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OBJECTIVES OF MY RESEARCH:

The objective of my research study is to understand the interaction of dietary particles with

human salivary proteins which will be conducted in two stages.

Phase 1: To understand the protein profile of saliva interacted dietary particles (Silicon

dioxide, titanium dioxide and silver particles) by using proteome analysis.

Phase 2: To understand the interaction and mechanism of inhibition of salivary enzymes (A-
amylase & lysozyme) by silicon dioxide particles of nano and micron size using enzyme kinetic

assay, inhibition kinetic assay and different spectrometric techniques.

XVi



Chapterl LITERATURE REVIEW

1.1 Abstract:

We are intentionally and unintentionally exposed to several nano-sized particles through
dermal, oral and pulmonary routes. Applications of nanotechnology is keep increasing in the
following four key Agri-food sector that includes agriculture & farming, food processing, food
packaging and nutraceutical supplements industry. These applications imply inadvertent
exposure to such nanomaterials throughout our lifetime often without being aware of them.
Despite the rapid development of its use in the food sector, little is known about the fate of
ingested dietary NPs in the GIT (gastrointestinal track) of human body and we still require an
extensive knowledge to understand the kinetics of different dietary NPs during in- vitro/in-
Vivo bio-nano interaction by considering all factors that could possibly influence the biological

identity of the ingested nanoparticles (iNPs).

Despite the fact that oral cavity is an important portal of entry, interaction between salivary
proteins and ENMs are seldom studied. Mostly the previous studies are focused on interaction
between blood plasma and ENMs in an effort to understand the fate of NPs entering the blood
circulation whereas a less likely event in comparison to NPs entering the oral cavity. Moreover,
as the protein corona composition varies in respect to the route of exposure to the human body
, It is very essential to understand the mechanism of ENMs interactions with different
physiological environment and characterize the protein corona at its bio -nano interface with
different combination of proteins and biological fluid representing different compartment of
the GIT of Human system, to know its differences and implications for the development and

risk assessment of dietary NPs.



1.2 Résumé :

Nous sommes exposés continuellement, de facon intentionnelle ou non, a plusieurs
nanoparticules, que ce soit par les voies dentaires, orales ou pulmonaires, la voie orale étant la
voie principale des nanoparticules. Simultanément, 1’application potentielle des
nanotechnologies dans les secteurs clés du domaine de 1’ Agro-Alimentaire ne cesse de croitre,
que ce soit en agriculture, en transformation alimentaire, en emballage alimentaire ou bien en
suppléments nutraceutiques. Ces applications impliquent une exposition inévitable a ces
nanoparticules tout au long de notre vie souvent sans méme s’en rendre compte. Malgré le
développement rapide de son utilisation dans le secteur alimentaire, on a peu d’information sur
le sort des nanoparticules ingérées dans la diete dans le systéme gastro-intestinal de 1’étre
humain. De plus, nous requérons de vastes connaissances afin de comprendre la cinétique de
différentes nanoparticules ingérées dans la diéte pendant 1’interaction bio-nano autant in vitro
qu’in vivo en considérant tous les facteurs qui peuvent possiblement influencer 1’identité

biologique des dites nanoparticules.

Malgré le fait que la cavité orale est une porte d’entrée importante, 1’interaction entre
les protéines salivaires et les nanoparticules synthétiques n’est pratiquement pas étudiée. Les
¢tudes précédentes sont principalement concentrées sur I’interaction entre le plasma sanguin et
les nanoparticules synthétiques dans I’optique de comprendre la destinée des nanoparticules
qui entrent dans le systéme circulatoire, une interaction beaucoup moins probable que 1’entrée
de nanoparticules par la cavité buccale. De plus, alors que la «couronne» de la protéine varie
en fonction de la route d’exposition au corps humain, il est essentiel de comprendre le
mécanisme d’interactions des nanoparticules synthétiques avec différents environnements
physiologiques et de caractériser la couronne de protéines a son interface avec différentes

combinaisons de protéines et de fluides biologiques representant différents compartiments du



systeme gastro-intestinal du corps humain, de connaitre ses différences et ses implications pour
le développement ainsi que de faire 1’évaluation des risques des nanoparticules ingérées dans

la diete.

1.3 Objective:

The objective of this literature is to start with the background of basic understanding of
nanotechnology and its application in food industry focussing particularly on three main dietary
NPs such as SiO», TiO2 and Nano Silver. In most of the intravenous administration blood is
considered to be the first physiological environment that an ENM encounters. However,
considering dietary NPs, oral exposure and ENMs interaction with proteins/biomolecules that
are majorly present saliva needs focused studies to understand the fate of iNPs. Thorough
understanding of protein corona formation and characterization of ENMs with protein corona
forms background information for my experiment design and rationale to support knowledge

gaps in NP-saliva interactions.

Neither the bio-reactivity of the protein corona at different physiological environments been
adequately evaluated nor the knowledge of exposure of dietary NPs in oral cavity investigated
in detail. This review article examines current understanding and major knowledge gaps in the

interaction of NP with salivary components. Topics discussed in this review are,

1. Introduction to nanotechnology applications in food and entry to oral route

2. The formation of protein corona and its possible changes in the composition in
accordance with change in several factors of the ENMs physicochemical properties and

the physiological mediums relevant to routes of entry.



3. Technical approaches to study the characteristics of protein corona and recent

developments in the field of characterization using several techniques.

4. Human salivary proteins data source which helps to compare and predict the reliable

experiment design for its interaction with ENMs.

5. Summary on the Interaction between ingested dietary NPs and the GIT

(gastrointestinal track).

1.4 Introduction:

Nanotechnology is the formation and manipulation of functional materials, devices and
systems through the manipulation of matter at a length scale of 1-100 nm, wherein materials
shrunken to billionth of a meter (10° m) acquire considerably different material properties in

comparison to their bulk counterparts [1].
Nanomaterial Definition:

According to Health Canada nanomaterial is any manufactured product, material substance,
ingredient, device, system or structure to be nanomaterial if: (a) It is at or within the nanoscale
in at least one spatial dimension, or (b) It is smaller or larger than the nanoscale in all spatial
dimensions and exhibits one or more nanoscale phenomena [2]."For the purposes of this
definition: The term "nanoscale” means 1 to 100 nanometers, inclusive; The term "nanoscale
phenomena" means properties of the product, material, substance, ingredient, device, system
or structure which are attributable to its size and distinguishable from the chemical or physical
properties of individual atoms, individual molecules and bulk material; and, the term
"manufactured” includes engineering processes and control of matter and processes at the

nanoscale." [2].
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Despite the recent explosion of NP (NP) research, synthesis and use, NPsS/ENMSs are not a
recent innovation as the nanotechnology has been utilized throughout human history where the
invention and scientific breakthrough has progressed tremendously over the years. Naturally
occurring organic NP includes exosomes, lipoproteins and some viruses (Refer figure 1.1). In
fact, humans are naturally exposed to NPs on a daily basis and always have been. For instance,
the process of digestion in our GIT track breaks food down in to nanoscale particles for the

absorption of nutrients from the food we eat.
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Figure 1.1 Schematic representation of the size of the nanomaterials relative to biomolecules
and other familiar things.

[3].
It has also been discovered that people have used NP for their optical properties dating back to
4™ century of roman times [4]. Michael Faraday’s experiments on the interaction of light with

gold NP dispersions are considered the beginning of modern colloid science and thus nanoscience

[5] with an illustration of is evolution as mentioned below.

YEAR HISTORY OF NANOTECHNOLOGY
1981 Scanning tunnelling electron microscope that could process single
atoms.



1985 Discovery of fullerene, 60 carbon atoms in a circle (C60).

1992 Discovery of carbon nanotubes that are stronger than steel; can be

used in drug delivery, energy storage, and power transmission.

1993 Discovery of quantum dots.

2000 Construction of passive NPs for applications as nano fuel cells and in

products of daily use, including cosmetics.

2005 Construction of active NPs for target directed drugs and other adaptive
structures.
Future Nano systems, hierarchical nanoarchitectures, atomic devices, nano

DNA-based computers, diagnostic robots, etc.

1.6 What makes NPs Unique:

Their extremely small size and high surface area are associated with their greater strength,
stability and chemical and biological activities. Therefore, nanotechnology enables
development of novel materials with a wide range of potential applications which brings a
combination of benefits, promises, risks, and uncertainties [6]. Two of the major factors why
NPs have different properties (optical, electrical, magnetic, chemical and mechanical) than
bulk material are because in this size-range quantum effects start to predominate and the
surface area to volume ratio is increased [7]. The increase in the surface-area-to-volume ratio
is a gradual progression as the particles get smaller which leads to that atoms on the outside of
the particle will increasingly begin to dominate the one’s inside the particle. This changes the
individual properties of the particle and how it interacts with other materials in the

surroundings. Due to which, nanotechnology-based application has improved, and in some



cases revolutionized many industrial sectors, some of which are very close to our everyday life

such as the agriculture, food, medicine, pharmacy, cosmetic, and personal care.

1.7 Classification of Nanomaterials:

Different Classification of nanomaterials depending on the source and physico-chemical
properties are mentioned in Table: 1.1 [8-14].Natural and artificial nanomaterials are the major
classification type which is based on the origin. Natural nanomaterials originate from animals
or minerals without any human intervention or processing such as natural nanomaterials from
minerals, clay and natural carbon NPs from diamond and graphite, as well as nanomaterial
from space, animals such as chitin, sponge fibers, collagen etc. [14]. Intentionally produced
ENMs are designed with very specific properties (i.e. size, shape, surface charge, surface area,
functionalization/coatings) which may be made completely from inorganic materials such as
metals (e.g. iron, silver, gold, zinc, titanium), and metal oxides (titanium dioxide, silica, zinc
oxide, cerium dioxide, etc.), and other materials that include carbon (CNT), nanopolymers,
fullerenes, chalcogenides (selenides or sulfides) of metals like cadmium or zinc. Moreover,
ENMs are commercially available as dry powders or dispersed in liquids, usually with organic

stabilizers [10].



Table 1.1 Classification of NPs based on the source and the physico chemical properties [8-
14].
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1.8 Nanotechnology in Food Industry:

Nanotechnology in food industry is said to be revolutionary and is giving scientists the ability

to increase the functionality, efficiency, and customizability of our daily food [15].
Nanotechnology can be used in all phases of food production chain from the field with
agricultural production till the industrial processing, packaging, transportation, storage,
security, safety and quality [15-19]. The nanoscience that has been and is being intensively
researched by experts in the field of food industry includes major four areas such as agriculture,

food processing, food packaging and supplements with other innovative
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Nano-based fertilizers, pesticides
and fungicides.
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Figure 1.2 The functionality, applicability and safety assessments of nanotechnology in food

industry [16, 20-24].

applications like sensory improvement, increased intestinal absorption, more efficient targeted
delivery of nutrients, bioactive compounds and stabilization of active ingredients using

nanosized additives as depicted in Figure 1.2. [16, 19, 21-27] .

1.9 Is Nanotechnology a Safe Application in Food Sector?

As with any new technology or novel product, a potential risk includes impacts on long term
health and the environment. However, we should accept the fact that just because the material
is “Nano” it does not have to be necessarily riskier than other materials or chemicals that goes
in to the food causing health hazard. The use of NPs within food sector found to be used as
supplements and additives that prolong shelf-life for fresh and processed foods with major
focus of its application in the processing and formulation of food ingredients to form
nanostructures that are claimed to offer improved taste, texture, consistency, enhanced

bioavailability and allow mixing of incompatible ingredients in food matrix [28-30]. However,
9



the majority of the NPs in food production reported a few years ago were non-biodegradable
metals and metal oxides [31].As per the report of the inventory of nanomaterials in food, feed,
and agriculture performed by European Food safety Authority (EFSA) , it showed a trend
from inorganic materials to organic nanomaterials with indication of most commonly used
nanomaterials are nano-encapsulates, silver, SiO2 and TiOz and 55 types of nanomaterials in
12 different applications were identified with the most common application as food additives
and food contact materials [32]. As per the report of Bhupinder in 2010 [33] it was noticed
that the use of ENMs are not tested for the safety nor regulated its use in more than 100 food
products, food packaging and contact materials currently on the market, without warning or
new FDA testing .However , report from the Project on Emerging Nanotechnologies (PEN)
has attempted to develop an inventory of nano enabled consumer products, has identified 117
food and beverage products use nanotechnology including food , food storage products ,

supplements and products used for cooking [34] .

Despite the potential benefits of nanotechnology in food supply chain from farm to fork, there
are gaps in understanding the safety of its application and lack of enough evidence to prove is
toxicity and health hazard to human [35]. It is clear from the above illustration (Figure:2) on
the possible potential nano hazards and quality issues from the nano foods or nano products
used in the food value chain. This strongly recommends considerable research and great
attention towards characterization of the nano hazards and safety risk assessment of ENMs/NPs
used at all stages from manufacture till exposure travelling in the food chain with a stringent

regulatory surveillance [35, 36].

1.10 Nanofood and Commonly Used ENMs in Food & Food Packaging Industry:

10



The term “Nanofood” are differentiated from regular food products when the use of ENMs and
or nanotechnology techniques & tools used during the cultivation, production, processing, or
packaging of the products with wider application in improving nutrient bioavailability,

improving physico chemical properties and or controlled release of the target compound in the

Nanomaterials for food and feed
applications and food contact materials

|
|
@ Organic

O @ O © ®@ O e

Combined
% organic and Inorganic
inorganic

Micelles and Polymers, Surface- Surface- Clay Metal and Fullerenes and
nanodelivery composites, modified clay modified metalloids carbon
systems and emulsions metal or nanotubes
metalloids

Figure 1.3 Types of nanomaterials used for food, feed and food contact surfaces. Adapted
from [32] .

system through the possible techniques like nano emulsion, micelles and nanoencapsulation

[16, 19, 20, 26].

In recent years, major group of ENMs [31] as showed in Figure 1.3, have attracted great interest
especially organic NPs for vitamins, antioxidants, color, flavors, preservatives, and active
ingredients in the food processing line and food products. Whereas, inorganic nanomaterials
are used in food and food supplements and the same with polymer matrices are used in food
packaging applications [37]. They help in improving the food’s flow property, colour, and
stability. The effectiveness of the NPs in the food depends on its bioavailability in a system
[16] [31, 32] . In food packaging, ENMs gained attention to improve the stability, flexibility
and gas barrier properties of packaging, to actively utilize the antimicrobial or oxygen
scavenging NP to keep food fresh longer, to add nanosensors which can detect and respond to

the freshness of the package content and to make packaging biodegradable with the applicable
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ENMs like silver, Zinc oxide(ZnO), magnesium oxide (MgQO) for their antimicrobial
properties, titanium dioxide (TiO.) for its UV absorption properties, and nanoclay which can

limit the gas permeation. [16, 19, 20, 25, 26].

1.11 Food Application and Surface Properties of Commonly Used Dietary NPs SiOz,

TiO2 and Ag NPs:

NP are currently made out of a very wide variety of materials; inorganic particles are primarily
used for two tasks. They are used as additives in food processing, like the food colours E171
titanium dioxide and E174 Silver, or as anticaking and anti-foaming agents, like E551 Silicon
Dioxide, E552-559 Silicates, E529 Calcium Oxide and E530 Magnesium oxide. These
substances are not necessarily defined as NPs, but it is expected that the size distribution of
each substance will when used, include NPs. The most common of which is SiO» TiOz and
silver NPs [7]. TiO2(E171) is a photocatalytic disinfecting agent and a food colorant used as
food whitener [18]. Silver NPs prove to be effective as antibacterial agent and hence protect
the food from microbial infestation. The usage of carbon nanotubes in food packaging is

limited due to its potential toxicity [18].

1.11.1 Physical Properties and Surface Chemistry of Food Grade Silica:

Silica is a porous, amorphous material composed of honey comb like porous structure
consisting of SiOz tetrahedra covalently bonded to each other with pores of 2-50nm in diameter.
The common food grade silica E551 which is a food additive is a synthetic form of amorphous
silica originating from four different routes to form pyrogenic silica, precipitated silica, silica
gel and colloidal silica. It can be synthesized from a silicon source such as

tetraethylorthosilicate (TEOS) by the process of hydrolysis under agueous conditions and then

12



condensed to form the material [38, 39]. The process is illustrated in the chemical reaction

given below:
Hydrolysis: Si(OCH2CH3)a(aq) + 2H20¢) = Si(OH)a(aq) + 4CH3CH20H (ag)

Condensation: (HO)3Si-OH(ag) + HO-Si(OH)3@q) = (HO)3Si-O-Si(OH)a(s) + H20()
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Figure 1.4 Various techniques for the synthesis of silica. Adapted from ref [39].

The size and arrangement of the pores and different surface groups in the material is generally
controlled by the synthesis conditions with predominant surface groups of silanols (Si-OH) or
siloxanes (Si-O-Si) and possess several unigque properties such as high surface area > 1000 m?g
-1 large pore volume etc. The nano-porous structure of silica allows the surface to modify
with a specific functional group which can create hydrophobic, hydrophilic or fluorophilic
surfaces (Superhydrophobic coating). The hydroxyl terminated silica exhibit a large negative
zeta potential at neutral and basic pH whereas, the amine terminated silica colloids yields

positive zeta potential at acidic pH.
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1.11.2 Application of SiOz in Food:

The conventional form of SiO2 is known as the food additive E551, used in the food industry
as anticaking and thickening agent in food products [15, 16, 30, 40] which helps in adsorbing
the water molecules in food, thus displaying hygroscopic application. SiOz-gallic acid NPs
were used as a novel Nano antioxidants to protect against chemical ingredients based on its
scavenging capacity of 2,2 diphenyl-1-picrylhydrazyl radicals [20]. These SiO2 NP can also
act as a carriers of flavors in food and non-food application through nanoencapsulation
techniques [41]. The silicate NPs were also found to be used in food packaging as
nanostructured films to reduce the entry of oxygen inside the packaging material and keeps the
food fresh for longer time by preventing oxidation and moisture loss. The E551 Food additive
are not necessarily defined as NPs, but it is expected that the size distribution of each substance
will when used, include NPs. However, Several studies found that the food products including
E551 contain Nano silica fraction depending on the total silica concentration, where the particle
sizes were ranging from 30-200nm and it also suggest that,upon consumption of foods
containing E551, the gut epithelium is most likely exposed to nanosized SiO2 [40]. According
to the recent re-evaluation report by the Scientific Committee on Food of the European Food
Safety Authority (EFSA), the estimated intake of silicon derived from silica used as an additive
is 20-50 mg silicon per day in a 60 kg person [42, 43]. Dekker’s et al analysed food products
including E551 and found that they contained silica NPs at concentrations ranging from <0.1

to 6.9 mg/g product and with particle sizes ranging from 30 to 200 nm [41].

1.11.3 Physical Properties and Surface Chemistry of Titanium Dioxide:

Titanium dioxide NPs are one of the top five types of nanomaterials used in consumer products
also known as Titania. It is the naturally occurring oxide of titanium and can be purified from

ilmenite ore and exists in three main forms such as rutile, anatase and brookite. However,
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anatase TiO> has been reported to be more reactive than rutile form and each of which has

unique properties and uses [44-46].

Figure 1.5 Crystal structure of Anatase (on the left) and Rutile form of TiO2 (on the right).
Adapted from [46].

Due to its stability and physical properties, TiO- particles are found to be used in food industry
where, there are two kinds of TiO particles in which the size range of 250 to 350nm called as
pigmentary TiO2 and the nano -TiO. with the range of under 250nm [47]. Depending on the
type of synthesis , the size, shape , chemical functionalization and the crystalline state of the
TiO2 NPs will vary and moreover there are number of routes for the synthesis of TiO> NPs
such as Sol gel method, Micelle and inverse micelle method, Sol method, Hydrothermal and
solvothermal method [47, 48]. Solvothermal method found to be more reliable over other
different methods because of its better size control NPs with higher crystallization and less
agglomeration[49] .Titanium dioxide had been approved by USFDA and as the anatase form
has been accepted as food pigment much longer than the rutile form, it seems plausible that

this form is still the most used in food products as a white pigment and food colorant.

1.11.4 Application of TiOz2 in Food:

In food, titanium dioxide is widely used as a white pigment and food colorant agent and for

creating a specific texture quality. Rutile TiO2 has been reported to be the active form in food
15



colorants. In food packaging, smaller TiO> particles used in food storage due to its higher UV-
blocking properties as well as nanosized TiO2 showed good results in preventing microbial
growth. The polymers are highly engineered to form nanocomposites with metal oxide NPs
like TiO2 to form a nanocomposite with TiO2 by using LDPE as part of the composition. It is
marked with E-number E171. The other dominating source of TiO is toothpaste with a
significant amount of >1%. In addition to that , the nanoform of TiO; are exposed to humans
through cosmetics and sunscreens both through dermal and inhalation pathways[50]. As a food
colour, the titanium dioxide particles are ideally 200-300 nm in diameter[50]. Under current
legislation this is not defined as NPs (<100nm) [44, 51, 52]. However, several research studies
demonstrated the presence of NP fraction in E171 and reported that approximately 36% of
the number of particles in E171 were <100nm in at least one dimension [52]. The nanoform of

TiO2 is not licensed as a food additive [51].

