories Pvt.
Ltd (SRL). The polystyrene tracer particle diameter of 510 nm (10%) was purchased from
LS Instruments AG, Switzerland. All the chemicals were used without further purification.

Milli-Q water was used in all experiments for preparing solutions.
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4.2.2. Preparation of HA and Model Synovial Fluid Solution

Hyaluronic acid solution was prepared by mixing hyaluronic acid in 10 mM phosphate
buffer at pH 7.4. For the preparation of model synovial fluid, a previously reported method
was followed, where 10 mg/mL BSA and 0.5 mg/mL were allowed to mix with 3.4 mg/mL
HA solution in a rocker overnight. 137 Prior to microrheology measurement, 80 uL of
polystyrene tracer particles were added in 920 pL of the prepared sample. The tracer particle
concentration was 0.8% in all microrheological experiments and did not affect the overall
experimental results. All the measurements were performed thrice for the precision and
reproducibility of the data.

4.2.3. Microscopic observation of model SF in the presence of LA

For microscopic observations, prior to the preparation of model SF, BSA is labelled with
FITC dye as described in the previous literature and observed under 2.5X objective with an
excitation wavelength at 495 nm.*® To track the diffusion of BSA under a fluorescent
microscope, Fluorescein isothiocyanate (FITC) dye was utilized. The reaction took place
between the isothiocyanate group (-N=C=S-) and the amine group of protein and resulted
in a thiourea bond. For the synthesis of fluorescence-labeled BSA, initially, 2 g/L of BSA
was dissolved in MilliQ water. Subsequently, FITC was dissolved in anhydrous DMSO at
a concentration of 1g/L. After that, the BSA solution was coupled with FITC solution with
a ratio of 20:1 v/v and kept in the dark for the coupling reaction for 8 hours. To eliminate
the unbound dye from the reaction mixture dialysis was carried out for 48 hours in the dark
at 4°C. Furthermore, the solution was freeze-dried and stored at -20°C. For the fluorescence
microscopic observation, excitation and emission wavelengths were taken at 495 nm and

515 nm respectively.
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4.2.4. Pig Synovial Fluid Sample

The porcine SF from a healthy joint of a white pig devoid of blood contamination was
obtained from ICAR- National Research Centre on Pig situated in Guwabhati, India before
storing them at — 20°C. The pig SF was then diluted 10 times with 10 mM phosphate buffer
saline (PBS) at pH 7.4. Subsequently, in order to separate cells, centrifuged for 20 min at
8000 rpm and pellets were discarded. In 1 mL of 10X diluted pig SF, 25 pL of LA was
added and kept overnight. The LA solution was prepared in 10 mM phosphate buffer at pH
1.4,

For agarose gel electrophoresis, 0.5% agarose gel was prepared in TAE buffer. Prior to
agarose gel electrophoresis, pig SF was digested with proteinase K followed by
centrifugation to separate the proteins from the HA. A stock solution of 3 mg/mL proteinase
K was prepared in 10 mM phosphate buffer saline. Initially, pig SF was diluted 10 times
subsequently, 70 uL of proteinase K solution was added and stored at 37°C overnight. After
that, centrifugation was done to separate the digested proteins. Before gel loading, 10 pL of
the pig SF was mixed with 1 puL gel loading dye and mixed properly. Subsequently, 10 uL.
is loaded into the well and allowed to run at 55 V for 8 h. For gel staining, 0.005% stains all
dye was used and kept for 14 h in a rocker in a dark environment. Stains all dye was prepared
in 50% methanol. For de-staining the gel, 10% methanol was for overnight de-staining.

4.2.5. DWS microrheology

The diffusing wave spectroscopy (DWS) was used for all microrheological
measurements, which is based on the light scattering technique to determine the
microrheology of turbid samples.®**° In order to make the samples turbid, 80 uL 10%
polystyrene tracer particles with a diameter of 510 nm were used. Prior to the measurement

samples were taken in a 2 mm cuvette and incubated for 10 min at 37°C in the sample holder
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of the instrument. The microrheology measurements were performed by DWS RheoLab
instrument, LS instruments AG, Switzerland. Figure 4.1b shows the instrument diagram of
DWS where a laser light of 685 nm wavelength incident on a cuvette containing the sample.

Due to the Brownian motion of tracer particles scattered, the light intensity fluctuates over

time and a correlator measures the, ICF [gz(r)—lj to evaluate the ensemble-averaged

mean squared displacements (MSD) of the tracer particles, denoted as <Ar2(r)> M The

relationship between the MSD and the lag time (z) for a particle performing Brownian
motion in a viscoelastic liquid is given as,
<Ar2 (Z’)> =2nD,z”. 1)
Where D, is the time-dependent diffusivity of the tracer particle and 0 < o < 1, n refers

to the dimensionality (n =3 for a 3-dimensional analysis). For a tracer particle diffusing in
a purely viscous environment, the exponent « = 1 and the diffusion coefficient D of the
probe is inversely proportional to the viscosity (#) of the surrounding liquid. The viscoelastic
modulus can be calculated from the MSD using the generalized Stokes-Einstein relation,*24

keT )

G(S)=—FT",
(5) ras(Ar’ (s))
where G(s) is the Laplace transform of the viscoelastic relaxation modulus G(t),

<Ar2 (s)> is the Laplace transform of the MSD, kg is the Boltzmann constant, T is absolute

temperature, and a is the radius of the tracer particle. Replacing s with iw, we can get the

complex modulus and complex viscosity (77 (@) =G"()/w).
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4.2.6. Bulk Rheology

For bulk rheology experiments, Anton Paar MCR 301 Rheometer was used. The
measurements were carried out using a 50 mm diameter 1-degree cone and plate geometry
at 37°C. All the measurements are taken in triplicates and the mean data is plotted along
with the standard deviations.

4.2.7. {-potential measurements

For (-potential measurements of BSA and HA in varied lactic acid concentrations,
Litesizer 500 instrument from Anton Paar was used. Prior to measurements, samples were
diluted 100 times. All the measurements were performed in triplicates and mean data was
used for the analysis.

4.2.8. Circular Dichroism Analysis (CD)

In order to determine the effects of LA on the secondary structure of BSA, CD analysis
was done using UV-CD (JASCO, J-1500) instrument. For the CD measurement, a 2 mm
pathlength quartz cuvette was used containing the samples. All the measurements were done
in the scanning range of 190-260 nm with an average of 5 accumulations. The scanning
speed was maintained at 200 nm/min, 0.1 nm of bandwidth. In all the experiments, Baseline
correction was done by using a buffer with respective lactic acid concentrations.

4.2.9. Morphology analysis by AFM

The morphological analysis of pig SF in the presence of lactic acid was analyzed by
using AFM (Cypher Asylum, Oxford). For this we diluted the samples 100 times and drop
cast on a freshly cut silicon wafer of size 5 mm x 8 mm. Subsequently spin-coated for 2000
rpm for 3 min. The spin-coated samples were dried under a vacuum desiccator overnight.

The scan rate was kept at 0.5 to 1 Hz and the set point was around 500 mV. Comparative
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analysis was performed for scan areas of 2 um? and 5 um? for both lactic acids treated and
untreated synovial fluid samples.

4.2.10. SDS-PAGE Analysis

The reducing SDS-PAGE was used as per the protocol described in Sambrook and Russel,
Molecular Cloning-A laboratory manual to examine the purity of purified protein.*
Resolving gel (10% acrylamide) was utilized for running all the purified protein samples.
Protein samples were prepared for loading by mixing with the gel loading buffer in a 4:1
ratio and then allowed to boil at 95 °C for 5min. Subsequently, samples were separated on
vertical Mini-PROTEANR Tetra Electrophoresis System (Make: Bio-Rad) at 80 V for 2.15
h. For visualization of the separated sample, gels were removed from the electrophoresis
apparatus and stained with colloidal Coomassie stain for 4 h and then the gels were placed
in destaining solution overnight to allow the de-staining of gel. Standard molecular markers

were used to determine the approximate molecular weight of protein in the gel.

4.3. Results and Discussions
4.3.1. Effect of LA on Pig SF

In order to investigate the effects of LA on the microrheology, the real porcine SF has
been treated with LA, following all the standard experimental and regulatory protocols as
mentioned in the previous section. Figure 4.2a shows the turbid precipitation inside the pig-
SF immediately after the addition of LA. Subsequently, the supernatant has been taken for
analyses by SDS-PAGE and agarose gel-electrophoresis. Figure 4.2b suggests that the
proteins with high MW bands are absent in the supernatant of the LA treated pig-SF sample,
which indicates that the high MW proteins including albumin and lubricin have precipitated.