The daily intake of titanium dioxide from food is estimated to be 5400ug/person /day and about
90 pg/kg bw/day in the United Kingdom [53]. Candies, sweets, and chewing gums found to
have the highest content of titanium (0.01-1 mg titanium per serving) [50] and based on Weir
et al. study [50] , they have found 36% of the E171 particles are in nanosized referring 89
products, which would lead to an oral exposition between 0.07and 1.08mg/kg bw/day of nano
TiO2 . By separating titanium particles from food products, Chen et al [53], showed that more
than the expected number of foods contained titanium dioxide NPs with diameters of <200 nm.
The same authors also showed that the titanium dioxide in gum, more than 93% of which are

NPs, easily comes out of the gum during chewing and is ingested [53] .

1.11.5 Physical Properties and Surface Chemistry of Nano Silver:
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Silver NPs can be produced with various sizes and shapes depending on the various synthesis
and fabrication procedures. It can be functionalized with a wide range of polymers like
polyvinyl pyrrolidone (PVP) and tannic acid as a capping agent for silver NPs. The particles

can be functionalized with molecules to change the surface charge of the silver NPs from

g $° negative charge to a positive charge surfaces and as
Mo g il
‘ i *E«H "' well as with reactive groups like amine or carboxy
Hfo\/‘hpf.?..o H'oﬁ/\o‘{"‘
Ic{H 7 “\é H:H terminated surfaces (Refer Figure 1.6) [54]. The NP
8 02 : can be synthesised by physical, chemical and

_ biological methods where, spark discharging and
Figure 1.6 Structure of PEG -Ag

nanoparticle pyrolysis are conventionally used method whereas,

in chemical method the reduction of silver salt involve nucleation and subsequent growth
with  techniques like cryochemical synthesis, electrochemical reduction , thermal
decomposition etc. [55]. Moreover, the surface properties of the Ag NPs change its behaviour
in respect to the change in the nature of capping agent used in during the process of synthesis

by chemical reduction.

1.11.6 Application of Nano Silver in Food:

The Silver NPs are widely used in the food industry due to its attractive optical, electrical,
thermal and biological properties for several applications including sensing and antimicrobial
agent. The antimicrobial property of the AgNPs is dependent on the size and shape by showing
increased activity with decreased particle size (Higher surface area to mass ratio), where the
particles get accumulated in the cell wall of the bacterial cell and form pits and catalyse the
generation of ROS in bacterial cells leading to cell death through oxidative stress [55] [15].
Silver NPs are majorly used in the food contact material where number of silver containing
zeolites are approved by U. S. FDA to use in food contact materials for the purpose of

disinfection. At one side, the silver nanocomposites are suggested to be safer for food
17



packaging applications based on the detection of no significant levels of AgNPs migrated from
packing materials and food contact surfaces in to the food [20]. However, there are several
toxicology studies on silver NPs with growing evidence suggesting the dietary exposure of
AgNPs can cross the gut epithelial cell and get absorbed to blood and reach several organs in

the body causing health effects.
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1.12 NP -Protein Corona:

1.12.1 Introduction:

The fate of dietary NPs was majorly studied on blood proteins (Plasma and serum protein)
despite the fact that, saliva is the one of the body fluids that could encounter with NPs during
the ingestion. As NP moves from one physiological compartment to another, for instance, from
saliva to gastric juice its biological identity can evolve[56-58]. Adding to the fact that, each
physiological environment has its own distinct set of proteins that interact in a unique way with

the NPs.

1.12.2 What is Protein Corona:

Upon ingestion of dietary NPs, a combination of proteins present in the physiological medium
will interact with the surface of a NP, adsorb proteins and other biomolecules such as
phospholipids, sugars, nucleic acids and so on due to their nano size and high surface free
energy, forming a biological coating around the NP, generally referred to as protein corona

which affects the biological identity of ENMs.

1.12.3 Evolution of the Concept of NP Corona:

The importance of protein adsorption in biological interaction and responses to pristine NPs
surfaces found to be evolved from the protein adsorption work by Vroman in 1962 [59]. Since

after ,subsequent protein adsorption studies was carried out by different research groups where,

1960s 2007 2017

‘Protein adsorption’ ymolecular corona’
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Figure 1.7 The evolution of the concept of NP corona. Adapted from [60] [61].

the concept of protein corona was proposed in 2007 by Cedervall et al, to describe the

formation of protein layers on to the surface of NPs [60, 62] .

The term protein corona has been evolved to Biomolecular corona as the NPs are ingested, the
surface of the NPs is altered by the adsorption of several kinds of biomolecules such as sugars,
lipids and particularly proteins as well as food components in the GIT competing to forma a
dynamic Biomolecular corona. An original corona forms when the ingested nanomaterials
comes in contact with the fluid of contact at first and on subsequent translocation across the
pathway, some biomolecules from the original corona may be displaced by different
biomolecules in the new compartment forming a new corona. Partial displacement of the
original corona by intracellular biomolecules could potentially can occur at any stage along the
pathway. Hence, the fact that biomolecular corona defines the biological interactions of NPs

were more relevant than the protein corona in enabling Ex vivo and in vivo investigations [63].

oo - As referred in Figure :1.8 [64], the term “Hard protein corona”
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Figure 1.8 : Biomolecule an outer rapidly exchanging layer of weakly bound proteins

corona models: Hard & Soft

which is not directly interacting with the NPs called “soft
Corona

corona”. The most controversial issues in the protein corona
literature is the definition and distinction of the ‘hard’ and ‘soft’ coronas. Hence, the term
Biomolecule corona is used for the analytically accessible NP-Protein complexes simply as

the protein corona [65].

1.12.4 Current Knowledge on the Biological Identity of NPs:
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The formation of protein corona and aggregation of NPs within the physiological environment
gives a new biological identity that is different from its pristine properties. From many
literature and studies, it is increasingly being accepted that, biological identity of a NP is what
a biological entity like cells, tissues and organs can see and interact with rather the original
pristine surface of the NPs. This surface bio-transformation of NPs is therefore influencing
their cellular /tissue response and toxicological profile depending on the composition of the
protein corona involving in mediating further interaction with the surrounded physiological

environment [58, 66, 67].

Synthetic
Identity

Figure 1.9 The relationship between identity of pristine NP, biological identity and the
physiological response. Adapted from [68].

The above picture relates the co -relation of the three expected possible forms of NPs. Firstly,
the pristine identity of the NPs is the size, shape and surface chemistry of its post-production
whereas, the biological identity is the size and aggregation state of the NPs in the biological
medium, along with the structure and composition of the protein corona. The physiological
response is the subsequent interaction of the NPs with proteins, other biomolecules, biological

barriers and different cell line in the human body.

1.12.5 Mechanism and Kinetics of Protein Adsorption:
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Proteins are polypeptides with a defined conformation and carry a net surface charge
depending on the pH of the surrounding medium. Adsorption of proteins at the nano-bio
interface is aided by several forces such as hydrogen bonds, solvation forces, van der waals
interactions, etc. The overall protein corona complex formation is a multifactorial process and
not only depends on the characteristics of the NP, but also on the interacting proteins and the
medium. Specific association and dissociation rates for each protein decide longevity of their
interaction with the ENMs/NPs surface. Irreversible (or at least long-term) binding of proteins
on the NP leads to formation of a “hard corona” whereas quick reversible binding of proteins

that have faster exchange rates defines a “soft corona”[62, 65, 69-73].

When a NP enters the physiological system, it is believed to be surrounded by high
concentration of free proteins where, the proteins migrate to the ENMs Surface either by
diffusion or by travelling down a potential energy gradient [61, 62, 68]. Protein adsorption
occurs spontaneously only if it is thermodynamically favourable [74] [68] and every interaction
between the protein and the NP occur through a portion of the protein called domain where
simultaneous interaction of multiple domain of same protein with the NP surface is also
expected [68]. The stability of the NP-Protein binding is dependent on the binding energy of
the involved event of adsorption [68, 75, 76]. Generally, proteins that adsorb with larger
binding energy will have a low probability of desorption and tend to stay associated with the
surface of the NPs referred to as hard corona. On the other side, proteins that adsorb with low
net binding energy will easily desorb and dissociate from the corona structure. For instance,
the charged or hydrophobic NPS are more likely to form more stable interactions with proteins
than the hydrophilic NPs. The rate of association and dissociation of a protein to a NP are
described by the parameters Konand Kosf in which the balance between Kon and Kofr determines
the affinity of a protein to the NP, called dissociation constant Kq. Generally, Proteins that

adsorbs with a high binding energy will have low K o and the value depends on the binding

22



energy of the NP-Protein complex. Measuring the Kon and Koff value for every single protein
which compete for the binding site of the NPs in the complex physiological solution is
unfeasible. As an alternative , Cedervall et al .[62] modelled total plasma protein adsorption
using a biexponential function which divides protein adsorption and desorption into fast and
slow components each with its value of Korand Kosr. It was noticed that, during the adsorption
of plasma protein the fast component/hard corona formed in seconds while the slow component
took minutes to hours for the formation. On the other side, the mean life time for the pattern of

desorption is ~10 minutes for the fast component (soft corona), and -8 hours for the slow

component (hard corona). Another methodology in a time resolved manner was studied by
Walczyk et al. [77] , to follow lifetime of protein corona of several types of nanomaterial in
plasma and figured that protein corona are sufficiently long lived and most likely to be what

the cells sees rather than the nanomaterial surface.

Generally, ENMs tend to form aggregate in a solution with high ionic strength as a result of
charge shielding. As the formation of hard corona occurs so fast in just seconds, it behaves to
be a stabilizing layer against aggregation by particle contact. For example, the pH variance
within the gastrointestinal compartments can affect aggregation status [78] and alter surface
chemistry, particularly in NPs where zeta potential is highly dependent on pH and citrate

stabilized gold NPs aggregate immediately in PBS but are stable in Plasma [79].

Proteins are in a continuous state of dynamic exchange when adsorbed on to the surface of the
ENMs. At any time, a protein may desorb allowing other proteins of the same or different
identity to interact on to the NP surface. This change in the composition of the protein corona
resulting from continuous adsorption and desorption are known as the “Vroman effect [59, 73].”
This effect takes into account that the identities of the adsorbed proteins can change over time

even if the total amount of adsorbed protein remains constant. During the initial formation of
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the protein corona, proteins with the highest association rates adsorb to a NP first and if these
proteins have short residence times, they will be replaced with other proteins that may have
slower association rates but longer residence times. This ‘Vroman effect’ can be divided into
“early” and “late” stages where the NPs upon entering the biological environment are rapidly
adsorbed by high abundance and fast dissociation plasma proteins such as albumin, fibrinogen
and IgG and later replaced by the low abundance and slow dissociation proteins by

apolipoproteins [80, 81].

As it is noted that, the composition and structure of the protein corona is time dependent and
changes from early stage to the late stage. Hence the characterization study of protein corona
composition has to be observed on the time scale for the various investigation of the biological
behaviour of the dietary NPs such phagocytosis, cellular uptake, and toxicity. Vilanova et al .
[67] modelled a computational approach to understand the kinetics of corona formation for 100
nm silica NPs in a model plasma made of human serum albumin, transferrin, and fibrinogen.
They were able to find the evidence of memory in the corona formation when the environment
changes and proposed a mechanism that could account for this effect. Hence this memory effect
can be interpreted as a consequence of how the adsorption on the NP changes the interaction
of the first incubated protein with those adsorbed at later time and this approach is particularly

relevant for the NPs travelling through body of different physiological medium.

1.12.6 Formation of the Protein Corona:
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The simultaneous adsorption of many proteins by a combination of protein—NP and protein—
protein interactions in the respective physiological medium is responsible for the formation of

protein corona where each interaction will have its own binding energy.
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Figure 1.10 The formation of Protein corona and exchange of adsorbed proteins over time in

physiological. Adapted from [82].

The dynamic process of protein adsorption and the evolution of protein corona had been
extensively studied following ex vivo incubation of NPs with plasma where, the observation
of protein corona formation is highly dependent on the incubation conditions of the NPs with
biological fluid, purification protocol to separate bound protein from NPs and experimental
approach employed to characterize the protein corona. However, the formation of protein
corona in different physiological media and under dynamic in vivo conditions remains largely

unexplored.

1.12.7 Composition of Protein Corona:

The major element of the biological identity of the NPs are the biomolecule corona which is
unique to specific physiological environment in the human body. The physico-chemical
properties of such a corona covered NP often differ significantly from those of the pristine

particle formulated during manufacturing.

As the composition of the protein corona changes over time due to the competition between

more than 3,700 proteins in the plasma for adsorption on the NP surface and its long and short
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exchange times. In most of the cases, proteins with high abundance in the plasma are adsorbed
on the surface, and over the time, they are replaced by proteins with lower concentration with
higher affinity. To date investigations of protein corona composition shows that the protein
corona is complex and highly individual to the nanomaterials in question and the biological
medium in which they are investigated. It is also observed that, even though the blood plasma
contains thousands of different proteins with different abundance, the most abundant ones need
not be present in the protein corona. It is clear from the above fact that, the composition and
evolution of the protein corona is not only influenced by the NPs properties but also by the
properties of the physiological media [58, 68, 75, 83-85]. Based on the assumption of
Lundgvist et al, the compositional change of NPs in different biological medium can reveal
the transit history of NPs through different physiological environments [56, 86]. The prediction
of the composition of corona in a complex medium still remains challenging besides knowing

the properties of NPs in the bio nano interface and the other influencing factors of it [66].

All the protein corona studies are majorly performed in serum and plasma proteins which lacks
the condition of true stimulation of in-vivo state where, it is believed to have difference in the
composition of the corona due to various biomolecules present in the environment. This fact
was proved by Lundqvist et al [71] by investigating the corona composition of silica NPs in
plasma proteins where the result showed a distinct difference in the composition of the protein
corona formed in whole blood, whole blood with EDTA , plasma and serum. Even though the
source is whole blood , the model is a simplification of a in vivo in which other factors
influencing the corona formation like the blood flow, pressure and other bio molecules in the
system is missing and hence its shows complexity in determining exactly the fate of NPs

after entering the biological fluid [71].

The identity and possible changes in the structure and composition of the protein corona can

significantly affect the NPs fate and behaviour due to their physical and chemical interactions
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with the biomolecules. Likewise, physico chemical properties of the NP such as size, shape,

surface charge etc. can also define their behaviour in the biological medium.

1.12.8 Influence of Protein Conformation on Protein Corona:

Proteins are the chains of amino acids, where the sequence of the amino acids determines the
protein's structure, and function. When the protein is bound to NPs to form protein corona,
proteins may rearrange their structures to adapt to NPs surface and surrounding environments
and the process is known as “conformational changes” [87]. As protein functions depend on
their secondary and tertiary structures, the change in protein structure due to the change in the
secondary and/or tertiary protein structure, which can significantly affect their functions and
activities due to the dynamic changes of exposing conditions or thermodynamically favourable
if it allows either charged or hydrophobic regions of proteins to interact with either
hydrophobic or charged NPs [68, 75, 87]. The NP-Protein interactions are managed by certain
forces such as Van der Waals Interactions, electrostatic interactions, hydrogen bonding (H-
bond), hydro-phobic interactions and n-rm stacking interactions where each of these forces
depends on various parameters including the sizes, shapes, charges and chemical
functionalities of the NP surface (Figure 1:11) [88]. H-bonding between uncharged hydrophilic
parts of the protein and polar residues on the surface of the NP interactions are individually

stronger than VDW, but usually less abundant in agueous physiological environments [89].
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Figure 1.11 The Biochemical interactions at the bio-nano interface. (A) Vander Waals force
(B) Electrostatic interaction (C) Hydrogen bonding (D) Hydrophobic interaction. Adapted

from the reference [88].

The correlation between size of ENMs and proteins are the most important factors that
determine the proteins structures. For example, proteins tend to stretch with NPs with sizes
bigger than themselves. Whereas with smaller NPs the interaction between protein and NP
may cause less structural changes [89, 90]. Even the surface charge of the NPs has a strong
influence in affecting the secondary structure of proteins. For instance, gold NPs were modified
with amphiphilic polymer to obtain an identical physical property with different surface charge
in order to study the charge dependent interactions of ENMs. The results showed that, BSA
retains its native structure with negatively charged gold NP whereas, the positively charged NP
showed a conformational change of BSA with faster cellular uptake which might be caused
due to the influence of change in the surface charge of the ENMs [90, 91]. Moreover, it was
found that the conformational changes of proteins after desorption are usually irreversible with
a noticeable pattern where hydrophobic NPS undergo higher conformational change compared

to hydrophilic NPs [92]. Thus, interaction with a surface can easily disrupt the native
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conformation and, therefore, the protein function which has implications for the biological

impact of NPs.

Another study on pH dependent conformational change was studied by Shang et al, in the BSA
protein by using different spectroscopic techniques such as UV-Visible spectrophotometer,
fluorescence spectrophotometer, circular dichroism, and FTIR. It was observed that , the
conformation change of the protein occur at secondary and tertiary structure level with an

observation that higher pH contributed to the maximum changes at the protein structure [93].

As protein function is directly linked with the protein conformation , understanding the type
of conformational change in protein upon interaction with the NPs is important. However, it’s
quite challenging to determine the structural change as these conformational changes could be
reversible or irreversible. It is very important to study the change as the irreversible alteration
of protein conformation is a recognized molecular mechanism of injury and can contribute to
disease pathogenesis [94, 95] following protein dissociation from the surface of the NPs. The
subsequent biological responses to the unfolded proteins are highly affected by their
conformational changes. This can induce subsequent biological responses to the unfolded
proteins (Figure: 1.12b) .Therefore better understanding of the consequences of the interaction

with NPs on the protein conformation is essential to develop a safe use of dietary NPs [96].
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Figure 1.12 Effects of Protein corona surrounding a NP. (A) Pre-existing or initial material
characteristics contribute to corona formation in a biological environment. (B) Interactions
with the NP surface causing potential alterations in protein structure and function which can
give rise to possible molecular mechanisms of injury that may contribute to disease
pathogenesis. Adapted from the reference [89]. *The colored symbols denote many kinds of
proteins, such as charged, lipophilic, conformationally flexible proteins, catalytic enzymes with

sensitive thiol groups, and proteins that gather together or interact to form fibrils.

1.13  Analytical Approaches to Study the NP -Protein Interactions:

A better understanding of the biological effects of NPs requires knowledge of the binding
properties of proteins that associate with the particles from realistic mixtures of proteins such
as those in biological fluids in different compartment of human Gl tract. However, the isolation
and identification of particle-associated proteins is not a simple task, as the protein corona
constantly evolves over time following Vroman’s effect and also evolves as the NP transit
through different compartments of human body [70, 83]. Understanding the nature of the NP-
protein corona complex and its impact on NP physicochemical properties and cellular uptake

is critical and important for understanding the fate of NPs in the body. In order to extend our

30



study in this area, we need more realistic and mechanistic approach to study and understand
NP-Protein corona complexes due to the complex and dynamic nature of the biological
environment. Hence, it is quite challenging to reliably characterize a protein corona for in vivo
condition where multiple factors influence its formation and response towards the cellular

response.

The protein corona can be characterized either directly or indirectly using several techniques
by determining total quantity, density, thickness, composition, relative abundance of each
protein, protein binding affinity, and protein conformation [82]. For instances, the adsorbed
proteins can be analysed directly with mass spectrometry, Circular dichroism, etc, and can be
compared with indirect techniques, based on the information about the protein corona gathered
from changes in the properties of the NPs such as Size, Absorbance, Charge, temperature,

Fluorescence and mass.

1.14 Characterization of Protein Corona:

1.14.1 Indirect Method:

Firstly, the basic NP dispersion characteristics such as hydrodynamic diameter, zeta potential
and polydispersity index in the respective biological fluid should be measured before and after
corona formation involving time kinetics along the process of corona formation. It is observed
that, there is an indirect correlation between the protein corona and NPs characterization and
variety of analytical techniques used in NPs characterization are now being extended to
investigate protein corona indirectly via measuring changes in the properties of the underlying
NPs such as changes in their size, charge, density, mass, absorbance and fluorescence (As

illustrated in the Figure:1.13)
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Figure 1.13 Techniques used to measure protein corona indirectly according to the measured

parameter and then correlated with the amount of adsorbed proteins [97].