Later, agarose gel electrophoresis studies reveal the complete absence of HA bands for the
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supernatant of the LA treated both proteinase K digested (dSF) and undigested pig-SF
sample, which directs the presence of HA in the precipitate, as shown in Figure 4.2c. On
the other hand, there is no change in bands for untreated and treated HA. The experiments
point to the fact that in the presence of LA, the high MW proteins co-precipitate with HA to

engender a loss of viscous and elastic properties of SF.

(b)

<
-
b
7

Figure 4.2. (a) Visual observation of precipitates (pink box) in pig SF after the addition of
LA. (b) SDS-PAGE of the supernatant after phase separation of pig SF by the LA. (c)
Agarose gel electrophoresis of the supernatant after phase separation of pig SF by the LA.
We further, performed microrheology analysis of the supernatant with the help of the
DWS instrument. We diluted the SF twice before adding LA due to the shortage of the pig
SF. Figure 4.3a shows ICF vs.  plot that indicates a much faster decay of the LA treated
pig-SF. Further, Figure 4.3b shows the MSD vs. 7 plot, which also indicates a significant
reduction in the viscosity and elasticity of the supernatant fluid in presence of LA. The plots
suggest that the power law exponent changes significantly from 0.35 to 0.53 under different

dilutions of pig-SF. More importantly, in case of LA treated pig-SF sample, the power law

exponent became close to 1, which is similar to a buffer solution. The decrease in the elastic
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modulus (G’) of the LA-treated SF in comparison to the untreated one is depicted in Figure

4.3c. Similarly, Figure 4.3d illustrates how the bulk viscosity of SF changes following LA

treatment.
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Figure 4.3. Microrheology and bulk rheology of LA-treated pig SF: (a) ICF vs. lag time and
(b) MSD vs. lag time; (c) the storage modulus G ' vs. frequency as determined by DWS data
(d) The rheometer's data on bulk viscosity against frequency.

Consequently, data supports the idea that the presence of LA causes a reduction of both

elastic and viscous resistance. Clearly, the plots suggest that a healthy SF is a viscoelastic

fluid with a weak Hookean Elasticity and a non-Newtonian shear thinning fluidity.

However, beyond a critical loading of LA, the SF behave more like a Newtonian watery

liquid with a minimal elastic resistance. The experiments reported above provides a key

insight into the microrheology of SF under aerobic and anaerobic conditions with the
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variations in the LA. In what follows, it is shown that, with the increase in the loading of
LA in SF, precipitation of HA and high MW proteins take place. This eventually reduce the
viscous (a kinetic factor) and elastic (a thermodynamic factor) resistances of the SF to
eventually reduce load bearing capacity and increase the possibility of friction, wear and
tear inside the moving bone-cartilage-muscle joints causing either freezing of joints or

deterioration of the arthritic conditions.

6.0 nm
4.0

2.0
0.0
-2.0

6.0 nm
4.0

2.0
0.0
-2.0

-5.0
Figure 4.4. AFM images of pig-SF with and without LA. (a) 5x5 um? and (b) 2x2 pm?
showing the morphology of normal Pig SF; (c) 5x5 pm?and (d) 2x2 pm? showing the LA
treated-SF after the addition of lactic acid.

The results reported in Figure 4.3 get further support when we study the same aspect
under atomic force microscopy (AFM) in Figure 4.4. Figures 4.4a (real pig-SF sample)
and 4b (pig-SF treated with LA) show the morphologies in 5x5 pm? and 2x2 um? areas

through an AFM analysis. The micrographs suggest the presence of a periodic bi-continuous

scaffold like nanostructures of 2 to 4 nm height in the untreated pig-SF, which can be
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manifested from a weak colloidal assembly of HA and other proteins. Intuitively, presence
of such colloidal scaffolds is expected to provide a unique viscoelastic nature to SF, as
discussed in the previous section. While the scaffolds will provide the required load-bearing
capacity the fluid surrounding the same to enable fluidity during the joint movements with
a minimal wear and tear. Further, Figures 4.4c-d show the morphology of LA treated pig-
SF in 5x5 um? and 2x2 pum? areas where an aggregated random morphology has been
observed. The figures suggest a clear loss of its unique colloidal assemblage and
subsequently its special micorheological characteristics, as reported in the previous section.

4.3.2. Effects of Lactic Acid on Model SF

Prior-art suggest that the real SF contains HA, variety of proteins that include but are
not limited to albumin, gamma globulins, and glycoproteins like lubricin.* All these
components play an important role in the viscoelastic behavior of real SF and thereby in its
efficacy as a lubricant at the joints. In such a scenario, it is important that we study the
effects of LA on the solutions of proteins-HA mixtures — commonly termed as model SF.1!
For this purpose, we initially prepare a model SF, which consists of hyaluronic acid, bovine
serum albumin - BSA, and y-globulin - GG wherein the concentrations of these components
are emulated from the physiological conditions of SF, as previously reported.!! The
following Table 4.1 shows the typical compositions used for this experiment:

Table 4.1. Components of prepared model synovial fluid

Components Quantity (mg/mL)

Hyaluronic acid 3.4

Bovine serum albumin | 10

y-globulin 0.5
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Remarkably enough, when LA is added to this model SF, we observe very similar phase
separation, as observed for the pig-SF in the previous section. Thus, we investigate the
matter further under an optical microscope with some control experiments to understand the
phenomenon with more depth. Figure 4.5 and video 1 in Appendix 1 show the
spatiotemporal evolution of a droplet of BSA, HA, and model SF when treated with LA.
The micrographs in rows (a) and (b) suggest that BSA and HA individually do not
precipitate under the influence of LA. Interestingly, row (c) shows the progressive
precipitation of the BSA and HA when treated with LA, which has also been imaged under

fluorescence to understand the phenomenon better.
Control 20s 30s 40 s
(a)

BSA+ LA

(b)
HA +LA

(c)
Model SF + LA

(d)
Model SF + LA
(Fluorescent)

Figure 4.5. Microscopic images of BSA, HA, and model SF droplet after LA treatment with
varied time scales.

The darkfield images suggest that the presence of LA phase separates the aggregates of
HA-BSA complexes because in this experiment the BSA has been labelled with FITC dye,

as described previously.®® The video and the micrographs also indicate the phase separated
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BSA forms aggregates with HA to leave a supernatant with much lesser viscosity and

elasticity (dark field), as observed in for the pig-SF experiments.
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Figure 4.6. Micro and bulk rheological characterization of model SF and HA in presence
of increasing LA concentration. (a) MSD vs. 7 plot for model SF in presence of increasing
LA. (b) Bulk rheology of model SF in the presence of LA, where viscosity reduces with
increasing LA concentrations. (c) and (d) Graphical representation of SF vs. lactic acid
treated SF respectively. (e) MSD (<Ar?>) vs. 7 plot indicates the increased MSD in the case
of lactic acid treated HA. (f) Bulk rheology of HA with increasing LA concentrations.
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Following this, the supernatant of the model SF samples is further analyzed with DWS
and rheometer for micro and bulk rheology measurements. We have treated SF with
different concentrations of LA ranging from 1 mg/mL to 5mg/mL based on the LA
concentrations found in the arthritic conditions. 4>4® In the Figure 4.6a, MSD of the tracer
particle as a function of the lag time z. The, the results suggest that, at low concentrations
(~1 mg/mL), the behavior is similar to that of untreated HA solutions. However, as the
concentration of LA increases, we observe a significant change in the microrheology of the
sample. The MSD curves go from being sub-diffusive (slope < 1) to diffusive (slope ~1).
This shows the transformation from a weakly connected network-like structure showing a
viscoelastic behavior (shown in Figure 4.6¢) with a restricted tracer particle movement to a
low-viscosity Newtonian liquid due to the addition of LA in the SF (shown in Figure 4.6d)
having a much larger tracer particle movement during the DWS expeirments. This
observation can also be extended to the bulk rheology measurements as seen in Figure 4.6b
wherein we see a drastic reduction in viscosity in both the low-shear as well as the high-
shear regimes after the addition of LA in the SF. In particular, beyond the critical dosage of
1 mg/mL, micro and bulk rheology undergoes significant alterations. This result
corresponds with clinical reports indicating that rheumatoid arthritis patients exhibit lactic
acid concentrations of 3-5 mg/mL, whereas healthy individuals exhibit levels of 1 mg/mL.
Intuitively, such changes in the micro and bulk rheological properties provides a much
deeper insight into the onset of the arthritic conditions during the hypoxic or anaerobic
conditions of synovial joints under the influence of LA.
Further, the experiments shown above clearly suggest that the colloidal assembly of HA and
proteins is responsible for the unique microrheology of the model SF, which was previously

observed for pig-SF. Further, most of the commercially available artificial SF employ only

TH-3542_176107109



116

HA solutions to mitigate arthritic or joint freezing conditions.® In this direction, in order to
investigate the microrheological effects of lactic acid (LA) on HA solution, the DWS
experiments have been performed for 3.4 mg/mL HA with varied LA concentrations.
particles.

The experiments uncover that increasing LA concentration influences the decay time of
probe. Figure 4.6e show the MSD vs. 7 data, which suggests that although the movement
of the probe particles is sub-diffusive and hindered by a weak network-like structure, the
mobility of the probe particles marginally increases with the increase in the concentration
of LA. The pH is known to influence the molecular weight distribution of HA, which
consequentially affects the strength and rigidity of the HA network resulting in the observed
change in MSD. 74" The bulk rheology measurements also reflect similar trends as seen in
the microrheological measurements of lactic acid-treated HA, as shown in Figure 4.6f. The
effect of pH on the MW of HA results in a reduction in the viscosity of the HA solutions. It
can be observed that at a very low lactic acid concentration (1mg/mL) both the
microrheology and bulk rheology are similar to that of untreated HA. These concentrations
are similar to physiological concentrations of lactic acid which does not seem to have any
influence on the rheology of HA solutions. 23 The results indicate that, certainly, alongside
HA the presence of the proteins in optimal proportions is necessary to emulate the
microrheological properties of artificial SF.

4.3.3 Molecular Insight

Following this, we further investigated the molecular mechanism of the interaction of HA
with higher MW proteins in presence of LA. In order to understand this behavior of HA-
BSA complexes, we first look at the (-potential of BSA and HA with different

concentrations of LA, as shown in Figure 4.7a. The BSA exhibits negative {-potential in
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the absence of LA, however, it shifts to positive {-potential through an isoelectric point, as
the concentration of LA increases. On the contrary, HA exhibits negative {-potential in all
the LA concentrations, which establishes a basis of an electrostatic interaction between BSA
and HA in the presence of higher LA concentration. In order to further elucidate the effects
of LA on albumin, we carry out circular dichroism (CD) measurements. Figure 4.7b shows
the CD spectra of BSA in the presence of increasing LA concentrations. For BSA and BSA-
HA samples, negative peaks at 208 nm and 222 nm are observed, which indicates the
presence of a-helix structure for the protein.**> The plots indicate that BSA retains its
secondary structure in the presence of HA when it is treated with 1 mg/mL LA. However,
in case of higher LA concentrations, it losses its a-helix structure and transform to a random
coil, which has been confirmed by the loss of peak at 222 nm and increase in negative
ellipticity at around 204 nm.>**2 The experiment confirms that LA favors the unfolding of
BSA, which eventually results in making it more accessible for charged amino acids to
interact with negatively charged HA. The change in the secondary structure of BSA in the
presence of high LA also corroborated with steady-state fluorescence emission of BSA. For
this purpose, tryptophan fluorescence emission has been monitored to investigate the local
conformation and change in the local environment near the indole ring of tryptophan present
in BSA. Since the fluorescence intensity of a fluorophore is sensitive to its environment,*
any change in the protein conformation around the indole ring of tryptophan affects the local
environment vis-a-vis its fluorescence. Furthermore, the change or shift in the emission
maxima of the tryptophan emission is indicative of whether the tryptophan residues are
buried or solvent-exposed due to the conformational changes in the protein. Figure 4.7¢c
depicts the steady-state emission of BSA tryptophan excited at 295 nm. The emission

maxima observed for the tryptophan in BSA alone can be seen at 342 nm whereas a blue
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shift in the emission maxima ~6 nm and a decrease in the fluorescence intensity has been
observed in the presence of LA (1-5 mg/mL). The blue shift in tryptophan emission
suggests the change in the protein conformation, which leads to an increase in a non-polar
environment near the indole ring of tryptophan. It may be noted here that with the increase
in LA concentration, the pH of the solution decreases from 7.4 to 4 wherein there is a
possibility to form the acid expanded form in proteins with molten globule-like
conformation.>°6 The prior -art also suggest that the BSA may undergoes an acid-induced

unfolding that disrupt the hydrophobic binding pocket with further lowering pH down to
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Figure 4.7. (a) (-potential of BSA and HA with varying concentrations of lactic acid
treatment. (b) CD spectra of BSA with increasing LA. (c) Steady state fluorescence emission
spectra of BSA with increasing LA.
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Figure 4.8 schematically shows a summary of aforesaid event that may lead to protein-
HA interaction in the presence of LA inside the synovium — (i) reduction of the pH of the
SF with the increase in LA; (ii) unfolding of a-helix into a random coil and acquiring a
positive -potential for BSA; (iii) interaction of BSA with HA of negative (-potential; and
(iv) co-precipitation beyond a critical mass from the SF to engender the loss of

viscoelasticity.
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Figure 4.8. Schematic diagram of Protein-HA interaction in the presence of lactic acid
inside the synovium. In the presence of LA, Protein (albumin) unfolds and possesses net
positively charged patches, which interact with net negatively charged HA and
coprecipitates.
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4.4. Conclusions

In summary, the chapter uncovers that SF present inside the moving joints consists of an
aqueous colloidal nanoscaffold composed of hyaluronic acid and proteins, which eventually
provides a viscoelastic nature to the same. The weak colloidal assemblage of such
biomaterials in the agueous medium provide unique load bearing (elasticity) and resistance
to wear and tear (Non-Newtonian fluidity) capacities to the SF during the joint movements.
Interestingly, the experiments also uncover that SF is found to lose its viscoelastic behavior
in the presence of LA. The, SDS-PAGE, gel-electrophoresis, and AFM studies together
uncover that HA binds specifically with the high MW proteins of SF to co-precipitates in
the presence of LA. The results are important from the perspective of anaerobic respiration
in the synovium during hypoxic, arthritic, or excess workload conditions wherein LA is
produced aplenty.

The control experiments suggest that such microrheological transformation is absent
when pure HA or proteins are treated with LA. Subsequently, in line with the aforesaid
observations, an artificial SF has been biosynthesized by mixing aqueous HA solution with
albumin and y-globulin which displays precipitates under microscope when treated with
lactic acid. The micro and bulk rheology experiments uncover that the destruction of the
colloidal nano-scaffolds of the pig- and artificial SFs leads to a fluid with very less elasticity
(low load bearing capacity) and viscosity (fluidity of joints and resistance to wear and tear).
The C-potential analysis reveals that BSA becomes positively charged when treated with a
higher amount of LA to bind with a negatively charged HA to engender the phenomenon.
Further, CD spectra of LA-treated BSA reveals that the LA induce unfolding of BSA favors
the electrostatic interaction with HA due to elevated exposures of charged amino acids.

Concisely, the study establishes that LA enable co-precipitation of HA and higher MW
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proteins can cause complete loss of viscoelasticity, leading to severe arthritic or joint

freezing conditions when the anaerobic respiration rates at the joins are on the higher side.

The results reported also indicates the hyaluronic acid based injections might not be

effective as an articular viscosupplement for rheumatoid arthritis conditions which has an

elevated lactic acid levels.
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CHAPTER 5

Designing an Articular Viscosupplement for Rheumatoid

Arthritis Using Microrheological Analysis
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ABSTRACT

Rheumatoid arthritis (RA) is a prevalent joint disease that affects people across a wide
range of ages. In RA, the viscoelastic properties of synovial fluid (SF) are significantly
compromised, reducing its ability to protect cartilage surfaces during joint movements. Due
to hypoxia and anaerobic respiration, elevated lactic acid levels severely damage the native
nanostructures of synovial fluid. Unlike osteoarthritis, hyaluronic acid (HA)
viscosupplements are unsuitable for RA treatment as they are prone to degradation in the
acidic environment of RA-affected joints. Therefore, there is a need to develop
viscosupplements that can maintain their viscoelastic properties in elevated lactic acid
conditions. This chapter investigates the microrheology of mucin-blended HA in a
simulated RA environment. Atomic force microscopy (AFM) studies reveal that the
addition of mucin to HA creates a fiber bundle-like structure, which resists deformation
under shear stress, in contrast to the fiber-like structure of pure HA, which deforms more
readily. Additionally, interfacial microrheology using a confocal laser scanning microscope
shows that mucin-blended HA enhances boundary lubrication and joint mobility by

reducing the interaction between HA and the cartilage surface.
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5.1. Introduction