The dispersion properties are generally determined by Dynamic scattering Light (DLS) and by
Differential Centrifugal Sedimentation (DCS). Since, most NPs are negative charged in the
presence of a protein corona at physiological pH , any changes in the surface charge due to
protein adsorption might lead imbalance in the electrostatic stability of the system but may
also increase the stearic stability of the system [76]. The information about the thickness of the
protein corona and its effect on the surface charge of NPs can be collected by comparing the
result of size and zeta potential measure of NPs before and after corona formation using several
techniques like TEM (Transmission Electron Microscopy), SEM (Scanning Electron
Microscopy), AFM (Atomic Force Microscopy), NTA (NP tracking analysis), DLS, NMR
(Nuclear Magnetic Resonance Spectroscopy), GE (Gel Electrophoresis) and fluorescence
correlation spectroscopy (FCS). DLS is the technique commonly used for hydrodynamic
diameter [98] allowing NP size measurement based on the light scattered by them due to their
Brownian motion, which is dependent on the primary size and influenced by NPs
agglomeration ,which results in the difference in data between DLS and TEM [99, 100]. In
addition to that DLS technique is hard to apply when NPs are in the size range of proteins <

10nm, as unbound proteins may interfere the results. This can be overcome by separation of
32



excess unbound proteins from the biological fluid, which however result in desorption of some
of the originally bound hard corona proteins to solution towards formation of a new
equilibrium[97, 100, 101]. An alternate technique is depolarized DLS (DDLS) used for
measuring protein corona in complex mixtures by eliminating the unwanted signals from
unbound proteins [100]. TEM and Atomic force microscopy (AFM) give more clear data on
the NP size, shape and the protein corona compared to DLS whereas, the zeta potential
characterizes the net charge of the particle surface in the given dispersing medium providing
information on the changes in the surface charge of the NPs after incubating with the biological
media. The corona complex has to be studied through a approach with relevance to study

different subpopulations rather the average protein corona of the multiple populations [102].
1.14.2 Direct Methods:

NP—oprotein interactions can be characterized through a wide range of analytical techniques
such as Isothermal Titration Calorimetry (ITC), fluorescence spectroscopy, quartz crystal
microbalance, Surface Plasmon Resonance (SPR), atomic force microscopy, fluorescence
correlation spectroscopy, size-exclusion chromatography, infrared and Raman spectroscopies,
etc. However, in general GE, LC-MS and ICP-MS can provide information about the identity
of the adsorbed protein but they cannot analyse the structure of the adsorbed protein, while
circular dichroism (CD) and Fourier transformed infrared spectrometry (FT-IR) found to be

the common techniques used for the detection of structural changes of the adsorbed proteins.
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Figure 1.14 :Techniques used to measure protein corona directly according to the measured

parameter and then correlated with the amount of adsorbed proteins.

The standard biochemical protein quantification assays such as Bradford or bicinchoninic acid
assay can be used for the quantification of adsorbed proteins on the NPS surface. However, the
most commonly used strategy for the NP -protein characterization is proteomic approach,
which uses state-of-the-art MS platforms, bioinformatics and system biology tools [103], a
multi -step process where, the NPs are incubated with either a single protein or in a biological
fluid for a period of time before the analysis of surface adsorbed proteins. The protein -NP
complex is centrifuged to remove unbound proteins and then separated and quantified using
gel electrophoresis and Tandem Mass spectrometry [56, 57, 62, 71, 86, 104-106].1D & 2D gel
Electrophoresis considered to be another common technique for the identification and
qualitative determination of the protein corona composition. Currently gel free approaches like
Shotgun proteomics found to be very effective, which enables to analyse complex protein

mixtures in a single experiment [106-109].

The interaction between NPs and proteins can also be verified qualitatively by the physical
changes of NPs in size and Zeta potential measurement. For detailed quantitative estimation of
the amount of adsorbed proteins and the composition of the protein corona, the bound proteins
need to be desorbed from the NPs using centrifugation techniques. However, it should be noted
that centrifugation may change equilibrium status of the medium and soft corona may be lost
during this purification step [97, 101]. As the centrifugation is a common method of choice
due to its versatility, in the process of separating NP-protein complex from unbound proteins
it introduces limitations as well. For instances, Protocols generally include washing steps to
detach weakly and non-specifically bound proteins. However, these steps could be insufficient

to avoid the sedimentation of large proteins and of protein aggregates together with NP—
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proteins complexes thus providing false positive identifications in the protein corona
composition. For this reason, additional purification strategies, such as Size-Exclusion
Chromatography (SEC), magnetic separation, and microfiltration, often have to be included in
the analysis protocol. It is noticed that, SEC enables the separation of large molecules and
aggregates depending on the molecular size of the analytes in a potentially less perturbing way.
In addition to that, most of the studies did not precisely control short period incubation times
of NPs with the biological fluid of interest since, the centrifugation times (15-30 min) required
to pellet the NP-PC complexes can represent an unintended exposure time, during which NPs
are still in contact with the medium and can potentially resulting in the additional
binding/dissociation of corona proteins [58, 83, 110]. This condition was overcome by using a
featured protocol developed by Docter et al, based on sucrose cushion centrifugation technique
which efficiently limits the contact time of the NPS with the biological fluid and enable the

kinetic study of NPs and Protein interaction of short time periods feasible [111].

GE is always complemented with MS based proteomics to determine the identity of the proteins
where, selected bands from 1D/2D SDS PAGE are recovered from the gel and analysed by
tandem mass spectrometry (MS-MS), matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS), or Electrospray lonisation Mass Spectrometry (ESI-
MS) to obtain the mass spectra of the protein fragments with existing standard protein data
for quantifying the composition of the protein corona. However, chromatographic techniques
coupled with MS is required and relatively accurate for the absolute quantification of the
protein corona composition using techniques like size exclusion chromatography, gel filtration
chromatography , LC-MS etc. For instance , most of the method applied by Cedervall et al.
[62] are quite uncommon techniques with better results that includes, Size-Exclusion
Chromatography (SEC), Isothermal Titration Calorimetry (ITC), and Surface Plasmon
Resonance (SPR), where SEC can determine both identity of the proteins on the NPs and the

rates of exchange with plasma proteins(Association time) [112]. This method is less perturbing
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of protein—particle complexes than centrifugation and other approaches and moreover the same
work group shows that ITC can be used to assess the stoichiometry and affinity of protein
binding, and SPR studies (in which NPs are linked to gold by a thiol anchor) yield additional
data on protein association/dissociation from NPs [62, 112, 113]. These techniques majorly
provide information about the identity of the adsorbed proteins which generally requires

purification from excess protein but they cannot analyze the structure of adsorbed proteins.

Other commonly used techniques for the detection of structural changes of proteins during the
adsorption of proteins on to the surface of NPs are circular dichroism (CD) and Fourier
transformed Infrared spectrometry (FT-IR). CD generally applied for the determination of
secondary structure of proteins. FTIR offers higher signal-to-noise and speeds than
spectrometers that use gratings and hence offers the capability of observing the critical early
events when proteins interact with surfaces. Perhaps the biggest advantage of the FTIR
technique over dispersive Infrared spectrometers are the precision in the wavelength which
allows the subtraction of water, a strong infrared absorber, from the spectra of proteins in
aqueous solutions [106, 114]. NMR spectroscopy is not a commonly used technique to study
the protein corona due to the high molecular weight of most of the proteins and also due to the
difficulty in interpreting the spectra of complex mixtures such as biological fluids[115].
However, the above mentioned techniques are generally used to study the interaction of
specific NP-protein interactions which details the information related to structural and
conformational changes of an adsorbed protein [97]. In addition to the above techniques,
Fluorescence quenching (FQ) an interesting parameter based on fluorescence of proteins, since
the adsorption of proteins on NPs usually leads to quenching of the native fluorescence of

proteins containing tryptophan, tyrosine and phenylalanine. However, this technique has
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limitations like overestimation due to the inner filter effect caused by light adsorption and or

scattering [97].

In both cases of direct and indirect methods to characterize the protein corona, some techniques

allow for detection of the protein corona in situ, while others require the removal of unbound

proteins before measurements, which may however change equilibrium properties and loosely

bound proteins called “ soft corona ““ may be lost in the purification step [97, 101].

Table 1.2 : Summary of analytical techniques used to characterize NP & NP-PC Complex [72,

116].
Parameter Analytical Technique Description
Physical characterization of NPs
Changes in the hydrodynamic diameter of
Dynamic Light Scattering
NP upon binding to proteins.
Size & Charge
Changes in the hydrodynamic diameter of
Ultra-centrifugation
NP
Inductively coupled mass For detecting elemental composition of
Dissolution
spectrometry the nanomaterial
Shape & X Ray Diffraction Determination of crystalline structure
Structure

Electron microscopy

Visualisation of NP structure

Surface Area

Braunauer Emmet Teller

method

Measures specific surface area using

adsorption of gas on the surface
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De-

Agglomeration

Ultrasonication

Uses sound energy to disrupt large

aggregates of NP

DLS, Differential centrifugal

sedimentation (DCS), Size

DLS is useful for in -situ experiments and

Thickness exclusion chromatography TEM applied to study the thickness which
(SEC), Transmission Electron | requires counter staining.
microscopy(TEM)

Density Calorimetric Protein Assays

NP Protein Interaction

Protein
Binding

Affinity

Isothermal calorimetry (ITC)

To measure binding constant,
thermodynamic parameters of NP-protein

interactions

Fluorescence correlation

spectroscopy

Measures change in fluorescence spectra

due to NP-protein interaction

UV-vis spectroscopy

Measures change in absorption spectra

due to NP-protein interaction

Quartz crystal balance

Detects change in mass at the oscillating
quartz surface due to NP-protein

interaction

Surface Plasmon resonance

Detects change in oscillation of electrons
on a metal surface due to NP-protein

interaction
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Atomic force microscopy

Gives surface profile of the nanomaterial

Fluorescence correlation

spectroscopy

Binding characteristics depending on

fluctuation in florescence

Size Exclusion

Chromatography

Isolation of bound protein can be
performed and the strength of the protein

interaction can be assessed.

Particle Size and Distribution

(TEM & DLS)

Plasma protein corona structure

examination.

Particle’s dispersibility & Zeta potential
before and after protein corona formation

on NPs.

Identity &
Quantity of
Protein

Corona

1D-polyacrylamide gel
electrophoresis (PAGE) and

2D PAGE

Identification of proteins in corona on
NPs. The order of protein adsorbed onto

the surface of NPs can be determined.

Protein Assay (BSA

quantification & Bradford)

Half-max protein adsorption.

Hill slope for protein adsorption.

Capillary Electrophoresis

Analysis of NP-Protein interaction with

high degree of resolution.

LC-MS-MS, MALDI-TOF

Efficient separation of bound plasma
proteins and Identification of
protein/peptide sequence.

Accurate molecular weight distribution.
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NP Surface Induced conformational change in Protein Structure

Measures changes in secondary structure
Circular Dichroism
of proteins depending on chiral properties
spectroscopy
of proteins

Protein Fourier transformed infrared Measures adsorption of amide bonds in

spectrosco the proteins to derive structural change
structural P Py P g

changes after | Fluorescence Quenching

binding

Studies molecular vibrations to predict
Raman spectroscopy
structure

Relies on magnetic properties of atomic
Nuclear Magnetic Resonance
nuclei to predict structure

NP-Cellular Interactions

Confocal microscopy Visualization of fluorescent NPs in vitro

NP uptake  "Confocal micro Raman
Visualization of fluorescent NPs in vitro
spectroscopy

1.15 Limitation of Ex -vivo study on Characterizing Protein Corona Formation:

Based on the few recent in vivo study of protein corona formation, Chen et al [117] and
Hadjidemetriou [118], attempted to test whether protein corona formed in ex vivo were
replaceable in vivo and the result showed that the gel electrophoresis of the recovered NP-
Corona complex demonstrated a significant loss of the fluorescently labelled proteins,
suggesting a kinetically unstable corona [117]. And in vivo protein corona from blood stream
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differed in composition and morphology in comparison to the one formed ex vivo [118].
Furthermore, the blood flow dynamics, interaction with circulating and endothelial lining cells,
or immune responses and the wider variety of molecular species in the true biological
environment are some of the factors that cannot be mimicked by ex vivo studies. As per the
studies presented in references [60, and 119], protein adsorption on to NPs is highly dynamic
and the abundance corona proteins found to fluctuate over time due to the process of
competitive exchange of proteins. These observations clearly indicate a difference between

coronas forming ex vivo and in vivo.

1.16 Advancement in the NP-PC Characterization:

As our current methodologies require the isolation of the NP -PC complex from the biological
fluid for the subsequent characterization which can compromise some bound proteins due to
harsh treatment, which can further modify the NP-PC composition [101, 120]. We need highly
sophisticated methods to characterize the molecular details on the surface of NPs as they evolve
and modified in situ in the presence of the biomolecules from the environment in which they
are exposed. In order to acquire the molecular information in a realistic biological scenario, a
recent study by Lo Giudice et al., has introduced flow — cytometry technique for single protein
-NP model and in situ multiplexing epitope mapping of NP-Protein complex and hard corona
using intense fluorescent reporter binders to map out the availability of such recognition
fragments, allowing for a rapid and meaningful biological characterization [121]. Whereas, in
another study by Lara et al., they suggested that the “labelling” of NPs by biomolecular
adsorption processes can allow for multiple pathways in biological processes by using
immune-mapping technique to quantify epitope presentations which was studies in two major
proteins in the serum corona in order to identify key protein recognition motifs and link them

to specific cell-receptor interactions [122].
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A database framework was developed using multivariate approach by Walkey et al., to predict
the interaction of NPs with biological systems by protein corona Fingerprinting strategy, where
they characterized serum protein corona fingerprint formed around a library of 105 surface
modified gold particles model is applicable for across different NP classes, however distinct
model may be required and the database need extensive experiment and validation to find the

biological data of different physiological fluids [123]

Depending on the type of selected analytical technique, the evaluation of the protein corona
characterization will differ. A significant difference in the corona composition and
characterization based on the type of technique applied where, the Human serum Albumin
(HAS) was measured by Isothermal Titration calorimetry (ITC) , while there was no trace of
HAS when evaluated by SDS-PAGE [124] . In another experiment, Single particle ICP -MS
with appropriate single particle data processing tool found to be used to characterize meatal
and metal oxide NPS even at low concentrations in a complex media [125] .Hence, it is critical
to choose suitable technique to accurately characterize protein corona properties since protein
corona is highly influential to the changes in the physicochemical properties and biological

identity of the NPs.

It is evident that, a considerable progress has been made towards the characterization of corona
and protein identification through increased sensitivity of chromatography and mass
spectrometry techniques [106, 126] with the use of tandem mass spectrometry (MS/MS),
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS), or electrospray ionisation mass spectrometry (ESI-MS). The composition of the protein
corona can be obtained by comparing the mass spectra of the recorded protein fragments with
the existing database like Sequest, Mascot, etc. However, for an absolute quantitative analysis
of protein corona, chromatographic technique has to couple with Mass spectrometer, for

example LC-MS-MS. However, these techniques have limitations that experimental
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conditions are crucial and their lack of homogeneity in the processing protocol and data
interpretation can create a difference which makes difficult the comparison between studies
from the literature. In addition to that, the composition of the protein corona on a given NPs at
a given time, depends on the concentration and Kinetic properties of the proteins found in the
biological fluid such as plasma, serum, saliva etc. Hence, it is significant to not only determine
the identity of proteins adsorbed on to the surface of the NPs, but also understand the binding
affinities and stotiometries. In a recent study by Kelly et al., had demonstrated a promising
approach to identify the spatial location of the proteins, their functional motifs, and their
binding sites using differential centrifugal sedimentation and various imaging techniques to
investigate the microscopic organization on a particle by particle basis to map the protein

binding and to study the molecular description of the biological identity of NPs [127].

Some of the downside of the current techniques used for the characterization of the protein
corona are; Firstly, most studies apply in vitro models of physiological condition of human
system where plasma/serum used as a model for the blood protein adsorption and interaction
study. However, neither models fully represent the real time in vivo condition [128]. Secondly,
many techniques measure an ensemble average of the adsorbed proteins and cannot distinguish
individual proteins within the corona where those techniques are well suited for single protein
interaction study. Hence, there is a significant need for new experimental strategies to use
combination of different analytical techniques to study the protein corona with structural detail,

molecular resolution and within a physiological environment of interest [72] [97] [129].

1.17  Effect of Different Parameters Affecting Biomolecular Corona:
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As the Protein adsorption occurs at the interface between the ENMs/NPs and the physiological
environment. We need to understand that, not only the NPs material, size and the surface
properties been shown to play a role in determining the composition of the protein corona but
also Several others factors (Figure: 1.14) [89, 130, 131] are considerable to affect the manner
by which NPs interact with biomolecules and composition of the protein corona formed. As
the NP-Protein interaction occurs at the Bio-Nano interface, the physicochemical properties of
NPs and the biological environment and its conditions are vital parameters governing protein
corona formation [63]. Moreover, on the other side protein corona being the highly focussed
and still investigated parameter to understand the biological identity of the NPS. However, it

is not the only relevant feature of the
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Figure 1.15 Different factors influencing bio-nano interaction of dietary ENMs/NPs

bio-interface of the NPs because it comprises the dynamic physicochemical interactions,
kinetics and thermodynamic exchanges between nanomaterial surfaces and the surfaces of
biological components like proteins, membranes, phospholipids, endocytic vesicles,
organelles, DNA and biological fluids in the physiological medium of the human system [87,
88, 96, 132-137]. In addition to that there are emerging studies on non-protein corona such as
lipid corona and natural organic matter corona whose formation and physicochemical factors

regulating these type of NPC are currently less understood [63, 138]. Therefore, analyzing and
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understanding each of these ignored parameters with meaningful characterization of the protein
corona evolution and formation are essential to understand the fate of NPs and to know their

consequence cellular responses for the risk assessment of NPs.

1.18 Effect of Physiological Condition/Suspending Media Properties on Protein
Corona Formation:

1.18.1 Media Composition:

The biological fluid with different protein components strongly affects protein corona
composition and its properties. From the studies [139, 140] it was observed that the same Silica
NPs responded to behave with different biological outcomes, when exposed to cells in the
presence and absence of serum containing media. Serum proteins adsorbed to silica NP surface
showed reduced interaction with cells, resulting in lower cellular uptake of silica NPs in the
media supplemented with serum compared with media with no serum addition [139]. Thus, the
different exposure conditions not only affect the uptake levels but also result in differences in

the intracellular NP location and impact on cells.

1.18.2 Exposure Time, Temperature, pH and static & Fluidic Conditions:

The exposure time is considered to be another important factor which determines quality and
quantity of proteins adsorbed onto NP surface [56, 58, 67, 76, 105]. From many Kinetic studies
conducted, it was noticed that, protein corona formed immediately when ENMs comes in
contact with the physiological environment. For example, just within 30 sec of contact with
human plasma, nearly 300 proteins will be bound on to the NPs surface [58]. In the initial stage,
high abundant low affinity proteins adsorb on to the NP surface which later are displaced by
the low abundant high affinity proteins. The exchange of adsorbed proteins over time

significantly modifies the abundance of proteins that bind on a different time scale. Hence,
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resulting in different protein corona patterns. Additionally, the exposure time enhances the
quantity of total adsorbed protein [141] and an evolution from loosely bound protein toward

an irreversible attached protein corona was observed as duration of exposure evolved [76].

The temperature is one of the not investigated but another important factor influencing the
changes in the protein corona pattern [135]. From the study by Bhogale et al [142], it was
observed that, the quantity of proteins adsorbed on to copper NP increased when the incubation
temperature increased from 15°C, 27°C, and 37°C to 42°C.Hence , for a real time simulation
conditions considering the temperature of the In vitro experiment is very important since it can
facilitate a change in the NP-Protein interaction leading to changes to the bio distribution and
bioavailability of NPs [87]. Yet another study [143], showed the effect of incubating
temperature on the corona formation with gold NPs. If the corona formation is influenced by
the temperature, then the body temperature ranging from 35°C to 39°C can influence the cellular

uptake of NPS.

pH & lonic Strength: The change of environment temperature and pH can alter the particle
characteristics by changing the size and size distribution through aggregation which in-turn
leading to difference in the pattern of the resulting protein corona. The stability of the NPs
especially metal, metal oxides and ENM with ionisable surface modifiers can be affected by
the pH and the ionic strength of the dispersing medium by affecting the surface charge
properties and also begin to decrease when pH values are close to the IEP. The ionic strength
of the medium influences the corona formation by decreasing the amount of adsorption of
organic matter on to NPs which happens in the presence of high amount monovalent salts [144].
Whereas, in the presence of equally charged ions like phosphates and sulphates had lowered
the adsorption of NOM due to the competition for the charged sides on the surface of the NPs
[145]. Normally ingested NPs will undergo different compartment of biological fluids with

different pH such as blood (neutral pH), Saliva (pH 6.8-7.0), Stomach (pH 1.2-2.0) small
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Intestine (6.0-7.4), intracellular fluid (pH 6.8), and lysosome (pH 4.5-5) which may alter
protein binding affinity [87]. Thus, the factor need to be considered while characterizing

protein corona to represent the in vivo GIT condition of human system.

Most of the in vitro studies on characterizing protein corona were often performed under static
conditions. Ingested NPs entering the GIT can interact with the physiological media under
various shear stresses in the hydrodynamic body condition considering the physiological
condition. The fact is that, the protein corona of NPs under dynamic fluidic conditions will be
different from the one investigated in the static condition. This makes the comparison and
correlation of the finding less accurate. For example, NPs injected through intravenous route
and react with blood proteins showed difference in NP interaction with the media under various
shear stress where, at 40 cm/sec speed the PEG coated liposomes carried more negative chare
in the dynamic condition compared to the static counterpart indicating difference of binding

protein components and each protein quantity [146].