The Human body is an interconnected network of various systems amongst which the
most important is the musculoskeletal system which consists mainly of bones and
connective tissue. The main function of the musculoskeletal system is to provide a definite
internal shapeand structure.! Bones are organs constructed from dense connective tissues,
primarily collagen,which is a durable protein.? The movement of any bone in the body is
facilitated through different types of joints. One such junction joint cavity is formed of
skeletal elements surrounded by synovial tissues on the periphery of the cavity where a
semi-gelled material, known as synovial fluid, is present which is secreted by the synovial
membrane. Synovial fluid (SF) is a bio-lubricant with unique viscoelastic properties crucial
to maintaining joint health and absorbing shocks during movement.* For instance, it
demonstrates shear thinning under low stress, allowing for fluid-like movement of the joints.
Conversely, it offers high viscous resistance under high stress, displaying shear thickening
behavior, which helps reduce friction between the joints.>® The key component of synovial
fluid is a high molecular weight glycosaminoglycan hyaluronic acid (HA), which is
responsible for these characteristics.>’® Apart from this SF also contains albumin,
immunoglobulin, and lubricin, which impart elastic as well as boundary lubrication
properties.®>1% The distinctive viscoelastic properties of the synovial fluid arise from its
complex microstructure, which is formed by a synergistic interplay of all its constituents.
Alteration of this complex viscoelasticity leads to various disease conditions like
osteoarthritis (OA), and rheumatoid arthritis (RA).* Interestingly, OA is a degenerative
disease where the synovial fluid and the cartilage are degraded at the late stage of life which
results in increased bone-bone contact and severe pain. This often necessitates surgeries like

total knee replacements.!! Another emerging therapeutic intervention is the administration
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of HA-based injections to bolster joint lubrication.*>*3 HA cushions the cartilage tissue and
promotes its regeneration. Unlike osteoarthritis, RA is an autoimmune disease and can
happen at any stage of life, causing inflammation of joints and the loss of viscoelasticity of
synovial fluid.'*'® Treatment options are primarily based on the administration of anti-
inflammatory drugs and in severe cases, joint replacement is required.*® In this case, HA-
based injections are not used as the inflamed joints accelerate the degradation of HA,
rendering the treatment ineffective.'®° Interestingly, RA-affected joints have elevated lactic
acid concentrations which results from the increased upregulation of lactate dehydrogenase
and downregulation of pyruvate dehydrogenase.?®?? The elevated lactic acid also acts as a
proinflammatory signal and enhances IL-17 and 1L-23 pathways.?>?* Additionally, due to
the rise in acidic environment, HA precipitates with the protein components of the synovial
fluid.?>2° This renders HA-based injections ineffective in RA patients. The emergence of
microrheology can aid in the development of artificial SF, generally known as articular
viscosupplements, which can restore normal joint physiology in arthritic patients.* Clinical
evidence supports the efficacy of viscosupplements, where administration of a hyaluronic
acid viscosupplement helped in the restoration of joint mobility as well as lowered
inflammatory cytokines such as IL-1p, and TNF-a.%! Integration of anti-inflammatory drugs
with the viscosupplement such as diclofenac sodium (DF) can further reduce inflammation-
induced discomfort and improve overall joint physiology.* The combination therapy of
biotin, vitamin C, and hyaluronic acid also resulted in decreased inflammation as well and
restored joint mobility.3® The generation of free radicals can be deleterious to the long-term
efficacy of viscosupplements in osteoarthritic patients. The introduction of HA with a free
radical scavenger, sorbitol, reveals that the viscosupplement formulation is protected from

the attack of free radicals, and it has better lubricating capabilities resembling those of the
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SF because of the high concentration of HA.3* However, these viscosupplements are
ineffective in RA patients due to acidic synovial joints.'® Therefore, there is an urgent need
to develop new viscosupplements that can preserve their viscoelastic properties in the
changed biochemical environment of rheumatoid arthritic joints, hence increasing the
efficacy of treatments aimed at restoring joint function.

In this chapter, we utilize diffusing wave spectroscopy (DWS) to examine the
microrheology of prepared viscosupplements. We study both the microrheological and bulk
rheological properties of hyaluronic acid (HA) over four pH settings relevant to the clinical
pH ranges found in rheumatoid arthritis (RA) patients. Subsequently, HA is blended with
proteoglycan mucin, and the microrheology of this mixture. We then conducted
microrheological tests using mucin-blended HA and ionic liquid-blended HA in simulated
RA joint settings. Atomic force microscopy (AFM) was applied to visualize the
microstructure of the mixed hyaluronic acids. Finally, the interfacial microrheology is
performed between collagen and viscosupplements using confocal laser scanning
microscopy which helps in understanding the boundary lubrication properties. These
findings add to a better understanding of the obstacles in maintaining synovial fluid
functionality in diseased states and promote the development of more effective therapy

methods for RA patients.

5.2. Experimental Section
5.2.1. Materials

The sodium salt of hyaluronic acid, y-globulin, mucin (type2), and L-lactic acid was
purchased from Sigma-Aldrich Pvt. Ltd. Bovine serum albumin (98% pure) was acquired

from Sisco Research Laboratories Pvt. Ltd (SRL). The 510 nm (10%) polystyrene tracer
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particle diameter sample was acquired from LS Instruments AG, Switzerland. 510 nm and
1 um fluosphere particles were obtained from Thermo Fisher Scientific. Collagen 1 solution
was obtained from ibidi. All the compounds were used without any additional purification.
The preparation of solutions in all tests was done using Milli-Q water.

5.2.2. Formulation of Mucin Blended Hyaluronic acid

Initially, a hyaluronic acid solution was prepared in 10 mM phosphate buffer at a pH of
7.4. Model synovial fluid was prepared using a previously described technique, in which 10
mg/mL BSA and 0.5 mg/mL were mixed with 3.4 mg/mL HA solution in a rocker
overnight.® To prepare HA-Muc and SF-Muc solution was prepared by mixing 10mg/mL
mucin in either HA or model SF solution. For the pH experiments, 10 mM phosphate buffer
was used. To investigate the microrheology of the lactic acid treated viscosupplemnts 3
mg/mL, lactic acid is added to the HA, HA-Muc, SF, and SF-Muc solutions. Prior to
microrheology measurement, 80 pL of polystyrene tracer particles were placed in 920 puL
of the prepared sample. The tracer particle concentration was 0.8% in all microrheological
studies and did not impact the overall experimental outcomes. All the measurements were
conducted thrice for the precision and reproducibility of the data.

5.2.3. Synovial Fluid Sample from Pig Joint

The porcine SF from a healthy joint of a pig was obtained from ICAR- National Research
Centre on Pig situated in Guwabhati, India. For the aspiration of pig SF 18-gauge needle was
used and avoided any blood contamination. As the sample volume was minimal, the pig SF
was then diluted 2 times with 10 mM phosphate buffer saline (PBS) at pH 7.4. To investigate
the effects of LA on pig SF, LA was added to it with a final concentration of 5mg/mL. For

the Field Emission Scanning Electron microscopy (FESEM) analysis, lactic acid treated and
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untreated pig SF was kept at -20°C for 1 week followed by lyophilization. Prior to FESEM
imaging samples were sputter coated with gold to make the sample surface conductive.

5.2.4. DWS Microrheology

Diffusing wave spectroscopy (DWS) was utilized for all microrheological
measurements, employing a light scattering technique to analyze the microrheology of
turbid samples. In order to make the sample turbid, 80 puL of 10% polystyrene tracer
particles with a diameter of 510 nm were added. Before measurements, the samples were
placed in a 2 mm cuvette and incubated for 10 min at 37°C in the instrument's sample holder.
The microrheology measurements were conducted using the DWS RheoLab instrument
from LS Instruments AG, Switzerland. In the DWS instrument, a laser with a 685 nm
wavelength is directed at the cuvette containing the sample. Due to the Brownian motion of

the tracer particles, the scattered light fluctuates in intensity over time. A correlator

measures the intensity correlation function (ICF) [gz (7) —1] , Which is used to calculate the

ensemble-averaged mean squared displacement (MSD) of the tracer particles, represented

as <Ar2 (T)> The relationship between the MSD and the lag time (t) for particles

undergoing Brownian motion in a viscoelastic fluid is expressed as follows—
<Ar2 (T)> =2nD,z“. 1)
Where D, represents the time-dependent diffusivity of the tracer particle, and 0 < o < 1,
n refers to the dimensionality (n =3 for a 3-dimensional analysis). For a tracer particle
diffusing in a purely viscous environment, the exponent a = 1, and the diffusion coefficient
D of the probe is inversely related to the viscosity (r) of the surrounding liquid. The

viscoelastic modulus can be determined from the mean square displacement (MSD) using

the generalized Stokes-Einstein equation—
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_ keT (2)
G(s)= ﬂas<Ar2(s)>'

Here, G(s) represents the Laplace transform of the viscoelastic relaxation modulus G(t),

while <Ar2(s)>, corresponds to the Laplace transform of the mean square displacement

(MSD). In this equation, kg is the Boltzmann constant, T is the absolute temperature, and a

is the radius of the tracer particle. By substituting s with ie, the complex modulus (G* (a)))

and the complex viscosity (77* (0)=G’ (a))/a)) can be derived.

5.2.5. Morphology analysis via AFM

The morphological examination of HA and HA-Muc was investigated by employing
AFM (Cypher Asylum, Oxford). For this, we diluted the samples 100 times and drop cast
on a freshly cleaved silicon wafer of size 5 mm x 8 mm and allowed to settle for 15 min.
Subsequently, samples were dried under a vacuum desiccator overnight. The scan rate was
kept at 0.5 to 1 Hz and the set point was around 500 mV. Comparative analysis was
performed for scan areas of 2 um? and 5 um? for both HA and HA-Muc samples.

5.2.6. Bulk Rheology

For bulk rheology investigations, Anton Paar MCR 301 Rheometer was employed. The
measurements were conducted using a 50 mm diameter 1-degree cone and plate geometry
at 37°C. All the measurements are conducted in triplicates and the mean data is presented
along with standard deviations.

5.2.7 Interfacial Microrheology

Interfacial microrheology between the collagen surface and the prepared HA and HA-
Mucin solutions was conducted using a confocal laser scanning microscope. Before the
experiment, a thin layer of collagen was prepared on a 15-p slide ibidi (bioinert) plate with

a glass bottom and incubated for 15 min. Following this, the HA or HA-Mucin solution was
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added to the collagen surface. Prior to collagen gelation, 1 um fluorescent particles were
added, and 500 nm fluorescent particles were incorporated into the HA or HA-Mucin
solution. The confocal microscope, equipped with a pinhole aperture, enabled precise focus
on a specific plane. Fluorescence signals from the green particles embedded in the collagen
and the red particles in the viscosupplement (either HA or HA-Muc) solution allowed
visualization of the collagen-viscosupplement interface. The excitation and emission of
green and red particles were 505/515 and 580/605 respectively. Temperature was
maintained at 37°C using a Peltier unit. Particle tracking measurements over time were
conducted for both HA and HA-Mucin solutions at the near interface and the upper
interface. Subsequently, time series images were used to calculate the mean squared
displacements using a freely available MATLAB code. All the measurements were taken
three times and mean data was presented with standard deviations.
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Figure 5.1. Instrumental measurement setup of multiple particle tracking microrheology at
the collagen and HA-Muc viscosupplement interface.
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5.2.8. Computational Model

A computational model was developed to simulate the experimental system. In this
direction, a single-phase multicomponent laminar flow system was considered. Here, high-
viscous and low-viscous fluids were taken as incompressible, Newtonian, and miscible
fluids. The governing continuity and Navier-Stokes equations are described as,

V.u. =0, 3)

P (0 +u; -V, ) = _Vp+v'(ﬂi (Vui +(Vuy, )T ))+ F, (4)

where, the subscript ‘i’ denotes high viscosity fluid (i=1) near wall or low viscosity fluid

(i =2) at the centre and over dot denotes the time derivative. Eq (3) is the continuity equation,

whereas eq(4) is the momentum balance equation. The symbols u,, p,, 2, 4.,F, t,and V

denote the velocity vector, pressure, density, dynamic viscosity, body force, time, and
gradient operator respectively. Eq(4) can be simplified to the following equation,
£, (U, +u, - VU, ) ==Vp, + 44 VU, (5)
In the left-hand side of eq(5), the first term represents the local temporal acceleration
and the second term represents convective acceleration. The right-hand side expresses the
pressure gradient of the fluid flow and the viscous diffusion term. Here, the body force term
is neglected as the fluid is flowing in the horizontal direction. A finite-element-based
COMSOL 6.0 Multiphysics was used to solve the two-dimensional (2D) governing
equations. The computational domain for this system was divided into ~3678 triangular
meshes to obtain grid-independent solutions. The time step was set to be 10 s. No velocity
was given at the inlet and outlet, and zero pressure gauge boundary conditions were
enforced. The microchannel walls on both sides were given a slip velocity and sliding with

similar positive x-directional velocities.
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We examine lubrication and velocity profiles under two distinct scenarios, referred to as

Case A and Case B. Here, y; denotes high viscosity fluid (i =1, j =A, B) near wall, and 4

low viscosity fluid (i =2, j =A, B) at the centre as explained in case A and case B
respectively. Both scenarios are examined in detail in the results and discussion section. For

the high-low viscous fluid system, the values for the flow parameters were considered to be

as follows: o =1000 kg/m®, u,, = the viscosity ratio of high viscous fluid to low viscous
one =, /u,, =1/0.01=100, for the first case (case A), when the sliding velocities of the
walls were Vv, =5um/s, and in the second case (case B), where
U, = 15/ 1,5 = 0.4/0.04 =10,the sliding velocities of the walls were considered to be
V., =0.2 m/s. The viscosity values are adopted from the approximate MSD values of the

corresponding fluids from the particle tracking microrheology.

5.3. Results and Discussion
5.3.1 Effects of Lactic acid on Pig synovial Fluid

To investigate the microrheology of synovial fluid in elevated lactic acid conditions, pig
synovial fluid is treated with lactic acid prior to the DWS measurements. Figure 5.2a shows
the MSD vs. t plot, where the 2x diluted pig SF shows a sub-diffusive behavior in contrast
to the LA-treated pig SF which shows a purely diffusive behavior This is due to the phase
separation of HA with the protein contents of the pig SF. Similar result is observed in the
case of elastic modulus (G’) and loss modulus (G") as shown in Figure 5.2b. The 2x diluted
pig SF shows a viscoelastic behavior while the lactic acid treatment shows a more fluidic
behavior. Additionally, the FESEM image of untreated and treated pig SF reveals that pig
SF possesses a nanoscaffold-like pattern (Figure 5.2c) with an average pore size of 500 nm.

However, the lactic acid-treated one shows an aggregated scaffold-like pattern with minimal
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porosity (Figure 5.2d). This signifies that the lactic acid treatment leads to distortion of

native nanoscaffolds of synovial fluid.
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Figure 5.2. Effects of lactic acid on pig SF. (a) MSD vs. 1 plot of 2x diluted pig SF in the
presence or absence of lactic acid. (b) Elastic modulus and Loss modulus vs. frequency plot
of 2x diluted pig SF in the presence or absence of lactic acid. (¢) FESEM image of pig SF.

(d) FESEM image of pig SF in the presence of lactic acid. The scale bar represents 1 um,
and the false color (red) is used in the images.

5.3.2. Effects of pH on the Microrheology and Bulk-rheology of HA and HA-Muc

Clinical studies report that the pH levels in synovial fluid (SF) shift from 7.6 in healthy
individuals to 6.6 in RA patients due to elevated lactic acid concentration.?83>3 Several
studies have reported a drastic alterations in the rheological properties of SF in RA, with
one study attributing this to the lower molecular weight of hyaluronic acid (HA).% To better

understand synovial fluid rheology under RA conditions in these pH conditions, we
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investigated the microrheology of HA and model SF at four different pH levels (7.4, 7.0,

6.6, and 6.2) relevant to the disease state.
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Figure 5.3. Microrheology of HA and model SF with varying pH conditions. (a) MSD vs.
lag time (1) of HA and HA-Muc. (b) Complex viscosity vs. shear rate plot of HA and HA-
Muc. (c) MSD vs. lag time (t) plot of model SF and SF-Muc. (d) Complex viscosity vs.
shear rate plot of SF and SF-Muc.

Figure 5.3a shows the MSD vs. t plot, where the MSD of HA remains constant across
a range of physiological pH levels. In contrast, HA-Muc shows a pH-dependent behavior,
with a decrease in MSD as the pH is lowered from 7.4 to 6.2. This result/observation is also
reflected in Figure 5.3b, where the complex viscosity of HA remains largely unchanged,

while that of HA-Muc increases as the pH decreases. These findings suggest that within this

pH range, the viscoelastic properties of HA remain unaffected. However, the HA-Muc
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complex exhibits enhanced viscoelastic behavior due to interactions between HA and
mucin.