1.18.3 Protein Concentration:

The pattern of the protein corona changes with difference in the protein concentration, for
example the Silica NPs showed different protein adsorption and corona pattern when incubated
with increasing plasma concentration explaining the concept of Vroman’s effect by allowing
competitive binding of proteins facilitating the desorption of high abundant protein with low
binding affinity [87] and from different studies it is considered that the total amount of proteins
clearly increases with increasing percentage of plasma concentration [84] [113] which is most
likely because of more proteins of the same type bind at higher concentrations. However, all
ENMs are not necessarily behave and show the same observation. For example, silica NPs
showed a slight decrease in the total bound protein with higher plasma concentration[84].
Another interesting observation were noticed with respect to the function of protein

concentration that, higher levels of protein adsorption occur on hydrophobic flat surfaces than
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on the hydrophilic NPs and also this evolving trend may indicate that the most abundant

proteins are progressively displaced by those with a higher affinity [147] .

As most of the In vitro study are generally with low protein concentration, Monopoli et al.
figured out that the thickness of hard protein corona around NPs decreases with decrease in the
plasma concentration which indicates invitro studies of NP -protein Interaction cannot always
predict the behaviour of the NPs in the physiological system of human [132]. Another study
by Pablo et al , [101] adopted an analytical model called “Hill model” to describe how proteins
bound on to NPs influence the adsorption of further proteins from the solution on to the same
NP. They insisted meaning full characterization of protein corona by considering equilibrium
dissociation and kinetic coefficient to understand the protein binding data where the
concentration of protein plays an important role in quantifying the equilibrium and kinetic
properties. They outlined the fact, when the concentration of protein is more than the
concentration of the NPs, most of the proteins remain in the solution since NPs are already
saturated with proteins and thus any further addition of proteins will remain unbound where
only small fraction of the protein attaches to the NPs and very hard to detect. However, in
certain scenarios have to be investigated under saturated conditions of NPs. Moreover, the
optimum situation to possibly analyze free proteins as well as bound protein, is when the NPs
have to be half saturated with proteins on average where the amount of free proteins and bound
proteins will be in the same range.

During an in vivo journey of ingested NPs, they would be exposed to a variety of biological
fluids travelling the GIT of human system, which contain different protein composition and
concentration resulting different protein corona. Even different routes of administration of NPs
and pathways lead to various corona compositions. Thus , the interaction study of different NPs
with protein concentration gradient which could evolve the actual NPs pathway in the human

body need more attention and understanding in knowing its biological response [134].
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We can obtain wide range of different outcomes just by changing the environment. In addition
to the differences that could arise between in-vivo and in-vitro data’s, differences in the above
parameters also influence the protein interaction with NPs which need attention while doing
characterization studies in order to compare and correlate the experimental finding with the
real-world scenario of human physiological system. Hence, it is essential to evaluate Protein -
NP interactions in a biomimetic environment which mimics in vivo physiological conditions to

more accurately predict the fate of NPs in vivo.

1.18.4 Effect of Nanomaterial Properties on the Protein Corona Formation:

NPs once ingested will enters the physiological environment and react with proteins where the
extent of these interaction with the formation of protein corona depends on the physicochemical

factors of the NPs such as surface chemistry, topography, surface curvature etc.

1.18.5 Size &Curvature:

The influence of size and curvature on the protein corona was observed by several studies, it
was observed that an increasing surface curvature of the NP will tend to lower the affinity of a
protein to NPs interaction due to decrease in the area of interaction and tend to undergo fewer
changes in conformation than those adsorbed to less curved surfaces, which is why the
composition of the protein corona is not the same for similar ENMs/NPs with different sizes
[113, 132]. Moreover, the highly curved surfaces of NPs decrease protein—protein interactions
due to increase in the angle of deflection between adsorbed proteins [148]. From the study
[149, 150], the greater loss of A-helix structure for lysozyme protein on SiO2 NPs was observed
and Cytochrome- c retains a more native conformation on 4 nm compared to 15 and 35 nm
SiO2 NPs. This may be due to lesser protein -protein interaction and larger thermodynamic
barrier to protein spreading on more highly curved NPs [151]. In contrast, Fibrinogen shows

larger structural defect on smaller SiO2 NPs over larger NPs [152]. This suggest the tendency
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of the smaller NPs to hold the native conformation of the proteins is not only based on the
curvature but also dependent on the protein orientation and stability of protein-protein
interaction. Moreover, the exact influence of surface curvature on the composition of the
corona is not clear where no such comprehensive study of different physiological proteins
adsorption study on to wide range of dietary NPs in the 10-100 nm size range. Another study
by Cedervall et al. [62] used NPs from 200nm to 70 nm with various hydrophobicity’s to
investigate the NP-Protein interaction on their surfaces and they showed a distinct difference
in the protein coverage on the NPs where large NPs showed larger degree of protein coverage
and also claimed the curvature of small NPs induce suppression of protein adsorption. Hence
both NPs size and surface composition of NPs are important in defining the composition of the

protein corona.

1.18.6 Surface Area and NP-Protein Ratio:

The tendency of NP to deagglomerate or agglomerate is strongly influenced by parameters
like pH, lonic stability and presence of proteins in the biological fluid , thereby the particle
agglomeration behaviour will be different for varying NP-Protein ratios [153]. Thus, the NP
surface might be dependent on the protein concentration present in the dispersing fluid which
also influence the pattern of protein affinity and resulting protein corona. Moreover, the
concentration of the NP: protein ratio also has significant influence on the binding affinity of

the proteins.

Lundqvist et al. [113] studied the NP-Protein interaction at several NP-Protein ratios in order
to investigate the protein binding pattern and to optimize the characterization of corona at the
bio- Nano interface and suggested 2.8 mL of plasma per m? particle surface for 50 and 100nm
, Which is considered to be a necessary step before characterizing the protein corona using
centrifugation technique to separate NP-Protein complex from unbound proteins. Another

study [154] investigated the effect of NP-Protein ratio ,where the number of proteins (Human
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Transferrin) bound per NP is decreased by increasing the protein concentration thereby
decreasing the NP-Protein ratio (r) and hence more energy is transferred to each bound proteins

on the NPs resulting in stronger binding and higher conformational change.

1.18.7 Surface Properties:

In general NPs with hydrophobic or charged surfaces tend to adsorb more proteins, and
denature them to a greater extent than those with neutral and hydrophilic surfaces [155]. For
example, it was observed that, total protein adsorption from plasma increases with increase in
the negative charge density and hydrophobicity of the polystyrene NPs and it was found that
proteins denature in the presence of charged ligands, either positive or negative, but the neutral
ligands keep the natural structure of proteins [62, 155-157]. From another study, it was
observed that the albumin adsorption on N-tert-butylacrylamide (BAM ) copolymer NPs was
higher on the hydrophobic surface over hydrophilic counterpart despite having same protein
affinity to the NPs [128]. This suggest, the affinity of the proteins to NPs with uniform surface
chemistry tend to increase with increasing charge density and hydrophobicity. On the other
hand, NPs with anionic and or cationic surfaces tend to preferentially adsorb basic or acidic
plasma proteins, respectively. For example, anionic and cationic polystyrene NPs preferentially
adsorb plasma proteins with pl > 5.5(1gG) and pl <5.5(Albumin) respectively [157, 158]. ZnO,
TiO2, and SiO2 NPs showed different set of adsorbed plasma proteins despite having nearly
identical surface charge density [159]. However, we can’t describe protein corona only based
on considering few factors of NPs. For instance, despite having same surface charge with
different functional groups showed different adsorption pattern where more al-acid
glycoprotein, ApoJ, and ApoA-l, but less IgG and albumin adsorbed on to N(CH3)3
functionalized polystyrene NPs compared to NH2 functionalized NPs [159]. The other purpose
of doing pre-coating and surface functionalization of NPs is to optimize the protein corona

composition and to decrease the protein adsorption on to NPs. For example, a study on
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functionalization of CNT and SiO2 NPS with Pluronics F127 showed a reduction in adsorption
of serum proteins. The observed effect of various parameters which could possibly affect the
composition, thickness, and conformation of the protein corona with its layers are summarized

in Table 1.3.

Table 1.3 Relationship between changes in the NPs physiochemical proteins and the Protein
corona [136] [68] [87]:

NP Physicochemical Parameter The observed Effect on the Protein Corona

1. Bigger the size, larger the degree of protein coverage
2. Smaller size increases corona thickness and decreases conformational

Size changes of the adsorbed protein on to NPs.
3. Evolution of composition and relative abundance of adsorbed protein.
Shape 1. Higher protein adsorption on to NPs in nanorods over nanospheres.

1. Charge NPs affects the composition of formed protein corona.

2. Charged NPs have high cell internalization and faster opsonization rates
than electrically neutral NPs.

3. Positively Charged NPs are incorporated by the cells at much faster rate in
high numbers than negatively charged NPs.

4. Does not change the identity of the adsorbed proteins.

Highly charged surface

1. Increase the density and Thickness of the protein corona

2. Increase the affinity & conformational change of the protein.

* Protein conformation: positive >negative > neutral

Surface Charge

1. Surface roughness greatly minimizes repulsive interaction and influences the

Smoothness/Roughness . . .
/Roug amount of protein, but not the protein identity.
Higher Hydrophobic NPs
1. Increase the thickness of the protein corona
Hydrophobicity 2. Increase the affinity of the proteins to the NPs
3. Increase the protein conformational change
4. Increase the opsonization rate
1. Increase the corona Thickness
Higher surface Curvature 2. Decrease the affinity and protein conformational change.
3. Does not change the identity of the adsorbed proteins
Higher Protein Concentration in the 1. Higher Thickness
physiological environment 2. Change in the identity of the adsorbed proteins

Higher NP Concentration

Lower NP-Protein Ratio 1. Increase the protein Conformational change

Evidently the size, curvature, surface charge and arrangement of surface functional groups are
the major determinants for the NP-Protein interaction. However, the coherent picture of how

the composition and the kinetic of corona formation varies with respect to factors such as NPs
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size, charge, hydrophobicity, exposure time, protein concentration, stability etc. Therefore, a
thorough knowledge and understanding of protein -NP complex and its interaction with careful
characterization of biomolecular corona considering all the influencing factors will lead to
predict and govern the in vivo fate of ingested NPs including biodistribution, bioavailability
responses and toxicity. needs more attention and clarity on the area of quantitative

characterization.

1.19 Human whole Saliva:

1.20 Introduction:

Human saliva is a mixture of secretions from multiple salivary glands, including the parotid,
submandibular, sublingual, and other minor glands lying beneath the oral mucosa[160] [161,
162]. The saliva is slightly acidic with pH of 6.35 to 6.85 and the specific gravity ranges
between 1.002 to 1.012 .Saliva is hypotonic in reference to plasma [163]. Most humans produce
roughly 0.5 to 1.0 litre of saliva per day while the flow rate of unstimulated and stimulated
saliva are approximately 0.3 to 0.4 mL/min and 1.5 to 2.0ml/min respectively [164]. The
quality of the saliva vary between individuals ,as well as between stimulated and unstimulated

saliva[162, 165].

1.21 Composition and Functions:
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Human saliva is composed mainly of water, a variety of electrolytes, mucus, white blood cells,
epithelial cells, glycoproteins, enzymes (such as amylase and lipase), antimicrobial agents such
as secretory IgA and lysozyme proteins and nitrogenous products [160-162, 165]. The major
functions of the human salivary secretions are host defense, digestion and protective functions
which includes tissue coating, lubrication, humidification, immunological activity, anti-
(Bacterial, Viral, Fungal) activity, digestive enzymes, bolus formation and taste [160, 162, 165,

166]. The composition and function of the human saliva are depicted in fig: 15 (a) & (b).
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Figure 1.16 (A) Composition of saliva; (B) Function of saliva .Adapted from the reference
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1.21.1 Potential Challenges with Identification of Salivary Proteins:

In complex protein mixtures such as saliva, proteins have different physicochemical
characteristics and a wide concentration dynamic range. Generally, the presence of high
abundant protein will obscure the low abundant proteins in the electrophoretic gel. The A-
amylase in the saliva itself contributes to almost 60% of total salivary proteome which obscure
the analysis of low abundant proteins . Salivary A-amylase can be depleted using starch column
and allows the analysis of low abundant proteins [108, 168, 169]. Moreover, the identification
of protein in saliva is challenging due to the high content of mucins, cellular debris, bacteria,
high proteolytic activity and limited functional characterisation of specific salivary peptides
and proteins which are highly polymorphic and undergo Post Translational Modifications
(PTMs) leading to large inter-individual and intra-individual variations [107, 168, 170] . The
composition of the saliva can also be affected by many other physiological factors like salivary
flow rate , type of saliva whether stimulated or unstimulated, nature and duration of the
stimulus and the diet and fluid intake [171]; hence it is important to minimise these variables
by requesting volunteers to refrain from eating or drinking one hour prior to donating saliva
sample to obtain similar baseline values and to report the salivary protein concentrations . In
addition to the above-mentioned drawback, a study from Esser et al [172], has demonstrated
that protein degradation may occur during and after sample collection. Thus, it is important to
minimize the changes that could happen to saliva post collection in order to ensure to analyze
the true salivary proteome by reducing the processing time between sample collection to
storage and letting the samples to store immediately at freezing temperature (<-20°c) to

maintain the stability of the sample preventing from protein degradation [171, 172].

1.22 The Human Salivary Proteome:
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Human saliva contains a large array of proteins and peptides that help maintain homeostasis in
the oral cavity. Despite various biochemical and mass spectrometry techniques available for
the proteomic analysis, many salivary proteins are still unknown. From several physiological
studies on saliva, it was concluded that salivary acinar cells synthesize and secrete nearly all
the salivary proteins using a complex array of ion pumps and channels at the cell surface. The
group of enzymes such as amylase, peroxidase and others including proline-rich proteins
(PRPs), histatins are mainly produced by parotid acinar cells. whereas, the sublingual and
submandibular Parotid acinar cells produce mucins, enzymes and elongate polypeptides as like
sublingual and parotid glands. [109, 173, 174].

The major salivary protein families which are structurally related proteins form a significant
portion of total protein concentration in saliva that includes proline rich proteins (Acidic &
Basic ), amylase, High molecular weight glycoprotein MUC5B, Low-molecular weight
glycoprotein MUC7, Agglutinin, cystatins, histatins and statherins [175] [176]. The salivary
proteome contains a larger proportion (14.5%) of low-molecular-weight proteins (< 20 kDa)
and the highest fraction of proteins range in the size between 20 and 40 kDa (26%) with the
total percentage of the saliva proteins of molecular weight less than 60 kDa is 65%, whereas
its only 36% with the plasma [177]. The highly abundant salivary proteins are majorly proline-
rich proteins, amylase and mucins including other proteins as mentioned in the below summary

Table:1.4. [178, 179] and the major salivary protein percentage are illustrated in figure 1.16.

Table 1.4 Major salivary protein and its functions in human saliva:
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HUMAN SALIVA-MAJOR SALIVARY PROTTEIN & ITS FUNCTIONS

Protein Source Function MW Modifications/Isoform Concin
whole saliva
(ng/mL)
Amylase Parotid gland Digestion — Hydrolyzes starches (i.e. amylose, amylopectin, 53-57 kDa | Glycosylated and 380-500-
maltose, glucose) by catalyzing hydrolysis of alpha 1-4 . Whole
g )by yzIng hyaroly P Un-glycosylated isoforms
glyosidic linkages in starch. saliva
Protection — Selective binding of oral microorganisms, 650-2600-
preventing bacterial Paraotid.
attachment and aiding bacterial clearance.
Histatins Major salivary Short distinct functional domains determine histanins 3-6 kDa Histatins exist in 3 major 2-30-
lands -parotid, . . . . L hole
g paroti biological functions. isoforms (Histatin 1, 3, and 5). W
submandibular- saliva.
sublingual Anti-fungal, Anti -Bacterial. Major forms of histatin
30-55-
(SMSL) and undergo proteolytic cleavage | parotid
minor salivary
to form minor forms of histatin | 1370 .
glands
SMSL
(sublingual)
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Mucins Primarily Provides salivary viscoelasticity and lubrication. 120-1000 Two structurally distinct MG1=10-
. : : . : . : : 500-
sublingual and Protection — physical barrier from bacterial protease activity, kDa species of mucins secreted
helps regulate bacterial and fungal colonization by selectivel Whole
minor mucous PS Teg g y Y| (clycosytation by salivary glands — MG1 saliva
modulating adhesion of microorganisms to oral tissue surface. '
account for . .
glands (oligomeric) and MG2 MG2= 10-
40-80% of
(monomeric) 200 -
mass)
_ _ whole
Glycosylation —high )
saliva.
carbohydrate content largely
on serine and threonine
residues
Statherins | Produced by Inhibit the spontaneous precipitation of calcium phosphate salts | 5380 Da Phosphoproteins rich in 2-12-
Acinar cells from the supersaturated concentrations present in saliva. . . Whole
tyrosine, glutamine, and
saliva.
proline
16-147
Parotid.
20-150-
SMSL.
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Cystatins Isolated from Inhibit crystal growth of calcium phosphate salts (10 14 kDa SN, S, and S1 isoforms. Exist | 240-280 -
. . . . whole
submandibular times weaker than statherin) in phosphorylated and
saliva.
secretions un-phosphorylated forms.
1.6-4.0-
Paratid.
92-280-
SMSL.
Carbonic Submandibular Protection — involved in salivary pH regulation 42 kDa 7 isozymes and several 4.6
Anhydrases and parotid homologous carbonic
glands anhydrase-related proteins
Can be glycosylated
Peroxidases | GCF and Antibacterial action 78-280 kDa | 2 major forms found in saliva | 1-5
neutrophil - Myeloperoxidase and
granulocytes and Lactoperoxidase
salivary glands
Proline rich | Whole saliva, Acidic PRPs -Maintain calcium homeostasis in oral cavity PRPs are classified as 90-180-
tei Parotid, SMSL . - . hol
proteins arouid, Glycosylated PRPs-As Lubricants acidic, basic and glycosylated who'e
saliva
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Basic PRPs-TO bind Tannins to prevent its toxic effect in the
GIT.

230-1251-
Parotid

270-1335-
SMSL.

SIgA
(Salivary
Immunoglob

ulin)

Whole saliva,
Parotid, SMSL

It represents the main adaptive immune mechanism in the oral

cavity.

29 kDa

19-439-
whole

saliva

20-230-
Parotid

41-56-
SMSL.

Lactoferrin

Primarily Whole
saliva including
Parotid and
SMSL

It is a Multifunctional protein with anti-bacterial, anti-viral,
anti-inflammatory activity and modulation of the immune

response.

80 kDa

194-
Whole

saliva

12-Parotid

13-SMSL.

Lysozyme

Parotid and
SMSL

It lyses the cell wall of bacteria by the process of Hydrolysis

14.4 kDa

7-Parotid.

21-SMSL
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0.4-14.4-
Whole

saliva

Albumin

Transporter Protein, negative acute -phase protein, pH buffer.

29-238-
Whole

saliva

The mucosal surface protection is conferred by components such as
lysozyme, cystatins, immunoglobulins, lactoferrin, and histatins, which
can destroy or inhibit the growth of microorganisms in the oral cavity
[109] [180] [174]. The immunoglobulin and aloumin present in the human
plasma/serum make up to 60-80% of the total weight and the most
abundant proteins in plasma represent 99% of the total protein content of
plasma. whereas, for whole saliva the top 20 most abundant protein

represent only ~40% of the salivary proteins [181] [177].

Major Salivary Proteins

Statherin __ Histatin Others
1% |gG 2%
2%

Human Serum Albumin
6%

Figure 1.17 Approximate percentage of the major classes of the salivary proteins and peptides in Human saliva [178, 182, 183].

61



1.23  Current Status in Salivary Proteome Database:

Identification of total salivary proteins are largely dependent on the method of selection.
Recent advancement in mass spectrometry-based proteomics provide a better platform in
identifying and quantifying wide range of proteins and peptides. Till date 1381 proteins were
reported in saliva using advanced proteomic approaches with improving analytical sensitivity
[178].As per the observation, lower the presence of abundance protein, the ease in identifying
low abundant proteins in the complex biological sample [184]. Hence, diverse protein and
peptide fractionation methods coupled with mass spectrometry techniques have been
demonstrated for maximizing proteome coverage and to avoid the high abundant proteins from
obscuring the detection of low lower concentration proteins which will allow the detection and

characterization of both high abundant and low abundant proteins [169, 170, 185] .

An interesting study by Yan et al. on comparing the proteome of human plasma and saliva
using peptide fractionation method with Mass spectrometry technique, documented a total of
1939 salivary proteins in whole and ductal saliva. 597 proteins out of 3020 proteins identified

in human plasma are also found in human saliva [170] .

Another study by Bandhakavi et al [186] , used hexapeptide libraries for Dynamic Range
Compression (DRC) coupled with 3D peptide fractionation and identified 2340 proteins in
Human whole saliva and of which ~27% of the whole saliva proteins are found in blood
plasma. Despite the large number of known proteins identified so far, deeper and
comprehensive studies are necessary, in order to understand the correlations, with high
sensitivity and specificity between salivary proteins and ingested NPs through dietary source

[175].