Synovial fluid comprises distinct proteins including albumin, gamma globulin,
lysozymes, and proteoglycans such as lubricin. In order to investigate the impact of mucin
on synthetic synovial fluid within the synovium, we synthesized a model synovial fluid by
incorporating HA, y- globulin, and albumin as described in prior literature. Subsequently,
we examined the microrheological properties of the fluid under a series of clinically relevant
pH conditions. It can be observed in Figure 5.3c that the MSD of model SF tends to increase
with decreasing pH. However, blended SF-muc exhibits a decreasing pattern of MSD with
decreasing pH. A similar result is observed in the complex viscosity plot depicted in Figure
5.3d where the model SF shows a decreasing complex viscosity with decreasing pH and the
mucin blended SF (SF-Muc) shows increasing complex viscosity. This may be attributed to
the decreased interaction between HA and proteins at low pH conditions. However, in the
presence of mucin, the interaction has been regained which resulted in higher complex

viscosity.
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Figure 5.4. Bulk rheology of HA and model SF in the presence or absence of mucin. (a)
Viscosity vs. Shear rate of HA and HA treated with Mucin at different pH conditions. (b)
Viscosity vs. Shear rate of model SF and model SF treated with Mucin at different pH
conditions.
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Furthermore, the bulk rheology experiment reveals that the zero-shear viscosity of HA is
the highest at pH 7.4 as shown in Figure 5.4a, while at lower pH settings there is no change
in zero-shear viscosity of HA. Conversely, at a higher shear rate, changes in pH do not have
any effects on HA viscosity.

Therefore, under physiologically relevant pH levels, HA viscosity is constant. This
suggests that shift in pH within this range is not responsible for the breakdown of HA. In
the case of mucin-treated HA, zero shear viscosity at pH 7.4 is the lowest. At decreasing
pH, zero shear viscosity slightly increases, attaining a maxima at pH 6.2. This suggests that
the in presence of mucin, zero shear viscosity changes with pH conditions. Interestingly,
HA possesses a rapid shear thinning behavior compared to HA-Muc. A possible reason
behind this may be noncovalent interactions between HA and Mucin. Additionally, in the
case of model SF, the zero-shear viscosity of SF depends on the pH environment, as can be
seen in Figure 5.4b. However, this pH dependency is not observed for the Mucin blended
SF (SF-Muc), which shows a reduced zero shear viscosity compared to SF alone. The
reduction of zero shear viscosity signifies the interaction between the HA and mucin.
Interestingly, when drawing a comparison between the behaviors of the mucin-treated HA
and mucin-treated SF, it is observed that SF-Muc has higher viscosity than the HA-Muc and
exhibits a Newtonian behavior in low shear rate conditions. This could be due to the
presence of albumin and gamma globulins in prepared model SF which might interact with
mucin and impart some firm structures and resist the change in shear rate.

5.3.4. Morphological study of HA and HA-Muc by AFM

Furthermore, the morphological examination of HA and HA-Muc reveals distinct
differences between HA and HA-Muc. HA showing a fibrous structure as shown in Figure

5.5a-b while HA-Muc showing a fibre bundle like structure as shown in Figure 5.5c-d. The
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height distance plot of HA suggests a maximum height of around 5.5 nm with a sharp peak
distribution. However, HA-Muc shows a height of around 7.5 nm with broad peak
distributions. This indicates the interaction between mucin and HA results in the formation
of fiber bundles that resist the deformation at low shear rate conditions which might also

help in boundary lubrication.
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Figure 5.5. Morphological investigation of HA and HA-Muc using AFM. (a) 5x5 pm? of
HA. (b) 2x2 um? of HA with height distance profile. (c) 5x5 pm? of HA-Muc. (d) 2x2 um?
of HA-Muc with height distance profile.

5.3.5. Microrheology of HA and HA-Muc in a simulated RA joint

In the clinical study, elevated levels of lactic acid were found in the joints of patients
with rheumatoid arthritis (RA).%%40 To simulate an RA joint, two scenarios were
considered: the pre-injection phase, where the microrheology of hyaluronic acid (HA) and
the HA-mucin complex were studied in the presence of lactic acid, and the post-injection
phase, where synovial proteins were added to the elevated lactic acid environment, referred
to as the "after injection” scenario. As shown in Figure 5.6a, the mean square displacement

(MSD) of the HA-mucin complex decreased compared to the HA control, likely due to
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noncovalent interactions between HA and mucin. In the presence of lactic acid, the MSD of
HA increased slightly, potentially indicating HA fragmentation.*'4? A significant reduction
in MSD was observed in the presence of lactic acid for the HA-mucin complex, although
this effect diminished at longer lag times. This behavior may result from a pH reduction due

to the presence of lactic acid, as mucin viscosity increases under low pH conditions.*>#4
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Figure 5.6. Microrheology of HA and HA-Muc in presence of protein and lactic acid
environment. (a) MSD vs. t plot of HA, and HA-Muc in presence or absence of LA. (b)
Elastic modulus (G") and loss modulus (G") vs. frequency (@) plot of HA, and HA-Muc in
presence or absence of LA. (c) Complex viscosity (77*) vs. frequency (w) of HA, and HA-
Muc in presence or absence of LA. (d) MSD vs. t plot of HA+P, and HA+P-Muc in presence
or absence of LA. (e) Elastic modulus (G") and loss modulus (G") vs. frequency (@) plot of
HA+P, and HA+P-Muc in presence or absence of LA. (f) Complex viscosity (7*) vs.
frequency (w) of HA+P, and HA+P-Muc in presence or absence of LA.
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Further analysis using the generalized Stokes-Einstein equation converted the MSD data
into elastic moduli and complex viscosity. Figure 5.6b shows that the HA-mucin-lactic acid
mixture exhibited the highest elastic modulus at high frequencies, suggesting increased
stiffness in the presence of lactic acid. A similar phenomenon was observed in the complex
viscosity vs. frequency plot in Figure 5.6¢, where the HA-mucin complex displayed higher
viscosity than HA alone, with lactic acid treatment further increasing the viscosity.

In the post-injection scenario, where proteins are present in the synovium, there is a
significant increase in MSD for the lactic acid-treated HA-protein (HA+P) solution, seen in
Figure 5.6d, which was not observed in the pristine HA sample, as discussed earlier.
However, this MSD increase was absent in the HA-mucin-protein complex, suggesting that
mucin stabilizes the viscoelastic properties of HA-protein in the presence of lactic acid. As
seen in Figure 1e, the elastic modulus of the HA+P sample decreased in the presence of
lactic acid, while the HA-mucin complex retained its elastic modulus, consistent with the
MSD results. A similar pattern was observed in the complex viscosity vs. frequency plot in
Figure 1f. This suggests that mucin preserves the viscoelastic properties of synovial fluid in
the presence of lactic acid, highlighting the potential of the HA-mucin complex as a
promising viscosupplement for arthritic patients.

Overall the experiment, it is observed that HA injection in the normal joint resulted in a
nano scaffold-like pattern (Figure 5.7a), however in the RA joint due to elevated acidity,
HA coprecipitates with the proteins present in the synovium. Conversely, HA-Muc injection
also possesses a similar nano-scaffold-like pattern in the normal joints and RA joints
(Figure 5.7b). The collective interaction between mucin and protein HA hinders the

coprecipitation reaction at elevated lactic acid concentrations.
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Figure 5.7. A schematic representation that depicts the behavior of the prepared HA and
HA-Muc viscosupplements in a simulated rheumatoid arthritis (RA) joint. (a) In the
presence of lactic acid, pristine HA co-precipitates with synovial proteins, compromising
its function. (b) HA-Muc complex does not co-precipitate and retains its viscoelastic
properties.

5.3.6. Interfacial microrheology of HA and HA-Muc on a collagen surface

In order to understand the viscoelastic behavior of HA and HA-Muc on the cartilage
surface, there is a need to measure the microrheology at the interface between cartilage and
the viscosupplement (either HA or HA-Muc). To achieve this, multiple particle tracking
(MPT) microrheology is employed by using a confocal laser scanning microscope. A
detailed description is provided in the materials and method section. The 3D image as shown
in Figure 5.8a shows a two fluid-fluid interface between collagen and viscosupplement
(either HA or HA-Muc). Figure 5.8b shows that the MSD of HA at the near interface

possesses more than 10 times reduced MSD compared to at the upper interface. However,
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for the HA-Muc, the reduction is minimized as shown in Figure 5.8c. Interestingly, the

power law exponent of HA and HA-Muc at the interfaces are 0.5 and 0.84 at low lag time.

120 160 200 240 280

(b) Upper Interface Near Interface (¢)

10?

Mucin Collagen Hyaluronic acid (HA)

Figure 5.8. Microrheology at the collagen-viscosupplement interface. (a) 3D image of
collagen-viscosupplement interface where the green tracer particles are embedded in
collagen and red tracer particles are embedded in prepared viscosupplement. (b) MSD vs. ©
plot of HA in the upper interface and at the near interface. (¢) MSD vs. t plot of HA-Muc
in the upper interface and at the near interface. (d) Schematic representation of HA interacts
with the collagen surface results in higher viscoelasticity. (€) Schematic representation of
HA-Muc interacts with collagen surface resulted in less viscoelasticity.

A similar trend has been observed at high lag time also where the HA and HA-Muc power
law exponents are 0.8 and 0.98. This signifies a more fluidic environment in the case of HA-

Muc at the collagen interface compared to HA alone. The stiff behavior for HA might be
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due to higher collagen-HA interaction (Figure 5.8d). Conversely, the fluidic behavior of
HA-muc might be arises due to increased interaction between collagen-mucin compared to
HA (Figure 5.8e). Additionally, the upper interface of HA shows a higher MSD than the
upper interface of HA-Muc. However, the power law exponent of HA is lower than HA-
Muc. This indicates the HA shows a more stiffed behavior than the HA-Muc solution.
Furthermore, to explore whether a low or high viscous environment is favorable for joint
mobility, a COMSOL simulation has been performed. Interfacial viscosity is the
combination of the both lower (collagen) and upper (viscosupplement) fluids. From the
particle tracking experiments near the interface and the upper fluid, we have assumed near
interface as a mixed layer of fluid which possess a higher viscosity than the upper fluid
(viscosupplement) as described in the MSD calculation using a confocal laser scanning
microscope. In the practical scenario, viscosupplement is sandwiched between the cartilage

surfaces as shown in Figure 5.7.

It is well known that viscosity measures a fluid's resistance to deformation or flow, while
a velocity profile represents the variation in fluid velocity across different layers. Viscosity
stratification refers to changes in viscosity across fluid layers, which can significantly
influence the velocity profile. In our simulation, we assume a Newtonian fluid with laminar
flow, where the fluid moves in parallel layers with minimal mixing, making the impact of
viscosity stratification more pronounced.

Dynamic viscosity p directly affects the shear stress,
r=p(Vu+(vVu)'), ©)

here 7 is the shear stress, u; is dynamic viscosity, and Vu; is the velocity
gradient.

Kinematic viscosity influences the rate of momentum diffusion,
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M (7

here v, is the shear stress, y; is dynamic viscosity, and p; is the density of the fluid.

In our simulation, we assume a Newtonian fluid with laminar flow, where the fluid
moves in parallel layers with minimal mixing, making the impact of viscosity stratification
more pronounced. We analyze lubrication and velocity profiles under two specific cases

specified as case A and case B. Here, g; denotes high viscosity fluid (i=1, j=A, B) near
wall as explained in case A and case B, and 4 low viscosity fluid (i =2, j=A, B) at the

centre as explained in case A and case B.

In case A, to replicate the highly viscous HA-collagen interface, two high-viscosity
fluids (dynamic viscosity u,,) are positioned near the walls, with a low-viscosity fluid
(dynamic viscosity u, ., Where £, , < t4,) in the center (Figure 5.9a). In case B, to replicate

the low viscous mucin blended (HA-Muc)—collagen interface the viscosity of the side

fluids is slightly reduced g4z < 14, , and the middle fluid's viscosity is slightly increased
g < 1,5 (Figure 5.9b).

1. Case A (Higher Viscosity Fluids on the Sides)

The higher viscosity ( x,,) near the walls results in a reduced velocity gradient in these
regions compared to the central low-viscosity layer ( «,,), which allows for higher velocity

due to its lower resistance to deformation. The elevated viscosity near the walls also
diminishes momentum transfer between the walls and adjacent fluid layers, while the less
viscous middle layer experiences increased momentum transfer from its neighboring layers
(Figure 5.9a). Consequently, the high viscosity near the walls generates greater shear stress,

leading to increased frictional forces, even under slip conditions.
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Figure 5.9. Velocity profile comparison of a high-viscosity fluid near the wall with low-
viscosity fluid in the center (case A), and a low-viscosity fluid near the wall with high-
viscosity fluid in the center (case B). (a) At low wall velocity. (b) At high wall velocity. (c)
Schematic diagram of the computational model of Case A and Case B.

2. Case B (Reduced Viscosity of Side Fluids)
The reduced viscosity (u,;) near the walls, the velocity gradient in these regions
increases compared to case A, while the middle layer (,5) experiences only a modest

increase in velocity due to the increased deformability of the adjacent layers as shown in
Figure 5.9 a-b. The schematic representation of the computational model in consideration

as shown in Figure 5.9 c. The lower viscosity near the walls enhances momentum transfer
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to and from the walls, further raising the velocity gradient (Figure 5.9b). Although the

middle layer (x,5) continues to receive momentum transfer, the difference is less
pronounced than in case A. The lower dynamic viscosity ( 4, ) near the walls reduces shear

stress, leading to decreased frictional forces compared to case A.

Based on the discussion, we determine that in case B, lubrication is more effective due

to the reduced viscosity ( 4,5 ) near the walls, which lowers frictional forces. This reduction

results in a higher velocity gradient and smoother movement of the fluid layers, thereby
enhancing the overall lubrication effect. Therefore, it is evident that the low viscous
behavior at the interface between cartilage and HA-Muc helps in higher mobility compared
to the higher viscous behavior between cartilage and HA. This leads to a higher velocity

gradient and greater ease of movement for the fluid layers, enhancing the lubrication effect.

5.4. Conclusions

This chapter investigates the viscoelastic behavior of two potential viscosupplements,
hyaluronic acid (HA) and Hyaluronic acid-mucin (HA-Muc), in a simulated arthritic joint
environment. The initial study shows that adding lactic acid to pig synovial fluid causes co-
precipitation and, as revealed by microrheological analysis, leads to a complete loss of
viscoelasticity. This indicates that HA-based viscosupplements may be ineffective in
managing elevated lactic acid levels associated with rheumatoid arthritis (RA).
Additionally, FESEM analysis demonstrates that the nanoscaffold structure of native pig
synovial fluid is disrupted by lactic acid treatment. Further, the pH study shows no
significant changes in HA microrheology across clinically relevant pH levels, while a

decrease in pH enhances the viscoelastic behavior of HA-Muc. In contrast to microrheology,
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bulk rheology experiments reveal that mucin decreases HA's viscosity at low shear rates and

slows its deformation, compared to pure HA solutions. This is due to the transition of fibrous

structure of HA to a fiber bundle like structure in presence of mucin as evident from the

AFM analysis. Further, microrheological studies that HA-Muc retains its viscoelastic

properties in simulated arthritic conditions, unlike HA alone. Furthermore, microrheology

at the collagen interface, HA-Muc exhibits a more fluidic behavior, whereas HA interacts

with collagen to produce an elastic response. This fluidity aids joint movement and provides

boundary lubrication. Overall, this research paves the way for developing mucin-blended

hyaluronic acid as a novel viscosupplement for treating rheumatoid arthritis.
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6.1. Summary

This thesis utilizes the DWS microrheology as a tool to measure the viscoelastic behavior
of two different biofluids namely mucin and synovial fluid. The use of different biophysical
techniques like Circular dichroism, Fluorescence spectroscopy, and &-potential helps to
uncover the molecular insights of these two biofluids. Additionally, quantum chemical
calculation helps to elucidate the possible interactive forces between the molecules. This thesis
provides an insight into establishing a bridge between rheology and molecular biology offering
a deeper understanding of the molecular mechanism of viscoelasticity of biofluids. The crucial
findings of this thesis are explained as follows—

In Chapter 2, the thesis explores the microrheological study of mucin and mucin-albumin
complexes, demonstrating an increased complex viscosity compared to the pristine mucin. This
enhancement is due to forming a compact networked structure as visualized by atomic force
microscopy (AFM). Further study using ITC, reveals a weak binding force between mucin and
albumin. However, this binding is pH dependent as evidenced by the microrheology of mucin-
albumin at varying pH conditions which signifies the possible electrostatic interaction between
mucin and albumin. The study also highlights the impacts of Ca* ions on this binding process
and observes that introducing Ca?* ions enhances the albumin-mucin interaction and increases
viscous and elastic behavior. Further Circular dichroism (CD) spectra reveal that the mucin-
albumin complex possesses an alpha-helical structure at pH 7.4 in contrast to the random coil
structure of pristine mucin. These findings suggest that the albumin electrostatically binds with
mucin and facilitates mucin assembly which leads to a compact networked structure. This
structure might enhance the protective function of a mucus layer by potentially causing a barrier
against pathogens and protecting the epithelial linings. However, this study also highlights the

non-mucin protein and mucin interaction is not favorable for protein-based oral drug delivery
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as the drug might interact with the mucin and lead to slow diffusion. To circumvent this
issue, we used ionic liquid which has been described in Chapter 3 of the thesis.