1.24 Interaction between Ingested Dietary NPs and the Gastrointestinal Tract:
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The ever-growing exploitation of nanotechnology in food, feed and food packaging industry is
likely to increase the oral exposure of dietary NPs. Many food products contain appreciable
levels of ENMs and Dietary NPs of diameter <100nm that may be either intentionally or
unintentionally (Contamination/migration from food contact materials) added which are
expected to be ingested and pass through the GIT [187]. Moreover, NPs can be ingested from
other sources like cosmetics, medicine etc. As the ingested NPs move through different
compartments of GIT (such as mouth, stomach, small intestine, and large intestine) they are

exposed to several changes [187] during the journey :

1. pH and lonic strength

2. Surface active components (Bile salts, phospholipids, fatty acids, proteins)

3. Digestive Enzymes (Amylase, protease, lipase etc)

4. Biopolymers (proteins, mucins)

5. Biological surfaces (Tongue, stomach, Intestine)

6. Intestinal Microbiota (Colonic bacteria)

~

Complex Flow

As a result, the above changes may alter the ingested NPs properties as they travel through the
GIT , thereby causing difference in the pattern of protein binding and the resulting protein
corona which will influence their effects on cell /tissues uptake and its biodistribution [188].
Hence it is important to consider the condition of GIT in GIT fate studies of NPs to understand

whether they are digested, dissolved or absorbed by the intestinal cells or reach the colon [187].

When NPs are mixed with food while preparation or processing, get exposed to various
mechanical forces, shear stress and temperature profile which can affect the properties of the

added NPs/ENMs and also the food components. Another interesting fact and question about
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the influence of food matrix on dietary NPs is the consideration of physical dispersion of the
added NPs in the food medium interface like for instances, whether NPs dispersed in lipid,
water, protein or oil-water-protein interface and its respective changes in the NPs properties
are less explored in the study of characterization & toxicity of NPs [189].The properties of the
pristine dietary NPs would undergo appreciable alterations in the properties of the NPs before
entering the GIT. Therefore, it is very important to characterize the NPs within the food matrix
in the beginning of the experiment before any further investigation on the interaction of
respective NPs fate in GIT. Moreover, in order to understand the fate of ingested NPs in the
GIT, we need to develop new methods with techniques like SP-ICP-MS, Field Flow Fraction
(FFF), X-ray absorption near edge structure (XANES) and SERS for complete characterization
of NPs in complex media such as food matrix or GIT. In addition to that, in vivo studies of
human digestion process are practically difficult to sample the digesta from different sections
of the GIT, while animal models strongly differ from the human GIT. In vitro models
considered to be relatively easy, less expensive which allows to process number of trials, easy
sampling with high reproducibility. Several studies were initiated on the In vitro static models
of the digestion process to understand the influence of GIT on NPs such as AgNPs, SiO», TiOg,
and ZnO NPs etc.[188, 190-193] . In order to be more realistic in the observation, enumerating
the in vitro dynamic digestion models is required which include physical process(chewing,
mixing) and reproduce continuous changes of the luminal conditions to precisely mimic the

in vivo conditions [194].

The GIT condition can impact the property of iNPs (ingested NPs) by influencing the
agglomeration state and the stability of the NPs at different GIT regions and also impact their
passage through the mucus layer that coats the intestinal lining including their transport into
and across the epithelium cells [195]. Further , the behaviour of iNPs in the presence of food
matrix during the digestion process is key question that need more attention , however some
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studies suggest that the presence of digestive enzymes and food components modifies the fate
of iINPs during in vitro digestion process [196], while a recent study [197] on AgNPs with food
matrix formed less aggregates during digestion in GIT and concluded the food components

could act as a colloidal stabilizers.

Walczak et al, observed that, the iNPs are protected from degradation in the presence of
enzymes and led to the formation of clusters composed of AgNPs and chlorine [193].The
activity of enzymes in the GIT may also alter some of the NPs such as those that are composed
of starch, lipids, proteins, or nucleic acids that may subject to digestion [195, 196]. Moreover,
Amylase, lipase, nuclease, pepsin and other proteases can remove the surface covering of iNPs

with adsorbed molecules and have an incidence on the kinetic of the dynamic corona [196].

The pH varies in different compartment of GIT from 1-7.5, while the pH is slightly acidic to
neutral in the buccal cavity(saliva) and the small intestine and is more acidic in the stomach,
thereby causing NP agglomeration due to the effect of change in pH and ionic strength on the
surface of iNPs. Indeed, zeta potential modification by ionic salts may influence the
electrostatic repulsion [198]. For example, the surface electrostatic repulsion of TiO>
disappears in increased electrolyte concentration leading to particle aggregation [199] and the
same observation noted for SiO2 in the presence of food matrix [78]. In addition to aggregation
metal based NPs in acidic environment will lose its stability due to decrease in the zeta
potential and may be dissolve in the environment releasing silver ions which then react with

chloride to form in-soluble silver chloride[193] .

The major observation of many previous studies on the fate of iINPs in GIT is the use of static
in vitro cellular model system ignoring the potential influence of the GIT environmental
conditions while characterizing NP-biomolecular corona complex. Common in vitro cellular

approaches have significant deficiencies which may lead to erroneous result and misleading
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conclusion about the impact of iNPs on their fate in the GIT and ADME properties. For
instances, the pristine NP suspensions are incubated with model intestinal cells rather than
passing them through GIT model first. In addition to that the interfacial properties and
agglomeration state of the iNPs are not physiologically relevant and may be different from

what the intestinal cells would see in real life [187, 196].

We need better understanding on the fate of iNPs in the GIT and how different types of organic
(Lipid, Protein etc) and inorganic NPs (TiO2, SiO2, Ag etc) behave within the human
gastrointestinal tract (GIT), and how the food matrix and the physiological environment
changes their physicochemical properties and influence their gastrointestinal fate during the
digestion process, by considering the complex physicochemical and physiological condition
and possible transformation of the ingested NPs and the biomolecular corona as they pass

through the human GIT [198].

1.25 Knowledge Gap

At present much of the concern about the safe use of nanotechnology in food sector is the lack
of toxicology data to conclude the safety of the nanofood over other conventional counterparts.
At present, there is not much information regarding the metabolism, biotransformation of

dietary NPs/ENMs ingested through food and dietary supplements in human.

One of the key questions about the safety of Dietary NPs ingestion is about their impact on the
oro-gastrointestinal route. As the oral cavity represents the first portal of entry for the food to
begin its digestion process and is known to rapidly interact with the NPs and hence, there is a
higher possibility of the NP-biomolecular and cellular interaction in the buccal cavity. Unlike
NP- blood proteome study, no much data and investigation for the NP-saliva proteome
interaction and its biological response in the buccal cavity for different combination of salivary

proteins and dietary NPs.
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Moreover, when dietary NPs are consumed along with the food, it may have different impact
on the GIT fate based on the nature of the food matrix in which the NPs are dispersed, the
physico-chemical properties of the pristine NPs and the nature of the physiological medium in
the GIT of human system. Therefore, the biological identity of the type of NPs and its cellular
response may change depending on the above-mentioned factors. Considering the above fact,
our knowledge of the biomolecular corona is still not comprehensive and we need information
on protein corona formation at different compartment of the GIT system and the interaction
study of different combinations of proteins and NPs has to be investigated in detail to gain
broad understanding in ensuring the safety of a particular Dietary NPs that are intentionally

added in to the food products.

As it is evident, a change in the biological media can influence the biological identity of the
ingested NPs, it is very critical to understand the influence of Dietary NPs at every stage of the

GIT system and subsequently

1. Toinvestigate the presence, dissolution, agglomeration state and release of materials in
the nano-size range from food containing dietary NPs and food additives with NP
fraction like Silicaand TiO2(E 551 and E 271) during human digestion is a key question

for the safety assessment of these NPs.

2. Most of the studies investigating the influence of protein binding on the uptake of NPs
were conducted using either incubating NPs with individual proteins or with whole

blood/serum/plasma.

3. Most of the toxicity studies of the NPs have been with pristine NPs ignoring the change
in biological identity of NPs during their interaction with biological fluids. This will
have a significant impact on the conclusion to suggest and ensure the safety of any

dietary NPs /ENM s.
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1.26  Hypothesis:

1. We hypothesize that the size and the surface chemistry of the NPs influence the salivary

protein corona.

2. We hypothesize that the function of A-amylase is altered due to its conformational

change occurred during its interaction with dietary NPs.

1.27 Conclusion

It is noted that, many factors influence the biological response and ADME behavior of the
ingested NPs depending on the route of ingestion and the matrix in which the NPs are dispersed.
Moreover, it is not just the physicochemical properties of a pristine NP that influence the
composition and kinetics of biomolecular corona but also the type of biological fluid and
composition of the fluid at every compartment of the GIT system. Hence, it is very critical to
consider the above factors in order to investigate the fate and the biological properties and
responses of the respective ingested NPs characterization followed by cellular uptake study of

the iNPs.
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CHAPTER 2

The type of dietary NPs influences
salivary protein corona composition

In chapter 2 we investigated the interaction of human saliva with the dietary particles at
proteomic level, in order to understand the influence of size and surface chemistry of the NPs
on the Salivary protein corona composition. Our project was approved by the McGill
University Research Ethics Board (REB File #:10-0618). All the work presented here with
respective to proteomic profiling using LC-MS/MS was conducted in proteomic platform at
MUHC.To our knowledge, this is the first study to capture the interaction of salivary proteome
with dietary particles through a qualitative and quantitative approach.

This chapter is co-authored by Wut Hmone Phue, Ke Xu and Dr. Saji George. It is planned for

submission in Journal of Nanolmpact.
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Chapter2 THE TYPE OF DIETARY NPs INFLUENCES SALIVARY
PROTEIN CORONA COMPOSITION

2.1 Abstract:

While NPs (NPs) are copiously incorporated into different food products, the protein corona
profile of saliva interacted dietary NPs and its potential influence on the function of proteins
involved have received little attention in the past. In this study the most widely used NPs such
as food grade silicon dioxide (SiO.), titanium dioxide (TiO2) and emerging NP with application
in food industry- silver (Ag) were interacted with human saliva. These particles were
characterized for their physicochemical properties in their pristine state and after interacting
with saliva. Analysis of the protein corona composition of saliva interacted dietary particles
were carried by employing 1D gel electrophoresis and LC-MS/MS. We observed a net decrease
in the negative surface charge and change in agglomeration size in saliva interacted NPs.
Significant differences in corona composition, and protein abundance were noted among the
tested particles. Several proteins with vital functions in digestion and host protections were
found to be enriched on the surface of particles. For instance, Lysozyme, Lactoferrin,
Apolipoprotein B100 & E, and Annexin A2 were the most enriched proteins on NPs of SiOa.
In order to verify if the binding of proteins have any effect on their function, we tested the
amylase and lysozyme activities of saliva in the presence and absence of NPs of SiO2 and TiOx.
Our results showed that these particles could compromise the enzymes function wherein NPs
of SiO2 showed the highest effect. Overall, our study, identified salivary proteins involved in
the protein corona of dietary particles and showed that vital functions of saliva such as digestion

and antimicrobial properties could be partially affected by NP-Protein interactions in saliva.

2.2 Résumé :
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Alors que les nanoparticules (NPs) sont copieusement incorporées dans difféerents
produits alimentaires, le profil de la couronne de protéines salivaire interagit avec les NPs
originaires de la diéte. L’influence potentielle des NPs par rapport a la fonction des protéines
impliquées n’ont recu que peu d’attention dans le passé. Dans cette étude, les NPs les plus
couramment retrouvées dans 1’alimentation telles que le silicone alimentaire (SiO;) et le
dioxide de titane (TiO2) ainsi qu’une NP émergeante qui posséde des applications dans le
domaine alimentaire soit 1’argent alimentaire (Ag) ont tous été mises en contact avec de la
salive humaine. Ces particules étaient caractérisées pour leur propriété physicochimique sous
leur forme intacte et aprés avoir interagit avec la salive humaine. L’analyse de la composition
de la couronne de protéines des molécules de salive ayant interagit avec les particules d’origine
alimentaire ont été réalisés par électrophorése 1D avec gel et par LC-MS/MS. On a observé
une décroissance nette de la charge négative de surface ainsi qu’un changement de taille des
agglomeérations dans la salive ayant interagit avec les NPs. Des différences significatives dans
la composition de la couronne de protéines et dans 1’abondance de protéines ont été notées
parmi les particules a 1’étude. Plusieurs protéines avec des fonctions vitales de digestion et de
protection de 1’hote ont été retrouvées enrichies a la surface des particules. Par exemple,
Lysozyme, Lactoferrine, Apolipoprotéine B100 & E et Annexine A2 étaient les protéines les
plus enrichies sur les NPs de SiO2. Afin de vérifier si la liaison de protéines avaient un effet
quelconque sur leur fonction, on a testé 1’activité de I’amylase et la lysozyme de la salive dans
la présence et I’absence de NPs de SiO2 et de TiO>. Nos résultats ont montré que ces particules
pouvaient compromettre la fonction des enzymes, 1’effet le plus important étant celui avec les
NPs de SiO.. Globalement, notre étude identifie les protéines salivaires impliqués dans la
couronne des protéines des particules originaires de la diete et démontre que certaines fonctions
vitales de la salive telles que la digestion et les propriétés antimicrobiennes peuvent étre

affectées par I’interaction protéine-nanoparticule dans la salive.
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Mots clés: Nanoparticules, diete, protéines salivaires, couronne de protéines, amylase

salivaire, spectrométrie de masse.

2.3  Key words:

NPs, dietary, Salivary proteins, Protein corona, Mass spectrometry, salivary amylase.

2.4 Introduction:

Nanoparticles (NPs) are widely applied in the cosmetic, food and nutraceutical industry for
improving stability, quality, bioavailability of active ingredients and overall function of the
final product [1-3]. The ever increasing use of NPs in food and consumer products lead to
human exposure through oral route [4]. Upon entry in to human body and encounter with
biological fluids, the surface of the NPs will be decorated with wide range of biomolecules-
generally referred to as “corona”. Surface corona plays an importance role in the biological
identity of NPs that influence their fate and transport in the body [5, 6]. The concept of protein
corona was extensively studied for plasma proteins interacted NPs because of its relevance to
therapeutic interventions through injected NPs mediated delivery systems [7-9]. While, daily
human exposure to NPs through oral route is estimated to be 10*2-10% [10], studies addressing
the interaction of NPs with proteins of relevance to gastro-intestinal system are scarce [4].
Knowledge on the protein corona of ingested NPs is essential to understand the fate of NPs in

the body and its effect on protein function.

Human saliva is a complex mixture of proteins and minerals and has several physiological roles
which helps in maintaining homeostasis in the oral cavity. Saliva is constituted by secretions
from multiple salivary glands and is composed of water, electrolytes, mucus, white blood cells,
epithelial cells, glycoproteins, nitrogenous products, enzymes (such as amylase and lipase),

antimicrobial agents such as secretory IgA and lysozyme proteins[11].Major functions of the
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human saliva are host defense, nutrient digestion and protective functions which includes tissue
coating, lubrication, humidification, immunological activity, anti-(Bacterial, viral, Fungal)
activity, digestive enzymes, bolus formation and taste perception[11, 12]. The potential of NPs
to interfere with vital functions of saliva is expected given the proven inhibitory action of NPs

such as TiOz and SiO2 on trypsin [13] and lysozyme [14], respectively.

In this study we investigated food grade silica (SiO.) particles (nano and micron size), titanium
dioxide (TiO2) and citrate coated Silver (Ag) NPs to understand (1) the qualitative and
quantitative differences in the protein corona of saliva interacted particles and (2) to verify if
the interaction of particles with salivary enzymes (lysozyme and amylase) compromise their
function. We report the difference in type and relative abundance of proteins associated with
hard corona of saliva interacted particles (SiO2 MP, SiO2 NP, TiO2 NP, Ag) and that dietary
particles could compromise the vital functions of saliva such as digestion of starch and
antimicrobial activity. To our knowledge, this is the first study reporting the interaction of
dietary NPs with human saliva, which point towards potential health implications of exposure

to dietary NPs.

25 Materials and Methods:

25.1 Materials:

Bovine serum albumin (BSA), 3,5-Dinitrosalicylic acid, maltose monohydrate, soluble potato
starch, Lysozyme from chicken egg white (L6876), iodoacetic acid, DDT
(dichlorodiphenyltrichloroethane) and Micrococcus lysodeikiticus ATTC no.4698 were
purchased from Sigma Aldrich (St. Louis, Missouri, United States). The pierce 660 nm protein
assay kit was supplied by Thermo-Fisher Scientific (Scotia court, Ontario, Canada). Sodium
dodecyl sulphate -polyacrylamide gel electrophoresis (SDS-PAGE) chemicals and protein
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standards were purchased from Bio-Rad laboratories (Mississauga, Ontario, Canada) and
Trypsin was obtained from Promega MS grade). Solvents used for LC-MS/MS orbitrap were
MS grade. For all the experiment the stock solution and buffer (PBS buffer -0.01 M, pH 7.4)
were prepared according to the standard laboratory procedures using Milli-Q reagent grade

water (MilliQ, Millipore, Canada).

2.5.2 NPs Used in the Study:

The food grade silicon dioxide particles (SiO2) in nano size (AEROSIL 200F) and micron size
(SIPERNAT 22) were obtained from Evonik Corporation (NJ, United States). Titanium
dioxide NP -Anatase (TiO.) were purchased from Sigma Aldrich (Canada).

The Citrate coated Ag NPs (Citrate-AgNPs) were synthesized according to the protocol
reported earlier [15]. Briefly, 1 mM aqueous solution of silver nitrate with the capping agent
(10 mM trisodium citrate solution) in the ratio of 2:1 were mixed together. The mixture was
vortexed for 2 min and wrapped with aluminium foil and incubated in water bath for 3 hrs at
70°C until the color of the mix changed to greenish yellow. The resulting mixture was
centrifuged for 30 min at 14,000 rpm and the pellets were washed twice by re-suspending in
deionized water and centrifugation. Washed NP pellet was re-suspended in deionized water
for further use. Pellet obtained from 5 mL of the solution containing washed NPs were freeze

dried and weighed for obtaining the concentration of NPs (weight/mL).

2.5.3 Physical Characterization:

The average size, polydispersity index (PDI) and surface charge of particles were characterized
by Scanning Electron Microscopy (SEM), Dynamic Light Scattering (DLS) and zeta potential
measurement, respectively. The hydrodynamic diameter and the zeta potential of NPs

dispersed in buffer (PBS) and saliva (Incubated for 1 hr at 37 °c) were determined using a
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Nanobrook omni instrument (Brookhaven’s, New York), at 25°C at a concentration of 50
pug/ml - [8, 16-18]. Samples prepared for the DLS were loaded in to a pre-rinsed folded
capillary cell for the zeta potential measurement with an applied voltage of 100 V. For SEM
analysis (Hitachi, SEM-SU8230, japan) samples (5ul of 50 ppm NP dispersion) were dropped
on the SEM stub, dried at room temperature for overnight and were examined at 50 KV

accelerating voltage without coating [19].

2.5.4 Human Saliva Collection and Processing:

Saliva samples (unstimulated whole saliva) were obtained from healthy volunteers in
accordance with a standard protocol [20] after obtaining institutional REB. To prevent the
proteolytic degradation of the salivary proteins, collection tubes were placed on ice during
collection. The saliva collected from each individual was vortexed for 20 Sec and centrifuged
at 8000 rpm for 10 min to remove the debris. The clear supernatant from each tube were pooled
(to minimize inter-individual variation of the saliva composition). The pooled saliva was
transferred to eppendorf tubes and centrifuged at 12,000 g for 10 min and the supernatant was
collected. Upon completion of processing, all processed saliva samples were stored at -18°C
for further analysis. The protein concentration of the saliva was quantified with the Bradford

assay (Bradford dye reagent, Alfa Aesar, United States).

2.5.5 Preparation of Saliva Interacted Dietary Particles:

Fifty uL of NPs stock in buffer (10 mg/mL) were transferred in to the 450 ul of saliva (total
volume of 500 pl at a concentration of 2 mg/mL) and incubated at 37°C for 1 hr under constant
shaking at 100 rpm. Saliva samples without NPs were prepared in identical way with equal
volume of being buffer added instead of NPs suspension. After incubation, the particles were

separated from the supernatant by centrifugation at 12,000 rpm for 30 min. The pellet was
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resuspended in 500 pl of PBS buffer and centrifuged again to pellet the bound protein-particle
complexes. Subsequently, the particle pellet was resuspended in PBS buffer and washed by
three centrifugation steps at 12,000 rpm for 15 min and were suspended in 50 pl of SDS sample
buffer (2% SDS, 5% B-mercaptoethanol, 10% glycerol and 62.5 mM Tris-HCI)[21].

Due to the agglomeration in agueous medium, the calculation of total surface area for the NPs
was not practical for dosimetry. Therefore, the weight/volume was used for the dosimetry of

particles [18].

2.5.6 Desorption of Salivary Proteins from Dietary Particles:

For 1D-GE, the proteins bound to particles were eluted by boiling the particle-proteins complex
with SDS sample buffer. For this, the particle-protein pellet was mixed with 50 ul of SDS
sample buffer and was boiled for 5 min at 95 °C. The supernatant with desorbed proteins from
the particle were separated by centrifuging at 12,000g for 10 min. The collected sample was
used for bound protein quantification and 1D-GE. Whereas, for the proteomic analysis using
LC-MS/MS, the proteins were eluted from the particles by boiling the pellet particle complex

with Lamaelli buffer.