In Chapter 3, we delved into the microrheological investigation of mucin with a choline
bicarbonate maleic acid (CBMA) based ionic liquid. The introduction of CBMA ionic
liquid in the mucin solution resulted in decreased mean squared displacements (MSD),
indicating aggregation of mucins. Atomic force microscopy (AFM) analysis suggests the
aggregation of mucin after CBMA treatment compared to thread-like patterns in pristine
mucin. To validate the protein-based drug and mucin interaction bovine serum albumin has
been considered as a model protein-based drug. As observed in Chapter 2, albumin binds
with the mucin and forms a more compact structure which leads to decreased MSD of
probed particles. However, these changes in MSD are minimal in the case of CBMA
treatment suggesting a lower binding affinity between mucin and the model drug albumin.
Further, in the DFT simulation study, the charge transfer (CT) process plays an important
role in closed-range charged interactions between the components of IL-mucin, which are
in the following order: cysteine (—0.3¢) < sialic acid (—0.263¢) < GalNAc (—0.084¢). The
DFT simulation indicates the CBMA ionic liquid shields the negatively charged sialic acid
present in the mucin leading to aggregation. It was established that interactions occurred at
both short and medium ranges, with the IL-mucin components separated by a range of 1.52
to 2.2A. The analysis of electron cloud distribution and the evolution of H-bonding,
electrostatic as well as dispersion interactions—all of which have been confirmed by the
NCI/RDG analysis—were caused by the presence of multiple electrophilic and nucleophilic
active sites within the molecular groups present in the systems, as demonstrated by the ESP
charge analysis. Furthermore, it has also been observed that the CBMA also interacts with

the cysteine domain of mucin which is crucial for mucin non-mucin and mucin to the mucin
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interaction site. As a result, the model drug albumin could not bind to the cysteine domain and
pave the way for a faster diffusion. To further explore this, a mucus-on-a-chip device was
fabricated to simulate the intestine and assess the diffusion of an antibody. The results
confirmed that the CBMA treatment leads to an enhanced diffusion of the antibody compared
to the untreated one.

In Chapter 4, we studied the impacts of lactic acid, an anaerobic byproduct resulting from
the hypoxic environment inside the joints, on synovial fluid. The microrheological study
reveals that the normal synovial fluid possesses a viscoelastic behavior with a shear-thinning
property. However, at elevated lactic acid concentration this viscoelastic behavior diminishes
and shows a purely viscous Newtonian behavior. The AFM study, reveals that the normal
synovial fluid possesses a nanoscaffold-like pattern that deteriorates and forms aggregations
upon lactic acid treatment. However, upon lactic acid treatment. To further explore this, a
model synovial fluid is prepared using hyaluronic acid, albumin, and gamma globulin and
treated with varying concentrations of lactic acid. The result showed that beyond a critical limit
(Img/mL) of lactic acid, the model synovial fluid loses its viscoelasticity. The &-potential
measurements show that albumin acquires a positive charge in the presence of an elevated
quantity of LA, allowing it to interact with a negatively charged HA and produce the observed
changes. Additionally, the CD spectra of BSA treated with LA lead to the unfolding of albumin
which results in exposing more charged groups and promotes the electrostatic interaction with
HA. This study indicates that the conventional hyaluronic acid-based viscosupplement might
not be effective for arthritis as it might coprecipitate with the acidic proteins inside the arthritic
joints. Therefore, there is a need for the development of an effective viscosupplement that can

withstand such acidic environments.
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In Chapter 5, we have prepared a mucin-blended hyaluronic acid viscosupplement for
rheumatoid arthritis conditions. The microrheological study reveals that the mucin-blended
hyaluronic acid retains its viscoelasticity at elevated lactic acid concentrations in contrast to
pristine hyaluronic acid which is prone to phase separation with the synovial proteins. Hence
this formulation could serve as a more effective viscosupplement for rheumatoid arthritis
patients. Furthermore, the microrheological measurements at the near interface between
collagen and prepared viscosupplement reveal that the mucin-blended hyaluronic acid
possesses a less viscous layer at the interface which is beneficial for boundary lubrication
at high load conditions as well as helps in joint mobility.

Overall, the thesis employs DWS to measure the viscoelastic behavior of two
biomaterials Mucin and Synovial fluid, along with various biophysical techniques to
characterize their molecular properties. A significant finding is that a non-mucin protein
albumin promotes the hierarchical assembly of mucin through electrostatic interactions and
forms a compact functional mucus layer. However, this non-mucin protein and mucin
interaction is not favorable for protein-based oral drug delivery. This issue can be addressed
by using choline bicarbonate — maleic acid ionic liquid, which interferes with the binding
sites of mucin with the therapeutic drugs. Another important biomaterial is synovial fluid,
where it is found that lactic acid degrades the viscoelastic properties of synovial fluid
specially in the case of rheumatoid arthritis conditions. This highlights the need for
improved viscosupplements that can function in acidic joints. Further, this issue can be
mitigated by the use of a mucin-blended hyaluronic acid that has emerged as an alternative

viscosupplement for rheumatoid arthritis problems.
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6.2 Future Scopes

The extensive studies and findings from this thesis pave the way for future explorations, which

can be extended in the following ways—

%+ The microrheology of mucin presented in this thesis could be further explored using a
human mucus-on-chip model to achieve more physiologically relevant results.
Additionally, studying the microrheology of human mucus from patients with conditions
such as cystic fibrosis, chronic inflammatory bowel disease, and asthma may offer deeper
insights into the pathological characteristics of these diseases and contribute to the
development of more effective treatments.

%+ The design and development of compounds that modify mucus could be highly effective
for drug delivery and therapeutic applications. Developing an effective mucus-modulating
agent that improves the permeability of protein-based drugs across the mucus barrier would
greatly advance both oral drug delivery and targeted therapeutic systems.

% The design and development of an effective therapeutic viscosupplement is essential for the
comprehensive treatment of all types of arthritis. The rising incidences of various arthritic
conditions globally underscore the pressing need for a viscosupplement that can effectively
target both inflammatory and non-inflammatory types of arthritis.

% Microrheology of the tumor microenvironment is crucial for creating a tumor model
suitable for drug screening applications. Developing an in vitro tumor model that accurately
mimics in vivo tumor behavior is essential for screening various cancer drugs and
conducting fundamental research. This necessitates a thorough understanding of the

mechanical properties of the tumor microenvironment.
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Appendix

Description of Videos, Publications, Conferences, and Patents

Al.l Description of Video
CHAPTER-3:

1. Video 1: Spatiotemporal evolution of a droplet of BSA, HA, and model SF when treated with
LA

Al.2 International Publications (From Thesis Work)

1. N. Kakati, D Ahari, P. R. Parmar, O. S. Deshmukh, and D. Bandyopadhyay, “Lactic Acid-
Induced Colloidal Microrheology of Synovial Fluids”, ACS Biomaterial Science and
Engineering, 2024.

2. N. Kakati, C. K. Parashar, S. Thakur, O. S. Deshmukh, and D. Bandyopadhyay,
“Microrheology of Mucin—Albumin Assembly Using Diffusing Wave Spectroscopy”, ACS
Applied Biomaterials, 2022.

3. N. Kakati, N. Paul, S. Dubey, J. Mahanta, A.R. Lakshmi, T. Banerjee, and D.
Bandyopadhyay, “Microrheological Investigation of Ionic Liquid Treated Mucus for
Effective Delivery of Protein-Based Drugs”, (Under review).
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Deshmukh, Dipankar Bandyopadhyay, “Effects of Mucin on Synovial Fluid
Microrheology for the Development of Artificial Synovial Fluid”, (Under preparation).

Al.3. International Publications (In Collaboration)

1. P.R. Parmar, N. Yadav, N. Arfa, T. Ghoshal, J. Mahanta, N. Kakati, V. B. Vanarse, D.
Bandyopadhyay, “Microdroplet Sensor for Point-of-Care-Testing of Glycemic Index Using
Gold-Amylase Nanocomposite”, IEEE Journal of Flexible Electronics, 2023.

2. A. Dixit, C. K. Parashar, S. Dutta, J. Mahanta, N. Kakati, D. Bandyopadhyay, “A
Microfluidic Viscometer: Translation of Oscillatory Motion of a Water Microdroplet in Oil
under Electric Field”, Electrophoresis, 2021.
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Al.3. Conferences

1. N. Kakati, D. Bandyopadhyay, “Microrheology of Biofluid in Health and Diseases”, Indo-
German Workshop, IIT Kharagpur, 2024

2. N. Kakati, N. Paul, D. Bandyopadhyay, “Effects of Choline bicarbonate: maleic acid-based
Ionic Liquids on the Microrheology of Mucus”, EBSA Congress, Stockholm, 2023
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