2.5.7 Protein Quantification:

The amounts of proteins bound to particles were quantified after desorption of proteins from
NPs using 2% SDS by pierce assay. Briefly, 20 ul of the sample were mixed with 200 ul of
pierce 660nm assay reagent, incubated at room temperature for 10 min with gentle shaking and
the absorbance was read at 660 nm using spectra max i3x plate reader (soft max pro 7.0.3,
Molecular Devices, USA) [9]. BSA (Sigma Albumin, Bovine) was used as a standard and blank

readings were made with particles that were not interacted with saliva.

2.5.8 One Dimensional (1D) SDS PAGE:
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The particles collected after the interaction with saliva were mixed with 50 pl of SDS sample
buffer. We used gradient SDS-PAGE for visualizing the protein bands. For this, 20 pL of
particle suspension was loaded on to a polyacrylamide gel with 4% acrylamide concentration
for stacking gel and a resolving gel with gradient of acrylamide concentration of 8-12%. The
gels were run using gel electrophoresis unit (Bio-Rad, model 3000xi) at a constant voltage of
50 V for 4 hrs. The resulting gel was stained with Coomassie brilliant blue stain followed by
silver staining (Bio-Rad) with gentle agitation. A combined Coomassie blue-silver stain
method was followed to increase the sensitivity of the detectable salivary proteins. All
experiments were conducted in triplicates to ensure the reproducibility of the general pattern

and band intensities on the 1D gels.

2.5.9 Protein Identification by Mass Spectrometry:

We performed LC-MS/MS mass spectrometry analysis using 3000HPLC- orbitrap fusion MS
(Thermo Scientific, Canada). Briefly, the pelleted particle-protein complexes obtained from
the last centrifugation step in corona preparation were resuspended and incubated in Laemmli
buffer and the protein solution (40 pL) was loaded ontoa single stacking gel band.
Subsequently, the stacked proteins were reduced with 10 mM DTT, alkylated with iodoacetic
acid and then digested with trypsin in accordance with the standard protocol for in-gel digestion
[22]. The resulting peptides were re-solubilized in 0.1% aqueous formic acid and 2%
acetonitrile and were loaded onto a Thermo Acclaim Pepmap (Thermo, 75uM ID X 2cm C18
3uM beads) precolumn and then onto an Acclaim Pepmap Easy spray (Thermo, 75uM X 15¢cm
with 2uM C18 beads) analytical column separation using a Dionex Ultimate 3000 uHPLC at
220 nL/min with a gradient of 2-35% organic acid (0.1% formic acid in acetonitrile) over 2
hrs. Peptides were analyzed using a Thermo Orbitrap Fusion mass spectrometer operating at

120,000 resolution (FWHM in MS1, 15,000 FWHM for MS/MS) with HCD sequencing of all
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peptides with a fold change of 2 or above. The raw data were converted into *.mgf format
(Mascot generic format), searched using Mascot 2.3 against human sequences (Swissport
2018). The database search results were loaded onto Scaffold Q+ Scaffold_4.7.2 (Proteome
Sciences) for spectral counting, statistical treatment and data visualization. To reduce the
impact of possible false positive identifications, only 501 proteins (359 from saliva and 142

from incubated particles with saliva) with 2 or more peptides quantified were considered.

2.5.10 Bioinformatic Data Analysis:

The proteomic data from Scaffold™ was used in bioinformatic tools such as Expasy,
Pantherdb, Bioinformatics.psb, perseus for the analysis of isoelectric point, gene ontology
classification, Venn diagram and cluster analysis respectively. The theoretical isoelectric point
for the selected list of proteins was calculated using tools available from Expasy.org
(https://web.expasy.org/compute_pi/). To describe the gene function, the GO (gene ontology)
data which includes molecular function, biological function, protein class and pathway were

analysed using Scaffold and Panther tools (http://www.pantherdb.org/).

To identify the overlap and the unique protein gene list, we used bioinformatic webtool from
Ugent (http://bioinformatics.psbh.ugent.be/webtools/VVenn/). The cluster analysis and statistical
analysis for the genes corresponding to the identified proteins were analysed using Perseus
software (http://www.biochem.mpg.de/5111810/perseus). Fold change value was calculated in
Scaffold™ by comparing it with control sample (Human Saliva) and the Z score for all the

genes with fold change >2 were calculated in Perseus software for cluster analysis.

2.5.11 a-amylase Enzyme Activity by DNS Assay:
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The a-amylase activity was measured in the presence of SiO, and TiO; particles at a
concentration of 2 mg/mL of particles in whole saliva. Saliva without particle were considered
as control. Briefly, the effect of particle on a-amylase activity was studied by incubating the
saliva (180 pL) and particle (20 pL) at a concentration of 2 mg/mL for 1 hr. The substrate was
mixed with 1% NaCl in the ratio of (4:1) and incubated at 37°C for 5-10 min to equilibrate the
reaction mixture. Subsequently, 0.2 mL of the substrate (1% soluble potato starch) was added
in to the saliva -particle mixture and incubated for 5 min followed by addition of 0.2 ml of
DNS reagent (dye) and place it in a heating block for 15 min. After boiling, the eppendorf tubes
were cooled in ice bath and were added with 0.9ml of deionized water. The tubes are
centrifuged at 12,000 rpm for 10 min to pull down the particles and 200 pl of each of the sample
was pipetted in the microplate and the absorbance was read at 540 nm. The released sugar in
the test sample and control was calculated and compared. All experiments were performed at

least three times with triplicate samples.

2.5.12 Turbidimetric Assay for Lysozyme Activity:

Turbidimetric assay based on the lysis of gram-positive Micrococcus lysodeikiticus bacterial
cells was used for the measurement of the salivary lysozyme activity [23].The substrate (freeze
dried bacterial cells) was prepared at a concentration of 0.30 mg/mL using phosphate buffer.
The test sample containing 30 pL of saliva and 30 L of dietary particles (2.0 mg/mL) were
pre-incubated for 1hr in 96 well plate. The wells were then added with 170 pL of substrate
solution (bacterial cell suspension). The mixture was incubated for additional 5 min before the
absorbance was read at 450 nm using a plate reader. Thirty pL of saliva sample added with
30pl PBS buffer served as the control. All experiments were repeated 3 times with triplicate

sample in each test.
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2.6 Results:

2.6.1 Dietary Particles Characterization:

The dietary particles used in this experiment were characterized prior to their interaction with
human saliva to assess their size, shape, hydrodynamic diameter and surface charge (7
potential). Particle characterization were performed in MQ water, PBS buffer and whole saliva
by using scanning electron microscopy (SEM), dynamic light scattering (DLS) and zeta
potential measurements as shown in Table 1 and Figure 2.1. According to the suppliers. the
primary particles sizes of SiO2 NP, SiO2> MP and TiO2 NPs were 12 nm, 110 um and ~<44um,
respectively. However, SEM analysis showed that size of primary particles constituting the
aggregates are 25nm, 70nm, 150nm and 50 nm for SiO2 NP, SiO, MP, TiO2 NP and Ag NP
respectively, which are largely in agreement with the data supplied by the supplier except for

SiO2 MPs (Figure 2.1).

500nm

Figure 2.1 SEM image of dietary particles obtained after drying the NP dispersion (50ppm) on

the SEM stub. (A) SiO2 NP; (b) SiO2 MP; (C) TiO2 NP; (D) Ag NP.
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All particles agglomerated to certain extent in saliva, except for SiO> NPs which was

comparable to the size of particles dispersed in water. A significant increase in particle size

was observed for titanium dioxide and Ag NPs due to the agglomeration in PBS buffer and

saliva (>100nm).

The polydispersity index (PDI) value found to be higher in PBS and lower in saliva for all the

particles except SiO2 MPs. None of the particles had a PDI value less than 0.05 suggesting that

these particles were not monodispersed. All these particles exhibited negative zeta potential in

PBS and saliva. The zeta potential value for all the particles in saliva showed a decrease in the

net negative zeta potential (Table 2.1). TiO> NPs showed significant decrease from the initial

negative charge -43.14 mV to -13.1 mV.

Table 2.1 Summary of physical characterization of the dietary particles used in the

experlment.
Suspended in water Suspended in PBS buffer Suspended in whole Saliva
. Effective
Dietary Zeta Effective Zeta Effective Zeta
. diameter
particles PDI Potential diameter by PDI Potential diameter by PDI Potential
by number
(mV) number (nm) (mVv) number (nm) (mV)
(nm)
SiO2 NP 50.53+15.10 | 0.32+0.082 |-25.95+0.788 55.62+16.94 0.37+0.20 -26.47+5.62 27.43+4.56 0.28+0.01 -20.05+1.61
SiO2 MP 41.78+4.05 0.34+0.11 | -20.13+2.63 41.96+24.10 0.25+0.03 -28.54+2.76 235.59+100.41 0.54+0.34 -17.77+0.96
TiO2 NP | 422.86+13.41 | 0.13+0.014 | -32.61+0.92 | 321.70+173.49 0.72+0.02 -43.14+2.90 291.76+384.43 0.20+0.07 -13.67+0.79
Ag NP 57.06+7.57 0.50+0.08 | -20.40+5.01 54.44+9.92 0.42+0.14 -10.61+2.92 26.97+5.13 0.362+0.02 -14.33+3.81

Summary of physical characterization of the dietary particles used in the experiment. Effective

diameter by number in (nm); Poly dispersity index-PDI; and Zeta potential (ZP) in mV of all

the four dietary particles measured when dispersed in buffer and human whole saliva incubated
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for 1 hr at 37°C. Measurements were made in PBS or human saliva with a concentration of

20pg/mL. Values are mean + SD from three independent experiment

2.6.2 Protein Quantification and Analysis by 1D Gel Electrophoresis:

Bound Protein in %
) . SRR ®)

s 30.21

g3 27.10
200
20 1163
10 97.4
66.2

SiO2 NP SiO2 MP TiO2NP  Ag NP

45.0

31.0
215
14.4

6.5
Si02 NP Si02 MP TiO2 NP

Protein Concentration (ug/mg of particles)

MW saliva SiO,NP SiO,MP  TiO,NP Ag NP

Figure 2.2A shows the amount of proteins bound onto the surface of particles. The total amount
of adsorbed protein was significantly higher in SiO2> NPs in comparison to TiO2 and Ag NPs,
and SiO> MPs. The data suggested 20-40% depletion of total proteins from saliva when
particles are interacted at a concentration likely to be encountered during consumption of food

commodities contain manufactured NPs.

Figure 2.2 Analysis of hard protein corona after incubation with human saliva.(A)Quantitative
analysis of bound protein concentration in pug/mg of Particles: It is quantified after the
desorption of proteins from particles using 2% SDS by pierce 660nm Assay; (B) changes in
the bound protein pattern of whole saliva interacted with 4 different dietary particles: Particle
bound proteins were separated by molecular mass via 1D -SDS-PAGE and visualized by
combination of Coomassie and silver staining. The Molecular Weight (KDa) of reference

proteins are shown in the lane MW.
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Figure 2.2B shows 1D-PAGE of salivary proteins retrieved from the pellet of dietary particles
incubated in human saliva for 1 hour (lane 3-6) and proteins from human whole saliva (lane 2).
The difference in band intensities suggested differences in the relative abundance of proteins
in tested particles. As such NPs of SiO2 showed the highest number of protein bands and the
bands were darker in comparison to protein bands obtained from other particles. The
enrichment of proteins on the surface of particles were observed as new bands (red box in

figure 2.2(B)) which were absent in the control lane 2 (human saliva).

2.6.3 Proteomic Profiling of Salivary Coronal Proteins by Mass Spectrometry

Analysis:

The profile of protein coronas on the surface of the dietary particles after 1 hr of incubation in
human saliva were investigated using LC-MS/MS. A total of 737 unique salivary proteins
were identified, in which 498 were identical to the whole saliva and the remaining 239 proteins
were unique to saliva interacted particles suggesting possible enrichment of specific proteins
on the surface of particles. The detailed list of the identified salivary coronal proteins is
provided in the supplementary data as Excel file.

(A) Si0, MP TiO, NP (B)  SiO,NP TiO, NP (©)
- & T $i0, NP

Si0, MP

Figure 2.3 Venn diagram shows the number of identified salivary coronal proteins associated

with four different dietary particles after 1 hr incubation. (A) 4 dietary particles (B) only dietary
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NPs and (C) silica particles at micro and nano range. The figure clearly depicts change in the
protein corona composition with respect to particle chemistry, size and shows the preferential
enrichment of low abundant proteins that were not detectable in the human saliva by proteomic

analysis.

The difference in the composition of the salivary protein corona around the dietary particles
are evident from the Venn diagram shown in figure 2.3A , total of 351,379,255, and 157
salivary proteins were identified in the coronas on SiO2 NPs, SiO2 MPs, TiO2 NPs and Ag NPs,
respectively (Figure 2.3A). It was found that 119 protein were common to all the particles
surface irrespective of the size and chemistry. Number of distinct proteins present in the

coronas of SiO2 NPs, TiO2 NPs and Ag NPs were 115, 31 and 9, respectively (Figure 2.3B).

The relative abundance of the proteins is illustrated in figure 2.4A as a heap map. Hierarchical
cluster analysis showed a significant difference in the abundance of proteins present on
different particles. Based on GO analysis the total protein gene expression could be clustered
in to 5 categories. Cluster 1 has 14 genes, most of which are highly abundant in SiO> NPs
followed by Ag NPs while, almost none with TiO2 NPs. Cluster 2 represent protein genes that
are significantly abundant on Ag NPs but with minimal presence on TiO2 and SiO2 NPs. Cluster
3 represents genes of protein that are mainly abundant on TiO2 NPs. Similarly, cluster 4
grouped genes of proteins that are mainly abundant on SiO> MPs and some of the protein genes
from this cluster were also found on SiO2 and TiO2 NPs. The last class of the cluster grouped
the genes of protein that are highly abundant on the surface of SiO2 NPs. Figure 2.4B represents
the fold enrichment of the salivary proteins on the particles surface. We observed a significant
enrichment of salivary proteins on particle surface which were close to or below the detection
limit in the whole saliva. Overall, 168, 131, 80 and 72 protein genes found to be significantly

enriched on the dietary particles of SiO, NP, SiO> MP, TiO2 NP and Ag NP respectively with
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fold enrichment of > 2. The heatmap displaying fold enrichment was clustered in to 5 groups.
Each cluster represents a unique pattern of protein enrichment in respective particle. Cluster 4
was found to be the major cluster with 118 protein which are constituted by either less abundant
high affinity or high abundant high affinity proteins of saliva. For instance, lysozyme and
lactoferrin were high abundant proteins that showed higher affinity for SiO> NPs and SiO, MPs
with 3.6 & 3.2-fold enrichment from the human saliva. On the other hand, Annexin is a low

abundant protein in saliva which was found to be enriched ~ 5.5-fold by all the tested particles.
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Figure 2.4 Hierarchical clustering of the salivary proteins formed around each dietary particle.

(A) Heat map showing relative abundance of 506 differentially expressed genes corresponding
to proteins identified on each dietary particle compared with human saliva. Color scheme is
based on the z score values of fold change of individual proteins compared with whole saliva.
(B): Heat map showing enrichment of proteins on each dietary particle compared with human

saliva.
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Apolipoproteins B-100, Annexin A2 and Annexin A1l were found to be enriched by all the
particles. Notably, Ag NPs showed higher value of fold enrichment for Annexin proteins. On
the other hand, SiO> NPs showed unique pattern of fold enrichment by adsorbing almost 11
unique proteins from the list of 20 most enriched proteins (Supplementary data: Table S1).
Notably, only 8 proteins from the list of 20 most abundant proteins were shared by both SiO>
NPs and SiO2 MPs, suggesting the potential role of particle size in determining the types of

proteins binding onto particles.

2.6.4 Comparative Analysis of the Protein Corona on Dietary Particles:

The top twenty most abundant salivary proteins from the protein corona formed on the 4
different dietary particles is listed in Table 2. Generally, the most abundant protein from

different particles was almost same but with different relative ranking for their abundance.
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Table 2.2: 20 most abundant salivary -coronal proteins identified in the protein corona of each
dietary particle’s following 1 hr of incubation with human saliva

S.No Saliva §i02 NP §i02 MP TiO2 NP Ag NP

Alpha-amylase 1

Polymeric immunoglobulin receptor
Prelactin-inducible protein

Serum albumin

Cystatin-SN

Zymogen granule protein 16 homolog B
Immunoglobulin heavy constant alpha 1
Mugcin-5B

Laciotransferrin

Lysozyme C

Cystatin-S

Immunoglobulin kappa constant
Immunoglobulin kappa light chain
Immunoglobulin alpha-2 heavy chain
Cystatin-SA

Immunoglobulin heavy constant mu
Carbonic anhydrase 6

BPI fold-containing family A member 2
Lactoperoxidase

Zinc-alpha-2-glycoprotein

Lysozyme C

Lactotransferrin

Myeloperoxidase

Polymeric immunoglobulin receptor
Prolactin-inducible protein
Antileukoproteinase

Mucin-5B

Deleted in malignant brain tumouss 1 protein

Immunoglobulin heavy constant alpha 1
Lactoperoxidase

Zymogen granule protein 16 homolog B
Alpha-amylase 1

Immunoglobulin heavy constant mu
Protein S100-A9

BPI fold-containing family A member 2
Tmmunoglobulin kappa light chain
Cystatin-SN

Actin, cytoplasmic 1

Pyruvate kinase PKM

in alpha-2 heavy chain

Lactotransferrin

Alpha-amylase 1

Zymogen granule protein 16 homolog B
Polymeric immunoglobulin receptor
Lysozyme C

Prolactin-inducible protein
Tmmunoglobulin heavy constant alpha 1
Muein-5B

Serum albumin

Cystatin-SN

Lactoperoxidase

Immunoglobulin heavy constant mu
Immunoglobulin kappa Light chain

BPI fold-containing family A member 2
Immunoglobulin alpha-2 heavy chain
Myeloperoxidase

Cystatin-S

Immunoglobulin kappa constant

Deleted in malignant brain tumors 1 protein Deleted in malignant brain tumors 1 protein

Carbonic anhydrase 6

Zymogen granule prolein 16 homolog B
Lactotransferrin

Prolactin-inducible protein
Alpha-amyiase 1

Polymeric immunoglobulin receptor
Lysozyme C

Immunoglobulin heavy constant mu
Mpyeloperoxidase

BPI fold-containing family A member 2
Immunoglobulin kappa constant
Immunoglobulin heavy constant alpha 1
Immunoglobulin kappa light chain
Immunoglobulin alpha-2 heavy chain
Carbonic anhydrase 6

BPI fold-containing family B member 1
Cystatin-SN

Lactoperoxidase

Apolipoprotein B-100

Actin, cytoplasmic 1

Zymogen granule protein 16 homolog B
BPI fold-containing family A member 2
Tmmunoglebulin heavy constant mu
BPI fold-containing family B member 1
Polymeric immunoglobulin receptor
Mpyeloperoxidase

Actin, cytoplasmic 1

Alpha-amylase 1

Immunoglobulin heavy constant alpha 1
Carbonic anhydrase 6

Alpha-actinin-4

Apolipoprotein B-100

Annexin Al

Protein disulfide-isomerase

Annexin A6

Immunoglobulin alpha-2 heavy chain

Tmmunogliobulin kappa light chain

Protein-glutamine gamma-
glutamyltransferase E

Lactotransferrin

Prolactin-inducible protein

*Common protein identified are highlighted in bold and Italized

Most abundant proteins included polymeric immunoglobulin receptor, prolactin inducible
proteins, lactotransferrin, immunoglobulin alpha 2 heavy chain, BPI fold containing family A
member 2. To characterize and compare the nature of proteins that are found in the top 20
abundant and enriched proteins on the particles surface, we grouped protein and for their
molecular weight (MW) and isoelectric point (pl). Almost 70% of the corona proteins
composed of those with molecular weight < 60KDa. Unlike other particles, Ag NPs had less
proteins with mass <20 KDa and also had proteins with mass of 100-150 kDa (Figure 2.5A).
We also compared the molecular weight and pl of most enriched proteins. Mostly, the enriched

proteins on SiO; and TiO> particles had MW of 100-150 KDa (Figure 2.5B).
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Figure 2.5 comparison of top 20 abundant (A & C) and enriched proteins (B & D) on the corona
profiles based on MW & pl. graph (A & B): shows the classification of coronal Proteins
according to their molecular weight (MW); graph (C&D): shows the difference between

abundant and enriched coronal profiles on the particles based on the calculated isoelectric point

(p).

Figure 2.5 C & D represents the protein classification by pl for abundant and enriched coronal
proteins of the dietary particles, respectively. Generally, 90% of the most abundant proteins
present on the particles had their pl values less than 7 (Fig 2.5C). Notably, 50% of proteins
enriched on SiO2 NPs were with a pl value in the range of 7-11(Figure 2.5D). Overall, high

molecular weight proteins with pl > 7 were enriched on the particles.
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2.6.5 Functional Annotation of the Salivary Protein Corona:

We employed bioinformatics tools, such as Scaffold gene ontology (GO) and Panther database
to classify the coronal proteins based on GO terms. Classes of proteins identified through GO

term annotation are presented as stacked bar plot in figure 2.6.
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Figure 2.6 :Bioinformatic classification of identified salivary coronal proteins according to

their protein class.

Enzyme modulator, hydrolase, proteins involved in host defence and immunity, signalling
molecule, oxidoreductase and cytoskeletal proteins constituted ~60% of the coronal proteins.
There were quantitative differences in the relative distribution of these protein classes among
the tested particles. For instance, there was a two-fold increase in oxidoreductase class of
proteins on Ag NPs while, the presence of oxidoreductase in other particles were comparable

to that of saliva. Similarly, transcription factors were found only in SiO; particles. Other protein
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classes such as transporter, calcium binding, and carrier protein were found in higher
percentage on the tested particles compared to the whole saliva which in turn suggest the

enrichment of these protein classes on the surface of particles.

2.6.6 Influence of Dietary Particles on the Enzyme Activities of a-amylase and

Lysozyme in Human Saliva:

As the NP surface have the ability to modify the structure and therefore the function of the
proteins, we hypothesized that activity of a-amylase and lysozyme will be influenced by the
presence of dietary particles in human saliva. Interestingly, all the dietary particles showed

statistically significant decrease in the enzyme activity as shown in figure 2.7 A.
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Figure 2.7 Influence of dietary particles on the enzyme activity of a-amylase and lysozyme in
human saliva. Figure 7(A): a-Amylase activity by DNS assay with particle concentration of 2
mg/mL. The enzyme inhibitory activity is expressed as decrease in units of maltose liberated.
Figure 7(B): Lysozyme activity by turbidimetric method with bacterial suspension
concentration of M. lysodeikiticus at 0.3mg/mL with particle concentration of 1.25 mg/ml. The

enzymes are incubated in the substrate for 5 min.
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Among the three dietary particles tested (SiO2 NP, SiO2 MP and TiO2 NP), SiO2 NPs exhibited
higher inhibition (34.94%) as compared to whole saliva. SiO2 MPs and TiO2 NPs didn’t show
significant difference between them in the enzyme inhibition activity as shown in the figure
inset 7a. The lysozyme function in saliva was found to be affected by the presence of SiO>
particles (both NPs and MPs) but not by TiO2 NPs (figure 2.7B). The % inhibition of lysozyme

activity was 24.3, 11.58 for SiO2 NPs and SiO2 MPs, respectively.

2.7 Discussion:

We assessed the protein corona formed on human saliva interacted particles, as mouth is the
port of entry for particles used as food additives. Our results showed qualitative and
quantitative difference in the distribution of proteins present in the hard corona of different
types of dietary particles tested. NPs of SiO2 showed the highest amount of proteins adsorbed
in comparison to other particles. Proteomic analysis showed the distinct type of gene clusters
corresponding to proteins adsorbed on different particles. The functional annotation of proteins
found associated with particles showed higher prevalence for those involved in metabolic and

defence functions.

Inorganic particles used as food additives could get released from the food matrix and could
interact with saliva during masticulation of food. Saliva serves pivotal function in enabling
the smooth passage of food through digestive tract and is a major reservoir of digestive
enzymes and proteins of relevance to oral hygiene [24, 25]. Therefore, it is crucial to understand
the interactions of human salivary proteins with particles, including NPs that are used as food

additives.
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Several studies addressing the interaction of serum plasma with NPs have showed that the
physicochemical properties of the particles such as size, shape, state of agglomeration and
aggregation, and surface charge have significant influence on the formation and composition
of protein corona [26, 27]. We observed agglomeration of particles when they were dispersed
in saliva and PBS buffer. The increase in particle size when dispersed in saliva could be
explained by the combined effect of the protein corona formation and the agglomeration of the
particles due to the pH and ionic strength of the saliva [28]. Many studies have shown that
protein corona could stabilize the particles in the solution [18, 29] . For instance, TiO2 and Ag
NPs dispersed in water and PBS (Phosphate Buffer Saline) quickly agglomerate from their
original size of 20 to 50 nm to hundreds of nanometres while, in the human saliva the protein
coating prevents the particles from forming large clusters. The net negative charge of particles
reduced after incubation in saliva, suggesting the presence of protein corona. It should be noted
that the type and relative abundance of proteins bound onto NP surface are determined not only
by the physicochemical properties of NPs but also the properties of proteins in the biological

fluid along with the micro-environment.

1D gel analysis of proteins associated with particle corona showed unique bands which were
absent in the saliva control pointing towards the possibility of selective enrichment of certain
proteins on particle surfaces. Further, protein profiling using LC-MS/MS showed that the type
of protein bound onto particles is not primarily determined by their abundance in saliva. For
instance, when the highly abundant mucin proteins where absent on Ag NPs, low abundant
proteins such as lysozyme and lactoperoxidase were found to be enriched on particle surface.
Thus, the difference in the abundance of proteins present in saliva and those retrieved from the
particle surface suggest the selective enrichment of protein on particle surface. Apo-B100

lipoprotein, for example, showed significant enrichment on AgNPs with 64-fold increase in
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comparison to saliva while it was 47 and 33 fold increase in the case of SiO2 NPs and TiO>
respectively which are congruent with other reported studies [30-32]. Similarly, Annexin A2,
Al1l, A6 were found to be enriched onTiO2 and Ag NPs. Studies have shown that particles with
negative surface charge preferentially bind with proteins with net positive charge [8, 33, 34].
Accordingly, we also noticed that low abundant antimicrobial proteins displaying a positive
charge (pl >7) such as Antileukoproteinase, myeloperoxidase, Lactotransferrin and lysozyme
getting enriched on these particles with net negative charge. Interestingly, particles also showed
a high prevalence of proteins with net negative charge in their corona. We attribute this
preferential binding of negatively charged proteins on to the surface of negatively charged
particles to Vroman’s effect. According to Vroman’s effect the initial binding of positively
charged salivary proteins mask the negative surface of particles whereby allowing the binding
of negatively charged proteins. Thus, while coulombic interactions play a major role in
determining protein-particle interactions, studies have also shown metal specific binding of
proteins. For instance, TiO. particles have shown to enrich phosphoproteins such as acidic
PRPs (proline rich proteins), statherin, histatin-1,cystatins S and SA-111 [35]. Similarly, we also
observed an enrichment of proteins such as salivary proline-rich proteins, tubulin beta chain,
deleted in malignant brain tumors 1 protein, fibrinogen gamma chain and collagen alpha -2(V1)
on the surfaces of TiO2 and SiO; particles. Another example for preferred binding of proteins
on to metal surface was the enrichment of oxidoreductase on Ag NPs. Thiol group of cysteine
molecules present in the active site of oxidoreductase is thought to mediate this preferred

binding with AgNPs.

Generally, proteins associated with corona were identified to be majorly involved in cellular
process & cell communication, metabolic process and response to stimulus. Almost 50 % of

enriched proteins on SiO2 NPs are involved in catalytic activity such as transferase, hydrolase
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and enzyme regulator activity. As for Ag NPs the top enriched proteins are those involved
mostly in hydrolase activity (33%). 67 % of the proteins found on TiO2 NPs are those involved
in cytoskeletal protein binding. Another major class of proteins found enriched on particle
surfaces was apolipoproteins such as Apo B100, Apo Al, Apo E. The consequence of depleting
Apolipoproteins from human saliva warrants further investigation, as these proteins play a

major role in lipid metabolism.

When proteins adsorbed on to the surface of the particles, it may undergo structural
rearrangement leading to conformational changes that will render the protein to become
dysfunctional due to change in the secondary structure [36, 37]. Particles of SiO2 (NPs and
MPs), and TiO2 NP caused partial inhibition of a-amylase and lysozyme activity of saliva.
Among the tested particles SiO> NPs showed the highest percentage of inhibition. Generally,
silica surfaces are regarded amenable for enzyme immobilization since silica surface chemistry
has little effect on proteins. Therefore, the observed loss of enzyme activity when they were
interacted with SiO2 NPs is thought to be mediated by unique interaction of NPs of SiO», to

cause conformational change in enzyme.

Digestion of amylose and amylopectin in the mouth is often assumed to be of minimal
importance, as food stays in the mouth only for few seconds and the time given to the enzyme
to act enzymatically in the mouth during mastication is believed to be vary with individuals for
effective digestion. However, Studies have shown that considerable amount of starch
hydrolysis happens in mouth during masticulation of food and that salivary amylase were
protected from the acid inactivation in the stomach by partially digested starch [38, 39].
Therefore, binding of a -amylase to NPs of SiO. could compromise the action of o -amylase

beyond the oral cavity. Further, the presence of NPs in small intestine could have similar effect
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on pancreatic a-amylase. In short, our studies showed the selective enrichment of certain
proteins including digestive enzymes and that these interactions could compromise enzyme
activities. The mechanism of enzyme inactivation by SiO2 NPs is currently addressed in a

separate study.

2.8 Conclusion:

For the first time we captured the interaction of salivary proteome with dietary particles through
a qualitative and quantitative approach. We observed a distinctive difference between each
dietary particle on its protein corona composition with differential abundance and fold
enrichment of significant salivary proteins. Further, we show that the interactions of particles
with proteins could lead to compromised enzyme functions that are vital to the function of

saliva.

2.9 Supplementary information
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Table 2.3(S1): 20 most enriched proteins by fold change > 2.
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CHAPTER 3

Studies on the interaction of silica
particles on the salivary a-amylase by
multi-spectroscopic methods

Previous study showed that SiO2 NPs adsorb more proteins in comparison to TiO2 and Ag
NPs. SiO2 NPs were found to inhibit the salivary a-amylase and salivary lysozyme which was
significantly higher when compared with other NPs. To further understand the mechanism of
interaction, we continued our study which is detailed in chapter 3. We investigated the
influence of SiO2 particles in nano and micron size on the structure and function of salivary a-
amylase.

This chapter is co-authored by Wut Hmone Phue, Ke Xu and Dr. Saji George. It is planned for

submission in Journal of Trends in Food Science and Technology.
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3. STUDIES ON THE INTERACTION OF SILICA PARTICLES ON
THE SALIVARY a-AMYLASE BY MULTI-SPECTROSCOPIC
METHODS.

3.1 Abstract:

We had observed significant enrichment of salivary proteins, including vital enzymes on SiO-
particles and suspected that protein binding on to silica particles could compromise the
structure and function of proteins function. Further studied were conducted on important
salivary enzyme- a-amylase to assess the effect of its interaction with SiO» particles (nano and
micron size) on both the enzyme activity and structure. Spectroscopy analysis (fluorescence
spectroscopy, FTIR, CD) and enzyme kinetic assays were carried out to understand the effect
of particles on the structure and function of a-amylase, respectively. The substrate affinity for
a-amylase was found to be significantly reduced when they were interacted with NPs of SiOa.
The SiO2 NP-a-amylase and SiO, MP-a-amylase complex exhibited non-competitive and
competitive type of inhibition, respectively. Stern—\Volmer plots confirmed the static type of
quenching with strong quenching of the chromophore residues of the protein for SiO2 NP - a-
amylase complex followed by SiO> MP - a-amylase complex. Far-UV Circular Dichroism
studies and FTIR Spectroscopy revealed conformational changes in the 2d structure of proteins.
In short, binding of human salivary a-amylase on to food grade silica particles compromised
their structure and function and the effect was more pronounced for SiO: particles in the ‘nano’

size range.

Keywords: SiO2 NP (nano particle), SiO2 MP (micron particle), Spectroscopy, a-amylase,

protein conformation.

3.2 Résumé :
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Nous avons observé un enrichissement significatif de protéines salivaire, incluant des
enzymes vitales sur les particules de SiO> et avons soupgonné que la liaison des protéines aux
particules de silice pourrait compromettre la structure et la fonction des protéines. Des études
complémentaires ont été menées sur I’enzyme o-amylase afin d’évaluer les effets de son
interaction avec les particules de SiO> (de taille nano et micro) sur I’activité et la structure
enzymatique. Une analyse spectroscopique (spectroscopie de fluorescence, FTIR, CD) et des
tests cinétiques enzymatiques ont été effectués afin de comprendre 1’effet de particules sur la
structure et la fonction d’a-amylase, respectivement. L’affinité du substrat pour I’enzyme o-
amylase s’est trouvée réduite lors de son interactions avec les NPs de SiO>. Les complexes NP-
a-amylase et MP-a-amylase exhibaient respectivement des types d’inhibition non-
compétitives et compétitives. Des graphiques Stern-Volmer confirmaient le type de
désactivation statique avec une désactivation forte des résidus de chromophores de la protéine
pour le complexe NP - a-amylase de SiO> suivi du complexe SiO> MP-a-amylase de SiO». Des
études poussées en spectroscopie de dichroisme circulaire UV et la spectroscopie FTIR ont
révélé des changements de conformation dans la structure 2D des protéines. Bref, la liaison de
a-amylase de la salive humaine sur le silice de qualité alimentaire compromettait leur structure

et leur fonction. Cet effet était plus prononcé pour les particules de SiOz de taille ‘nano’.

Mots clés : SiO2 NP (nano particules), SiO2 MP (micron particules), spectroscopie, a-

amylase, conformation de protéine.

3.3 Introduction:

The new application of nanosized particles in food and nutraceutical industry for improving
stability, quality, bioavailability of active ingredients and overall function of the final product

are increasing. However, this growing trend of using engineered NPs in food and consumer
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products undeniably leads to human exposure through oral route while their health effects
remain unclear [1] [2]. For instance, the safety of SiO particles- a high volume particles
commonly used as food additive for several decades, is debatable [3]. For instance, regulatory
toxicology team couldn’t extrapolate the results from the available chronic study to confirm
the ADI for the SiO- particle due to the limitations and knowledge gaps in characterizing the
particles and simulating the human exposure conditions. Use of SiO. in food inadvertently will
lead to human exposure. The passage of SiO2 NPs to gastrointestinal tract may lead to potential
health hazards [4, 5]. However, studies addressing the interaction of NPs with proteins of

relevance to gastro-intestinal system are grossly missing in the literature [2].

Human salivary a-amylase is the most abundant enzyme in human saliva with single
polypeptide chain of ~475 residues and 2 sulfahydryl groups and 4 di-sulfide bridges. Salivary
amylase initiates the digestion of complex carbohydrates in the oral cavity, where starch
molecules gets partially digested in to oligosaccharides, maltose and glucose [8]. A
compromise in its function may create a health concern over time since it could possibly

influence the nutrient [9].

In this study we chose salivary a-amylase enzyme to understand the interaction and
mechanism of inhibition of salivary a-amylase by nano and micron sized particles of SiO2
(SiO2 NP and SiO2 MP). We monitored enzyme kinetics of native and SiO2 interacted human
salivary a-amylase and measured the structural alteration induced by particles using different

spectroscopic techniques such as Fluorescence quenching, FTIR and CD. Though, SiO> NP
and SiO2 MP has similar surface chemistry, we observed a difference between the nano and

micron sized SiO> particles on the activity and stability of the a-amylase enzyme.

3.4 Materials and Methods:

3.4.1 Chemicals and Reagents:
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All chemicals and reagents were of analytical grade. a-amylase (From human saliva)
> 100 U/mg were purchased from Lee BioSolutions (Maryland Heights, USA). Starch from
potato, 3,5-Dinitrosalicylic acid where purchased from Sigma Aldrich (St. Louis, Missouri,
United States). The silicon dioxide particles used in this study are as follows, Food grade silicon
dioxide particles (SiO2) in nano size (AEROSIL 200F) and micron size (SIPERNAT 22)

obtained from Evonik Corporation (NJ, United States).

For all the experiment the stock solution and buffer (PBS buffer -0.01 M, pH 7.4) were prepared
according to the standard laboratory procedures using Milli-Q reagent grade water (MilliQ,

Millipore, Canada).

3.4.2 Physical Characterization:

The shape and size of the silicon dioxide particles (SiO2 NP and SiO> MP) was observed by
Scanning Electron Microscopy (SEM). For SEM analysis (Hitachi, SEM-SU8230, japan)
samples (5ul of 50 ppm NP dispersion) were dropped on the SEM stub, dried at room
temperature for overnight and were examined at 50 KV accelerating voltage without coating
[10].The particle size range, polydispersity index (PDI) and surface charge of particles were
characterized by Dynamic Light Scattering (DLS) and zeta potential measurement in
Nanobrook omni instrument (Brookhaven’s, New York) at 25°C at a concentration of 50
pug/mL. Samples prepared for the DLS were loaded in to a pre-rinsed folded capillary cell for

the zeta potential measurement with an applied voltage of 100 V.

3.4.3 Preparation /Interaction of Silicon Dioxide Particles with a-amylase:

A stock solution of 1000 U/mL was prepared in 20mM PBS buffer pH 7.4 and diluted with the

same buffer for the working stock which is 200U/mL. Depending on the experiment protocol
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the concentration of the enzyme was either kept constant and or varied. The reaction mixture

was equilibrated for the optimal incubation time at 37 °c for 1 h.

3.4.4 Effect of SiO2 Particles on Enzyme Kinetics of a-amylase by DNS Method:

Determination of reducing sugars was carried out by dinitro salicylic acid method (DNS). For
this, 10% (W/V) soluble potato starch solution was prepared by dissolving 5g of potato starch
in 50 mL of 0.02M sodium phosphate buffer (pH 6.9 with 0.006M of sodium chloride). The
resulting solution was heated directly on a hot plate using constant stirring, bring to boil and
maintain the solution at that temperature for 15 min to enhance the solubility of the starch
solution. DNS reagent was prepared by dissolving 1 g of 3,5-dinitrosalicylic acid in 50 mL
Milli-Q water. It was then mixed with sodium potassium tartrate tetrahydrate solution prepared
in 2N sodium hydroxide, heated on a hot plate at 70°C and made up to 100 mL with Milli-Q
water. The working solution of standard enzyme a-amylase (2 activity units/mL) was prepared
from stock solution(1000U/mL) in PBS buffer and used to hydrolyse the starch. Equal amount
of SiO; particles and a-amylase enzyme (40ul with total volume of 80 L) were added in the
96 well microplate and incubated at 37°C for 1hr. Subsequently, 20 pL of Starch solution was
added to the wells, incubated for 10 min at 37 °C and the reaction was terminated by adding
100 pL of DNS reagent and keeping the plate in boiling water bath maintained at 100°C for 15
min. The plate was cooled to room temperature and the absorbance at 540 nm was measured
for each well using a plate reader (Spectra max i3x, Molecular Devices, USA).

Particles interacted a-amylase was incubated with increasing concentration of soluble starch
(5-80 mg/mL) and the enzyme activity was measured as a function of time. The values obtained
were used for preparing Lineweaver- Burk plot from which Vmax and Km values were
calculated. The type of enzyme inhibition when interacted with particles was determined by

fitting the kinetic data in to Dixon plot graph. Here, the kinetic parameters were obtained by
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incubating the particles interacted a-amylase with various concentration of inhibitors (SiO2
Particle from 2-16 mg/mL) and starch solution (from 5-80 mg/mL) while, the concentration of

a-amylase kept constant at 2 activity units/mL.

3.45 Fluorescence Spectroscopy:

Samples for fluorescence spectroscopy was prepared by mixing 100 pl of a-amylase (10
activity U/mL) with 30 pl of increasing concentration of SiO> NP and SiO, MP from 0.2 — 1.0
mg/mL. The resulting mixture was incubated at 37 °C for 1 hr. Fluorescence measurements
were obtained using a plate reader (Spectra max i3x plate reader (soft max pro 7.0.3, Molecular
Devices, USA). The emission spectra were recorded in the range of 320-600nm upon
excitation at 280 nm, using 10 nm/10 nm slit widths, and each spectrum was the average of
three scans.

The binding constant and number of binding sites was obtained by Stern -Volmer equation:

I,

7 =1+ K;70[Q] = 1+ Ky [Q] - Equation 1

Where lp and | represent the fluorescence intensities in the absence and the presence of the
quencher (SiOz Particles) respectively, Ksy is the dynamic quenching constant and the Q is the
concentration of the quencher. The slope of the fitted data to the equation will give the value
of Ksv. kq is the bimolecular quenching rate constant, and to is the biomolecular fluorescence
lifetime in the absence of quencher, which is considered to be 2.97 ns for a-amylase[11].

The number of binding constant (K) and number of binding sites (n) between the quencher and

the a-amylase can be obtained by the equation mentioned below,
log% = log K + nlog[Q]-------------------- Equation 2

Where lo and | represent the fluorescence intensities in the absence and the presence of the

quencher (SiO2 Particles) respectively, K and n represents the binding constant and number of
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binding sites and Q represents the quencher concentration (SiO2 Particles). The values of K
and n was obtained by linear fitting the data with the equation where the slope of the line gives

n and y intercept gives the values of K [12].

3.4.6 Far- UV Circular Dichroism Spectroscopy:

Circular dichroism (CD) spectra of pure a-amylase and those interacted with SiO> Particles
were recorded using JASCO J-150 CD Spectrophotometer. A quartz cuvette cell with a path
length of 1Imm was used for holding samplings for measurement in the Far-UV CD spectra
(185-260nm). Three scans with a scan speed of 20nm/min were performed and the obtained
values were averaged. A spectrum of blank solution was subtracted and smoothed from the
spectra of pure and SiO> particles interacted enzyme by using the spectra analyser software
(JASCO J-815 CD Spectrometer, Maryland, USA). The secondary structure content was
measured using Dichroweb software where, Contin-LL (Provencher & Glockner Method) and
reference set 7 (optimized for 190-240 nm) were used. The results were expressed in
millidegrees (mdeg) and the value of mean residue weight (MRW) was obtained using the
equation, MRW = Molecular weight / (number of residues - 1) wherein MRW value for o-
amylase is 111.919 Daltons was used for calculating the secondary structure content [13].The
concentration of the concentration of a-amylase and the SiO> Particles in the CD study was

100 U/ml and 1mg/mL .

3.4.7 FTIR Analysis of Protein Structure:

The FTIR spectra were recorded on FTIR spectrometer -a-alpha -P from Bruker, which is

equipped with germanium attenuated total reflection (ATR) accessory. All spectra of the

samples were taken via the ATR method and the spectra were read between 650 to 4000 cm™,
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with a resolution of 4 cm™ and 120 scans. An equal volume of 10 pl of pure protein a-amylase
(250 U/mL) and the SiO; particles(Img/mL) mixtures were pre incubated (37°C for 1 hr) and
the incubated samples (20 ul) were dropped on the ATR probe and let it dry for 10 min.

Subsequently, the spectra of the samples were recorded thrice and averaged [14].

3.5 RESULTS:

3.5.1 Particle Characterization:

The SiO2 NPs and MPs used in this study were characterized prior to their interaction with the
enzyme o-amylase to assess their size and shape using SEM as shown in the Figure 3.1.
According to the suppliers, the primary particle sizes of SiO2 NP and SiO> MP were 12nm,
and 110 um respectively. However, SEM analysis showed that size of primary particles

constituting the aggregates are 25 nm and 70 nm for SiO2 NP and SiO, MP respectively.

. 500nm

Figure 3.1 SEM image of food grade silicon dioxide particles obtained after drying the NP

dispersion (50 ppm) on the SEM stub. (A) SiO2 NP and (B) SiO2> MP.

A significant decrease in particle size was observed for SiO> MPs in water and buffer due to
the deagglomeration of the particles. Particles exhibited negative surface charge for both nano
and micron size and no significant difference in the surface charge and PDI of the particles

which are dispersed in water and PBS buffer (Table 3.1).
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Table 3.1 Physical characterization of SiO> particles suspended in water and PBS buffer.

Suspended in water Suspended in PBS
5002 | diamter S Zeta
Particles y PDI potential y PDI potential
number (mV) number (mV)
(nm) (nm)

SiO2 NP | 50.53+15.10 | 0.32+0.082 | -25.95+0.788 | 55.62+16.94 | 0.37+0.20 | -26.47+5.62

SiO;

MP 41.78+4.05 | 0.34+0.11 | -20.13+2.63 | 41.96+24.10 | 0.25+0.03 | -28.54+2.76

Table 1: Summarize the physical characterization of the SiO; particles used in the experiment.
Effective diameter by number in (nm); Poly dispersity index-PDI; and Zeta potential (ZP) in
mV of SiO2 NP and SiO, MP particles measured when dispersed in water and PBS at a particle

concentration of 20pg/mL. Values are mean + SD from three independent experiment.

3.5.2 Enzyme Inhibition Kinetics:

A graphical method was used to determine the type of inhibition and the dissociation constant
(Ki) for an enzyme-inhibitor complex using Dixon plot. The effect on the enzyme rate of a-
amylase were determined at increasing substrate concentration from 1-10 mg/mL and over a
range of inhibitor (SiO2 NP and MP particles) concentration from 2 — 16 mg/mL. Kinetic
parameters were determined from Michaelis -Menton plot and Dixon plot. It was observed
that, the Ki, values for a-amylase interacted with SiO2 NP (0.0334M), SiO2 MP (0.0375 M)
was higher than that of free enzyme (0.0237 M). Vmax values for free a-amylase and SiO> NP
and SiO2 MP interacted a-amylase are 5.5685 pmol/min/mL, 5.2261 pmol/min/mL and 5.6675
pumol/min/mL respectively (Figure 3.2 (C)). The Vmax values decreased for SiO2 NP interacted
a-amylase while there is no significant difference between Vmax values for free a-amylase and

SiO2 MP interacted a-amylase.
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The type of inhibition for the free a-amylase and SiO; particle interacted a-amylase was
obtained through Dixon plot as shown in Figure 3.2(A) & (B). The inhibitor constant K is an
indication of how potent an inhibitor on the enzyme activity and it’s the concentration required

to produce half maximum inhibition.
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Figure 3.2 Dixon plot for the inhibition kinetic study with Starch concentration: (A) a-amylase
interacted with SiO2 NP ;(B) a-amylase interacted with SiO> MP. (C) Michaelis-Menton plot
for Km and Vmax values of a-amylase and a-amylase interacted with SiO> particles in the

presence of different concentration of soluble starch.
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From the graph 3.2(A), the SiO> NP interacted a-amylase showed non-competitive inhibition
as the inhibition curves obtained with different substrate concentrations in to a single straight
line converging in the third quadrant at -K; and -1 with the K; value of 0.45M. a-amylase
interacted with SiO> MP showed a competitive inhibition as the lines converge above the x -
axis and the value of [I] where they intersect is -K; representing the pattern of competitive
inhibition with Kj value of 0.35M (Figure 3.2 (B) ).

SiO2 Particle -Protein Interaction and Protein Modification Studies:

3.5.3 Fluorescence Quenching Studies of a-amylase in the Presence of SiO2

Particles:

The fluorescence spectroscopy experiments were designed to assess structural changes of a-
amylase in the presence of varying concentration of SiO> particles. The a-amylase provides
strong fluorescence intensity at 360 nm when excited at 280 nm. The quenching effect was
observed with gradual increase in the concentration of SiOz particles as shown in the figure
3.3(A) and 3.3(C) for NP and MP respectively. The Trp fluorescence was quenched
significantly by SiO2 NP as compared to the SiO>, MP. To determine the nature of quenching
mechanism of the fluorescence emission of a-amylase upon interaction with SiO> particles,
the Stern—Volmer (SV) equation has been applied as mentioned in the materials & methods
section. The quenching effect of the SiO> particles on the fluorescence emission of the a-
amylase was also found to be concentration dependent as determined by the Stern-Volmer
equation and the fluorescence data was plotted to fit in a linear way to confer the state of
quenching process as static. Mostly, static type of quenching occurs in the interaction of a-
amylase with SiO; particles. From SV linear plot, the Ksy are calculated for SiO> NP and MP

interacted a-amylase and found to be 58.315 M and 5.599 M
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Figure 3.3 Fluorescence spectra of a-amylase in the presence of SiO; particles with increasing
concentration from 0 to 1 mg/mL, while the enzyme concentration was kept constant,
representing the steady state quenching process: (A)& (B): Fluorescence spectra and Stern-
Volmer plot of a-amylase interacted with SiO> NP with increasing concentration ; (B)
Fluorescence spectra and Stern-Volmer plot of a-amylase interacted with SiO2 MP with

increasing concentration.

The biomolecular quenching rate constant K, for a-amylase interacted with SiO> NP and MP
are 19.634 (M sV and 1.895 (M sV respectively. Upon interaction of SiO, particles with
the o-amylase surface, the binding constant (ksy and number of binding sites per protein
molecule (n) for NP-Protein complex can be determined based on the equation 2. The values
of Ky and n for a-amylase upon interaction with varying concentrations of SiO» particles were
determined from the intercept and slope of log [lo-I/1] versus log[Q] plots at 298K as shown

in Figure 3.4.
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Figure 3.4 Double -logarithmic plots representing the binding constant (K) and number of
binding sites (n).(A) a-amylase interacted with SiO2 NP (B) a-amylase interacted with SiO>

MP.

The binding constant for SiO> NP and SiO, MP interacted a-amylase are 0.6015
(M?) and 0.393 (M) and the number of binding sites is 0.423 and 0.133 respectively. It is
quite evident that, SiO, NP interacted a-amylase has higher binding constant and number of

binding sites as compare to a-amylase interacted with SiO, MP.

3.5.4 FTIR Analysis:

The FTIR spectra was investigated for the free a-amylase and SiO2 NP and SiO> MP particle
interacted a-amylase to identify the structural changes in enzyme because of interaction with
SiO; particles. The specific stretching and vibrations of the peptide backbone in amide I, 11, 111
band regions give information about different types of secondary structures which includes a-
helix, B-sheets, turns, and unordered structures. In addition, Amide | band (covering the

infrared band region due to the stretching vibration of C=0 and C-N of the amide group
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covering approximately between 1600 and 1700 cm 1) is the most sensitive region for probing

changes in protein secondary structure.
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Figure 3.5 FTIR spectra of free a-amylase and SiO; interacted a-amylase.(a) FTIR spectra of
free a-amylase and SiO2 NP and MP particle interacted a-amylase and (B) Amide 1 region of

a-amylase and SiO: particle interacted a-amylase.

As shown in the figure 3.5(A), the original FTIR spectra was different from the free a-amylase
spectra, especially in the amide | region from 1600- 1700 cm™ (Figure 3.5(B)) observed
obvious change in the shape and peak position of the SiO> interacted particles compared to free
a-amylase.

The peak at 1651.04cm™ in the amide I region indicated a higher content of a-helix structure
for free a-amylase. However, for SiO» particle interacted a-amylase, the peak got shifted with

decrease in the peak intensity for SiO, NP -A-amylase complex (1653.52cm™) followed by
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SiO2 MP o-amylase complex (1653.50 cm™). Similar trend was observed for B-sheet structure
in the Amide | region at 1622.9 cm™ and 1636.88 cm™. While, there was no significant shift in
the peak at 1636.88cm™ (Figure 3.5B). The observed peak got shifted to 1624.26cm™ and
1624cm™,

The observed peak for the turns remains unchanged for free a-amylase and SiO; particle treated
a-amylase. However, significant decrease in peak intensity was observed for SiO, NP -a-
amylase complex followed by SiO> MO -a-amylase complex. It is quite observant that, SiO>
interacted a-amylase underwent higher decrease in the peak intensity as compared to SiO> MP
with notable peak shift in some region in the Amide I as mentioned above.

Amide 111 peak were observed in free a-amylase at 1269.04cm™ whereas it was completely

disappeared upon interaction on SiO2 NP and MP interacted a-amylase.

3.5.5 CD Analysis to Study the Changes in the Secondary Structure of a-amylase

upon Interaction with SiO2 Particles:

The Circular dichroism (CD) spectroscopy was used to determine the secondary structural
change of a-amylase upon interaction with SiO> NP and MP particles .The CD spectra of free
a-amylase and in the presence of SiO> particle of NP and MP were monitored in Far -UV
range (185-260nm).The typical pattern of a- helical protein with negative band at 222nm and
208 nm and a positive band at 193 nm secondary structure pattern [15] was observed here ,as

shown in Figure 3.6.

125



180

——
=
P
|
)

CD (mdeg)
o

Control

Sio2 NP + Amylase

Sio2 MP + Amylase

Wavelength (nm)

Figure 3.6 Far-UV CD spectra representing the changes in the secondary structure of the a-
amylase and the a-amylase interacted with SiO2 Np and MP particles. The concentration of the
concentration of a-amylase and the SiO> Particles in the CD study was 100U/mL and 1mg/mL

respectively.

Upon interaction with SiO; particles, the two-negative peak in the CD spectra (208 and 222nm)
and one positive peak at 193nm of a-amylase was decreased which clearly indicates a loss in
the a- helical structure. However, there is no significant difference between the SiO2> NP and
SiO2 MP. The percentage change in the helical content for the SiO> NP and SiO2 MP interacted
a-amylase from free a-amylase was 64.54 and 58.72 percent. Whereas, total strands change
was observed to be 3.31 and 4.05 percent for SiO2 NP and SiO2 MP interacted a-amylase. The
change in turns percentage were 1.03 and 1.54 for SiO2 NP and SiO2 MP interacted a-amylase
respectively. Also, the 208 nm negative and 193nm positive peak for helical structure was
slightly shifted for SiO> particle interacted a-amylase with a decrease in the intensity of the
peak while no significant peak shift was observed at the dichoric band (222 nm) associated
with a-helical structure. The peak position at dichoric band didn’t shift for a-amylase
interacted with both NP and MP of SiO. particle. However, a significant decrease in the peak

intensity was observed for both the a-amylase-SiO» particle complex.
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3.6 Discussion:

The main aim of this study was to investigate the differences between the SiO particle at nano
and micron size while interacting with salivary enzyme and to see its influence on the enzyme
function and structure. We observed a-amylase treated with SiO2 NP showed higher rate of
inhibition on the enzyme activity as compared to amylase treated with SiO> MP. Further, our
spectroscopic studies confirmed that, change in the protein structure was significant when
interacted with SiO2 NPs, while SiO.MPs showed less effect on the change in the conformation

of the protein structure.

As revealed by Michaelis-Menten constant Km; Vmax and Ki using Lineweaver-Burk plot and
Dixon plot, differences in mechanism of enzyme inhibition was observed when a-amylase was
interacted with particles of same core chemistry but different sizes (Figure: 3.2). Km is the
measure of the substrate affinity for the enzyme and it change in response to the conformational
change of protein upon interaction with SiO; particles. Higher values of Kn indicate lower
substrate affinity for the enzyme due to the conformational changes[16, 17].Our results showed
higher K values for SiO; particle interacted a-amylase which suggest conformational change
resulting in the lower affinity for the substrate as compared to the free enzyme a-amylase. The
decrease in the Vmax value represent the influence of interaction of SiO. particles on the
structure of the enzyme, which resulted in reduced or affected enzyme activity. The similar
observation with decreased Vmax and higher Ky was observed in immobilized a-amylase by
NPs [18, 19].Thus the reduction in the enzyme activity could be due to the limited accessibility
of the substrate to the active site and structural changes in the enzyme upon interaction with

SiO2 particles.
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Moreover, SiO2 NP interacted a-amylase found to exhibit non- competitive mode of inhibition
where both substrate and the inhibitor bind to the enzyme at completely independent active
site. Whereas, SiO, MP interacted a-amylase showed competitive type of inhibition ,where
the Vmax remains unchanged with different Ky values .This phenomenon found to be in line
with our results showing higher Kmn value for SiO, MP interacted a-amylase as compared to
free a-amylase [20].

Further, the difference in fluorescence quenching and its intensity between a-amylase and SiO>
particle interacted a-amylase showed significant difference especially the extent of quenching
for SiO2 NP-a-amylase complex was higher as compared to SiO> MP interacted a-amylase.
Thereby, this phenomenon indicating a change in the environment of Trp residues due to the
strong interaction of protein and SiO> particles. The enzyme inhibition assay was found to be
in line with the quenching data that higher quenching effect of SiO> NPs corresponds to
stronger inhibition of the a-amylase. Several studies have showed the anti-a-amylase activity
by AgNPs, SNPs but not much with the SiO2> NPs [17]. However , some studies were found
on immobilizing a-amylase enzyme with modified magnetic NPs to increase the thermal
stability and enzyme activity of a-amylase[21, 22].

The quenching data suggest, the natural chromophore residues of a-amylase can’t be quenched
by the combination of dynamic and static mode as the Stern-Volmer plot fitted linear for SiO>
NP and SiO2 MP interacted a-amylase. Hence it suggests the either dynamic or static type of
quenching occurred. Moreover, the biomolecular quenching constant value found to be higher
than the value of typical dynamic quenching mechanism which confirms the complex-
controlled mechanism between the quencher and the and the protein [23, 24].

The higher fluorescence quenching constant for SiO> NP interacted a-amylase describes its
strong affinity for the Trp compound, and showed stronger binding affinity to a-amylase than

SiO2 MP. This phenomenon would be due to the hydrophobic interaction involved between
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the quencher and the protein surface which is a consistent observation with respect to static
type of quenching mechanism [25].Moreover, the quenching effect of SiO> NP found to be
concentration dependant whereas, there was no significant quench in the fluorescence with

increasing concentration of SiO, MP .

Effect of SiOz2 particle binding on the secondary structure of the enzyme a-amylase

The results obtained from CD and Far-UV FTIR confirmed the change in the secondary
structure of the protein upon interaction with the SiO> particles. Where, SiO> NPs showed
greater increase in the protein conformation as of the enzyme as compared to SiO2 MPs. This
can be supported by clear observation of peak shift and decrease in peak intensity at specific
regions as mentioned below.

The shift in the peak intensity for N-H stretching at 32772.36cm™; C=0 stretching at 1600-
1700cm™ (Amide I region) ; C-H stretching and N-H bending at 1480-1575cmfound to be
shifted with a noticeable decrease in peak intensity for SiO2 NP interacted a-amylase followed
by SiO. MP interacted a-amylase as compared to the free enzyme. Thereby indicating the
strong binding interaction of a-amylase and SiO; particles which induced secondary structure
conformation in the protein enzyme. Similar observation of peak shift was even reported in
several studies [17, 26]. It is also evident from the CD spectra that, the intensity of the negative
ellipticities of a-amylase decreased upon interaction with SiO2 Particles suggesting the
formation of complex between SiO; particles and a-amylase. From the overall observation of
enzyme Kinetics and spectroscopic studies, in order to understand the effect of SiO. particles

on the protein enzyme.

The mechanism of interaction of SiO: particles with a-amylase enzyme was found to be varied

with respect to change in the particle size (NP and MP). This shows that, although they have
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similar surface chemistry, the change in the other physicochemical properties can greatly
influence the binding interaction of the particles on to the protein enzyme. This observation
was noted in the previous studies where, size of the particle plays a significant role in
influencing the structure and enzyme activity due to the contribution of the surface
curvature[27] .The loss in the a-helical content found to be strongly dependent on size of the
SiO; particles where the greater loss of secondary structure found to be observed for a-
amylase adsorbed on to SiO2 NPs .The same phenomenon was also observed with lysozyme
and SiO; particles and several others[27] .There , NPs tends to cause unfolding of adsorbed

proteins as compared to the micron particles.

As Several studies had reported the presence of nano sized particles in the food additive E551,
which is a common food additive in most of the food products. This could lead to the intake
of nanosilica through dietary exposure. Hence, its essential to identify the gaps in the
knowledge associated with the interaction of nanosilica in the GIT and its possible
uncertainties and outcomes. [28, 29] . Moreover, from our observation and results obtained
from this study, the carbohydrate digestion including other digestive enzymes for nutrient
absorption may possibly compromise its functions due to the binding interaction of such NPs

on to the protein enzymes.

3.7 Conclusion:

In this study, the interaction of a-amylase and SiO particles were investigated in detail. The
results suggested that the relative inhibitory activity of a-amylase treated with SiO> NPs found
to be higher than the a-amylase treated with SiO> MPs. Thereby inhibiting the starch hydrolysis

by non-competitive and competitive mode of inhibition for a-amylase interacted with SiO, NP
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and SiO2 MP respectively. Further, spectroscopic studies revealed that the protein structure of
SiO2 NP interacted a-amylase found to be changed greatly as compared to SiO, MP interacted
a-amylase. Thereby, SiO> NPs could be a potent a-amylase inhibitor where, it has significant

possibility to interrupt the process of starch digestion.
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GENERAL CONCLUSION:

For the first time we captured the interaction of salivary proteome with dietary particles through
a qualitative and quantitative approach. We observed a distinctive difference between each
dietary particle on its protein corona composition with differential abundance and fold
enrichment of significant salivary proteins. Further, we show that the interactions of particles
with proteins could lead to compromised enzyme functions that are vital to the function of
saliva. In continuation to that, we wanted to understand the mechanism of interaction of SiO>
NPs with significant salivary enzyme, a-amylase. our results suggested that the relative
inhibitory activity of a-amylase treated with SiO> NPs found to be more efficient than the o-
amylase treated with SiO> MPs. Further, spectroscopic studies revealed that the protein
structure of SiO2 NP interacted a-amylase found to be changed greatly as compared to SiO-
MP interacted a-amylase. Thereby, SiO2> NPs could be a potent a-amylase inhibitor where, it
has significant possibility to interrupt the process of starch digestion. Furthermore, our results
suggest that the reactivity of NP surface and its physico chemical properties will play critical

role in the bio-nano interface of the human gastro intestinal tract.

FUTURE PRESPECTIVES:

The next step of this study is to see, how the food matrix transforms the physico chemical
properties of the NPs and influence their fate during the bio-nano interaction in the GIT system.
Moreover, when proteins adsorbed on to the surface of the particles, it may undergo structural
rearrangement leading to conformational changes and thereby this will render the protein to
become dysfunctional due to the changes in the secondary structure .This observation calls for
deeper understanding to study the enzyme dysfunctions and the nutritional uptake mechanism

in the digestive system in the presence of dietary NPs. The future perspective of this study is
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to better understand the behaviour and influence of ingested NPs that entering the GIT system

through dietary exposure.
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